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Advances in Lithium Ion Batteries

Introduction
Walter van Schalkwijk Bruno Scrosati
SelfCHARGE Inc., Redmond, WA Universita "La Sapienza"
Dep@tment of Chemical Engineering, Dipartimento di Chimica
University of Washington, Seattle, WA  Opiazza Aldo Moro 5, 00185 Rome

USA Italy

Portable power applications continue to drive research and development of
advanced battery systems. Often, the extra energy content and considerations
of portability have outweighed economics when a system is considered. This
has been true of lithium battery technologies for the past thirty years and for
lithium ion battery systems, which evolved from the early lithium battery
development. In recent years, the need for portable power has accelerated due
to the miniaturization of electronic appliances where in some cases the battery
system is as much as half the weight and volume of the powered device.

Lithium has the lightest weight, highest voltage, and greatest energy
density of all metals. The first published interest in lithium batteries began
with the work of Harris in 1958 [1]. The work eventually led to the
development and commercialization of a variety of primary lithium cells
during the 1970s. The more prominent systems included lithium/sulfurdi-
oxide (Li/SO,), lithium-thionylchloride (Li/SOCL,), lithium-sulfurylchloride
(Li/SO,Cly), lithium-polycarbon monofluoride (Li/(CF,),). lithium-manganese
dioxide (Li/MnQ,), and lithium-iodine (Li/(Poly-2-vinyl pyridine)l,). Apologies
to any chemistries that were not mentioned, but were studied and
developed by the legions of scientists and engineers who worked on the
many lithium battery couples during those early days.

The 1980s brought many attempts to develop a rechargeable lithium
battery; an effort that was inhibited by difficulties recharging the metallic
lithium anode. There were occasional unfortunate events pertaining to safety
(often an audible Ap with venting and flame). These events were often due to
the reactivity of metallic lithium (especially electrodeposited lithium with
electrolyte solutions, but events were also attributed to a variety of other
reactive conditions. Primary and secondary lithium batteries use non-aqueous
electrolytes, which are inherently orders of magnitude less conductive than
aqueous electrolytes. The reactions of the lithium electrode were studied
extensively and this included a number of strategies to modify the reactivity of
the Li-solution interface and thus improve its utility and safety [2].
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Studies of fast ion conduction in solids demonstrated that alkali metal ions
could move rapidly in an electronically conducting lattice containing transition
metal atoms in a mixed valence state. When the host structure is fully
populated with alkali metal atoms - lithium ions in the most common context
— the transition metal atom is in the reduced state. The structure is fully
lithiated. As lithium ions are removed from the host, the transition metal (and
host structure) is oxidized. A host structure is a good candidate for an
electrode if (1) it is a mixed ionic-electronic conductor, (2) the removal of
lithium (or other alkali metal ion) does not change the structure over a large
range of the solid solution, (3) the lithiated (reduced) structure and partially
lithiated (partially oxidized) exhibit a suitable potential difference versus
lithium, (4) the host lattice dimension changes on insertion/removal of lithium
are not too large, and (5) have an operational voltage range that is compatible
with the redox range of stability for an accompanying electrolyte.

This led to the development of rechargeable lithium batteries during the
late 1970s and 1980s using lithium insertion compounds as positive
electrodes. The first cells of this type appeared when Exxon and Moli Energy
tried to commercialize the Li/TiS, and Li/MoS, systems, respectively. These
were low voltage systems operating near 2 volts. In a large compilation of
early research, Whittingham [3] reviewed the properties and preparation of

many insertion compounds and discussed the intercalation reaction. The most
prominent of these to find their way into batteries were V,0s, V40,5, and

MnO;. All of these systems continued to use metallic lithium anodes. The
safety problems, real or perceived, limited the commercial application of
rechargeable batteries using metallic lithium anodes.

During that era Steele considered insertion compounds as battery

electrodes and suggested graphite and the layered sulfide TiS, as potential
candidates for electrodes of a lithium-ion battery based on a non-aqueous
liquid electrolyte [4].

After the era of the transition metal chalcogenides came the higher
voltage metal oxides (Li,MO;) (where M = Ni, Co, or Mn) [5,6]. These

materials are the basis for the most commonly used cathodes in commercial
lithium-ion cells. At about that time the concept of a lithium-ion cell was
tested in the laboratory with two insertion electrodes cycling lithium ions
between them, thus eliminating the use of a metallic lithium anode [7,8].
The next decade saw substantial research and development on advanced
battery systems based upon the insertion and removal of lithium ions into
host compounds serving as both electrodes. Much of the work was
associated with finding a suitable material to host lithium ions as a battery
negative. As mentioned before, the concept is not new: Steele and Armand
suggested it in the 1970s [4,9,10]. Eventually, in 1991, Sony introduced the
first commercial lithium-ion cell based on G/LiCoQ,. The cells had an open
circuit potential of 4.2 V and an operational voltage of 3.6 V.
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Since then, there has been an extraordinary amount of work on all
aspects of the lithium-ion chemistry, battery design, manufacture and
application. Indeed, the mention of a lithium-ion battery can imply dozens
of different chemistries, both commercial and developmental as illustrated
in Figure 1.

ANODES | ELECTROLYTES ! CATHODES
_______ | |
: Metallic 1| jm—————— e ) |
1 Lithium 1| Mostly Used 1 iqui i
'_'_'_'_'_'_'_‘\l in Pr‘;m:rl:r ! : ugggroomr:c : Li, Ni,.CoM,0, (M = Mg, Al, etc)
" Tlithium  —| Batteries | Li, ,.Co, M.O
| Alloys | 00 r——————- : | ke e i
———————— | .
. | Solid Polymer | Li;Mn;, M, 0,
Graphites I Eleclrolytes l
Lithiated
Carbons < | |
CO:tr:er : Polymer Gel : Polyanionic Compounds
arbons
| i) | Li, VOPO, ; Li,FePO,
Composite l |
Alloys: | |
Sn(0)-based lonic Liquids : _
e / S et | | Ll‘_xl\.l'ln‘_yl'\o!\fo2 (M =Cr, Coetc)
Lithiated | |
Materials \ 3d-Metal | |
Oxides; | |
Nitrides | |
LiM,N, | |
) I

Figure 1. Numerous combinations of positives, electrolytes, and negatives combine to be called “lithium-
ion”, “lithium-ion-polymer,” or “lithium-polymer.” There are more than twenty commerdally available
“chemistries” and an equal number of combinations under development. Metallic lithium is mentioned
because solving the problem of dendrite growth is attractive since metaliic lithium has about an order of
magnitude greater capadity than the “safer” materials now in use.

This book opens with an exhaustively complete chapter by Aurbach on
the role of surface films in the stability and operation of lithium-ion
batteries. His discussion lays the groundwork for the rest of the book
because it puts many of the required properties of anode, cathode, solvent,
salt, or polymer electrolyte into perspective in regards to their reactivity
and passivation. Development of new electrolytes, anodes, and cathodes
must account for this reactivity and indeed some new and promising
electrode materials may continuously lose capacity due to their inability to
passivate with the electrolytes employed.

The discussion of materials' reactivity is followed by chapters on carbon
(Ogumi & Inaba) and manganese vanadate and molybdate anode materials for
lithium-ion batteries. A brief chapter on oxide cathode materials by Goodenough
gives a brief overview of current work on "traditional" lithium metal oxide
materials and polyanionic compounds.
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Yamaki presents an extensive review of the extensive efforts in various
laboratories to improve the electrolyte solvent systems and studies of their
reactivity with anodes and cathodes. This chapter, combined with Aurbach's
opening chapter, the chapter on temperature effects in lithium-ion batteries
(Salomon, Lin, Plichta, and Hendrickson) and Broussely's chapter on aging
mechanisms and calendar life predictions gives a comprehensive insight into
the reactivity of the systems that constitute commercial cells.

The chapters by Salomon, et al., and Broussely illustrate the limitations
of the present commercial systems — limitations that are often ignored by
application engineers using lithium-ion batteries in their appliances.
Highlighting these operational limitations, which are functions of age, and
operational and storage temperature, signals those working on materials
and systems the type of shortcomings that must be overcome to improve
the safety, reliability and utilization of lithium-ion batteries.

Many think the future moves toward solvent free systems: Scrosati
presents a chapter on polymer electrolytes, most of which are solvent-
containing gel-polymers in practical systems, and Nishi discusses gel-polymer
battery properties and production. Webber and Blomgren give extensive
treatment of ionic liquids (otherwise known as ambient-temperature molten
salts) and their use in lithium-ion and other battery systems.

Scrosati's second chapter is on low-voltage lithium-ion cells: a variant of
the chemistry which uses lower voltage couples (partially solving the anode
material problem at the expense of system voltage and power. Several
advantages are highlighted which illustrate the potential of these cells as
replacements for 1.5 V systems. The final "material and chemistry" chapter is
on electrochemical supercapacitors by Mastragostino, Soavi, and Arbizzani.

The remaining chapters are "system" or "engineering" chapters.

Thomas, Newman, and Darling present a thorough chapter on mathemati-
cal modeling of lithium batteries; Brodd and Tagawa describe Li-lon cell
production processes; Spotnitz explains the non-trivial nature of scale-up of Li-
Ion cells; and van Schalkwijk explains the intricacies of charging, monitoring
and control.

This book, while intended for lithium-ion scientists and engineers, may
have parts that are of interest to scientists from other fields: polymer
electrolytes and ionic liquids are useful materials in systems other than
batteries. Intercalation electrodes, perhaps not as we know them, but more
as fluidized beds are finding use in sequestering contaminants from the
environment. Researchers in those fields will benefit from much of the
knowledge gleaned by those in search of a better battery.

The editors realize that not every area of advanced research on
lithium-ion batteries is represented in this book. However, it is hoped that
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this book provides a timely snapshot of the current situation and with
chapters extensively references, will serve as a reference volume that lasts
comparatively long in this rapidly changing field.
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The Role Of Surface Films on
Electrodes in Li-Ion Batteries

Doron Aurbach
Department of Chemistry
Bar-Ilan University
Ramat-Gan 52900

Israel

1.0 INTRODUCTION

1.1 Passivation Phenomena in Electrochemistry

Surface film formation on electrodes is a very common phenomenon in
electrochemical systems. Most metal electrodes in both aqueous and
nonaqueous solutions are covered at a certain range of potentials with surface
films that control their electrochemical behavior [1]. Most of the commonly
used metals in electrochemical studies, as well as electrochemical devices, are
naturally covered by oxide layers that may be formed spontaneously during
their casting, due to the reaction of the bare metal with air oxygen [2].
Hydration of oxide films forms an outer layer of hydroxide, while reactions of
oxides with air CO, form an outer layer of carbonates. Surface films formed on
metals comprised of oxides, hydroxides, and carbonates are electronically
insulating, as they reach a certain thickness, but may be able to conduct ions:
oxygen anions, protons and/or metal cations [3]. In spite of the huge diversity in
the properties of metals, we can find a similarity in some properties of surface
films formed on metals in terms of mechanisms and kinetics of growth, as well
as transport phenomena and kinetics of ion migration through surface films.

When a fresh active metal is exposed to a polar solution whose components
may be reduced on the active surface to form insoluble metal salts, a surface
film grows via a corrosion process. The driving force for this process is the dif-
ference between the redox potentials of the active metal and the solution spe-
cies AP As a first approximation, we can assume a homogeneous surface film

and Ohm's law, connecting the corrosion current density i, and AV.s. Hence

i = AV,_s / (p(film)-1(r))

Advances in Lithium-Ion Batteries
Edited by W. van Schalkwijk and B. Scrosati, Kluwer Academic/Plenum Publishers, 2002

(1)
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where p(film) is the surface film's resistivity for electron tunneling (assum-
ing homogeneous condition), and /() is its thickness (which grows in time).
Assuming that all the reduction products precipitate on the active metal
surface, then
dldz = K-icorr (2)
Kis the proportionality constant that depends on the molecular size of
the surface species and their density of packing on the surface. Combining
Equations 1 and 2, and integrating them with the boundary condition ¢ —
0, / = O yields:

1

[ = [2KAV, 4t 2 3)
p(film)

which is the well-known parabolic growth of the surface films [4]. When
the active metal exposed to solution is already covered by initial surface
films, and hence at t = 0, / =l,, then:

1
2KAV t)2
p=|p e 2 mes (4)
’ p(film)

We can assume that as the surface films formed on active surfaces in
solutions reach a certain thickness, they become electronic insulators.
Hence, any possible electrical conductance can be due to ionic migration
through the films under the electrical field. The active surfaces are thus
covered with a solid electrolyte interphase (the SEI model [5]), which can
be either anionic or cationic conducting, or both.

For a classical SEI electrode, the surface films formed on it in polar
solutions conduct the electrode's metal ions, with a transference number
(¢,)close to unity. In most cases, the surface films on active metals are
reduction products of atmospheric and solution species by the active
metal. Hence, these layers comprise ionic species that are inorganic and/or
organic salts of the active metal. Conducting mechanisms in solid state
ionics have been dealt with thoroughly in the past [6-10]. Conductance in
solid ionics is based on defects in the medium's lattice. Two common
defects in ionic lattices are usually dealt with: interstitial (Frenkel-type)
defects [7], and hole (Schottky-type) defects [8].

In the former case, the ions migrate among the interstitial defects,
which may be relevant only to small metal ions. This leads to a trans-
ference number close to unity for the cation migration. In the other case,
the lattice contains both anionic and cationic holes, and the ions migrate
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from hole to hole [9]. The dominant type of defects in a lattice depends, of
course, on its chemical structure, as well as on its formation pattern [10].
In any event, it is possible that both types of defects exist simultaneously
and contribute to conductance. It should be emphasized that this
description is relevant to single crystals. Surface films formed on active
surfaces are much more complicated and may be of a mosaic and
multilayer structure. Hence, ion transport along the grain boundaries
between different phases in the surface films may also contribute to, or
even dominate, conductance in these systems.

The kinetics of the simplest solid electrolyte interphase (SEI) electrode
should include three stages: charge transfer across the solution-film
interface, ion migration through the surface films, and charge transfer in
the film-metal interface. It is reasonable to assume that the ion migration
is the rate-determining step. Thus, it may be possible to use the basic
Equation 5 for ionic conductance in solids as the starting point [4,6,11]:

i =4zFanv-exp (-W/RT)- sinh (azFE/RT) (5)

where a is the jump's half distance, v is the vibrational frequency in the
lattice, zis the ion's charge, Wis the energy barrier for the ion jump, 7 is
the ion's concentration, Eis the electric field, and F'is the Faraday number.

When all of the potential falls on the surface films, then
N="1y = E/ (6)

where [ is the film's thickness. At equilibriumn = O, so the net current is
zero, the exchange current is

i, =2zFavn-exp (-W /RT) (7)

In a high electrical field, azFy > RTl, and thus a Tafel-like behavior is
obtained:

i= i -exp(azFn/RTI) (8)

In a low electrical field, Equation 8 can be linearized, and thus an Ohmic
behavior is obtained:

i = 46inh (9)
where b is the analog of the Tafel slope extracted from Equation 8:

b = 23RTl/azF (10)
Hence, the average resistivity of the surface films can be extracted as

p/A=Ry /I = b/4.6 il = RT/2azFi, A = the electrode's surface area (11)
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where Rgm = mA is the surface film resistance for ionic conductance,
extracted from Equation 9, and 7 = iA.

For example, the average resistivity values of surface films formed on
active metals such as lithium magnesium and calcium in nonaqueous
solutions are in the order of 10°%, 10°, and 10" Q-cm? respectively [4].

Hence, it appears that metal electrodes in solutions (which are covered
by surface films) may behave electrochemically, similar to the usual
classical electrochemical systems (Butler-Volmer type behavior. [12]).

1.2 Surface Films on Active Metal Electrodes
Related to the Battery Field: Li, Ca, Mg

It is worthwhile and important to mention surface film phenomena related
to Li, Ca, and Mg electrodes when dealing with the role of surface films in
lithium ion batteries, because there are some similarities in the surface
phenomena on active metal electrodes and lithium insertion electrodes in the
electrolyte solutions commonly used in nonaqueous batteries. The surface
chemistry of lithium, calcium, and magnesium electrodes in a large variety of
polar aprotic electrolyte systems has been largely explored during the past
three decades, and hence, the knowledge thus obtained may help in
understanding the more complicated cases of the surface chemistry and
surface film phenomena on lithium insertion electrodes used in Li-ion
batteries. Figure 1 illustrates typical surface phenomena, which characterize
active metal electrodes [13]. Initially, lithium, calcium, and magnesium are
covered by a bilayer surface film comprised of the metal oxide in its inner
part, and metal hydroxide and carbonates in the outer side, due to the
inevitable reactions of the active metals with atmospheric components during
their production (Figure la). As these active metals are introduced into
commonly used polar aprotic solutions, there are replacement reactions in
which part of the original surface films are dissolved or react nucleophilically
with solution species. Solution species also percolate through the original
surface films and react with the active metal (Figure 1b). This situation forms
highly complicated and non-uniform surface films that have a wvertical
multilayer structure and a lateral mosaic-type structure on a sub-micronic,
and even nanometric, scale (Figure 1c). The unavoidable presence of trace
water in nonaqueous solutions further complicates the structure of these
surface films (Figure 1d). Water hydrates most of the surface species such as
oxides, hydroxides, halides, and active metal organic salts that percolate
through the surface films and react with the active metal to form metal
hydroxide, metal oxide, and possibly metal hydride, with hydrogen gas as the
co-product (which evolves away from the surface) [14]. In the case of lithium,
all of the relevant lithium salts formed as surface species and deposited as
thin layers, in all relevant nonaqueous polar aprotic electrolyte solutions (e.g.,
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Li halides, hydroxide, oxides, carbonate, Li alkyl carbonates, carboxylates, Li
nitride, Li sulfide, etc.) conduct lithium ions. Hence, Li-ion can migrate through
the surface films under an electrical field (see the SEI model [4,5]). As a result,
lithium can be dissolved and deposited through the surface films, which cover
the lithium electrodes, while their basic structure can be retained.

In contrast, the surface films formed on calcium [15] and magnesium [16]
in most of the commonly used aprotic electrolyte solutions cannot conduct the
bivalent cations. Hence, dissolution of calcium and magnesium occurs via a
breakdown of the surface films at relatively high over-potentials (Figure le
[15,16]), and Ca or Mg deposition in a large variety of commonly used non-
aqueous electrolyte solutions is impossible. In fact, there is no evidence of
possible electrochemical calcium deposition from any nonaqueous solution. In
the case of magnesium, it is possible to achieve a situation in which Mg
electrodes are not passivated by stable, robust surface films. This is the case
of ether solutions containing Grignard salts (RMgX) or complexes of the
Mg(AX, .R), type (A = Al, Br, X=halide, R=an organic group such as alkyl)
[17]. In the latter solutions, Mg can be dissolved and deposited reversibly.

However, generally speaking, even in the case of Li electrodes, intensive
active metal dissolution processes lead to the breakdown and repair of the
surface films. The non-uniformity of the surface films leads to non-uniform
secondary current distribution, which leads to a very non-uniform electro-
chemical process. Hence, when metal is dissolved selectively at certain
locations, the surface films are broken down and fresh active metal is exposed
to solutions species, with which it reacts immediately (which leads to the "repair”
of the surface films and increases further non-uniformity). The expected non-
uniform structure of the surface films leads to the dendritic deposition of lithium
in a large variety of electrolyte solutions, as illustrated in Figure 1f.

The surface chemistry of lithium electrodes in a large variety of electrolyte
solutions has been intensively explored in recent years [18-24]. These studies
have definitely paved the way for understanding the surface chemistry of
lithiated carbon anodes for Li-ion batteries and for the identification of
important surface species, which are formed on Li-C electrodes. The surface
chemistry of calcium and magnesium was also explored [15, 16], but these
studies are, in fact, irrelevant to the field of Li-ion batteries.

Intensive studies of lithium electrodes by impedance spectroscopy [25]
and depth profiling by XPS [26,27] have clearly indicated the multilayer
nature of the surface films formed on them. It is assumed that the inner part,
close to the active metal, is compact, yet has a multilayer structure, and that
the outer part facing the solution side is porous. Some evidence for this
assumption was found by in situ imaging of lithium deposition-dissolution
processes by atomic force microscopy (AFM) [28]. There is also evidence that
the inner part of the surface films is more inorganic in nature, comprised of
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species of a low oxidation state (due to the highly reductive environment,
close to the active metal surface), while the outer parts of the surface films on
lithium comprise organic Li salts [18,19,16,27,29]. These studies also serve as
an important background for a better understanding of the electrochemical
behavior of lithiated carbon electrodes.
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Figure 1. Schematic presentation of surface films on active metals in aprotic solutions. The pristine
surface film (1a) interacts with solution species and is partially replaced by metal oxides, hydroxides,
and salts, thus forming mosaic-type surface films (1b,c). Water hydrates most of the surface species.
Its presence in solutions further complicates the surface chemistry (1d). Anodic processes (metal
dissolution) may oecur via breakdown of the films (1e). Metal deposition may be dendritic due to non-
uniform secondary current distribution because of the non-uniform structure of the surface films (1f).
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1.3 Noble Metal Electrodes Polarized to
Low Potentials in Lithium Salt Solutions

We found that noble metal electrodes (e.g. Au, Pt) polarized to low
potentials in nonaqueous Li salt solutions develop surface chemistry,
surface films, and passivation phenomena, which are very similar to
those developed on lithium electrodes in the same solutions [30,31]. In
fact, when the noble metal electrodes are polarized to sufficiently low
potentials in solutions of alkyl carbonates, esters, and ethers that con-
tain lithium salts, the solvents, the atmospheric contaminants (O,, H,0,
CO,), and the salt anions (ClO,”, AsF;~, PFg~, N(SO,CF;),”, etc.) are
reduced to form insoluble Li salts (e.g., ROCO,Li, RCOOLi,ROLi, Li,COj3,
LiOH, Li,O, LiF, LiCl), quite similar to the Li salts formed by reduction
of these solution species by Li metal. However, the scenario of the sur-
face film formation on noble metals may be different than that related
to lithium metal. When a lithium electrode is in contact with the solu-
tion, the solution components are exposed to a very non-selective,
highly reducing power of the Li surface. As the surface films grow, they
progressively block the possibility of electron transfer from Li to the
solution species, and hence, the selectivity of the reduction of solution
species and the build-up of the surface films increases gradually as the
surface films grow. This obviously leads to the multilayer structure of
the surface films formed on Li electrodes in solutions. In the case of
noble metal electrodes, their polarization to low potentials, either po-
tentiostatically or galvanostatically, leads to a gradual and highly selec-
tive reduction of solution species, depending on the potentials that the
electrode reaches. Figure 2 shows a typical example of the various
processes that take place when a noble metal electrode is polarized
cathodically and anodically in a polar aprotic solution containing a Li
salt [32].

It should be noted that the study of noble metal electrodes in non-
aqueous Li salt solutions is even more relevant to the understanding of the
behavior of lithiated carbon anodes because, in the latter case, the carbon
electrodes that are initially nearly surface film-free, are also polarized from
OCV (~ 3 V vs. Li/Li*, see also Figure 2) to low potentials in the course of
Li intercalation, and surface films are gradually formed on the carbon
electrode as it reaches lower potentials. Hence, the order of surface
reactions may be similar to that described in Figure 2, except for the Li
under potential deposition and stripping processes, which are irrelevant to
carbon electrodes (into which lithium is inserted at potentials higher than
that of Li deposition).
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Figure 2. A schematic presentation of the electrochemical window of a Li salt/alkyl carbonate
solution with a noble metal electrode. The various processes corresponding to the relevant
voltammetric peaks are presented. Derived from reference 32, reproduced by permission of The
Electrochemical Society, Inc.

2.0 THE SURFACE CHEMISTRY OF Lij, ANO,
CATHODICALLY POLARIZED NOBLE METALS
IN Li BATTERY ELECTROLYTE SOLUTIONS

2.1 Classification of Reactive Components: Solvents,
Salts, Atmospheric Contaminants and Additives

The nonaqueous solvents that are commonly used in electrochemistry
can be classified as follows [33]:

1. Ethers
These include diethyl ether; members of the 'glyme' family, namely,
polyethers of the CH,0(CH,CH,0),CH, type (e.g., dimethoxyethene for
n=l), cyclic ethers such as tetrahydrofuran (THF) and 2-methyl
tetrahydrofuran; and cyclic acetals such as 1-3 dioxolane.
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2. Esters
These include methyl formate, methyl and ethyl acetate, and y-buty-
rolactone.

3. Alkyl carbonates
These include cyclic compounds such as butylene, propylene, and eth-
ylene carbonates (BC, PC, EC), and linear compounds such as dimethyl,
diethyl carbonates, ethyl-methyl carbonate, etc. (DMC, DEC, EMC).

4. Inorganic Solvents
The most common inorganic solvents used in batteries were SO,, C1,SO
(thionylchloride), and SO,Cl, (sulfuryl chloride). The former solvent
was used in both secondary and primary Li battery systems, while the
latter could only be used in primary Li batteries [34].

5. Miscellaneous
Solvents such as acetonitrile, nitromethane, N,N-dimethyl formamide,
dimethyl sulfoxide, sulfolane, and methyl chloride are also often used
in nonaqueous electrochemical studies.

It should be noted that the solvents in groups 2, 4 and 5 are irrelevant to
the field of Li-ion batteries due to the limited electrochemical windows of some
of them, problems of electrode surface reactivity with them, and the lack of
electrode passivity in some of these solvents. The ethers (group 1) are also
problematic, since their oxidation potentials are too low for 4 V Li-ion batteries.

Hence, the most suitable solvents for Li-ion batteries remain the alkyl
carbonate (group 3 above) [3]. However, the high polarity of the alkyl
carbonate solvents automatically means high reactivity at low potentials.
These solvents are indeed readily reduced at potentials below 1.5 V (vs. Li/Li*)
in the presence of Li-ions [30,32]. The apparent stability of lithium or lithiated
carbon electrodes in alkyl carbonate solutions is because of passivation phe-
nomena of these electrodes, as described later. Solvent and electrolyte
properties are discussed further in Chapter 5, Liquid Electrolytes.

In recent years, there has been an increasing interest in the use of solid
electrolyte matrices for Li and Li-ion batteries. From the point of view of
surface chemistry and surface film formation, we can divide the polymeric
matrices connected to the field of Li batteries into two categories:

1. Gel electrolytes [35].

The polymeric matrix includes base polymers that do not interact with
Li salts such as polyacrylonitrile, polyvinylidene-difluoride (PVdF), etc.;
plasticizers that are usually alkyl carbonate solvents (e.g., EC, PC); and
lithium salts. It should be noted that compounds with C-F bonds such
as PVdF react with both Li and lithiated carbons to form carabides and
LiF. However, in the case of the commonly used gel electrolytes, the
reactions of the alkyl carbonates in the matrices dominate the
electrodes' surface chemistry.
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2. Solvent-free matrices

Here, the polymeric species are designed to interact with Li salts, leading
to the necessary ionic separation for electrolyte systems, and therefore,
the presence of liquid solvents can be avoided. In order to obtain
dissolution of Li salts, the polymers have to contain ethers, ester or other
polar groups. Indeed, the most important polymeric electrolytes of this
kind are based on polyethylene oxide and its derivatives [36-40]. These
polymers have the reactivity of ethers towards Li and lithiated carbon
surfaces, which is much lower as compared with that of alkyl carbonates.
However, since battery systems with solid-state electrolyte matrices are
usually operated at elevated temperatures (>60 °C), it is obvious that
there are surface reactions between the polyethers and the lithiated
carbons which form of surface films. We should also mention problems of
limited electrochemical windows when using solvent-free polymeric
electrolytes, since the oxidation potentials of polyethers are similar to
those of ethers which are usually in the 4-5 V range (vs. Li/Li*).

Polymer and gel electrolyte systems are discussed in Chapters 7 and 8 by
Nishi and Scrosati, respectively. Ionic liquids (ambient temperature molten
salts) are discussed in Chapter 6.

The second component is, of course, the Li salts. The list includes LiClO,,
LiAsFg, LiBF,, LiSO,CF, LiN(SO,CF,),, LiC(SO,CF;);, LiN(S-O,C,F;),. LiPF, and,
recently, the new salt from Merck, LiPF;(C,Fs); (LiIFAP) [41]. On examining the
various Li salts available, we find that LiPFg is the most commonly used salt, so
far, in Li-ion batteries because it is non-toxic, non-explosive, and highly soluble
in nonaqueous solvents, thus forming highly conductive electrolyte solutions. In
addition, it is apparently stable with both cathode and anode materials at a wide
temperature range. All the other salts in the above list have disadvantages that
make them less attractive than LiPF; for use in Li-ion batteries. For instance,
LiClO, may be explosive, LiAsFy is considered to be too poisonous (arsenic),
LiSO,CF, solutions have too low a conductivity, and the salts containing the -
SO.R (fluorinated) groups may be too expensive and their thermal stability
limited. It should be noted that all the anions of the above salts are reactive
with lithium and lithiated carbons, and hence, their reaction with the electrodes
may influence their surface chemistry considerably.

The third group of active components is obviously the reactive atmospheric
gases. All nonaqueous solutions contain unavoidable traces of O,, N,, H,0, and
CO,. All of these gases are reactive with lithium and lithiated carbon. Their
surface reactions form Li oxides, Li nitrides, Li hydroxide, and Li carbonate,
respectively [42]. We should add to this list of contaminants the decomposition
products of LiPFs. This salt decomposes to LiF and PF; (an equilibrium reaction)
[43]. The latter compound readily hydrolyzes to form HF and PF,0. Hence, LiPFg
solutions always contain HF. HF reacts with both electrodes and basic surface
species to form surface LiF as a major solid product.
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The last group of reactive components to be mentioned is the various
solution additives which were suggested for improving solution properties,
electrode passivation, and for obtaining unique features such as overcharge
protection and enhanced safety. In this respect, we can mention solvents
such as halogenated alkyl carbonates, [44.45] sulfur-containing solvents
(e.g., ethylene sulfite) [46,47], polymerizing agents such as vinylene carbon-
ate [48], organo boron complexes [49], and inorganic compounds (CO, [50],
SO, [51], nitrates [52],). The use of additives for the modification of the
surface chemistry of electrodes in Li-ion batteries will be dealt with in depth
later in this chapter (see Section 5.3).

2.2 Basic Reactions of Nonaqueous Electrolyte Solutions
on Liand Li-C Surfaces and on Carbon and Noble
Metal Electrodes Polarized to Low Potentials

A great deal of effort has been invested in recent years in the study of the
surface chemistry of lithiated carbon anodes in Li battery electrolyte solutions.
Fortunately, the basic surface reactions of a large variety of nonaqueous Li salt
solutions on Li, Li-C, and noble metal electrodes polarized cathodically are
very similar. The tools for the study of the surface chemistry of these systems
included XPS [53], AES [54], FTIR [55], Raman [56], EDAX [57], and, recently,
SIMS-TOF [58]. The study of the surface chemistry of the composite elec-
trodes used in Li-ion batteries is difficult. Hence, a previous study of the
surface chemistry developed on noble metal and Li electrodes in the solutions
of interest may be very helpful. It should be emphasized that the use of XPS,
AES, Raman (laser beam needed), and SIMS-TOF may lead to changes in the
surface species during the measurements due to further surface reactions
induced by X-rays, laser beams, or bombardment by ions.

Surface sensitive FTIR spectroscopy is, so far, the best non-destructive
surface-sensitive technique that can provide useful and specific information.
While the study of the surface chemistry of Li or noble metal electrodes
requires the use of methods such as external or internal reflectance, the study
of the composite electrodes used in Li-ion batteries requires the use of the
highly problematic diffuse reflectance mode (DRIFT) [59]. Because of that, the
study of surface films formed on carbon electrodes can benefit so much from
preceding studies of the surface films formed on lithium or noble metal
electrodes in the same solutions.

Figure 3 shows a typical FTIR analysis of the surface films formed on
graphite electrodes in a methyl-propyl carbonate(IMPC)solution, which is based
on FTIR spectra of a higher resolution obtained from lithium electrodes treated
in the same solution and some reference solutions (external reflectance mode)
[60]. Spectrum 3a relates to surface films on a graphite electrode cycled in an
MPCsolution. Spectrum 3b relates to surface films formed on lithium in the
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same solution. This spectrum (external reflectance mode) is of a higher
resolution than that of the graphite particles (3a, diffuse reflectance mode).
With the aid of two more reference spectra, from surface films formed on
lithium in DMC solutions containing methanol (3c), and from a thin film of
LiOCH, on lithium (3d), it was possible to conclude that the surface films
formed on graphite in MPCare composed of all the possible reduction products
of the solvent. These include CH;OLi, CH;OCO,Li, C;H,0Li, and C,H,0CO,Li.
Figure 4 shows FTIR spectra measured from graphite electrodes treated in EC-
based solutions (including CO, as an additive in one case), and an FTIR
spectrum of the major expected surface speciesformed, (CH,OCO,Li), [61]. The
latter species was isolated by electrolysis of EC in a THF/(C,Hg),NClO, solution
followed by precipitation in a Li salt solution. These spectral studies clearly
show that in EC-based solutions, (CH,OCO,Li), is a major surface species
formed on carbon electrodes. When the solutions contain CO,, Li,CO; is also
formed as a major surface species. Figures 3 and 4 demonstrate that surface-
sensitive FTIR spectroscopy serves as a very useful tool for the analysis of
surface reactions of Li-ion battery electrodes, as well as the importance of the
use of reference measurements (e.g., studies of Li and noble metal electrodes
treated in the same solutions).
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Figure 3. (a) FTIR spectra of graphite particles taken from an electrode which was lithiated-
delithiated (one cyde) in a MPC/1 M LiAsFs solution (diffuse reflectance mode). (b) FTIR spectra
measured ex situ (external reflectance mode) from a lithium electrode freshly prepared in a MPC/1 M
LiAsFe solution and stored in it for 3 h. (c) Same as (b). Li electrode, DMC/CH;OH 0.1 M solution. (d)
A reference FTIR spectrum of a thin film of CH3;OLi on a reflective Li surface (external reflectance
mode). Derived from reference 64 and reprinted with permission from Elsevier Science.
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Figure 5 is a schematic representation of major aspects of the surface
chemistry of graphite electrodes in electrolyte solutions containing EC as a

major component, based on rigorous FTIR and XPS spectroscopic studies
[62].

Table 1 provides surface analysis of graphite and lithium electrodes in
a large variety of commonly used electrolyte solutions. The major surface
species that comprise the surface films formed on the active electrodes in
the solutions specified, are presented. Schemes 1 and 2 describe the
surface chemistry of Li and Li-C electrodes in EC- and PC-based electrolyte
solutions. Scheme 3 describes the surface reactions of the Li and Li-C
electrodes in ester-based solutions. Scheme 4 relates to the surface
reactions of ethers with Li and Li-C electrodes. Scheme 5 describes
selected surface reactions of commonly used salt anions in Li and Li-ion
batteries. Finally, Scheme 6 shows possible surface reactions of CO, on Li
and Li-C electrodes. Table 3 (at the end of the chapter) provides a list of
references for the various surface studies described in Figures 2-5, Table
1, and Schemes 1-6 [29,42,50,53,58, 60-73].

We should note that in addition to the above-described surface chem-
istry, there are reports in the literature on the formation of polymeric
species on lithiated carbon electrodes in alkyl carbonate solution. These
polymers may include polyethylene (due to polymerization of the ethylene
formed by EC reduction), and polycarbonates (due to polymerization of
cyclic alkyl carbonates such as EC) [58,63].

Scheme 1: Possible reduction patterns of alkyl carbonates on Li
a PC+e- +Li* - CH,CHCH,0CO;Li*(PC-Li*)
b CH,CHCH,0CO,Li+H- — CH,CH,CH,0C0,Li

¢ 2CH,CHCH,0CO,Li+H- — (CH,-CH-CH,0CO,Li),
d CH,CH(OCO,Li)CH,0CO,Li { +CH,CH=CH, *
e 2EC —%.24° , (CH,0CO,Li), { +CH,=CH, 1
f 2024 ,140C0,(CH,),0CO,Li
g Li,0+EC —— LiOCH,CH,0CO,Li
(0]
(DMC)CH,O&OCH, +e” +Li* > CH,0CO,Li ¥ +CH, or CH,0Li 4 + CH,0CO-
i 2ROCO,Li+H,0 — Li,CO, +2ROH + CO,
i R +Li® - R-Li
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Scheme 2. EC (PC) reduction mechanisms (nudeophilic paths).
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Scheme 3. Esterreaction schemes
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Scheme 4: Ether reaction patterns

a R-O-R' + e + Li* > RORL®

b RORL® — ROLi+R’ or ROLi +R

¢ Re —™ > RH or 2R- > R, or R+ —  RLi

d  For example, (EC) CH,CH,0CH,CH,OCH,CH, + Li* + e~
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CH,CH,» + CH,CH,-OCH,CH,OLi {
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CH,
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Scheme 5. Surface reactions of commonly used Li salts.

LiAsF, + 2Li* + 2 — 3LF{ + AsF, (sol)

AsF, + 2 Li* + 2xe” — Li,AsF;, + xLF 4

PF; + 3Li* + 2~ — 3LF{ + PF,

LIPF, = LiF + PF,

PF, + H,0 — PF,0 + 2HF

PF, + 2 Li* + 2xe~ — LiPF., 4 +xLF

PF,O + 2Li* + 2xe~ — LiPF,,0 | +xLF {

BF; —¢ , LiF |, Li,BF, { (in general)

LiClO, + 8Li* + 8¢~ — 4Li,0 + LiCl

LiCIO, + xLi* + xe~ — LCIO,,,, + V2xLi,0 (x = 2, 4, 6)
LIN(SO,CF,), + ne” + nLi* — LiN + Li,S,0, + LiF + C,FLi,
LIN(SO,CF,), + 2e™ + 2Li* — LiNSO,CF, + CF,SO,Li
Li,S,0, + 10e~ + 10L* — 2Li,S + 4Li,0

LIC(SO,CF,), + 2™ + 2Li* — Li,C(SO,CF,), + LiSO,CF,, etc.
Li,S,0, + 4e” +4Li* — Li,SO, + Li,S + Li,0

2LiSO,CF, + 2Li* + 26~ — 2Li,SO, + CF,

R-CF, + 2Li* +2e” — RCFLi + LiF

Li,SO, + 6Li* +6e- — Li,S + 3L,0

Scheme 6. Possible CO; reaction patterns
CO, + & +Li* > COLi
COLLi + CO, - 0=C-O-CO.Li

0=C-0-COLi + e~ +Li* » CO T +Li,co, *
2LiOH 4 +CO, — L,CO, ¥ +H,0

L,0 ¢ +CO, - Li,CO, {

ROLi { +CO, —» ROCO,L {
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3.0 SURFACE CHEMISTRY OF CARBON
ELECTRODES

3.1 Classification of Carbon Materials in Terms
of Li Insertion

There are a large variety of carbonaceous materials that can interact
with lithium ions in solutions and serve as Li insertion anodes in Li-ion
batteries. The behavior of the lithium insertion processes into carbons in
terms of capacity, stability, kinetics, and potential profile, depends very
strongly on their 3D structure and morphology. Indeed, this chapter deals
with the surface chemistry of electrodes, and hence, cannot deal in depth
with structural aspects of carbonaceous materials. However, it was found
and clearly demonstrated that the surface chemistry of carbons, and
especially their surface film related stability, depends very strongly on
their 3D structure. Therefore, in this section we deal with some structural
aspects of carbonaceous materials.

Figure 6 presents a scheme of major classes of carbons, which are
currently studied in connection with Li-ion battery systems. These include
graphite materials that are highly ordered and are composed of graphene
planes packed in parallel, [74] between which Li-ions are intercalated.
Another type of ordered carbon that was recently studied in connection
with Li insertion was the carbon nanotube (either single or multiwall
structure) [75,76]. The other two major classes are disordered carbons that
may be either soft and graphitizable [77-80] or hard and non-graphitizable
[81-85]. The graphitic materials suggested as anode materials appear as
flakes [86,87], beads [88-90], fibers [91-92], and chopped fibers [93].
Figure 7 presents SEM micrographs of selected carbonaceous materials of
different 3D structure and morphology. Figure 8 shows illustrations of the
morphology of several types of graphitic materials that are currently used
as anode materials in Li battery systems.

We should emphasize some points regarding the 3D structure and
morphology of carbonaceous materials that are important to the field of Li-
ion batteries:

1. Graphitic carbons can insert Li up to a stoichiometry of LiGCg corre-
sponding to 372 mAh-g". The process is intercalation: Li-ions occupy
sites between graphene planes.

2. Graphitic carbons can appear in a variety of shapes and morphologies,
as demonstrated in Figures 7 and 8 (flakes, beads, fibers, etc.). The
morphology of the graphitic materials may have a strong impact on
their electrochemical behavior.
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Figure 6. A schematic presentation of various types of carbons that can insert lithium reversibly.

Graphite fibers Disordered carbon

Figure 7. SEM micrographs of four types of carbon particles that may be used as anode materials in
Li-ion batteries. A scale appears in each micrograph.
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Figure 8. A schematic presentation of the morphology of various types of graphites used in anodes
for Li-ion batteries.

In general, graphites are the carbon material most sensitive to the solution
composition, in terms of reversibility and stability (in Li insertion processes).
As discussed in depth in the next section, the stability of graphite electrodes
in Li insertion processes depends on surface film formation and passivation
phenomena. The morphology of the graphite particles strongly influences
critical stages in the precipitation of the surface films and their passivation
properties. In general, when the graphite particles have some degree of
disorder (either turbostratic or in orientation of the crystals comprising the
particles), their reversibility and stability in Li insertion processes is higher
and their performance is less dependent on the solution composition, as
compared with highly ordered materials.

3. Disordered carbons may insert lithium at a higher capacity than that of
graphite. The mechanisms for Li insertion into disordered carbons are
complicated and cannot be considered as a simple intercalation [94-95].
There are several types of Li insertion sites in disordered carbons [96].
Part of the capacity is due to adsorption type processes [97], and part of
the Li insertion may involve interactions with C-H bonds [98-99]. These
complications may lead to intrinsic irreversibility in Li insertion processes
into disordered carbons.

4. The impact of the surface chemistry on the performance of disordered
carbons is much less important as compared with the case of graphite.
Some destruction mechanisms that relate to surface reactions of the
carbons with solution species that exist in graphitic materials [64] are
irrelevant to disordered carbons. This is because the existence of disorder in
carbonaceous materials adds some intrinsic stability to their structure (as
compared with the highly ordered graphitic carbons).
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3.1 The Anodes and Cathodes in Li-Ion
Batteries Are Composite Electrodes

The cathodes are dealt with in depth in Section 7 of this chapter.
However, there are some common morphological features of both anodes
and cathodes that justify a comparative discussion. As such, some of their
properties related to their morphology are dealt with in this section.

Both the anodes and the cathodes used in Li-ion batteries are composite
electrodes. Carbon anodes include the active mass, which may comprise more
than one type of carbon particle; (>90%) polymeric binder such as Teflon, or
polyvinylidene difluoride PVdF (<10%), and a metallic current collector
(usually copper foil or grid). The cathodes also include the active mass
(lithiated transition metal oxide, >85%), and a polymeric binder (<10%).
However, it also has to contain conductive additives, which are usually high
surface area carbon powders (<10%). The current collectors for cathodes are
usually aluminum foils or grids. The choice of current collectors for the above
electrodes definitely relates to their reactivity and surface chemistry.
Although copper does not dissolve electrochemically in nonaqueous Li salt
solutions in the potential range to which the anodes are exposed (0-3 V vs.
Li/LiY), it is definitely reactive in the Li battery electrolyte solutions [100]. For
instance, there are possible redox reactions between the copper and salt
anions, which are oxidizers. However, the surface species thus formed allow
electron transfer to the active mass. On a thermodynamic basis, aluminum is
electrochemically unstable at the potentials of the Li-ion battery cathodes (>3
V vs. Li/Li*). Its apparent stability is due to passivation [101]. For instance, in
solutions containing the commonly used salt, LiPFs, which have obvious HF
contamination, aluminum fluoride formation passivates the aluminum. These
passivation phenomena prevent electrochemical Al dissolution, but allow a
smooth charge flow between the active mass and the aluminum current
collector. The composite electrodes are usually prepared under some pressure
in order to obtain a compact active mass, and their morphology is critical to
their performance. On the one hand, the formation of a compact active mass
means better electrical contact among the electrode’s components and better
passivation by the surface films formed at the electrode-solution interface,
and a lower irreversible capacity consumed in the formation of the surface
films. On the other hand, too compact a structure and morphology also means
that there is worse contact between the solution and the entire active mass.

Figure 9 shows typical schemes and SEM micrographs of a carbon anode
composed of graphite flakes and a LiCoO, cathode comprised of irregularly
shaped micrometric particles. Figure 10 shows AFM images of pressurized
graphite and LiCoO, cathodes, and compares the slow scan rate cyclic
voltammograms of pressurized and unpressurized electrodes (same active
mass, same electrolyte solutions). AFM images of the pressed electrodes
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after cycling are also presented, and clearly show morphological changes on
both anodes and cathodes that are related to surface film formation [102].
This figure demonstrates several important points related to the morphology
of electrodes for Li-ion batteries and its impact on their performance.

1. In the case of graphite electrodes, the active mass is relatively soft.
When the active mass is comprised of flakes, even application of mild
pressure orients the particles in such a way that contact of solution
species and part of the active mass is blocked. This is well reflected in
the cyclic voltammograms presented in Figure 10: the pressurized
graphite electrodes have slower kinetics and a less capacity.

2. In the case of cathodes, their active mass usually comprises relatively
hard and irregularly shaped particles. Thereby, application of pressure
increases the quality of the electrical contact of the particles, but not at
the expense of solution-active mass contact. This is well reflected in the
voltammograms presented in Figure 10, which show that pressurized
LiCoO, electrodes have faster kinetics than non-pressurized ones.

3.2 The Electrochemical Response of Carbon
Electrodes

It is impossible to deal with surface films on carbon electrodes and
their impact on the degree of reversibility and stability of Li insertion
processes without looking at the broader view, namely, the overall
electrochemical response of lithiated carbon electrodes, to which the
formation and existence of surface films contribute a great deal. Figure 11
presents the typical electrochemical response of graphite and disordered
carbon electrodes in galvanostatic Li insertion-deinsertion processes (a, b,
respectively). The chronopotentiograms of Figure 11 relate to the first,
constant current, Li insertion-deinsertion cycle of the pristine carbon
electrodes in LiAsFg 1M/methylformate solutions under CO, atmosphere.
Both electrodes behave highly reversibly in this solution [50]. Both
chronopotentiograms show a plateau ranging between 1.6 V and 1 V vs.
Li/Li*. This plateau relates to the surface reactions of the electrodes when
polarized cathodically. Solvent, salt anions, atmospheric contaminants and
active additives are reduced at potentials, which are usually much higher
than those of Li insertion. As explained in previous sections, these
reduction processes form surface films because part, most, or all of the
reduction products, which are inorganic or organic Li salts, are insoluble in
the mother solutions. As the solubility of the solution reduction products is
lower, their adhesion to the electrode surface stronger, and their cohesion
better, so the resultant surface species formed lead to better and more
efficient passivation of the electrode.
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Figure 9. Schematic presentations and typical SEM micrographs of a composite graphite electrode
(comprised of synthetic graphite flakes, Timrex, Inc. KS-6), and a composite LiCoO; electrode. A
scale appears in each micrograph.

Good passivation of a carbon anode means that:

. A minimal irreversible capacity is involved, i.e., the reduction of
solution species during the first cathodic polarization of the electrode
consumes as small an amount as possible of the charge involved in the
reversible Li insertion-deinsertion processes.

2. The irreversible processes take place only once, during the first
polarization of the electrode. Then, the surface films remain stable and
invariant.
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Figure 10. Top: 2D (ex situ) APM images of pressed and unpressed composite graphite (synthetic
flakes, Timrex KS-6), and LiCoO; electrodes. AFM images of cycled, pressed graphite, and LiCoO,
electrodes are also presented for a comparison. Surface film formation on these electrodes is clearly
seen. Bottom: Comparison between cyclic voltammograms of the pressed and unpressed graphite
and LiCoO; electrodes at two potential scan rates, as indicated. EC-DMC/LiAsFs 1M solution. The
adverse effect of pressute on these electrodes is dearly seen:-more sluggish kinetics of the pressed
graphite electrodes an® faster kinetics of the pressed LiCoO; electrode. From reference 94
reproduced by permission of The Electrochemical Society, Inc.
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Figure 11. Typical chronopotentiometric profiles of composite graphite and petroleum coke
electrodes (a, b, respectively), in a methyl formate-LiAsF¢ 1 M solution under CO; (6 atm). The first
galvanostatic Li insertion-deinsertion cycle; C/33 h, 0.5 mA-cm™. From reference 66 reproduced by
permission of The Electrochemical Society, Inc.

As discussed in the first sections, the surface films formed in these
systems, which comprise insoluble Li salts, allow Li-ion migration through
them, but block electron transfer from the Li-C electrode to the solution
species. In general, the irreversible capacity of carbon electrodes depends
on many factors, including the type of carbon, its morphology, its surface
area, and, of course, the solution composition. This highly important issue
is dealt with in depth in the next section related to failure and stabilization
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mechanisms of carbon electrodes (Section 4). The chronopotentiograms in
Figure 11 clearly reflect (in addition to the irreversible capacity discussed
above) the nature of the Li insertion processes of the two electrodes. As
discussed below, Li insertion into graphite forms intercalation stages, and
as a result, the chronopotentiogram in Figure 11la has three distinctive
plateaus at potentials around 0.25 V, 0.1 V, and 0.05 V (Li/Li*), reflecting
the phase transition between the various intercalation stages [86-93]. The
chronopotentiogram in Figure 11b, related to the disordered carbon
electrode, appears as a sloping E vs. fcurve in a potential range between
0.8 - 0 V (Li/Li*), which means that Li insertion into this carbon occurs
over a wide potential range by mechanisms different from that of graphite.
(See discussion below and references 77-85.)

In general, it is clear that Li insertion into carbon electrodes is a
multistage, serial process. It includes Li-ion transport in solution, Li-ion
migration through the surface films, charge transfer between the surface
films and the active mass, solid state diffusion of Li ions (compensated by a
parallel electron flow) into the carbon, and, finally, the capacitive behavior
of the insertion electrode, namely, the accumulation of lithium into the
bulk of the active mass. This accumulation process may involve phase
transitions, as is the case for graphitic materials [74], or the formation of
solid solutions with no distinctive phase transitions, as is the case for
disordered carbons [97]. This serial nature of Li insertion processes into
carbons (Figure 11 and related discussion) is nicely reflected by impedance
spectroscopy (EIS). Using sufficiently thin electrodes, it is possible to
obtain by EIS a separation of the various time constants related to the
stages in the overall, serial Li insertion processes.

The surface films formed on the carbon electrodes may be similar to
those formed on Li and noble metal electrodes (polarized to low potentials)
in the same solutions, as discussed in sections 1 and 2 above. Hence, it is
possible to describe Li-ion migration through the surface films formed on
carbon electrodes by electrical models (i.e., equivalent circuit analogs)
similar to those used to describe the behavior of Li and noble metal
electrodes (covered by surface films) in Li salt solutions [25,31].

Figure 12 compares typical Nyquist plots obtained from a noble metal
electrode covered by surface films (deposited at low potentials in a Li salt
solution), Li metal, and lithiated graphite electrodes. The figure also shows
the expected structure of surface films formed on these electrodes and the
relevant equivalent circuit analogs for the impedance behavior of the three
electrodes. The surface films formed on all three types of electrodes should
have a multilayer structure, and they comprise the compact inner part and
a porous outer (solution side) part. Hence, the simplest analog for
describing ion transport under an electrical field through different
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conducting layers in series is the "Voight-type' analog: R-C circuits in series
[103], as seen in the figure. Consequently, the impedance models of the
three electrodes in Figure 12 contain common 'Voight-type' analogs that
precisely simulate the high frequency semicircles that are typical of
Nyquist plots of carbon, noble metal, and Li electrode, and reflect Li-ion
migration through multilayer surface films (resistance elements coupled
with surface layer capacitance). As seen in Figure 12, in the medium-low
frequency, the impedance behavior of the three electrodes diverges. For Li
electrodes, the major impedance relates to Li migration through the
compact part of the surface films [25]. The charge transfer resistance of
both interfaces of the surface films (metal and solution sides) is negligible
compared with that of Li migration through the surface films. The effect of
the porous part of the surface films may be taken into account by an
analog containing capacitance in parallel with resistance and a "Warburg'-
type element for the Li electrodes, as seen in Figure 12 [104].

For the noble metal electrodes covered by surface films, the low fre-
quency behavior of the impedance spectra reflect a huge charge transfer
resistance for a further reduction of solution species on passivated
electrodes (see Figure 12, top). For the carbon electrodes, the low fre-
quency domains in the impedance spectra reflects several elements that
are not relevant to the other two electrodes:

1. There is a potential-dependent charge transfer between the surface
films and the active mass, which usually appears as a separate,
medium frequency (small) semicircle.

2. At low frequencies, a "Warburg'-type element is seen in the spectra,
related to the slow, solid-state (potential-dependent) diffusion of
lithium in the active mass.

At very low frequencies, the impedance behavior is capacitive (steep
Zimagin. VS-  Zrea 1ine in the Nyquist plot). It should be noted that if the
measurements are properly conducted, at the very low frequencies the
differential Li insertion capacity of the electrode, C,, can be calculated
from the imaginary part, Z":

C = loa), w—>0, w=2xf

int ”

Hence, we suggest a simple, serial equivalent circuit analog that de-
scribes the impedance behavior of carbon electrodes as seen in Figure 12.
It contains a 'Voight-type' analog in series with R-C, which reflects the
charge transfer, a potential-dependent 'Warburg'-type element (solid state
diffusion of Li-ions), and, finally, a capacitive potential-dependent element
that reflects the accumulation of lithium. This relatively simple model has
already been discussed in depth [105-107].
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Figure 12. A schematic illustration of impedance spectra, relevant equivalent circuit analogs, and
the structure of the surface films for lithium, lithiated graphite electrodes, and noble metal electrodes
polarized to low potentials in Li salt, nonaqueous solutions. Reprinted from reference 219 with

permission from Elsevier Science.
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Figure 13 shows a typical electrochemical response of graphite and dis-
ordered carbon electrodes (a, b, respectively), related to the diffusion and
accumulation of lithium in the bulk carbon particles. The differential
capacitance of these electrodes is nicely reflected by slow scan cyclic
voltammetry. As already discussed in detail [105-107], the peaks in the CV of
Figure 13a (4 sets of redox peaks) reflect phase transition between Li-graphite
intercalation stages (indicated in the figure), and they correspond to the
plateaus in Figure 1la. Their shape depends on the resolution of these
experiments. The resolution of the voltammetric response of these electrodes
depends on the thickness of the electrode, the resistance of the surface films,
and the potential scan rate [108]. The best resolution in electrochemical
studies of these systems is obtained in experiments with single particles [109-
110]. Such experiments, however, are difficult and require special apparatus.
Using composite electrodes, a condition for meaningful results, is a situation
in which the electrodes are thin and the solution reaches the entire active
mass, and, in fact, all the particles interact in parallel with both the current
collector and solution species. In such a situation, the composite electrodes
can be considered as an array of microelectrodes, and then the resolution of
the measurements and their reliability are high.

A first potentiostatic polarization of carbon electrodes always shows an
irreversible voltammetric peak related to the surface film formation in the
potential range of 1.8 to 0.8 V (vs. Li/Li*, depending on the solution
composition), which corresponds to the plateaus at similar potentials in
Figure 11. At scan rates that are too high, the intercalation-deintercalation
processes of graphite electrodes appear as a pair of featureless peaks,
because the potentiostatic Li insertion processes are interfacial-impedance
or solid-state-diffusion controlled. At a sufficiently slow scan rate (as is the
case for Figure 13a), it is possible to drive the Li insertion process slowly
enough, beyond diffusion control, and then the typical potential-dependent
Li accumulation processes of the graphite electrodes are well resolved; i.e.,
the phase transitions appear as distinctive voltammetric peaks. The peaks
are sharper and have a smaller hysteresis with their corresponding anodic
(deintercalation) peaks, as the electrodes are thinner and the surface
impedance is low (depending on the properties of the surface films). The
behavior of the disordered carbon seen in Figure 13b, namely, monotonous
C,. vs. E (the differential capacity increases as the potential is lower),
reflects a Li adsorption-type mechanism and the formation of a solid Li-C
solution [96]. The chemical diffusioncoefficient (D;) of Li into the carbons
could be calculated by both PITT or EIS (the 'Warburg'-type, low frequency
domain) [105-108]. D,; vs. E is a peak-shaped function for graphitic
materials, with sharp minima at the peak potentials (i.e., the potentials of
phase transition between intercalation stages), while D,; vs. E for
disordered carbons is a function with maxima, as clearly seen in Figure 13.
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As already discussed in detail [96,105-107], the variations of D vs. E for Li
insertion processes reflect the nature of the insertion mechanisms and the
interactions among Li-intercalation sites. In general, the existence of
strong, attractive interactions among the intercalation sites leads to
minima in D vs. E at the potentials of maximal inter-site interactions.
Repulsion interactions among Li insertion sites lead to maxima in D vs. E,
as we see for disordered carbons. (See the relevant discussion in Ref. 96).

It should be noted that in recent years we have seen a number of
publications on Li insertion mechanisms into carbons in general, and the use
of impedance spectroscopy as a tool for mechanistic studies in particular [109-
118]. Other models, different from those represented in Figure 12 and the
related discussion above, have been suggested for describing Li insertion into
carbons [115-118]. However, in general, most of these studies also converge
into a description of Li insertion into carbon electrodes as a serial, multi-stage
process.

In conclusion, Li migration through surface films and charge transfer
between the surface layer and the active mass are necessary stages in the
overall Li insertion processes into carbon, which strongly influence the
electrochemical response of Li-carbon electrodes.
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Figure 13a. The typical electrochemical response of graphite electrodes. See complete description
with Figure 13b.
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Figure 13. The typical electrochemical response of graphite and hard carbon electrodes (a, b,
respectively). Slow scan CV, the variation of the diffusion coefficient vs. potential (log D vs. E), and
selected impedance spectra (Nyquist plots at several potentials, as indicated) are presented. The
various phases of the lithiated graphite that correspond to the various CV peaks (13a) are also
presented. The dashed line that connects the points of the lowest frequency in the Nyquist plots of
the graphite electrodes correspond to the CV peak around 0.12 V (Li/Li*). The intercalation capacity
corresponding to the phase transition between stages III and II can be calculated from this dashed
line according to the formula Cix = 1/2" 0 (as o — 0). See text and references 96, 105-107.

4.0 FAILURE AND STABILIZATION MECHANISMS
OF CARBON ELECTRODES

When dealing with failure or stabilization of carbon electrodes, we can
distinguish between factors that relate directly to surface reactions and those
that relate to the nature of the Li insertion mechanism into the carbon.
However, it should be noted that the factors related to the surface phenomena
are also definitely connected to the 3D structure of the carbons. As already
mentioned, Li insertion into either soft or hard disordered carbons, and the
failure or stability of lithiated disordered carbon electrodes are much less
dependent on their surface chemistry as compared with graphitic materials.
This is due to the fact that graphites are much softer and weaker than disor-
dered carbons. Hence, failure and stability of disordered carbon electrodes are
mostly determined by structural factors, the type of Li insertion sites avail-
able, the number of C-H bonds, and the existence of sites to which Li is
inserted irreversibly [81-85,94,95,97-99]. Discussion of these structural
impacts on the behavior of the electrodes is beyond the scope of this chapter.
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Hence, we concentrate mainly on graphite electrodes, whose surface chemis-
try plays a major role in determining their stability or failure. Here, we can
distinguish among four general cases:

1. Graphite electrodes that behave reversibly and have an initial irre-
versible capacity of only a few percent of their steady state reversible
capacity (and can approach 370 mAh-g™, corresponding to LiCg).

2. Graphite electrodes that behave reversibly, but also have a relatively

high irreversible capacity.

Graphite electrodes that fail upon charge-discharge cycling.

Cases in which a reversible Li insertion into graphite electrodes cannot

be obtained at all.

W

It is very important to note that the four cases noted above depend on
both the type of graphite used and the solution composition. Highly reversible
behavior and low irreversible capacity are achieved when the surface species
formed are adhesive to the carbon surface (as described in terms of the sticky
fingers model [119]), and cohesive. In addition, they should be formed at high
enough potentials so that as the electrode reaches Li insertion potentials, it is
already passivated, and hence, solvent co-intercalation is avoided.

Highly reversible behavior and excellent passivation are obtained in
solutions containing EC or CO,. This can be attributed to the highly adhesive
and cohesive properties of (CH,0CO,Li), or Li,CO, formed by reduction of these
species, respectively, on the carbon surfaces [119]. In solutions based on
opened chain alkyl carbonates (e.g., DMC, EMC, PMC) and esters (e.g., MF, y-
BL), graphite electrodes can insert lithium reversibly, but the irreversible
capacity is high and the stability upon prolonged cycling is limited [50,65,66]. In
ethers and propylene carbonate solutions, graphite electrodes fail [120]. Their
failure mechanisms in propylene carbonate solutions and in ethereal solutions
differ, and deserve special discussion. In any event, the presence of addi-
tives/contaminants in solutions, even at the ppm level, may completely change
the above picture, in the direction of improved stability. The natural failure
mechanisms suggested for Li graphite electrodes are attributed to co-intercala-
tion of solvent molecules that migrate with the Li-ions which they solvate. The
co-intercalating solvent molecules are expected to be reduced within the
graphite, and their reduction products should block Li-ion entry into the
graphite lattice. Further co-intercalation of solvent molecules may lead to a
completed exfoliation of the graphite and its amorphization [121-123].

This explanation sounds very logical in light of the fact that PC may be a
better donor than other alkyl carbonates such as EC (due to the effect of the
methyl group). Hence, Li-ions are strongly solvated by PC, and thus, co-
intercalation of PC molecules together with Li-ion into graphite is so
significant when graphite electrodes are polarized cathodically in PC-con-
taining solutions [122]. However, there is some experimental evidence
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against this explanation, as discussed below. Since this subject is important,
and has also been the focus of many studies and discussions in the litera-
ture, we describe below in details some experimental results related to the
behavior of graphite (flake) electrodes in selected electrolyte solutions.

Figure 14 shows typical voltage profiles (£ vs. capacity curves in
galvanostatic Li insertion into pristine graphite electrodes) of graphite
electrodes polarized cathodically in diglyme and propylene carbonate
solutions, as indicated, together with XRD patterns obtained ex situ from
graphite electrodes whose galvanostatic processes in these solutions were
stopped at different stages, as marked on the voltage profiles. From both the
chronopotentiograms and the XRD patterns in Figure 14, it is clear that
different failure mechanisms are relevant to the two-electrolyte solutions
[64, 120]. In the ethereal solution, the failure mechanism involves a completed
exfoliation of the graphite and amorphization. In ethereal solutions, the
solvents are not very reactive at the Li-C carbon surfaces, and hence, there is
no massive formation of passivating surface films, even at low potentials. As a
result, solvent molecules can co-intercalate with Li-ions. Indeed, phenomena
such as THF intercalated graphite are known [124]. This co-intercalation may
indeed split the graphene planes from each other, leading to exfoliation of the
graphite and its amorphization, which was suggested as being the major
destruction mechanism for graphite electrodes [125]. In our opinion, the
failure mechanism of graphite electrodes in PC solutions may be different.
Here, the failed electrode retains its graphitic active mass, although its
polarization to low potentials leads to its deactivation as a Li insertion anode.
Especially striking is the pronounced antagonistic difference in the behavior of
graphite electrodes in EC- and PC-based solutions, although both molecules
are very similar, the only difference being the methyl group of PC.

Our studies lead to the following conclusions regarding the failure mecha-
nism of graphite electrodes in PC solutions [64,120,126]. Reduction of PC
forms both ROCO,Li surface species that may precipitate as passivating
surface films and propylene gas [61]. The fact that the ROCO,Li formed by PC
reduction has methyl groups is a great disadvantage in terms of cohesion (in
contrast to the case of Li,CO; or the EC reduction product (CH,OCO,Li),,
which are both very adhesive and cohesive). This disadvantage interferes
badly with a fast formation of cohesive surface films when PC is reduced on
graphite. In the case of graphitic carbons, particularly when the particles are
synthetic graphite flakes, their edge planes have many crevices and they can
be easily split between basal/graphene planes. Reduction of PC molecules
inside crevices leads to the formation of internal pressure, due to propylene
gas formation, which splits the particles. Hence, the surface area of the
particles increases as reduction of solution species proceeds. Solvent
molecules are reduced between split fractions of graphite particles, and a
great part of the active mass loses electrical contact with the current collector
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due to isolation by surface films. This scenario explains both the inactivation
of graphite electrodes polarized cathodically in PC solutions and the fact that
they do not lose their graphitic structure (i.e., no completed exfoliation and
amorphization occur, as seen in ethereal solutions, Figure 14). It should be
noted that in cases of graphitic materials with smooth edge planes or some
turbostratic or polycrystalline disorder, the above destructive scenario is less
important, because splitting of the particles is more difficult. Indeed, carbon
electrodes comprised of graphite fibers or beads are more stable than elec-
trodes comprised of graphite flakes [126].

Over the years, it has been clearly demonstrated how strongly the
reversibility and stability of graphite electrodes depend on their surface
chemistry. Moreover, even in solutions in which graphite electrodes be-
have reversibly, the surface chemistry could be easily attenuated by slight
changes in the solution composition, examples of which are listed below:

1. Addition of crown ether (12 Cr 4) to PC solutions leads to the reversible
behavior of graphite electrodes, because when the Li-ions reaching the
electrodes are complexed by the crown ether, fast and efficient
passivation by ROCO,Li is obtained, and hence, the detrimental
processes that usually occur in PC solutions are largely avoided [127].

2. As described above, graphite electrodes fail in both PC and THF.
However, in THF solutions containing 0.5 - 1.5 M PC, graphite elec-
trodes behave highly reversibly because the dominant surface reac-
tions in these solutions form Li,CO; as an important component in the
surface films (see Scheme 2 and Figure 5) [120].

In pure DMC solutions, the irreversible capacity of graphite electrodes
is pronounced, and the electrodes develop high impedance upon cycling
and fail. Addition of a few hundred ppms of water leads to the highly
reversible behavior of graphite electrodes in DMC because trace water
reacts with the ROCO,Li formed by DMC reaction. The solid product of this
secondary reaction is Li,CO,;, which is one of the best passivation agents
for carbon electrodes [119,128].

The irreversible capacity of graphite electrodes depends not only on
the solution composition, but also on the structural and morphological
parameters of the particles. In solutions in which there are no specific
failure mechanisms of graphite electrodes (i.e., highly reversible behavior
is observed, as in EC-DEC, EC-DMC, EC-EMC solutions, etc.), the
irreversible capacity depends on the average particle’s surface area [129].

There are a number of recent publications on the impact of structural
and morphological parameters of graphitic materials on their performance
as anode materials in general, and on their irreversible capacity in
particular [130-135].
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Ex-situ XRD of composite graphite electrodes (95% Synthetic
graphite flakes (Timrex KS25 + 5%PVDF) on copper net.

CH,0(CH,CH,0),CH,/ LiClO,

e 2.0
2 15y
002, =

_ ¢ > 1.0
g 46 - ﬁ 0.5 1 -
= = ~ B !
= 5 - = 7
-] L 00
o £ 0 44 88
E a Capacity (mAh/g)
2
[
£ 3

e

—— ——

| :

o &0 60 70

Scattering angle 20 (deg), CuKu«

002,

—
=

Potential, V (Li/Li ")

5 .
. 0 PCleAsF\
Z 0.0
'8
" 0 150 300 450
E Capacity (mAh/g)
- Cu 004
£
wn
=
=
]

20 40 60
Scattering angle 26(deg), CuKa

Figure 14. Typical XRD patterns and chronopotentiograms (galvanostatic experiments) of graphite
electrodes in CH;0(CH,CH;0),CHy/LiCIO4 0.5 M and PC/LiAsFs 1M solutions, as indicated. In both
solutions, reversible Li insertion into graphite can not be obtained. The XRD patterns were measured
ex situ., from electrodes whose galvanostatic processes in these solutions were stopped at points a,
b, ¢, etc., as marked near the relevant voltage profiles presented in this figure. Patterns in a relate to
the pristine electrodes. Reprinted from reference 64 with permission from Elsevier Science.
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Figure 15. Impedance spectra measured from a composite graphite electrode (synthetic flakes,
Timrex KS 25, 5% PVdF) during cyding in an EC-DMC 1:1/LiAsFs 1 M solution. The relevant cyde
numbers are marked. Reprinted from reference 140 with permission from Elsevier Science.

Figure 16. Typical 3D AFM images of composite graphite electrodes (synthetic flakes, Timrex KS-6,
5% PVdF) measured /n sitv in various EC-DMC solutions at 0.9 V (Li/Ui*), as indicated. Image a
relates to the pristine electrode. Various morphologies of surface films formed at the different
solutions can be seen in images b-d. Editor's Note: Image scale: In plane = about 6um per side;
vertical scale a = 1071 nm, b = 688 nm, ¢ = 1347 nm, d = 728 nm. Reprinted from reference 140

with permission from Elsevier Science.
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The last point to be dealt with in this chapter relates to the behavior of stable
graphite electrodes upon prolonged charge-discharge cycling. As an example, we
present typical data related to electrodes comprised of synthetic graphite flakes.

Figure 15 shows typical impedance spectra of a composite graphite
electrode comprised of synthetic graphite flakes during cycling in a solution in
which highly stable and passivating surface films are formed (EC-DMC/LiAsFy).
The electrodes develop increasing impedance upon cycling, while the capacity
of the active mass is basically retained. In order to understand these electrode
impedance changes during cycling, the use of in situ imaging by scanning probe
(SPM) techniques may be very helpful. Indeed, in recent years we have
increasingly seen the application of atomic force microscopy (AFM) to the study
of both monolitic (HOPG) and composite graphite electrodes and their surface
phenomena [136-140]. In this section, we describe some data from AFM
imaging of composite graphite electrodes, which can explain their behavior
during cycling, especially the increase in their impedance.

Figure 16 shows typical in situ AFM images of these composite electrodes
measured at a low potential (0.9 vs. Li/Li*) after surface films were formed by
reaction of solution species. The formation of surface films is clearly seen by in
situ imaging with AFM at potentials below 1.2V (Li/Li*). It is also spectacular in
the images presented in Figure 16 that different salts or the presence of an
additive such as VC lead to a different morphology of the surface films. It is
possible to concentrate in these in sifu imaging experiments on a specific
micrometric size area and to follow morphological changes in single particles
during Li insertion-deinsertion cycles. Figure 17 is a collection of AFM images
and height profiles (marked on the images) measured from a composite
graphite electrode comprised of synthetic flakes, during entire Li insertion-
deinsertion cycles, at selected constant potentials (specified near each image
and profile). The solutions selected for these experiments were EC-DMC/LiAsF;
or EC-DMC/LiPFg, in which graphite electrodes comprised of synthetic graphite
flakes behave highly reversibly due to efficient passivation by surface films.
These imaging experiments indeed reflect the stability of these electrodes upon
Li intercalation-deintercalation cycling. In general, no destructive processes
could be observed. However, as seen in Figure 17, which presents images and
height profiles of the same area (a gap between two graphite flakes) at selected
potentials, there are some slight morphological changes visible during an entire
Li insertion-deinsertion cycle. From EIS and in situ imaging by AFM of graphite
electrodes during charge-discharge cycling, we come to the conclusions
described schematically in Figure 18. When Li is inserted into the graphite
particles, their volume increases (due to an increase in the space between the
graphene planes). Hence, the surface films on the edge planes, through which
Li-ions are inserted into the graphite, are stretched. Since the surface films on
lithium are usually comprised of Li salts, their flexibility is limited. Thus, they
may be damaged during Li insertion (due to the increase in the particle's
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volume), and thus, the passivation is limited. This allows continuous small scale
reactions between the lithiated carbon and solution species, i.e., the breakdown
and repair of the surface films that increase their thickness, and hence, the
electrode's impedance upon cycling. As explained above, the behavior of carbon
electrodes depends very strongly on the nature of the particles, as well as their
morphology. Thus, the extent of the phenomena described in Figures 15-18
depends strongly on the type of carbon used.

5.0 MODIFICATION OF CARBON ANODE
SURFACE CHEMISTRY

The previous sections presented several problems in the use of carbon
anodes in Li-ion batteries. We mentioned the capacity limitation of graphite
electrodes and their extreme sensitivity to the solution composition, a limited
access of the entire active mass to solution species in thick, composite
electrodes, a variety of failure mechanisms based on surface phenomena, an
increase in the electrodes' impedance during charge-discharge cycling, etc. It
should be emphasized that all the capacity-fading and irreversible phenomena
described in the previous sections, as well as impedance increase upon
cycling, become increasingly pronounced at elevated temperatures. It is,
therefore, very important to develop surface modifications that increase the
stability of the electrodes and modify their surface chemistry towards better
passivation, especially at elevated temperatures, but not on the account of fast
transport phenomena (e.g., Li-ion migration through surface films).

In this section, we review two basic approaches that relate to the
modification of the surface chemistry of carbon electrodes, namely, surface
pretreatment of carbon particles and modification of solution species using
specially designed additives and new solvents and salts.

5.1 Surface Modification of Graphite Electrodes

There have been several interesting attempts to modify the surface of
graphite particles before electrode construction.

1. Removal of surface layers

All carbon particles have surface groups whose reduction during the first
cathodic polarization of electrodes may contribute to their irreversible
capacity. There are reports on the removal of such surface groups using
reducing atmosphere (e.g.. Ag/H;) at elevated temperatures [141]. We
should also mention that mesopores in carbonaceous materials may
contain active atmospheric gases such as H,0, CO,, and O,, which may be
easily reduced during polarization of the carbon electrodes, and in that
way contribute a great deal to their irreversible capacity [142]. Hence, the
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careful treatment of carbon particles in a way that removes these trapped
gases before introduction into the solutions may be important for the
reduction of the irreversible capacity of carbon anodes.
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Figure 17. AFM images (2D) and profiles of a composite graphite electrode obtained /7 sity during
a completed Li insertion-deinsertion cyde in EC-DMC/1 M LiAsF, solution. The various potentials at
which the images were obtained are indicated. The profiles are marked on the 2D AFM images.
Reprinted from reference 140 with permission from Elsevier Science.
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Figure 18. A schematic illustration of changes in the surface films on composite graphite electrodes
upon prolonged cycling, even in solutions in which the surface films provide good passivation.
Reprinted from reference 219 with permission from Elsevier Science.

2. Formation of surface layers by oxidation and other methods

In contrast to the approach described above, namely, removal of surface layers
in order to enable surface film formation by reduction of solution species only, there
is the opposite approach: developing surface films of unproved passivating
properties on carbon particles, ex situ, (before any electrochemical treatment).
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There have been several reports on the preparation of surface films on graphite
particles by mild, controlled surface oxidation [143-144]. Itis possible to control the
build-up of surface groups on carbon particles using aqueous HNO; solutions at a
temperature range between R.T. and 80°. It is also possible to cover the surface
area of graphite particles (especially the edge planes) by oxygen-containing surface
groups, by a controlled burnoff of the carbon in air at elevated temperatures.

As described in reference 144, oxidation of graphite forms a variety of
surface groups, including carboxylic and hydroxylic groups, C=0 double
bonds, and anhydride-types groups. Cathodic polarization of electrodes
comprised of these carbon particles in nonaqueous Li salt solutions forms
surface Li alkoxy and Li carboxylate groups. In this way, a strongly adherent
surface layer is obtained, which further influences the reduction of solution
species on the carbon surface. By this approach, it is possible to achieve a very
good electrode passivation, reduce their irreversible capacity, and increase
their stability upon cycling. Another approach that should be mentioned here
is the pretreatment of carbon particles with polymeric species that cover the
particles with protective films before being in contact with the electrolyte
solution. For instance, pretreatment of graphite flakes with gelatine [145]
considerably reduced the irreversible capacity of anodes comprised of the
pretreated particles. We should also mention that mechanical milling of
carbon particles in air also forms a highly reactive surface that reacts readily
with active atmospheric gases (0, H,0, CO,) to form a variety of surface
groups [146]. Since mechanical milling is often used in order to obtain small
size particles, it is possible to modify the surface chemistry of carbon particles
by milling them in a reactive or inert atmosphere.

It is also possible to increase the reversible capacity of graphite electrodes
by mild oxidation/burnoff pretreatment of the graphite particles [144,147],
which form surface nanopores than can insert Li-ions reversibly, beyond the
intercalation capacity related to Li insertion between graphene planes.

3. Surface modification by dispersion of metallic particles

We should mention another approach for surface modification of graphite
electrodes by pretreatment of the active mass, using metallic nanoparticle dis-
persion. Several metals, including Ni, Al, Pt, and Ag were recently mentioned in
the literature in this respect. For instance, it was reported that spreading
nanoparticles of Ni [148] or Ag [149] on the graphite particles improved their
behavior as anode materials in terms of lowering surface impedance, enhancing
passivation, reducing irreversible capacity, and increasing stability. These effects
can be explained by the positive impact of the presence of metallic nanopar-
ticles on the surface on the precipitation of adhesive and cohesive surface films.
It is assumed that the presence of nanoparticles on the carbon's surface does
not drastically change the basic surface chemistry of these systems, but rather
changes the morphology and physical structure of the surface films.
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5.2 Improvement Carbon Anodes by
Solution Modifications

Continuous innovative efforts are underway towards the development of new
solvents and salts which improve the performance of Li-ion batteries. Special
attention is being paid to the increase of the electrochemical windows of the
solutions (in order to prevent their oxidation on the cathodes), to the increase of
their thermal stability, to obtaining positive impacts on the electrodes' surface
chemistry, and to reducing undesirable contamination. In parallel, there is
intensive ongoing work on the development of additives that modify the surface
chemistry of the electrodes in commonly used electrolyte solutions (e.g., EC +
linear alkyl carbonates and LiPFg), and improve the safety features of the battery
systems. Typical examples of the development of new solvents for Li-ion batteries
are derivatives of propylene carbonates in which graphite electrodes behave
reversibly, e.g. chlorinated PC [44], trans butylene carbonate [122], and
fluorinated alkyl carbonates [45]. The enhanced stability of graphite electrodes in
these new solvents, compared with the poor behavior in PC solutions, is well
understood in light of the failure mechanism of graphite electrodes in PC
solutions described in the previous section [120]. Testing other new solvents such
as pyrocarbonates [150], cyclic and acyclic sulfites [151], and fluorinated organic
solvents (e.g., N, N-dimethyl trifluoracetamide) [152] should also be mentioned.

As an important example of the innovative development of new salts for
lithium-ion batteries, we can mention the development of LiPF;(CF,CF;); as a
substitute for LiPFg [41,153]. The use of the former salt as an electrolyte
minimizes the contamination of the solutions by HF, which has a detrimental
impact on the performance of both anodes and cathodes in Li-ion batteries. This
new salt is less reactive than LiPFg on the carbon electrodes, and its solutions
seem to be more thermally stable than LiPFg solutions. It is clear that the
potential use of the above-described new components of electrolyte solutions in
practical Li-ion batteries depends primarily on their impact on the electrodes'
surface chemistry. However, at present there is no solid information regarding
the surface chemistry of Li-ion battery electrodes in all of the new solvents and
salts mentioned above. Work in these directions is definitely in progress.

Table 2 summarizes a list of additives that have been tested in commonly
used electrolyte solutions for Li-ion batteries, based on recent publications (pat-
ents and papers). The information in this table includes major impacts, the rele-
vant mother solutions, and representative references for the various additives.

The true impact of most of the additives described in the table on the
surface chemistry of the electrodes is not yet understood, although it is
assumed that their positive effects on electrode performance relate to
surface modifications induced by their presence. However, based on recent
studies, we will present some ideas about how these additives can improve
the performance of Li-ion batteries.
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As already stated in this chapter, critical properties of surface films are
their adhesion to the electrode’s surface and cohesion. The first property is a
condition for stability, while the second one determines the ability of the
surface films to withstand volume changes of the particles upon Li insertion,
and to prevent transport of solvent molecules with Li-ions through the surface
films. Our previous studies on the positive impact of CO, [60,65], SO,
[51,174], and even trace water, in some cases [120,128], revealed that some
inorganic Li salts and oxides may form highly passivating surface films on
both Li-graphite and Li metal surfaces. Species such as Li,CO; Li,S, Li,S,0,,
and Li,0 formed in the presence of the above additives are very good
passivating agents in the Li-ion conducting surface films. Tentatively, we
attribute this to the ability of these species to form surface structures with
strong intermolecular electrostatic interactions, with very good adhesion to
the electrode’s surface. (See the sticky fingers” model, reference 119.) Hence,
additives such as nitrates, sulfites, sulfates, phosphates, and phosphonates
(see Table 2, first 9 items) may be reduced on carbon surfaces in the presence
of Li-ions to the corresponding inorganic Li salts. We found that the use of
pyrocarbonates as additives contributes to the liberation of CO, by spontane-
ous decomposition of these species, which further reacts on the active surface
to form Li,CO; (see Scheme 6). The use of Li,CO,; or CaCO; as additives (Table
2, item 10) partly neutralizes the trace HF in solution phase.

Recently, trans butylenes carbonate was suggested as a suitable solvent
or co-solvent for Li-ion batteries (see Table 2, Ref. 163.) It appears that
graphite electrodes are highly stable in these solutions. The authors [163]
suggest that with this solvent, co-intercalation of solvent molecules with Li-
ions into graphite is largely avoided. We suggest that with this solvent, the
formation of passivating surface films by solvent reduction competes well
with possible destructive processes in the crevices of the edge planes, such as
splitting the graphite particle due to gas formation (butylenes).

The impact of VC as an additive [168] is extremely interesting. Our recent
studies on the use of VC-containing electrolyte solutions [175] provided some
evidence that VC reacts predominantly on graphite electrodes in EC-based
solutions and forms polymeric species. Our recent studies on Li organo boron
complexes as additives in electrolyte solutions for Li-ion batteries [172] also
indicated that these additives probably form polymers on graphite electrodes,
which contribute considerably to their stabilization, especially at elevated
temperatures, and lower their impedance [176]. We can therefore conclude
that the formation of polymeric species on graphite surfaces may contribute to
the improved stability and low impedance of the graphite anodes. In both
cases of VC and Li organo-boron complexes as additives in solutions, it was
clearly seen that in their presence, the impact of salt reduction (e.g.,
formation of LiF surface species) on the electrode's surface chemistry is much
lower than in the additive-free solutions.



Table 2
Concentration of data from recent literature on the use of additives in lithium-ion battery electrolytes in order to improve their performance.
No ADDITIVE SOLVENT SYSTEM MAJOR IMPACTS Ref.
MixEiire of allt Hi charge/discharge capacity, long cycle life, reduced first cycle 150,
1 Alkyl pyrocarbonates Carb reto aL'PF Irreversible capacity; satisfactory charging/discharging cyclic 154-
NI, =ihie performance at high temp; superior discharging at low temp. 156
2 Biphenyl (and other Alkyl carbonates, Overcharge protection 157-
aromatic monomers) LiPFg 159
3 Sulfite. Preferred: allyl EC+DMC+EMC+ High charge/discharge capacity, long cycle life, reduced first 160
Or benzyl sulfite DEC, LiPFg cycle irreversible capacity
4 Silyl sulfate, tin ulfate, EC+DMC+EMC+ High charge/discharge capacity, long cycle life, reduced first 161
orAn organic sulfate DEC, LiPFg cycle irreversible capacity
gy EC+DMC+EMC+ High charge/discharge capacity, long cycle life, reduced first
3 AR AR DEC, LiPFg cycle irreversible capacity 162
6 Nitrate. Preferred: EC+DMC+EMC+ High charge/discharge capacity, long cycle life, reduced first 52
Organic alkyl nitrate DEC, LiPFs cycle irreversible capacity
EC+DMC+EMC+ High charge/discharge capacity, long cycle life, reduced first
’ Akyl Fhosphonate DEC, LiPFs cycle irreversible capacity 164
EC+DMC+EMC+ High charge/discharge capacity, long cycle life, reduced first
g Ayl paspliste DEC, LiPFs cycle irreversible capacity 165
9 Substituted alkyl EC+DMC+EMC+ High charge/discharge capacity, long cycle life, reduced first 166
carbonates DEC, LiPFg cycle irreversible capacity
10 Lithium carbonate or EC:DMC 2:1 Neutralizing acid contaminants (e.g., HF), enhancing thermal 167
calcium carbonate LiPFs stability, Improving performance and cycle life.
1 Vinylene carbonate PC/EC/DMC Reduce gas evolution during the first charge and the formation 168
(VC) 5% LiPFs of surface fims
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Table 2 (Continued)
Concentration of data from recent literature on the use of additives in lithium-ion battery electrolytes in order to improve their performance.
No ADDITIVE SOLVENT SYSTEM MAJOR IMPACTS Ref.
) The chosen electrolyte: 1 M LiPFs / TMP+HFE+VC+DMF
Vinylene carbonate (VC) to Yoo oo _ . X
enable graphite discharge, Trimethyl phosphate (TMP) (444088} HFE = a fluorinated ether and its purpose
12 vinyl benzoate (VB) or Non-flammable is to avoid a thermal runaway at elevated temperatures. 169
dimethyl fumarlate (DMF) to Solvent), LiPFs
raise coulombic efficiency
Mixtures of alkyl carbonates or alkyl | Increases diffusivity of Li ions, improves load performance
13 Fluorinated solvent Cabonatis with sthens LIPE; 170
N N-dimethyltrifluoro- : Good performance at low temperatures
14 tamide (DTA) PC, LiPFs 152
Trans butylenes As single solvents or in Avoids co-intercalation of solvent molecules with lithium into
15 carBorkis mixtures with other alkyl Graphite. High stability and low irreversible capacity of 163
o carbonates, LiPFs graphite electrodes
16 Compounds based on Mixtures of alkyl carbonates, | Lowering rate of capacity fading 171
BF; LiPFe
17 Lithium chelating PC or EC with DME or THF, High cycling efficiency 172
compounds with boron 2-MeTHF or 2,5-DiMeTHF, LiPFs
Fluorinated boronate : Better conductivity, high electrochemical stability up to 5 V
18 compounds DME or EC/DMC, LiPFs 173
Dimethyl sulfite and % : Low viscosity co-solvents, good low temperature performance
19 diethyl sulfite EC-based electrolyte solution 151
MF, PC, DEC, DMC, High degree of Li intercalation into graphite and stable cycle life. 51,
20 SO, LiAsF, LiPFg Formation of surface films comprised of Li;5;04, LisS, Li,0 174
3 . Formation of surface films comprising Li;COs, good 65,
# a0 MF, BL, LiCIOs, LiAsFe, DMC | accivation of lithiated carbon electroes 66
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To conclude this section, it can be said that the field of electrolyte
solutions for Li-ion batteries in very dynamic and paves the way for a great
deal of innovative work. While is it very difficult to develop solvents and salts
that can compete with the commonly used alkyl carbonate mixtures (with EC
as a key component) and LiPFg as the electrolyte, it is definitely possible to
develop a variety of additives that can attenuate the surface chemistry of both
anodes and cathodes for Li-ion batteries, and thus improve their stability and
electrical properties. The work described in Table 2 is obviously a good start.

6.0 SURFACE CHEMISTRY OF ALTERNATIVE,
NON-CARBONACEOUS ANODES

For many years now we have seen intensive, on-going studies of Li alloys as
anodes for rechargeable Li batteries. The use of alloys instead of Li metal as
anodes in rechargeable batteries may suppress dendrite formation. However,
the use of host materials, which alloy with lithium, opens the door for other
problems, such as irreversible phenomena due to volume changes when Li is
inserted-deinserted into/from the host metallic matrix [177]. In general, Li
alloys that are formed at potentials below 1.5 V in nonaqueous Li salt solutions
should develop surface films similar to those formed on Li metal, and noble
metals polarized to low potential in Li salt solutions [30] and, in fact, their
stability towards solution species depends on passivation by surface films.
Therefore, the volume changes that occur during formation and decomposition
of Li alloys induces surface instability, lack of efficient passivation, and irre-
versible charge consumption by surface reactions between the active alloy and
solution species. The change in volume of the Li alloy anodes during charge-
discharge cycling leads to deactivation of the active mass, not merely as a result
of surface reactions, but also as a result of destructive bulk changes. These
problems in the use of Li alloys instead of Li metal anodes led to a further
development of anodes based on oxides such as SnO, SnQ,, etc. [178]. Cathodic
polarization of such oxides in Li salt solutions forms Sn-Li alloys embedded in a
Li,O matrix [179], which considerably increases the intrinsic stability of the
active mass compared with an active mass that comprises Li-Sn alloys only. As
expected, polarization of SnO, electrodes is accompanied by the formation of
surface films that were found to be very similar to those formed in the same
solutions on carbonaceous anodes [180].

In general, the field of alternative anodes for rechargeable Li batteries
based on tin alloys is extensive and dynamic, and cannot be covered even
briefly in this chapter. However, it is important to mention a unique
phenomenon found in these systems that definitely relates to their surface
chemistry and the formation of surface films. In recent work by Dahn et al.
on Li insertion-deinsertion into SnSi films studied by in siru AFM imaging
[181], it was found that after lithium insertion into these films, deinsertion
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of lithium is accompanied by the formation of cracks. Li insertion leads to
the disappearance of the cracks, and they reappear during Li deinsertion.
Upon repeated cycling the cracks appear and disappear periodically at the
same locations. This behavior can be explained by the fact that when the
cracks appear for the first time, surface reactions with solution species
take place, and the surface films formed cover all the surface that is
exposed to solution. Hence, the cracks formed initially become marked by
surface films, which are probably sufficiently flexible to accommodate the
morphological changes of the electrodes upon cycling. Therefore, we see
here periodic cracking, which is preserved by passivating surface films.

Other interesting alternative anodes for rechargeable Li batteries are
matrices containing nanoparticles of CoQO. It appears that cathodic
polarization of CoO electrodes forms metallic cobalt and Li,O, and this
process is highly reversible and promises high capacity [182]. During
cathodic polarization of these electrodes in alkyl carbonate solutions,
Tarascon et al. [183] discovered very interesting surface phenomena:
reversible formation of gel on the electrode's surface, which contributes to
its reversible capacity. This was the first time that anyone discovered
reversible surface phenomena related to reduction of solution species in Li
salt, polar aprotic solutions. As described throughout this chapter, when
any metallic or carbon electrode is polarized in Li salt nonaqueous
solutions, irreversible reduction processes usually take place, and cover
the electrodes with surface films that can not be re-oxidized at any
potential in which the solutions are stable (up to 4.5 V). Hence, in the case
described herein, on matrices containing Co and Li,O nanoparticles,
electron transfer to alkyl carbonate solutions at low potentials forms some
kind of polymeric species that can be re-oxidized during the reverse
process (that forms both CoO and Li-ions in solution). These new and
interesting phenomena definitely deserve further study, and we believe
that the appropriate analytical work is currently in progress.

7.0 SURFACE FILMS: THE CATHODE SIDE
7.1 Classification of Li Insertion Cathodes

When dealing with surface film formation and related phenomena in
Li-ion batteries, attention is usually focused on the anode side. This is due
to the fact that the redox potentials of most of the anodes relevant to these
batteries are sufficiently low to drive intensive reduction processes, whose
products precipitate on the electrode surfaces (as described in the previous
sections). Hence, surface film formation on anodes functioning at
potentials below 1.5 V (Li/Li*) is spontaneous. Thus, the cathodic stability
of all electrolyte solutions relevant to Li-ion batteries is due to passivation
phenomena.
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The case of the cathode materials is apparently different. The electrolyte
solutions are always selected to be anodically stable at the redox potentials of
the cathode materials. Replacing Li metal by lithiated carbon anodes means
two losses: the capacity is lowered by an order of magnitude and the anode’s
redox potential is also higher. Thus, cathode materials of the highest redox
potential available are chosen in order to obtain the highest energy density
possible. Both solutions and cathodes for Li-ion batteries are chosen so there
are no apparent oxidation reactions between the cathode materials at any
state of charge and the electrolyte solutions. The most important cathode
materials for Li-ion batteries are LiCoO, LiMn,0, and LiNiO, and their
derivatives (e.g., LiCoNi,_,0,, LiMn,; 4,M,0,, M=another metallic element: Li,
Mg, Al, Cr, Ni, Cu), all of which have their major redox activity around 4 V
(LVLi*) [184-187]. In fact, this potential window of the cathode materials has
caused the alkyl carbonates to become the most commonly used solvents for
Li-ion batteries, because their apparent anodic stability is high and their major
oxidation occurs at potentials >5 V (Li/Li*). Their high anodic stability enables
the use of alkyl carbonate solutions even with LiMn,, ,M,0, cathodes (e.g.,
M=Cu), whose redox potential reaches 5 V (Li/Li*) [188]. The anodic behavior
of alkyl carbonate solutions was studied very recently, using both electro-
chemical and spectral techniques [189-191]. While these studies confirmed
the high anodic stability of alkyl carbonate solutions, as described above, we
nevertheless found that some small scale oxidation of alkyl carbonate solvents
on noble metal electrodes (Pt, Au) can occur at potentials below 4 V (Li/Li*)
[191]. However, from recent reports on the performance of practical Li-ion
batteries [192], it is clear that the commonly used electrolyte solutions are not
oxidized on the cathodes in Li-ion battery systems. Hence, from our studies it
appears that the composite cathodes used in Li-ion batteries are passivated
and, in fact, inhibit oxidation reactions of solutions that may occur on noble
metal electrodes at potentials below 4 V [191].

This brings us to a conclusion that is well supported by recent studies
[193,194]: there are important surface phenomena related to surface film
formation on commonly used cathodes, which play a critical role in
determining their performance.

7.2 Electrochemical Response of Common Li
Insertion Cathodes

Li insertion processes into the most important cathode materials for Li-
ion batteries, namely LiCoO,, LiNiO,, and LiMn,0,, have several important
denominators. Li intercalation into these host materials occur via phase
transitions [195], and include the obvious necessary stage of solid state
diffusion of Li-ions inside the active mass. Figure 19 demonstrates some
aspects of the similar electroanalytical response of LiCoO,, LiNiO,, and
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LiMn,O, electrodes as reflected by slow scan rate voltammetry and the
variation of the chemical diffusion coefficient (D) as a function of potential. As
discussed in detail [107,193,194,196], the pairs of narrow CV peaks with
intrinsic hysteresis (the hysteresis appears due to the nature of the
intercalation process and not because of kinetic/diffusion limitation), and the
minima in D vs. E at the peak potentials reflect attractive interactions among
the Li intercalation sites and phase transitions (as marked in Figure 19). Each
peak in the CV plots of Figure 19 reflects the coexistence of two phases. At
sufficiently slow potential scan rates, the electrochemical processes are no
longer diffusion controlled, and they thus behave like adsorption processes
perturbed by some kinetic limitations [107,196]. As mentioned in the
previous section, the cathodes are also covered by surface films, and thus,
their electrochemical processes include the necessary stages of Li ion
migration through surface films and charge transfer across the film/solution
and the film/active mass interfaces. These processes contribute a major part
to the impedance of these electrodes. Hence, Li insertion into the cathodes is
quite similar in principle to the above-described Li insertion processes into
graphite, in its sequential stages, and their order. This is clearly reflected by
the impedance spectra of these electrodes. When thin enough electrodes are
measured, highly resolved impedance spectra can be obtained, which clearly
show all the relevant time constants of the various stages of Li insertion into
the cathodes. This is demonstrated in Figure 20, which compares typical
impedance spectra (Nyquist plots) measured at selected potentials (as
indicated) from LiNiO,, LiCoO,, LiMn,0,, and lithiated graphite electrodes. All
four spectra show a high frequency semicircle, which is usually potential-
invariant for the cathodes, and is attributed to Li-ion migration through
surface films (coupled with film capacitance). In the case of graphite
electrodes, the high frequency semicircle may depend on the electrode’s
potential, as discussed in reference 108. At medium-low frequencies, these
spectra show another semicircle that is strongly dependent on the potentials.
This semicircle may be the dominant feature in the impedance spectra of the
cathodes, at certain potentials (usually at low, <3.9 V and high, >4.1 V
potentials), and is attributed to charge transfer into the bulk active mass (i.e.,
it reflects both electron transfer to the active mass from the current collector
and Li-ion transfer across the surface film/active mass interface). At the low
potentials a 'Warburg'-type element appearing in these spectra reflects solid-
state diffusion, and at the very low frequencies (in the mHz region), the
impedance behavior reflects a capacitive behavior which is, in fact, the
accumulation of lithium inserted into the bulk host materials. Indeed, when
the electrodes are sufficiently thin and the frequency reached is low enough,
the differential intercalation capacity can be calculated quite accurately from
these impedance spectra (Cy,=1/0Z", ® — O, Z" = the imaginary part) [196].
Hence, all the Li insertion processes into the four electrodes, whose spectra
are presented in Figure 20, can be precisely simulated by the relatively simple
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equivalent circuit analog presented in Figure 20 [105-107,196]. (See also
Figure 12 above and related discussion.) It should be noted that changes in
the structure of the cathode materials, e.g., partial substitution and replace-
ment of the transition metal by another metal, may result in a considerable
change in the electroanalytical response of these electrodes. A typical example
is LiNi, ,Co,0; electrodes whose electroanalytical response differs from that of
both LiNiO, and LiCoO,. Li insertion into LiNi, ,Co,0, involves both stages of
phase transitions and formation of solid solutions [197]. This is reflected by
less sharp peaks in slow scan rate CV and maxima in the D vs. E curves [198].
However, the formation of surface films and their impact on the electrodes”
behavior is quite similar for substituted LiM, M'0O, electrodes as for the
LiMO, electrodes described above.

7.3 Surface Films on Li-Insertion Cathodes

In the previous sections, we described the importance of surface film
formation on the cathodes. They influence the electrode’s impedance and
kinetics, and may inhibit oxidation of solution species on the cathode surfaces.
A surface reaction that is common to all cathode materials in LiPFg solutions is
the acid-base reaction between the basic LIMO, compounds and unavoidably
present trace HF. In fact, trace HF may also be present in LiBF, and LiAsF;
solutions. Thereby, LIMO, cathodes always contain LiF on their surfaces in
solutions of the above three salts [194]. As is well known from previous
studies of lithium surfaces in LiPFg solutions, surface films that contain a high
concentration of LiF are highly resistive (by more than two orders of
magnitude compared with surface films comprised of Li,O, LiOH, Li,CO,,
ROCO,Li, etc.) [25]. The impact of the presence of LiF films when formed on
the cathode impedance is demonstrated in Figure 21. This figure shows
impedance spectra (Nyquist plots) of LiMn,0, and LiNiO, electrodes measured
at 4.02 V (Li/Li*) in LiAsFg, LiPF,, and LiC(SO,CF,), solutions in EC-DMC mix-
tures [194]. Except for the spectrum of the LiNiO, electrode in the LiPFg
solution, which reflects a highly resistive system, all the other spectra in
Figure 21 contain two semicircles and a "Warburg'-type element (low
frequencies) that belong to the surface films, charge transfer, and solid state
diffusion. The differences in the impedance spectra of Figure 21 are very
significant and typical. LiNiO, electrodes develop a much higher surface
resistance than LiMn,0, electrodes. We indeed find that LiNiO,, LiCoO, and
LiNi, ,Co,0, electrodes are more reactive towards solution species than
LiMn,0O, electrodes. In addition, the surface resistance of both LiNiO,, and
LiMn,O, electrodes is considerably higher in LiPFg than in any other salt
solution due to the relatively high concentration of HF in LiPF; solutions,
which means a formation of highly resistive LiF surface films. The cathodes”
surface chemistry in solutions also includes interactions with atmospheric
components and solvent molecules.
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Figure 22 shows typical FTIR spectra measured from pristine and
cycled LiMn,O,, LiNiO,, and LiCoO, electrodes (diffuse reflectance mode,
particles scraped from the electrodes) [24]. The pristine spectraof LiCoO,
and LiNiO, show pronounced Li,CO; peaks (indicated) that we attribute to
Li,CO; surface species formed by reactions of the slightly basic LiMO,
compounds with atmospheric CO,. FTIR spectra of cycled LiNiO, and
LiCoQ, are very rich in absorption bands of organic species, which closely
resemble the spectra of ROCO,Li species usually formed by reduction of
alkyl carbonate solvents. Formation of surface ROCO,Li species on the
cathodes may result from nucleophilic reactions between the lithiated
oxides and the solvents, which are all electrophiles. Compared with the
spectra of LiNiO, and LiCoO,, the IR spectra of LiMn,0, contain much
less identifiable features. We can conclude from the above-described
spectral studies that LiMn,0, is less basic and nucleophilic than LiCoO,
and LiNiO,.

Figure 23 schematically summarizes several types of surface reactions
of cathode materials in solutions, which lead the formation surface films.
These include the following three possibilities:



62 Surface Films in Lithium-lon Batteries

200 1 200
391V | s
vs. Li/Li* o | | LixNIO,
| e
| LiMn,0 L ’ GRS
ViV e O i . O 0 \
G [ ! G
= 100 L =100 ) @ P
) N o ¢
@) ~
D d
) 38V
vs. Li/Li* |
0 0 | |
0 200 400 0 400
AZFFEY -Z'IQ
200 20
2 40V Li-C
Li00, vs. LilLi* ¥ &
e, | 011V \g
g i = \Q c s vs. Li/Li
5 ' 0) 2y '
N | N
| \ Q|
OO Oqe
\
d ¥ _—d
0 0 T
0 100 200 10 20 30
_7'10 -Z'1Q
MODEL Cftlm CD-L- uWarb r "
u Q Ciﬂt
Element
—ANN— + z + + + —W— + %
Rw Solid
2.4 State Intercalation
Rﬁlm R Diffusion Capacitance
CT.
a b c d e

Figure 20. Typical impedance spectra measured from LiNiO,, LiCoO;, LiMn;O,, and lithiated graphite
electrodes in EC-DMC/LiAsFs solutions (Li R.E. and C.E. electrodes). The potential of the measurements is
indicated near each spectrum. A model that provides an excellent fit with these spectra is also presented.
The assignment of its various elements to features of the experimental specira is also shown. Adapted from
reference 24 and reproduced with permission from Elsevier Science.



ADVANCES IN LITHIUM-ION BATTERIES 63

150 | —o— LIASF, LiMn,0, (a)
v UPF, E=4.02V vs. LILI
-E &~ LIC{SO,CF,),
3 yo0 b
E AT unf"k & mbz
o Sg-iu o & W v, uv
N s} sz B Yy @
wokHz | ;ap? v
o 1 1 1 1 |
[ 0 100 150 200 250 200 350
Z, Ohm.cm®
-1000 e e
LiAsF, / LINIO, (b)
o— LIPF, v E=4.02 V vs. LILI"
—E == LIC{SO,CF,), 100 mHz 5
H i e
£ = e -
g &00 10 He . J Ty 8 mity
< '. & J P
N ok | b
v,u“_.““'vwv w
f o p
Vi
0 L '
o 500 1000 1500 2000
Z, Ohm.cm’
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1. Nucleophilic reactions between LiMO, and solvent molecules, which may
form ROCQ,Li species (relevant to LiNiO,, LiCoO, and LiNi,_,Co,0,,
Figure 23, top. [194]).

2. Exchange reactions (e.g. M** vs. H" and Li*), which lead to structural
changes and the formation of inactive mass on the cathode particles. (May
be relevant to LiMn,0, cathodes, Figure 23, middle. [199]).

3. Structural changes close to the surface, which change the nature of the
active mass. This was found for Li,MnO, (0.3 <x<I) compounds with a
major redox activity around 3 V (LiLi*), whose structure near the
surface changes to a Li,Mn,0, spinel during repeated Li insertion-
deinsertion cycling. Figure 23, bottom [200].

8.0 AGING AND SAFETY AS RELATED TO SURFACE
FILM FORMATION

8.1 Aging Scenarios in Li-lon Batteries

The combined spectral, morphological, and impedance studies described
in the previous sections and the analyses of various surface film formation
processes on both anodes and cathodes in Li-ion batteries, enables us to
understand the possible scenarios of the aging of Li-ion batteries. The reader
is referred to Chapter 13, for a thorough treatment of aging mechanisms in Li-
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Ion batteries. In the commonly used LiPFg-alkyl carbonate solutions, the sur-
face films formed on the anodes may be dominated by solvent reduction,
while the surface films formed on the cathodes may be dominated by LiF
formation due to reactions of Li,MO, with HF. Thereby, the overall impedance
of Li-ion batteries may be determined mostly by the cathode’s surface
resistance (due to its coverage by highly resistive LiF films). Upon cycling, the
impedance of both anodes and cathodes may change:

1. In the anode side, when graphite is the active mass, the periodic changes
in its volume during charge-discharge cycling may lead to continuous,
small-scale surface reactions, which thicken the surface films and increase
their impedance.

2. In the cathode side, continuous acid-base reactions, ionic exchange, and
possible dissolution of the transition metal ions also lead to an increase in
the impedance (in addition to capacity-fading due to the structural changes
[201]). Highly critical in this respect is the contamination level in solutions,
especially the HF concentration.

Storage at elevated temperatures completely change the passivation status.
Hence, surface films stabilized on lithiated carbon electrodes at room tempera-
ture may lose their passivity at higher temperatures, allowing some electron
transfer, and thus, further reduction of solution species on the active surface.
Hence, the surface films are thickened, and, as the system returns to room
temperature, the electrode’s impedance is much higher as compared with its
pristine state.

In general, our studies show that upon cycling, a Li battery may lose
capacity not because of destruction of the electrodes” active mass, but rather
due to surface film formation and their consequent thickening, which increases
the overall impedance. We also analyzed surface film formation during cycling
that leads to capacity-fade, because some part of the active mass in the
composite electrodes becomes electronically isolated by surface films [202]. At
present, aging and capacity-fade of Li-ion batteries are being intensively
explored [203-205]. Of particular importance is the ability to model precisely
the aging processes of Li-ion batteries, based on the understanding achieved by
basic studies of the electrode reactions, as recently demonstrated [206].

8.2 The Effect of Surface Films on the Thermal Behavior
of Anodes and Cathodes in Li-lon Batteries

The subject dealt with in this section relates to safety features of Li-ion
batteries that are strongly influenced by the surface films formed on both anodes
and cathodes. In recent years, we have seen intensive work on the thermal
behavior of Li-ion batteries using differential scanning (DSC) and accelerated rate
(ARC) calorimetry [207-216]. Of special importance are calorimetric
measurements of electrodes at different charge states with controlled amounts of
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electrolyte solutions. Scanning the recent literature related to Li and Li-ion
battery systems reveals that the most intensive and careful work in this area was
carried out by Dahn et al. [211-218]. This group studied separately the thermal
behavior of various carbonaceous electrodes at different degrees of lithiation in
contact with commonly used electrolyte solutions [211-213], and partially
charged cathode materials in electrolyte solutions (Li,CoO,, [214-215] LiMn,0,
[216]). These studies provided a solid basis for modeling the expected thermal
behavior of practical Li-ion batteries [217, 218]. The results of the thermal studies
of Li-C and LiMO, (M=Co, Mn) with the electrolyte solutions cited above
converge nicely with the studies of the surface films on both anodes and cathodes
described in the previous sections.
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Figure 22. FTIR spectra measured from pristine and cyded LiMn,Q,, LiNiO;, and LiCoO, electrodes (a-c,
respectively). EC-DMC/LiAsFs 1 M solutions. Diffuse reflectance mode. Some peak assignments are also
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The following points of interest should be highlighted:

1. Following the thermal behavior of lithiated carbons in electrolyte
solutions clearly shows that there are three stages in the reactions
developed in these systems as the temperature is raised.

i. The first stage is always a reaction in which the surface films are
involved. This correlates well with the identification of the surface
films formed in alkyl carbonate solutions, which contain ROCO,Li
as major components. ROCO,Li can further react with the lithium
contained in the lithiated carbon at elevated temperatures to form
LiR, Li,CO,; Li,0, etc. Such further reactions are indeed
exothermic, as already seen in ARC measurements [211-213].

ii. The second stage occurring at elevated temperatures involves
reactions of residual lithium stored within the carbon and solution
components. At high enough temperatures, the surface films lose
their passivation and protection ability (e.g., due to partial
dissolution, mechanical breakdown, and nucleophilic reactions with
solution species). For example, RLi or Li,0 can react
nucleophilically with alkyl carbonates to form soluble organic Li
salts. Hence, the highly reactive Li-C intercalation compounds
reach physical and electrical contact with solution species, which
leads to intensive reduction reactions of solvent molecules.

iii. At sufficiently high temperatures (>200 °C), there are redox
reactions between the solvent molecules (alkyl carbonates) and the
salt anion (e.g., PFg’), which acts as an oxidizer.

2. Cathode materials such as Li,CoO, decompose at elevated tempera-
tures to form LiCoO,, Coz0,, CoO, and O, (disproportionation) [214-
215]. In the presence of electrolyte solutions at elevated temperatures,
the Li,CoO, oxidizes the solvents. CO, is formed and reacts with the
cobalt oxides and lithiated cobalt oxides to form lithium and cobalt
carbonates. The presence of LiPFg in solutions impedes the exothermic
redox reactions between Li,CoO, and alkyl carbonate solvents at
elevated temperature. Moreover, the redox reactions of Li,CoO, and
the solvents at elevated temperatures are less intense in the presence
of LiPFg, as compared with other salts (e.g., LiBF,) [214,215]. This
correlates with the spectral and impedance studies of cathode
materials in the solutions containing different salts [194]. In LiPFg
solutions, the cathode develops highly resistive surface films
comprised of LiF as a major component. This passivating surface film,
developed especially in LiPFg solutions, to some extent inhibits the
thermal redox reactions of cathodes with the alkyl carbonate solvents
at elevated temperature. NN
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Another significant result that should be mentioned is the higher thermal
stability of Li,Co0O,, as compared with LiMn,0,, in electrolyte solutions
[216]. This finding correlates with the study of these electrodes by FTIR,
XPS, and EIS, which revealed that LiMn,0, is less reactive than LiCoO, or
LiNiO, with solution species [24,194]. Hence, Li,Mn,0, electrodes are less
passivated in solutions than LiCoO, or LiNiQ,, and thus, their redox
reactions with solution species at elevated temperatures (Li,Mn,0, is the
oxidizer) are less impeded and can occur more readily, as compared with
the better-passivated LiCoO, electrodes.

9.0 CONCLUDING REMARKS

This chapter describes highly important phenomena of Li and Li-ion
batteries, namely, basic electrode-solution interactions, surface film forma-
tion, passivation, and the correlation among 3D structure, morphology,
surface chemistry, electronic properties, and electrochemical behavior of
anodes and cathodes for Li-ion batteries. It was found that surface films
are formed in both Li-C anodes and Li,MO, cathodes, control their stability,
influence their kinetics, and have a significant impact on the degree of
capacity fading upon cycling. The safety features of the electrodes, (and, in
fact, the batteries) at elevated temperatures are also determined by the
surface films that cover them.

In the case of the cathodes, surface films are formed by acid-base
reactions (e.g., HF + LiMO, to form LiF and protonated oxides),
nucleophilic reactions (e.g., LiNiO, + alkyl carbonates to form ROCO,Li
species), and polymerization (e.g., formation of polycarbonates by
polymerization of EC initiated by Lewis acids). These surface films increase
the cathodes” impedance, and also increase their passivation, which may
lead to a better thermal stability. The anode side is, of course, more
complicated. Surface films are always formed due to the inevitable
reduction of solvent molecules, salt anions, and reactive contaminants, at
the low potential to which the anodes are polarized during Li insertion.
The surface films formed on the anodes precipitate as a result of a very
delicate balance among several competing surface reactions of the various
solution components. In the case of alkyl carbonates, these reduction
processes are accompanied by formation of gases. When the solvents are
not too reactive, as is the case with ethers, surface film formation may be
accompanied by co-intercalation of solvent molecules, migrating together
with the Li-ions, which they solvate. The surface reactions of the solution
components on graphite electrodes at low potentials may be very
destructive to the graphite structure due to co-intercalation processes
(ethers) that lead to amorphization, or splitting of graphite particles, due to
the formation of internal pressure (propylene carbonate), which in turn
leads to the electrical isolation of the active mass by surface films.
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The precipitation of passivating surface films, which can protect the
carbon anodes” active mass and prevent detrimental processes such as co-
intercalation and exfoliation, depends on several factors. These include the
degree of cohesion and adhesion of the Li salts formed by reduction of the
solvents, and to what extent their precipitation in thin cohesive/adhesive films
is not perturbed by gas formation (the co-product of solvent reduction). Here,
the morphology of the graphite particles plays an important role (e.g., the
smoother the edge planes of the particles, the better is the passivation that
can be achieved by surface film precipitation). Hence, here we observe the
very interesting correlation between surface chemistry and 3D structure and
morphology. The surface films formed on the anodes determine their imped-
ance, stability and capacity fading upon cycling.

In conclusion, the above-described phenomena open the door for extremely
interesting studies at the forefront of surface science, whose research deserves
application of the most novel spectroscopic and electrochemical tools. The
importance of these surface phenomena makes the entire field of Li and Li-ion
batteries dependent on prerequisite fundamental studies of acomplicated
surface chemistry.
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1.0 INTRODUCTION

Lithium metal is the most attractive material for use as an anode in
rechargeable batteries because of its anode potential (-3.045 vs. standard
hydrogen electrode) and its high specific capacity (3,860 mAh-g™) [1,2]. In
fact, lithium metal has been widely used as an anode in primary lithium cells for
more than two decades. However, prolonged deposition/dissolution cycling
causes dendrite formation of the lithium metal, which brings about serious
problems in safety and cycleability for rechargeable (secondary) batteries. In
spite of extensive efforts of many researchers, it will be some time before
rechargeable lithium metal batteries are placed on the market. Recent
developments in rechargeable lithium-ion batteries (LIBs) were achieved by
the use of carbonaceous materials as lithium reservoirs at the anodes [3,4].
The charge and discharge reactions are described simply as:

C+xLi* +xe” T 5 i C (1)

ischarge

Lithium ion can be intercalated, more or less, into most kinds of
carbon, and the resulting lithiated carbons show extremely negative
electrochemical potentials close to that of the metallic lithium electrode.
The reversible intercalation/deintercalation reactions overcome the prob-
lem of dendrite formation of lithium and provide dramatic improvements
in safety and cycleability. The carbon anodes are combined with non-aqueous
electrolyte solutions and lithium-transition metal oxides such as LiCoO, as
cathodes to fabricate 4 V-class LIBs. Only lithium ion moves back and forth
between the cathode and the anode upon charging and discharging, which
give rise to a potential difference of about 4 V between the two electrodes.
The name, "lithium-ion" batteries came from this simple mechanism.
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Electrochemical lithium intercalation properties of carbonaceous materials
greatly depend on the crystallinity, morphology, and orientation of crystallites,
etc. Many kinds of carbonaceous materials, from crystalline to strongly disor-
dered carbon, have been tested as anodes in LIBs over the past decade. As a
result, graphite is now most widely used as an anode in commercially available
LIBsbecause of its relatively high specific capacity (theoretically 372 mAh-g™),
small irreversible capacity, and good cycleability. However, the rapid develop-
ment of electronic devices today demands a much higher energy density for
carbon anodes as well as a higher power density and a smaller irreversible
capacity. To answer these demands, fundamental understanding of the lithium
intercalation/deintercalation reactions of carbons is essential. In this chapter,
the authors focus on three fundamental aspects of carbon anodes, inter-
calation/deintercalation mechanisms, kinetics, and surface film formation, and
summarize the results of recent studies on carbon anodes.

2.0 STRUCTURE OF CARBONACEOUS
MATERIALS

Although carbon has several allotropes, graphite and its disordered forms
are used as practical anode materials for LIBs. Graphite is a typical layered
compound that consists of hexagonal graphene sheets of sp’~carbon atoms
(called graphene sheets), weakly bonded together by van der Waals forces into
an ABAB.... stacking sequence along the c-axis as shown in Figure 1 [5]. The
lattice belongs to a space group of P63/mmc, and the a- and c-axis lengths of the
hexagonal unit cell are @ = 0.246 nm and ¢, = 0.6708 nm, respectively, at
room temperature. Graphite crystal thus has two kinds of characteristic sur-
faces, normal and parallel to its c-axis, which are called the basal and the edge
plane, respectively. This anisotropic structure is an important feature that deter-
mines the properties of lithium intercalation within graphite as described later.

Although graphite exists in nature, it can be synthesized artificially by
treating a pyrolyzed carbon at high temperatures around 3000°C. In addition to
graphite, many kinds of carbonaceous materials such as carbon black, activated
carbon, carbon fiber, cokes are manufactured. These artificial carbons are more or
less disordered, and have some imperfection within them, such as stacking
disorder of neighboring graphene sheets, called "turbostratic disorder”, and unor-
ganized or buckled layers. Carbonaceous materials heat-treated at lower tem-
peratures have low crystallinity and are further classified into two categories:
"soft carbons" (graphitizable carbons) and "hard carbons" (non-graphitizable car-
bons) [6]. Structural models proposed for soft and hard carbons are shown in Figure
2 [6]. In soft carbons, small crystallites are stacked nearly in the same direction, and
thereby subtle diffusion induced upon heating results in graphitization. In contrast,
the crystallites of hard carbons do not have such distinct orientation and hence are
difficult to develop even when heat-treated at high temperatures > 2000°C.
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Figure 1. Crystal structure of hexagonal graphite showing the ABAB...stacking of graphene sheets
and the unit cell.
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Flgure 2. Models for the structures of (a) soft and (b) hard carbons [discussed in reference 6].

3.0 INTERCALATION/DEINTERCALATION MECHANISMS
OF VARIOUS CARBONS

Many kinds of carbonaceous materials have been tested as anodes in LIBs
so far. The electrochemical characteristics of carbonaceous materials strongly
depend on the morphology, crystallinity, orientation of crystallites, efc. To
systematically understand the electrochemical properties of carbonaceous mate-
rials, it is convenient to classify them, first, into the two categories, soft and
hard carbons, and then to consider the effects of heat-treatment temperature
(HTT). Figure 3 shows the relationships between the specific capacity and HIT
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of soft and hard carbons, which was summarized by Dahn ez al. [7]. As shown
in Figure 3, soft and hard carbons show different variations with HTT. Highly
graphitized carbons, which are prepared from soft carbons at temperatures >
2400°C, have specific capacities in the range 300-370 mAh-(g-carbon) (Region
A in Figure 3) [8-10,15,16]. With decreasing HTT from 2400°C, the specific
capacity decreases, gives the minimum at HTT = 1800-2000°C, and then
increases again (Region B in Figure 3) [16-18,20]. It has been reported that soft
carbons heat-treated at temperatures below 1000°C have extremely high
specific capacities in the range 500-1000 mAh-g” (Region C in Figure 3) [16,22-
28]. Hard carbons generally have specific capacities lower than those of soft
carbons; however, they have recently attracted much attention of many
researchers because some hard carbons heat-treated at around 1000°C exhibit
high specific capacities in the range 500-700 mAh-g’ (Region D in Figure 3)
[28-30]. The electrochemical characteristics and intercalation/deintercalation
mechanisms of these four types of carbons are described below.
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Figure 3. Relationships between reversible specific capacity and HTT [Derived from reference 7].
Closed and open circles shows data obtained for soft and hard carbons, respectively. Regions A-D
correspond to those used in the text.

Natural graphite and synthetic graphite heat-treated above 2400°C
belong to Region A. Figure 4 shows charge and discharge characteristics of
natural graphite (NG-7, The Kansai Coke and Chemicals Co., Ltd.). During
the first charging (intercalation), the potential drops rapidly after subtle
retardation at ca. 0.8 V. The main intercalation and deintercalation of
lithium take place at potentials < 0.25 V vs. Li*/Li, accompanied by three
potential plateaus. The charge consumed upon the first charging (ca. 400
mAh-g™) is not fully recovered upon the following discharging (ca. 335
mAh-g™). The capacity that cannot be recovered is called the "irreversible
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capacity" (Q,,), which is more or less observed in the first charge/discharge
cycle of any carbonaceous materials. At the second and subsequent cycles,
graphite shows good reversibility (rechargeablility) with a Coulombic
efficiency of ~100%. The reversible specific capacity (Q..) typically ranges
from 300 to 370 mAh-g.
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Figure 4. Charge and discharge characteristics of natural graphite powder (NG-7, Region A) at the
first cycle in 1 M LiCIO4/EC + DEC (1:1 by volume).

Lithium ion is intercalated within graphite to form lithium-graphite
intercalation compounds (Li-GICs) [8-10]. GICs are layered compounds that
atomic or molecular layers of a different chemical species called the
intercalate are inserted between the graphene sheets of host graphite [11].
The most important and characteristic property of GICs is the staging
phenomenon, which is characterized by intercalate layers that are periodically
arranged in a matrix of graphene sheets. Schematic illustrations for the stage
structures of GICs are shown in Figure 5a. These stage structures are
designated in terms of stage index n, which denotes the number of graphene
sheets between adjacent intercalate layers as shown in Figure 5a. Another
important feature of GICs is the in-plane ordering of the intercalate with
respect to the adjacent graphene sheets called the "superlattice structure".
The superlattice structure of stage-1 Li-GIC is shown in Figure 5b, in which
lithium ion exhibits a V3 x V3 structure [12]. The structure of stage-1 Li-GIC
thus gives a compositionof LiCe.

It has been known for a long time that lithium ion can be intercalated
within graphite to form Li-GIC since the discovery by Herold [13] in 1955. (The
first success in electrochemical lithium intercalation was reported in a patent of
Sanyo in 1981 [14].) The phase diagram of Li-GIC, which was obtained by an
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electrochemical process, is shown in Figure 6 [8]. Four different stage struc-
tures (n = 1-4) are known for Li-GICs, depending on the concentration of
lithium. The mechanism of lithium intercalation within graphite has been
studied so far using X-ray diffraction (XRD) [8-10] and Raman spectroscopy [15-
17]. The stage structure changes successively from a higher to a lower stage
during electrochemical lithium intercalation, and in the opposite direction
during lithium deintercalation [Equations. 2-4].

Dilute stage-1 <> Stage-4 (ca. 210 mV) 2)
Stage-2L <> Stage-2 (ca. 120 mV) 3)
Stage-2 <> Stage-1 (ca. 90 mV) (4)

where dilute stage-1 (1') denotes a phase where lithium ion is intercalated
randomly within graphite and stage-2L denotes a liquid-like stage-2 phase
that has no in-plane ordering. As shown earlier, graphite allows lithium
intercalation up to a composition of LiCq. This restricts the specific capacity
of graphite to 372 mAh-g". Because of the low and flat discharge profile
and high reversibility of the reaction, natural and synthetic graphites have
been widely used as anode materials in commercially available LIBs.
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Stage-1 Stage-2 Stage-
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Figure 5. (a) Stage structures of GICs and (b) in-plane structure of stage-1 Li-GIC.

In Region B in Figure 3, the reversible capacity decreases with a decrease in
HTT from 2400°C, and reaches the minimum at about 2000°C, and then
increases again [18]. Figure 7 shows charge and discharge curves of
mesocarbon microbeads heat-treated at 1800°C (MCMB1800, Osaka Gas). HTT
affects not only the reversible capacity, but also the shape of charge and
discharge curves. Soft carbons heat-treated at temperatures below 2000°C
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exhibit monotonous charge and discharge profiles without any potential
plateaus as shown in Figure 7. These monotonous profiles indicate that lithium
ion is intercalated randomly between graphene sheets without the formation of
any stage structures [16].
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Figure 6. Phase diagram of Li,Cs obtained by an electrochemical method [Derived from reference 8]. The
phase designations are desaribed in the text.
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Figure 7. Charge and discharge characteristics of mesocarbon microbeads heat-treated at 1800°C
(MCMB1800, Region B) at the first and second cycles in 1 M LiCIO,/EC + DEC (1:1 by volume).
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The soft carbons in this region contain many imperfections such as
turbostratic disorder and unorganized part in their crystallites. Dahn et al.
[18] reported that the maximum reversible capacity (xmax) in this region can be
well described by the following expression:

Xmax = g{(1-P)1 + Px;} + (1-g)x, (5)

where g, P, x, and x, denote the fraction of low strain part, the probability of
finding turbostratic disorder, the reversible capacity of unstrained graphene
sheets with turbostratic disorder (random shifts or rotations), and that of highly
strained unorganized carbon, respectively. For soft carbons, reversible
capacities calculated from Equation 5 are in good agreement with experimental
ones when x, = 0.3 and x, = 0.9 are assumed as shown in Figure 8 [18]. When
lithium ion is intercalated between adjacent parallel graphene sheets, these
sheets shift from ABAB.... into AAAA....stacking [19]. Therefore, graphene
sheets with turbostratic disorder will most likely be pinned and hence be unable
to shift into the AAAA....stacking arrangement, resulting in a lower capacity (x;
= 0.3). On the other hand, the presence of unorganized carbon leads to lower
density and gives more space for lithium ion to accommodate. This results in a
relatively high capacity of the unorganized carbon (x, = 0.9). The unorganized
part disappears upon heat-treatment up to 2000°C, but turbostratic disorder is
gradually removed by heat treatment at temperatures above 2000°C; hence,
the reversible capacity shows the minimum at ~ 2000°C. Tatsumi et al. [20]
obtained a similar relationship between the reversible capacity and the
probability of finding ordered stacking sequence, called the Py parameter [20].
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Figure 8. Variations of the reversible capadty of soft carbons with heat-treatment temperature. Derived
from reference 18 and reproduced with permission from Elsevier Science. Solid cirdes: experimental
values; open cirdes: values calculated using Eq. (2) withx, = 0.3 andx, = 0.9.
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It has been recently reported that two categories of disordered carbons
have much higher capacities than the theoretical capacity of graphite [16,22-
28]. One type of these high-capacity carbons are soft carbons heat-treated at
temperatures below 1000°C (Region C in Fig. 3), which show specific capacities
in the range 500-1000 mAh-g™ [16,22]. Typical charge/discharge profiles of the
Region C carbons are shown in Figure 9(a) [16]. Some hard carbons heat-
treated below 1000°C showed similar behavior as well [23]. This kind of soft
(and hard) carbon is characterized by a large hysteresis in their potential
profiles. The presence of the hysteresis leads to a loss of stored electrical
energy, which is dissipated as heat during charge/discharge cycles [22].
Another drawback is poor cycleability, and the capacity decreases to a half of
the initial capacity in several cycles. Because their reversible capacities are
much higher than the theoretical capacity of graphite, their insertion mecha-
nism is not explained by the simple intercalation/deintercalation mechanism
described earlier for natural and synthetic graphites. Various models explaining
their high capacities have been suggested so far. These include lithium inter-
calation between graphene sheets with an in-plane LiC, structure [24], lithium
doping within nanoscopic cavities [25], formation of ionic complexes like
lithium naphthalene [26], a chemical reaction between inserted lithium atoms
and the hydrogen-terminated edges of hexagonal carbon fragments [27], etc.
However, the mechanism for their high capacities is still controversial. The
mechanism should explain the hysteresis in the potential profiles as well as the
high reversible capacity. The presence of hysteresis indicates that the reaction
is not a simple lithium insertion shown by Equation 1, but a complicated
process that involves a kind of following chemical reactions associated with
large activation energies, as pointed out by Zheng e al. [28] and by the authors
[22]. The energy diagram proposed by Zheng et al.[28] is shown in Figure 10.
Although the region C carbons show high reversible capacities, they have
serious drawbacks, such as their low density (~1.5 g-cm®), large irreversible
capacity at the first cycle, and poor cycleability, to be solved for practical use.

The other type of the high-capacity carbons are hard carbons heat-treated at
~1000°C (Region D in Figure 3), which exhibit specific capacities in the range
500-700 mAh-g” [29-31]. Hard carbons prepared from petroleum pitch,
poly(furfuryl alcohol), and phenolic resins belong to this class. This type of hard
carbons are characterized by the presence of a low and large potential plateau at
about 0.05 V in their charge/discharge profiles as shown in Figure 9(b) [29]. It
seems that the high capacity is brought about by Li-cluster formation in nano-
pores formed by small graphene sheets (~2.5 nm) in the hard carbons [30],
which is called the "house of card" model [31]. The region D carbons are very
promising candidates as anodes in high-capacity LIBs in the near future. Their
drawbacks are high hygroscopicity, low density (1.5-1.8 g-em™), degradation of
the capacity at high current densities, and the risk of lithium metal deposition
during charging.



88 Carbon Anodes

3.0 3.5
g 25F) = 30
= il
= -l
. 20F L
2 220
= = 1.5
o (1]
= 1.0 10 |
2 ~ 8 :
e 95 & 05
0.0l . e 0 aa o [ i
0 200 400 600 800 0 200 400 600
Specific capacity / mAh g™ Specific capacity / mAh g

Figure 9. Charge and discharge characteristics of (a) MCMB700 (Region C) in 1 M LiCIO4/EC + DEC (1:1
by volume). From reference 16 reproduced by permission of The Electrochemical Society, Inc. and (b)
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4.0 SURFACE FILM FORMATION ON
CARBON ANODES

This topic is treated extensively in the chapter by Aurbach. It is discussed
here from the standpoint of the different carbons, their structure and reactivity.
High stability against reduction is one of the required conditions for solvents in
LIBs,because lithium intercalation and deintercalation take place at extremely
negative potentials close to Li*/Li. Aqueous solutions cannot be used for this
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reason; instead, nonaqueous solutions containing lithium salts, such as LiClO,,
LiPF;, and LiBF,, as electrolytes are used in LIBs. As nonaqueous solvents,
mixtures of ethylene carbonate (EC) with less viscous linear alkyl carbonates
such as dimethyl carbonate (DMC), diethyl carbonate (DEC), and ethyl methyl
carbonate (EMC) are used in commercially available LIBs. However, even non-
aqueous solvents should not be thermodynamically stable at such negative
potentials. It has been widely believed that a protecting surface film, which is
conductive for lithium ion but electronically insulating, is formed on graphite
anode via reductive decomposition of electrolyte solution in the initial stage of
charging [32,33]. The passivating film, often called the solid electrolyte inter-
face (SEI) [32], suppresses further solvent decomposition and plays a beneficial
role in improving the safety and cycleability of LIBs. The SEI formation on
carbon anodes thus a prerequisite for their stable charging and discharging;
however, it is the primary cause for bringing about the irreversible capacity
through consumption of a considerable amount of charge. Many researchers
have made efforts in search for good solvent systems that give superior SEI
with a minimal consumption of charge. For this purpose, understanding of the
SEI composition, stability, and its influence on the battery performance is very
important, and has been a focus of many researches over the past decade. For
example, the composition of SEI formed on carbon anodes has been extensively
studied with a variety of analytical tools [34-64]. Aubach et al. [34-43] have
investigated surface reactions occurring at graphite anodes in various
nonaqueous solutions by in situ Fourier-transform infrared spectroscopy (FT-IR)
and impedance spectroscopy, and suggested that the major constituent of the
SEI formed in ethylene carbonate (EC)-based solutions is a lithium alkyl
carbonate (CH,OCO,Li),, which is a reduction product of EC. The reaction
scheme proposed by them is shown in Figure 11 [43]. Yoshida er al. [44]
detected carbon monoxide and ethylene from LIBs after being cycled by gas
chromatography (GC), and suggested the presence of a lithium alkoxide
(CH,OLi), and Li,CO; in the SEI. X-ray photoelectron microscopy (XPS) [45] and
transmission electron microscopy (TEM) analysis [46,47] revealed that the film
contains inorganic compounds such as LiOH and Li,CO,;. The authors detected
oligomers that have repeated oxyethylene units from the SEI formed on
graphite anodes by pyrolysis-gas chromatography-mass spectroscopy (Py-GC-
MS), and suggested that the SEI consists of polymerized compounds similar to
poly(ethylene oxide) (PEO) [48]. The presence of polymers in the SEI on carbon
anodes has been also proposed by other researchers [49,50]. Peled et al. [51-54]
have analyzed reaction products formed on the basal and the edge planes of
highly oriented pyrolytic graphite (HOPG) that was cycled in EC-based solutions
by XPS, time-of-flight secondary ion mass spectrometry (TOF-SIMS), etc. They
have reported that the surface film on the edge plane is rich in inorganic
compounds, whereas that formed on the basal plane is rich in organic
compounds (mainly polymers).
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As mentioned above, the chemical composition of SEI has been
extensively studied, but it seems that the role of solvent co-intercalation have
been underestimated. Besenhard et al. [55,56] studied the crystal expansion
of HOPG during electrochemical reduction in an EC-based solution by
dilatometry, and observed a drastic expansion of the graphite matrix (>
150%) at potentials more negative than 1.0 V vs. Li*/Li. They attributed this
expansion to solvent co-intercalation, and concluded that the intercalated sol-
vent further decomposes to form an immobile product remaining between the
graphene sheets and that this reduction product prevents further solvent inter-
calation and the exfoliation of the graphene sheets as shown schematically in
Figure 12 [55]. The authors have employed electrochemical scanning tunnel-
ing microscopy (STM) [56-61] and atomic force microscopy (AFM) [62-64] to
clarify the mechanism of the surface film formation on HOPG. Panel (a) in
Figure 13 shows a cyclic voltammogram of the HOPG basal plane in 1 M
LiCIO/EC + DEC [62]. Cathodic peaks at 1.0, 0.8, and 0.5 V, and a large
cathodic current at potentials more negative than 0.3 V are related to solvent
decomposition and SEI formation. The surface morphology changes are shown
in images (b)-(f) in Figure 13. The results in Figure 13 revealed that two
different processes are involved in the SEI formation on graphite anodes. One
is the intercalation of solvated lithium ion at potentials just below 1 V,
followed by its decomposition between graphene sheets. The complicated
pattern observed in Figure 13(d), which consists of atomically flat surfaces
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raised by 1-2 nm overlapping with one another, is evidence for the
intercalation of solvated lithium ion [56-58,62]. The other process is direct
reductive decomposition of solvent on the surface of the graphite electrodes at
lower potentials. The particle-like precipitates observed at potentials more
negative than 0.65 V in Figsures 13 (e) and (f) are direct decomposition
products of the solvents on the surface [62]. Figure 14 shows an expanded (10
x 10 um) image and a height profile after the 5 x 5 um area in Figure 13 was
completely scraped off by repeated AFM scanning [62]. The thickness of the
precipitate layer is about 40 nm after one cycle of cyclic voltammetry in
Figure 13(a). The SEI layer hence has two important roles: (i) suppressing
cointercalation of solvent molecules from the edge plane and (ii) suppressing
direct solvent decomposition on the whole surface (both the basal and edge
planes).
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Figure 12, Solvent cointercalation model for surface film formation on/in graphite proposed by Besenhard
et al. (3) before .reacu‘on, (b) formation of temary GIC, Li(solv),C,, and (c) fim formation by
decompoasition of Li,(solv),. Reproduced from reference 55 with permission from Elsevier Science.

The SEI formation processes and the properties of the resulting SEI
greatly depend on the kind of solvent. The most important and interesting
fact is that propylene carbonate (PC), which has been used as a solvent in
primary lithium cells, has a poor compatibility with graphite anodes [65-68].
When graphite is polarized in PC-based electrolyte solution, ceaseless solvent
decomposition and intensive exfoliation of graphene sheets take place, and
does not give an effective surface film. It seems that co-intercalation of PC is
much more vigorous than that of EC. This is the reason why EC-based
solutions are exclusively used in commercially available LIBs. Nevertheless,
PC-based solutions are attractive as electrolyte solutions for LIBs because of



92 Carbon Anodes

their superior ionic conductivity at low temperatures [69]. It has been
reported that the addition of certain kinds of organic molecules (typically 5%
by volume) to PC-based solutions greatly suppresses solvent decomposition
and graphite exfoliation, and enables lithium ion to be intercalated within
graphite. These include chloroethylene carbonate (CI-EC) [70-72], vinylene
carbonate (VC) [73], ethylene sulfite (ES) [74], propylene sulfite (PS) [74],
fluoroethylene sulfite (FEC) [76], a-bromo-y-butyrolactone [77], methyl
chloroformate [77], -butylene carbonate (+-BC) [78,79], and 12-crown-4 (12-
C-4) [80-81]. In addition to these additives, some co-solvents, such as dimethyl-
sulfoxide (DMSO), diethoxymethane (DEM), dimethoxymethane (DMM), and
diethoxyethane (DEE) are also effective for stable surface film formation in
PC-based solutions [82]. The authors studied the effects of VC, ES, and FEC
additives in PC by in situ AFM, and found that these additives decompose to
form an effective SEI layer at potentials more positive than 1 V before PC-
solvated lithium ion begins to be intercalated within graphite [63].

(a) CV (1%t cycle) (b) before CV {€)1.10=095V(l)
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Figure 13. Cycdlic voltammograms (a) and AFM images (5 x 5 ym) of the HOPG basal plane surface
obtained at (b) 2.9 V before CV, (c) 1.10-0.95 V, (d) 0.95-0.80 V, (e) 0.65-0.50 V, and (f) 0.20-0.05
V during the first cycle at 0.5 mV s? in 1 M LiCIO4/EC+DEC (1:1). Reproduced from reference 62 with
permission of The Electrochemical Society, Inc.
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FAgure 14. AFM image of an expanded area (10 x 10 pm) and a height profile of the HOPG basal plane
surface obtained at 2.9 V after the first cyde of CV in Figure 13. The dotted square shows the area observed
during the first cyde. Reproduced from reference 62 with permission of The Electrochemical Sodety, Inc.

5.0 INTERCALATION/DEINTERCALATION
KINETICS OF CARBON ANODES

Electrochemical lithium intercalation within a carbon anode involves a
variety of processes such as diffusion in the electrolyte solution, migration
through the surface film, charge transfer at the carbon/electrolyte interface,
and diffusion within the carbon electrode. The positive charge of lithium ions
within the carbon is compensated by the negative charge of electrons injected
in the carbon host [83]. Because the mobility of electrons is much higher than
that of lithium ions, migration by an electric field within the carbon is
negligible. Thus, the mass transport of lithium ions within the carbon can be
regarded as a diffusive process. Because diffusion in a solid is generally a slow
process, the diffusion rate would dominate the overall reaction rate. The
diffusion coefficient of lithium ion within carbonaceous materials (D) is thus
a critical parameter that determines the power density (i.e. rate-capability) of
a lithium-ion cell. The values of D;* have been determined by several
methods including galvanostatic intermittent titration technique (GITT) [84],
current pulse relaxation (CPR) [85,86], potential step chronoamperometry
(PSCA) [85-89], AC impedance spectroscopy [89-94], and electrochemical
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permeation [95]. Typical data determined by these techniques are summa-
rized in Table 1. The values of I;* are rather scattered over a wide range of
10°-10™ cm*s™ depending on the kind of carbon and on the technique
employed. To obtain I;+ by using these methods, one has to know the
accurate surface area of the sample, A, and in some techniques, the variation
of the open-circuit potential with lithium composition. dEq/dx. However,
precise determination of A and dE./dx is difficult in general, which is one of
the reasons for the scattering of the data.

Table 1. Diffusion coefficients of lithium ion (£,*) in various carbonaceous materials

Sample Morphology Dy* Method (cm®s!) Reference
Petroleun coke powder 2x107-1x10°% GITT 84
Pitch-based coke powder 3x10%-1x10° CPR®, PSCA® 85

Synthetic graphite powder 1x10"-1x10" Impedance, PSCA 87-89, 92
Natural graphite powder 2x10%-1x10° Impedance 92
Natural graphite powder 10° - 10* Impedance 93,94

Carbon fiber 2x107-4x 10" CPR®, PSCA® 86,91,92
Glassy carbon plate ~10°® ECP* 95

2 Galvanostatic intermittent titration technique. ® Current puise relaxation. ¢ Potential step
chronoamperometry. ¢ Electrochemical permeation.

The anisotropic structure of carbonaceous materials is another factor to
determine the diffusional behavior of lithium ion. Imanishi ez al. [96] reported
that the microtexture (onion-like, radial, or random) of carbon fibers greatly
affects the charge and discharge characteristics such as reversible capacity,
although it is not the sole factor. The effect of anisotropy of carbon is made
clearer by comparison of the two cyclic voltammograms of HOPG in Figure 15
[93]. Curve (a) in Figure 15 shows a voltammogram when only the basal plane
of HOPG was in contact with the electrolyte solution, whereas curve (b) was
obtained when the whole piece of HOPG was soaked in the solution. In the
latter case [curve (b)], the intercalation and deintercalation current was two
orders of magnitude larger than that in the former case [curve (a)]. This fact
indicates that lithium ion is intercalated predominantly at the edge plane, and
then diffuses to the interior in the direction parallel to the basal plane [93].

It should be noted that the intercalation is accompanied by a series of stage
formations in the case of natural and synthetic graphites (Region A in Figure 3).
Figure 16 shows the variation of I};* within a natural graphite with electrode
potential, which was obtained by the authors using AC impedance spectroscopy
[94]. D,*tends to decrease with a drop in electrode potential, that is, with an
increase in lithium content, as is generally observed for other carbonaceous
materials. Two characteristic features are seen in Figure 16. One is that ;" in
staged GICs is one or two orders of magnitude smaller than that in the dilute
stage-1 phase, which does not have a distinct stage structure. This fact clearly
shows that the ordering of the host and intercalate layers affects the diffusivity of
the mobile ion in GICs. The other feature is that D" abruptly drops at 0.21, 0.12,
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and 0.09 Vvs. Li*/Li. As mentioned earlier, the stage transformations (Equations,
2, 3, and 4, respectively) occur at these potentials; that is, two different phases
coexist at these potentials. Under such conditions, lithium-ion movement is not
well described by a single value of D,;* because it is a parameter defined in a
uniform medium. In two-phase co-existence regions, stage transformation is
accompanied by the movement of phase boundaries [97-99]. An example for the
phase-boundary movement observed with an optical microscope is shown in
Figure 17 [100]. Because more than 80% of the reversible capacity is given by the
two-phase coexistence regions for graphite, not only the diffusion constant in a
single phase, but also the rate of phase-boundary movement is an important
factor to determine the maximum current densities for charge and discharge.
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Figure 15. Cydic voltammograms at the second cycle of (a) basal plane (0.13 cm?) of a HOPG block
and (b) the whole surface of a HOPG piece (0.25 cm?) in 1 M LiCIO,/EC+DEC (1:1). Sweep rate = 0.1
mV'sl, Reproduced from reference 93 with permission from Elsevier Science.
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Figure 17. Optical microscope images of the basal plane of HOPG obtained at (a) 0, (b) 6, (¢) 20,
and (d) 30 min after the potential was stepped from 0.22 to 0.20 V. Raman spectra (e) of a bright
part and a dark part in the images. Reproduced from reference 100 with permission from Elsevier
Science.

Although the data are rather scattered, the diffusivity of lithium ion
within carbonaceous materials reported in the literature seems to be higher
(~10®% cm?s™) [94] than that within the cathode material, LiCoO,, (107°-10™"
cm’s™) [101]. Hence, the interfacial charge-transfer reaction can be the rate-
determining step as well under some experimental conditions that the
diffusional flux of lithium ion is high in the host carbon. This problem was
first pointed out by the authors in their potential step studies [102]. Takamura
et al. [103] have also reported that the interfacial reaction of carbon fibers is
slow and can be improved by coating the fibers with thin layers of metals
such as Pd, Ag, Zn, etc. High power density is required for large-scale LIBs,
and improvement of the kinetics of the interfacial reaction may be a key factor
for realizing hybrid electric vehicles employing LIBs in the near future.

6.0 SUMMARY AND OUTLOOK

In this chapter, the authors focused on three fundamental aspects of
electrochemical lithium intercalation, iLe. intercalation/deintercalation mecha-
nisms, kinetics, and surface film formation. Since the commercialization if 1991,
much effort has been devoted to improve the performance of LIBs, and actually
the capacity of 18650-type cells has increased to about 1800 mAh, which is
about twice that of the cells in 1991, for the past decade. However, rapid
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development of portable electronic devices imposes us a demand for even
lighter-weight and smaller-sized rechargeable batteries. Development of large-
scale LIBs for hybrid electric vehicles and energy storage systems is also a
matter of great urgency in the twenty-first century. The reversible capacity of
graphite, which is now most widely used in commercially available LIBs, is
theoretically limited to 372 mAh-g” at maximum. The high-capacity disordered
carbons have several problems remained to be solved as described in the text,
and the key is how we use these high-capacity carbons in practical cells. In
addition, modification of carbon anodes with alloy-forming materials such as tin
[104-106] and silicon [107-111] would be another promising method to
increase the reversible capacity in the near future.

In spite of numerous research efforts, details on the SEI composition,
stability, and its influence on the battery performance are still controversial.
Careful analysis and discussion are necessary to understand the nature of the
SEI on carbon anodes. Theoretical considerations for solvent decomposition,
which just started to appear in the literature [112,113], will be of a great help.
It was also reported that the formation of SEI is the primary reason for long-
term degradation of large-scale LIBs because of continuous growth of the SEI
layer.

The kinetics of lithium intercalation/deintercalation has been underesti-
mated despite of its importance for practical use. To increase the power
density of LIBs, e.g. for use in hybrid electric vehicles, the diffusivity of
lithium ion in various carbonaceous materials should be accurately evaluated,
and for this purpose we need to develop a method that can precisely give the
diffusivity of lithium ion not only in carbon anodes, but also in cathode
materials in LIBs. As described in the text, not only the diffusivity, but also the
rate of the interfacial charge-transfer reaction may be the rate-determining
step, and further investigation is necessary on this issue.
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1.0 INTRODUCTION

The explosive demand for portable electronic devices has brought about
an increase in the importance of compact, lightweight and reliable power
sources. One of the most probable candidates for such requirements is Li-
ion rechargeable battery due to its high capacity and energy density. The
Li-ion rechargeable battery constitutes of two intercalation compounds as
electrode materials. One is a lithiated transition metal oxide as cathode
and the other graphite anode. However, it is well known that the quantity
of active material per unit weight or volume determines the capacity
density of the battery. In such a viewpoint, the graphite anode material
commonly used in Li-ion rechargeable batteries restricts on the capacity of
the cell per unit weight (theoretically 372 mAh-g™) and/or per unit volume
due to its low density. To overcome these disadvantages, considerable
amounts of attempts have been made by several workers to find out
alternative anode materials such as tin based oxide glasses [1] and metal
oxides (MO; M=Co, Ni, Fe) [2] in place of graphite anodes.

Recently, it has been reported that vanadium-based compounds like RVO,
(R:In,Cr,Fe,AL YY) undergo amorphization during low potential electrochemical
lithiation [3] and much emphasis has been placed over the remarkable
difference in the charge-discharge profile that occur before and after
amorphization. Piffard et al. [4] reported on the synthesis of amorphous
and crystalline manganese vanadate MnV,Oq,s (6>0.5) with various
amount of crystalline water by a 2-step method, which consists of
precipitation followed by ozonation procedure. They also showed that the
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anode material with amorphous structure is capable of delivering high
capacity compared to crystalline one and indicated a smooth voltage variation
with lithiation except around 2.4V region. Generally, synthesis procedure of
vanadium based metal oxide reported up to now except co-precipitation
method requires heat-treatment at temperature above 500°C for a few days.
In this experiments, we report on simple synthesis procedure of crystalline
stoichiometric MnV,0q without crystalline water through the use of solution
route using polymer resin as gelling agent followed by heat-treatment at 450°C
[6]. In addition to MnV,0, we focused on the Mn, Mo,V,,.,Os that has the
same brannerite structure as MnV,Qs.

In addition to vanadates, molybdenum oxides should also attract an
attention as anode material for Li-ion rechargeable battery because they also
have wvarious oxidation states like vanadium. Related molybdenum
compounds, Auborn et al. [5] have proposed molybdenum oxide MoO; as
anode material for lithium secondary battery more than ten years ago.
However, their study was limited by experimental conditions such as poor
stability of the electrolyte at low potential. Here, we prepared MnMoO, using
solid-state reaction [7,8].

The electrochemical properties of MnV,04 Mn, Mo, V,,,,Os and
MnMoO, were examined as anode properties. Furthermore, we discuss the
mechanism of underlying electrode process and its relevance over the
existing anode materials for Li-ion rechargeable battery.

2.0 ANODE PROPERTIES OF BRANNERITE-TYPE
OXIDES

2.1 Brannerite Structure

Mineral brannerite (U,Ca,Ce)(Ti,Fe),O¢ is named after the American
geologist, J.C. Branner (1850-1922). Ruh and Wadsley analyzed the crystal
structure of ThTi,O¢ instead of UTi,0g [9]. In the AB,Og brannerite
structure, six oxygen atoms octahedrally coordinate both cations A and B.
All the A and B cations are in equivalent positions, respectively. The
brannerite itself contains both tetravalent Th** and Ti** cations in A and B
positions, respectively, a number of divalent metal metavanadates,
M?*V®*,04 (M=Mg,Mn,Co,Zn,Cd,Hg,Co) [10-14], form brannerite structure.

In these metavanadates, the crystal structure of MgV,0s has been
investigated using X-ray diffraction of its single crystal [13]. The schematic
figure of crystal structure for MV,0Og in a direction perpendicular to a-c plane is
shown in Figure 1. MgV,0s crystallizes in the monoclinic space group C2/m with
lattice parameter a=9.279 X b=3.502 A, c=6.731 A and F=111.77° with
Z=2. In this structure, the Mg®* (isolated small spheres) situated at a site with
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2/m symmetry and coordinated octahedrally by six oxygen atoms (large spheres)
with slight distortion with average bond length of 2.140 A. All the remaining
atoms lie in the crystallographic mirror planes with the V ion (small spheres)
coordinated to six oxygen atoms with bond length from 1.666 to 2.671 A,
which is represented by sticks in the figure. These VOg octahedra are largely
distorted like VO; pyramid in shear structured V,05 and share opposite corners
forming chains running parallel to the b-axis. Octahedra in adjacent chains
share edges involving two oxygen atoms on one side of the chain. On the other
side, chains interleaf such that one octahedron shares two edges with two
adjacent octahedral in a neighbouring chain. Mg®* ions lie in the octahedral
interstices sharing oxygen atoms with six different V** ions. MgOg groups form
chains paralleling the b-axis by edges with two translation equivalent MgOg
groups. The Mg-O bonding in MgOs octahedron shows an angular distortion
consistent with a repulsive interaction between vanadium ions separated by a
b-axis translation and sharing an oxygen atom with the Mg®* ion.

iy

Figure 1. Schematic figure of brannerite structure for MV,0Og

Kozlowski et al. [15] have reported observed and calculated peaks for
MnV;0¢ and Mn, Mo,,V,,.,,0s based on the assumption that it forms the
same crystal structure as MgV,0q. They prepared MnV,Oq to investigate its
catalytic behaviour. Although they did not refine the structural parameters of
each element, the intensity of the calculated peaks is almost consistent with
that of the observed ones. They have reported the lattice parameter values as
a=9.315A, b=3.536A, c=6.754A, and S=112.66°for MnV,0, and ¢=9.378A,
b=3.613A, c=6.751A, and f=112.18°for MnyMoygV; ;06.
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2.2 Experimental
2.2.1 Preparation and Characterization of Crystalline MnV,0,

Crystalline MnV,0; was synthesized by the method similar to that described
for the preparation of LiMn,O, and LiCoO, [16,17]. Starting materials used were
Mn(CH,C00),-4H,0 (99.9% Sockawa Chemicals Ltd.), V,05 (99.9% Sockawa
Chemicals Ltd.) and PVA (PolyVinyl Alcohol, Reagent grade, Wako Pure
Chemical Industries Ltd. molecular weight 1500~1800). Stoichiometric amount
of V,05 and Mn(CH,COO0),'4H,0 were separately dissolved in distilled water and
mixed, then stirred until a clear solution formed. Appropriate polymer/metal ratio
of PVA solution (P/M ratio=2.5) was added to the stoichiometric mixed metal
solution. Upon mixing PVA, the color of total solution was turned from opaque
orange to translucent yellowish brown. The mixed solution was heated on a hot
plate around 80°C with moderate stirring which underwent water evaporation,
eventually leading to brown viscous gel. Throughout this process, the solution
was stirred to keep homogeniety. Then, the viscous gel was heated at around
300°C for 2h in a furnace in air. The viscous mass on further oxidative
decomposition leads to the formation of a precursor, which on decomposition
eventually gave rise to brownish black fluffy powdered precursor. The prepared
precursor was ground well and re-calcined at 450°C for 24h in air. A chemical
reaction, assuming complete thermal decomposition of starting material up to
450°C, may be written as:

2V,0,(aq) + 2Mn(CH,COO0), - 4H,0(aq) + 15CH,CHOH + 45.50,(air) —>
2MnV,0, + 38CO, + 44H,0

The calcination temperature for the precursor was set at 450°C in
order to execute a complete decomposition of the residual organic moiety
and eventual crystallization of brannerite type MnV,Os.

TG/DTA measurement was carried out by Shinku-riko TGD 9600 at a
heating rate of 5°C/min in air to understand thermal reaction process such as
weight loss and phase formation temperature of precursor. The Infrared
spectra of the precursor and re-calcined powder were measured by JASCO
FT/IR 350 between 2000 and 400 cm™ with KBr method. The particle size and
morphology features were collected by employing a scanning electron micro-
scope (JEOL JSM 5200). The phase identification and lattice parameter
measurement were carried out by powder X-ray difrractometry using Rigaku
RINT2500V with CuKa radiation. The K-edge value of Mn and V were
obtained by XANES measurements by Rigaku R-EXAFS Super, and it gives
the information of oxidation state of Mn and V.

The samples for the electrochemical measurement were prepared by mixing
crystalline MnV,0g, acethylene black and polytetra-flouro-ethylene (PTFE) binder
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(50-45-5wt%, respectively) in an agate mortar and made in the form of film
(100 um thickness). The film was then cut into a disk form (5.4mm diameter).
Cells were fabricated by coupling this disc with lithium foil of same area as
counter electrode using Celgard as separator. 1M LiClO, dissolved in EC/DEC
(vol ratio=1:1) was used as the electrolyte as received from Tomiyama Pure
Chem. Ind. The electrochemical measurement was carried out galvanostatically
at various current densities at room temperature in a glove box under argon
atmosphere. The cut-off voltage was set at 0.0 and 3.5V. The electrodes
removed at different depths of lithiation during the first cycle, were covered
with polyethylene film, and subjected to ex-situ XRD measurements in order to
understand the crystal structure change. Also, fully lithiated electrode was
examined by 'Li NMR measurement. For this, the electrode charged to OV at
the rate of 0.2C, was washed in PC solution and dried in argon atmosphere for
more than 30 minutes. After drying, the electrode was put into zirconia rotors
and set into NMR spectrometer (Chemagnetics, CMX-300 infinity) operating at
"Li resonance frequency of 116.2MHz and magic angle spinning (MAS) with
spin rate of 10kHz. Aqueous LiCl solution was employed as chemical-shift
reference.

2.2.2  Preparation and Characterization of
Mn, Mo, Vy, .05

Mn, Mo, V;;,0s (x=0.1,0.2,0.3,04 and 0.5) powders were prepared by
reacting a stoichiometric mixture of Mn,0,;, V,0; and MoQO;. Mn,0; was first
prepared by the decomposition of MnCO; at 600°C. The mixture was pressed
into a pellet using a hand-press machine, then heated in air at appropriate
temperature around 600°C with intermittent grindings, followed by slow
cooling at a rate of 1°C/min. In order to compare the electrochemical properties,
we prepared MnV,0s (designated also as Mn, ,Mo,,V,;.,Os (x=0)) by the same
solid-state reaction as x=0.4. The phase identification and the evaluation of the
lattice parameter of prepared samples were carried out by powder X-ray
diffraction using CuKa radiation.

The samples for electrochemical measurements were prepared by following
procedure. The working electrode were fabricated by doctor-blade technique on
a copper-foil, spreading paste consisted of 10wt% polyvinylidenefluoride
(PVDF) binder, 20 wt% acethylene black (conductive agent), 70 wt% active
material of Mn, Mo, V,;,0s and appropriate amount of I1-metyl-2-
pyrrolidenone (NMP) as solvent. After drying of NMP solvent in a furnace at
110°C in air atmosphere for 1 day, the electrodes were roll-pressed and cut
into disks. Lithium metal was used as counter electrode. The electrolyte was
1M LiClO, dissolved in Ethylene Carbonate (EC) / Diethyl Carbonate (DEC)
(volume ratio 1:1) (received from Tomiyama pure chemical industries L'TD.).
The working electrode, counter electrode, separator and electrolyte were
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fabricated in CR2032 coin type cell. The cell assembly was operated in a glove
box filled with argon gas. The electrochemical measurements were carried out
galvanostatically at various current densities at 30°C under air atmosphere.
Relaxation time between each charge-discharge was set at 20 minutes. To
measure the ex-situ XRD, beaker-type cell was selected for charge discharging.
The working electrode was prepared similarly as mentioned above, Li foil was
used as counter and reference electrode. Ni mesh (100mesh Niraco) was used
for current conductor. 1M LiClO, dissolved in EC/DEC was used as electrolyte.
In this case, assembling cells and electrochemical measurements were carried
out in the glove box under an argon atmosphere at room temperature. The
electrodes removed after the first lithium insertion and extraction were covered
with polyethylene film to prevent the moisture in air. For beaker-type cells, the
electrochemical measurements were carried out galvanostatically at current
density of 0.2 C (0.07 A-g" of active materials) and relaxation time was set at
20 minutes.

2.3 Results and Discussion
2.3.1 Synthesis and Characterization

PVA was used to enhance the homogeneous mixing of the metal ions and
suppress the precipitation of impurities. Since PVA has hydroxyl side groups
in its chains, it can interact with metal ions. This interaction and random
arrangement of polymer chain possibly enhance the mixing of metal ions.
Therefore, the precursor can form a homogeneous single phase of precise
stoichiometry at low temperature in short time relatively.
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Figure 2. TG-DTA curves of MnV,0¢ precursor powder
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In order to obtain the complementary information on the phase formation
temperature of the brannerite crystalline compound MnV,0, the precursor
material was subjected to TG/DTA thermal analysis from a room temperature to
600°C. The curves obtained are presented in Figure 2. The TG measurement in the
curve predicts that weight-loss occurs between ca. 200 and 400°C. The DTA curve
exhibits two exothermic peaks in it and a smaller shoulder peak that is then
followed by a well-defined peak. An exothermic reaction observed around 250°C is
indicative of onset of decomposition reaction, which is followed by oxidative elimi-
nation of remaining moiety of organic components in precursor. As the process of
heating continues, huge exothermic reaction begins to appear at around 380°C
and this process eventually leads to the formation of crystallization of brannerite
structure. We can infer from the TG/DTA curves that about 20% of weight loss
accounts for crystallization and decomposition of organic material, which remained
even after preliminary heat- treatment during the preparation of precursor.

FT-IR spectra of precursor and crystalline MnV,0q recorded at room
temperature are depicted in Figure 3(a) and (b), respectively. The irregular
pattern of IR spectra that exists between wavelength region of 1700 cm™ and
1200 cm” is indicative of the presence of residual organic material in the
precursor powder. This is also supported by the decomposition reaction
accompanied by the weight loss, which is observed in the TG/DTA
measurement. These bands disappear with heat treatment of the precursor
powder beyond their decomposition temperature of the organic materials.

Figure 4 shows the SEM photographs of (a) precursor and (b) heat-treated
crystalline powder of MnV,0¢. The particles of precursor containing partially
decomposed polymer shows large irregular surface area whereas the final
products after heat-treatment leading to oxidation and removal of organic
material shows a well-defined picture with the particle size less than 1 pm.

The crystal structure of the synthesized powder was examined by X-ray
diffractometry analysis. The well-defined peak obtained confirms that the com-
pound MnV,0; formed with brannerite structure as already explained above
section and the JCPDS data (card number 35-139) provides the exact match
without any impurity phases. Figure 5 shows the measured powder diffraction
profile for MnV,0¢ and is compared with the simulated pattern, assuming the
brannerite structure that was reported by Kozlowski er al. [15] as already
described in the preceeding section. Furthermore, the measured data shows fair
agreement with the simulated one and the position of the every peak matches
perfectly. Kowzlowski et al.[15] have reported that lattice parameter values as
9.315A(a),3.536A (b),6.754A(c), and 112.66° () which agree relatively with the
data9.303A (a), 3.522A (), 6.756A (¢) and 112.38° () obtained for our material.
It can be considered that these observed differences caused by the slight change
of oxygen content. Therefore we carried out XANES and investigated the oxida-
tion state of Mn and V in synthesized compound to verify the chemical formula.
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Figure 3. IR spectra for (a) precursor (b) heat treated at 400°C
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Figure 4. SEM images of (top) precursor (bottom) crystalline MnV,04 heat treated at 400°C



ADVANCES IN LITHIUM-ION BATTERIES

Intensity(arb. unit)

observed
o simulation

Absorption(arb. unit)

—a— sample
—e—LiMn,O,
—a—MnO
—y—MnO,

6530

Energy(eV)

6540 6550 6560 6570 6580 6590

6600

111
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Figure 7. V K-edge XANES of the prepared MnV,0s sample and V,0s as reference.

The Mn K-edge X ANES spectra of synthesized MnV,0, and other reference
material MnO, MnO, and LiMn;O, are represented in Figure 6. As the spectra
for the edge jumps for MnO and MnV,0, are very close to each other, we can
assume that Mn exists as Mn®** in MnV,0;. Similar comparison of XANES
spectra of MnV,0g and V.Os presented in Figure 7 illustrate that the valence of
Vin MnV,0Qq is +5. The oxidation state arrived from the XANES spectra and
well-defined XRD pattern obtained for the prepared sample confirm beyond
doubt that the compound is stoichiometric MnV,0; with brannerite crystalline
structure.

2.3.2 Electrochemical Properties

In order to obtain charge-discharge profile of MnV,0,, cell was subjected
to several cycles at constant current mode. The initial five charge-discharge
profiles obtained are depicted in Figure 8. The difference between the first
charge profile and the rest of charge curves is indicative of the two different
mechanism operating in the lithium insertion process. Lithium ions inserted
into MnV,0Qq at the end of first charge corresponds to more than 12 lithium
ions per MnV,0, unit (1400 mAh-g”) whereas the subsequent discharge
amounts only 7.6 lithium ions per MnV,0; unit (800 mAh-g) de-intercalated.
For LiNiVO, compound, similar irreversible capacity has also been observed by
Orsml et al. [4]. They have found that the compound with higher surface area
(35m*g™) has larger irreversible capacity compared to the compound with
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lower surface area. In the present study we observed that MnV,0q prepared
by polymer gellation method which is devoid of water molecule with relatively
small surface area of about 2m?-g”, also exhibits high irreversible capacity.
During the first charge, the lithium intercalation process exhibited a plateau
around 0.7 V versus Li/Li*, which is not observed in the following cycles.

Guyomard et al.[18] have explained that the irreversible capacity in
LiMVO, (M:Ni, Co, Zn, Cd) is due to the formation of a new type of lithiated
amorphous material. With a view to understand electrode process undergoing
during the first charge of the electrode, electrodes with different depth of
charge were removed from the cell and subjected to XRD measurement. The
X-ray diffractogram obtained for the fresh electrode as well as for the
electrode charged up to different cut-off voltages such as 0.4 V, 0.7 V and 1.0
V are depicted in the Figure 9. The principal peaks appearing around 26=28°,
characteristics of brannerite crystalline MnV,0¢ gradually decreased with
lithiation, the peaks disappeared completely at 0.4V. When the discharged
electrodes were charged again, we could not observe the recovery of crystalline
peaks, suggesting that an irreversible phase transformation into amorphous
lithiated material occurred during the first lithium insertion.
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Figure 8. A typical charge-discharge curves of Li|MnV,0 cell at initial five cycles. The arrow mark
shows the potential point, which measured the ex-situ XRD of the electrode.

In addition, the reactivity of crystalline MnV,0q with large amount of
lithium cannot be explained by simple displacement of Mn and V by
lithium, as given by following reactions.

MnV,04 + xLi = Li,V,0s+Mn or
MnV,0¢ + xLi = Li,MnO¢+V or
MnV,04 + 2xLi — xLi;O + Mn + 2V
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Figure 9. XRD patterns of the composite electrode at several potentials during the first lithium
insertion. The symbol (w) indicates the peak of polyethylene film, which covered the electrode.

We could not detect any metallic Mn or V element in XRD measurement,
which is not in agreement with the results of Takeda er al. [19] who pointed out
the displacement of Cu by lithium in copper vanadate. This means that the
interpretation of this high capacity of MnV,0 must be interpreted by another
mechanism for Li insertion.

Again, contrary to the present idea that the insertion process is largely due
to the involvement of transition metal cation such as Mn in LiMn,0O,, Denis et
al[3], to account for the abnormal insertion of lithium into vanadium-based
oxide electrode material, proposed that in addition to the involvement of
vanadium, there proceeds a parallel insertion process due to participation of
oxygen leading to formation of "Li-O bonds" and explained the interactions of
non-coordinated oxygen to lithium. Although there are differences in material
(component, composition and crystal structure) of ours with those of Denis et
al., we can also consider the role of oxygen in manganese vanadate during
electrochemical lithiation process. However it requires further investigation to
understand the exact mechanism underlying the electrode process, and an
attempt was made to understand the exact nature of lithium present in the
structure to throw light on the abnormal high capacity of this compound.

The chemical status of lithium measured by 'Li NMR spectra for the fully
lithiated MnV,0g composite electrode is shown in Figure 10. Two bands
clearly appear at 1-2ppm and 40-41ppm, and other peaks can be assigned to
spinning side bands. The band at ca. 40ppm can be attributed to the
incorporated lithium in carbonaceous material as conductive agent of the
composite electrode. It is well known that the shift value around 40ppm is
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"signature" of lithiated carbonaceous material [19]. The other band at around
2ppm indicates that lithium accommodated in MnV,0, is strong ionic
character. Recent 'Li NMR studies [20-22] on the low temperature synthesis
carbon material whose capacity is higher than LiCg also showed ionic
character of stored lithium. To explain the high capacity for carbon at low
temperature, three mechanisms have been proposed. The first one is cavity
mechanism, which explains that intercrystallite spaces are capable of
lithium accommodation [23]. Secondly, Sato et al.[24] have proposed the
existence of Li, covalent molecules. Finally, Hara er al. [25] suggested an
ionic complex composed of lithium ions and aromatic rings with negative
charge. Of these mechanisms, the formation of ionic complex mechanism is
the relevant one to explain the role of oxygen in MnV,04 and the formation
of "Li-O bond". To understand the high capacity of MnV,0,, We can assume
the formation of "Li-O bond" with ionic character. Accordingly, it can be
stated that the oxygen present in the crystalline MnV,0, with its high
coordination possibility is responsible for the large intake of lithium. The
first lithiation process disrupts the crystallinity into a more stable
amorphous state with the formation of irrecoverable lithium strongly bonded
to oxygen, is mainly responsible for the irreversibility and limited
delithiation process (800mAh-g’). However, more studies are needed to
elucidate the mechanism responsible for the high capacity anode and
irreversibility of vanadium-based oxides including MnV,0s.
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Figure10. ’Li NMR spectra of the fully lithiated MnV,Os electrode.
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Figure 11 shows the discharge capacity with current density of MnV,Qg,
SnSO, [26] and natural graphite. For all the samples [6], each electrode fabricated
with same mixing ratio (sample, conductive agent and binder were 50wt%,
45wt% and 5wt%, respectively). Each measured point in the figure corresponds
to the discharge capacity of the first cycle. From these results, MnV,Og shows
reasonable rate capability compared to the other anode materials.
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Figure 11. The discharge capacity variation of MnV,0s, SNnSO4, pitch-based carbon heated around
850°C and natural graphite with current density.

The cycling behavior over several tens of cycles is shown in Figure 12. As
mentioned above, we can observe the large irreversible capacity caused by drastic
structure transformation to amorphous at the first cycle and then capacity fading
drops to levels of few percent per cycles. Piffard and Guyomard [3,18] have
reported that "electrochemical grinding effect" in amorphous vanadium
compounds, the phenomena of capacity increase with continuing the cycles due
to the pulverization of active material. However, in present study, we could not
find out this kind of effect. Hence it needs intensive further investigation to
understand the lithium intercalation mechanism underlying it so as to improve
cycle life to make it a commercially available material.

2.3.3  Synthesis and characterization of Mn, Mo, V,, . O0s

The crystal structure of the synthesized powder was examined by XRD
analysis. Almost all the diffraction peaks of Mn, Mo, V,;.,,0s (0<x<0.5)
samples coincide with the data for MnV,0g in JCPDS card (35-139). In the
case of the compound with x=0.5, trace of MoO, was observed at around
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26=26°. Figure 13 shows the lattice parameters of Mn, ,M0,,Vy.,,0¢ (x=0,
0.1, 0.2, 0.3, 04, 0.5). Lattice parameters a and b increase with the value
of x. From the measurement of Mn L-edge XANES, the valence of Mn is
mainly +2. However, the minor peaks, which correspond to L3 absorption
edge of Mn**, are observed in each samples around 642 eV, a small
amount of Mn®* would also be coexisted. V and Mo L-edge XANES reveal
that the valence state of each cation is derived to be V** and Mo®*,
respectively. Mo L-edge spectra of Mn,,Mo,¢V,,0s are almost consistent
with those of MoO;. In the absorption of Mo L-edge, the observed splitting
due to the t,; and e, orbital indicates that Mo is coordinated octahedrally
with oxide ions in Brannerite type structure Mn, ,Mo;,Vy;_,,Os.
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Figure 12. The specific capacity variation with the cycle number of the Li|MnV,05 cell.

2.3.4  Electrochemical properties of Mn, Moz, V,,.,,05

The first charge-discharge curves for Li|Mn, Mo,,V,, ,Os (x=0.4) cell are
shown in Figure 14 compared with that of Li|MnV,04 (Mn,,M0,V,,,,0s
(x=0)) cell. All the materials have rather large capacity compared with
graphite. The lithium intercalation process into Mn, ,M0,,V;_,06 (x=0.4)
exhibits three plateaus around the voltages of 0.8, 0.5 and 0.2V. To
evaluate the source of reversible capacity, cutoff voltages were set at
several volts as shown in Figure 15. No reversible capacity could be
obtained for the discharge at the cutoff voltages at 0.65 and 0.50 V,
whereas the large reversible capacity was obtained for the discharge at the
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cutoff voltages below 0.5V. The large reversible capacity arises from the third
plateau at around 0.23V in the first discharge, and the capacity of the later
charge coincides with that of the plateau at the discharge. This phenomenon is
also applied to the non-substituted Brannerite Mn, Mo, V,;,,0s (x=0).
Therefore, larger reversible capacity of substituted Brannerite Mn, ,Mo,,V,; ,O¢
(x=0.4) than that of non-substituted Brannerite Mn, ,Mo,,V,, ,0s (x=0) is due
to the larger capacity of the third plateau than that of the non-substituted
Brannerite. Mn, ,Mo0,,V;,,,0s at x=0 and 0.4 react with nearly 15 and 13
Li per mol, respectively, which cannot be explained even if each transition
metal ion was completely reduced to metallic state. To compensate the
electric charge, the oxide ions may be reduced with lithiation at low
voltage region.
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Figure 13. The lattice parameters of Mn,.\M02V2(1.0s.
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Figure 14(a). Charge-discharge curves for Li | Mn;xM0xVa1xOs(x=0) cell.
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Figure 15. Charge-discharge curves for Li | Mn;.«MoxV2;1.0s(x=0.4) cell at various cutoff voltages.
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From the XRD patterns for Mn, Mo, V,,.4O0s (x=0.4) electrodes at
several cutoff voltages, the principal peaks gradually decreased with the
progress of lithiation at the first discharge, and the peaks disappeared
completely at 0.15V vs. Li/Li*. After the first discharge, the charge-
discharge process proceeds through this amorphous phase. The amorphi-
zation during the fist lithiation is the same phenomena as MnV,0q that is
already described above.

The discharge capacities of Li|Mn, Mo, V,,,0s (x=0.4) cells versus
cycle number are depicted in Fig. 16. It is clear that substituted brannerite
Mn, Mo, V,,,0s have larger reversible capacity than non-substituted
brannerite MnV,04. The cycleability of the Mn, ,Mo,,V;,.,Os is almost the
same as the value of x increases.
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Figure 16. Capadty density against cyde numbers for Li |Mn;.M0xV1.90s (x=0(e) and x=0.4( A)) cells.

2.4 Summary

Brannerite type MnV,0s and MnMo,_V,, 0 were prepared by polymer
gellation method and conventional solid-state reaction. Although amorphization
was occurred during the fist lithiation of these materials with relatively large
irreversible capacity, these materials showed large reversible capacity at rela-
tively low voltage in subsequent cycles. Since these materials show moderate
capacity degradation with cycling, it needs intensive further investigation to
understand the lithium intercalation mechanism underlying it so as to improve
cycle life to make it a commercially available material.
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3.0 ANODE PROPERTIES OF MnMoO,
3.1 Crystal Structure of MMoO,

Transition metal molybdates MMoQO, (M=transition metals) have been
focused on their catalytic activities and magnetic properties. The MMoO, takes
three kinds of structures; a-MnMoO,, a-CoMoO, and NiWQ, type, and each
molybdate can form several polymorphs depending on temperature and pres-
sure. For example, MgMoO, and MnMoQ, form a-MnMoO, structure [27], while
FeMoO,, CoMoO, and NiMoO, form a-CoMoO, structure [28]. However,
FeMoO,, CoMoO, and NiMoO, transform to a-MnMoO, structure at high tem-
perature [29]. Moreover, all these molybdates transform to NiWO, structure at
high pressure [30].

The crystal structure of a-MnMoQO, has been reported by Abrahams et al.
[27] o-MnMoO, belongs to monoclinic with space group C2/m, and its lattice
parameters are a=10469A, b=9.516A, ¢=7.143A, f=106.3°. A shown Figure
17, Mn atoms are octahedrally coordinated by oxygen atoms while Mo atoms
are tetrahedrally coordinated in this a-MnMoO, structure. Two crystallographi-
cally independent Mn atoms are surrounded by six oxygen atoms with large
distortion. The average distances for each Mn-O bonding are 2.166A and
2.162A, respectively. The distance of Mn-O bonding changes from 2.091A to
2.252A. Two crystallographically independent. Mo atoms are surrounded by
slightly distorted oxygen tetrahedral, with Mo-O distances ranging from 1.724A
to 1.851A, the average being 1.761A.

In order to compare o-MnMoO, structure [27] with other molybdates,
a-CoMoO, structure [28] is shown in Figure 18. The a-CoMoO, structure
also belongs to monoclinic with space group C2/m, and the general
arrangement of metal atoms in the two structures is the same. However
the position of the oxygen atoms considerably changes as following
manner. In a-CoMoO,, the Mo atoms locate at highly distorted octahedral
positions in contrast to tetrahedral positions in a-MnMoQO, structure. As
Smith et al. [28] pointed out, each of the two crystallographycally
independent Mo atoms is displaced by about 0.4A from the center of its
octahedron. The Mo-O distances range from about 1.72A to 2.33A. The
average Mo-O distances are 1.991A and 1.992A in the two octahedral in
CoMoO,. The distorted octahedral radius of Mo is thus about 0.23A greater
than the tetrahedral value. Slight er al. [29] have reported that the molyb-
dates with a-CoMoQ, structure are 6% denser than the corresponding ones
with a-MnMoO, structure. The occurrence of tetrahedral or octahedral Mo
in AMoO, molybdates would thus appear to depend on the size and
electronegativity of the A cations. Since the two of most electronegative
cations are Mg and Mn in the series of Mg and the first transition metals
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that form AMoO, compounds, Mg and Mn molybdates are the only
materials that from a-MnMoO, structure with tetrahedral molybdenum at
high temperature under atmospheric pressure. MnMoO, has the largest
unit cell volume in the molybdates that form a-MnMoO, structure.

Figure 17. Schematic figure of crystal structure for a-MnMoQ, structure.

Figure 18. Schematic figure of crystal structure for a-CoMoO; structure.
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3.2 Experimental

MnMoO, powder was prepared by solid state reaction. Starting
material used were MnCO; (99.9%, Soekawa chemicals) and MoO; (99.9%,
Soekawa chemicals). These reagents at stoichiometric ratio were mixed in
agate mortar and heated at 600°C for 24, 72 and 264h in air. The phase
identification of the prepared samples was carried out by powder X-ray
diffractiometry using Rigaku RINT2500V with CuKa radiation. The samples
for the electrochemical measurement were prepared by mixing crystalline
MnMoO,, acetylene black (conductive agent) and PTFE binder with 50:40:5
at weight ratio and pressed into a film. A sample electrode with a disk
form was cut from the film. Cells were fabricated by coupling this disk as
working electrode with lithium foil of same area as counter electrode. 1M
LiClO, dissolved in ethylene carbonate (EC) / diethyl carbonate (DEC) was
used as the electrolyte as received from Tomiyama Pure Chem. Ind. The
electrochemical measurements were carried out galvanostatically at
various current densities. The cutoff voltage was set at 0.0 and 2.0V vs.
Li/Li*. To estimate valence state of the individual atoms in MnMoQO,, Mo
L,;-edge, Mn L,-edge and O K-edge XANES spectra were obtained at
BL7A and BL8B1 beam line at UVSOR.

3.3 Results and Discussion
3.3.1 Synthesis and Characterization

The phase identification of the prepared powder was carried out by X-ray
diffractometry. Figure 19 shows the measured powder diffraction profile for
MnMoO,. The well defined peak obtained confirms that the synthesized
compound is MnMoO, without any impurity phases even 24h heating. The
obtained peaks shows exact match with the JCPDS data (card number 27-
1280), which is known as a-MnMoO, structure [27]. As already shown in
above section, the Mn ion locates at octahedral site and the Mo ion at
tetrahedral site in this a-MnMoO, structure.

Mn and Mo XANES measurements for the synthesized powder were
carried out to investigate the oxidation states of Mn and Mo. The obtained
peaks are shown in Figure 20 with various reference materials at several
oxidation states. The Mn L-edge XANES shows two strong absorption
features due to the spin-orbit splitting of the Mn 2p core hole. The absorp-
tion peaks at about 640-645e¢V in Figure 16 show the 2p,, (L;) edge. In
Figure 20(a), the edge of the spectra for MnMoO, is well coincident with
that for MnCO;. Accordingly, the Mn exists as Mn?* in MnMoO,. MoL-edge
XANES spectra of MnMoO, and MoO; presented in Figure 20(b) illustrate
that the valence of Mo in MnMoO, is +6. The oxidation states derived from
the XANES spectra and the well-defined XRD pattern obtained for the
prepared sample confirm that the compound is completely stoichiometric
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MnMoQ,. Furthermore, the spectra of Mo L-edge XANES of MnMoO, and
MoO; show two separated peaks, which indicate the transition from the 2p
core level to the empty 4d orbital. Generally, in octahedrally coordinated
metals, the d orbitals are split into triply degenerate &, and doubly degenerate
6, orbitals. The electrons in g, orbitals are repelled more strongly by the
negative charge since electrons are located along the bonding axes than those
of &g orbitals that point between axes. Thus the &, orbitals lie lower in energy
than the orbitals. Whereas in tetrahedral coordination, triply degenerate ¢,
orbitals lie higher in energy than doubly degenerate e orbitals. The Mo atoms
in MoQ; are in an octahedral environmental and Fig.20(b) indicates the typical
4d split into two sets of g, and &, symmetry. On the other hand, the Mo atoms
in MnMoO, are in a tetrahedral environment and Fig.20(b) shows ligand field
splitting parameter is about 1.6eV. The difference in d orbital splitting for
tetrahedral and octahedral coordinations has been reported for several
molybdates previously [31].
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Figure 19. The XRD patterns for MnMoO, prepared at 600°C for 24, 72 and 264h.

3.3.2 Electrochemical Properties

In order to obtain charge-discharge profile of MnMoO,, the cell was
subjected to several cycles at constant current mode. The charge-discharge
profiles obtained are depicted in Figure 21. The initial charge capacity was
about 1800 mAh-g' and the reversible capacity in consequent discharge
process was around 1000 mAh-g”. During the first charge, the lithium
intercalation process exhibited a plateau around 0.8 V vs. Li/Li*, which is not
observed in the following cycles. The X-ray diffraction patterns obtained for the
fresh electrode as well as for the electrode charged up to different cut-off
voltages are shown in Figure 22. The principal peaks gradually decreased with
lithiation and the peaks disappeared completely at 0.29 V vs. Li/Li*. When the
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discharged electrodes were charged again, we could not observe the crystalline
peaks, suggesting that an irreversible phase transformation into amorphous
lithiated material occurred during the first lithium insertion. This phenomenon
of amorphization during the first lithiation was reported previously in several
vanadates and molybdates [3,6,32]. The difference between the first charge
profile and the second charge curves is also indicative of the two different
mechanisms operating in the lithium insertion process. Furthermore, a series of
new Bragg peaks appeared between 0.5 and 0.25 V during the first lithiation
and disappeared at full lithiated electrode. The XRD patterns of electrode
between 0.5 and 0.25 V together with the Bragg peak of NaCl-type compound
VO are shown in Figure 23. Although these peaks were too broad to be
identified exactly, it was enough to assume that the amorphization process of
MnMoO, has an intermediate state of Nad-type structure that has equal
amounts of anion and cation by the appearance of new peaks of NaCl-type
compound. The lattice constant calculated from the new Bragg peaks of NaCl-
type compound observed at 0.29 V was 4.30 A and this value agrees fairly with
the theoretical lattice constant of Li MnMoO, (4.27 A) which was calculated by
using the ionic radii of Shannon [33]. The similar behaviour of vanadium
redistribution with lithiation was observed in vanadate or molybdenum
substituted vanadate, which was prepared by electrochemical or chemical
methods [34].
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Figure 20(a). Mn Ly edge XANES spectrum of MnMoO, and various Mn compounds as reference.
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Figure 20(b). Mo Lm edge XANES spectrum of MnMoO4 and MoO;.
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Figure 22. XRD patterns of the MnMoO4 electrode at various potentials.
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Figure 23. XRD patterns of MnMoOj electrode at several discharge voltages compared with VO.
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The Mo L-edge XANES spectra variation during the first Li insertion
and Li removal process is shown in Figure 24(a) and (b), respectively. The
lines represent the energy positions of Mo®* and Mo°’ which were
determined by the measurements of Mo L-edge XANES spectrum of MoQ,
in this work and metallic Mo in previous report [35], respectively. Figure
24(a) shows that peak shift of Mo®* to reduced state with lithium insertion
into MnMoO, and Figure 24(b) shows re-oxidation of Mo to +4 at 2.0 V vs.
Li/Li* during the lithium removal process. In Figure 24(a), we can observe
that the valence of Mo is +5 in the spectrum at 0.8 V and the separated
peak shape is not changed, though it is not enough to conclude that Mo
remained in tetrahedral coordination. Furthermore, this result consists of
XRD patterns up to 0.7 V during lithium insertion, which does not show
amorphization as mentioned above (in Figure 22). Considering the
disappearance of peak separation at 0.6 V during Li insertion, it implies
crystal structure transformation to amorphous. In addition to the structural
transformation, multiplets of electronic structure can also be assumed for
the disappearance of peak separation. In the case of low oxidation number
of Mo, 4d orbitals after electron promotion by X-ray absorption have more
than two electrons. Therefore, the 4d orbitals should be multiplied by the
electron-electron repulsion integrals. The wvalence change of Mo in
MnMoO, with lithium insertion by the Mo L-edge XANES measurement is
presented in Figure 25. We assumed that Mo was reduced from +6 to +1
or +2 at full lithiation and oxidized to +4 by removal of lithium according
to the results of Mo L-edge XANES. Notice that the presented potentials
which show measuring points of XANES in Figure 25 are not open circuit
voltage (OCV). Therefore, there is a difference in the valence of Mo
between Li insertion and removal, since these potentials ignore the
overpotential.

The valence change in Mo is not enough to explain the capacity of
MnMoO,. Furthermore, the state of Mn more reduced than Mn?** is
difficult to imagine. Thus, it is conceivable that there is the contribution
of oxygen besides the reduction of molybdenum during lithium insertion.
Previously, the role of anions in the lithium insertion/removal process
was suggested in anode materials such as nitride [36] or vanadium oxide
material [3]. The N K-edge EELS study, whose spectra are essentially the
same as XANES, on the new anode material Li, Coy, N have showed that
the lithium extraction decreases the occupancy of the nitrogen 2p
orbitals [37]. This means that nitrogen orbitals besides those of Co play
an important role in keeping the charge balance. Accordingly, it can be
expected that there are similar anion contributions to charge compensa-
tion for our material.



ADVANCES IN LITHIUM-ION BATTERIES

L] I L 6+ T I T
Mo M °© MnMoO, powder
charged 0.8V
®= charged 0.6V
—~ v charged 0.29V
= ¢ charged OV
S
=
L
=
=
@)
'l l 1 I 1 1 1
2415 2420 2425 2430 2435
Energy (eV)
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Figure 25. Variation of valence of Mo in MnMoO..

To investigate the role of oxygen, O K-edge XANES was measured
(Figure 26). We could observe two peaks around 530 eV (o) which can be
attributed to transition to the unoccupied band derived from the mixing of
the Mo 4d with oxygen 2p states [38] and a broad peak around 535-545 eV
(e) which can be assigned to that which originated from the mixing of the
Mo 5sp or Mn 4sp with O 2p orbital, respectively. The peak with a high
energy side is broad, so that the peak is difficult to be divided into two
characters (Mo 5sp and Mn 4sp). The peak splitting at 530 eV can be
explained by the hybridization of tetrahedral-coordinated Mo e orbital and
t, orbital with O 2p orbital and the gap of these peaks was 1.5 eV, which
shows fair agreement with the result of the splitting gap (1.6 eV) of Mo e
and Mo ¢, orbital in Mo L-edge XANES shown in Figure 20(b). Rodriguez et
al. [38] have also reported consistent results on NiMoO, that has the same
structure as a-MnMoO,. This indicates that the Mo 4d band strongly
hybridized with the oxygen 2p band, i.e., Mo-O bond has strong covalent
character. This result implies that there is contribution of oxygen, as
previously suggested by Denis [3] and Poizot [39] through the
hybridization of Mo 4d and O 2p orbitals during lithium insertion.
Consequently, it can be thought that the reduction also occurs in oxygen
2p orbital and that the oxidation by lithium removal partly takes place
using oxygen 2p orbital as well as Mo 4d orbital.
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3.4 Summary

We reported the electrochemical properties of MnMoO, as a new type
of anode material for lithium secondary battery. This high capacity
anode, realized during the first lithiation (1800 mAh-g™) and in the
subsequent lithiation (1000 mAh-g™), could be attributed to the oxygen
contribution to lithium insertion by the accommodation of electrons in
the hybridization orbital. During the first lithiation, amorphization, which
has an intermediate state of NaCl structure, was observed in XRD
measurement of the electrode. The valence of Mo and Mn in MnMoO,
measured by XANES was +6 and +2, respectively. The valence of Mo
during lithium insertion/removal investigated by XANES is not enough to
explain the Li amount that is inserted and removed into/from this
material. Through the O K-edge XANES measurement, we can observe
the role of the anion to charge compensation in the electrochemical Li
insertion/removal. Although this anode material delivers high capacity, it
exhibits large irreversibility and amorphization at the first cycle. It needs
further intensive investigation to understand the lithium insertion
mechanisms underlying it, so as to improve cycle life to make it a
commercially available material.
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4.0 CONCLUSIONS

In this chapter, we summarized the synthesis procedure and the
electrochemical properties of MnV,0s Mn, ,Mo,,V,,,,0s and MnMoO, as
anode materials for Li-lon batteries. The initial discharge capacity exceeds
800 mAh-g’ for all the synthesized compounds. These large charge-
discharge capacities would be appeared mainly by the charge variation of
vanadium or molybdenum ion. In addition, the role of oxide ion is important
for the compensation of the total charge of compounds through the
intercalation of lithium ion from the interpretation of the results of NMR and
XANES measurements. We proceed with the investigation of other anode
materials related to these compounds in order to elucidate the origin of the
large capacity at relatively low voltage in the vanadates and molybdates.
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1.0 INTRODUCTION

Before 1970, commercial batteries used aqueous electrolytes, which
have a small "window" E; ~ 1.23 eV between the H*/H, LUMO and the
0,/H,0 or 0,/O0H" HOMO Although the lead-acid battery has aV,, = 2 V
because of slow reaction kinetics between the electrodes and the electro-
lyte, it is not thermodynamically stable and has a poor shelf life in both the
charged and discharged state. Therefore, the discovery [1] of fast Na*-ion
conduction in the B-aluminas and the invention [2] of the Na/S battery at
the Ford Motor Company in 1967 stimulated a world-wide interest in the
development of rechargeable alkali-ion batteries operating with a non-
aqueous electrolyte.

If fast alkali-ion conduction can occur in a solid electrolyte, it can also
occur in a solid with an electronically conducting framework containing
transition-metal ions in a mixed-valent state. Insertion of "guest" alkali
ions into such a "host" framework would reduce the framework; extraction
of the guest ions would oxidize the framework. If these reactions do not
change the structure over a large solid-solution range of the guest species,
the mixed electronic-ionic conductor is known as an insertion compound
and is a candidate electrode material. This concept had been illustrated by
the layered NiO,_,(OH), ., cathode and the metal-hydride (MeH,) anode of a
Ni/ MeH, battery; it was applied by Whittingham and Huggins [3] who used
the 1D tunnel framework of hexagonal tungsten bronze with Na* ions in
the tunnels, i.e. hexagonal Na,WO,, as a non-blocking electrode for testing
Na*-ion transport in solid Na*-ion electrolytes. However, to be useful as
an electrode of a battery, the redox energy of the host transition-metal ion
should be matched to the "window" of the electrolyte so as to allow a
maximum V..

Advances in Lithium-Ion Batteries
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A number of groups, led first by Whittingham (first at Stanford and
then at Exxon) proposed and investigated the use of TiS, as a cathode in
lithium batteries. Whittingham demonstrated fast Li insertion at room
temperature into the empty octahedral sites of the layered TiS, cathode
host at ca. 2 V vs. Lithium over the solid-solution range 0 < x < 1 [4]. The
TiS,/Li battery is thermodynamically stable and has a voltage-composition
(V-x)curve for Li,TiS, that is described by the Nernst equation

V=V ~(RT/F)In[x/(1-x)] (1)

with V° ~ 2 V. The increase in overpotential n(I) with current I is not
excessive, but the capacity of the electrode (i.e. the maximum x before the
cathode becomes diffusion-limited) decreases noticeably with increasing
current I. This is a reversible capacity loss reflecting the relatively low
mobility of the Li in the cathode material. In order for the Li* ions to enter
the Van der Waals gap where their charge is compensated by electrons
from the external circuit that reduce the host TiS, layers, the Van der
Waals S-S bonds must be broken to be replaced by Li-S bonds; at the front
between Li-rich and Li-vacant galleries, there is a strain associated with
prizing apart the gap and the mobility of the front is slowed. Nevertheless,
the concept of a Li-insertion compound as a battery electrode was
established. However, the Li//TiS, battery encountered safety problems;
formation of a passivating layer on the Lithium anode can result in
dendrite formation on recharge.

From this experience, it became clear that the anode must also be an
insertion compound having a lower Fermi energy (gg) than that of Lithium,
which would reduce the voltage of a cell with a TiS, cathode. This
realization motivated a search for a Li-insertion cathode material having a
lower Fermi energy than that of TiS,.

A number of studies were made on other layered disulfides not only in
an attempt to lower €, but also because they exhibited other properties of
interest such as the stabilization of charge density waves below an
insulator-metal transition. However, the Ti**/Ti®* redox energy lies just
above the top of the S*:3p° bands. It follows that attempts to lower €
significantly is frustrated by an inability to lower it below the top of the S*
:3p° bands at Ey; either the operative redox couple becomes pinned at E, or
it falls so far below E, that €; lies in states of primarily sulfur character and
the holes in the $*:3p® bands condense into S-S bonds to create disulfide
ions (S,)*. Redox-level pinning is an important concept in the design of Li-
insertion cathodes.

Pinning of redox energies at the top of a primarily ionic anion p® band
is illustrated in Figure 1 for an oxide. The O/0%* redox energy lies above
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the vacuum level; the affinity for the second electron is negative. The
successive ionization energies for removing electrons from a transition-
metal cation are all positive. Let E; be the energy required to transfer the
last electron from the cation to the O/0% level at infinite separation and Ey
the electrostatic Madelung energy of an oxide containing transition-metal
ions M’*, as in a layered LiMO, oxide for example. The M®*/M?* and
M**/M** redox energies of the free atom are separated by an electrostatic
electron-electron coulomb energy U; this separation corresponds to the
difference in the ionization energies for removal of the fourth and the third
electron, respectively, from M. Conservation of energy causes the 0/0%*
level to fall and the M™*™V* Jevels to rise in the crystalline fields created
by bringing the ions together to form an ionic solid. In the example of
Figure 1, an E, > E, raises the M**/M** level above the O/0% level, which
stabilizes the valence state M** and O* in a point-charge model of the
solid. However, the M**/M** level of our example is not raised above the
07/0%* level, so the energy gap between empty and filled states is between
the O* level and the M** level. This Zaanen, Sawatzky, Allen [5] charge-
transfer gap A is to be distinguished from the Hubbard gap U between the
M**/M?* and M**/M** couples in this point-charge model. But this model
needs to be modified by the introduction of the covalent contribution to
the bonding, viz. by the virtual electron transfer from the O* ions back to
the M*>* ions that is treated in second-order perturbation theory. This
charge transfer reduces U. It also lowers the effective charges on the ions,
which reduces E,; but the attendant lowering of Ey-E,, is compensated by
the lifting of the antibonding M**/M?** redox couple and lowering of the
bonding admixed O-2p states. On the other hand, covalent mixing of the
O-2p and the M**/M** couple introduces antibonding states at the top of
the 0%:2p® bands that have the symmetry of the d orbitals of the M**/M**
couple. The antibonding states of this covalent interaction reside at the top
of the 0%:2p°® bands where they act like a pinned redox couple, but the
ratio of O-2p to (O-2p + M-3d) character of these states increases sharply
at the crossover from E, > E_ to Ey < E_: and where E,-E, is large
enough, oxidation of the host by removal of Li creates holes of largely O-2p
character that may condense as pairs in O-O bonds to form peroxide ions
(0,)*. Formation of (0,)* may be followed by loss of O, and reduction of
the host framework.

The situation for the sulfides is similar, but the top of the $:3p°® bands
is higher in energy than that of the 0O*:2p® bands because the larger
sulfide ion reduces Ey and the more negative electron affinity of the S/S%
couple increases E;. It follows from these considerations that to lower
significantly the €; of a cathode from that of the Ti**/Ti’* couple in TiS,, it
is necessary to go to a transition-metal oxide.
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Figure 1. Hlustration of pinning of an M**/M>* redox couple at the top of the 0>:2p°® bands.

2.0 METAL OXIDES
2.1 Layered Oxides

In layered oxides, the coulombic repulsion between oxide-ion planes is
greater than the Van der Waals bonding between them unless the
transition-metal atom M forms a double bond to an apical oxygen
perpendicular to the layers as in V,05or MoQO,. Consequently, layered MO,
oxides do not exist. However, LiMO, oxides are layered; the oxide ions
form a cubic-close-packed array with close-packed (111) octahedral-site
planes alternately filled with Li* and M** ions, Figure 2. How much Li can
be extracted from an LiMO, material before the M atoms move into the Li
planes depends on the M atom. Displacement of a cation from one
octahedral-site plane to another is via a tetrahedral site and extraction of
Lifrom LiMO, places s&; in the M**/M** redox couple. Therefore, both the
M** and M** ions should have a strong octahedral-site preference, and the
M**/M** couple should lie close to the top of the 0*:2p°® bands for a good
cathode material. These considerations narrow the candidate M atoms to
Cr, Ni, and Co since Cooperative Jahn-Teller distortions at the Mn** ions of
LiMnO, give it a different structure. Moreover, the low energy required for
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two Mn®* ions to disproportionate into Mn** and Mn®** provides Mn?* with
a tetrahedral-site stability to migrate to the Li-deficient Li layers.
Similarly, the disproportionation 3 Cr°* + Cr®*, where the Cr®* occupy
tetrahedral sites, allows an irreversible structural change to occur on
removal of a fraction of the Li. It was known [6] that it is difficult to
prepare stoichiometric LiNiO,, so LiCoO, was chosen for the initial
experiment; it gave the open-circuit voltage curve of Figure 2 [7]. A
similar curve, but with a little lower voltage vs. Lithium was obtained with
Li, 5,Ni,,50, [8]. Once delithiation has been initiated, the Li*-ion mobility
in the oxides is higher than that in the sulfides since it is not necessary to
prize apart the CoO, layers [9]. However, although Figure 2 shows that
most of the Li can be extracted from LiCoO, only about half can be
extracted reversibly; on removal of greater amounts of Li, voltages in
excess of 4.2 V vs Lithium induce the evolution of oxygen [10] via the
reaction

2Co* — 0% =2Co* - 0~ =2C0™(0,)* =2Co™ +0, +2¢ )

because of a large O-2p character of the holes.
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Figure 2. Initial V. V5 x curve on charging for Li;.«CoO;.

In the case of Li, sNi, ,s0,, most of the Li can be extracted before oxygen
loss occurs, but the NiO, layers slide with respect to one another to change
the stacking of the oxygen layers from cubic (O3 referring to three octahedral-
site sandwiches per unit cell) to hexagonal (Ol) stacking of octahedral-site
planes via planes of trigonal prismatic sites (P3) if more than about 0.7 Li
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atoms per formula unit are removed [11, 12]. The origin of this difference in
behavior is illustrated schematically in Figure 3. Both the low-spin Ni**/Ni**
and Co**/Co®* are pinned at the top of the 0*:2p° bands, but the Ni**/Ni**
couple lies a little above the Co**/Co®** couple because the former corresponds
to a o-bonding couple of e-orbital parentage whereas the latter to a n-bonding
couple of t-orbital parentage. The bonding O-2p, orbitals of the 90° Ni-O-Ni
bridges are orthogonal to one another; the n-bonding t orbitals of neighboring
Co of the CoO, array are not orthogonal, and a transition from polaronic to
itinerant holes occurs in the CoO, array over the flat portion of the V-x curve
of Figure 2 [13]. A flat V-x curve in the range 0.07 < x < 0.25 indicates, from
the Gibbs phase rule, the existence of a two-phase region. A polaronic to
itinerant electronic transition is normally first-order [14]. Although the
reversible solid-solution range of Li, ,CoO, is limited to 0 < x < 0.5, it is
nevertheless large enough to be useful.

£ . €
|

A A

N(E) —»
Co(IV) / Co(llly Ni(IV) / Ni(Il)

Figure 3. Schematic placement of Co(IV)/Co(III) and Ni(IV)/Ni(III) redox energies pinned at the top
of the 0%:2p® bands, which Is isostructural with NaFeO..

In the early 1980s, no battery company in Britain or the U. S. would
entertain beginning with a discharged cathode. Consequently earlier efforts
with oxide cathodes had concentrated on Li insertion into vanadium oxides
such as V,05; and Vg0,;. With the exception of VgOy;, the results were disap-
pointing, V0,5 accepts up to 1 Li/V if prepared with a stoichiometric V:O ratio,
but the discharge curves exhibited a series of steps [15]. Workers in the SONY
Corp. of Japan, on the other hand, had developed a graphite anode and realized
the advantage of charging their anode from the discharged cathode. They have
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commercialized with great success the LiCe/LiHCoO2 battery [16]. Commerciali-
zation of the Li-ion battery has stimulated an extensive search for alternative
cathode materials that contain a less expensive and environmentally more
benign transition-metal atom than cobalt. At the present time, about 20% of
the world's production of cobalt is used in Li-ion batteries.

Delmas and Saadonne [17-19] and Zhecheva and Stoyanova [20] pioneered
investigation of LiCo, Ni,O, cathodes. The Delmas group has shown that Li,.
JINi; ,Co O, can be prepared with essentially no transition-metal ions in the
interslab Li*-ion galleries for 0.2 <y < 1.0 [21] and that the extraction of Li
from Li,_[Ni,5Co,,]10, is reversible over the range 0 < x < 0.6 without long-
range order of the Li* ions within the Li planes at x = 0.5 as occurs for LiysNiO,.
In this cathode material, the Fermi energy remains located in the Ni**/Ni**
couple and the discharge curve slopes monotonically over the range 4.0 V<V,
< 3.5 V [22]. In Li, Ni,;Co,,0,, on the other hand, an increase of about 0.2 V
occurs in the discharge curve on passing from the Ni**/Ni** to the Co**/Co®*
couple as anticipated from Figure 3 [23].

The lower cost and increased capacity of the Li, ,[Ni;zCo,;10, material
would appear to make this oxide an attractive cathode candidate. However,
these cathodes have two problems: the capacity fades on repeated cycling or
holding in the charged state, especially at 60°C, and they generate flammable
gases during charging that create safety problems [24,25]. The capacity fade
is due to migration of Ni** ions into the interslab space on removal of Li* ions.
The smaller Ni** ions bind the slabs together, thereby reducing the free
volume between them and lowering the Li*-ion mobility. This problem does
not arise with Li, ,CoO, because the Co atoms do not migrate to the Li layers.
Substitution of a small amount of Mg®* for Ni** results in a preferential
transfer of the larger, more electropositive Mg?* ions since Mg®* moves easily
into tetrahedral sites; the Mg?* ions inhibit the collapse of the interstitial
space on removal of Li and reduce fading of the capacity as is illustrated in
Figure 4 [26]. The introduction of the larger Sr** ion directly into the Li layers
with a Sr/Li mole ratio of only 10°® increased the capacity of a LiNiy5Co,,0,
cathode [27] and overcoating the surface of Sr-doped LiNi; gCoq,0, diminished
substantially the probability of explosion of a cylindrical battery, but not
sufficiently to meet safety standards [28].

Preparation of layered LiMnO, can be by ion exchange from NaMnO, [29]
However, it transforms to a Li[Mn,O, spinel phase on cycling; the
disproportionation reaction 2 Mn** = Mn** + Mn?* with Mn?®* traversing the
tetrahedral site to enter the Li planes plagues the LiMn, Ni,O, system with X <
0.5. However, LiMny;Ni,s0, contains Ni** and Mn**; the strong octahedral-site
preference of a Mn** ion prevents migration through a tetrahedral site to the
partially occupied Li planes. On the other hand, LiMnygNiysO, is stable to higher
temperatures [30]; it contains Ni** and Mn** ions, each of which have a strong
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octahedral-site preference. Moreover, the Ni**/Ni**, like the Ni**/Ni’*, couple
appears to be pinned near the top of the O*:2p° band in the presence of Mn**
ions, which allows removal of at least 0.5 Li atoms per formula unit at a V° = 4.0
V from the Ni**/Ni** redox energy [31]. However, the mixed-valent Ni**/Ni**
electronic conductivity is polaronic and is further reduced by the relatively low
concentration of Ni atoms, which is why the discharge curves of Figure 5 were
taken at low current densities. Coating small LiNi,;Mn,sO, particles with
amorphous carbon can improve the capacity at higher current densities; the
carbon coat not only improves interparticle electronic contact, it also provides
electron tunneling from the carbon coat into the bulk of the particle to provide
charge balance for the inserted Li* ions [32].
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Figure 4. Evolution of the specific capacity recovered on discharge for Li;Nios1.yC00.06Mgy0: (y =
0.00 and 0.05) cathodes over a 500-cycle test at C rate and 60° C. Reprinted from reference 26 with
permission from Elsevier Science.

2.2 Spinels

Realization of reversible Li extraction from LiCoO, and of Li insertion into
V0,5 led to a search for oxide cathodes containing a cheaper and environmen-
tally more benign transition-metal atom than cobalt. Moreover, the early search
was governed by the prejudice of the battery community that initially Li should
be inserted into, not extracted from, the cathode material. In 1981, Scrosati in
Rome and Thackeray in South Africa were investigating Li insertion into
magnetite, the spinel Fe;0,. Thackeray came to my laboratory in Oxford at that
time, and I was surprised that one should attempt insertion of Li into the spinel
structure of Figure 6 since it was known that the spinel structure does not
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tolerate interstitial cations. As can be seen from Figure 6, Li would be inserted
into the 16¢ octahedral sites where it would share two faces with cations at the
tetrahedral 8a sites. The fact that Li can be inserted into Fe;O, immediately told
me that the inserted Li* ions must force the neighboring Fe** ions in 8a sites into
the 16c¢ sites also, thereby creating a cascade from 8a to 16c sites to give an
ordered rock-salt structure. The cations in 16d octahedral sites and the oxide ions
act as a spinel [Mz1O, host with a 3D interstitial space of 16c octahedral and 8a
tetrahedral sites [33]. Therefore, I suggested to Thackeray that we should
investigate Li insertion into the spinel LilMn,]O, [34]. The V-x curve of
Li, ,,[Mn,]0,, Figure 7, is flat over a wide solid-solution range O < x < 0.8 because
of a first-order cubic-tetragonal structural change that is induced by a cooperative
ordering of twofold-degenerate o-bonding e orbitals on the Mn(II): t’¢' ions [35].
Global distortions due to cooperative local distortions that remove a localized-
electron orbital degeneracy are known as cooperative Jahn-Teller distortions.

1 " 1

0 n e | R
G 20 100 150

Q/mAh g

Figure 5. Charge/discharge curves of a LiNigsMnos/Li cell operated at 0.1 mA'cm™ for 30 cycles with
1 M LiPFs in EC/DMC electrolyte, Reprinted with permission from reference 31.

With the realization that a Li-ion (rocking-chair) cell containing an insertion
cathode is better fabricated with a discharged cathode, as was done by the
SONY Corp. with the LiCoO,/C battery, Tarascon and Guyomard [36]
championed use of the Li, ,[Mn,]0O, compositional range, which had been shown
[37] to give a V,, vs. Li of about 4 V in contrast to the plateau at 3 V for
Li, ,[Mn,]O,, Figure 7. Although the theoretical capacity of each plateau is
limited to 0.5 Li/Mn, it is comparable to the practical capacity of Li, ,CoO, and
contains the inexpensive, environmentally benign manganese atom. These
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developments aroused great interest, but commercial realization of both the 3-
V and the 4-V plateaus was frustrated by an irreversible capacity fade on
repeated charge-discharge cycling, especially at the higher temperatures
required for greater Li*-ion mobility. At room temperature, the Li*-ion mobility
in Li;,,MMn,]0, is much smaller than that in the layered Li, ,CoO, because
strong 3D bonding of the host [Mn,]O, structure limits the free volume of the
interstitial space. On the other hand, the 3D spinel framework prevents
unwanted species from the electrolyte from entering the interstitial space.

8b 481

Figure 6. Two quadrants of the cubic A[M:]O4 spinel structure.
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Figure 7. Open-circuit voltage Vo vsx for Lis«.[Mn;]s and Li;[Mn2]O4 for a Li anode.
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Although stable thiospinels are restricted to A[M,]S, compositions contain-
ing an A cation having a strong tetrahedral-site preference, e.g. A = Cu*, Zn®*,
or Cd®*, the spinel framework [Ti}S, was prepared by low-temperature
chemical extraction of Cu from Cu(Ti,1S, [42,43]. Li insertion into Li,Cu, ,[Ti,1S,
gave a V-x curve over the range 0 < x < 2 nearly identical to that of LiTiS, and
a Li*-ion mobility comparable to that in the layered compound [44]; in the
thiospinel the Li* ions enter the 16¢ octahedral sites for all values of x and the
larger, more polarizable S% ions offer the Li* ions a greater free volume than is
found in Li,[Ti,]O,.
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Figure 8. Discharge curves for Li;.[Mn,]O4 cathodes ball-milled for 1 h taken over the voltage range 2.4-
3.4V vs Li at a caurrent density of 0.5 mA/amy (a) at room temperature (RT), (b) at 60°C, and (c) at 80°C.
Reprinted with permission from reference 43. Copyright 2001 The American Chemical Sodiety.
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In the 3-V range of Li;,,[Mn,]O,, it is not necessary to use LiPFg as the
electrolyte salt, so the problem of HF inducing a surface disproportionation
reaction does not arise. Therefore, the irreversible capacity fade is primarily due
to the structural distortion on Li insertion; these distortions appear to crack larger
particles and/or to break the interparticle electronic or ionic contacts. An initial
attempt to solve this problem was to begin with Li[LiMn, JO, 0 <y < 1/3 [41].
Another was to make small particles by a low-temperature synthetic route; but
the resulting amorphous material [42] gave a discharge curve with voltage V
varying nearly linearly with x as for a supercapacitor cathode rather than a flat V-
x curve suitable for a battery cathode. The solution to this problem appears to be
a simple ball-milling of the particles for more than half an hour [43]. Ball milling
breaks up the larger particles into microdomains of different crystallographic
orientation; it also introduces strains and stacking faults. As a result, the average
distortion of the entire particle on Li insertion is suppressed even though a flat V-
x curve, Figure 8, indicates a distortion of the individual microdomains. The ball-
milled particles showed no capacity fade even at elevated temperature.

The Li,,[Mn,]O, spinel phase exhibits two distinguishable regions in the
V-x curve vs Li in Figure 7, a 4.2-V plateau in the range 1 > x > 0.5 and a
continuous, gradual change centered at 4.0 V in the range 0.5 > x > 0. The
4.2-V plateau is due to the coexistence of two cubic phases, one with Li in
octahedral sites for x < 0.9 and the other with Li ordered on one of the
interpenetrating face-centered-cubic arrays of 8a sites; the Li* ions occupy the
8a sites randomly in the 4.0-V range. The capacity fade of Li, [Mn,]O, was not
alleviated by ball milling. This capacity fade reflects a chemical interaction at
the electrode-electrolyte interface either on charging to a high voltage or at
the end of discharge. Reducing the particle surface area alleviates, but does
not eliminate, the problem [44]. With voltages in excess of 4.2 V vs Li, as
occurs on charging the Li; [Mn,lO, spinel, it is necessary to use LiPFg as the
salt in the electrolyte, and any water in the electrolyte attacks (PFg)~ to create
HF [45,46], which induces charge disproportionation in the Li,sMn,]O,
surface phase formed on deep discharge; the Mn®* ions thus created dissolve
in solution and a surface rock-salt phase Li;MnO; is left on the surface. Efforts
to inhibit these reactions have included coating the surface of the particles
with a substance that would block them and substitution for some of the Mn
atoms of a cation that suppresses the surface disproportionation reaction
2Mn’* = Mn®* + Mn**.

Amatucci et al [46,47] have demonstrated that the capacity fade in the 4-V
range of Li, [Mn,JO, occurs primarily at the end of discharge. A poor Li-ion
mobility results in a build-up of the tetragonal Li, s[Mn,]O, phase at the surface at
the end of discharge, and the high Mn**-ion concentration in this phase allows it
to be attacked by any HF in the electrolyte via a surface disproportionation
reaction 2Mn** = Mn** + Mn®* followedby Mn®* dissolution into the electrolyte.
As a result, the rock-salt phase Li;MnO; is also formed at the surface [48]. In
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addition, Amatucci et al [46,47] observed that the spinels with a cubic lattice
parameter a < 8.21 A were more stable against irreversible capacity loss, but they
were unable to find a satisfactory explanation for this phenomenon. Their finding
suggests that the disproportionation reaction is suppressed by a smaller lattice
parameter; reducing the lattice parameter may increase the energy required to
create a larger Mn®* ion. In any event, these authors reduced the irreversible
capacity loss by substituting a smaller AI** ionfor Mn®* and compensating for the
resultant loss in capacity by substitution of F for O ions to the extent allowed for
a lattice parameter a < 8.21 A. The maximum solid solution of AI** was 0.2 per
formula unit, which led to the starting composition Li[Al;,Mn, g]O;gF,;. This
spinel gave a superior performance at elevated temperatures and led the authors
to speculate that the introduction of "getters" in the electrolyte to remove HF and
other acids could solve the problem of capacity loss in the 4-V range. They added
zeolites to getter the HF.

Other workers have also tried to inhibit the irreversible capacity loss in
the 4-V range by substituting other cations for some of the manganese.
Thirunakaran er al [45] investigated Mg-doped Li,_,[Mn,]O,, Sun et al [49] also
claimed to incorporate some S* ions in Li_[Al,Mn, 76105 gsSoce, Shigala et al
[50] substituted Cr** in Li,.[Cr,Mn, JO, Kawai et al [51] and Shigemura ez al
[52] substituted Fe in Li,,fFeMn,)O, and Li, [FeMn, ]O,, respectively, Kawai
et al [53] studied Li,.,[CoMn,lO,, and Ein-Eli e al [54] Li, ,[CuMn, 0, (0.1 <
y £ 0.5). Of particular interest are substitutions that give voltage plateaus in
the range 4.5 to 5.0 V vs Li such as Co and Ni. Sun er al [55] have coated the
surface of Li[Ni,sMn, 510, spinel particles with 1.5% of ZnO, an HF "getter," to
achieve a reversible discharge capacity of 137 mAh-g™ at ca. 4.7 V vsLi with
a current density of 0.4 mA-cm? at 55°C. In Li[Ni,;**Mn, **10,, the initial
operative redox couple on Li removal is the Ni**/Ni** couple, which appears to
be pinned near the top of the O%:2p° bands since the voltage change at x =
0.5 in Liy[NigsMn, 1O, is small. For x > 0.5, the principal operative redox
couple would appear to be Ni**/Ni’*, but this couple may be overlapped by a
Mn®*/Mn** couple that is also pinned at the top of the 0*:2p® band. However,
this cathode is restricted to modest current densities in its present form. It
should be noted that although the initial composition is Li{Ni,sMn,s10,, the
surface of a particle after discharge contains tetragonal Li; s[Ni,sMn, 510, as a
result of the poor Li*-ion mobility. Nevertheless, the surface disproportiona-
tion reaction is suppressed by the ZnO coating that getters the HF.

2.3 Polyanion Structures

The poor Li*-ion mobility at room temperature in the 3D oxospinel frame-
work is due to the relatively small interstitial free volume associated with a
close-packed oxide-ion array. Substitution of polyanions for oxide ions can open
up the interstitial free volume, but at the expense of both weight and volume
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energy density. Although electronic conduction across a polyanion is lower than
that across an oxide ion, the reduction in electronic conductivity need not be
critical so long as the electronic mobility is at least as large as the Li*-ion
mobility. Early studies of 3D Na*-ion conductivity in framework structures had
identified fast alkali ion conduction in the MyX0,); NASICON framework
structure in which the octahedral-site M cation shares corners with the tetrahe-
dral polyanions SiO, and PO, [66]. The hexagonal phase of Fe,(SO,); has the
NASICON framework of Figure 9 and therefore invited investigation of an open
3D framework containing (SO,)* polyanions. Initial experiments [57] compared
Li insertion into hexagonal Fe,(SO,); with that for isostructural Fe,(MO,); and
Fe,(WO,);. Each compound contains Fe®* ions in the octahedral sites, and
insertion of two Li per formula unit converts the Fe** ions to Fe?*. LiFe,(SO,)
had an open-circuit voltage V,, = 3.6 V whereas Li,Fe,(M0oO,); and Li,Fe,(WO,),
each had a vV, = 3.0 V. The V_ vs x curve of LiFe,(S8O,); was flat due to a
small, displacive structural change between the hexagonal Fe,(SO,); and the
orthorhombic Li,Fe,(SO,); phases, which are both insulating. Consequently a
low mobility of the front between the Li-rich and Li-poor phases gave a
reversible capacity loss that increased with the current density. Nevertheless
the overvoltages remained acceptably low. This experiment demonstrated three
things: (1) mixed-valent electronic transport across a polyanion is not prohibi-
tively low, (2) the position of the Fe**/Fe?* redox energy is lowered significantly
not only by the lower Madelung energy of the structure, but also by the counter
cation of the (XO,)™ polyanion, and (3) the redox energy of the octahedral-site
cation can be tuned over a considerable energy range by the choice of the
counter cation X. The more acidic the (XO,) group, the weaker the covalent
component of the Fe-O bond and the lower the energy of the Fe**/Fe** couple,
which translates to a larger V.

Fgure 9. The NASICON framework.
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With two different cations in the octahedral sites and the possibility of
introducing up to five Li atoms per formula unit into the interstitial space of the
NASICON framework, it was possible to map out the relative redox energies of
several 3d-block transition-metal ions and how these energies shift on changing
the polyanion from (PO,)* to (SO,)* [58]. The greater acidity of the (SO,)* anion
uniformly raised all the voltages relative to their position with the (PO,)> anion
by 0.8 V. Unlike the spinels, the redox energies in the NASICON structure do
not vary with the location of the Li* and/or Na* ions in the interstitial space.
Except for an overlap of the redox energies of two different octahedral-site
cations M and M' in the same structure, successive redox energies gave steps in
the curve of voltage vs Li concentration, each step corresponding to a Nernst
profile centered around the standard voltage V° of a particular redox couple of a
given ion. Moreover, comparison of the redox energies with only one or with
two different octahedral-site cations in MyXQ,); and MM'(X0,), frameworks
showed that the standard voltage V° was not changed significantly by the
presence of a different M cation, but it did shift significantly with a change of
the tetrahedral-site cation X. For example, Figure 10 shows three redox
energies for Li,,, FeNb(PO,); with O < x < 3; they correspond successively to
V°(Fe’*/Fe?*) ~ 2.8 V, V°(Nb"*/Nb** ~ 2.2 V and V°/(Mb**/Nb**) ~ 1.8 V all vs. Li.
A V°(Fe**/Fe**) = 2.8 V was also found in Li, Fe,(PO,); with O < x < 2. These
experiments gave, for the phosphates, the redox energies relative to the Fermi
energy of Lithium that are shown in Figure 11. A similar series of experiments
with (S0,)* as the polyanion showed the relative positions of the redox energies
remained the same, but the voltages were all increased by 0.8 V signaling a
uniform decrease in energy of 0.8 eV because of the greater acidity of the
(SO,)* ion. Access to the V(V**/V**) » 3.8 V couple in Li,,,NaV,(PO,), was made
possible by ion exchange of Li for Na in Na;V,(PO,),; this procedure did not
remove all the sodium, but cycling was not affected by the presence of the Na*
ions [59]. No attempt has been made to optimize this cathode material by
coating small particles with carbon in order to facilitate electron tunneling to
the Li-rich/Li-poor interface.

A high-valent cation in the tetrahedral site of a close-packed oxide-ion
array can also be considered to form an (XO)™ polyanion. For example, the
spinels V[LiM]O, contain (VO,)* units with Li* and M?* ions in the
octahedral sites. Electrochemical extraction of Li from these spinels gives
the V,-x curve for the M**/M?*" couple. Fey et al. [60] obtained
V°(Co®*/Co®*) ~ 4.2 V and V°(Ni**/Ni**) = 4.8 V. Orthorhombic LiViMn]O,
was transformed to the spinel V[LiMn]O, under pressure of 55 kbar at
850°C [61]; electrochemical delithiation gave V°(Mn**/Mn?*) = 3.8 V all vs.
Li. These values represent a remarkable stabilization of the redox energies
compared to their values with Li in the 8a sites. However, these spinels
are not of interest as battery cathodes as the Li*-ion mobility is reduced by
its coexistence with M atoms on the octahedral 16d sites.
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Figure 10. Open-dircuit voltage Vo vs X for Liy..FeNb(POs); taken with a Li anode, after reference 58.
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FAgure 12, The phospho-olivine structures of triphylite (LiFePO,) and heterosite (FePO.).

LiM(PO,) compounds, on the other hand, form the olivine structure of
Figure 12, which has a nearly close-packed-hexagonal oxide-ion array. The Li*
and M?* ions occupy octahedral sites and are ordered into alternate (001)
planes, which allows 2D Li*-ion conduction. Electrochemical extraction of Li
gave V°(Fe**/Feé** ~ 35 V vs. Li [62]. A small, but first-order displacive
structural change of the framework gives a two-phase separation over most of
the solid-solution range O < x < 1 of Li, ,Fe(PO,) and therefore a flat V-x curve.
Figure 13, with a reversible capacity of 150 mAh-g” provided the cathode
particles are coated with carbon [63]. In this structure, V°'Mn**/Mn?* = 4.1 V
and V°(Co**/Co®*) ~ 4.8 V vs. Li;a V°(Ni**/Ni**) ~ 5.0 V is smaller than predicted
from the relative energies of Figure 11 because the redox couple becomes
pinned at the top of the 0*:2p® band. In the absence of a carbon coat, the
penetration of the Li-rich/Li-poor front into the bulk is restricted by poor
electronic conductivity in the two end members, which leads to a considerable
reversible capacity loss [62, 64]. The improvement in capacity and current
capability by the introduction of the carbon coat is remarkable and promises to
provide a strategy for improving the performance of other cathode materials
that are poor electronic conductors. Croce et al [65], for example, have
dispersed 1w% Ag or Cu with small particles of LiFePO, to improve the cathode
performance.
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1.0 INTRODUCTION

Electrolytes based on solvent mixtures of ethylene carbonate (EC) with
dimethyl carbonate (DMC) and/or diethyl carbonate (DEC) are commonly used
for lithium ion batteries in combination with "4 V" cathodes (LiCoO,, LiNiO,,
or LiMn;0O,) because of the high oxidation potential of the solvents. This
section reviews the recent (1999-2001) studies on liquid electrolytes for
lithium batteries and lithium ion batteries. The studies appearing before 1999
are summarized in other books [1-3]. This chapter focuses on the solvents for
electrolytes. Reactivity of salts and solvents are also discussed in Chapters 1,
11, and 13 of this book; ionic liquids are discussed in Chapter 6.

2.0 FUNDAMENTAL PROPERTIES
2.1 Oxidation Potentials of Electrolytes

The window of oxidation/reduction stability is a first requirement for
electrolyte systems for Li-Ion cells. PC, EC, DMC, DEC, DME, and DEE are
well-known solvents for Li cells. Hayashi et al. [4, 5] measured the
oxidation potential of 1M LiClO, or LiPFg solution of each of those solvents.
The measurements were obtained by the potential linear sweep method
from 3.0 to 6.0 V vs. Li/Li* with a sweep rate of 0.1 mV-sec'. The
oxidation potential was determined from the cross point between the
potential axis and an asymptote of the potential-current curve. The results
are shown in Table 1 and Table 2.

Oxidation potential can be determined electrochemically in two ways. In
one approach, the oxidation potential of a given electrolyte is determined as
the potential at which an applied current density reaches a given threshold
value [6,7]. In the other approach, an extrapolated line is drawn along the
potential sweep wave (as shown in Figure 1), and the intersection of this line
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and the i = O line is regarded as the oxidation potential [4,5,8-11]. Although
the threshold current is different in each report, the former method appears to
be better than the latter for the following reason. When the charge-transfer
process dominates the whole Faradaic current, the current-density/potential
relationship of the irreversible oxidation processes of electrolytes must be
described by the following Butler-Volmer type equation [12],

i =(nFCk°)exp[(1-a)nFE/RT] (1)

where i is the flowing current density (positive on oxidation), n is the number of
electrons associated with the reaction, F'is the Faraday constant, K is the rate
constant of the reaction, C, is the surface concentration of the reactant, a is the
transfer coefficient, R is the gas constant, 7 is the temperature, and £ is the
potential. If the obtained current density is very small compared with the
limiting current density, C, can be assumed to be the bulk concentration of the
reactant. Thus, the Tafel plot (the log(i—F) relationship) of this measurement is a
straight line. In this i—F relationship, the intersection moves following the
change in the i range. For instance, while both Figure 1 (a) and (b) show i—E
curves for the same equation, the E value of the intersection is quite different
(Equation 1 is simplified as i = A-exp(BE), where A=nFCA° and B=(1-0)nF/RT.
When i is transformed to i” following the equation i” = ai (a is a constant.),
Equation 1 becomes i "= A-exp { B[E+(Ina)/B]}.). Thus, the oxidation potentials
obtained by these methods may vary with the experimental apparatus and
conditions, and cannot be compared with each other.

Table 1. Oxidation potentials of solvent electrofytes. From reference 4.

Solvent Oxidal:ian Potential vs f.i JLi*

1 M LICIO,4 1 M LiPFg
Propylene Carbonate (PC) 58V >6.0V
Ethylene Carbonate (EC) 58V* >6.0 V
DMC 5.7V >6.0 V

DEC 55V >6.0 vV **
1,2-Dimethoxy ethane (DME) 49V * 49V *
1,2-Diethoxy ethane (DEE) 4.7V * 49V *

* Mixed with PC ** Mixed with EC

Table 2. Oxidation potentiais of 1M LiCIQ, electrolytes. From reference 5.

Solvent Oxidation Potential vs Li/Li*
i 1,3-Dioxolane (DOL) 43V
o Tetrahydrofuran (THF) 43V
| 2-methyl tetrahydrofuran (2MeTHF) 42V
4-methyl-1,3-dioxolane (4MeDOL) 4.1V
2,5-dimethyl tetrahydrofuran (diMeTHF) 4.0V
2-methyl-1,3-dioxolane (2MeDOL) 3.8V
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Figure 1. /-E curves of the oxidation of the same organic electrolyte with different i-scales, assuming
Equation 1 cam be applied to the oxidation of these electrolytes. From reference 13.
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Figure 2. i — E relationship of the anodic oxidation of two organic electrolytes. Electrolytes: iM
LiPF¢/(EC+ DEC 1:1) and 1M LiCIO./(EC+ DEC 1:1). Microelectrode: carbon, 10 pym in diameter.
From reference 13.

In the author’s research group, Egashira et al. investigated the electrochemical
oxidation of organic electrolytes has been investigated using microelectrodes [13].
The electrolytes used were LiClIO/EG/DEC and LiPFy/ECG/DEC, widely employed in
lithium ion batteries. The oxidation current was measured by the potential step
method (where the potential is maintained until the current becomes constant) at
potentials ranging from 4.5 V to 5.5 V versus LyLi*. The current-density/potential
relationship of the oxidation of 1M LiCIO/EG/DEC electrolyte on the carbon
microelectrode shows good reproducibilily and roughly fits exponential lines. A
similar relationship was observed regardless of the material or size of the
microelectrodes. Therefore, this method is suitable for comparing the electrochemi-
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cal oxidation of organic electrolytes. The different oxidation behaviors of LiPF; salt
and LiClQ, salt electrolytes suggest that the salt anions may initiate the electrolyte
oxidation (Figure 2). These properties may include salt decomposition or products
or impurities introduced with the salt manufacture.

The oxidation potential of an electrolyte depends on the cathode active
material. Imhof et al. [14] found that the starting point of CO, gas
evolution (1M LiN(SO,CF;),) was 4.2 V at LiNiO,, whereas at LiCoO, and
LiMn,0,, CO, evolution was observed only above 4.8 V.

Kanamura investigated the electrochemical oxidation of a PC electrolyte
on an Al electrode using in situ FTIR [15]. The oxidation on Al was strongly
influenced by passivation phenomena in the electrolytes. A typical peak
showing a decomposition of PC was observed at 5.0 V or 6.2 V for LiClO,/PC
or LiPFy/PC, respectively. On the other hand, when LiN(SO,CF;),/PC was used,
the same peak was observed at 4.2 V. However, those electrolytes were
oxidized even at 4.2 V on the LiCoQ, electrode. Kanamura concluded that this
was due to an undesirable catalytic activity of LiCoO,.

2.2 Reaction Mechanism of Electrolyte Oxidation

Joho et al. [16] investigated the oxidative decompositionof LiClO,/PC+water,
LiPFyEC, LiPFyDMC, and LiPFyEG/DMC using subtractively normalized inter-
facial Fourier transform infrared spectroscopy (SNIFTIRS). Their experiments,
devoted to the electrochemical oxidation of 1M LiClO,/PC containing various
amounts of water (0<{H,0]< 1000 ppm), revealed that the positions of the
infrared bands in the SNIFTIRS spectra were independent of water concentration.
They therefore concluded that the same reaction products were formed by
oxidative decomposition regardless of the water concentration in the electrolyte.
The less water the electrolyte solution contained, the less the electrolyte solution
decomposed. The decomposition products of the wet electrolyte solution formed
an additional surface layer, which retarded further oxidation. A reaction path
involving hydroxyl ions generated due to water dissociation and/or reduction has
been proposed by Aurbach et al. [17]:

PC+20H" — CH,CH(OH)CH,OH +CO3" MechanismI (2)

Arakawa et al. [18] used GC-MS to investigate the products of anodic
oxidation of PC containing various Li salts, and were able to identify CO,,
propanal, and both the cis- and trans-2-ethyl-4-methyl-l, 3-dioxolane as
decomposition products. They proposed the following reaction path:
PC-CO, —» CH,CHOCH, (propylene oxide) (3)
CH,CHOCH, —» CH,CH,CHO (propanal

’ 2 e (propanal) Mechanism 11 @
2CH,CHOCH, -

the cis- and trans-2-ethyl-4-methyl-1,3-dioxolane 5)
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Joho et al. [16] concluded that their SNIFTIRS measurements were
compatible with the mechanism shown above in mechanism (II). However,
they detected bands that they assigned to the CO,* assumed in
mechanism (I), even for electrolyte solutions with high water contents.
They also investigated the decomposition products of EC and concluded
that EC starts to decompose by the same mechanism as PC, and then most
of the decomposition products polymerize at the electrode surface. In an
electrolyte mixture based on EC/DMC, EC was preferentially oxidized
leading to the conclusion that in future attempts to optimize electrolyte of
EC/DMC, attention should be focused on the oxidation stability of EC.

Kumai et al. studied gas generation due to electrolyte decomposition in
lithium ion cells using GC and GC/MS [19]. The cells (US18650 by Sony) have
a carbon anode, a LiCoO, cathode, and 1M LiPFyPG/EMCG/DECG/DMC
(50:25:15:10 in vol.). After a long cycling (2000-3000 cycles) in the normal
voltage range (4.2-2.5 V), the composition changed, due mainly to the ester
exchange reaction, and the quantities of gaseous products in the cells were
small. They posited the following reaction for this electrolyte decomposition.

ROCO,R + Li* + ROCO,Li + Re (6)
ROCO,Li + Li* + e — Li,CO, + Re (7)
Re + 1H, - AlkylT (8)
Re + Re »> R-R7T (9)

The equilibrium of the ester exchange reaction (DEC + DMC = 2EMC)
was not established even at the end of cycling. Large amounts of CO, and
hydrocarbons as well as CO were detected from over-discharged cells. A
large amount of CO, was detected in the overcharged cells.

2.3 Oxidation Potentials of Solvents

Xu et al. [20] examined reliable values of electrochemical stability limits
for 1.0 M Et;MeN*PFg electrolytes using activated carbon (AC) or glassy
carbon (GC) as the working electrode. Their results are shown in Table 3.

Zhang et al. [21] reported the application of density function theory (DFT) to
calculate solvent oxidation potentials assuming oxidation occurs via one-
electron transfer to form the radical cation. No specific ion-ion, ion-solvent, or
ion-electrode interactions were included in their calculations. Those potentials
were then compared to the experimental observations (Table 4). Optimized
geometries of the radical cations correlate well with the fragmentation patterns
observed in mass spectrometry. The oxidation potentials of saturated
carbonates were calculated to be approximately 1 V higher than those of the
organic ethers, which was consistent with reported literature values.
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Table 3. Eledrochemical stability of electrolyte® comprised of various solvents. From reference 20.

Reduction Potential of Solvent Oxidation Potential of Solvent
Solvents® (V vs. Li/Li*) (V vs. Li/Li")
GC* AC? GC* AC?
EC 0.109 1.940 6.702 4.602
PC 0.232 2.253 5.981 4.422
EC/DMC 0.153 2.027 6.686 4.521
PC/DMC 0.184 2.200 5.783 4.101
EC/EMC 0.100 2.055 6.683 4.576
PC/EMC 0.114 2.032 6.201 4.237
AN 0.073 2.201 5.506 4.018
SL/DMC 0.102 1.386 6.563 4.500
a: 1.0 M Et;MeN*PFy AN = Acetonitrile
b: H,0 content for all solvents [with SL = Sulfolane

concentrations below 100 ppm]
C: Scan rate 10 mV/s
d: Scan rate 5 mV/s

Table 4. Calculated solvent oxidation potentials compared with experimental values. From

reference 21.
Solvent Solvent Oxidation Potential (V vs.ljm'*)
Calculated Experimental
EC 5.58 6.7%
Trans-butylene carbonate (BC) 5.51 -
PC 5.61 52-56° 6.0°
EMC 5.55 6.2 -67°
DEC 5.46 -
DMC 5.62 5.8 —6.79
DOL 4.17 -
THF 4.35 <4
DME 4.11 4.6°
Vinylene carbonate (VC) 4.06 -
Catachol carbonate (CC) 4.23 -
a: Glassy carbon as working electrode and 1.0M Et;MeN*PFs in solvent [20].
b: Glassy carbon or Pt as working electrode and LiClO, as salt.

¢: Glassy carbon as working electrode and 1.0M Et;MeN*PFg in PC/EMC mixture (lower
value) and EC/EMC mixture (higher value) [20].

d: Glassy carbon as working electrode and 1.0M Et;MeN*PFg in PC/EMC mixture (lower
value) and EC/EMC mixture (higher value) [20].

e: Pt microelectrode and neat solvents without electrolyte.

2.4 Reduction Potentials of Solvents

Electrochemical reduction of electrolytes is related to the formation of SEI
on the surface of an anode electrode. Therefore, this topic is described in
Chapter 1, entitled "The Role of the Solid Electrolyte Interface in Lithium-Ion
Batteries." However, I would like to introduce one interesting study here. In
further studies, Zhang et al. [22] investigated the reduction potentials of five
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organic carbonates—EC, PC, DEC, DMC, and vinylene carbonate (VC)—by
cyclic voltammetry using inert (Au or glassy carbon) electrodes in THF/LiClO,
supporting electrolyte. PC reduction was observed to have a significant kinetic
hindrance. The measured reduction potentials for EC, DEC, and PC were
consistent with thermodynamic values calculated using density functional
theory (DFT) assuming one-electron reduction to the radical anion (Table 5).
The experimental values for VC and DMC were, however, much more positive
than the calculated values, which was attributed the inconsistency to different
reaction pathways [22].

Table 5. Comparison of calculated and experimental potential values of solvent reduction.
From reference 22.

Solvent Potential Values for Solvent Reduction (V vs Li/Li*)
Calculated Experimental
EC 1.46 1.36
| DEC 1.33 B 132 B
PC 1.24 ~ 1.00-160
DMC 0.86 1.32
ve 0.25 1.40

2.5 Conductivity

In a very precise study, Brouillette, et al. examined the effects of an
electrolyte’s viscosity and density on its specific conductivity [23]. They
proposed a simple model for conductivity. Moumouzias et al., measured
viscosity and relative permittivities of PC/DEC [24]. They also reported
specific conductance of LiBF,/PC/DEC.

Li and '°F diffusion coefficients of EC/EMC solvent electrolytes with
LiPFg, LiN(C,F;SO,) ,, or LiBF, were measured using NMR by Capiglia et al.
[25]. The diffusion coefficients of '°F are always higher than those of ’Li.
They considered the Li* ion solvation to be the reason for this. The cationic
transport number of 1M LiPFg, LiN(C,F;S0,),. or LiBF,/EC/EMC (2:8 in vol.)
was 0.43, 048, or 0.47, respectively.

Geoffioy et al. [26] examined the dependence of viscosity and conductivity
on temperature and solvent composition for solutions of LiPF6 and LiClO4 in
EC/diglyme (DG). The goal was to identify the organic electrolyte system with
the highest conductivity possible at room temperature. A maximum
conductivity of EC/DG (50:50) was obtained around 1.1 M for both salts (10
mS/cm for LiClO, and 9.5 mS/cm for LiPFg at 25°C). A flat maximum of
conductivity at about 50% (v/v) in EC was observed when the composition of
the mixed solvent was varied. DSC results showed that this electrolyte system
is a potential candidate for Li cells working at ambient or higher tempera-
tures, as it is safe and stable to at least 200°C.
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Hayashi et al. [4, 27] also measured the specific conductivity of PC-
mixed or EC-mixed solvent electrolyte (1:1 in volume) from -20°C to 60°C.
The results at 20°C are shown in Table 6. In general, the order of
increasing conductivity was for DME>DEE=DMC>DEC.

Table 6. Specific conductivity of each electrolyte at 20°C. From References 4, 27.

Specific Conductivity (20°C) / mS cm!
Co-solvent PC mixed solvent electrolyte EC mixed solvent electrolyte
1M LiClO4 1M LiPFg 1M LiCIO4 1M LiPFg
DME 12 14 14 15
DEE 2.5 9.5 8.5 10
DMC 6.5 10 8 10
DEC 4 7 6 7

Ding et al. [28] measured the conductivity of LiPF¢/EC/EMC at different
salt contents (0.4-1.8 mole-kg"), solvent compositions (0.23 to 0.54 mole
fraction of EC), and temperatures (-40 to 60°C) in the ranges of their practical
values. They fit these data to a fourth degree trivariate polynomial
(conductivity, salt concentration, mole fraction of EC, and temperature), and
obtained a close fit.

The improvement of the low-temperature performance of Li ion cells is an
important target for their use in cold countries and in space applications.
Smart et al. [29] found that 1M LiPF//EG/DMC/DEC(1:1:1) performs well at
low temperature (-20°C). [Editor’s note: see chapter # Temperature Effects
on Li-Ion Cell Performance for an extensive discussion on low temperature
performance and electrolytes for improved low-temperature performance. ]

2.6 Electrolyte Structure

Knowledge of the structure of electrolyte solutions is paramount to an
understanding of the reactivity of electrolytes with cell components and
the key to designing new electrolytes.

Doucey et al. [30] studied the structure of LiAsFg/DMC using infrared
and Raman spectroscopies. By splitting bands, they found that a
dissociation of the lithium salt into its ionic species, Li* and AsFg, occurs
in PC solution. In DMC solutions, there are contact ion pairs, free anions,
solvated ion pairs, and polymeric ion pairs.

Li et al. [31] undertook a theoretical study of LiClO, in EC, PC, and
EC/PC. Ab initio calculations have been used to study pair interactions
between lithium ion and ClO,, LiClO,., and polar aprotic solvents: EC, PC,
and EC/PC. Little molecular association is detected in pure EC solutions. In
EC/PC mixtures, it is found that the radius of the complex ion solvent is
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smaller for the EC/PC mixture than in the case of pure PC, leading to
higher ionic conductivities. Solvent-separated species are present in dilute
(ca. 0.15M) solutions, whereas ion pairs and solvent-separated complexes
are found in concentrated (ca. 0.8M) solutions.

Hayashi et al. [32] investigated the influence of the solvation state of
lithium cations on Li/LiPF¢/EC+DME/LiMn, ¢Co,,0, cells. The relation they
found was that, as the amount of non-solvated DME increases in the
electrolyte, the cell cycle life becomes shorter. They supposed that non-
solvated DME damages the protective film on the lithium anode.

2.7 Reactions of LiPF; Electrolytes With Water

It is believed that electrolytes with LiPFg react with water by the following
mechanism [1]:

LiPF, & LiF{ + PF, (10)
PF, + H,0 - PEO + 2HF (11)

See also Chapter 1, Table 1, by Aurbach.

Heider et al. [33] studied the reaction of LiPF; electrolytes with water. With
the GC-MS method, they detected PF;O and other unknown species. They
performed an acid-base titration to measure HF content, which may contain other
acids besides HF. They compared calculated HF value and measured acid value.
Within the error limit of the detection method, the two values were the same.
Glycol, an impurity in EC, was calculated at 149 ppm, close to the measured
value of 145 ppm. This is a reasonable fit. However, an increase in the amount of
methanol or ethanol in the electrolyte leads to a decrease in the HF level.

Kawamura et al. used EC/DEC, EC/DMC, PC/DEC, and PC/DMC (1:1 in
vol.) in a study of the decomposition of LiPFg electrolytes with water (about
5000 ppm) [34]. The reaction rate was in good agreement with the
empirical relation
~dM20] _ ju20PiLipF,) (12)

dt
where [H,0] is the concentration of water, ¢ is time, k is the rate constant,
{LiPF] is the concentration of LiPFg, and [LiPFg] = [LiPFgl,, - ([H,0],, - [H0)).

The rate constants obtained from this equation by fitting the experiments
are shown in Table 7. The rate constant increased in the order of
EC/DMC<EC/DEC<PC/DMC<PC/DEC. By the addition of 0.1M LiCl to 1M
LiPF/ECG/DEC, the decomposition with water (1%) was inhibited for at least 50
hours [35].
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Table 7. The rate constants of the reactions of LiPFs electrolytes at 10°C and 30°C. From
reference 34.

1M LiPFs 1M LiPFe 1M LiPFs 1M LiPF,
EC/DMC EC/DEC PC/DMC PC/DEC
kat 10°C
[(mole/1)2 hour™!] 0-928 0.090 0.095 0.188
kat 30°C
[(mole/1)? hour™] 0.36 0.53 0.94 1.79

3.0 NEW SOLVENTS

Iinou at al. [36] studied 3-propyl-4-methylsydnone (3-PMSD) as a
new solvent. The energy density for a Li/V,05; (2025) coin-type cell in
LiN(SO,CF,),/3-PMSD/THF (1:9 in mole) was 380 Wh-'kg"’, which was
almost equal to that in LiPFy/EC/DME (1:1 in mole).

Cyclic ethers (Table 8) were studied with LiN(SO,CF;), by Wang et al. [37].
They concluded that THF and THP electrolytes were much more stable than
their alkyl- and alkoxy-derivative electrolytes, since the electron donor perform-
ance of alkyl and alkoxy substitutes destroys the stable electron cloud
structures of five- and six-membered cyclic ethers. This difference in oxidation
stability led to good cycling performances of Li¥LiCoO, coin cells with only
LiN(SO,CF,),/THF and THP electrolytes.

Table 8. The properties of LiIN(SO,CF;),/cydlic ether electrolytes. From reference 37.

Boiling Specific Oxidation
Cyclic Ether Abbreviation | Point Conductivity Voltage
°C mS-cm at 25°C Vv
Tetrahydrofuran THF 65 114 4.7
THF/EC (1:1) 12.6 4.8
2-Methyltetrahydrofuran 2-MeTHF 78 2.5 4.3
2-Methyltetrahydrofuran 3-MeTHF " 4.3
Methyl-tetrahydrofurfuryl ester 2-MMTHF 140 - 4.3
2,5-Dimethoxytetrahydrofuran 2,5 DMTHF 145 0.7
2-Ethoxytetrahydrofuran 2-ETHF 170 - -
Tetrahydropyran THP 88 2.4 4.5
THP/EC (1:1) 7.8 4.6
2-Methyltetrahydropyran 2-MeTHP - - 4.0
3-Methyltetrahydropyran 3-MeTHP 109 - 4.1
2-Methoxytetrahydropyran 2-MTHP 128 - 4.2
7-Oxabicyclo[2.2.1]heptane 7-0BCH 119 = -
7-OBCH/EC (1:1) - 5.1
Hexamethylene oxide HMO 122 -
HMO/EC (1:1) 4.5
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Wang et al. [38] continued to study other two-oxygen-atom-containing
cycloalkane solvents (Table 9). They concluded that, due to the good
oxidation stability of the DOL (dioxolane) solvent, only a slight decline in the
discharge capacity of a Li/LiMn,0, coin cell with 1M LiN(SO,CF;),/EC/DOL
(5:5) electrolyte was observed even after 300 cycles, compared to 4-
MeDOX-based and 2, 4-DMDOX-based mixed solvent electrolytes.

Table 9. The properties of LIN(SO.CF;)./cyclic ether electrolytes. From reference 38.

Two-Oxygen-Containing Boiling Specific | Oxidation
Cycloalkane Abbreviation | Point | Conductivity Voltage
G mS-cm at 25°C vV
1, 3-dioxolane DOL 75 4.0°
2-methyl-1, 3- dioxolane 2-MeDOL 83 4.82
4-methyl-1, 3- dioxolane 4-MeDOL 84° 4.8
2, 2-dimethyl-1, 3- dioxolane 2, 2-DMDOL 93 4.8°
2-ethyl-2-methyl-1,3- dioxolane | 2, 2-EMDOL 116 4.52
1, 3-dioxane DOX 105 6.0 >5.0
4-methyl-1, 3-dioxane 4-MeDOX 114 5.0 4.9
2, 4-dimethyl-1, 3-dioxane 2, 4-DMDOX 118 5.0
1, 3-dioxepane DOXP 119 i 4.2

1M LiN(SO,CF3); /EC+X(5:5), Li/LiMn,04 coin cell
a: 1M LiN(SO,CF3); JEC+X(5:5)

b: 1M LiN(SOzCF3)z /X

¢: 745 mm Hg

2-Methoxyethyl (methyl) carbonate (MOEMC) was investigated by Gu
et al. [39]. The ionic conductance processes occurring in MOEMC and other
asymmetric alkyl methyl carbonate-based solutions obeyed the Vogel-
Tammann-Fulcher (VTF) mechanism. The VTF equation is

o = AT exp[-B/AT-T,)] (13)
where © is the conductivity, A and B are constants, and T, was considered
as the glass-transition temperature. They attributed such behavior in
conductivity to the strong interaction between Li ions and carbonate
solvent molecules. The Li-ion battery electrolyte formulated in MOEMC
and its blend with EC showed a wide voltage window of stability, and both
graphite and LiCoO, were cycled reversibly.

4.0 NONFLAMMABLE TRIMETHYL PHOSPHATE

Trimethyl phosphate (TMP) has widespread industrial uses as a fire
retardant in plastics production, thus TMP-based electrolytes might be
expected to exhibit good performance with no risk of flame. Wang et al.
[40] introduced the mechanism underlying flame retardation as follows:
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TMP solvent, heated by an external heat source, evaporates, reaching the
flame in gaseous form

T™P,,, — TMPm (14)

The gaseous TMP breaks down in the flame to small radical species con-
taining phosphorus.

TMPW — [P]» (15)

These small radical species containing phosphorus scavenge the H® radicals,
which are the main active agent of combustion chain branching reactions.
[Ple + He —» [PJH (16)

Accordingly, the following combustion chain branching reactions are
hindered due to a deficiency of He radicals:

RH —» R« + He 17
He + O, - HO- + H,0 (18)
HO. + H, - H + H,0 (19)
O« + H, -» HO+¢ + H- (20)

However, since TMP decomposes at the anode, it is not suitable for
lithium secondary batteries. In further studies of TMP it was found that the
addition of EC or CO, gas to TMP electrolyte enables some kinds of anodes
to cycle [41]. It was still difficult to cycle graphite anodes. They then
investigated 1M LiPFg¢/TMP/vinylene carbonate (VC) (90:10) and 1M
LiPF/TMP/VC/vinyl benzoate (VB) (80:10:10). The electrolyte of 1M
LiPF/TMP/VC (90:10) showed an improved graphite anode capacity of 280
mAh-g. However, the irreversible capacity was very large (ca. 150 mAh-g™).
Using the electrolyte consisting of 1M LiPFy/TMP/VC/VB (80:10:10), the
irreversible capacity decreased to less than 12% without harming the
cycling capacity. Then they prepared 14500-type cylindrical cells with
0.8M LIN(SO,CF;), + 0.1M LiPFy¢/TMP/VC/VB (84:8:8) electrolyte. In a nail
penetration test, heat generation was quite small, and no flame, smoke, or
explosion was observed. However, heating cells to 150°C generated a good
deal of heat, probably due to the reaction between TMP and the anode.
They found an exothermic DSC peak at around 150°C for this electrolyte
with the anode.

Wang, et al. studied electrolytes of 1M LiPF¢/EG/PC/TMP (50-x/2:50-x/2:x)
[40]. The electrolytes with 15% and 20% TMP were unable to cycle a graphite
anode. When the TMP content was reduced to 10%, the graphite anode was
effectively cycled. The capacity and coulombic efficiency were 268 mAh-g™
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and 84%. Those for the electrolyte without TMP (x=0) were 342 mAh-g” and
88%. At this small (10%) content of TMP, the electrolyte was flammable. The
electrolytes with 15% and 20% of TMP were nonflammable. The authors also
investigated electrolytes consisting of 1M LiPF¢/EC/DEC/TMP (50-x/2:50-
x/2:x). The cycling of the graphite anode was improved using this electrolyte.
The results are summarized in Table 10.

Table 10. Summary of the fundamental properties of 1M LiPF¢//EC/DEC/TMP (50-x/2:50-
x/2:x) electrolytes. From reference 42.

5 .. Freezing Coulomb
Composition ” Conductivity Capacity
EC/DEC/TMP Nonflammability mS-em™ 25°C Pooz:nt mAh-g* Efﬂt‘:;’oencv
0 50/50/0 No 8.3 -23 322 86
20 40/40/20 No 8.5 -15 245 81
25 37.5/37.5/25 .No - - 224 79
30 35/35/30 No - - 115 10

In order to improve the cycling performance of lithium-ion batteries with
TMP-based electrolytes, Wang et al. investigated amorphous carbon (AC) [42].
They found that the reduction decomposition of TMP solvent, which occurred
without limit on a natural graphite anode and concomitantly generated a large
amount of methane and ethylene gas, was considerably suppressed on the AC
anode. They attributed this improvement to the disordered structure of AC,
which hindered the co-intercalation of TMP solvent. Based on their
experiments, they proposed a total reaction formula for TMP reduction
decomposition on a natural graphite electrode:

(CH,0),PO + 2¢” - CH, T + C,H, T + HPO (21)
HPO?" + 2H,0 + 2Li* - 2LiOH{ + H,PO, (22)

As a result, an AC/LiCoO, ion cell with 1M LiPFy/EC/PC/DEC/TMP
(30:30:20:20) nonflammable electrolyte exhibited promising cycling per-
formance (capacity: 200 mAh-g™, 1st cycle coulomb efficiency: 74%).

5.0 FLUORINATED SOLVENTS AND OTHER
HALOGENATED SOLVENTS

R. McMillan et al. [43] studied 4-chloro-1,3-dioxolan-2-one (chloro-EC)
and 4-fluoro-1,3-dioxolan-2-one (fluoro-EC) to improve the cycling
performance of a graphite anode. Chloro-EC mixed solvent electrolyte
showed a low current efficiency of ca. 90%. However, fluoro-EC mixed
solvent electrolyte showed a high current efficiency of ca. 99.5%.

The solvation states of chloro-EC and 4-trifluoromethyl-1, 3-dioxolan-
2-one (CF,-EC) were investigated using BC NMR [44]. The solvation to
lithium ions by chloro-EC and CF;-EC was weaker than that by PC due to
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the effect of substituted electron attracting halogenated groups. In the
system using a CF3-EC 100% solution, the interface impedance between an
amorphous carbon anode and the electrolyte was very high. This was
attributed to the properties of the surface film on the carbon anode, which
contains a trifluoromethyl group.

The decomposition of chloro-EC on a graphite electrode (formation of SEI)
was investigated using two in situ techniques: subtractively normalized
interfacial Fourier transform infrared spectroscopy (SNIFTIRS) and differential
electrochemical mass spectrometry (DEMS) [45]. The applied analytical
methods provided conforming information about the onset of CO, formation
(2.2-2.1 Vs. Li/Li*). Hydrogen is evolved below ca. 0.6 V Li/Li*.

Naji et al. [46] investigated new halogenated additives such as o~

bromo-y-butyrolactone, methyl chloroformate, etc., to PC-based electro-
lytes to improve cycling performance.

N, N-dimethy] trifluoroacetamide was investigated as a co-solvent of PC
by Moller et al. [47]. The electrolyte of 1M Li{(CF;SO,),N//PC/N, A~-dimethyl
trifluoroacetamide (90:10, by volume) showed a good performance at a
graphite anode (Ist cycle efficiency: 87.1%, 2nd cycle efficiency: 98.6, Ist
cycle discharge capacity: 3563.7 mAh-g™).

Direct fluorination of y-butyrolactone (y-BL) was investigated by Sasaki
et al. [48]. a-fluoro-y-butyrolactone (a-F-y-BL), {3-fluoro-y-butyrolactone
(B-F-y-BL), and fy-fluoro-y-butyrolactone (y-F-y-BL) were synthesized by
this method. The electrolyte of 1M LiPF¢/a-F-y-BL/B-F-y-BL/y-F-y-BL (1:4:5)
and 1M LiPFy/a-F-y-BL/B-F-y-BL (3:7) showed a better Li electrode cycling
efficiency than 1M LiPFg/y-BL electrolyte [49].

The electrochemical behavior of a graphite electrode in a 1M
LiClO/EC/DEC/fluoroester solution at low temperature was investigated to
evaluate the effect of the addition of fluoroesters [50]. Each fluoroester
(2.5 ml) shown in Table 11 was dissolved in 50 ml of 1M LiCl10,/EC/DEC
(1:1) to prepare the electrolyte. Those authors then evaluated the
electrochemical behavior of graphite electrode by cyclic voltammetry at
0°C. The peak intensities in the first reduction currents were larger in the

order of 1>2>3~4>5>EC/DEC. The CHF,COOCH;-mixed EC/DEC

provided larger capacities than EC/DEC itself and other fluoroester-mixed
solvents at 0°C and -4°C. They attributed this to the low molecular weight
and small number of fluorine atoms of CHF,COOCH;; these characteristics
would offer several advantages, including lower reduction potential as well
as higher chemical interaction and miscibility with lithium salt and
EC/DEC than other fluoroesters.
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Table 11. Electrochemical behavior of 1M LiClO,//EC/DEC/fluoroester. From reference 50.

169

No. Fluoroester The 1st Capacity at the Coulombic efficiency at
reduction 6th cycle the 1st cycle (%)
peak (mAh/g)
potential () = at the 6th cycle
at 0°C
(V vs. Li/Li*) 25°C 0°C 25°C 0°C
1 CHF,COOCH; 0.87 355 330 63.5 (95.8) | 73.7 (98.5)
2 CF3CF,COOCH; 1.06 300 70 64.7 (95.4) | 58.9 (92.3)
3 (CF3);CHCOOCH; 1.41 310 40 55.5(95.9) | 19.3(91.8)
4 F(CF,):COOCH; 1.09 342 70 63.4 (96.7) | 50.4 (95.0)
5 | H(CF;)«COOCH,CH; 1.10 333 100 69.9 (96.2) | 66.1 (95.7)
None 0.60 358 75 81.9 (98.4) | 72.5(96.1)

Next, Nakajima et al. [51] investigated the effects of the addition of
fluoroethers to 1M LiClO/EC/DEC. The electrolyte solution was prepared
by adding 5 ml of a fluoroether to 50 ml of IM LiClIO/EC/DEC (1:1 in

volume). The results are summarized in Table 12.

Table 12. Electrochemical behavior of 1M LiClO,//EC/DEC/fluoroether. From Reference 50.

No. Fluoroether The 1st Capacity at the | Coulombic efficiency at
reduction 20th cycle the 1st cycle (%)
peak (mAh/g)
potential ( ): at the 6th cycle*
at 0°C
(V V5. LI,I"LI+) 25°C 0°C 25°C 0°C
a CF5CF,CH,0CH; 0.59 357 283 61.0 (94) 69.7
b (CF5) 2CHCF,0CH; 0.67 347 285 52.2 (92) 70.0
C HCF,CF,CH,0CHF; 0.57 352 247 70.1 (94) 81.2
d | CF3CHFCF,0CH;CH; 0.81 347 311 53.9 (86) 81.1
e CHCIFCF;0CH,CF; 0.66 361 292 76.6 (96) 78.9
None 0.60 364 271 84.9 (99) 79.8

*Coulombic efficiency at the 6th cycle at 0°C is 96% to 98%.

In Yamaki et al. [52], we investigated the thermal stability of fluori-
nated esters. In that study, we used partially fluorinated carboxylic acid
esters (Table 13) as the electrolyte solvent and LiPFg as the salt. LiPFg salt
was dissolved in esters 1" (MFA: methyl difluoroacetate) and 2” (EFA: ethyl
difluoroacetate) to a salt concentration of 1 molar. In the other fluorinated
esters, however, LiPFg salt could be dissolved to a salt concentration of less
than 0.2 molar. Therefore, we used the solutions of 1 and 2~ fluorinated
esters with 0.2 M of LiPFg, and the other fluorinated esters were saturated
with LiPFs. For the sake of comparison, we prepared the solutions of
corresponding esters with 0.2 M of LiPFs;. We also performed similar
measurements employing the conventional electrolyte solution used in
lithium batteries, 1M LiPFg/ EC+DMC 1:1 in volume.
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Table 13. Solvents used in the studies in Reference 52.

Non-fluorinated Solvent Fluorinated Solvent
:::g’; Solvent :::';ﬁ Solvent

1 CH;COOCH; (MA) 1 CHF,COOCH; (MFA)

2 CH3;COOCH,CH; (EA) 2 CHF;COOCH,CH; (EFA)

3 CH3CH,COOCH; 3 CF3CF,COOCH;

4 CH3CH,COO CH;CH; 4 CF3CF,CO0 CH,CH3

5 H(CH3),CCOOCH3 5 F(CF3),CCOOCH;

6 H(CH,);COOCH; 6’ F(CF,);COOCH;

7 H(CH,);CO0CH,CH, 7 F(CF,);COOCH,CH;

8 H(CH;)4CO0CH,CH; 8’ H(CF;)sCOOCH,CH;

9 H(CH,);COOCH,CH; 9 F(CF;);COOCH;CH3

‘We monitored the thermal stability of fluorinated esters (Table 14) using a
TG-DSC. Eachsample (5 ul for liquid) for TG-DSC measurement was packed in a
stainless steel case, which was then crimp-sealed in an argon-filled glove box. In
some cases, a piece (weighing several milligrams) of lithium metal or a charged
LiCoO, pellet was packed and sealed along with a sample in the stainless steel
case. Confirmation that the case did not leak was obtained from TG data, which
we measured at the same time as the DSC measurement. A LiCoO, pellet was
prepared by mixing LiCoO,, acetylene black, and a polytetrafluoroethylene binder,
packed in a coin cell with lithium metal anode and 1M LiPFy/EC+DMC
electrolyte, and then charged to LiysCoO; in a constant-current mode.

Table 14. Initial exothermic peak temperatures from thermogravimentric analyses of solvents in
Tabie 13. From reference 52.

Non-fluorinated Solvent Fluorinated Solvent
Initial Peak Temperature (°C)

‘E ’g Initial Peak Temperature (°C)
> >

3 Hocroe SO SO 3 cecraee S5O S
1 280 220 230 1’ 290 290 310
2 210 110 240 2' 210 180 210
3 260 90 200 3! 280 330 210
4 210 90 200 4 250 180 240
5 250 70 250 5 270 290 180
6 260 90 170 6’ 260 300 230
7 210 90 180 7' 260 170 220
8 240 120 170 8 250 300 230
9 250 120 170 9’ 230 160 220

It seems that the thermal stability of the LiPFg/fluorinated esters was
similar to those of the LiPFg/corresponding esters except for esters 3, 4, 5,
and 7 (Table 14). It should be noted that the fluorinated esters contained
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smaller amounts of LiPFg than the corresponding esters, except for 1 and
2. In LiPFg electrolytes, ionic dissociation is not high, and associated LiPFg
is in equilibrium with LiF and PFs. PF; is a strong Lewis acid, which reacts
with a small amount of water in electrolytes following the reaction PFy+
H,0 — PF,0+2HF. Assuming an analogy with this reaction, organic
solvents may have reacted with PFs at a high temperature.

Many of the fluorinated ester systems coexisting with Li metal provide an
exothermic peak temperature higher than the melting point of lithium metal,
while the corresponding ester systems generate an exothermic reduction
below the melting point of lithium metal (Table 14). This indicates that non-
fluorinated esters may react with lithium metal at low temperature because of
their enol form, and that fluorinated esters may help to produce a thick and
effective protection layer (SEI) on Li metal to prevent further reduction of
LiPF; solution even above the melting point of lithium metal.

The cycling efficiency of the lithium metal electrode was estimated by a
cycle test using a coin cell. The cycling efficiency of the lithium metal electrode
with 1M LiPFs / MA, MFA, EA, or EFA is 30%, 84%, 0%, or 50%, respectively.

The positions of the exothermic peaks of the LiPFg/ various fluorinated
esters and corresponding esters / Li,;Co0, systems are also summarized in
Table 14. With the exception of esters 2° and 57, all fluorinated esters
tended to inhibit the reaction with Li,sCoQ,.

The cycling performance of Li/LiCoO, cells with 1M LiPFg; / MA, MFA,
EA, or EFA was investigated. The MFA and EFA electrolytes showed very
good performances. However, the cell with the MA or EA electrolyte could
not be cycled because of the low oxidation potentials of the solvents.

Unfortunately, many fluorinated carboxylic acid esters did not dissolve 0.2
M LiPF,, and we used saturated solutions for the experiments. However, ca. 1
M LiPFYECG/DMC/ fluorinated carboxylic acid esters (1:1:2 in vol.) can be
prepared for all the fluorinated carboxylic acid esters listed in Table 13. Using
the mixed solvent electrolyte, we investigated the thermal stability of the
electrolyte system coexisting with Li metal [53]. The results are shown in Table
15. The onset temperature became higher by the addition of CHF,COOCH,. The
addition of CHF,COOCH;, CF;CF,COOCH,CHj,, or F(CF,),COOCH; decreased the
exothermic energy. These results indicate that CHF,COOCH; was the most
effective additive in this study.

A precise thermal study was undertaken [53] for 1M LiPFg-CHF,COOCH,
and 1M LiPF/EC+DMC or PC, (ca. IM LiPF4-CHF,COOCHEC/DMC (x:50-
x/2:50-x/2) and ca. 1M LiPF¢/CHF,CO-OCH,-PC (x:100-x)) changing the
mixing ratio with the coexistence of lithium metal. The survived lithium metal
content was estimated using DSC by the endothermic vs. exothermic heat
ratio at lithium melting and freezing from 300 °C. The electrolyte volume for
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DSC is 5 ul, the lithium weight is 1.3 mg, the heating rate is 5°C/min., and the
temperature range is from room temperature to 300°C. As the volume ratio of
CHF,COOQCH, increased from 0% to 100%, the amount of survived lithium
metal increased from 0% to 95%.

Table 15. Onset temperatures of ca. 1 M LiPFe/EC/DMC/fluorinated carboxylic
acid esters (1:1:2 in vol.) with the coexistence of lithium metal, and the
exothermic energy of electrolytes from 180 to 220°C. From reference 53.

Fluorinsted Solvent Onset Temperature Exothermic Energy

(°C) (3/9)
No addition (1 M EC+DMC) 180 2900
CHF,COOCH; 210 700
CHF,COOCH;CH; 175 > 3500
CF;CF,COOCH; 168 2100
CF5CF,COOCH;CH; 172 > 3500
F(CF5),CCOOCH; 173 3400
F(CF;)sCOOCH3 167 1900
F(CF;);COOCH,CH; 169 3000
F(CF;)4COOCH;CH; 168 3000

The Li cycling efficiencies of 1M LiPFy/EC/DMC, 1M LiPFy/CH-F,CO-
OCH;-mixed EC+DMC (50 w.%), IM LiPF¢/PC, 1M LiPFg /CHF,COOCH;-
mixed PC (50w.%), and 1M LiPF¢ /CHF,COOCH, were 70%, 75%, 71%,
71%, and 85%, respectively. These results indicate that the single solvent
electrolyte of CHF,COOCH, showed the highest cycling efficiency and that
the addition of CHF,COOCH; to EC+DMC can improve cycling efficiency.
However, the addition to PC cannot improve cycling efficiency.

The conductivities of 1M LiPFy/EC/DMC, 1M LiPF,/CHF,COOCH,-mixed
EC+DMC, IM LiPFyPC, IM LiPF¢/CHF,COOCH;-mixed PC, and 1M
LiPFg/CHF,COOQCH, were 12 mS/cm, 14 mS/cm, 7 mS/cm, 13 mS/cm, and
12 mS/cm, respectively. The conductivity increased by the addition of
CHF,COOCH; to EC+DMC (50 w.%) or PC (50 w.%). We attributed these
results to the lower viscosity of CHF,COOCH; as compared to the viscosity
of EC+DMC or PC.

6.0 ELECTROLYTE ADDITIVES

The effects of organic additives (2-methylfuran, 2-methyltetrahydrofuran,
2-methylthiophene, or polyethylene oxide (PEO)) in IM LiPF¢/EG/DMC or 1M
LiPFYEC/DEC were investigated on lithium electrodes [54]. Each of the
additives decreased the interfacial resistance between the negative electrode
and the electrolyte solution. Among the three additives, PEO was excellent.

Since PEO showed excellent properties, Matsuda et al. [55] then
investigated additional properties of polymer materials, polyvinylpyr-
rolidone (PVP), polyacrylonitrile, or PEO in the electrolyte solutions, EC/PC
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(1:1 invol.)//0.25M LiBF, or Li(CF;SO;),N. In the electrolyte solutions
containing PVP, the charge-discharge current efficiency of lithium on the
Ni electrode was the highest, and the interface resistance between a
lithium metal electrode and the electrolyte solution was small during the
charge-discharge cycle.

Wrodnigg et al. [56] proposed a new electrolyte with advantageous
low-temperature performance. [Editor’s note: See Chapter 11, by Salomon,
et al., for a comprehensive treatment of low temperature performance and
electrolytes.] This electrolyte contained ethylene sulfite (ES) and PC. They
studied 1M LiCIO/PC/ES (95:5 by volume). At the low temperatures
tested, the PC-based electrolytes showed better performance than the EC-
based electrolytes. The problem was that PC-based electrolytes could not
cycle at the graphite anode. By adding ES, the PC-based electrolytes
showed a good ability to cycle at a graphite anode because of improved SEI
formation. Those authors also studied Propylene sulfite (PS) [57]. They
extended their study to other sulfur-containing organic compounds, such
as the linear sulfites, dimethylsulfite (DMS) and diethyl sulfite (DES), and
others [58]. Comparing the electrochemical performance of the cyclic
sulfites with that of the linear sulfites, they found that the filming strength
(SEI) decreases in the order: ES>PS>>DMS>DES. The linear sulfites
DMS and DES are not suitable as electrolyte additives in PC-based
electrolytes. What about the use of DMS and DES as electrolyte additives
in EC-based electrolytes? Judging from the constant current
charge/discharge cycling data, DMS and DES together form an inferior
electrolyte co-solvent for EC, compared with the co-solvent formed by
DMC and DEC. However, electrolyte mixtures of DMS or DES with EC
exhibit much better electrolyte conductivities [59].

7.0 OVERCHARGE PROTECTION BY
REDOX SHUTTLE ADDITIVES

As research on the Li ion cell proceeds and the cell’s capacity
increases, safety problems due to abuses such as overcharging become a
greater concern. In addition to control by the charger, other safety
mechanisms presently used are a control integrated circuit, a pressure-
activated current breaker, and a positive temperature coefficient (PTC)
device. There have been several reports on chemical prevention of
overcharging [60-62]. The redox shuttle additives are oxidized on cathodes
at potentials slightly higher than the potential at full charge. The oxidized
additives move to anode and are reduced to their original forms. Some
derivatives of ferrocene have been studied [60-62]. The overcharge
protection potentials by the ferrocene derivatives are from 3 to 3.5 V,
which is too low for the application to Li ion cells.
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Recently, dihydrophenazine derivatives (N,N'-bis-(2-hydroxypropyl) dihy-
drophenazine, and N,N'-diethyldihydrophenazine) have been studied as redox
shuttle additives by Tran-Van et al. [63]. N,N'-bis-(2-hydroxypropyl) dihydro-
phenazine in 1M LiClO4/PC/DME (1:1) showed a short first plateau at around
3 V followed by a much longer one at 3.8 V. However, N,N'-diethyldihydro-
phenazine did not work as a redox shuttle additive.

Adachi et al. [64] studied metal complexes of Fe, Ru, Ir, or Ce with ligands
of phenanthroline or bipyridine. These complexes showed redox potentials at
around 4 V. However, they did not work well in preventing overcharging,
probably due to their low solubility and mobility. Those authors also studied
aromatic compounds with two methoxy groups and a halogen compound
directly substituted on the benzene. These compounds were stable up to
about 4 V (vs. Li/Li*), and oxidized above this potential. These compounds
provided redox shuttle overcharge protection when added to the electrolyte of
a Li/LiCoO, coin-type cell with IM LiPFy/PC/DMC. 4-bromo-l, 2-dimeth-
oxybenzene showed the best performance (Table 16), and also showed no
problem with a nongraphitizable carbon anode.

Table 16. Shuttle voltage of Li/LiCoO; coin-type cells with benzene derivatives.
Reprinted from reference 64 with permission of The ElectroChemical Sodety,

Inc.
Shuttle | Discharge| Calculated
Benzene Derivative Voltage | Capacity | Capacity
V) (mAh/g) (mAh/g)
4-bromo-1, 2-dimethoxybenzene | 4.27 146 147
4-fluoro-1, 2-dimethoxybenzene 3.93 92 -
2-bromo-1, 4-dimethoxybenzene | 4.17 126 131
2-fluoro-1, 4-dimethoxybenzene 4.04 92 106

8.0 THERMAL STABILITY

Recently, the study of the utilization of the high-performance Li-ion cells
as power sources of electric vehicles (EV) and other applications requiring
large cells has been undertaken by a number corporations and laboratories.
Spotnitz discusses issues pertaining to the scale-up of lithium-ion cells and
batteries in Chapter 14. However large-sized Li-ion cells have not been
commercially realized as their performance and safety are still being
characterized and improvements are engineered. Organic compounds are
used as electrolytes of Li-ion cells, and these compounds decompose at
elevated temperatures with heat generation. Therefore the generation of
heat by chemical decomposition and the chemical reactions in the cells are
an important factor in to be considered. In the past 10 years, the thermal
stability or the thermal behavior of Li-ion cells has been investigated
energetically using DSC or Accelerating Rate Calorimetry (ARC).
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8.1 Thermal Stability of Cells

Biensan et al. examined the thermal behavior of materials in lithium-
ion cells using DSC (Table 17). They concluded that non-active materials,
like binders, should also be optimized if one wants to improve the thermal
stability of the electrochemistry.

Table 17. Thermal behavior of materials in Li ion cells. Reprinted from reference 65 with
permission of Elsevier Science.

Temperature Reaction Energy Comment
Range (/9)
(°Q)
110-150 Li.Cs + electrolyte 350 Rupture of passivation layer
130-180 Fusion separator P. E. -190 Endothermic
130-220 Solvents + LiPFg 250 Low energy
160-190 Fusion separator P. P -90 Endothermic
Decomposition of Lig.1Mn,04 Oxygen emission
130300 pfsélectrolyte b ?fca. 300°C
Decomposition of Lig sNiO, Oxygen emission peak
180-500 2 et e e . 200°C
220-500 Decomposition of Lig.4sCo02 450 Oxygen emission peak
+ Electrolyte T= ca. 230°C
240-350 LixCe + PVdF binder (rinsed) 1500 Violent-propagation
660 Fusion of aluminum -395 Endothermic

Electrolyte: 1M LiPFe/PC/EC/DMC (1:1:3)

8.2 Thermal Stability of Electrolytes

Botte et al. studied the thermal stability of LiPF/EC/EMC electrolyte using
DSC by. [66]. In their work, hermetically sealed and crimped DSC pans (in a
dry room) were used during the experiments. 1M LiPF4/EC electrolyte showed
an exothermic reaction from 250 to 300 °C, and the reaction temperature fell
as the concentration of LiPFs decreased. 1M LiPFy/EMC electrolyte showed an
endothermic peak from 220 to 280 °C and a very small exothermic peak. They
concluded that the endothermic peak could be related to the decomposition of
the salt or cracking of the EMC.

The thermal stability of LiPFg/carbonate electrolyte was studied by
Kawamura et al. [67]. Figure 3 shows the DSC curves of 1M LiPFg/EC-DEC
(1:1 in vol.), 1M LiPFg¢/EC/DMC (1:1 in vol.), 1M LiPF¢/PC/DEC (1:1 in vol.),
and 1M LiPF/PC/DMC (1:1 in vol.). Exothermic peaks between 230 and
280°C were observed for the mixed solvents with LiPFs, suggesting that
LiPFg is related to the exothermic decomposition reaction. The peak
temperatures of the electrolytes containing DEC were 15-20°C lower than
those of the electrolytes containing DMC.
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Figure 3. DSC profiles of 1M LiPF¢/EC/DEC (1:1 in vol.), 1M LiPF/EC/DMC (1:1 in vol.), 1M
LiPFs/PC/DEC (1:1 in vol.), and 1M LiPFs/PC/DMC (1:1 in vol.) electrolytes with or without water.
Solid Line: without H,0; Dashed Line: With H,O. From Reference 67.

LiPF,, which is not dissociated in electrolytes, produces a strong Lewis acid,
PF;. PF; attacks the electron lone pair of oxygen in water and decomposes [68].
Byanalogy, PF; may attack the electron lone pair of oxygen in solvent and then
decompose. Indeed, Sloop et al. [69] showed experimentally that the reaction
products of PF; and EC/DMC are the same as the thermal decomposition
products of LiPFy/EC/DMC electrolyte. Mori et al. [70] identified the thermal
decomposition products of LiPFy/Diisopropyl carbonate as (CH;),CHF,
CH,CH=CH,, (CH,),CHOH, CO,, and (CH,),CHO(CHCH,),.

DSC curves of the LiPFy electrolytes with water are also shown in
Figure 3. Smaller exothermic peaks were obtained for the electrolytes with
added water than for those without water. The reason for the reductions in
these peaks was the decrease in LiPFg caused by the reaction between
LiPFg and H,0. Table 18 shows the calorific value of electrolytes and that
of electrolytes with water (about 10000 ppm). The heat-generation curves
have a tendency to shift to lower temperature with the addition of water, a
tendency that is probably caused by the solvents” reaction with HF (that is,
the reaction product of LiPFg and water).

The thermal stability of 1M LiClO, electrolytes with or without water
(approximately 10000 ppm) was investigated by Kawamura et al. [67].
The peak temperature of electrolytes containing DEC was 10°C lower than
that of electrolytes containing DMC. This result is similar to that for
electrolytes containing LiPFg. The reason why there is no great difference
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in the DSC curves between only electrolytes and electrolytes plus water is
that LiC10, does not react with H,0. Table 19 shows the calorific values of
electrolytes containing LiClO, with or without water (approximately 10000
ppm). The heat value of electrolytes containing DEC was larger than that
of electrolytes containing DMC. The heat value of LiClO, electrolytes was
two or three times that of the LiPFg electrolytes.

Table 18. Calorific values of 1M LiPFy/EC/DEC (1:1), 1M LiPR/EC/DMC (1:1), 1M
LiPFs/PC/DEC (1:1), and 1M LiPFg/PC/DMC (1:1) with/without water. From reference 67.

Calorific Value (J/g)
LiPFs/EC/DEC | LiPFs/EC/DMC | LiPFs/PC/DEC | LiPFg/PC/DMC
without water 500 370 530 380
with water 200 230 270 230

Table 19. Calorific values of 1M LICOJ/EC+DEC (1:1), 1M LCIOJ/EC+DMC (1:1), 1M
LiC04/PC+DEC (1:1), and 1M LiCI04/PC+DMC (1:1) with/without water. From reference 67.

Calorific Value (J/g)
LiClO+/EC/DEC | LiCIO4/EC/DMC | LiCIO4/PC/DEC | LiClO4/PC/DMC
without water 1040 820 1250 940
with water 950 830 1030 760

8.3 Thermal Stability of Electrolytes With

Carbon Anode

The thermal stability of carbon anodes in an electrolyte is controlled by
a solid electrolyte interphase (SEI) formed on the lithiated carbon anode.
Edstrom et al. [71, 72] reported that thermal breakdown of the SEI when
using LiBF, electrolytes starts at 58°C (Graphite, LiBF,-EC+DMC), while
Richard et al [73] considered from their experiments that the use of LiPFg
shifts the breakdown temperature to 102°C. However, Zhang et al. [74]
suggested that the exothermic reaction (MCMB, LiPF¢/EC+DMC) at around
130°C is related to the surface passivation of the lithiated carbon materials
(not thermal breakdown of the SEI). Von Sacken et al. [75] also proposed a
reaction model based on a simple heterogeneous reaction between the
electrolyte solvent and the lithiated carbon, where the reaction produces a
passivating film on the carbon surface. Richard et al. [73] reported that the
initial form of self-heating rate profile at around 100°C (MCMB,
LiPFs/EC+DEC) was a result of the conversion of metastable solid
electrolyte interphase (SEI) components to stable SEI components. The
question thus arises as to what is the real reason for the exothermic
reaction at around 100°C.
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We investigated the thermal stability of LiPFyECG/DMC (1:1 in vol.)
electrolyte with a lithiated graphite anode in detail [76]. Figure 4 shows the
cycling profile of a graphite anode with a lithium foil as a counter electrode.
Figure 4(a) presents the profile of a typical graphite anode containing a PVdF-
binder. Figure 4(b) shows the profile of a graphite anode without a PVdF-
binder; the anode was made using an oil hydraulic press. The third discharge
capacity of those samples was nearly 300 mAh-g™.. Thus, the lithiated PVdF-free
anode was used for DSC measurement.

Figure 5 shows DSC curves of (a) the fully lithiated graphite with the
electrolyte and PVdF (the usual graphite anode), (b) the fully lithiated graphite
with the electrolyte (the anode made using an oil hydraulic press), (c) the fully
delithiated graphite with the electrolyte and PVdF (the usual graphite anode),
(d) the fully lithiated graphite with PVdF (the usual graphite anode) with a
washing/vacuum-drying procedure, and (e) the electrolyte. The washing/vac-
uum-diying procedure for sample (d) was performed to remove the
electrolyte. The precise process is to wash the anode with EC+DMC (1:1 v/v)
solvent several times, followed by vacuum drying at 60°C for 3 hr. The heat
flow shown is based on the total weight of the sample. Sample (a) shows a
mild heat generation starting from 130°C, with a small peak at 140°C. The
mild heat generation continued until a sharp exothermic peak appeared at
280°C. The lithiated graphite with the PVdF-binder-free electrolyte (sample
(b) did not show the small peak at 140°C. Samples (c) and (d) also did not
show small peaks at 140°C. Therefore, three components—the PVdF binder,
the lithiated graphite, and the electrolyte—are necessary in order for the
small peak to appear at 140°C. From their experiments using an accelerating
rate calorimeter (ARC), Richard et al. [73] reported that the peak of the self-
heating rate profile vs. temperature at around 100°C (MCMB, LiPF4/EC+ DEC)
was a result of the conversion of metastable SEI components to stable SEI
components. Their experiments were carried out under adiabatic conditions.
We believe that the peak of the self-heating rate profile at around 100°C
corresponds to the small peak at 140°C in our experiments. Therefore, if the
consideration of Richard et al. [73] is correct, the sample (b) should show the
small peak at 140°C. From our experiments, the small peak at 140°C seems to
be caused by the reaction (SEI formation) of the electrolyte and lithiated
graphite, whose surface is covered by the PVdF-binder without SEI formation
at a lower temperature. The PVdF-binder covers a portion of the surface area
of graphite when an anode is fabricated. After charging, graphite particles are
lithiated and SEI is formed on the graphite particle surfaces. However, the
areas of the graphite particles coveredby the PVdF-binder do not form SEI
because the PVdF-binder prevents contact between the lithiated graphite
particles and the electrolyte at room temperature. When the temperature is
higher than that, the protective effect of the PVdF-binder becomes
insufficient. This is probably caused by swelling of the PVdF-binder by the



180 Liquid Electrolytes

electrolyte as the temperature rises. Okamoto et al. [77] reported that the
small peak at 140°C disappears after graphite anode (with PVdF) is aged with
LiPFyEC+DMC+diethyl carbonate (DEC) electrolyte.

8

Heat Flow [mW/ mg]

Temperature [ "C]

Figure 5. DSC curves of a) the fully lithiated graphite with the electrolyte and PVdF (the usual
graphite anode), b) the fully lithiated graphite with the electrolyte (the anode made using an oil
hydraulic press), ¢) the fully delithiated graphite with the electrolyte and PVdF (the usual graphite
anode), d) the fully lithiated graphite with PVdF (the usual graphite anode) with washing/vacuum-
drying procedure, and e) the electrotyte (1M LiPFs /EC/DMC). From reference 76.

DSC measurements were carried out for PVdF and PVdF with Li metal.
PVdF begins to decompose at 400°C. PVdF with Li metal shows an
exothermic reaction from 290°C. Therefore, a peak at 390°C in Figure 5(c)
is the decomposition of PVdF. A peak at 300°C in Figure 5(d) is the
reaction of PVdF with the lithiated graphite.

A mild heat generation continued from 130°C until a sharp exothermic
peak appeared at 280°C for the samples (a) and (b) in Figure 5. As
considered by von Sacken et al. [75], this mild heat generation is caused by
a simple heterogeneous reaction between the electrolyte solvent and the
lithiated carbon, where the reaction produces a passivating film on the
carbon surface. In other words, the mild heat generation comes from the
reaction of lithiated carbon with the electrolyte to form a new SEI. The
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lithiated graphite and electrolyte can react if the electrolyte permeates the
SEI to reach the lithiated graphite surface. Therefore, the samples (c)
(delithiated graphite) and (d) (without the electrolyte) in Figure 5 show
very little heat generation in this region compared with the DSC curves of
the samples (a) and (b). Those low levels of heat generation may be the
result of reactions of components in SEI.

A sharp exothermic peak at 280°C is observed if the lithiated graphite and
electrolyte co-exist as shown in Figure 5. Therefore, the exothermic reaction
is a direct reaction of the lithiated graphite and electrolyte caused by a
breakdown of the SEI. The electrolyte also decomposes at around 280°C.
Hence, the electrolyte decomposition may cause the breakdown of SEL
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1.0 INTRODUCTION

This chapter reviews the use of ionic liquids, also known as molten salts,
in lithium ion and related battery systems. This topic was not included in
previous treatises of lithium-ion technology and its inclusion reflects the
significant advances made in this area in recent years. lonic liquids have
experienced a resurgence of interest as electrolytes for ambient temperature
batteries and capacitors. In large part, this is because new materials have
been found that are less corrosive than AlCly-based electrolytes, which was
the focus of work for many years. Many of these new salts are also hydro-
Iytically stable. Moreover, these new electrolytes contain the lithium or sodium
ions necessary to run lithium or sodium cells. This makes them much more
suitable for practical consumer batteries. Much of the work has been done in
half-cells or with solid metal anodes, but the findings can often be applied to
lithium-ion analogs. Consequently, both metal and carbon-based anodes are
included in this review. In general, we have limited the scope to articles
published since 1990. Readers are referred to the chapters in Mamantov and
Popov’s book for work prior to 1990 [1]. Developments in ionic liquids for
capacitors are reviewed elsewhere in this book.

Much of the literature, both before and after 1990 on ionic liquids for
batteries, is dominated by work by the United States Air Force (Wilkes, Carlin
and Fuller), by Covalent Associates (Carlin and Fuller), and by Koura’s,
Riechel’s, Kohl’s and Osteryoung’s groups. The USAF also sponsored much of
the work by Riechel and Osteryoung. Recent reviews on this topic are in
Mamantov and Popov’s book [1], by Fung in 1998 [2] and Takahashi et al. in
1999 [3]. Carlton and Fuller also presented an overview in 1997 [4]. Note
that Symposia on Molten Salts are periodically sponsored as part of the

Advances in Lithium-Ion Batteries
Edited by W. van Schalkwijk and B. Scrosati, Kluwer Academic/Plenum Publishers, 2002



186 lonic Liquids

semiannual Electrochemistry Society Meetings. Ionic liquids continue to be
studied as electroplating media as well. Several papers also describe iodide-
based ionic liquids as electrolytes for dye-based solar cells, using the I/l
couple [5-8].

2.0 WHY USE IONIC LIQUIDS?

Ionic liquids have unique characteristics that potentially have great
advantages for use in batteries, namely:

Non-fiammability - This has obvious advantages for any cell system.
Studies have shown that while direct application of an external flame can make
the organic salt present in these electrolytes burn, the fire is immediately extin-
guished when the external flame is removed [4]. While technically one might
more accurately call this "self-extinguishing”" or fire retardant rather than non-
flammable, the effect is very dramatic. With the exception of some phosphate
esters [9-16], other phosphorus-containing materials [13,17] and a LiPF¢/poly-
acrylonitrile gelled electrolyte [18,19], we know of no other liquid electrolytes
that have this property. (Note that the use of LiPFg salt is also important in the
flame resistance of these organic electrolytes LiPFg) [13,18,19]. While the
impact of this property on actual cell safety has yet to be demonstrated, it
would seem reasonable to expect that self-extinguishing electrolytes would be
much better at avoiding thermal runaway that can occur in cells and would
offer an extra degree of safety. This property can also act to overcome
variability in mass production of cells. One might be able to reduce the high
cost of electronic circuits required to prevent current lithium-ion cells from
becoming overcharged, although overcharge protection is necessary for main-
taining cell cycle life as well as safety.

Low vapor pressure - This attribute has several important consequences
and is of course a contributing reason for the self-extinguishing nature of the
liquids. Ionic liquids will not evaporate under normal conditions so that cells
do not need to be hermetically sealed to keep the electrolyte in the cell,
although preventing moisture ingress will still require good seals. The low
vapor pressure also makes manufacture of cells safer and less expensive than
when using conventional liquid electrolytes, which usually require engineer-
ing controls and industrial hygiene monitoring to ensure employee safety.

In addition, microbatteries and other small batteries benefit from having a
non-volatile electrolyte. This facilitates filling the cell, especially in the real
world where line stoppages can cause manufacturers to scrap or rework cells
due to loss of solvent during any downtime. More importantly, the low vapor
pressure means that extra electrolyte is not needed just to maintain a wet cell
during storage and that electrolyte permeation through the cell seal and
packaging material is not a problem. In some thin cell designs, the packaging
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materials required to contain organic electrolytes normally used for lithium and
lithium ion batteries constitute a major portion of the cell volume and cost.
Ionic liquids may help lower costs and regain some of the space otherwise lost
to the cell packaging materials.

The low vapor pressure also allows drying ionic liquids under vacuum
[20], sometimes at very high temperatures [21]. Conventional electrolytes are
usually made using solvents dried over molecular sieves and salts that are
either vacuum dried and/or made under strict anhydrous conditions. The
electrolyte is then blended, stored and handled under rigorously controlled
conditions to avoid moisture pick-up. This adds significantly to the cost of
conventional electrolytes. In addition, there is no easy way to recover a batch
of electrolyte if it becomes exposed to moisture in the air. Molecular sieves
cannot be used to dry finished electrolytes because of Na-Li ion exchange that
occurs since lithium and lithium ion cells are very sensitive to sodium
contamination of the electrolyte. Li-based sieves have been used, but these
are not readily available and even small traces of sodium left in such sieves
generally leave unacceptable levels of sodium in the electrolyte. Methods
whereby the electrolyte is refluxed using sieves in a soxhlet-type arrangement
avoid the Na-Li ion exchange, but these are seldom used because of the
possibility of electrolyte degradation at elevated temperatures. For lithium ion
cells in particular, the salts commonly used are hydrolytically unstable and
generate HF on exposure to water. Thus, the industry relies upon strict
quality control to avoid moisture exposure. By contrast, ionic liquids that use
the hydrolytically stable salts described in this review can be dried at any time
and their manufacture is consequently more forgiving and potentially less
expensive.

High thermal stability - Ionic liquids usually have very high thermal
stability. This greatly increases the operating temperature of the system and
allows one to make specialized batteries for high-temperature applications
such as down-hole drilling, engine sensors, etc.

Good electrochemical stability - This is usually evidenced by the wide
electrochemical window that can be achieved with molten salts, especially for
neutral melts. Such wide windows allow one to use very strong reducing and
oxidizing agents as anode and cathode, yielding high cell voltages (if desired)
and high energy density.

Low toxicity - Ionic liquids that do not use AlCl; are normally benign, making
the batteries safer to make and safer for the consumer if the cell is abused.

Materials compatibility - Material issues can be difficult to control and
expensive to overcome. Corrosion problems at both anode and cathode have
been reported in lithium ion cells. With the exception of ionic liquids based on
AICl,;, many of the ionic melts are not aggressive and have excellent stability to
most of the metal and plastic materials manufacturers use to make cells.
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No solvents present - Electrolyte manufacture is simplified in that fewer
components are required. Consumer exposure to organic solvent vapors if the
cell were to fail and/or is abused is eliminated. Indeed, the cell may continue to
work even if the cell casing or seal are compromised, at least for a period of time.

High melting points - This leads to high viscosity and can be a problem in
that low temperature operation may be poor, or even non-existent if the melt
freezes. However, it also offers the prospect of excellent shelf life in thermally
activated reserve batteries, which are of interest for many military purposes.
More importantly, many ionic liquids remain liquid well below the -20°C
requirement for normal consumer batteries. Some have temperature ranges
from -40 to +200°C [4]; 1-n-butyl-3-methylimidazolium tetrafluoroborate
remains liquid down to -82°C [22].

High ion content - As described above, these salts have very good conduc-
tivity despite their high viscosity because they have a very high concentration
of charge carriers. This high concentration also helps overcome concentration
polarization in batteries during high rate discharge, increasing the power that
the cell can deliver. (The high ion content is also a major advantage in capaci-
tors where the charge storage is a function of the charge carrier concentration.)

Rechargeability — Ionic liquids have been used to electroplate a wide
variety of metals: Ag, Al, Au, Bi, Co, Cr, Cu, Fe, Ga, Hg, In, Li, Na, Nb, Ni, Pb,
Pd, Sb, Sn, Ti and Zn [23]. This implies that many of these could function as
anodes in a rechargeable cell.

Thus, ionic liquids have many of the attributes of polymer electrolytes.
Moreover, being liquids they do not suffer from the problem of delamination at
critical interfaces in the battery that can be a major issue with polymer electro-
lytes.

3.0 CHALLENGES AND OVERVIEW OF
MAIN ADVANCES

Despite all the aforementioned advantages, ionic liquids still have hurdles
to overcome before they can be commercialized as battery electrolytes. Much of
the earlier work used mixtures of various organic chloride salts with AlCl;. The
organic chlorides used varied, but much of the work utilized n-butyl pyridinium
chloride (BPC) and I-ethyl-3-methylimidazolium chloride (EMIC). Note that in
the literature the latter is often referred to as methylethylimidazolium chloride
[24]. The structures of these and several other commonly used cations are
shown in Figure 1. EMIC, which has a wider electrochemical window than BPC,
was developed by Wilkes et al. [25]. Subsequently, other cations that are even
more stable than EMI have been developed. However, ionic liquids that use
AlCl, suffer from a number of disadvantages. While aluminum and other metals
have been successfully plated and stripped for a number of years, the problem
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in batteries has always been what cathode to use. In addition, the AlCl; ionic
liquids are corrosive, moisture sensitive and aggressive to other materials,
including many polymers [26]. Moreover, the wide voltage window claimed for
many of the melts really only applied to the neutral state and "... exact neu-
trality is difficult to attain and worse to maintain, since any chemical or electro-
chemical process ... will remove the melt from the neutral composition" [27].

As soon as the composition drifts even slightly away from neutrality
the voltage window shrinks, as shown in Figure 2. When the melt becomes
acidic, Al,Cl,” reduction moves the cathodic limit up by 2V. In basic melts,
Cl™ oxidation moves the anodic limit down by 1.4V. The chemistry involved
with the anodic and cathodic voltage limits is outlined in Figure 3.

A major improvement was made with the recognition that one could add
an alkali metal halide (usually NaCl or LiCl) and effectively buffer acid melts to
give neutral, buffered melts [27-29]. Buffered melts have a very wide electro-
chemical window. They are also stable, since they are insensitive to impurities
or small changes in electrolyte composition during charge and discharge
and/or storage. Moreover, buffering of this type also introduces lithium and
sodium ions into the electrolyte required for a practical primary or secondary
lithium/sodium metal or ion battery. Adding protons or other additives, such
as SOCl,, have greatly improved lithium and sodium cycling. However, such
melts still contain AICl;, which makes cell manufacture expensive. AlCl; may
also be a safety concern for consumer batteries.
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1-Ethyl-3-Methylimidazolium 1,2 Dimethyl-3-Propylimidazolium Pentamethylimidazolium
(EMI) {DMPI1) (PMI)
F. Me
Vs
)
O
N N/ Me N
Bu Me Me
N-Butylpyridinium 1-2-Dimethyl-4-Fluoropyrazolium " 4 :
(BP) (DMFP) 1,4-Dimethyl-1,2,4-Triazolium

Figure 1. Structures for some of the cations more commonly used for room temperature ionic liquids.
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Figure 2. Cyclic voltammetry of unbuffered EMIC/AICI; melts on a tungsten electrode at 20 mV/s.
Curve (a) is for a neutral melt (50:50 EMIC:AICL); curve (b) is for an acidic melt (45:55 EMIC:AICI3);
curve (c) is for a basic melt (53:47 EMIC:AICl;). These show the drastic changes in voltage window
with acidity. (from reference 27, reproduced by permission of The Electrochemical Society, Inc.

Another set of real advances that have opened up the field is that ionic
liquids can be made using less aggressive anions such as BF,”, PF;~ or the
bis(trifluoromethanesulfonyl)imide anion (CF3S80,),N~, which we shall abbre-
viate as TFSI~ [4,20,21,30-59]. (Note that there is some discussion in the
literature as to whether these and similar anions should be called imide or
amide.) Several authors claim that the BF,” or PFg~ salts are stable in air.
While these materials are much less reactive to water than those contain-
ing AlCl,, LiPF; and to a lesser extent LiBF, undergo slow hydrolysis in
moist air. Lacking studies demonstrating long term stability of ionic liquids
containing BF,” or PFg” anions to the moisture in ambient air, such claims
should be viewed only in a relative sense. More importantly, some of the
newer salts use anions such as TFSI™; this renders the ionic liquid
completely hydrolytically stable. These melts are much less aggressive
than those containing AlCl; and are far more desirable from a safety
viewpoint. These ionic liquids can also dissolve the large amounts of
lithium salts required for lithium and sodium cells. Generally, they have
excellent electrochemical windows and thermal stability. They have been
used to study anion resistance to oxidation without the complicating
factors associated with organic solvents [45,60].
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Figure 3. Chemistry controlling the electrochemical windows for EMIC/AICI; ionic liquids. From
reference 28, reproduced by permission of The Electrochemical Society, Inc.

Various workers have studied electrolytes made by blending ionic liquids
with solvents [35,36,43,51,61-63], polymer electrolytes [26,48,50,55,58,64-
68], polymers as electrode binders [21,48,53,69] and ionomers whereby
elements of the ionic liquids are incorporated into the polymer backbone [70-
75]. Such work has opened up new fields for these materials and simultane-
ously blurred the distinctions among ionic liquids, and rubber, glassy, gel,
ionomer and polymer electrolytes. This is exemplified by a complex scheme in a
review by Angell [26]. In this chapter, we have included such materials only
when the salt forms the major component of the electrolyte, such as polymer-
in-a-salt electrolytes or PISE [76,77].

4.0 PHYSICAL PROPERTIES OF ROOM
TEMPERATURE IONIC LIQUIDS

4.1 Melting Properties

As mentioned in the Introduction, the melting properties of the ionic liquids
of interest are crucial for the application to batteries designed to operate in
ambient conditions. Most simple salts have very high melting points, although
eutectics in phase diagrams of salt mixtures are quite common. None of these
eutectics for simple salts is low enough to allow operation or study at room
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temperature. It was only the advent of large organic cations that first allowed
the possibility of liquid phase salts at room temperature and below.

Most of the history of room temperature ionic liquids deals with
chloroaluminate salts. These solutions are formed from reaction of an
organic halide (usually a chloride) with the molecular solid aluminum
chloride (Al,Clg). A discussion of the physicochemical properties of the
various chloroaluminate ions is given in Reference 3. The molecular nature
of aluminum chloride is due to the formation of bridge bonds involving two
chlorine atoms between the aluminum centers. The remaining chlorine
atoms are bonded as pendant groups on the aluminum atoms. In this
arrangement, each aluminum atom is in a tetrahedral environment of
chlorine atoms, which is the most stable configuration. However, when the
aluminum halide is brought into contact with the organic halide, a
spontaneous reaction occurs to form aluminum tetrahalide ions (in the
simplest case) and the organic cation, forming a new salt that has a much
lower melting point. If the organic cation is sufficiently polarizable and has
enough configurations to add substantially to the configuration entropy,
the melting point of this new salt is below room temperature. The reaction
for chlorides can be written simply as:

2MCI+ALCI, - 2M* +2AICI, (1)

If there is insufficient aluminum chloride added to the solution to
complete the reaction of Equation 1, the solution is called chloro-basic or just
basic. If excess aluminum chloride is added, the solution is called chloro-acid
or just acid. If exact stoichiometry prevails (that is no excess chloride ion or
excess aluminum chloride) the solution is called neutral. In the case of adding
excess aluminum chloride, the following reaction occurs:

2AICI; + ALCl, — 2ALCI; (2)

An additional reaction can occur as the solution becomes more acidic
as seen in Equation 3:

2ALCL + ALCl, — 2A1,CL, (3)

The large polarizable anions (AIClL,~, Al,Cl;” and Al,Cl,;”) contribute to
melting point lowering. The composition of a typical solution, calculated
from measured equilibrium constants for Equations 1-3 by Melton et al.
[27], is shown in Figure 4. The formation constant for tetrachloroaluminate
is considerably larger than that for the dialuminate, which is larger than
that for the trialuminate. This accounts for the near 100% of tetrachloro-
aluminate at mole fraction AlCl; of 0.5 and the lower amounts of the other
constituents at higher mole fractions.
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The lowest eutectic points are generally found in the acidic range and the
tetrachloroaluminate may be a congruently or an incongruently melting
compound at higher temperature. Typical phase diagrams of chloroaluminate
solutions for EMIC and AlCly and two other solutions, BPC and trimethylphenyl-
ammoniumchloride (TMPAC)with AlCl,, are given in Figures 5 and 6. Note in
these figures, that the basic solutions, at less than about 35% AlCl,, and acidic
solutions, at greater than about 70% AICl,;, melt above room temperature.
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Figure 4. Calculated mole fractions of anionic spedies in EMIC-AICI; melts at 40°C. Curves (a) CI, (b) AICL,
() ACl, (d) AQle~. From reference 27, reproduced by permission of The Electrochemical Sodiety, Inc.

Therefore, one must be careful in specifying the solution composition in
order to define these as room temperature ionic liquids, especially for the
chloroaluminate melts using aluminum anodes. Here, the acidity changes
drastically in the vicinity of the negative electrode during deposition and
dissolution (charge and discharge). A considerable amount of work has been
done on buffering the chloroaluminate melts in order to assure a neutral
solution. For example addition of NaClto an acidic melt causes the reaction:

NaCl, + ALCI; - Na* +2AICI; (9

Providing excess solid sodium chloride assures that any formation of
chloroacidic species, for example, due to electrode reaction, is quickly neutral-
ized by the sodium chloride, and thus the solution is buffered. The solution is
considered buffered from the acidic side in this case, because the buffer
prevents the formation of excess acid (see Reference 80 for a review of these
concepts). This work and additional studies on the use of other species for
buffering (such as HCI, LiCl and MgCl,) are discussed later, but it is noted here
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that MgCl, buffers the solution from the basic side because of the formation of
MgCl,>~ ion, a reaction that takes up excess chloride ion. The effect of small
additions of these agents does not have much effect on the phase diagram,
although systematic studies of multicomponent phase diagrams are rare.
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Figure 5. Phase diagram for the EMIC-AICl;/molten salt system. From reference 78, reproduced with
permission from Elsevier Science.

An important area of new research is on nonhaloaluminate solutions.
Cooper and Sullivan [30] found that organic cations, such as the N-substituted
imidazolium ions, e.g. l-ethyl-3-methylimidazolium (EMI), formed room tem-
perature ionic liquids with complex anions such as trifluoromethanesulfonate
(triflate or CF;S0;7) or methanesulfonate (mesylate or CH;SO;7). At about the
same time, Wilkes and Zaworotko [20] found that EMI cation also formed room
temperature ionic liquids with the acetate (CH3CO,") ortetrafluoroborate (BF,")
anion. In fact, the melting points of these and similar liquids are difficult to
measure because of the frequent occurrence of supercooling and glass
formation as the temperature is lowered [38]. Cooper and Sullivan measured
the melting points of EMI triflate as -10°C and EMI mesylate as 39°C, while
Wilkes et al. measured the melting point of EMI acetate as -45 °C and EMIBF, as
15°C. These salts tend to be air and water stable. This is in sharp contrast to the
chloroaluminate salts, which easily form hydrolysis products on exposure to
moisture (generally in the form of complex oxychlorides) that have important
effects on the electrochemistry of the melts as well as on the physical
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properties. Many of the nonhaloaluminate salts have substantial solubility for
lithium or sodium salts of the same or different anions. This leads to solutions of
great interest for alkali metal or lithium ion batteries. Since the pioneering work
described above, many salts have been investigated and a number of salts are
now known to have liquidity at room temperature. Table 1 gives the melting

points of several of these salts.

Figure 6. Phase diagram of TMPAC-AICl; (closed circles) and ethyl pyridinium bromide-AlCl; (closed
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triangles). From reference 79, reproduced by permission of The Electrochemical Society, Inc.

Table 1. Physical properties of selected room-temperature ionic liquids.

Salt Melting Point Specific Conductance Viscosity | Reference
(°C) (mS/cm) )
EMI triflate -10 9.29 0.427 30
EMI mesylate 39 1.67 1.60 30
EMIBF, 12 13.8 0.377 38
EMI TFA -14 9.6 (20°C) 0.35 34
TES TFSI -35.5 7.1 0.30 81
EMI HCA -90 13.73 0.160 82
TMPA HCA -75 3.40 0.362 79
TMS HCA cal 5.5 0.393 83
TMP HCA cal 5.0 0.373 84
EMI TFSI 22 3.9 0.44 34
MPP TFSI 12 1.4 0.63 49

Cations: EMI-1-ethyl-3-methylimidazolium, TMS—trimethylsulfonium, TES-triethylsuifonium,
TMP-tetramethylphosphonium, TMPA-trimethylphenylammonium,

MPP-n-methyl,n-propylpyrrolidinium.

Anlons: triflate-trifluoromethanesulfonate, mesylate-methanesulfonate,
TFA-trifluoroacetate, TFSI-bis-(trifluoromethanesulfonyl)imide, HCA-heptachlorodialuminate
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4.2 Conductivity and Viscosity Properties

The chloroaluminates are generally highly conductive and may have quite
low melting points. In addition, the viscosity can be rather lower than that for
other ionic liquids. The salts of other anions often have sufficient conductivity,
comparable to solutions of lithium salts in organic solvents typically used in
lithium and lithium ion batteries. If either the cation or anion is too large,
however, the conductivity drops below a useful level and the viscosity climbs
substantially. Other factors that are important for conductivity are the degree
of resonance stabilization of the ions (as measured by the number of reso-
nance structures and the degree of aromaticity) and the shape of the ions
(spherical is better than linear). Table 1 shows some physical properties of
selected solutions. Many more cations and anions have been combined in
various works, but we regard the selected solutions as promising directions
for lithium battery research. Several workers have indicated that the possible
number of ionic liquids at room temperature is an extremely high number —
even in the millions! It should be noted in the table that EMI HCA has the
highest conductivity, but that most of the others are adequate for lithium
battery work. An exception is EMI mesylate, which is included in order to
illustrate some points. The anion in this case (methylsulfonate) is considered a
hard base and, in organic solvents, readily associates with cations to form ion
pairs. We regard this factor as an important reason for the high melting point
and low conductivity for this near room temperature ionic liquid. Triflate
(trifluoromethanesulfonate), by comparison, is a much softer base due to the
presence of electron withdrawing fluorine atoms on the carbon, which cause a
smearing of the negative charge over the whole anion. The properties of EMI
triflate are consequently much more useful for battery applications. Other
anions of interest are PFg~ and AsFg~ [60] because of their low basicity and
relatively small size. Beti (bis-perfluoroethanesulfonylimide) [45] is larger and
more nearly linear, but its very low basicity is a trade-off, and the anion is
consequently of considerable interest.

The temperature dependence of conductivity and viscosity are quite
important. For systems with porous electrodes, the viscosity may be as
important as the conductivity because it is necessary for fluid flow to occur as
the internal volume of the electrode changes due to the electrode reaction.
For example, a carbon electrode in a lithium ion cell must breathe as lithium
is intercalated during charge and removed during discharge. Similarly, the
lithiated metal oxide electrode loses volume during charge as lithium is
removed while it gains volume during discharge due to lithiation. Both
conductivity and viscosity are monotonic functions of temperature, but
have opposite behavior. Conductivity increases with a rise in temperature
while viscosity decreases, as illustrated in Figure 7.
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Figure 7. Specific conductivity (S'cm™) and dynamic viscosity (10 g-om™s™ or cP) of EMI TFSIL.
From reference 34, reproduced with permission. Copyright 1996, The American Chemical Society.
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Figure 8. Spedific conductivity (S am™) of some imidazolium salts with TFSI (TN in graph) and Triflate
(OTF in graph) as a function of the reciprocal of the absolute temperature in K. From reference 34,
reproduced with permission. Copyright 1996, The American Chemical Society.

Figures 8 and 9 show typical log conductivity versus reciprocal abso-
lute temperature curves. Clearly the behavior is not of the Arrhenius type,
but has a more complicated relationship. In fact, conductivity data for ionic
liquids frequently follow the VTF behavior [85].
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Viscosity behavior with temperature can be close to the Arrhenius type
[86]. However, the dependence on reciprocal temperature of the logarithm
of viscosity usually applies over a limited temperature range. VTF behavior
is often observed for viscosity data as well as for conductivity [85]. Figure
10 shows typical behavior. It is clear that low temperature can be a
problem for ionic liquids when the sensitivity to temperature is too great.
This problem is usually observed by studies of battery behavior. For
example, an electrolyte may perform quite well in a battery at room tem-
perature, but if the sensitivity to temperature is high, the battery will
develop high impedance with a temperature reduction of only a few
degrees. Conversely, the impedance may be strongly lowered with a modest
increase in temperature in this case. The theory of transport properties of
ionic liquids has not been well developed. However, it is certain that concepts
such as the Nernst-Einstein, Stokes-Einstein relationships and the Fuoss-
Onsager type conductivity relationships do not apply to these materials.
Also, the semi-empirical VTF equation is useful in correlating data, but is
of little use in drawing structural or mechanistic conclusions. One hopes
that theoretical chemists can develop theories to help the experimentalist
define important relationships.

4.3 Electrochemical Properties of Ionic Liquids

The electrochemical stability of ionic liquids toward both anodic oxidation
and cathodic reduction (also called the electrochemical window) is extremely
important for the functioning of battery couples. We discuss significant details
as they apply to specific battery couples in a later section. However, some
general comments are appropriate here. Reactions have been fairly well ana-
lyzed for chloro- and bromoaluminate melts [87]. On the anodic side (moving
toward positive potentials in a cyclic voltammetry experiment), the accepted
reaction for basic, neutral and acidic solutions, is the generation of halogen
atoms from various halide containing species. This step is followed by genera-
tion of dihalogen and in some cases trihalide ions. The trihalide ions are
themselves reducible at more positive potentials. On the cathodic side for acidic
melts, a fairly reversible reduction of AP* jons to aluminum occurs, often com-
plicated by nucleation and passivation phenomena. For neutral and basic melts,
an irreversible reduction of the organic cation is observed. Figure 11 shows
typical cyclic voltammograms for neutral bromide and chloride melts [87]. For
EMI cations, the potential is about -2.0 V vs. the AVAI’** reference electrode.
Some other cations have been found to be more negative than EMI*. For
example, 1,2-dimethyl-3-propylimidazolium (DMPI) cations are reduced at
about -2.5 V [88], while tetramethylphosphonium cations are reduced at about
-2.7V [84].

These values are all within the nominal window of lithium and sodium ions
(see further) and thus the organic cations are expected to be stable. Unfortu-
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nately, we do not know the extent of the irreversibility of the organic reaction,
since there is no oxidation peak on the reverse sweep (Figure 11). It seems that
the organic cation is metastable to reduction, but in the presence of catalytic
materials, or strongly reducing alkali metals, some reaction(s) do occur as
evidenced by the relatively low efficiency of charge and discharge in half cells.
This situation is common in alkali metal batteries as most solvents in conven-
tional lithium and lithium ion batteries are only metastable and are found to
react with lithiated carbon or lithium metal. The extent of reaction is
determined by the nature of the products formed in the reaction. If the products
form a passivation layer (SEI), the reaction is limited and only a slow corrosion
is evidenced. If the layer is porous, or if the products are soluble, the reaction
proceeds until one of the reactants is exhausted. Several workers have tried
passivating agents as discussed later, but no completely satisfactory solution
has been found to this problem. Certainly, the discovery of truly neutral ionic
liquids with stable inorganic or organic anions (non-chloride or bromide
containing) has improved the situation substantially vis-a-vis the organic cation
stability and further progress is expected.
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Figure 11. Cyclic voltammograms of neutral a. EM! Br — AlBr; and b. EMI Ci — AICI; melts. From
reference 87, reproduced by permission of The Electrochemical Society, Inc.

5.0 PHYSICAL PROPERTIES OF IONIC
LIQUID - POLYMER ELECTROLYTES

A careful definition of the various classes of polymer and glassy
electrolytes is given by Angell et al. [85]. Utilizing these definitions, it is only
the polymer in salt electrolyte (PISE) system that concerns us here. In these
systems, an ionic liquid and a polymer are mixed together (the salt in excess
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compared to the polymer) with a solvent to form a rubbery conductive
material, which does not flow under stress after evaporation of the solvent.
Because this work is in the beginning stages, only a few important cases are
given here. The EMI triflate and EMI BF, ionic liquids have been mixed with
PVDF-HFP copolymers to form a rubbery gel [65]. The conductivities of the
resulting electrolytes are shown in Table 2 from the work of Fuller et al.
[65]. Mixtures with amorphous polyethylene oxide from the same work
show order of magnitude lower conductivities than the above.

Table 2. Conductivity of Ionic Liquid Polymer Mixtures at Room Temperature (ca.22°C).
Data from reference 65. Reproduced with permission of The Electrochemical Society, Inc.

Ionic .
Tonic liquid liquid-to-polymer s"ec'ﬁ(’f“%‘:,:‘r‘;‘)‘““ce
weight ratio
EMI triflate 1:1 1.8
EMI triflate - 2:1 5.6
EMI triflate 511 B 8.0
EMI triflate 10:1 7.3
EMI triflate No polymer 9.3 (25°C)
EMI BF, 2:1 - 5.8
EMI BF, 7:1 11.0
EMI BF, No polymer 13.8 (25°C)

No information is given on the mechanical properties. Angell and
coworkers have pointed out that it is not necessary to have a room tem-
perature ionic liquid [26]. Indeed solid electrolytes have many well-known
attractive properties for lithium-ion batteries. Several lithium salts have
given conductivities comparable with PEO — lithium salt mixtures, which
are heavily weighted with polymer. Since these values are not really
adequate for most lithium ion battery applications, however, they are not
covered further here.

6.0 ELECTROCHEMISTRY AND BATTERIES
USING IONIC LIQUIDS

This and the following sections are divided into anode (negative electrode)
type and cathode (positive electrode) type, as much of the research and
development work has focused on one or the other. Full cell studies are
incorporated into the cathode sections. Carbon, which has been used as both
anode and cathode is given its own section. The ionic liquids are also
subdivided into those based on AlCl,” and those using less aggressive anions
such as BF,” and TFSI". Much of the work reports current efficiencies for
relatively short term cycling experiments using chrono-potentiometry or cyclic
voltammetry. Very little work on long term cycling has been reported. Current
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efficiency data must be interpreted with care. Even ignoring the difference in
time-scales, the cycle life or cycling efficiency in a full cell depends on the
efficiencies at both electrodes (usually on the limiting electrode) and, in
addition, on maintaining the balance of charge in the cell. Ideally, the ineffi-
ciencies at anode and cathode would be matched in some way.

The formal reduction potentials (Table 3) in EMIC/AICl; melt show that of
the alkali metals ions only sodium and lithium are stable in these melts [28].
(Here and elsewhere in this chapter, potentials are given vs. an AI/Al (III)
electrode unless otherwise stated.) Thus, most of the anode work has
centered on Al, Li and Na electrodes. However, as pointed out in the section
on Physical Properties, the stability is not thermodynamic and passivation of
the active metal surface is generally required to obtain high efficiency.
Reduction of organic cations on less active metals such as aluminum or zinc
does not seem to occur.

Table 3. Formal Potentials in a EMIC/AIQ; melt (V vs. Al/ATIT))

Data from reference 28. Reproduced with permission of The
Electrochemical Society, Inc.

L -2.14V
Na" -2.15V
K* -2.71V
Rb" 277N
Cs* -2.87V
EMI* -2.3V

7.0 ALUMINUM ANODES - AICl; TYPE MELTS

Aluminum can be readily plated and stripped in acid EMIC/AICL, melts,
containing Al,Cl,” ions, and forms a fairly reversible anode [4], although
complicated to some extent by nucleation phenomena. The aluminum
deposition reaction is shown in Equation 5:

4ALCI +3e” & Al+7AICI, (b)

However, in basic or neutral melts that lack Al,Cl;” ions, the organic cation
(EMI) is reduced at a higher potential than AlClL,". Consequently, the AlCl,” ions
in such melts cannot be reduced to yield aluminum [61]. In principle, AlCl,~free
ionic liquids or even basic melts could be used for primary aluminum cells, but
in practice it is difficult to see how to match this with a cathode process and still
keep the melt composition uniform during charge and discharge. Aluminum
plating can suffer from nucleation polarization [89,90]. Acetonitrile, benzene,
tetrahydrofuran, diethyl ether, 1,2-dichlorobenzene, and toluene have been
reported as additives or co-solvents to improve the kinetics and/or boost
conductivity by lowering the melt viscosity [61,91-94]. Boon et al. found that
bromine analogs of EMIG/AICI; solutions also worked, but that they offered no
advantage over the chloride melts [87].
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Most work has been done using aluminum foil, wire, or aluminum plated
from the melt. Cycle testing in an BPC/AICl; melt showed that anodes made
using aluminum powder slurries (ca. 180 um particles) could also give high
efficiency, even at high rates (5-10 mA-cm™®) [95]. Capacity was 140 mAh-g™*
and cycle life was 85 cycles. Adding graphite to aluminum powders improved
efficiency, as did pretreating the aluminum (in wire or powder form) with
phosphoric acid, especially at high rates [96]. Unfortunately, graphite:Al ratios
greater than 1 on a weight basis were required for good cycling. Factoring in
the relative densities, this would result in a very low energy density anode.

Just as EMIC/AICl; was developed as a more stable ionic liquid than
BPC/AICL, Gifford and Palmisano [88] demonstrated that blocking the acidic 2-
position on the imidazolium ring inhibits the reduction of the imidazolium
cation (see Figure 1 for structures). This is the basis for 1,2-dimethyl-3-alkyl
imidazolium salts, especially the 1,2-dimethyl-3-propylimidazolium chloride
(DMPIC)/AICL; melts that have lower melting points and a wider electro-
chemical window (4.8 V) than their 1,2-dimethyl-3-ethylimidazolium counter-
part (4.4 V). The substrate metal is very important in determining the window;
platinum, for example, catalyzes reduction of the imidazolium cation, narrowing
the electrochemical window. Tungsten and glassy carbon are much better
substrates as they are less catalytic for EMI* reduction. Cathodic stability with
DMPIC was enhanced relative to EMIC by 0.3 V on W and 0.5 V on Pt [88]. In
the DMPIC/AIC]L; melt, even when basic, aluminum remains shiny and stable.
Gifford and Palmisano cycled aluminum with 96 and 100% current efficiency on
tungsten using current reversal chronopotentiometry at 1 and 5 mA-cm?,
respectively. The lower efficiency at 1 mA-cm? is presumed to be due to slow
chemical reaction of the plated aluminum during the long times associated with
low currents [88]. Ionic liquids based on DMPI salts, both with and without
AlICl;, have subsequently been used by many groups to boost stability and
plating efficiency of their systems [2,4,21,32,42,52,53,55,60,72,88,97-104].
Figure 12 shows a selection of generic cation structures that have been
reported as candidates for room temperature ionic liquids.

Vestergaard et al. developed a triazolium-based ionic liquid, 1,4-dimethyl-
1,2,4-triazolium chloride/AICl; that could cycle aluminum on an aluminum
collector [105]. On tungsten, cation absorption blocked the surface preventing
aluminum deposition. This work is one of many examples highlighting the
importance of the substrate for stripping and plating studies. Other imida-
zolium salts with alkyl groups at the 2-position have been reported; for
example, 1,2-dimethyl-3-hexylimidazolium iodide has been used in solar cells
[5,8]. More recently, pentamethylimidazolium (PMI) [46] and 1,2-dimethyl-4-
fluoropyrazolium (DMFP) salts have been developed that are even more stable
[54,106], although the PMI melts are solid at room temperature. (The
structures for these specific cations are given in Figure 1.)
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Figure 12. Base structures for some cations used for room temperature ionic liquids.

Blomgren and Jones showed that room temperature ionic liquids can be
made using simple onium salts [79,83,84,107-109]. Specifically, they studied
Me,PhNCI/AIC]; [79,107], Me,SCI/AICL; [83,108], and Me,PCV/AICL, [84,109].
The ammonium and sulfonium salts were reduced at similar potentials to EMI
cations. Me,PCI/AIC]; melts gave a very wide electrochemical range that
extended 0.5V more negative than EMI-containing melts [84]. Note that
extending the window this far should allow one to plate and strip lithium
efficiently, although this was not reported. The neutral and basic
Me,PhNCI/AICI melts are solid at ambient temperature, but the 1:2
Me,PhNCI/AICL; mixture melts at -70°C. The 1:2 Me;SCI/AICL, melts remain
fluid down to -50°C, and the Me,PC/AICl; acid melt freezes around -5°C.
Aluminum plating and stripping was demonstrated in all three liquids at
0.5mA-cm® Zhao and VanderNoot have reported 85-90% efficiency in
Me,PhNCI/AICI; melts [90] and describe various onium salts for use in
aluminum cells, including Me,PhNCI, Me;SCl, tetraalkyl/aryl ammonium salts,
phosphonium and trialkyl/aryl sulfonium salts (such as Ph,EtSBF,,
PhCH,Me;NCl) [110]. Specific examples given used a 1:2 acidic Me;PhNCI/AICI,
melt for secondary Al-SnCl, and Al-FeCl, cells. Papageorgiou and Emmenegger
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reported improved aluminum deposition kinetics in this melt if 1,2-dichloro-
benzene, diethylether or possibly anisole were used as co-solvents [93].

Adding organic bases such as acetonitrile or benzonitrile facilitates alumi-
num oxidation in acidic melts [91,110]. However, these bases tie up the AlL,Cl,”
ions in acid and block aluminum deposition, rendering them unsuitable for
secondary cells. Nevertheless, current densities were increased almost ten-
fold with no sign of passivation effects. Consequently, they may be useful
additives for primary aluminum cells. Aluminum can be used in basic melts as
an anode for primary cells (cf. work with chlorine, bromine and WClg cathodes
referred to in Reference 92). Cathode selection remains a challenge for
aluminum cells, although Me;PhNCI/AICL; has been used to run Li-MnO, cells
[107]. Difficulties of using conventional transition metal oxides have been
overcome by using polymers, but this reduces energy density (see cathode
section). Moreover, the moisture sensitivity and corrosiveness of AlCl;-based
ionic liquids make them undesirable for consumer batteries.

8.0 SODIUM ANODES - AICl; TYPE MELTS

High temperature sodium cells using ionic liquids as electrolytes have been
developed for a number of years. However, these have several well-known
drawbacks. If the operating temperature could be lowered to at least below the
melting point of sodium (98°C), the system would be much safer. Also, the need
for the P”-alumina separator used in the high temperature cells, which is
expensive, brittle and very resistive below 175°C [111,112], would be obviated.
Unfortunately, despite claims about the extremely wide electrochemical win-
dow of conventional EMICG/AICI; melts, three factors limited their utility for
sodium cells. The wide window only really applies at neutrality and it is hard to
make and even harder to keep a melt balanced at the neutral point, as
discussed above. Secondly, the EMIC/AICI; electrolyte lacks sodium ions and
thus could not operate a sodium-based cell. Thirdly, the location of the window
is as important as the width (see Figure 2). Unfortunately, sodium reduction
occurs more negative of EMI reduction in such melts, despite the formal
potentials given in Table 3. Consequently, sodium cannot be plated from
EMIC/AICI; melts; the EMI cation is reduced before the sodium ions.

The first two problems were overcome by Melton et al. who found that
adding an alkali metal halide, usually LiCl or NaCl, to an acidic EMIC/AICI,
melt effectively buffers the melt to the neutral point [27]. Subsequently,
halide-buffered melts have been used by many groups to enhance sodium and
lithium plating [2,24,28,29,41,86,93,113-118]. Equation 6 shows the reaction
used to make a buffered solution:

MCl1+ ALCl; - M* +2AICI, (6)
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Riechel and Wilkes showed that these melts are buffered very slightly on
the acidic side so that they do contain traces of Al,Cl; ions, as evidenced by
small aluminum plating and stripping peaks around 0.1V [24]. However,
these are small enough that they do not interfere with lithium and sodium
cycling. This is especially so with sodium; the higher solubility of NaCl than
LiCl helps keep the Al,Cl;” content very low [116]. The act of adding alkali
metal halides also provides the electrolyte with the alkali metal ions that are
need to run lithium or sodium batteries. However, in addition to this, one
needs to prevent reduction of the imidazolium cation. This is especially
challenging when trying to cycle sodium; lithium reduction lies at a more
positive and hence accessible potential. Sodium deposition is not observed
inNaCl-buffered EMIC/AICL; melts [113] and two approaches have been
taken to overcome this: adding protons and other additives to suppress the
EMI" reduction and using a more stable cation, such as DMPI*.

Adding HCl or EMI'HCI, [112-115,119-122], triethanolamine [116, 123]
(TEOA) and triethanolamine hydrochloride [113,116,123-125] (TEOA-HCI)
moves the EMI cation reduction so that it lies more negative than sodium
reduction (Figure 13). Riechel and Wilkes showed that the EMI reduction
could be shifted by about 0.2 V to -2.4 V by adding HCI [113]. This was
confirmed by Gray et al. [112]. Riechel et al. examined the effect of adding
0 to 0.4% HCI1 to aNaCl-buffered AICL-EMIC melt and saw a 10-fold
reduction in the EMI cation reduction current at -2.1 V and a 0.3 V voltage
shift [115]. However, in the absence of NaCl, the EMI reduction position
was not affected by HCIL. This suggests that HCl changes the EMI*
reduction peak on the sodium surface, presumably by modifying the
surface. The result is that plating/stripping efficiencies of both sodium and
lithium were significantly increased by HCIl addition [113,126]. Sodium
plating and stripping on tungsten and platinum yielded efficiencies of up to
89% [113]. The plated sodium was readily stripped and gave a stable
potential during many hours of storage. However, voltage stability in itself
does not indicate that the plated sodium is sufficiently stable.

Gray found that sodium plating efficiency on a tungsten collector was
essentially zero for such cells unless the partial pressure of HCI was at least 6
mmHg [112,126]. Cyclic voltammetry showed that, if this level is maintained,
sodium plating efficiencies on tungsten of 65-75% can be attained, as long as
the potential does not go too negative. Moreover, the efficiency increases with
the plate thickness because of a lower (plating) overpotential on sodium than
on tungsten. This overpotential may cause preferential reduction of the EMI*
cation on tungsten electrodes. Recall that the 0.2 V shift in EMI* reduction is
not large so that there is often some overlap with sodium ion reduction.
Chronopotentiometry has given some very high efficiency values for sodium
plating in acidified melts, up to 94% efficiency at high current density with
little or no time spent at open circuit [112]. However, current densities of at
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least 5 mA-cm® were required to attain such high efficiencies and these
experiments are generally on the time-scale of a few minutes only. Efficiency
dropped as the time between the pulses was increased or the current density
was reduced. Both of these effects suggest that chemical degradation of the
plated sodium is the main cause for lower efficiencies in experiments with
longer and more practical timescales.
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Figure 13. Cathodic scan cydlic voltammograms of a NaCl-buffered neutral EMIC/AICI; melt at a Pt
working electrode. Scan rate 100 mV/s. Top scan without EMI'HCl,. Bottom scan with added
EMI'HCl;. From reference 113, reproduced by permission of The Electrochemical Society, Inc.

From a practical viewpoint, ionic liquids containing the substantial
amounts of HCI required to keep the vapor pressure above 6 mmHg are
undesirable [116]. HCI volatilizes quite readily and it is not easy to control
the HCI content; one has to periodically add HCI, use a large excess to
begin with and/or control the partial pressure of HCl above the melt. These
methods are especially challenging if one wants to take advantage of the
thermal stability of these liquids to run the cell over a wide temperature
range. Piersma et al. [116,123,124] showed that certain ethanolamines,
specifically TEOA and TEOA-HCI, stabilized EMIC/AICl; melts in much the
same way as HCI. Both lithium and sodium could be cycled using these
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additives. Trialkylamines, LiH and LiAlH, were all ineffective. TEOA per-
formed almost as well as did TEOA-HCl. Consequently, the improvement
was attributed to proton transfer from the ethanol groups, not from the
HClin TEOA-HCIL. Sodium plating in these solutions still suffered from the
co-reduction of EMI* cations, but the sodium deposits were more stable,
probably due to a co-deposited organic film.

Thionylchloride (SOCI,) has also been used to overcome the sodium-melt
reactivity. Carlin, Fuller and Osteryoung [127,128] reported that adding small
amounts (ca. 0.02 to 0.1M) of SOC], is very effective in stabilizing deposited
lithium and sodium and significantly better than HCI. /n situ optical micro-
scopy showed uniform, stable sodium deposits, although lithium deposits
were dendritic [128-130]. Sodium films plated in the presence of SOCI, are
much more stable on open circuit and charge/discharge efficiencies of 85%
were attained; moreover, repeated cycling, at 1-3 mA-cm?, maintained this
efficiency. Short-term shelf studies (15 mins) found virtually no loss in
efficiency (86-91%) when SOCl, was added, compared to a sharp drop in
efficiency when only HCI was added (21% efficiency vs. 77% before the 15-
minute storage) [127].

The general idea behind this approach is to add a very reactive material
that rapidly coats the plated lithium with a film that blocks further solvent-
lithium reaction. Such films must have high lithium ion transport, which
usually requires that they be very thin. This approach is similar to the
widespread use of ethylene carbonate (EC) in organic electrolytes for lithium
ion cells. Studies have shown that the surface of the anode and even the
cathode is controlled by the reaction of the electrode with EC. Thus, adding
what is in reality an unstable material effectively stabilizes the cell. The
stabilization effect of SOCI, was attributed to the formation of a protective
thin film of LiCl on the sodium surface. The relative high boiling point of
SOCI; rendered the melts stable even after some time in the open. However,
longer-term storage (for several hours) again demonstrated that the sodium
deposits were somewhat unstable; stripping efficiency after 17 hours of
storage dropped to 71%. EQCM studies of NaCl-buffered DMPIC/AIC];, melts
with added SOCI, also suggested co-reduction of the electrolyte when plating
sodium; the electrode gains more weight than it should if only sodium
reduction were occurring [131]. Some, but not all, of this additional weight is
removed during the stripping process.

Care must be taken not to plate at too high an overpotential as EMI
cations and sodium ions will then be reduced together, lowering efficiency
[113,115,126]. This has the effect of limiting the rate at which the sodium
can be plated and may require precise (i.e. costly) charging circuitry, with
control of individual cells in a battery pack. Xie and Riechel [132] find that
the products of the EMI reduction are electroinactive and stated that cells
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should be able to tolerate small amounts of such degradation. However,
while any cell system that consumes substantial amounts of the electrolyte is
obviously not viable, even minor anode inefficiencies can cause a cell to
become unbalanced during cycling unless there exists a balancing inefficiency
at the cathode side.

Gifford and Palmisano’s studies [88] on NaCl- and LiCl-buffered melts of
EMIC or DMPIC with AICl; have shown that blocking the acidic 2H position of
the EMI cation helps stabilize the cation and improved aluminum plating and
stripping in the melt. Others have used this feature to improve the cycling
efficiency of alkali metals with carbon [98,99], sodium [117] and lithium
anodes [21,32,42,52,53,60,120]. DMPI moves the cathodic potential limit
more negative to expose the sodium reduction. This improves the stability of
the melts and sodium can be plated directly from buffered-DMPIC melts, even
withoutadded HCI, SOQ), or other additives.

Methanesulfonyl chloride (MSC)/AICI; melts buffered with NaCl have also
been shown to give very high current efficiencies for sodium of 80-90% [117].
Up to 97% efficiency was reported for some chronoamperometry experiments
using 100s cycles between -0.75 and -2.6 V vs. Al/Al (III), even without
any additives such as HCl, TEOA-HCI or SOC, [131,133]. EQCM data in the
same study indicates that the MSC electrolyte is co-reduced with the sodium.
However, in the case of MSC, the mass lost on stripping matches almost
exactly that for the sodium reoxidation. The by-products formed during the
plating step appear to remain on the electrode. Noteworthy was the finding
that the plated sodium had low self-discharge rates in this electrolyte [131].

Almost all of the non-AlCl; melts have been developed and tested for
lithium cells. Consequently, they are described in that section. Nevertheless,
many of the same approaches and materials described therein could also be
applied to sodium analogs.

9.0 LITHIUM ANODES
9.1 AICI, Type Melts

Lithium reduction occurs at more positive potentials than sodium [28] and
so co-reduction of the EMI" cation is less of a problem than for sodium cells.
However, in addition to efficient plating and stripping, secondary cells require
chemical stability of the plated anode in the electrolyte for extended periods.
Unfortunately, freshly plated lithium metal appears to be more reactive than
sodium to the EMIC/AICl; melt. /n situ optical microscopy in LiCl-buffered
EMIC/AICI; melts show that the lithium forms gray, granular type deposits
that rapidly react with the electrolyte to form a brown film, eventually turning
a cream color [114,120-122]. Notwithstanding the above, Fung and Chau
report [86] that in cyclic chronopotentiometric studies at 3-10 mA-cm® Li-Al
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anodes gave 70-90% efficiency in this melt. Using aluminum -current
collectors and cycling LiAl instead of lithium metal raises the potential of the
anode, more clearly separating it from the melt’s cathodic limit. However,
LiAl is not without detriments. The capacity and cell voltage will be lower
than if lithium metal could be used and the integrity of the anode, especially
at the high lithium content required for high energy density, becomes poor.
Nevertheless, the alloy can significantly improve stability and cycle life. For
example, anodes were cycled for over 300 cycles with good efficiency, albeit
accompanied by significant capacity fade. Koura and Ui [134] found that
pretreating the electrolyte with lithium metal gave reversible plating and
stripping, but only on aluminum. Like Fung and Chau, they were actually
cycling lithium using a LiAl anode. XRD measurements confirmed the identity
of their Li,Al electrode that gave 280 mAh-g™” at-1.5 V vs. Al.

Similarly to the case for sodium, adding HCI to the LiCl-buffered melt
improves reversibility [114,121,122], but the effect is clearer for lithium than
for sodium (compare Figures 13 and 14). Current efficiencies on short times
scales of voltammetry were high (>90%). Furthermore, the lithium deposits
were gray/blue and were stable on open circuit for at least 15 minutes.
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Figure 14. Lithium piating and stripping in a LiCl-buffered neutral meit comprising 1.1:1.0:0.1
AlC;:EMIC:LICI at a 250um tungsten electrode (a) without HCI;” and (b) with added HCly. Scan
rate was 500 mV/s. From reference 114, reproduced by permission of The Electrochemical
Society, Inc.
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However, with longer exposure the deposited lithium reacted with the
electrolyte to form a brown film. Moreover, charge efficiency dropped to 75%
in chronopotentiometry experiments (2-minute plate and strip at 0.5-3
mA-cm?, no rest period), although overpotentials were low. When rest times
were increased to 1 and 15 minutes, this efficiency dropped even further to
77 and 21%, respectively. Thus, while HCI helps stabilize the plated lithium,
shelf life is still woefully inadequate. Studies with lithium disk electrodes
demonstrated that, with or without HCI, anode polarization was very large —
discharging at 0.6 mA-cm? gave a 0.6V polarization [121,122]. The dissolu-
tion rate was controlled by chloride diffusion reflecting the following:

Li+2CI” — LiCL; +e” (7)

Optical studies also show that a brown film is formed at nucleation
sites and that if HCI is present it reacts spontaneously to form bubbles of
hydrogen [121,122]. However, if excess LiCl is added to an HCI-free melt,
lithium anodes remain bright and stable in the now basic melt.

Additives that have been used to enhance lithium cycling are TEOA and
TEOA-HCI [116,124], thionyl chloride [118,127,128] and PhSOCI, [135]. Benzene
and other organic solvents have been added to such melts to lower nucleation
polarization and improve the morphology of the plated lithium [94]. Cyclic volt-
ammetry on LiCl-buffered EMIC/AICI, melts containing TEOA and TEOA-HCl
gave higher efficiency with the additives and the process was "nearly reversi-
ble;" coulombic efficiencies were 74% [116]. However, the deposited lithium
was still not stable with time.

Koura reported [118] a ten-fold increase in the lithium limiting current
when SOCI, was added to a EMI/AICI, electrolyte. On a voltammetric time-
scale, the process was found to be reversible. Adding SOCl, was much
better than their previous approach of adding lithium metal to the melt to
scavenge acidic impurities [118,134]. Carlin, Fuller and Osteryoung’s work
with SOCI, was less promising with lithium anodes than for sodium. The
plated anodes were stable on open circuit and plating/stripping efficiencies
above 90% could be achieved. Figure 15 shows how well SOCI, addition
suppresses the EMI cation reduction at -1.6 V to permit lithium plating at -
2.3V. However, dendrites form on cycling and charge/discharge efficiency
rapidly dropped from 86 to 69% in only 4 cycles [4,127,128,130]. Also,
storage for several hours showed that the Li deposits were unstable,
stripping efficiency being only 35% after 10.6 hours [127]. Fung and Zhou
report similar advantages for adding PhSOCI,, and were able to cycle a Li-
Al/LiCoO, cell [135]. After 6 cycles, charge efficiency was stable but, as the
cell was cathode-limited, the performance of the anode is not clear.

Overall, SOCI, is far more effective than HCI in boosting lithium cycleability
and stability, but shelf stability is still inadequate. Additional or better additives
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are needed to stabilize the plated lithium. Unfortunately, the technical approach
to find such additives is unclear. In view of the considerable effort expended in
generally unsuccessful attempts to find "magic additives" for lithium in organic
electrolytes, the likelihood for success would seem rather low. In particular,
additives that alter the lithium SEI layer would likely tend to interact or
dominate each other such that combinations of additives would not be
significantly more effective than the best single additive. On balance, sodium
stability with SOCl, seems more achievable.

Angell, Xu and Zhang demonstrated lithium deposition and stripping in a
"quasi-ionic liquid or ionic oil" of Li[AlICl;-SO4Cl) formed by reacting LiCISO,
with LiAlCl, [117,136]. Analogous ionic liquids are formed by mixing the
following with LiAICl,: Cl,P=N-CH,, Cl,P=N-P(0)Cl,, CH,SO,Cl and especially
Cl,P=N-SO,Cl [67,117,136-138]. In addition to lithium, sodium was cycled in
the analogous ionic liquid, NaAlICl,/Cl;P=N-SO,CI/AICl, [117]. This material had
a 6V electrochemical window (ignoring what was attributed to a slow alumi-
num deposition at —1 V). While CH3S0,Cl is highly corrosive and extremely
aggressive to the skin, "ionic rubbers" have been made using LiAlCl,/CH,SO,Cl
with polymethylmethacrylate [26,67,137]. This immobilizes the CH;SO,Cl to
reduce the hazard associated with it. Note that some of these ionic liquids, such
as CL,P=N-SO,Cl and Li[AlC],-SO,;Cl), contain no carbon atoms and thus are
more likely to be truly non-flammable, although toxicity would be problem if
cells were to vent.
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Figure 15. Lithium plating and stripping in a LiQ-buffered neutral melt comprising 1.1:1.0:0.1
AIC::EMIC:LIA at a 250pm tungsten electrode without SOQI; and with the addition of 23mM SOQ,. Scan
rate was 100 mv's™. From reference 128, reproduced by permission of The Electrochemical Sodety, Inc.
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1,2 -dimethyl-4-fluoropyrazolium (DMFP) chloride/AlCl; melts have also
been described for use in rechargeable Li/SCL,AICI, cells [106]. (The
authors use SCl,* as a probe for stability to oxidants.) The DMFP elec-
trolytes are more stable to high potential cathodes than EMI™ salts; EMI*
reacts spontaneously with S(IV) species. Thus, DMFP and the DMPI cations
offer ways to significantly improve the stability of ionic liquids.

9.2 Nonhaloaluminate Melts or
Hydrolytically Stable Melts

Cooper and Sullivan [30] replaced the AICl,” of an EMIG/AICL, melt with
the hydrolytically stable CF,SO;" (triflate) anion. The resultant EMI triflate
melts are air and moisture stable. Similarly, Wilkes and Zaworotko made
EMIBF, as well as the corresponding acetate salt [20]; Carlin and Fuller also
made and tested EMIBF, melt [33,139]. Substituted pyridimium, imidazolium
and many other analogs have also been made [42,50]. Moreover, large
amounts of the corresponding lithium salt can be dissolved in these melts,
making them suitable for lithium and lithium ion battery electrolytes [42]. In
essence, the organic cation salt acts like the "solvent" and the added lithium
salt the charge carrier for the battery. Carlin, Fuller and Osteryoung
[33,38,139] found that the cathodic limit of EMIBF, is extended by ca. 0.2 V to
-2.2 V on a Pt electrode when(0.2M LiBF, is added, although no such benefit
was noted on glassy carbon. While this is not enough to see lithium
deposition, addition of small amounts of water extends the cathodic limit by
another 0.8 V to -3 V. Since the anodic limit is +2 V, this electrolyte has a
large voltage window of 5 V. Chronopotentiometry at 0.5 mA-cm® on
platinum gave efficiencies that were still modest, 60%. The water was
thought necessary to passivate the platinum current collector for EMI
reduction. Efficiencies of over 90% were consistently attained when the
platinum electrode was replaced with aluminum, forming a B-LiAl anode that
is reduced about 0.35V more positive than lithium metal. Thus, a combination
of moving the cathodic limit of the melt lower by adding LiBF, and water and
moving the plating process to higher potentials with B-LiAl has, on the
chronopotentiometric time-scale at least, produced a stable melt with high
lithium efficiency. It is particularly impressive that this electrolyte was cycled,
albeit on a short time-scale, in ambient air. In fact, small amounts of water,
HCl or lithium oxide may even improve cycling in these melts, at least in the
short term [140]. This electrolyte was also used to successfully cycle LiCoO,
(see below) to form, at least in principle, a 4 V rechargeable cell [139].

Koch et al. disclose a wide variety of ionic liquids that are based on
nitrogen-containing heterocyclic cations and large, polyatomic anions such as

sttt 2nd (CF.,),PF;,” where x = 2 to 6 [42]. Pyridinium,

pyridazinium, pyrimidinium, pyrazinium, imidazolium, pyrazolium, thia-
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zolium, oxazolium and triazolium cations are mentioned (see Figure 12 for
some of these structures). Examples given were EMI, BP, DMPI and
perfluorinated EMI cations. These melts are hydrophobic and can dissolve
the large amounts of lithium salts required for use in primary and
secondary lithium cells. Focusing on the more stable DMPI cation,
developed by Gifford and Palmisano [88], Koch et al showed [42] that
melts using PFy~, AsF;~, TFSI™ and Me~ anions are stable to around 5 V vs.
Li on platinum, tungsten and glassy carbon electrode; DMPIMe being stable to
5.35 V on platinum and having a very wide electrochemical window (Figure
16). No specific battery data was given but good stability in capacitors was
demonstrated. Impedance studies of DMPITFSI and DMPIMe melts containing
0.25M of the corresponding lithium salt in Li/Li cells demonstrated that these
melts gave stable conductivities and also stable interfacial resistances for 16
weeks [32]. This is one of the few studies that investigates the stability of
lithium in ionic liquids over realistic timeframes.
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Figure 16. Cyclic voltammogram of DMPIMe on a glassy carbon electrode at 22 °C showing a 4.5V
window for an air-stable ionic liquid. Scan rate was 20 mV's®. Electrode area was 0.07 cm?. From
reference 60, reproduced with permission of The Electrochemical Society, Inc.

MacFarlane et al. developed a new family of ionic liquids based on
pyrrolidinium [49] and tetraalkylammonium cations [39,43,44] with the TFSI~
anion; the TFSI" anion is known to be an excellent "plasticizing species" for
polymer electrolytes. Matsumoto et al attained 81% efficiency for lithium
plating and stripping in one of these melts, Me;PINTFSI [56]. Ngo and
McEwen studied pentamethylimidazolium salts using TFSI”, I" or PFs~ anions
[46]. This cation is extremely stable. Unfortunately, the large size of the
cations results in high viscosity, low conductivity and melting points above
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ambient. Building on their work with AlCl;-containing ionic liquids [106], Caja
et al. used 1,2-dimethyl-4-fluoropyrazolium tetrafluoroborate with added
LiAsF, (or LiBF,) to cycle Li-Li,Mn,0, cells [54]. The cells were cathode limited
and thus did not shed much light on anode performance. However, their
stability experiments did show great promise for using this with lithium
anodes. In one of the few studies on stability for extended periods, they found
that the melts seemed stable to lithium for 14 days at 60°C with no change in
the Raman spectrum of the melt. One impressive finding was that lithium
metal heated to 170°C (close to the 181°C melting point of lithium) in this
electrolyte does not attack the electrolyte and even remains shiny. This
completely overshadows the instability of lithium at high temperatures in
regular organic solvent electrolytes.

These ionic liquids can also be mixed with conventional organic solvents,
further blurring the distinction between ionic liquids and strong electrolytes
[62,42]. For example, adding 2M DMPITFSI to a propylene carbonate/dimethyl
carbonate blend gave a 26-fold increase in conductivity over that of the ionic
liquid alone; the organic solvents keep the viscosity low while the ionic liquids
provide the high charge carrier concentration [42].

Patents covering a wide range of other hydrolytically stable ionic liquids for
secondary batteries have appeared [42,56]. Matsumoto et al. describe ammo-
nium salts (alkyl, aryl, arylalkyl and heterocyclic) of various anions, including
TFSI™, Triflate”, BF,”, AlCl,~, PF;~, AL,Cl,” and Al,Clg~ [7]. For example, cyclic
voltammetry showed that Me;HxNTFSI with added LiTFSI gave a melt that had
a 6 V window and within which lithium could be cycled. Ammonium hydrogen
maleates, mixed with a lithium salt, have been described for use in lithium
cells, capacitors and electrochromic displays [141].

10.0 MAGNESIUM AND OTHER ANODES

Buffered MEIC/AIC]; melts can be made using MgCl, although they are
not completely buffered [142]. Magnesium metal displaces aluminum from
acid melts [103,143]. While this precludes using such a melt for a
magnesium battery, the reaction has been used to make buffered neutral
melts from acid melts [179]. This method could also be applied for lithium
and sodium buffered melts.

MgCl, +2AL,Cl; - Mg* +4AICI; (8

3Mg + 8ALCI; — 3Mg® +2Al + 14AICI; (9)

In basic EMIC/AICI; melts, magnesium spontaneously reacts with the
EMI cation, forming a yellow solution and generating bubbles. This was
overcome by using basic DMPIC/AICl; melts in which magnesium stays
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shiny for at least 3 months [102,103]. Unfortunately, magnesium, like
aluminum, cannot be plated in basic melts, even in the presence of SOCI,.
However, unlike aluminum and lithium, magnesium can be anodically
dissolved into the melt (as in a primary battery) without forming a
passivating layer of the metal chloride. Instead, the MgCl, complexes with
chloride ions to form soluble MgCL?~ [102,103,143]. The oxidation rate is
limited by chloride diffusion to the magnesium. Magnesium buffered melts
have been studied for use with V,05 aerogel/xerogels, hydrated vanadium
bronzes, MoO,, NiCl, and CdCl, cathodes (see cathode section below).
However, new approaches are needed before a rechargeable magnesium cell
could be developed, possibly using the hydrolytically stable ionic liquids
developed for lithium and sodium batteries.

Tin has been plated from BPC-SnCl, melts and this process is
reversible on the voltammetric time-scale [41]. While no battery work was
disclosed, this could form the basis for a tin-based battery. Cadmium was
found to be reversible in a substituted ammonium chloride melt,
(EtOCH,)(Et)(Me),NCI/AICl,. The cathodic limit of this melt was lower that
for EMIC/AICI, melts. However, Al, Li and Zn were inactive and work with
this melt was suspended [144]. Calcium and CaCl, buffered melts have
also been studied [143].

Nakagawa et al. [145] used a Li,Ti;O,; intercalation anode with a
LiBF/EMIBF, electrolyte to cycle a LiCoO, cell. Like using LiAl anodes, this
approach uses a less energetic anode than lithium metal and trades off energy
density for better stability and cycle life. Since this cell was cathode limited,
its performance is detailed in the cathode section.

11.0 CATHODES

11.1 Oxides

Chronopotentiometry by Carlin and Fuller [139] showed that their
EMIBF,/LiBF, melt could cycle both a B-LiAl anode (between -2.81 and -2.52 V)
and a commercial LiCoO, cathode (between 1.05 and 146 V) at 0.5mA-cm™ for
at least short cycles (5 minutes). While the electrodes were tested separately,
not in a full cell, the comparable charge and discharge voltage expected for a
full cell would be 4.27/3.57 V. Using PhSOCI, to stabilize the anode deposits
in a LiCl buffered EMIC/AICI; melt, Fung and Zhou [135] cycled LiCoO, in both
a half cell and cathode-limited full cell configuration, the latter employing a
lithium anode with an aluminum collector, essentially a LiAl anode. The
results in Figure 17 and Table 4 describe a well-behaved cathode with very
little fade for such a non-optimized system. The cumulative capacity fade was
only 3% over the first 20 cycles. While initial charge efficiency was low, this
was essentially overcome by cycle 6 in both half and full cells. Separate tests
on the carbons alone established that some of the excess charge capacity in
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the first few cycles could be attributed to intercalation of anions into the

carbons. Cycling the full cell between 2.9 and 4.2 V gave a stable discharge

capacity of 112 mAh-g™ after the cell had completed the formation cycles.
Table 4. Half-Cell cyding of LiCoO; in a LiCl buffered EMIC/AICI; containing added PhSOCI;:

Cathode performance with various carbon conductors. Data taken from reference 135 and
reproduced with permission from Elsevier Science.

Graphite | Coke [ Acetylene Black
Charge efficiency on cycle 1 588% | 39.1% _ 258%
Charge efficiency on cycle 20 91% | 84% 80%
Discharge capacity on cycle 1 (mAh/qg) 141 13 ] 116
Discharge capacity on cycle 20 (mAh/g) 138 _ 127 | 113
Capacity fade over 20 cycles (mAh/g) 3 4 3
300
—&— Charging
- —jl— Discharging
L
<
S
2200 —
O
®
%
©
o
100

0 5 10 15 20
Cycle Number

Figure 17. Charge and discharge capacity of a LiAl/LiCoO; battery using 1:1.2:0.15 EMIC/AICI;/LiC
mixture with 0.05 mol/Kg added PhSO,Cl. Cathode was 85:10:5 LiCoO,:graphite:Teflon by weight.

Current density was 1mA-cm™2. From reference 135, reproduced with permission from Elsevier
Science.

Nakagawa et al [145] demonstrated a Li,Ti;O,,/LiBF,-EMIBF,/LiCoO, cell
that delivered 140-145 mAh-g" LiCoO, over 150 cycles with almost no fade.
The charge/discharge rate was 0.1C and the system did not do well at higher
rates, discharge capacity being less than 40 mAh-g" at 0.5C. Nevertheless, this
performance is impressive for a non-optimized system. While the lower energy
density of the anode may detract from the overall cell capacity, trading energy

density for improvements in stability, and possibly safety, is the essence behind
lithium ion batteries.

Koura et al [146,147] used LiCl buffered EMIG/AICIL; melts to cycle cells
with lithium anodes (plated onto aluminum) paired with LiCoO,, LiNiO,,
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LiMn,0, and crystalline-V,0; cathodes. Discharge capacity and efficiency were:
LiCoO, — 124 mAh-g" and 91.9%; LiNiO, - 100 mAh-g" and 74.0%; LiMn,O, —
92 mAh.g' and 65.7%; and ¢-V,0s — 146 mAh-g’ and 100%. Solubility
measurements showed less than 0.1% solubility in the melt for all of these
cathodes. The crystalline-V,0; cathodes were cycled for more than 100 cycles
between 3.2 and 2 V [146]. Xu, Angell and Zhang [26,67,117,137,138] have
developed completely carbon-free molten salts such as trichlorophosphazo-
sulfuryllium chloride, Cl,P=NSO,Cl. This was mixed with LiAICl, and used to
cycle a Li/LiMn,0, cell at 0.1 mAh-g’ for 60 cycles, between 4.2 and 2 V
(Figure 18). After the initial 20 cycles, additional capacity fade was minimal
[117]. 15:85 LiAlIClL,:CH;S0,Cl was also cycled in this cell. Cathode polarization
was high with operating voltages being only 2.5 V instead of the 3 V normally
expected from this couple. Nevertheless, capacity was ca. 100-130 mAh-g™
(corresponding to x=0.7 to 0.9). Li-MnO, cells using Me,PhNCI/AIC], melts are
described by Jones and Blomgren [107]. However, details on efficiency were
not given.
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Figure 18. Discharge capacity for a Li/Li;.xMn204 cell using a “quasi-ionic liquid” electrolyte
comprising a LIAIC),/ClsP=N-S0O,Cl/AICI; mixture. The cell was cyded at 0.1 mA-cm between 3.75
and 2V. From reference 117, reproduced by permission of The Electrochemical Society, Inc.

Li/LiMn,0, cells using LiAsFg in DMFPBF, gave almost 100% efficiency
over 25 cycles, although charging capacity decreased with cycling and was
generally very low, starting out at about 27% of the theoretical value of 148
mAh-g" [54]. These authors used SCL;* as a stability probe in developing this
electrolyte. Combined with the impressive stability to lithium metal described
previously, this electrolyte seems to be a very promising candidate for lithium
batteries. Fung and Zhou [180] report reversible behavior for spinel LiMn,0, in
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EMIC/AICI/LIAIC]L, melt, somewhat complicated by irreversible intercalation of
AlCl, into the graphite used in the cathode. Cathode efficiency was high for
both the x=0.6—1 and x=1—2 stages. If the cathode was further charged so
that x<0.6, cyclability degraded rapidly. The second step (x=1—2) from4.3 to
3.5V gave 120 mAh-g" (86% of theoretical) and 98% efficiency after 20 cycles,
by which point capacity had dropped to 103 mAh-g~".

Vanadium oxides have been studied as cathodes for Li, Na and Mg cells
using buffered EMIC/AICI; melts. Na,;K,5;V;05 has been reported to cycle
reversible in such melts [135]. Novék et al [149] found that magnesium ions
could be intercalated into hydrated V,O; xerogels from a MgCL/EMIG/AICL,
melt. The xerogels showed reversible intercalation of magnesium and initially
170 mAh-g". However, capacity dropped rapidly with cycling, possibly due to
V,0; solubility reported previously [150]. The same group also investigated the
intercalation of magnesium into hydrated vanadium bronzes — M(V;05)(H;0),
where M = Li, Na,K, Mg, and Cays [149]. Mg(V,0y), gave about 150 mAh-g™
for the first cycle and more than 80 mAh-g” (0.6 e/V) after 60 deep cycles
(Figure 19). Unfortunately, the water present in these cathodes is necessary for
efficient discharge; dried samples give much lower capacity. Moreover, the
water is lost from the structure during cycling (although not during storage),
leading to high fade rates. Notwithstanding the above, the materials gave more
stable performance in the ionic liquids than in a conventional Mg(ClO,),/acetoni-
trile electrolyte.

Ryan, Riechel and Xie (125,132) performed voltammetric, controlled
potential electrolysis and UV/vis measurements on V,0;, NaVO,, Na,VO,, V,0,
and V,0; in acid, basic and buffered neutral EMIG/AICL, melts. V,0, and V,0,
were found to be insoluble in these melts at ambient temperature, despite an
earlier report of V,0, being soluble in LiCl-buffered BPC/AICL, melts at 60°C
(150). While desirable properties for most lithium batteries, Ryan, Riechel and
Xie emphasized soluble cathodes that are better suited for redox batteries being
considered for load leveling applications. V,0; xerogel dissolves in acidic melts
but was evaluated in buffered melts. Scans in NaCl-buffered melts suggest 2
reversible couples, attributed to V(V)->V(IV) and V(IV)—>V(IIl) reductions. In
LiCl-buffered melts, very broad pseudo-reversible peaks were observed.
Voltammetry showed that NaVO, Na;VO, and V,0; discharged similarly,
probably going from V(V) to V(IV). However, the reaction products were not
identified in this work. Rechargeability was poor for all three and the higher
solubility of NaVOQ, is a disadvantage for conventional cells (non-redox). The
authors concluded that these materials were not suitable for secondary cells,
but that Na;VO, and V,0; may be useful as a primary cell cathode.

Lithium, sodium and especially magnesium intercalation into MoO, were
studied in both organic electrolytes and in MgCL/EMIC/AICL, melts [151]. With
the magnesium-containing melt, 150 mAh-g™ (0.76 e/MoQ,) was achieved at
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80°C, although by cycle 4 this dropped to 100 mAh-g™. While there are severe
limitations with magnesium-based anodes, this work does demonstrate that

cathodes for cells using ionic liquids need not be limited to lithium and
sodium.
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Figure 19. Voltammetric cyding data for Mg(Vs0s). in a MgQ/EMIC/AICH; electrolyte. The cathode was
cyded at 0.05mV/s between 0.5 and 1.7V vs. Al/AI**, From reference 149, reproduced with permission of
The Electrochemical Society, Inc.

11.2 Chlorides

Many metal chlorides can also give respectable energy density [92].
Lipsztain and Osteryoung [152] reported that FeCl, is insoluble in neutral melts
of both BPC/AICL; and EMIC/AICI, while being soluble in the acidic melts. FeCl,,
FeCl, and NiCl, exist as FeCl,”, FeCL> and NiClL* complexes in basic melts
[92,153-156]. NiCl, and CdCl, cathodes were studied in buffered and
magnesium-buffered neutral DMPIG/AIC]; melts [103]. They form NiCl,> and
CdCL? in non-buffered melts. In the MgCl,-buffered melts, NiCL* reacts to
form NiCl,, at least some of which appears to precipitate out according to
reaction (10). By contrast, the CdCL? remains in solutions as CdClLZ.

NiCIZ™ + MgCl, - MgCI>™ + NiCl, { (10)

Pye et al [101,156] evaluated iron, copper and nickel chlorides as possible
cathodes in NaCl-buffered, neutral EMIC/AICl, melts for room temperature
sodium batteries. Both the Fe(II)>Fe(lll) and Fe(Il)>Fe(0) processes were
studied, confirming and adding to the earlier work by Lipsztain and
Osteryoung. Oxidation of Fe(Il) to Fe(Ill) occurs at +0.4V. In basic melts,
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FeCl, is soluble and gives slow reduction kinetics. Iron could be deposited
from both acid and buffered neutral melts at about -0.8 V, but reversibility
was only high in the acid melts. Moreover, the chloride ions released when
elemental iron is formed actually make the melt more basic. Overall, FeCl, is
not promising due to its low voltage [152,156]. CuCl, reduces about 1V above
FeCl, but in neutral [156] and basic [92] melts the oxidized from is soluble.
NiCl, is insoluble in both the oxidized and neutral forms, has given ca. 100%
efficiencies and gives 2.5V vs. sodium [101]. This makes it the most
promising of these chlorides [156]. However, passivating layers appear to
limit the charge density and so high surface area current collectors would
likely be required, lowering energy density and increasing cost [101,156]. Al-
FeCl, cells where the cathode was deposited on an RVC matrix could cycle at
high current densities (ca. 10 mAh-g™) in acid melts [92,155]. The discharge
was controlled by the RVC matrix. Shorting and dendrites were problems,
although not necessarily related to each other. Cyclic voltammograms of
vanadium and niobium chlorides show V(III)>V(II) and Nb(V)—>Nb(IV) redox
behavior in EMIC/AICL; melts, although the kinetics are slow [157]. Hanz and
Riechel [158] found that while VCl; was insoluble in acidic and neutral
MEIC/AIC], melts, it was soluble in basic melts, forming VCl,~, VCL* and
VClg* species. Each of these could be oxidized to their corresponding V(IV)
species at 1.33, 1.23 and 1.00 V, respectively (as depicted in Figure 20).

VCl,, === VC, === VC} === vci
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Figure 20. Redox scheme for the oxidation of VCl to various V(IV) spedes in basic EMIC/AIC; melts.
Adapted from reference 158 used with permission of the American Chemical Sodety.

One of the major drawbacks of using a chloride cathode is that the
electrode can inject or remove chloride ions from the electrolyte during
charge and discharge. This has the effect of changing the melt acidity in the
region of the cathode, affecting cell stability and possibly low temperature
operation of the melt. For example, consider the reaction for an Al/FeCl; cell

Al+3FeCl, + AICI; — ALCI; +3FeCl, (11)

Secondary Al-SnCl, and Al-FeCl, cells were made using a 1:2 acidic
Me,PhNCV/AICL, melt in the anode compartment and the same electrolyte with
the soluble cathode in a cathode compartment separated from the anolyte by a
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glass frit [110]. Long term stability and feasibility of such cells, Al/AlCl;-PhMe;NCI
||AlCl,-PhMe;NCl-FeCl,/graphite, really requires a separator that blocks the
catholyte from reaching the anode. Even if such a separator could be found, it
would likely be very resistive.

SCL,* is a very strong oxidant that can give cells with a voltage above
4.2V, but EMI and BPC cations react with SCl,*. Li/fSCLAIC], cells can be made
using LiCl-buffered 1,2-dimethyl-4-fluoropyrazolium chloride/AICl; melts
[106]. Raman studies show no sign of SCl,* degradation in such melts.
SCLAIC], can be added or made in situ by the reaction of sulfur with the
molten salt. The cells did exhibit high internal resistance, attributed to the B-
alumina separator, and efficiencies were low (ca. 30%). A sodium-sulfur cell
was cycled using LiAlCl:Cl,P=N-SO,Cl in a polymethylmethacrylate matrix
[67].

11.3 FeS, and TiS,

High temperature Li-FeS, cells have been under development for many
years. These use purely inorganic molten salts and usually have to be
operated at 170-250°C. Takami and Koura [159] were able to cycle a Li-
FeS; using an acidic LiCl/BPC/AICl; melt at 90°C and above with 90-100%
efficiency. Below 90°C, the capacity dropped and efficiency was also very
poor. Preliminary reports by You et al. [148] show that the first two-
electron reduction of FeS, to Li,FeS, can be cycled at 20°C in LiCl-buffered
EMIC/AICL; melt. TiS, has also been tested as a cathode in a LiCl-buffered
BPC/AICL; melt [150].

11.4  Halogens

Chlorine and bromine cathodes have been considered for use with Al, Zn,
Mg and Cd anodes but these are very unattractive cathodes to work with for
safety reasons. Chlorine attacks the EMI" cation, although once halogenated,
the cation and melt seemed to be stable [160]. In addition, halogen solubility in
the melts makes them act like liquid cathodes with accompanying problems in
terms of anode stability and separator requirements [92].

11.5 Polymers

Polymeric cathodes have been studied as cathodes in molten salt systems,
mainly by Koura and Osteryoung; specifically polypyrrole [161-163], polythio-
phene [164], polyfluorene [165,166], polyaniline [167-172] and polyaniline
polystyrene sulfonate [173] were evaluated. In many cases, the cathodes have
been synthesized in the ionic liquids as well. These cathodes can be used with
several anodes, even aluminum. Such systems have low to moderate specific
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energies (<100 mWh-g™) [4,100] and very low volumetric energy densities
due to the low density of the polymers compared to conventional oxide
cathodes (the density difference often being a factor of five).

Polypyrrole can be charged and discharged much faster in EMIC/AICI,
melt than conventional organic electrolytes [162], although rates begin to
drop if the films are much thicker than 100nm [163]. Tang and Osteryoung
[170,171] found that PAN is electroactive in basic, neutral and acidic melts,
but that the redox couple is more stable and facile in basic melts. Koura et al.
[168,172] confirmed this. The oxidizing form is conductive while the reduced
form is insulating [170]. This raises one other drawback with polymeric
electrodes in that the electrode conductivity is often a strong function of the
state of charge, being at some point a very poor conductor. Aluminum’s
requirement for an acidic melt containing Al,Cl,” ions causes problems for the
PAN cathode because AlL,Cl;” ions are too large to smoothly intercalate into
the PAN structure. PAN cathodes cycle much more easily and reversibly in
basic or neutral melts that contain the smaller Cl™ or AlCl,” anions instead of
AlCl,” ions. PAN differs by about 1 V in acid compared to basic melts. Koura
[172] used this to make a PAN-PAN cell with an acid EMIC/AICl,; anolyte and
basic catholyte. Charge/discharge efficiencies of 90% could be achieved, using
a polymer for both electrodes. However, the low density and low voltage lead
to a low energy density. This and the need for a separator are serious
drawbacks. Koura et al. [167,169,174] also report 95% efficiencies and 80
mAh-g" PAN for Al-PAN cells using acidic BPC/AICl; melt. Similarly, a Li/Al-
PAN cell was cycled using acidic BPC/AICl; or EMIC/AICL; melts [175].
Efficiency actually climbed from 39 to 80% during the first four cycles. A
PAN/polystyrene sulfonate copolymer gave 95-100% efficiency with an
aluminum anode in aLiCl-buffered BPC/AICl; melt (60:33:6.7 AlCl;:BPC:LiCl).
It also gave better rate capability than a comparable AI/PAN cell, although the
maximum rate tested was 0.2 mA-cm? [173].

Carlin and Osteryoung report [100] a cathode based on the oxidation of
Ph,SiCl to form a polymeric species with EMI*. Subsequent discharge of
this material gave 32-57 mA:cm™? at 1.65 V. The precise nature of this
cathode remains unclear, but the system showed good reversibility and
extremely high rate capability, cycling at 100 mA-cm™ [4].

1200 CARBON

Like polymeric electrodes, carbon can form a positive or negative
electrode by virtue of doping the material with anions or cations. The ions
intercalate into the structure of the carbon and can often be deintercalated
reversibly. In addition, work on carbons for lithium-ion type cells where
essentially metallic lithium intercalates into graphitic carbons has been
studied. Preliminary reports of lithium intercalation in carbon [97,176] were
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later shown by the same authors, using XRD and XPS, to be due to LiAlCl,
reduction to give a somewhat passivating film of LiCl and LiAl [4,177]. Thus,
in essence they were cycling LL,Al on a carbon surface and not C/Li. The
blocking nature of this film renders this process irreversible and impractical
for a lithium battery.

AICI, + (4 +x)Li" +(3+x)e” = 4LiCl+Li Al (12)

Carlin et al [4,98,99] established that high voltage batteries can be made by
using ionic liquids lacking lithium or sodium salts where the ionic liquid anion
and cation intercalate into carbon electrodes. This is somewhat similar to the
doping of carbons in organic electrolytes. However, solvent cointercalation can
lead to graphite exfoliation in such cases. In addition, the voltage window can
be restricted by the solvent, thus lowering the energy density. Ionic liquids
simplify the possible chemistry and side-reactions as the battery only uses two
components, the ionic liquid and graphite. The wide voltage window of these
electrolytes also helps avoid side reactions. These batteries are called DIME
batteries for Dual Intercalating Molten Electrolyte batteries [99]. Figure 21
shows the effect of substituting graphite, into which the ions can intercalate, for
glassy carbon, where no intercalation is observed. Instead of intercalation, the
glassy carbon electrode merely shows the degradation of the EMI* and AlICl,~
ions at the limits of the voltage window for this melt.
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Figure 21. Staircase cydic voltammograms in EMIC/AIC; on glassy carbon and graphite. Scan rate
is 50 mV/s. Scans B and D were run on glassy carbon and show irreversible reduction of EMI* and
irreversible oxidation of AICly, respectively. Scans A and C were run on graphite and show
intercalation and subsequent deintercalation of EMI* and AICly ions into the graphite structure,
respectively. From reference 99, reproduced by permission of The Electrochemical Society, Inc.
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DIME batteries using EMIC/AICI; electrolyte give low efficiency for the
EMI/C electrode, due to the instability of EMI. Blocking the 2-position of
EMI by using 1-ethyl-2,3 -dimethyl imidazolium chloride/AlCl; gave much
better anode efficiencies, but this melt is solid below 72°C [98]. Switching
to the more stable DMPIC/AIC]l; melts gave far better efficiency and an
electrolyte that was liquid at room temperature [98,99]. Depending on the
technique, AICL," intercalation into the cathode was about 80% efficient, EMI*
intercalation into the anode 60% and DMPI* 80-94%. Moreover, the high
efficiency for DMPI was obtained at reasonable rates (charged at 1 mA-cm®
and discharged at 0.25 mA-cm?). The instability of the EMIC intercalate was
demonstrated by using a 10 hour hold time between charge and discharge;
efficiency plummeted to only 2%. This work also explored the use of less
aggressive ions than AlCl,", specifically, PFs~, BF,”, Triflate” and PhCO,",
albeit using the less stable EMI cation. Note that the latter two anions
result in electrolytes that are hydrolytically stable; even those using PFg~
or BF,™ are likely to react much more slowly with water than AlCl;~based
ionic liquids. AICl,” gave the best anion efficiency, but work using
different carbons and/or more stable cations may well help to improve the
performance of all the salts. More recent studies comparing EMIBF, with
DMPIBF, for DIME batteries gave 65-71% efficiency for intercalation of the
BF,” anion into graphite/PVDF-HFP electrodes and 91% for DMPI cation
vs. 78% for the EMI cation [53]. The DMPI melts were again better in
terms of efficiency and charge retention. Note that both cations can
exfoliate graphite at high rates. Related studies on a graphite/PVDF-
HFP/DMPIBF, composite electrode show that incorporating ionic liquids
into the electrode can improve electrode performance [21].

In addition to intercalating anions into graphite, Sutto et al [52] find
that TiS, and TaS, can also accept BF,” anions from these same melts
(efficiencies were 79% for TiS, and 48% for TaS,).TaS, would exfoliate,
but TiS, actually gave better charge retention for BF,~ than did graphite.
Iron has also been intercalated into graphite to form Fe-GIC’s in acidic
EMIC/AICI; melts containing FeCl, [178].

Despite these interesting advances, one must recognize that DIME
batteries have inherently low energy density. Fully charged cells are
thought to require 24 carbons per intercalated ion; the process goes by a
similar staging process as occurs in lithium ion anodes [4]. Consequently,
theoretical energy densities are less than 100 mWh-Kg™ and lie between
that for capacitors and conventional batteries. Using carbon as an anode
for a lithium-ion type of cell also reduces the energy density of the cell.
This approach does not seem feasible with AlCl;-containing melts due to
the formation of LiAl instead of Li,C. However, using carbon in AlCl;-free
melts with added lithium salts should work in analogous fashion as
Nakagawa et al.”s Li,TizO,, intercalation anode, at least in principle.
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13.0 FUTURE

The field could benefit from a closer cooperation between those developing
the new materials and battery scientists. The former have the expertise to
make and study these materials but are often ill-equipped to do the testing that
is required to see how these materials perform in actual batteries. To become
viable electrolytes, several important attributes need to be tested that are rarely
reported. For example, long-term stability (as opposed to tests lasting minutes
or a few hours) is obviously a basic requirement for these materials. In addition,
much of the testing is done at rather low rates (0.1 mA-cm?®), whereas many
consumer applications require much higher current densities (1-10 mA-cm?),
especially for rechargeable cells. Cycle life and balancing capacities and the
inefficiencies at each electrode need to be considered more. Overcharge
protection needs to be given attention, although the self-extinguishing nature
of ionic liquids may limit the consequences of uncontrolled overcharging to
reduced cycle life as opposed to thermal runaway.

Notwithstanding the above, the use of buffered AlCl; melts, especially
with additives such as HCl, TEOA-HCl and SOCI, to enhance cycling
efficiencies, has opened up new possibilities for ionic liquids as electrolytes
for room temperature batteries. More stable cations such as DMPI and
DMFEFP have also advanced the field considerably. Of special interest are the
AlCl;,-free molten salts, such as DMPITFSI and DMFPTFSI. These liquids
overcome safety and environmental problems associated with AlCl; and
can readily accept the corresponding lithium and sodium salts, so that
conventional cathodes can be used. Work has shown that anodes, (metal
and carbon) can cycle in ionic liquids and several cathodes have been
found. Most importantly, lithium cells can be made using either the AlCl;-
based or the AlCl;-free ionic liquids. This opens the possibility of using the
extensive range of cathodes known to intercalate lithium ions in such cells.
LiAl alloy anodes have given some impressive cycle life. While such
anodes cannot match the energy density of a lithium anode for the first
cycle, over the lifetime of a rechargeable cell their lower fade rate may
well overcome the voltage and capacity penalties of using the alloy.
Similarly, while carbon anodes cannot be used to cycle lithium in AlCI;-
containing melts, this could prove feasible in AlCl;-free melts, much in the
same way as Nakagawa et al.”s Li,Ti;O,, intercalation anode [145]. Just as
conventional lithium and lithium ion cells cannot operate without
acceptable passivation agents, more thought and experimentation need to
be given to passivation of active metals in ionic liquids (or quasi ionic
liquids).

Extensive studies on hybrid materials are also changing the ways we
think about these materials and have blurred the distinctions between
solution electrolytes, polymer electrolytes and ionic liquids.
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The advantages of ionic liquids for batteries are very significant, if they
can be realized. In particular, the non-flammability and tremendous thermal
stability of many of the electrolytes are very impressive with some being
stable to lithium metal at 170°C [54]. While much remains to be worked out,
the pieces are in place to develop lithium and sodium batteries using ionic
liquids. Many of the essential elements for constructing viable batteries have
been addressed and it would seem timely to emphasize full cell work more.
The low vapor pressure of ionic liquids would seem to be especially
advantageous for thin and microbatteries, aiding in both filling the cell,
maintaining wetted interfaces and enabling thinner, less expensive packaging
materials and processes.
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1.0 INTRODUCTION

Lithium ion secondary batteries (LIBs) with non-aqueous electrolytes
were successfully developed and introduced into the market for the first
time in 1991 by Sony Corporation.

They have outstanding properties in comparison with conventional
secondary batteries with aqueous acidic or alkaline electrolytes including
nickel / cadmium, nickel / metal hydride and lead-acid secondary cells. The
features of LIBs are as follows.

High operating voltage (3.7 V on the average),
High gravimetric and volumetric energy densities,
No memory effect.

Low self-discharge rate (less than 10% per month),

Operation over a wide temperature range.

DA WD~

These features have given a huge boost to LIBs and the number of cells
produced has increased from year to year. In Japan, as far as the produc-
tion amount is concerned, LIBs surpass the other small-sized rechargeable
batteries for consumer use. LIBs are now indispensable for mobile gears
such as cellular phones, notebook personal computers, personal digital
assistants (PDAs) and portable audio-visual equipment.

One of the most undesirable problems in batteries for domestic use has
been the leakage of electrolyte solutions. The sources of this trouble are
mainly abuses like the reverse connection between more than one cell, and
caustic alkaline or strong acidic electrolyte solutions could cause chemical
burns or worse. In the case of LIBs, they contain flammable constituents
including organic electrolyte solutions and lithiated carbon, and the elec-
trolyte leakage might lead to an accidental fire in the worst possible case.

Advances in Lithium-Ion Batteries
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The conversion of electrolytes in electrochemical cells from aqueous
solutions to polymer, especially in lithium cells including LIBs, could
realize the cells without electrolyte leakage, and thus polymer electrolytes
have been investigated intensively by many researchers.

The ionic conductivity of polymer electrolytes, however, is by far lower
than that of liquid phase electrolytes. Gelled polymer electrolytes (GPEs),
which are composed of polymer matrices and solvents or plasticizers, have
been developed in place of genuine polymer electrolytes to improve ionic
conductivity. And in the end of 1990s, LIBs with GPEs, which will be called
lithium polymer batteries (LPBs) hereafter for convenience’s sake, were
put on the market.

2.0 GELLED POLYMER ELECTROLYTES

Various kinds of polymer materials have been investigated as matrices
for GPEs including poly(methyl methacrylate) (PMMA), poly(vinylidene
fluoride) (PVDF), poly(ethylene oxide) (PEO) and poly(acrylonitrile) (PAN).

GPEs can be classified into two categories according to their structures
as follows: One is a homogeneous GPE in which a polymer matrix and
solvent or plasticizer are uniformly mixed to form a single phasecomposite.
The other is a GPE with phase separation in which a solvent is maintained
in a porous polymer matrix.

Typical GPEs will be reviewed briefly below before touching upon
Sony’s technologies on GPEs and LPBs.

2.1 PEO Based GPE

‘While PEO has been investigated as a matrix of a genuine polymer electro-
lyte, it is also promising as a matrix of a GPE. The addition of an organic solvent
to PEO is able to improve ionic conductivity of the resulting GPE up to 10° S-em’™.

PEO based GPEs are used in LPBs by several Japanese battery manufac-
turers including Sanyo Electric Co. Ltd., Yuasa Corporation, Hitachi Maxell
Ltd. and Mitsubishi Chemical Corporation.

Figure 1 shows the LPB preparation procedure adopted by Sanyo [1]. A
positive electrode coated with LiCoO,, a negative electrode coated with
graphite and polyethylene micro-porous separator are wound together to
form an elliptical cell element. The element is inserted in a plastic bag
followed by the injection of the mixture of an electrolyte solution and a
precursor of PEO. The electrolyte solution consists of the solvent mixture
of ethylene carbonate (EC) and diethyl carbonate (DEC), and LiN(SO, C,F; ),
as a sustaining salt. Then the cell is heated to polymerize the PEO precursor.
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Figure 1. Polymerization process of Sanyo’s LiPB

One of the crucial issues in this procedure would be the difficulty in
completely polymerizing all of the PEO precursor because even a small amount
of residual monomer might cause poor performance in cells. Thorough polym-
erization can be achieved by heating the precursor up to high temperature, and
the higher the temperature, shorter the polymerization time. Heat-treatment at
high temperature, however, is harmful to separator, a cell envelope made of
plastic film and active electrode materials. Compromise between these factors
might be industrially important.

Sanyo claims that the weight ratio of the PEO precursor to the electro-
lyte solution is very important to uniform impregnation of the mixture
within the coated layer of the electrode active materials and too much pre-
cursor causes the increase of viscosity of the mixture and results in poor
impregnation. The favorable weight ratio of the precursor to the electro-
lyte solution is between 1:12 and 1:8 according to Sanyo.

Typical drain capability data of Sanyo cell are shown in Figure 2. The cell
dimension is 3.6 mm (thickness), 35.0 mm (width) and 62.0 mm (height) and
the nominal capacity is 570 mAh.

2.2 PAN Based GPE

A PAN based GPE has been investigated by Akashi and coworkers [2]. They
use the solvent mixture of EC/PC (propylene carbonate) as plasticizers and LiPFg
as a sustaining salt, and the suitable combination ratio of PAN / solvent / salt
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brings about good ionic conductivity as high as 3X10° S-em™. The adoption of
LiPFgas a sustaining salt also enables the resulting GPE to have flame retardant
or self-extinguishing properties.

Charge: CC-CV 1C-4.2V (C/20 cutoff)

-Dimcharge: CC 0.2C,1C,2C,3C (2.75V cut off)
-Measurementtemp.: R.T.
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Figure 2. High-rate characteristics of Sanyo’s LPB

2.3 PVDF/HFP Based GPE

Technologies on PVDF based GPEs have been disclosed by Bellcore [3,4].
A polymer matrix is a copolymer of vinylidene fluoride (VDF) and hexafluoro-
propylene (HFP) and the LiPF; solution in EC/DMC (dimethyl carbonate) (2:1)
is added to the matrix to make up a GPE of the phase separation type. HFP
plays an important role in the reduction of the crystallinity of the resulting
copolymer, increasing its capacity to hold the electrolyte solution. It is
claimed that ionic conductivity of their GPE is almost 10™ S-cm™.

In Bellcore’s LPB, LiMn,0, is used as an active material for a positive
electrode and carbon for a negative electrode. Figure 3 shows the manufacturing
scheme of their LPBs. Perforated copper and aluminum foil are used as current
collectors for the negative and positive electrodes respectively. The film of the
plasticized polymer (PVDF / HFP) matrix is sandwiched between two electrodes
followed by fusion using a hot roll to form an electrode element. Then, the plasti-
cizer in the film is removed by immersion of the element in an organic solvent
and the element is enveloped in a bag of aluminum-laminated plastic film. The
solvent is eliminated by heating the bag, preferably under reduced pressure. The
electrolyte solution of a suitable Li salt is injected into the bag to make up a GPE.
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Figure 3. Schematic of dry lithium-ion battery processing (Courtesy of Bellcore).

From the mass production point of view, however, Bellcore's technology
might be said to be rather complicated. The elimination process of the plasti-
cizer is essential so far as cell performance concerned because the plasticizer
residue is apt to cause poor cyclability in the resulting cells.

3.0 SONY'S LPB TECHNOLOGY

Sony started to develop LIBs with GPEs at the end of the 1980s even when
LIBshad not make a name for themselves yet, because it was considered that
LPBs were promising and technologies on polymer electrolytes would become
indispensable before long.

3.1 Development Concept
Sony's concepts of development of LPBs have been as follows.

1. Vapor pressure of organic solvents in GPEs is as low as possible.

2. GPEs have good adhesiveness to active electrode materials.

3. All the solvents are confined within polymer matrices and no free
organic solvents is present, which enables no electrolyte leakage.

4. GPEs have high ionic conductivity in the wide temperature range,
especially in low temperatures.
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5. Plastic film used as an envelope for the electrode element constitutes
an insuperable barrier against solvent vapor permeation and moisture
infiltration.

6. Manufacturing process is simple and favorable for mass production.

Sony examined several polymer matrices including PEO, PAN [2], and
PVDF / HFP, and found that GPEs derived from block copolymer of VDF
and HFP with selected molecular weight distribution [5,6] could yield high
ionic conductivity, excellent adhesiveness to electrode active materials and
sufficient mechanical strength.

3.2 PVDF/HFP Block Copolymer

When Sony prepared random copolymer of VDF and HFP which had
molecular weight equivalent to that of PVDF having a melting point of 175 °C,
properties of this copolymer were intermediate between the crystalline nature
of PVDF and the pliant nature of PHFP and thus its melting point was around
130~140 °C, considerably lower than that of PVDF.

On the other hand, in the case of block copolymer with the same molecular
weight as random copolymer mentioned above, properties of each monomer
reflected independently on the resulting copolymer and, for example, PVDF
portions in the copolymer hardly lost its crystalline nature and PHFP portions
maintained their pliancy. A melting point of block copolymer is observed between
those of PVDF and PHFP, about 150 °C, higher than that of random copolymer.

Holding capacity of electrolyte solutions by random copolymer increased
as PHFP contents increased, because PHFP enhanced amorphous nature of
the copolymer. An increase of PHFP ratio up to 80% (by weight) enabled the
copolymer to hold enough electrolyte solution, which, however, resulted in
severe decline of mechanical strength in GPE membrane.

The block copolymer kept high mechanical strength which was brought
about by crystalline parts (PVDF), maintaining the high electrolyte-absorbing
capacity even if the PHFP portion in the copolymer was not so large. It was
demonstrated that 3~7.5% (in weight) of PHFP was adequate for the copolymer
to have the sufficient electrolyte-absorbing capacity as well as mechanical
strength. In addition to this, it was found that desirable weight-average
molecular weight (Mw) of the copolymer was greater than 550,000 because
smaller molecular weight caused poor adhesiveness.

A mixture of two types of copolymer, namely one with larger molecular weight
(Mw>550,000) and the other with smaller molecular weight (550,000>
Mw=>300,000), could be used to reduce viscosity of resulting GPEs, which was
beneficial to the process of applying them to electrodes. In this case, the
favorable ratio of copolymer with larger molecular weight was greater than
30% (in weight) to realize good adhesiveness.
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3.3 Organic Electrolyte Solution

It is well recognized that PC is spontaneously decomposes during lithium
insertion into graphite anodes. Thus EC based electrolytes are generally used
in the LIB system with graphite anodes. GPEs, in general, have lower ionic
conductivity than the liquid electrolyte system due to their solid nature and
adoption of EC as GPE plasticizer causes further deterioration of ionic
conductivity because EC is solid at room temperature. It is desirable that PC
based electrolyte solutions are used as plasticizer to enhance ionic
conductivity of resulting GPEs. Thus preparation of graphite anodes that are
compatible with PC is very beneficial to improve ionic conductivity of GPEs.

Surfaces of graphite particles were modified with amorphous carbona-
ceous materials, and this particular graphite could adapt itself for PC. Sony
compounded PVDF / HFP, PC, EC and LiPF; into a GPE and found that the
charge / discharge efficiency in the first cycle of the novel graphite anode in
this GPE system reached greater than 90% in spite of utilization of PC.

An above-mentioned GPE was self-standing and could be handled as a solid
matter as shown in Figure 4. The GPE of the first generation had ionic conduc-
tivity with a range of 3~4 mS-cm™ in the room temperature (Figure 5, the
lower line) and it has been improved by the optimization of the salt concentra-
tion, PC/EC ratio, VDF/HFP ratio and Mw of polymer matrix. As a consequence
of this improvement, ionic conductivity has reached to 9 mS-cm™ (Figure 5, the
upper line).

Figure 4. A block of Sony’s GPE
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Figure 5. onic conductivity of Sony GPE

3.4 Vapor Pressure of Solvent in GPE

GPEs contain organic solvents as plasticizer and the reduction of vapor
pressure is crucial. Amount of vaporized solvents from our GPE was measured
to estimate the vapor pressure of solvents retained in GPEs.

Microporous polyethylene separator and the matrix polymer were soaked
in the electrolyte solution and they were heated at various temperatures
for 60 minutes. The vapor amounts from both samples were measured and
compared. The result is shown in Figure 6 and it is clearly seen in this
figure that vapor pressure of solvents in Sony GPE is significantly low even
at high temperature like 100 °C, while microporous separator can hold the
solution at low temperature probably due to large surface tension in the
micropores but vaporization of solvents increase steeply as temperature
rises.

3.5 Summary of Sony GPE
Summary of the Sony GPE is as follows:

1. Block copolymer of VDF and HFP with the selected blend ratio and opti-
mum molecular weight is favorably adaptable to matrix polymer of GPEs.

2. The resulting GPE is self-standing and has sufficient mechanical strength.

3. PC is used as a constituent of plasticizer to enhance ionic conductivity,
and in order to realize this, specially modified graphite which is
compatible with PC is developed as an active material for a negative
electrode.
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3.6 Outline of Lithium Polymer Battery

The novel GPE mentioned above was adopted as an electrolyte for Sony’s
LPB. A schematic drawing of the Sony LPB is illustrated in Figure 7. LiCoO, and
a small amount of carbon were coated on aluminum foil to prepare a positive
electrode. Graphite for a negative electrode material was designed elaborately
to be compatible with PC and was coated on copper foil. In addition to GPE
membrane, very thin separator, micro-porous polyethylene film with thickness
around 10 um, was used to prevent mechanical short circuits between positive
and negative electrodes.

The positive electrode, GPE membrane, separator and the negative elec-
trode were wound together to form an elliptical electrode element and the ele-
ment was enveloped in a bag of plastic film. The envelope for the electrode
element is required to prevent solvents permeation from the inside of a cell and
also to stop moisture penetration from ambient into a cell. Aluminum-lami-
nated film is generally utilized for this purpose.

It was found, however, that an envelope of aluminum-laminated polymer
film could not sufficiently stop moisture infiltration. A significant amount of
moisture penetrated through adhesive for a margin of the envelope rather
than through the aluminum-laminated film (Figure 8). To make this adhesive
layer moisture-tight, new adhesive and a special gluing process were devel-
oped. A gluing margin of 5 mm wide was necessary to suppress moisture
infiltration at first, but introduction of the new adhesive and process enabled
the width of this margin to be reduced to almost 2 mm (Figure 9). This is
undoubtedly beneficial to improvement of energy density of LPBs.

3.7 Cell Performance

The generally accepted opinion on LPBs has been that rate capability, low
temperature performance, and cyclability compare unfavorably with those of
conventional LIBs due to poor ionic conductivity of GPEs. Most of these
drawbacks have been overcome by the introduction of block copolymer of
PVDF / HFP and PC based plasticizer described above. Principal performance
data will be presented below.

Rate capability: A LPB cell 35 mm wide, 54 mm high and 3.8 mm thick was
constructed as shown in Figure 10 and the nominal capacity was 760 mAh.
Discharge curve profiles under several load conditions are illustrated in Figure
11 and it can be seen from this figure that voltage drop is not so large even at
high discharge currents like the 3 C mA rate and a cell is able to be discharged
with sufficient capacity above the voltage range of 3.0 V. Discharge capacity
retention (capacity at 0.2 C = 100%) is plotted against discharges rate in Figure
12. Even at the 3 C mAh discharge rate, capacity retention is almost 90% at the
cut-off voltage of 3.0 V and is no less inferior to that of LIBs.
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Figure 10. Commerdal Lithium-Ion Polymer Battery
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Low temperature characteristics: Dependence of discharge capacity on the
ambient temperature is shown in Figure 13. Charge and discharge conditions
are given in the figure. The capacity retention of 60% is achieved at —20 °C at
the moderate discharge rate of 0.5 C.

So-called GSM pulse discharge mode in cellular phones requires excellent
drain capability to batteries even at low temperatures. The GSM pulse dis-
charge mode (2 A for 6 ms / 0.15 A for 4 ms) was applied to cells at various
temperatures and capacity retention was determined. The result is given in
Figure 14 and the cell performance is satisfactory again. The capacity retention
is over 40% at —20 °C.

Cycle performances: Cells were charged with the constant current-constant
voltage method (1 C mA and 4.2 V) and then they were discharged at constant
current of 1 C mA to the cut-off voltage of 3.0 V. The capacity retention during
this cycling course in the room temperature is shown in Figure 15. The
performance is excellent and the capacity retention at 1,000th cycle is about
85%.

Charge characteristics: Changes of cell voltage, charge current and cell
capacity are illustrated in Figure 16 under the constant current (0.5 C) /
constant voltage (4.2 V) charging method. The behavior during the time
course of charge is exactly similar to that of conventional LIBs.
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Figure 14. Temperature dependence of capacity retention at GSM pulse discharge.
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4.0 CONCLUSIONS

GPBs with the comparable properties to conventional LIBs were devel-
oped in which block copolymer between VDF and HFP was used. The ratio of
PHFP to PVDF in the copolymer was 3~7.5% and Mw is greater than
550,000.

The PC based electrolyte solution was mixed in the copolymer matrix to
enhance ionic conductivity of resulting GPEs and modified carbon which was
compatible with PC was developed to enable this GPE to be applied to LPBs.
Developed GPEs had ionic conductivity as high as 9 mS-cm.

Table 1. Specifications for Sony Lithium Polymer Battery

Size (D x W x H) 3.8x35x62 mm
Weight - 159

Nominal Capacity 760 mAh
Nominal Voltage 37V

Charge Voltage 4.2V

Charge Time 150 min.

Energy Density (Volumetric) 375 Wh-dm?
Energy Density (Gravimetric) 190 Whkg*
Cycle Performance 85% at 1000th cycle
Temperature Range -20 °C ~ 60 °C
Cathode LiCoO,

Anode N Graphite

Principal properties of prepared LPBs are summarized in Table 1 and it
can be justly said that they can easily stand comparison with conventional
LIBs. Gravimetric energy density deserves special mention. It is much
higher than LIBs because an aluminum-laminated film bag is used in place
of a metal can as a housing material.

These LPBs are attractive as power sources for mobile gear including
cellular phones, PDAs, notebook personal computers and portable audio-
visual equipment.
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ABBREVATIONS

DEC diethyl carbonate

DMC dimethyl carbonate

EC ethylene carbonate

GPE gelled polymer electrolyte

HFP hexafluoropropylene

LIB lithium ion secondary battery
LPB lithium ion secondary polymer battery
Mw weight-average molecular weight
PAN poly(acrylonitrile)

PC propylene carbonate

PDA personal digital assistant

PEO poly(ethylene oxide)

PHFP poly(hexafluoropropylene)

PMMA poly(methamethylacrylate)

PVDF poly(vinylidene fluoride)

VDF vinylidene fluoride
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1.0 INTRODUCTION

The present development trend in lithium ion batteries is focused
on the replacement of the common liquid electrolyte with a lithium ion
conducting polymer electrolyte membrane to finally achieve the
fabrication of batteries having a full plastic structure. Such plastic
lithium ion batteries are expected to be less expensive and more easily
scaled up than their liquid counterparts. In addition, the absence of
free liquid allows packaging in light-weight plastic containers unlike
conventional batteries which require metallic casing. Finally, since the
electrolyte membrane and the associated plasticized electrodes can be
formed as laminates, the plastic battery can be fabricated in any
desired shape or size, a target difficult to be achieved with liquid
electrolyte cells [1,2]. All these features make the plastic lithium
battery a very appealing product and indeed, the concept is presently
pursued by many battery manufacturing companies. A relevant
example of these industrial efforts is reported and described in Chapter
9 by Brodd.

The key component of the plastic battery is the polymer electrolyte
membrane that has to fulfill a series of stringent requirements,
including among others: i) good mechanical properties (to assure easy
battery fabrication), ii) high ionic conductivity (to assure low internal
resistance), iii) high lithium ion transport (to avoid concentration
polarization), iv) wide electrochemical stability (to be compatible with
high voltage electrodes), v) low cost (in order to fill a large market) and
vi) benign chemical composition (to be environmentally compatible).

The identification of membranes capable of combining all the above
stressed features is not an easy task. And indeed, intensive research
and development work has been devoted in recent years to achieve this
goal.

Historically, the first type of ionically conducting membranes to be
considered for battery applications were those formed by blending high
molecular weight poly(ethylene oxide) PEO with a lithium salt, LiX
where X is preferably a large soft anion. These solvent-free membranes

Advances in Lithium-Ion Batteries
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have been widely described in the literature, e.g. [3]. Their structure
may be broadly described as a sequence of polymer chains coiled
around lithium ions while the anions are more loosely coordinated.
Because of their particular structural position, the Li* ions can be
released to transport the current only during unfolding of the coordi-
nating PEO chains. Thus, fast Li* ions transport and high conductivity are
available only when the PEO component is in an amorphous state, which
occurs, on average, at temperatures above 70 °C.

Obviously this constraint limits the applicability of the PEO-based
electrolytes and alternative structures have to be considered for obtain-
ing high ionic mobility in a wider temperature range. The most prom-
ising results have been obtained by the characterization of electrolytes
formed a polymer matrix swollen by a lithium ion conducting liquid
solution. Two types of these membranes have been developed to the
point of practical application in lithium ion plastic batteries. One is the
porous membrane originally developed at the Bellcore (now Telecordia
Technologies) Laboratories in the United States [4,5]. This membrane
is based on a copolymer of vinylidene difluoride with hexafluoropropyl-
ene, PVdF-HFP, which is first preconditioned by the addition of an
extractable plasticizer and a finely dispersed ceramic filler [6]. This so-
formed highly porous membrane is then swollen by a typical lithium
ion solution, e.g. a solution of lithium hexafluorophosphate, LiPFg in a
ethylene carbonate-dimethyl carbonate, EC-DMC solvent mixture. The
fabrication procedure has been further modified by substituting the
extraction step by a phase-inversion process [7].

The Bellcore membrane is a well known product currently used in
various academic and industrial projects aimed to the production of
lithium ion plastic batteries. Therefore, this chapter will be mainly
focused on the second type of polymer electrolytes, namely on those
electrolytes prepared by a direct trapping of liquid solutions in a
polymer matrix. Particularly interesting in this category are the electro-
Iyte membranes obtained by the gelification of organic liquid solutions
(e.g. the cited LiPFy; in EC-DMC solution) in polymer (e.g., poly(acrylo-
nitrile), PAN or poly(methylmetacrylate) PMMA or poly(vinylidene fluoride)
FVdF) network. The following part of this chapter is addressed to the
description of these commonly called " gel-type membranes”, with particu-
lar concern to their latest developments.

2.0 GEL-TYPE MEMBRANES

Historically, gel membranes were first reported by Feullade and
Perche [8]. However, the relevance of these membranes in the battery
field has been fully recognized only recently [1]. Generally, the laboratory
synthesis of gel-type membranes involves the dissolution of the lithium
salt and of the selected polymer host in an appropriate liquid solvent or
liquid solvent mixture. The resulting solutions are homogenized, heated to
90-100 °C and finally cooled to room temperature between glass plates to
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promote cross linking of the membrane in the desired shape and thickness
[9]. This simple laboratory method, which can be easily scaled up to the
industrial level by the use of suitable lamination machines, produces
mechanically stable, self-sustaining membranes. A typical, laboratory
prepared example is shown in Figure 1.

Figure 1. Typical appearance of a laboratory prepared, gel-type, lithium conducting, membrane.

For simplicity' s sake all the membranes are hereafter addressed by
writing in sequence the selected lithium salt, the liquid solvent (or
solvent mixture) and the hosting polymer. For instance, the notation
LiPF;-EC-DMC-PAN refers to a membrane formed by a solution of
lithium hexafluorophosphate in a ethylene carbonate-dimethyl carbon-
ate solvent mixture immobilized in a poly(acrylonitrile) matrix.

2.1 Ionic Conductivity

The value of the ionic conductivity of the membranes can be
measured effectively by impedance spectroscopy on cells formed by
sandwiching the given membrane sample between two lithium-ion-
blocking (e.g., stainless-steel, SS) electrodes. A typical result, referring
to the LiPFy/EC/DMC/PAN membrane is shown in Figure 2.

The impedance response is basically a capacitive line whose inter-
cept with the real Z' axis gives the value of the membrane's resistance.
The value of the conductivity is then obtained by knowing the cell
constant.

Two important conclusions can be drawn from this impedance behav-
ior. First, the full linearity in the high frequency region is convincing
evidence of the integrity of the membrane. In fact, should phase sepa-
ration and/or crystallization had be present, these would have been
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evidenced by the appearance of semicircles or, more generally, by
deviation from linearity in the high frequency region of the impedance
spectra. The second key feature of the impedance study of Figure 2 is
the low ohmic value of the intercept that leads to a room temperature
ionic conductivity of 0.6x10% S:cm™ for the LiPFy/EC/DMC/PAN
membrane. The conductivity remains high for a wide temperature
range, extending from room temperature to 70-80 °C, as shown by

Figure 3.
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Figure 2. Impedance spectrum of a SS / LiPFs -EC-DMC-PAN/ SS (SS=stainless steel) cell at
room temperature. Frequency range : 100 kHz-1Hz. Derived from reference 9 and reproduced

with permission from Elsevier Science.
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Figure 3. Conductivity Arrhenius plot for the LiPFy/EC/DMC/PAN gel-electrolyte membrane.
Data obtained from impedance spectroscopy. Derived from reference 9 and reproduced with
permission from Elsevier Science.
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Similar values of conductivity have been found for other types of
membranes, either varying from the type of the liquid solution [10,11]
or for the type of polymer matrix [12,13], see Table 1. This Table
demonstrates the availability of a large selection of gel membranes,
which although mechanically stable (see Figure 1), have in general a
conductivity approaching that of their liquid counterpart.

The mechanism of ionic transport in these high-conducting gel
electrolytes has been investigated by dynamic light scattering using
LiCIO/EC/PC/PMMA as a sample membrane [14,15]. The results have
provided strong evidence of three relaxation processes, i.e. i) and ii) a
fast and a slow diffusive motion of the low molar mass solvent
components and iii) a segmental motion of the polymer matrix. The
temperature dependence for the diffusion process followed an Arrhenius
behavior while the segmental motion was well described by a Vogel-
Tamman-Fulcher (VFT) trend. By comparing the temperature depend-
encies of the relaxation times with that of the impedance data, a close
relation between the conductivity and the fast diffusion process was
found, this showing that the ionic transport is related to the diffusive
motion of the solvent within the gel. This motion is strongly decoupled
from the segmental motion of the polymer backbone, this finally
demonstrating that the ionic transport in the gel membranes occurs
mainly within the liquid solvent. The mechanism of conductivity in the
gel electrolytes is thus completely different from the mechanism that
controls the ionic transport in the solvent-free, PEO-based polymer
electrolytes.

All these results suggest that in the strictest definition, gel mem-
branes cannot be classified as "true" polymer electrolytes, but rather as
hybrid systems where excess of liquid phases are contained within a
polymer matrix [16]. In this respect, the key questions are: i) whether
this definition totally applies for the entire category and ii) whether all
these electrolytes are effectively two-phase systems where the polymer
is a passive component acting as a rigid framework for regions of liquid
solutions, or whether they are integrated systems, where the polymer
provides the stability of the gel network down to areas near the Li*
ions [17]. Investigation by NMR [18,19] and Raman [20,21]
spectroscopy has shown that some interactions do occur between the
polymer backbone and the electrolyte solution. The extent of the
interaction depends upon the characteristic of the gel membrane's
components. For example, for electrolytes based on the PAN matrix,
coordination between the polymer backbone and both the solvent
molecules and the solvated ions have been evidenced, while this
interaction is weaker for electrolytes with the PMMA matrix. Therefore,
the latter can be primarily regarded as simple hybrid systems while the
former are systems characterized by interactions at the microscopic
level between the polymer and the solution.
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Table 1. Electrochemical properties at 25 °C of some selected examples of gel-type polymer
electrolytes (average thickness: 100 pm). Reproduced from reference 28 with permission from

Elsevier Science.
Anodic
Electrolyte Membrane Molar Composition CT;‘;'?]‘_{‘]"“ B’::'g;"“
vs. Li*/Li° [V]

Li0O+-EC-PC-PAN 8.0 38.0-330-2L.0* | 11107 5.0
LiO+-EC-PC-PAN 4.5-56.5-23.0-160* | 1.1<10° 4.9
LiIO-EC-DMC -PAN 45-56.5-230-160* | 39.10° 5.1
LiIO,-EC-DEC-PAN 45-535-190-23.0" | 4.0~10° 48
LiCO,BL-PAN 4.5-795 - 16.0* 28 10° 5.0
LiASF&-EC-PC-PAN 45-56.5-23.0-160* | 0910 4.3
LiASF5yBL-PAN 45-795 - 16.0* 4.1.10° 46
LiPF,~/BL-PAN 4.5 -79.5 - 16.0% 44107 5.1
LiPF,-ECBL-PAN 4.5-565-230-160% | 55107 a6
LiPF,-EC-DMC-PAN 40-200-620-140% | 42107 44
LiN(SO,CF),-EC-PC-PAN 45-56.5-230-160* | 1.0 x10° a6
LiN(SO.CF),-EC-CIBL-PAN 4.5-56.5-23.0- 160 | 2.6+ 10° 47
LiCIO,-EC-PC-PMMA 45-465-19.0-30.0° | 0710 46
LiASF-EC-PC-PMMA 45-465-190-300* | 0810 48
LIN(SO.CF),-EC-PC-PMMA 4.5-465-190-300% | 07107 4.9
LiN(SO.CF,), ECDMCPMMA | 5.0-50.0- 20.0- 25.0* | 1.1 107 48
LiC(CF+S05),-EC-DBF-PVdF 3.5-36.5-30.0-30.0% | 0.017 107 —
LiC(CF:505),-EC-DBF-PVAF(CoFs) | 3.5 - 36.5 - 30.0 - 30.0* | 0.035 x 107 48
LiC(CF.50,), EC-PC-PVGF(CTFE) | 1.2 - 42.0- 168 - 40.0* | _ 0.1 « 10° 46

(* = this value is referred to monomer)

These structural differences may be important selection criteria in
view of battery applications. In general, PAN-based membranes, having
characteristics somewhat approaching those of a "true" polymer
electrolyte entity, are be expected to be more stable than PMMA-based
membranes or, generally, than membranes having characteristics of
purely hybrid systems.

In general, the main feature of these gel-type membranes is their
unique configuration which, due to the polymer entangling component,
gives them an overall plastic self-standing appearance (see Figure 1)
combined, thanks to the loosely-bound liquid component, with a high
ionic conductivity (see Figure 3). The drawback is that the liquid
component may eventually leak out from the membrane, this being
detrimental in term of conductivity and probably to battery reliability
and safety. This may obviously be a serious issue and thus, various
approaches are considered to improve the membrane integrity under
various operating conditions. One of these approaches involves the
dispersion of selected ceramic powders in the polymer mass in order to
form new types of composite membranes [22]. Figure 4 shows the
impedance responses of one example of these composite membranes
formed by dispersing 6 weight percent (w/0) of nano-particle size Al,O,
in the LiPFyEC/DMC/PAN system. The measurements were taken at
different temperatures and at various storage times for each testing
temperature.



ADVANCES IN LITHIUM-ION BATTERIES 257

300 v
1l o 1 day °5
] 0 Tdays .‘é
v 22days
400 1 v
v 36days L
%
g
Q . .Bv
G ox
~ v
- 4 .'v
N | o 40°C |
il .Qv oYY
°q’ oo'v
i .(‘L.V .0‘v
J oV
75°C e
100 - - e
0 +——r—r——ait = ——
0 100 200 500

Z (Qcm)

Figure 4. Impedance response at various temperatures of the LiPFy/EC/DMC/PAN + 6 wfo Al,Os
composite gel electrolyte membrane. Measurements carried out at various progressive storage
times of stainless steel, blocking electrode cells. Frequency range: 100 kHz-1Hz. The spectra are
normalized for thickness and active area of the cells. Derived from reference 22 and reproduced
with permission from Elsevier Science.

The value of the conductivity, derived from the intercept on the
real Z' axis, is quite high, i.e. of the order of 3x10® S-cm™ at room
temperature. In addition, the intercepts exhibit only minor shifts even
after long storage times and show no evidence of deviation from line-
arity. These features concur to demonstrate that the addition of the
ceramic filler considerably contributes to enhancing the stability of the
PAN-based electrolyte membrane without affecting its conductivity.
The test was extended to temperature higher than ambient (i.e. 40 °C
and 75°C, see Figure 4) in order to approach critical conditions where
liquid release is more easily expected to occur. Again, no shifts or
semicircles are detected in the high frequency intercepts, thus demon-
strating that the ceramic-induced stabilizing effect is maintained above



258 Lithium Polymer Electrolytes

ambient and, especially at temperatures as high as 75 °C. Figure 5
compares the time evolution at this temperature of the conductivity of
the composite membrane with that of a analogous, ceramic-free
membrane. The superior behavior of the former is demonstrated by the
fact that its conductivity does not appreciably change upon long
storage times while in the same testing period that of the ceramic-free
membrane decays by about two orders of magnitude.

Io-i —
75°C 0O ALO,-free
& ® 6% wiwALO,
&
0]
oy 1S "D"GH-IFH“
H - —a——
> ¢
= ]
3
i)
= .
8 107 | & EEp o [T DE‘
9 e
= .
o.o.
= O5g0. =
10+ - : — - ;
0 5 10 15 20 25 30

Figure 5. Time evolution at 75 °C of the conductivity of a LiPF/EC/DMC/PAN + 6 w/o Al,O;
composite gel electrolyte membrane and of an analogous, ceramic-free membrane. Data
obtained by impedance spectroscopy.

Obviously, is the dispersed ceramic filler which makes the differ-
ence, although is effective action in preventing liquid leakage is not yet
totally clear. It has been shown that ceramic filler, when properly
selected in terms of their nature and particle size, may greatly influ-
ence the characteristics and the properties of polymer electrolytes of
different types [23-26]. In the case of the gel membranes here dis-
cussed, it may be assumed that the improvement in integrity may be
associated to: i) an enhancement in mechanical properties due to the
ability of the polymer chains in entangling with the ceramic particles
and ii) to the liquid-phylic tendency of the ceramic particles which may
help in holding the liquid component within the membrane structure [27].

2.2  Electrochemical Properties

As shown above, the conductivity of the gel membranes is in average
sufficiently high to in principle assure battery operation in terms of con-
trolled IR drops. However, full evaluation of the membrane's practical value,
requires also the establishment of other electrochemical properties, such as
the stability window and the compatibility with the electrode materials.
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Figure 6. Current-voltage curve of a Ni blocking electrode in a LiPF/EC/PC/PAN electrolyte cell.
Room temperature. Scan rate: 0.1mV's™’. Counter electrode: Li metal.

In general, the electrochemical stability of an electrolyte is estab-
lished by determining its breakdown voltage. This test can be carried
out by performing sweep voltammetry on cells using the given mem-
brane as the electrolyte, a "blocking" (i.e. not reversible to the mem-
brane's mobile ion) working electrode and a third reference electrode.
Under these conditions, the voltage at which the current starts to flow-
through the cell may be assumed as the decomposition of the electro-
lyte. In the case of the gel-type membranes here under discussion, the
test may be run by using a Ni blocking electrode and a Li reference
electrode. Results obtained for the LiPFs-EC-PC-PAN electrolyte are
shown in Figure 6. The current onset is detected around 4.3 V vs. Li
and similar values are obtained for the generality of the gel-type
membranes, see Table 1 [28]. These values are high enough to allow
the safe use of the membranes as electrolyte separators for the most
common lithium-ion electrode couples.

As pointed out above, it is also desirable to extend the electro-
chemical characterization of the gel electrolyte membranes also re-
quires the establishment of their compatibility with electrode materi-
als. This may be achieved by determining the charactereristics of the
lithium intercalation-deintercalation processes of these materials in
cells based on the given membrane as the electrolyte and lithium metal
as the counter electrode.

As an example, Figure 7 shows the result obtained in the case of a
typical lithium ion cathode, i.e. a chromium-stabilized lithium manga-
nese spinel [29], cycled in a LiClO,/ECG/DMC/PAN electrolyte cell [30], to
promote and evaluate the process:

LiCryan.yO4 o Lil.xCryan_yO4 +Li (1)
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Figure 7. Voltage profiles of the lithium deintercalation-intercalation cycle of the chromium-
stabilized manganese spinel cycled in a LiClO4/EC/DMC/PAN electrolyte cell at room temperature
and at 0.1 mA-cm? rate. Lithium counter electrode. Charge: lithium deintercalation; discharge:
lithium intercalation Derived from data in reference 30.

The trend of Figure 7 demonstrates that the voltage profile and the
cycling capacity (about 130 mAh-g™) match those expected for this
cathode material in liquid electrolyte cells. Furthermore, the electrode
can be extensively cycled with a contained capacity loss (see Figure
8). Similar results have been obtained with other lithium metal oxides,
e.g. ,LiNi,Co.,0, [29] this finally demonstrating the compatibility of the
gel membranes with the most common lithium ion cathode materials.
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Figure 8. Capacity delivery versus number of cycles of a chromium-stabilized manganese spinel
cycled in a LiCIO/EC/DMC/PAN electrolyte cell at room temperature and at 0.1 mA‘cm rate.
Lithium counter electrode. Charge: lithium deintercalation; discharge: lithium intercalation.
Derived from data in reference 30.
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As in the case of the cathodes, also the electrochemical response of
the anodes, can be evaluated by following their lithium intercalation-
deintercalation processes, again in cells using the gel membrane as the
electrolyte and Li metal as the counter electrode. Figure 9 shows the
voltage response of a graphite electrode cycled in a LiCtO,/EC/DMC/PAN
electrolyte cell. Also in this case, the response, which is associated with
the process:

xLi + 6C < LiCs @)

approaches that observed in liquid electrolyte cells, namely a voltage
profile which during the intercalation process decreases along a series
of distinguishable plateaus which correspond to the occurrence of the
progressive staging graphite phases. A similar trend is reproduced
upon the reverse, lithium deintercalation process, although with an
apparent loss in capacity. As well demonstrated in the case of liquid
electrolyte cells, this formal excess of capacity during the initial cycles
may be associated with side reactions involving the decomposition of
the electrolyte with the formation of a passivation layer on the graphite
electrode surface.
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Figure 9. Typical voltage response of the Li intercalation — deintercalation process of a graphite
electrode in a LICIOJEG/DMC/PAN electrolyte cell. Temperature: 25°C. Lithium counter
electrode. Cydling rate: C/4.

However, in contrast with the response observed in liquid electro-
Iytes, in gel electrolyte cells the graphite electrode appears to suffer by
a certain capacity decay under prolonged cycling. This may be ascribed
to a progressive loss of active material sites due to the difficulty in
exchanging a suitable amount of the liquid component from the mem-
brane to the bulk of the electrode.
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3.0 SWELLED MEMBRANE ELECTROLYTES

The partially unsatisfactory response of the anode in the gel mem-
brane cells may be solved in two ways, i.e. :i ) by replacing the liquid-
phobic carbonaceous electrodes with more liquid-compatible oxide
compounds and ii) by replacing the standard gel electrolytes with
membranes containing excess of liquid. The fist approach is discussed
in another chapter of this book. The second approach may be pursued
by considering membranes capable of being swelled by large quantity
of liquids still retaining their mechanical integrity.

ey

Figure 10. The process of liquid swelling in a PEO-based, composite membrane.

An example is provided by a membrane formed by combining linear
PEO with a lithium salt and with a nano-particle size particle SiO,filler
(31). This dry, composite membrane is then activated by dipping it in a
non-aqueous diethylcarbonate (DEC)-ethylcarbonate (EC) solvent
mixture, see Figure 10. The membrane can be swelled by a large
amount of liquid in a very short time, as shown by Figure 11 that
reports the swelling fraction versus dipping time. The result confirms
the fast swelling rate that leads to a 300 weight percent of the
membrane after only few minutes of dipping in the liquid.

Figure 12 compares the Arrhenius plot of the ionic conductivity of a
LiCl0, (1M), EC-DEC liquid electrolyte in comparison with that of a
P(EO),LiCl10,+10 wt% nano-particle SiO, composite membrane
swelled (300 wt%) in an EC(25 % molar)-DEC solvent mixture. The
conductivity of the two systems are comparable, reaching at 20 °C the
values of 2.5x10™ S-ecm™ for the liquid electrolyte and 2.1x10° S-cm™
for the swelled membrane [31].
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Figure 11, Swelling fraction versus time for a P(EQ),(LiCIOs+10wt% nano-particle SiO,
composite membrane after dipping in an EC(25% molar)-DEC solvent mixture at room
temperature. From reference 31 reproduced by permission of The Electrochemical Society, Inc.
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Figure 12. Arrhenius plot of the ionic conductivity of LiCIOs (1M), EC-DEC liquid electrolyte in
comparison with that of the P(EQ),LiCIOs+10wt% nano-particle SiO, composite membrane
swelled (300%) in an EC(25 % molar)-DEC solvent mixture. From reference 31 reproduced by
permission of The Electrochemical Society, Inc.

In addition to providing high conductivity, the large amount of swelled
liquid is expected to favor interfacial contacts, especially in the case of carbo-
naceous electrodes. This is somewhat confirmed by Figure 13 that reports the
initial cycles of a graphite electrode in a cell using the swelled PEO-based
electrolyte. The electrode cycles with a capacity delivery approaching the
theoretical value, i.c. 370 mAh-g™, i.e., with a trend similar to that observed
in liquid electrolytes. In addition, this high capacity appears to be retained
alsoin the following cycles (31).



264 Lithium Polymer Electrolytes

3.5
3.0
2.5
2.0

1.54

Voltage (V)

1.0
] Discharge

0.5

Charge

0.0

4
4
.
4
4

Time (hours)

Figure 13. Typical voltage response of the Li intercalation - deintercalation process of a
graphite electrode in a P(EO)10liClO4+10wt% nano-particle SiO, composite membrane swelled
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from data in reference 32.

4.0  CONCLUSIONS

In recent years substantial progress has been achieved in the area of
polymer electrolytes developed and designed to act as separators in plastic
lithium ion batteries. Some of this progress, and particularly those related
to gel-type and to liquid-swelled membranes are reported and discussed
in this chapter. Another chapter of this book demonstrates the feasibility
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of a particular polymer electrolyte for the fabrication of commercial lithium
ion plastic batteries.

All these facts confirm that the passage from liquid to plastic systems is
not just an academic concept, but rather a practical reality. Indeed, many
battery manufacturers in Japan, in the US and in Europe have production
lines in operation for the fabrication of lithium ion plastic batteries of
various size and capacity.

On the basis of these facts it is possible to foresee that lithium ion
plastic batteries will soon achieve a well-established role in the
consumer market, see Figure 14 [32].
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1.0 INTRODUCTION

The strong market drive for a safe, room temperature, and high-energy
rechargeable battery has fueled the development of the lithium-ion (Li-lon)
technology. The Li-Ion cell has the highest energy density of any rechargeable
cell and the improvement in performance has been spectacular. Sony made
the first commercial introduction in 1991 after an intense technology
development as described by Nagaura and Tozawa [1]. They established the
basic chemistry, construction and process for the manufacture of the Li-lon
system. Today, there are over 30 manufacturers, worldwide with production
ranging from approximately 4,000 cells per day to 100,000 cells per day.
Although there is a 25-fold difference in the number of cells fabricated, the
basic operations are the same for all. The manufacturing of Li-Ion batteries is
a complex and unforgiving process. Each step of the process has its own
characteristics and potential problem areas.

This chapter is intended to provide the reader with a basic knowledge
of the over-all Li-lon manufacturing processes. The implementation and
details may differ for each manufacturer all of whom hold the details as
proprietary. Intense competition between cell manufacturers and the drive
for higher capacity cells to power portable electronic devices, such as
notebook and cellular telephone applications, has resulted in exceptional
performance improvements. Figure 1 depicts the increase in capacity of
the typical ICR18650 cell over the past 10 years. The driving force behind
the expansion in performance and production volume has been the advent
of portable electronics, notebook computers, cellular telephones, camcor-
ders and the like. The spectacular growth in production volume of Li-lon
cells is given in Figure 2 for all types of Li-lon cells, prismatic, cylindrical
and polymer.

Advances in Lithium-Ion Batteries
Edited by W. van Schalkwijk and B. Scrosati, Kluwer Academic/Plenum Publishers, 2002
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Figure 1. Historical improvement in capacity of an 18650 Li-Ion Cell. Data derived from reference 2.
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Figure 2. Production growth for Li-Ion cylindrical and prismatic cells. Data derived from reference 3.

The International Electrotechnic Commission has established a common
designation to describe the chemistry and size of Li-lon cells [4]. The letters
designate the chemistry and form factor while the numbers specify the
physical dimensions of the cell. The first letter describes the general
chemistry, the second letter designates the specific cathode chemistry and the
third letter designates the shape.

First letter: I — Li-Ion chemistry
Second letter: C- cobalt, N- nickel, M-manganese
Third letter: C- cylindrical, P-prismatic

The first two numbers that follow designate the diameter in mm and the last
three designate the height in tenths of mm. Thus a cell designated ICP18650
is a Li-Ion cell with a cobalt cathode that has a diameter of 18 mm and a
length of 65.0 mm.
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For rectangular (prismatic) cells the initial letters have the same meaning
but the first two numbers designate width in mm, the next two numbers are
the height in mm and the last two numbers are the length in mm. Thus, a
cell designation IMP360965 describes a prismatic Li-lon cell with a
manganese cathode cell that measures 36 mm in width, 9 mm in height and
is 65 mm long.

2.0 CELL DESIGN

Some general comments are necessary. The lithium battery is a high-
energy system and must be treated with care. Electrical, mechanical and
thermal abuse can initiate thermal runaway conditions that can cause the cell to
self-destruct. Careful attention to every detail in cell design and in production is
required. A quality assurance program designed to establish and produce the
product with zero defects; six 9's reliability and ISO 9000 level must be
practiced. A final comment, inspection of the product at the end of the
fabrication process is not an acceptable method of assuring high quality and
safe operation. Quality and reliability cannot be inspected into a product after
the fact. As in any commercial process, it is difficult to say that one step is more
important than another. Figure 3 depicts a generalized flow chart for the
assembly process. Comments for each of the steps will follow in this and the
next section.

The internal designs for the Li-lon cell must result in uniform current
density across, and through, the electrode structures. Large surface area
electrodes are employed to give the cells high rate performance. The pore
structure and the combination of conductive carbons give good contact to all
the particles of the active material. Good contact is essential between the active
materials, the conductive carbon and the current collector, for full utilization of
the active materials and for good efficiency during high rate performance. A
binder, usually a polymer such as polyvinylenedifluoride (PVdF), is used to hold
the electrode structure together and bond it to the current collector. The binder
needs some flexibility to accommodate the volume changes that occur in the
active materials during charge and discharge. Additives to the coating slurry
may improve contact of the active mass to the current collectors. The collector
foils may be coated with a conductive carbon paint to protect surfaces from
corrosion and to improve the contact of the active mass to the current collector.
The steel cans should be clean and nickel plated to provide a stable surface and
minimize can corrosion before cell assembly.

The capacity of a given cell size constitutes a trade-off in geometric
surface area, coating thickness (loading), thickness of the current collector and
thickness of the separator so that the electrodes fit snugly into the can. The
capacity is determined by the amount of active material coated onto the
current collector. The active material loading (mg-cml) is determined by the
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cell design and by the total surface area of the electrode. Larger geometric
electrode areas for reaction reduce the polarization (voltage loss) due to the
kinetics of the electrode reactions and lower the voltage drop across the
separator. Porous electrode structures are employed to further increase the
reaction surface by extending the reaction zone away from the surface and
into the bulk of the anode and cathode. Since all of the electrodes are porous
structures, the reader may wish to review the principles of porous electrode
operations [5,6]. It is possible to use this modeling approach to determine the
best materials for a particular application. Shi and Brodd [7] demonstrated
that modeling of the carbon and graphite could differentiate between graphite
and hard carbons in cell performance.

The electrolyte must have a wide voltage range of stability with little or
no reactivity up to 5 volts vs. lithium. This is a safety measure in case the
voltage control circuitry malfunctions. Cells in multiple cell packs could then
be exposed to significantly greater voltages than recommended. Good cell
operation requires a minimum conductivity of 10° S-cm™ to permit high
current discharge with a minimum of resistive heating and voltage loss. A
thin, large geometric electrode area separator also reduces the ohmic loss.

Cell designs that are tolerant to abuse conditions without venting or self-
destruction are imperative. Safe operation demands that no lithium metal be
formed in the cell during any cell use or abuse condition. The deposition of
lithium metal forms dendrites that internally short the cell. The primary control
of lithium deposition is the ratio of the negative to the positive capacity of the
individual electrodes in the cell. The voltage control in the charging methodol-
ogy and cell balance are the main determinates to prevent lithium deposition.
The negative electrode has about 10% higher usable capacity than the positive
as noted in Figure 4. This prevents lithium metal deposition onto the anode on
charge, as the cathode determines the capacity of the cell. If lithium metal
deposits on the electrode surface, it reacts with the electrolyte and could initiate
thermal runaway. The actual capacity ratio is a trade-off between the desire for
higher capacity cells and the need for a safety factor to resist abuse conditions.

Thermal runaway is the term used to describe the situation when a cell
spontaneously self-destructs. It occurs during uncontrolled charging or from
electrical or physical abuse of the cell. Often, the cause is an internal short that
heats the cell by releasing the total cell energy into the cell. If a cell is shorted,
the cell reactants are capable of heating the cell to very high temperatures
(450°C, or more, for an ICC18650). As long as the cell temperature remains
below about 120°C, the cell is stable. However, at temperatures above about
120°C, the electrolyte solvents react vigorously with the cathode active material
and generate additional heat. Above 250°C oxygen from decomposition of the
cathode oxide can react with the organic solvents of the electrolyte. These
reactions are autocatalytic and cannot be stopped once they begin.
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Another safety measure is the use of a "shut-down" separator. This is
generally a microporous polyethylene that undergoes a phase transformation
at about 110°C. The phase change closes the pores and increases the internal
resistance of the cell. This effectively stops cell operation. In general, thin
electrodes are used to obtain high rate discharge and charge capability. Once
the internal design is set, the dimensions, materials and electrode composi-
tions can be determined for all manufacturing processes. Safety features
included in the cell design are the PTC and CID devices usually incorporated
into the cell top plate and seal. The PTC is a positive temperature coefficient
device that changes resistance at a set temperature or current flow and stops
a thermal runaway condition from developing. The CID is a current interrupt
device that is incorporated into the cell cap. It serves a similar purpose to the
PTC as it interrupts the electrical connection between the cathode tab and the
positive terminal when the internal pressure in the cell reaches a given
pressure. This device is activated from the vapor pressure of the electrolyte
solvent when it reaches a set value. Finally, the cell vent activates at pres-

sures just higher than the CID to release the volatile solvent and stop cell
action.

3.0 COATING ELECTRODE STOCK OR FOILS

The manufacturing/assembly processes for a Li-lon battery require preci-
sion and accuracy when coating the positive and negative electrode stock
coated with the active material. The coating process is a critical element in
ensuring a high capacity, high reliability product. If the coatings are of poor
quality, only low performance batteries will be produced. The initial steps in
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the preparation of the active mass determine the outcome. A schematic for
electrode coating operations is shown in Figure 5.

Cohen and Gutoff [8] describe a methodology to arrive at the best
coating technique for a particular application, based on the rheology of the
coating slurry, required precision and speed of coating. Common types of
coaters include extrusion, reverse roll coating and knife over roll or doctor
blade. Typical coating heads used in production are shown in Figures 6 and
7. The slot die and reverse roll coating processes, with interrupted coating,
are preferred over the doctor blade (not shown). Both the slot and reverse
roll coating can easily handle the viscosity and coating speeds for the anode
and cathode coating slurries. Both have sophisticated electromechanical
technology for control of the coating thickness across and down web.
Regardless of the choice of coating head, the coated foil passes through an
oven to evaporate the solvent and leave a precise amount of active mass
(mg-cm™) on the foil. Many coating solvents are classed as hazardous and
cannot be released to the atmosphere. As a cost saving measure, the solvent
is generally recovered for reuse in the process. To avoid any contamination
of the environment the solvent may be incinerated.
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Figure 5. Coating process for anode and cathode electrodes (not to scale)
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Figure 6a. Slot Die with Interrupted Coating by Movement of the Die and Stripe Coating.

Figure 6b. The slot die can produce interrupted coating by movement of the die or strips by shims
in the die orifice. (Courtesy of Toray Engineering Co.)

A common process is the reverse roll coating. In this process, the reverse
rolls are raised and coating is interrupted while the foil continues to move. The
slot die can perform the same operations with equal precision. The automated
manufacturing process requires interrupted coating with precision lengths of
coating area. Both the slot die and reverse roll coating heads can handle the
anode and cathode coating slurries. Each has sophisticated electromechanical
technology for excellent control of the coating thickness across and down web.
Regardless of the choice of coating method, the coated foil passes through an
oven to evaporate the solvent and leave a precise amount of active mass on the
foil.

The coating operations begin by mixing the active materials, polymer
binder and conductive diluent. The objective of the dry blend is to coat the
nonconductive particles of the active material with a thin film of the
conductive carbon. This coating provides electrical contact to the current
collector for full utilization of all the particles in the mix. The polymer is
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dissolved in the coating solvent in a separate container. The dry mix blend
and the solvent solution are then combined to form a slurry as depicted in
Figure 5. Care must be exercised to have good control and detailed
specifications of the basic raw materials, such as chemical composition,
particle size distribution, impurity level, etc. The properties of the materials
and the rheology coating slurry should not vary from lot to lot. Slight changes
in particle size distribution of the cathode active material can change the
rheology of the coating mixture and influence the performance of the cathode.
The ratio and amounts of the materials are determined by the cell design and
the size of the mixer. An intensive mixing procedure is used to dry blend the
non-conducting active material and the carbon before adding the coating
solvent and binder. When mixing the cathode, it is essential to coat the non-
conductive active material with the conductive diluent, usually a carbon black.
This ensures that each particle in the porous structure is coated and can
connect through the conductive matrix to the current collector. The solvent
additions are used to adjust the viscosity of the slurry (or paint) for the coating
operation. Polyvinylenedifluoride (PVdF) is the binder of choice and the
solvent is N-methylpyrollidinone (NMP).

Transfer )
Vessel - Backing Roll
Cleaning
Doctor
l Web
Coating
Metering Roller
Roll
Pump Slurry
Fountain

Figure 7. Setup for reverse roll coating operations. Movement of the coating roller away from the web
produces interrupted coatings

The slurry from the mixing operation is placed in sealed containers,
which serve as the reservoir and transfer medium for the coating
operations. Precise amounts of coating slurry are pumped from the storage
container with a gear pump, or similar precision pump, to avoid any
entrainment of air in the fluid going to the coating head.
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After coating, the rolls are calendared to produce a precision thickness,
and then slit to width for the specific cell design. Two or three passes
through the calendar may be required to arrive at the desired thickness. If
the coating is very porous and thick, compacting in one pass can produce
foils with uneven porosity. The final thickness control is essential for the
winding step in the assembly process so that the electrode coil has the
proper dimensions to fit snugly into the can.

The uniformity of the coating thickness and composition is critical to
good performance as well as in the subsequent cell assembly processes.
Many installations measure the coating thickness on a continuous basis
using a beta gauge whose operation is based on absorption of the beta
emissions by the coated materials. The gauge can be mounted and swept
across the coating to provide a continuous measure control of the amount
of material in the coating. This allows continuous feedback to the control
panel for on-line correction of the amount of material being coated. It is
also possible to measure the amounts and thickness of the roll after
coating by punching out a sample at the start and end of the roll and
measuring its thickness. This method does not allow on-line correction and
may result in rejection of the full roll by QA.

It is possible to coat both sides simultaneously, but this is seldom done
in practice, as it requires exceptionally good process control. Usually, the
electrode stock is passed through the coating operation twice to coat each
side of the current collector foil. The coated foils are then calendared to
compact the coated layer. Calendaring usually takes two passes to compress
the final coating into a uniform thickness. Two passes provide better control
of pore size and thickness in the final product. The electrode foils are then
slit to size for cell assembly.

4.0 CELL ASSEMBLY

Most Li-Ion cells, both cylindrical and prismatic, use the wound core
construction. The strips have the required loading of active material (mg-cm?),
length, width and thickness to match the cell designs. The coating operation
produces interrupted coating to match the length of the coil. The winding
machines are designed to operate automatically using strips of anode, cathode
and separator fed from separate reels. The operations start by welding the tabs
onto the uncoated section of the foils. The winding machine then cuts the strip
to the proper length and winds the combination anode-cathode-separator into a
tight coil or bobbin in jellyroll fashion. As the wound core increases in diameter,
the winding machine automatically compensates to maintain constant tension
as the coil increases in diameter for close tolerance on the diameter. The
elliptical wind for prismatic cells is a more complex and slower process. Any
irregularity leads to a gap between the separator and electrode, which may
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cause a malfunction, shortened cycle life or safety issue. The winding
operations are complex and require a high level of precision and automatic
control. It is also possible to hand wind cells but that requires a significant
degree of manual dexterity and the ability to control tension through practice. A
good technician can wind 300 cells of reasonable quality per day. However, the
repeatability of hand wound cells varies with the individual. It is difficult to get
mandatory precision day after day using the hand wound techniques.

Figure 10 depicts a typical production process for cylindrical cells. The
winding operation uses reels of anode and cathode from the coating, calen-
daring and slitting operations. The size of the reels is determined largely by the
ability of the operator to lift and position them on the winding machine and the
desire for continuous operation. The process for fabricating prismatic cells is
very similar to that for cylindrical cells and is shown in Figure 11. Each
manufacturer has proprietary methodology to implement each of the cell
fabrication steps.

After winding, the coil is checked for internal shorts before being inserted
into the can. Early rejection of potential cell faults is an economy and prevents
investing more work on bad cells. The bobbin is inserted into the can so that
the can provides constant pressure to hold the anode and cathode close
together, and eliminate any voids between them. Some manufacturers may
insert a mandrel to stabilize the center of the coil. Unless all operations are
carried out in a dry room or dry box, the absorbed water in the active materials
must be removed by heat and vacuum before the electrolyte filling process.
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Figure 8. Expanded view of the internal construction of a cylindrical cell (Courtesy of Sanyo)
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Figure 9. Expanded view of the internal construction of a prismatic cell (Courtesy of Sanyo)

Electrolyte is metered into the cell by a precision pump and vacuum
filled to ensure that the electrolyte permeates and completely fills the
available porosity in the separator and electrode structures. Precision
pumps meter the exact amount of electrolyte needed for good cell
operation. The amount of electrolyte is generally arrived at by trial and
error, based on the performance of the cells. The electrolyte is invariant
(same number of Li* ions enter as leave the electrolyte during charge and
discharge). The electrolyte salt is usually LiPFg dissolved in organic carbon-
ate solvents (see the chapter on Liquid Electrolytes by J. Yamaki). Each
manufacturer has a different combination of solvents with ethylene
carbonate (EC) being a common denominator for most.

After filling the cell with electrolyte, the cell is sealed by controlled
compression of a polymer gasket or grommet placed between the cell can
and the top plate. The pressure on the polymer gasket seal is controlled to
keep it within the elastic limit of the polymer. If the elastic limits are
exceeded, the polymer cold flows and compromises the seal. Each manu-
facturer uses a somewhat different mechanical construction to seal the
cells but the final results are essentially identical. Typically, a shoulder or
ledge is formed near the top of the cell. This serves as the base for the seal
and to hold the jellyroll in place and prevent telescoping or changing
position of the wound bobbin under the influence of vibration and shock.
Any shift in position causes a change in the current distribution and
results in poor cycle life or lithium plating in high performance cells. The
cell top plate seal contains a vent, PTC and CID safety devices. Both the
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CID and PTC are safety devices designed to activate and prevent
dangerous temperatures and pressures from developing internal to the
cell. Each lot of devices is checked for proper operation before incorpora-
tion into the top assembly.

After the seal is applied the cells can be washed, jacketed and labeled.
They are given a serial number to trace the day of manufacture and to
identity all cell components (electrode materials, electrolyte, separator and
the like). The information on capacity and voltage is stored with the cell
number and used later to match cells for pack assembly.

While the processes, above, are depicted for small sealed cells used in
portable electronics, the process for larger batteries for space and
automotive applications follow the same general outline. The cells can be
laser welded with glass to metal seals to provide long lasting hermetic
seals. With the larger cells, greater care must be exercised to insure safe
operation, even under abuse conditions.

5.0 FORMATION AND AGING

After washing and jacketing, but before the start of the formation
process, the voltage and impedance of all cells is measured to sort out
any shorted cells. The cells are then charged for the first time
(formation). The conditions of the first charge are important for at least
two reasons: 1) the SEI layer forms on the anode to protect it from
reacting spontaneously with the electrolyte during normal cell
operation, and 2) it establishes the good electrical contact between the
active materials and the electrolyte. The first charge follows the
manufacturer's recommended procedure for charging the cells but often
starts at a lower current and then increases to the normal charging
current at about one-third of the way into the charge period. Cells may
continue cycling within the voltage limits for charge and discharge for
one or two more cycles after formation. After formation or cycling, cell
voltage and capacity are measured and stored for later use in the cell
selection process. The aging period varies between two weeks and one
month, depending on the manufacturer. The voltage of the cells is
measured again after storage. Differences in voltage at the start and
end of the storage period are used to sort-out cells with "soft-" or
"micro-" shorts. Cells with internal shorts will have a lower voltage
after storage and separate themselves from the normal voltage and
capacity distribution. It may be necessary to evacuate the larger cells
after formation to remove the formation gases.
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6. LI-ION POLYMER BATTERIES (LIPB)

A depiction of the three types of cell construction, cylindrical and pris-
matic wound cells and the prismatic polymer cells in Figure 12 shows that
polymer cells can use the full rectangular cavity for active materials. Recent
activities in polymer battery technology have been reviewed recently [9-11].
All current Li-Ion polymer (LiPB) cells use "plasticized" or "gel" electrolytes
for good room temperature conductivity. The organic liquid electrolyte is held
by a polymer such as PVdF or acrylate. These polymer electrolyte films are dry
to the touch but can contain 30% to 50% liquid solvent. Huang and Akridge
[12] demonstrated that the Li-lon and LiPB cells gave the same performance.
This is expected as both have the same chemistry and theoretical energy stor-
age capability with polymer and liquid electrolyte. This is to be expected as
they both have the same chemistry. While present commercial LiPB cells have
lower capacity, they are very early on the engineering improvement curve so
that continued engineering improvements can be expected to produce
equivalent performance in two or three years.

There is no generally accepted production process for LiPB cells. The first
volume production of LiPB cells used a "hybrid" construction in which
conventional Li-Ion processes for prismatic cells were employed with one
minor modification. The polymer precursors and polymerization initiators
were incorporated into the organic electrolyte and inserted into the cell during
the normal electrolyte filling operation. After closing, a new step was added
to heat the cell in the range of 60°C to 80°C. The heat activates the
polymerization, which forms a plasticized polymer electrolyte in situ. As a
result, the present production equipment could be used with a minimum of
new investment. The normal "shut-down" separator is a part of the
construction and gives this approach a greater safety factor in operation.

O

Cylindrical Prismatic Prismatic
(liquid electrolyte) (liquid electrolyte) (polymer electrolyte)

Figure 12. The effect of form factor on the volume utilization for the three common cell construc-
tions. The LiPB soft packaging allows more efficient use of the available volume in the cell.
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Brodd, et al [13] described the first production concept for manufacturing
lithium polymer cells depicted in Figure 13. Although the facilities and
processes were implemented, no significant production resulted. The light-
weight metalized-polymer-film packaging concept shown in Figure 14 has
been incorporated in polymer cell production. This gives LiPB cells a weight
advantage over the conventional liquid electrolyte cells with heavy metal
cases, as it is considerably lighter than the steel or aluminum cans used in
regular cell constructions. Polymer constructions also permit thin format, large
footprint batteries such as would fit in the bottom of a laptop computer, or a
curved form to give a cellular phone an ergonomic fit. This soft packaging (as
opposed to a metal can) is a key advantage for polymer cells. It results in lower
cost, lower weight and freedom of footprint in cell designs. It also facilitates
shorter design cycles in new product development. After heat-sealing, the sides
are trimmed and folded to the required specification.

The first attempt to commercialize LiPB polymer cells were based on the
technology developed by Bellcore Laboratories (now Telcordia) and referred to
as the Bellcore process [14,15]. It has proven to be an elegant laboratory
process but is difficult to implement in large-scale production. The basic
element of polymer cell construction is the unit cell (bicell), shown in Figure
15. The real advantage of this type of cell fabrication is that the individual
electrodes are internally bonded together to form an integral unit. No outside
pressure from the cell container is required to maintain intimate contact
between the electrodes. The internal bonding of the anode-separator-cathode
eliminates the need to maintain stack pressure and strong metal cans as for
the wound constructions of the liquid electrolyte cells. This gives the polymer
cells less sensitivity to shock and vibration. Overall, the capital investment
costs for LiPB cell production are lower than that for the liquid electrolyte
counterpart.

Polymer cell manufacturing, depicted in Figure 16, starts with casting
of the electrode stock, as described in the Coating section. The electrode
films are cast onto a slip-sheet instead of the current collector foils as for
the regular cylindrical and prismatic cell. The cast strips are calendared,
slit to width, coiled onto a reel and fed to the bicell machine as for the
wound construction. Cutting the electrode strips to length and
automatically stacking after lamination forms the bicells. The bicell stack is
laminated (heat-bonded) together with the expanded metal current
collectors as depicted in Figure 15. This Bellcore process incorporates a
plasticizer, such as dibutylphthalate (DBP), into the casting of the
electrode stock for flexibility in handling. DPB must be removed before the
first charge (formation) as DBP is electrochemically active and produces
compounds that interfere with good cell operations. Expanded metal foil
current collectors are used to facilitate the extraction process, rather than
the solid foil used for the regular Li-lon production.
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Figure14. Depiction of cold-formed soft polymer packaging with stacked bicell construction

After cell assembly and formation, the polymer cells undergo the same
storage, voltage and impedance measurements, labeling, serial number
application and selection criteria as all other Li-Ion cells. The soft-sided cell
cases are more susceptible to internal gas generation and can "puff-up."” As a
result, polymer cells with the soft packaging may be re-evacuated after
formation to remove the gases generated on formation and then resealed.
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Expanded Al Foil
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Figure 15. Bicell construction for polymer cells

Motorola, Polystor, Danionics, Philips and Sony have developed several
other polymer-based LiPB systems. These are in various stages of commer-
cial development but little is known about the production details. PolyStor
[17,18] has initiated commercial production under a license for the Motorola
technology. It uses a PVdF binder but eliminates the extraction step of the
Bellcore process. This process can be adapted for the wound constructions
as well as for the stacked flat plate constructions. Another technology has
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been developed by Philips Lithylene™, in which polymer rivets replace the
mechanical function of the metal can to hold the electrodes together [19].
The layers are assembled and holes cut through the bicell with a laser. The
holes are filled with an inert polymer to bond the unit bicell construction

together.
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Figure 16. Schematic of Bellcore Process

7.0 SAFETY

The U.S. Department of Transportation classifies all Li-lon and LiPB
batteries as hazardous materials for shipping in the same category as
lithium metal primary batteries [20]. It grants exceptions based on the
amount of lithium intercalated into the anode (cell capacity) and the ability
of the cells to pass specified tests. In the 1998 annual report of the DOE ad-
hoc Working Group, two groups reported experimental evidence that Li-lon
anodes have significantly lowered reactivity against water compared to
lithium metal [21]. Both groups independently reported essentially equiva-
lent results regarding the lowered reactivity of the lithiated carbon anode
materials with water. Compared to lithium metal, the reaction rates were
ten to twenty times slower and only one half of the total intercalated lithium
reacted with water.

There are several groups that regulate, or provide testing, to verify
safe operation of Li-Ion cells under abuse conditions. In addition, the UL
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Laboratories [22,23], the International Electrotechnic Commission [4] and
the United Nations [24] have developed standardized safety testing
procedures. These tests are designed to assure that cells are safe to ship
and are resistant to typical abuse conditions such as internal shorting,
overcharge, overdischarge, vibration, shock and temperature variations
that may be encountered in normal transportation environments. Other
organizations, International Maritime Organization (IMO), International Air
Transport Association (IATA), International Civil Air Organization (ICOA)
all follow the DOT and UN recommendation on the transport of Li-Ion
batteries. The various safety tests must be carried out on a regular basis
for all changes in cell design and for new cell constructions to establish an
envelope for safe operation. Any serious accidents involving Li-Ion cells
will impact all manufacturers, not just the one whose cell self-destructed.
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1.0 INTRODUCTION

Lithium ion batteries, based on a carbonaceous anode and a lithium
metal oxide cathode, are high-energy power sources that are well
established in the consumer electronics market. The lithium ion concept,
however, can be extended to any electrode combination that assures a
cyclic transfer of lithium ions across the cell. In general, a lithium ion cell
can be considered as based on a lithium-rich LiM,Y,, electrode and a
lithium-accepting A,B,electrode. The electrochemical process is:

LiM,Y,+AB, < LiyyM,Yn+Li,AB, (1)

where x is the number of lithium equivalents that reversibly pass from the
lithium-rich to the lithium-accepting electrode.

The feasibility of this concept dates back to the early 1980s, when it
was first proposed by Armand [1] and Murphy [2] and then experimentally
demonstrated by Lazzari and Scrosati [3]. In these first types of lithium
ion, or as initially called, rocking chair batteries [1], the lithium rich
negative electrode was LiWO, [3] or LigFe,0; [5] while the non-intercalated
pristine, positive electrode was TiS, [3], WO; [5], NbS, [6] or V,0; [5],
respectively. The electrolyte used was a solution of a lithium salt, e.g., 1M
LiClO,, in an organic solvent, e.g., propylene carbonate, PC. The values of
the open circuit voltage, OCV, of these early cells:

LiWO, / LiClO4-PC/ TiS; OCV= 2.1V (2)
LiWO, / LiClO4-PC/ WO; OCV= 2.5V (3)
LiWO, / LiClO4-PC/ NbS, OCV= 2.0V (4)
LigFe,0;5 / LiClO,-PC/ TiS; OCvV= 2.2V (5)
LigFe,03 / LiClO4-PC/ V05 OCvV= 3.0V (6)

Advances in Lithium-Ion Batteries
Edited by W. van Schalkwijk and B. Scrosati, Kluwer Academic/Plenum Publishers, 2002
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fell between 2.0 and 3.0 V. These values are about 1V lower than that offered
by "standard" lithium ion batteries, e.g., the 4V of the common C/LiCoO,
electrode combination, this being attributed to the lower potential difference of
the selected electrode couples. Figure 1 compares the potential ranges of
various lithium intercalation electrodes. The potential are relative to the
lithium metal and their range is reported in terms of x equivalents of
intercalated lithium per mole, see [1]. The potential difference of the various
electrode combinations depends on their relative position in the diagram.
Clearly, the choice of graphite as anode appears appropriate, since its
potential approaches that of the Li metal in its fully intercalated state, LiCe.
The replacement of graphite with any other A,B,, lithium-accepting anode is a
penalty in the cell potential, its value increasing as much as the given anode’s
potential diverges from that of graphite.

Therefore, an obvious drawback of non-graphite lithium ion cells is
their relatively low voltage. However, this is counterbalanced by various
specific favorable aspects, including:

i) an operating voltage range within the stability window of the electrolyte
(see Figure 1), thus preventing any decomposition phenomena with
associated irreversible capacity losses, as those typically associated with
graphite [7]; this advantage has important reflections in the reliability and
safety of the cell;

ii) a wide choice of electrode materials, extending to compounds that are
naturally abundant and non-toxic, with advantages in cost and environ-
mental compatibility.
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Figure 1. Potential ranges vs. Li of various Li;1.9gM.Ym Or LiA;B,, compounds reported in terms of x
equivalents of intercalated lithium per mole. Derived from reference 6. Reproduced by permission of
the Electrochemical Society, Inc.
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This concept assumes further interest when passing form liquid elec-
trolyte to polymer electrolyte lithium ion cells, i.e. on cells using a lithium ion
conducting membrane as the electrolyte separator. These membranes, that
are generally formed by trapping liquid solutions in a polymer matrix, are
discussed in another chapter of this book. Common examples include the
gelification in a polymer matrix (e.g., poly(acrylonitrile) PAN or poly(vinylidene
fluoride) PVdF) of solutions of a lithium salt (e.g., LiClQ, or LiPFg) in an
organic solvent mixture (e.g., ethylene carbonate-dimethyl carbonate, EC-
DMC or ethylene carbonate-propylene carbonate, EC-PC). These gel-type
membranes have a high conductivity, approaching that of the trapped liquid
solutions and accordingly, they are presently exploited for the development of
lithium ion polymer cells of practical interest [8], most of them based on the
"conventional" graphite-lithium cobalt oxide electrode combination. However,
these membranes are also suitable separators for new types of low-voltage,
plastic-like batteries.

2.0 POLYMER CELLS

The first example of low-voltage, polymer batteries was reported in
1994 by Croce et. al. [9] who described a cell of the type:

TiS, /LiClO4-EC-PC-PAN / LiCoO, (7N

The cell uses a membrane formed by the gelification in a PAN matrix of a
solution of LiClO, in the EC-PC mixture. This polymer electrolyte is simply
noted as LiClO,-EC-PC-PAN. The TiS, anode accepts Li* ions from the LiCoO,
cathode during the charge process and releases them during the discharge
process:

TlSz + LICOOZ < LIXTISZ + Li(]-x)COOZ (8)
where x is the amount of lithium exchanged in the process.

The cell was assembled by contacting a thin film anode formed by chemical
vapor deposition of TiS, on an aluminum foil substrate (thickness of ca. 5 pm)
with a thin layer of the electrolyte (average thickness ofca. 50-100 pm) and
finally, a cathode membrane formed by casting a slurry of LiCoO,, acetylene black
and PVC on a metal substrate (average thickness of ca. 50 pm). In the charged
state, the cell assumes a voltage of 2.1V and can be repeatedly cycled with an
exchange of x= ~1 per TiS, mole with the voltage profile shown in Figure 2.

The same type of electrode combination was extended by the authors to a cell
using a polymer electrolyte based on the combination of a lithium perchlorate salt
and a poly(ethylene oxide), PEO polymer [10]. The voltage response was similar
to that above described. However, the cell suffered by the constraint of a high
temperature operation due to the limits of the conductivity of the electrolyte.
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Figure 2. Typical charge-discharge cycle (a) and single-electrode polarization curves (b) of the
Li,TiS; /LiCIO4-EC-PC-PAN/ Li1.CoO; thin film cell at room temperature and at a 0.02 mA-cm™ current
density. Derived from reference 9. Reproduced by permission of the Electrochemical Society, Inc.

A more versatile, new type lithium ion polymer cell, proposed by Spila et.
al [11], involved the combination of a polymer electrode, i.e. polypyrrole, pPy,

a graphite, C electrode and a poly(methyl methacrylate) PMMA-based gel
electrolyte:

This battery concept is interesting because it is based on an unusual
electrode operation. The graphite electrode operates on the well known
lithium intercalation-deintercalation process:
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6C +xLi" +xe” ©Li,Cs (10)

while at the same time, the pPy, (C,H;N), electrode undergoes a doping-
undoping process accompanied by the insertion—deinsertion of the electro-
lyte anion [12], i.e., the perchlorate ClO, anion:

(C4I‘I3N)y +xCIOy & (C4H3N)y (C104-)x + xe (11)
Accordingly, the overall process of the cell is:
6C + (C4H3N)y +Xx LI+ +XC104. L= (C4H3N)y (C104-)x + LixC6 (12)

involving the cycling transfer of both the lithium cation and the perchlo-
rate anion. Accordingly, this new type of cell has been termed "dion"
battery.

It should be noted that the electrochemical process of polypyrrole can
be modified by pre-doping it with a large anion, such as the dodecylsul-
phate anion. In such a case, the large anions are somewhat immobilized in
the polymer matrix, so that it is mainly the lithium ion that participates in
the electrodic process [13]. Therefore, under these conditions the cell may
operate on the cyclic transfer of lithium from the graphite electrode to the
polypyrrole electrode, according to:

(CsHsN), (DS), + LiCs <> (C4HsN)y(DS)A(Li)y + LigCs (13)

where DS = dodecylsulphate and z is its doping level. The polypyrrole cathode
and the graphite anode operate in potential ranges of 2.5-3.3 V vs. Li and 0.17-
0.02 V vs. Li, respectively, see Figure 3.

The C-pPy cell can be repeatedly cycled at high rates. Figure 4 illustrates
a cycle response at 0.75 C rate and Figure 5 shows the Ragone plot of the cell.
Considering the thin film, high surface area of the electrodes, the cell can be
regarded as a combination between a "classical" battery and an "advanced"
supercapacitor [14]. This property gives to the cells the unique capability of
being used in the consumer electronic market as a plastic, low-cost disposable
power source and in prospect, in the hybrid electric vehicle to provide the
peak power requested for starting, acceleration and so on.

A similar concept was recently proposed by Amatucci et. al. [15] who reported
on a nonaqueous asymmetric cell, i.e. on a new type of device having a high
rate capability as a supercapacitor, as well as a reasonably high energy density
as a battery. This was accomplished by combining a positive electrode capable
of storing charge via a reversible, non faradaic or pseudocapacitive reactions of
the electrolyte anions, with a negative electrode capable of sustaining a fast
and reversible intercalation of the electrolyte lithium ions. A high surface area,
synthetic PAN-based activated carbon was selected as the positive electrode. The
choice of the negative electrode was dictated by the identification of the proper
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Li intercalation compound, ie. of a compound having electrochemical
performance comparable with those of the positive electrode, such as a high
rate capability and a long cycle-life. These features apply to Li,TisOy,, a
compound exhibiting a two-phase lithium insertion-deinsertion process
evolving around a flat 1.5V vs. Li plateau [16] with practically no changes in its
crystal lattice [16,17]. This unique, high structural stability assures the required
high-rate and long cycle-life requirements, especially when the Li,TiO;; is
prepared in a nanostructured form.
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Figure 3. Typical charge—discharge cycle of the polypyrrole cathode and the graphite anode in a
plastic C-pPy cell. Room temperature and 0.75 rate. Derived from reference 11. Reproduced by
permission of Elsevier Science Ltd.

The asymmetric cell proposed by Amatucci et. al. (15) can be schematized
as follows:

LisTisO2/ IM LiPF¢ in EC-DMC (2:1 vol ratio)/ activated carbon (14)

The electrochemical process of this cell involves the double layer
charge-discharge (by PFg ions) at the carbon positive electrode and the
complementing Li* intercalation-deintercalation at the Li,TisO,, negative
electrode. Figure 6 shows the cycling response of the cell under 10C high
cycling rate [15].

The authors also illustrated an overall plastic fabrication of the cell. For
this purpose the electrodes were acetone cast as composite (PVdF-HFP binder,
PC plasticizer, carbon black) thin film on an aluminum grid. The electrodes
and the separator (a thin Celgard felt) were heat-laminated into a bicell
configuration essentially consisting in two asymmetric cells sharing a common
current collector. After removing the PC plasticizer by extraction in ether, the
cell were activated by a 1.5M LiPFg acetonitrile electrolyte. Figure 7, shows
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charge-discharge cycles of

295

this plastic hybrid battery at various high rates.

Under these conditions the energy density of the battery was reported to be of

the order of 25 Wh'kg™ (15), i.e. a value considerably higher than that of
nonaqueous supercapacitors.
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Figure 4. Cycling behavior of a plastic C-pPy cell. Room temperature and 0.75 rate. Derived from
reference (11). Reproduced by permission of Elsevier Science Ltd.
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Figure 6. Cycling behavior of an activated carbon/Li,TisOy2 cell at 10C charge-discharge rates.
Derived from reference (15). Reproduced by permission of the Electrochemical Society, Inc.
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Figure 7. Charge-discharge profiles at various rates for the plastic activated carbon/ LisTisOy, battery. Derived
from reference 15. Reproduced by permission of the Electrochemical Sodety, Inc.

3.0 CELLS WITH HIGH-VOLTAGE CATHODES

The structurally stable Li,Ti;O,, has also been used as preferred anode
material for other types of innovative lithium ion cells. An example is the
cell based on the combination of Li,Ti;O,, with a high voltage mixed spinel
Li,Co, ,Fey ,Mn; ,04 cathode [18]. In this case, the Li,Ti;0,, anode was prepared
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by dispersing stoichiometric amount of TiO, and LiOH-H,O in hexane. After
removing the solvent, the resulting powder was ground and calcinated at 800
°C for 24h under oxygen flux. [19] The synthesis of Li,Cog,.Fe,,Mn,,04
involved the mixing of water-acetic acid solutions of the precursors, i.e.
lithium hydroxide, manganese acetate, cobalt and iron nitrate, followed by the
evaporation to dryness and the annealing of the resulting powders [20].

For their use in the lithium ion cell, the two compounds were formed as
film electrodes by blending them in mixture with a polyvynilidene fluoride
(PVdF) binder (about 5 weight per cent) and a carbon (Super P) electronic
conductor (about 5 weight per cent). The slurry was then cast onto an Al foil
(in the cathode case) or onto a Cu foil (in the anode case) to form the desired
electrode films. The complete Li-ion cell was assembled in a coin cell configu-
ration by contacting in sequence the Li,Ti;O,,-based anode film, a felt sepa-
rator disk soaked with the LiPFg-PC solution and the Li,Coy,Fe, ,Mn;,0, -
based cathode film.

Figure 8 shows the cyclic voltammmetry of the Li,Ti;O,, single electrode.
The current-voltage trend reflects the previously outlined fast kinetics associ-
ated with the 1.5V electrochemical process, which involves the highly reversi-
ble Li intercalation-deintercalation process into and out the stable host structure.
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Figure 8. Cydlic voltammetry of the Li;TisO,; electrode in a LiPFe-PC cell. Counter and reference
electrode:Li. Room temperature.Scan rate: 0.1 mV-s®

Figure 9 shows the cyclic voltammmetry of the Li,Co,,Fe,,Mn;,04
electrode. The current-voltage trend demonstrates the two-step electro-
chemical process. As originally reported by West and co-workers [21] the
first peak (probably associated to Mn redox) evolves around 4V and the
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second around 5V vs Li. The peaks are highly reversible, suggesting fast
kinetics for both processes. In addition, a good capacity, associated with
the high potential region starting with cycle number 2, is clearly shown.

Figure 10 shows a typical constant current charge-discharge cycle of
the complete Li,TisO,,/LiPF¢-PC/Li,Co, ,Fe, ,Mn; ;05 cell at the C/5 rate. The
two well defined plateaus shown in Figure 9, which correspond to the two-
step Li intercalation in the mixed spinel cathode, are clearly reproduced in
this figure. The results of Figure 10 also confirm the promising operational
features of this cell which cycles with a high reversibility and good
capacity delivery around an average 3.5 V level.
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Figure 9. Cyclic voltammetry of the Li2Coo4Fep4Mn;3.203 electrode in the LiPFg-PC cell. Counter and
reference electrode: Li. Scan rate: 0.1 mV's?! Room temperature. Derived from reference 18.
Reproduced by permission of Elsevier Science.

This particular cell, in addition to novelty, presents some interesting
aspects when compared with common lithium ion systems, i.e. cells based
on the graphite/lithium cobalt oxide combination. For instance, there are
various and relevant merits of replacing graphite anodes with Li,Ti;O,,.
One is certainly is the already stressed, high structural stability during Li-
intercalation-dintercalation, which helps assure long cell cycle-life. Another
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advantage of Li,Ti;O,, as anode material is, paradoxically, its relatively high
operating voltage, which in fact allows its use within the stability window of the
most common liquid electrolytes. This avoids any decomposition phenomena
and/or the need of a protective passivation layer, as it is the case of graphite
anodes. This "clean", electrochemical operation may have important reflections
in cell reliability and safety.
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Figure 10. Typical charge-discharge cycle of a LisTis01/LiPFs-PC/Li;Coo.4Fe0.4Mn3 04 cell at C/S rate.
Room temperature. Derived from refererice 18. Reproduced by permission of Elsevier Science.

Drawbacks with respect to graphite are the lower specific capacity and
the lower overall cell voltage. However, the latter may be overcome by com-
pensating the 1.5 V LiTi;O,, with a high voltage cathode, such as the
Li;Co, ,Fe,Mn; ;04 cathode. Clearly, this combination requires the availability
of an electrolyte solution having a stability window large enough to allow 5 V
electrode operation.

The search for electrolytes having a high oxidation stability is a general
goal in lithium battery technology. The reader should refer to Chapter 5,
by Yamaki for a discussion of electrolyte solvents, Chapter 1, by Aurbach
for a discussion of electrolyte reactivity with electrode materials, chapter
6, by Blomgren and Webber for an introduction of the use of ionic liquids
in Li-ion batteries, Chapters 7 and 8, by Nishi and Scrosati, respectively for
polymer electrolytes, and Chapter 11 by Salomon, et al. and Chapter 12, by
Broussely for discussion of low and high temperature stability, respec-
tively. A possible approach is that of selecting the salts and the solvents
which are expected to be the most stable candidates among the known
lithium cell electrolyte materials Presently, the choice is restricted to few
cases and even these are not always completely satisfactory. An example is
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the electrolyte solution prepared by dissolving LiPFg in propylene
carbonate, PC.

Figure 11 shows a sweep voltammetry of a Super P carbon working elec-
trode in a cell using the LiPF;-PC electrolyte and metallic lithium as the
reference and the counter electrode. The figure shows that the onset of the
current, which is representative of the electrolyte decomposition, occurs over 5
V vs Li. Although somewhat influenced by the type of the working electrode,
this value is high enough to allow to place the LiPFg -PC solution among
reasonably stable electrolytes.

Even though it is more stable than other common lithium ion solutions, this
electrolyte is still not totally suitable for use as a safe separator in the
Li, Ti;O,,/Li,Coy 4 Fey ,Mn; ,0; cell. In fact, an examination of the profile of the
charging cycle reveals that, starting at around 3.6 V, the cell voltage begins to
slowly increase (see Figure 10). This can be attributed to a partial oxidation of
either the solvent, the electrolyte salt or both [18]. Indeed for a cell voltage of
3.6 V, the potential at the Li,Co,,Fe,,Mn;,04 electrode reaches values of the
order 5.2 V vs. Li, i.e. beyond the stability of the electrolyte. Therefore, the
characterization of electrolytes of increased stability towards oxidation remains
one of the key research areas in this new types of Li-ion cells.
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Figure 11. Sweep voltammetry of the Super P carbon electrode in a LiPFs -PC cell. Counter and
reference electrode: Li. Scan rate: 0.1 mV's™. Room temperature. Derived from reference 18.
Reproduced by permission of Elsevier Science.
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4.0 CELLS WITH PHOSPHO-OLIVINE CATHODES

One way of improving the stability of a given liquid electrolyte is that
of immobilizing it in a polymer matrix in order to form a gel-type mem-
brane. Indeed, it is expected that interactions with the polymer backbone
may somewhat modify the properties of the salt-solvent solution, including
its electrochemical stability [22]. This is confirmed by Figure 12, which
compares the sweep voltammetry of Super P carbon electrode in a LiPFg-
PC electrolyte and a LiPFg-PC-PAN gel electrolyte. The higher stability of
the latter is clearly shown.

A similarly high stability is also obtained with other types of gel electro-
lytes. Figure 13 shows the current-voltage curve of a working stainless-steel
electrode swept in a cell using a LiClO,-EC-PC-PVdF gel electrolyte membrane
and a lithium metal counter electrode. The onset of the current, representa-
tive of the anodic breakdown voltage of the electrolyte, is of the order of 5.0
Vvs. Li.

This stability value makes the LiClO,-EC-PC-PVAF gel electrolyte a
valid separator for the development of lithium ion polymer batteries of
practical interest. An example has been provided by describing a new cell
based on the combination of a LiTi,O, anode and a LiFePQO, cathode [23].
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Figure 12. Sweep voltammetry of a stainless-steel electrode in a LiClO4-EC-PC-PVdF gel polymer
electrolyte cell. Room temperature. Counter electrode: Li. Scan rate: 0.1 mV's®. Derived from
reference 23. Reproduced by permission of Elsevier Science.
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Figure 13. Discharge curves of a “standard” LiFePO, electrode and of a modified, Ag-added
LiFePO, electrode at room temperature and at a C/10 rate. Li counter electrode. LiCIO4 EC-DEC(1:1)
electrolyte.

The electrochemical and structural characteristics of one electrode, i.e.
Li,Ti;0,, and of its analogues, such as LiTi;,0,, have been already discussed.
The other electrode is the LiFePO, compound recently introduced Goodenough
and co-workers [24]. This compound is attracting considerable attention as a
new type of lithium ion cathode material due to the low cost and the
environmental compatibility of its basic constituents. LiFePO, adopts the
ordered olivine structure and is characterized by the following lithium extrac-
tion — insertion process:

LiFePO, < Li;FePO, + xLi" + xe’ (15)

where the maximum exchange of 1 mole of Li for formula unit (x=1) corre-
sponds to a theoretical specific capacity of 170 mAh-g™. Due to the occurrence
of the above two-phase redox reaction, LiFePO, is characterized by flat
discharge-charge curves evolving around 3.5V vs. Li.

An issue of this electrode is the increasing loss of capacity as the cycling
rate increases, this being associated with the diffusion-controlled kinetics of
the electrochemical process. These poor kinetics are due to the fact that the
electrochemical reaction involves a first order transition from LiFePO, (try-
phylite) to FePO, (heterosite), these two phases coexisting in single material
particles. The associated lithium extraction process is accompanied by the
movement of the interface between the two phases and a limit may be
reached where the process becomes controlled by the diffusion of lithium
across the relatively small free volume in the tryphylite framework [24]. In
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addition, the electronic conductivity of Li, FePO, progressively decreases as
the value of x increases and this also contributes to limit the extent and the
rate of the overall electrochemical process.

Ways to by-pass the above-mentioned kinetic limitations are to enhance its
ionic/electronic conductivity by suitable preparation procedures. This strategy
was first suggested by Armand and co-workers [25] who reported improve-
ments in electrochemical kinetics by properly modifying the morphology of the
LiFePO, powders, i.e. by the addition of an electronically conductive substance,
e.g. low particle-size carbon, during the course of the synthesis. This approach
has been followed by other authors [26,27]. Yamada et.al. [28] have shown
that the control of the annealing temperature and thus, ultimately of the
particle size, of LiFePQ, is a crucial condition for assuring good electrochemical
performance of this cathode material. Recently, it has been shown that the
electrochemical kinetics of the LiFePO, electrode may also be improved by spe-
cifically designed preparation procedures that involve the dispersion of low
particle size metal (copper or silver, respectively) powders during the sol-gel
formation of the LiFePO, particles [29]. The basic idea is that these metal
powders may act as nucleation sites for the growth of the LiFePO, patrticles, this
helping in obtaining samples with low and uniform size, as well as in enhancing
their overall electronic conductivity. Figure 14 compares the low rate discharge
of acommon LiFePO, electrode with that of a Ag-added LiFePO, electrode. The
increase in capacity when passing from the standard to the modified electrode
is clearly shown.
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F_Igura 14. Galvanostatic charge-discharge cycle of the polymer LiTi;04/LiCIOs-EC-PC-PVdF gel/
LiFePO, lithium-ion cell at room temperature and at C/10 rate. Derived from reference 23.
Reproduced by permission of Elsevier Science.
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The electrochemical process involves the exchange of lithium ions be-
tween the two electrodes, i.e.:

LiTi;O, + x LiFePO; < Li1+xTi204 + x FePO, with 0<x>1. (16)

figure 15 shows a low-rate, charge-discharge cycle of the LiTi,O,/gel/ LiFePO,
polymer cell at room temperature. The cycle evolves around 2 V as
expected on the basis of the single electrode potentials, i.e. 1.5 V vs. Li for the
LiTi,0, anode and 3.5 V vs. Li for the LiFePO, cathode (24). To be noticed the
very flat voltage profile resulting from the two-phase electrochemical
reactions of both electrodes. Indeed, the cell operates with a very stable 2V
voltage over the entire cycle with a capacity delivery of about 140 mAh-g™
referred to the cathode.

Figure 16 shows the capacity delivered upon cycling under different cycling
rates, i.e. C/10 for the first cycle and C/5 for the following cycles. The good
cycling performance is associated to the special structural features of the two
electrodes in the course of the lithium insertion-extraction process. The very
small changes in the LiTiO, lattice have been already outlined. The LiFePO,
olivine structure is quite robust and thus, not particularly affected by the
evolving of the electrochemical process [24].

5.0 OTHER TYPES OF CELLS

Another interesting example of alternative lithium-ion cells is that
associated with the combination of a tin oxide, SnO, anode with a
LiNi; Co,,0, cathode [30]. Considerable interest is presently devoted to
crystalline and/or amorphous metal oxides [31], such as tin oxides, SnO,
[32,33], as alternative to graphite in lithium-ion batteries. These oxides
operate via the formation and dissolution of a lithium alloy rather than by the
lithium intercalation-deintercalation reaction which is characteristic of most
carbonaceous anodes. In principle, the alloy-forming decomposition reaction
offers a much higher specific capacity than that of carbon intercalation, i.e.,
710 Ah:g" versus 370 Ah-.g’ in the case of Li,,Sn versus LiCs. However,
metal electrodes such as Sn, cannot be repeatedly cycled due to the large
volume changes which accompany alloy formation [34]. These changes, which
may extend up to 300%, cause progressive cracking of the metal particles and
thereby induce losses of contact between them. Therefore, although greatly
appealing in terms of storage capacity, lithium alloy electrodes are difficult to
use in practice. The replacement of the corresponding oxides as starting
electrode materials has in part solved this problem. In fact, when an oxide,
e.g. Sn0,, is negatively polarized in a lithium cell, it undergoes a first
irreversible reaction:

SnO, +4Li = Sn+2Li,O (17)
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which leads to metal Sn particles that remain finely dispersed in the Li,O
matrix. This produces a favorable morphology which facilitates the subsequent
reversible lithium alloy formation process, e.g:

Sn +4.4Li < Lis4Sn (18)

Apparently, the lithium oxide, by surrounding the tin particles, creates a
sufficient amount of free volume to accommodate the mechanical stresses
experienced by the metal during the alloy formation-decomposition process.
This greatly improves the cycling performance albeit some capacity fade, due to
the occurrence of tin particle aggregation, may still be observed over prolonged
cycle tests. [31].

This "optimized" convertible oxide has been prepared in the form of a
composite thin anode and assembled in a PAN-based gel electrolyte lithium-ion
cell using a LiNi, zCo,,0, composite film cathode [30]. The overall process of this
battery is expected to be articulated in two steps, i.e.:

SnO, + y LiNig §C002,0; =>2Li;O+ Sn+ yLi(y_4)Nio.gC00_202 (19)
Followed by:
Sn + yLi(y.4) Nio,gCOo,zOz & LixSn + yLl y-(4+x) Nio_gCOo_zOz (20)
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Figure 15. Capacity upon cycle number for the polymer LiTi,04/LiCIO4-EC-PC-PVdF-gel/LiFePO,
lithium-ion cell at room temperature. Rate: first cycle C/10; following cydesC/5. Voltage limits:
charge 2.5V; discharge 1.1 V. Derived from reference 23. Reproduced by permission of Elsevier
Science.
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Figure 16. Typical voltage profile of a discharge-charge cycle of a SnOy LiCiO,-EC-DMC-
PAN/LiNio.sC00.20; lithium-ion cell. The single anode and cathode voltage profiles are also shown.
Room temperature, cycling rate: 0.25 mAcm™, lithium reference. The capacity is referred to the SnO;
anode. Derived from reference 30. Reproduced by permission of the Electrochemical Society.

The SnO, electrode was firstly activated into Li,Sn by a single discharge-
charge cycle in a cell with a Li anode, then removed and used as anode in
combination with the LiNi;gCo,,0, cathode in a LiClO,~-EC-DMC-PAN gel
electrolyte cell [30]. The latter cell was not optimized in terms of anode-to-
cathode balance, but contained excess cathode capacity (y in equation [20]) in
order to assure full cycling operation of the Li,Sn electrode.

Figure 16 shows the voltage profile of a typical discharge-charge cycle of
this cell, along with anode and cathode voltage excursions [30,34] Clearly, the
Li,Sn anode cycles with a trend comparable to that usually obtained in more-
conventional liquid electrolyte cells (32, 34), delivering a reversible capacity of
~ 450 mAh-g". This capacity level is retained upon further cycling albeit with
a slightly progressive fade, this again being in similarity to the trend typically
experienced in the parent liquid-electrolyte cells.

Finally, a new type of low-voltage lithium ion cell was recently reported
by Baba and co-workers [36]. The cell used a thin film V,0, negative
electrode, a layer of lithium phosphorous oxynitride electrolyte (Lipon) and a
thin film LiMn,O, positive electrode. This solid state cell is light and compact
and exhibits charge-discharge cycles characterized by sloping voltage profiles
ranging between 0.3V and 3.5V.
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6.0 CONCLUSION

This chapter has described various types of lithium ion batteries
exploiting a variety of electrodes different from the established graphite
anode and lithium cobalt oxide cathode. An apparent drawback of these
batteries is their relatively low voltage. However, this is counterbalanced
by various specific favorable aspects, including:

i) the operating voltage range within the stability window of the electrolyte,
thus preventing any decomposition phenomena with associated irreversible
capacity losses, thus assuring high reliability and safety to the cell;

ii) the choice of electrode materials based on components that are naturally
abundant and non-toxic, thus resulting in a low cost and environmentally
compatible cell;

iii) the polymeric configuration of the cell that allows fabrication in the form of
a very thin laminate that can be housed in a plastic container, thus
allowing diversified, low-volume sizes.

iv) the availability of various cell structures including asymmetrical configura-
tions, thus widening the applicability range into the high rate, capacitor-
type market.

All these features concur to suggest that these cells can eventually
find a profitable niche in the market, possibly as a thin-layer, plastic-like,
disposable power source for 1.5V operating common consumer electronics.
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INTRODUCTION

1.0

This chapter constitutes a review on the effects of temperature on the
performance of Li-ion cells. Since Li-ion cells is the overall theme of this
chapter, by definition one is dealing only with rechargeable systems. The
chapter is divided into several sections that address the general properties of
electrolyte solutions for low to high temperatures (<40 < #°C < 80), the
formulation of electrolyte solutions specifically designed for low to high
temperature operation, the effect of temperature upon charging and
discharging Li-ion cells including storage properties and the effects of additives.
In addition, we recognize and briefly discuss the historical importance of studies
involving metallic Li anodes leading to important developments in Li-ion cells.
Many properties such as solvent effects on passivation, high and low
temperature performance including storage, and additive effects on cycle life
and delivered capacity were discovered during research on rechargeable Li
metal-anode-based (Li(m)) cells.

The most important questions addressed in this chapter can be summarized
as follows:

1. What are the factors involved in developing chemically and electro-
chemically stable electrolyte solutions capable of high conductivities
over a large temperature range (e.g. for -40 < ¢/°C < 80)?

2. Why do Li-ion cells sustain permanent capacity loss, in addition to the
usual self-discharge, upon storage at high (#°C 2 50) temperatures?

Advances in Lithium-Ion Batteries
Edited by W. van Schalkwijk and B. Scrosati, Kluwer Academic/Plenum Publishers, 2002
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3. Why do Li-ion cells sustain permanent capacity loss, in addition to
the usual self-discharge, upon cycling and storage at low tempera-
tures (e.g. for #°C < -20)?

‘While we do not have all the answers to these questions, we emphasize the
nature and properties of electrolyte solutions, which directly effect electro-
chemical properties of Li-ion cells at all, temperatures. Limited background
information on room temperature properties of non-aqueous electrolyte solution
is covered in this chapter since many early studies, particularly on systems with
metallic Li anodes, have played a major role in the development of Li-ion cells
up to the present. More detailed reviews on the general properties of liquid and
polymer-based electrolyte systems are given in separate chapters in this book.
The literature on primary, secondary and tertiary data covering the effects of
temperature on the behavior of Li-ion cells is enormous, and within the scope of
this review, we focused on (a) the history of rechargeable Li-based based
batteries leading to the present day state-of-the-art, and (b) using this historical
background, where the current problems are and how present researches are
addressing these problems. We are aware that many original and important
studies are not cited in this review, and we apologize to our colleagues for this
necessary oversight.

2.0 GENERAL BACKGROUND REVIEW

2.1 Background on Performance Requirements

Depending on the application, there are widely differing requirements for
storage, performance and safety of Li-ion cells. For most commercial
applications such as portable electronics, the temperature requirements are
modest: operational temperature range between -0°C and 45°C, and capacity
retention of not less than 85 % upon storage at around 50°C. For more
advanced applications (military, electric vehicles and aerospace), the require-
ments for Li-ion cells are much more severe as summarized in Tables 1-3.

A survey of these problems and recent advances are covered in
Sections 3.1 to 3.3 below. The key problems to be addressed in meeting
and exceeding these various requirements are identification of the limiting
cell components: the electrolyte, anode and/or cathode.

Table 1. Comparisons of performance objectives for military and commerdial applications.

Military Commercial
(Portable Electronics) (Electric Vehicles)
Energy Density: Wh/kg 120 180
Energy Density: Wh/L 229 360
Power Density: W/kg 175 =50
Cycle Life > 224 > 500
Temperature range - 40 to +71 °C Ambient to ~ 65°C
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Table 2. Performance goals for space applications

Terrestrial
GEO LEO Missions
Capacity (Ah) 25 to 50 25 to 50 20
Operational Temperature -5to +30 -5to +30 -100 to +65
Range (¢°C)
Discharge Rate
(for =5 °C to +30 °C) Cto C/20 CtoC/2
(for —40 °C to +65 °C) C/5toC
(for —100 °C to +65 °C) C/7to?
Cycle Life >1,500 > 30,000 > 500
DOD (depth of discharge) in % 80 (max) 240 100
Gravimetric Energy Density (Wh/kg) > 100 > 100 > 100
Volumetric Energy Density (Wh/L) > 250 > 250 = 250

Table 3. US Amy MIL-PRF-49471B Specifications for Li-Ion Battery Storage (abridged)*
*After 300 cumulative hours, the battery must retain at least 85% of initial capacity

sf::::::%::e Storage Temperature £/°C
36 36 to 40
42 44 to 63
93 69 to 71
60 41 to 55
69 35 to 39

2.2 Properties of Pure and Mixed Electrolyte
Solutions Relating to Conductivity

Over the years, many interesting reviews have been published on the
conductivities and properties relating to conductivities of non-aqueous
electrolyte solutions [e.g. 1-4]. While a majority of studies have focused on low
temperature behavior, a few report conductivity data up to temperatures up to
around 80 °C [e.g. see 2-5]. As shown below, it is now common knowledge that
electrolyte solutions with acceptable low temperature conductivities (10* to 107
S:cm™) can be formulated, but high conductivities do not translate into redox
stability at the anode and cathode materials of Li-ion cells. A list of selected
aprotic solvents found useful in Li-ion cell development is given in Table 4. The
important properties of dielectric constant and viscosity are often used as
guides to formulate highly conductive solutions, but the relationship between
these two properties is often complex and not subject to "theoretical"
prediction, but more often are optimized by "trial and error" investigations. For
example, a solvent with a high dielectric constant such as PC is, on this basis,



312 Temperature Effects on Performance

predicted to exhibit high solubilities towards Li salts, and minimum or
negligible ion association, and as a consequence, high conductivities. On the
other hand, solvents such as MF, MA, 2MeTHF that have very low dielectric
constants (see Table 4) would lead one to expect that ion-association is very
high and consequently ionic conductivities would be very low. For example,
Table 5 lists the ion association constants for LiAsFg, LiPFg and LiN(SO,CF;), in
MF, MA, PC and 2MeTHF. In spite of the high association constants of salts in
MF and MA, conductivities of their solutions are significantly higher than
corresponding conductivities in PC solutions as shown in Figure 1.
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Figure 1. Temperature dependence of selected electrolytes in MF, MA and PC.

0- 2.0 mole dm LiAsF¢ + 0.4 mol dm™ LiBF, in MF [15].2

O- 2.0 mol dm™ LiAsFs in MA [12].2

A- 0.891 mol kg™* LiPFg in PC [9].°

Mol dm’ units based on solutions prepared at 25°C.

®Data for 1 moi dm LiCIO4-PC solutions from -40°C to 60°C [15] overlap the curve for LiPFs.

It is therefore clear that the dielectric constant of a solvent is not the best
criteria to be used in formulating an electrolyte capable of high conductivities
over a large temperature range. It is also clear that, to a point (e.g. solutions in
2MeTHF are extremely low in conductivity due to extraordinary ion association
as seen in Table 5), viscosity also plays a major role in governing solution
conductivities. As an example, Figure 2 compares the viscosities of LiAsFgin MF
and PC as a function of temperature at 25°C. In PC solutions where the concen-
tration of LiAsFg is 1.5 mol-dm?, the viscosity is already high at 20.7 cP and
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subsequently increases rapidly reaching a value of 412 cP at 3.0 mol-dm®. For
LiAsF; in MF, the viscosity at 1.5 mol-dm™is 0.978 cP, and at 3.0 mol-dm®, the
viscosity is 3.27 cP. At -50 °C, the viscosity of a 2.0 mol-dm™ LiAsF, + 0.4
mol-dm™ LiBF, solution in MF is 7.42 cP at which point the solution conductivity
is 0.00978 S-cm [16]. In view of the known reactivity of solvents such as MF
and THF, the accepted solution to the development of stable and conductive
electrolyte solutions is the use of solvent mixtures and the introduction of stable
electrolytes and small amounts of either inorganic or organic additives to improve
the redox stability of the solutions as well as to improve the stability of the
active electrode materials themselves. Both approaches are discussed below.

A number of early studies on binary mixtures of solvents such as y-BL, PC,
DME, and THF have demonstrated that the conductivities of LiClO,, LiAsF,
and LiPFg exhibit maxima greatly exceeding the conductivities in the pure
solvents [e.g. 10, 17-20]. Again, it is the viscosity effect that plays a major
role in this effect. These studies show that the value of the dielectric constant
approximately follows ideal mixing rules, but that the effect of solvent
composition upon viscosity typically exhibits significant negative deviations
from ideality. An example of this latter effect is shown in Figure 3 for PC-DME
mixtures as a function of temperature from [1].
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Figure 2, Comparisons of viscosities of LiAsFs solutions in MF and PC at 25°C. Derived from data in
Reference 5.
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Table 4. Physical Properties of Selected Organic Liquids in Order of Increasing Dielectric Constant

(All data refer to 25°C unless noted otherwise)

Solvent Formula £ n/cP |FP/°C| BP/°C

Toluene (tol) CiHs 2.379 | 0.552 -95 110.6

Ethylmethyl carbonate (EMC) CH;0C(0)OCH;CH; 2.4 0.65 -55 107

Propylmethyl carbonate (PMC) | CH;0C(O)OCH,CH,CH: | 2.8 ~0.75 -43 131

Diethyl carbonate (DEC) (CHiCH,0),C=0 2.82 0.748 | -43.0 | 126.8

Dimethyl carbonate (DMC) (CH30),C=0 3.12 | 0.585 | 0.5 90

Methyl butyrate (MB, 20°C) CH3CH,CH,COOCH; 5.5 0.64 -84 103

r+Propyl acetate (PA) CH3C(O)OCH,CH,CH; | 6.002 | 0.551 | -95.0 | 101.5

Ethyl acetate (EA) CH3C(O)OCH,CH3 6.02 0.426 | -83.6 5 |

Methyl propionate (MP) CH3CH,C(0)OCH; 6.2 0.43 -88 79

Methyl acetate (MA) CH.C(O)OCH; 6.67 0.364 | -98.05| 56.9

4-Methyl-1,3-dioxolane /_<

(4MeDOL) (CiHsO2) ] ) 68 | 06 | -125 | 85
~

2-Methyltetrahydrofuran

(2MeTHF) (CsHi0) \ < 6.97 047 |-137.2 | 79.9
o]

1,2 Dimethoxyethane (DME) CH3CH,CH,0CH3 7.07 .407 -58 84.5

Methyl formate (MF) H

(C2H403) %O\ 8.90 0.328 | -99.0 | 31.75
o]

Dichloromethane (DCM) CH.Cl; 8.93 0.410 | -94.9 39.6

y-Butyrolactone (y-BL)

(C4HsO2) QO 41.77 | 1.727 | 434 202

o

Propylene carbonate (PC) /—<

(C4HeOs) & % 64.92 2.53 -49 241
hs

Ethylene carbonate (EC, 40°C) [\

(C3H403) P t® 896 | 1.85 | 364 | 248

<
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Table 5. Ion association constants, A;, of selected salts in MF, MA, PC and

2MeTHF at 25°C
Solvent Salt K/mol* dm? Reference
MF LiAsF¢ 4810 6
MF LiN(SO,CF3); 2.3:10* 12
MA LiAsFs 1-10° 7,8
PC LiAsFg ~0to1 9-11
PC LiPFg ~0to2 11
PC LIN(SO;CF3); ~0 12
2MeTHF LiAsFg 2.5°107 13
2MeTHF LiPFg 3.3'10° 14

nicP

20

60

mass % PC

315

Figure 3. Viscosities in binary mixtures of PC and DME as a function of temperature. Derived from

data in reference 1.

As will be discussed below, alkyl and cyclic carbonate solvents are the
most important components in present day formulations of electrolyte
solutions for Li-ion batteries. Thus a brief discussion on their basic properties
relating to dielectric and viscosity properties, particularly when used as a
major component in mixed solvents, is of interest. Dramatic differences in
dielectric properties of alkyl carbonates arise from structural differences. The
donor number of DMC (structure I) = 15.1,& = 3.12, and its dipole moment p
= 0.9. DEC has a similar structure (II) and donor number, and dielectric and
viscosity properties similar to DMC (see Table 4).
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that have similar donor numbers of 15.1 for PC and 164 for EC, but have much
higher relative dielectric constants and dipole moments. The reason why DMC
and DEC have such low dielectric constants and dipole moments is due to a
trans configuration of the O-R alkoxy groups with respect to the carbonyl group
which results in partial nullification of the dipole vectors: in fact ultrasonic
relaxation spectra have identified the trans-to-cis equilibrium in these solvents
[21]. The cyclic nature of PC and EC preclude a trans structure, which results in
their highly polar character and hence high relative dielectric constants. When
solvents are mixed, the result can influence the aggregation properties of trans-
cis molar ratios resulting in a departure of the mixed solvent from those
properties based on ideal mixing rules. For the binary mixtures discussed
above, the low frequency dielectric properties (i.e. the static permittivity or
relative dielectric constant) appears to be approximately additive. On the
other hand, the viscosities of binary mixtures of aprotic solvents almost
universally exhibit large negative deviations from ideality as, for example,
shown in Figure 3. Qualitatively, the adherence of € and departure of n
from ideal mixing can be attributed to the breakdown of solvent structure
combined with aggregation of one component. For example, Barthel and
Feuerlein [19] found that in the binary PC/DME system, relaxation times for
both components follow the Debye equation relating the relaxation time, 7, to 7
only for short relaxation times and at low PC concentrations. At long relaxation
times, and as PC is added to the mixture, the 7- 77 relation for PC becomes non-
linear indicating aggregation of PC molecules (i.e. the "structure breaking" effect).
The overall effect of large negative deviations of # fromideality is to contribute to
the "synergistic" effect of conductivities of lithium salts in solvents mixtures.
These concepts originally discovered for binary solvent mixtures are of course
applicable to ternary and quaternary mixed solvents and constitute one of the
bases for successful development of more stable electrolyte solutions as
discussed below. That is, the careful formulation of mixed solvents
optimizing both the viscosity and dielectric constant of the mixture in
combination with a stable electrolyte has indeed resulted in complex
electrolyte solutions capable of exhibiting conductivities of 10 to 102 S/cm
over the temperature range of -40°C to 80°C.
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2.3 Electrolytes

The search for a stable and environmentally friendly lithium electrolyte has
been the focus of much research in recent years as reviewed by Dominey [3]
and, more recently, by Heider, Blomgren and Webber in this book, and thus our
discussions here will be brief. Due to solubility limitations with salts with such
as CH;COOLi, LiF, and LiCl, initial studies largely focused on LiClO,, LiAsF,
LiBF, and LiSO,CF,; (lithium triflate),but due to safety and environmental
concerns (LiClO,and LiAsFg)and low conductivities (LiBF,and LiSO;CF;), there
is continuing extensive research on developing new electrolytes. Electrolytes
presently finding increased use in various Li-ion cells are LiPFg and lithium
imide (lithium bis(trifluorosulfonyl)imide) first prepared by Armand [22]. The
methide saltLiMe, LiC(SO,CF;); (lithium tris(trifluorosulfonyl)methide), intro-
duced by Dominey [23] has important properties (high thermal and electro-
chemical stability) but has found limited application due to its unavailability on
a commercial basis. When it is made available to the electrochemical R&D
community, this salt will undoubtedly undergo extensive studies for use in Li-
ion cells over a very wide temperature range. The present standard electrolyte
for Li-ion cells is LiPFg, but this salt suffers from many problems. It is well know
that the solid decomposes at around 30°C [24], and that in solution, LiPFg
decomposes at around 80 - 85°C [25] (or lower) which is problematic when Li-
ion batteries are discharged at high rates or stored at high temperatures. Figure
4 compares the results of thermogravimetric analyses for selected salts based
on the data of Sasaki et al. [26]. These results clearly show that the most
thermally stable salts are the imide, triflate and perchlorate (the methide salt

was shown to be thermally stable to around 350°C [23]).

In addition to the poor thermal stability of LiPF, this salt is known to
react with trace quantities of water according to [27]

LiPF, + H,0 —» LiF+POF, +2HF (1)

The existence of HF in solution raises the possibility of the reduction of
H* forming H,, and indeed H, has been found to be the main gaseous
product during the first few cycles in Li-ion cells [38]. LiPFy is also known
to be in equilibrium with PF; according to [25]

LiPF, &= LiF+PF 2)

Sloop et al. also demonstrated that PF; is the active reagent in the
reaction with the solvent (a EC/DM mixture in their study), and that PF;
preferentially reacts with EC. They cite the literature [39] in proposing that EC
reacts through a ring opening polymerization with CO, formation:

EC — [(CH,CH,0).CO00]_ +CO, (3)
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Figure 4. TG curves for Ui salts at a heating rate of 1°C min™ in air. From data in reference 26.
1. LiPFs 2. LiBFs 3. LIN(SO.CF;) 4. LiSO;CF;3 5. LiClO,

The reaction proceeds at room temperature and is greatly accelerated at
higher temperatures (e.g. 85°C). Additional problems with HF are its effects
in dissolving cathode materials, especially LiMn,O, [28, 29], and its reaction
with SiO; (an important component of several polymer-based membranes and
electrolytes) to produce SiF, according to

12HF +38i0, — 6H,0 +3SiF, (4)

It is well recognized that any electrolyte must be electrochemically stable
in addition to possessing high thermal stability and high conductivity over a
wide temperature range. Most electrolytes discussed above do indeed exhibit
high electrochemical stability, but the imide salt appears to be reactive at
aluminum current collectors required for high voltage cathodes such as
LiCoO, and LiMn,0,. The reactivity of the imide salt with Al (commonly used
as a current collector) at high potentials has been reported by Krause et al.
[30] and by Behl and Plichta [31]. Breakdown of the protective Al,O, film and
subsequent corrosion of Al becomes a serious problem at potentials above 3.5
Vvs. Li/Li*. The breakdown of the passive film on Al can be prevented by the
addition of a fluoride salt such as LiPFg LiBF, or LiAsFg which, by virtue of
their tendency to form radicals such as PF; or AsFy which form highly
insoluble films on Al such as AlF;, serve to stabilize the Al substrate. Figure 5
shows the current-time relation at constant potential for 1 mol-dm® Lilmin
an EC/PC/DMC (20/20/60 v/o) solution with and without 0.5 mol-dm™ LiBF,.
With LiBF, addition, the corrosion of Al is significantly repressed. On the other
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hand, electrolyte solutions containing LiMe (Figure 6) does not show any
indications of Al corrosion.

Our conclusions here are that at Al, Lilm without added salts such as
LiAsF; or LiBF, is perfectly acceptable for Li-ion cells with low voltage
cathodes (under 4 V vs.Li/Li*) such as LiFePO, and, probably, Li,V,0;, and
for use with high voltage cathodes such as LiCoO,, the addition of a second
electrolyte such as LiBF, is required.

To resolve the problems associated with safety, thermal and electro-
chemical stability and conductivity, new syntheses of new electrolytes are the
subject of new and important studies. Not withstanding the importance of the
methide salt for which commercial availability is expected shortly, a number of
important new developments are worth highlighting. Lithium bis(perfluoro-
ethyl-sulfonyl)imide, LiN(SO,C,F;), or LiBETI, is very similar to that for the
imide salt as it is stable up to 330°C [26]. In addition to its high thermal
stability, the LiBETI salt was also shown to be unreactive towards water [27].
The studies by Barthel et al. on chelatoborates [32] such as bis[2,3-
pyridinediolato(2-)-O,0 ]borate are of special interest as are studies on new
methide salts such as Li[C,(SO,CF;),(S,0,C;Fg)l [32].

2.4 Solubilities

Since the early days of R&D on rechargeable Li batteries (mainly metallic Li
anodes), it has been recognized that essentially all solvents and electrolytes are
thermodynamically unstable in the presence of a clean Li surface, i.e. the
observed stability of the Li(m) anode is due to the formation of an inert and
insoluble passive film on the surface of Li(mm). The model of this passive film
was elegantly developed by Peled in several publications, [34,35] in what is
now known as the solid electrolyte interphase, or SEI. The SEI is basically an
electronic insulator and simultaneously an ionic conductor, and the stability of
the anode is due to the compactness and low solubility of the passive film. In
1988 and 1989, Plichta et al. [15, 36] reported the unique ability of DMC and
DEC to significantly improve the cycling efficiency of Li(m) anodes, and based
on earlier work by Aurbach et al. [37], assumed this was due to the formation of
insoluble carbonate films on the surface of Li(m). Subsequent studies by
Aurbach et al. on the reaction products of carbonate-based solvents have identi-
fied a number of components of the SEI that include Li;O, Li,CO; and ROCO,Li
species [40-43]. As an example of the corrosion reaction of EMC (solvent
reduction) proceeding via radical formation, Aurbach proposed the following:

EMC+Li"+e- - CH,CH,OLi+CH,0CO* (5)
followed by
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Li" +CH,CO0" +¢ — CH,OLi+CO (6)
For EC reduction, Aurbach et al. [40] proposed the following mechanism:
2EC+2¢ +2Li" — LiOCO,CH,CH,0CO,Li (7)
-4 .
No LiBF,
- 425V

400V

'
1
E 0.5 mol dm ™2 LiBF,
E‘ 450V
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Figure 5. Current density vs. time plots at various potentials for 1 mol dm? Lilm in EC/PC/DMC
(20:20:60 by volume) without and with 0.5 mol dm™ LiBF,. Reprinted from reference 31 with
permission from Elsevier Science.
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Figure 6. Current density vs. potential plots at Al in EC/PC/DMC solutions containing 1 mol dm™ Lilm

(solid circles) and 1 mol dm™ LiIm with 0.5 mol dm™ LiBF, (open circles) which overlaps with a 1 mol
dm? LiMe solution.
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Similar mechanisms were proposed by Yoshida et al. [43], who also
reported that in addition to the formation of insoluble oxides, carbonates and
alkoxides, methane, ethyne, CO and H, are formed. According to the studies
of Aurbach [40-42] and Ein-Eli [44-46], the SEI in these carbonate solvents is
composed largely of Li,CO3; ROCO,Li and ROLi where R is mainly CH, rather
than CH,;CH,, and the least soluble species is Li,CO;. For the four solvents,
EC, DMC, EMC and DEC, the stability of the passive film follows the order EC
> DMC > EMC >> DEC, and that of the reduction products of these
solvents, EMC produces the most Li,CO; [44-46]. Based on these findings,
almost all present day electrolyte formulations for rechargeable Li-ion cells
contain one or more of these carbonate solvents, particularly EC, DMC and the
asymmetric solvent EMC. The use of these solvents in combination with low
viscosity solvents for low temperature applications is discussed in Section 3
below.

Compared to aqueous solutions, the solubilities of electrolytes in these
organic solvents [Table 4] are exceedingly high often approaching 4 molkg™.
These highly concentrated solutions can have very little free solvent available
therefore resulting in highly viscous solutions. For example, 1 kg of PC contains
9.8 moles of solvent compared to 55.5 moles of water in 1 kg of H,O. If we
assume that in PC the total solvation number of a LiX salt is 4 (3 cation + 1
anion solvent coordination) compared to 5 for water, a2 m solution of LiX in PC
will have a free solvent (mole fraction) concentration of 0.19. For the corre-
sponding 2 m aqueous solution, the remaining (uncoordinated) solvent concen-
tration is 0.82 mol fraction. To avoid high viscosities, particularly at low tem-
peratures, it is common practice to employ solutions where the LiX concentra-
tion < 1.5 mol-dm®, preferably < 1.0 mol-dm™. Quantitative determination of
solubilities is often very difficult due to high viscosities creating a problem of
equilibrating the system, and the tendency of these highly concentrated
solutions to form metastable solutions. Thus solubilities of lithium salts in
these organic solvents are often, by necessity, qualitative, particularly when
studying solutions over a wide temperature range: it is very common to see
only tabulated qualitative data in the literature [e.g. 47, 48]. As an example,
Table 6 below is reproduced from [48], and a similar table can be found in
[47].

Table 6. Electrolyte phases at low temperatures (solvent composition based on volume units).

Composition -30°C -35°C -40°C -42.5°C
EC:DEC:DMC (1:1:1) 1 mol"dm™ LiPFg lig lig + solid | lig + solid solid
EC:DEC:DMC:PC (3:3:3:1) 0.9 mol*dm™ LiPF lig lig + solid Solid Solid
EC:DEC:DMC:EMC (3:5:4:1) 0.8 mol'dm LiPFg lig lig Lig Lig
EC:DEC:DMC:EMC (3:5:4:2) 0.8 mol-dm™ LiPFg liq liq lig + solid | lig + solid
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A new approach opening the door for expanded research on salts that
have extremely small solubilities, e.g. CF,COOLIi and LiF, has been the focus
of several publications by McBreen et al. [49-51]. These authors synthesized
a number of cyclic aza-ether compounds with electron withdrawing CF;SO,
groups attached to the aza-nitrogens to produce anion receptors capable of
strongly coordinating anions thereby increasing solubilities [49]. More recent
work [50,51] on boron-based anion receptors has been more fruitful. A
series of fluorinated alkyl and aryl borate and borane compounds have been
synthesized [50], and demonstrated to strongly coordinate anions thus
permitting high concentrations (~1 mol-dm™®) of salts such as CF,COOLi and
LiF to be utilized in Li-ion cells. These new boron-based anion receptors are
thermally stable, insensitive to moisture, and highly conductive as seen in
Table 7 reproduced from [51]. Note the enhanced stability of solutions based
on LiF and CF;COOQOLi with equimolar concentrations of the anion receptor
TPFPB (tris(pentafluorophenyl)borane). (CgFg);B. The solvent employed is a
1:1 mixture (by volume) of EC:DMC.

Employing the cell Li(/7)/LiMn,0,, the authors demonstrated extended
cycling at 55°C at very near 100 % efficiency [51]. Information on the
solubilities of these boron-based anion receptors at low temperatures has
not yet been reported.

Table 7. 25°C conductivities of EC/DMC solutions with TPFPB and 1 mol dm™ Li salts.

7 days storage at 14 days storage at
Electrolyte B‘;L‘;""" srorage Yoesoc Vesee
a/Sem 10%/S cm 10°/S cm™
LiPFs (no additive) 10.2 9.26 8.87
LiF + TPFPB 1.62 2.81 2.81
CF;COOLi + TPFPB 3.21 3.23 3.23
Table 8. Mass uptake of representative PYDF polymers?
Polymer Kynar 741 Kynar 2081 S-1010
T/°C PC DMC EC PC DMC EC PC
23 7.3%
30 14% 14% 7% 39% 60% 21%
40 15% 15% 7% 52% 148% 26%
50 16% 17% 8% 101% Soluble 32% 32.2%
60 21% 24% 10% Soluble Soluble 45%

For liquid-based systems, the present state-of-the-art for commercial Li-ion
batteries almost universally employs either PVDF homopolymers or PVDF-HFP
copolymers for electrode binders and, in some cases, for the electrolyte separa-
tor-matrix [52]. These polymers are most effective for commercial processing of
composite electrodes on current collector metal foils such as Cu and Al, and
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appear to be very inert, at least to temperatures up to 120°C [53]. These poly-
mers are known to swell upon introduction of the liquid electrolyte solution,
and, in addition, their solubility properties may be a source of cell failure during
operation and storage at elevated temperatures. Table 8, based on manufac-
turer’s literature, shows the potential problem with the solubility of various
PVDF polymers as a function of temperature. This potential problem with
PVDF-based polymer binders and electrolyte matrixes certainly, in our opinion,
warrants further studies into the selection of binders and their effects on behav-
ior of and storage of Li-ion cells at elevated temperatures. EPDM (ethtylene-
propylene-diene) binder materials introduced by NASA s JPL laboratory in 1983
[54] was compared to PVDF for stability at high temperature (70°C), [55] but
the results comparing stabilities of these binders were inconclusive.

2.5 Additives

Inorganic and organic additives have historically played an important role in
stabilizing the SEI as well as improving the solution properties of lithium salts.
Considering the former, one early study of interest is that of Rauh and
Brummer [56] who reported significant improvement in the cycling efficiency of
lithium on Ni substrates by the addition of nitromethane and SO,. Shortly after
this study, Goldman et al. [57] reported similar improvements in lithium cycling
in 1 mol-dm™ LiAsF, solutions in 2MeTHF. Subsequently, the improved stability
of 2MeTHF solutions was found to be due to trace impurities of 2-methyl furan,
2MeF [58]. The use of 2MeF as an additive appears to work well with cyclic
ether based solvents in Li(m) cells with low voltage cathodes such as TiS, [3],
but not with high voltage Li-ion cells. Early work on the use of CO, additions to
metallic Li anodes has shown this to be very effective in increasing the cycling
efficiency of Li [15,59], but interest in this approach for Li-ion cells is minimal,
presumably due to the reluctance to pressurize these cells. An alternate
approach for stabilization of graphitic anodes suggested by several investigators
is to use additives such as chloroethylene carbonate [60, 61] or alkyl
pyrocarbonates such as dimethyl and diethyl pyrocarbonate [62] that result in
the liberation of CO, in situ. Basically, the mechanism for the improved stability
of graphitic anode materials involves the formation of a thin, highly insoluble
passive film before the typical electrolyte solutions based on mixtures of
carbonates and esters react to form a less stable SEI. Normally, in the absence
of additives, the SEI at the anode is formed during the initial cell charging (Li*
intercalation) at around 0.8 V vs. Li/Li*; as an example we cite some of our
recent work, Figure 7, on MCMB 2528 in 1 mol-dm™ LiPF, in a 1:3 mixture (by
mass) of EC:EMC [63].

From Figure 7, the SEI is observed to form starting at potentials around 0.8
— 0.7 V vs.LiyLi* and is followed by Li* intercalation in several stages between
around 0.2 to 0.08 V [64,65]. The SEI produced by reduction of alkyl and cyclic
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carbonates, with the exception of PC, which cointercalates causing exfoliation of
graphitic anodes [e.g. 66], is very effective at room temperature, but is
problematic at low and high temperatures. CO, additions to the solvent either
as a dissolved gas or via in situ production from chloroethylene carbonate or
pyrocarbonates discussed above was shown to reduce at around 1.4V vs. Li/Li*,
i.e. prior to the reduction of the base carbonate solvent [e.g. 61]. This concept
has been advanced by the introduction of new film-forming additives such as
ethylene sulfite, ES, [67] and unsaturated compounds such as vinylene carbon-
ate, VC, [68-70]. Figure 8 shows the dramatic effect of addition of ES to a PC
solution containing 1 mol-dm™ LiClO,. In the absence of ES, the reactivity of PC
is clearly seen starting at around 0.8 V. In the presence of 5 vol.% ES, Figure 8
shows the reduction of ES at around 1.8 V and inhibition of PC reduction. This
effect of ES was confirmed by Cassel et al. [71] who also found that ES additions
to solvents containing EC, PC and trimethyl phosphate (TMP) were very
effective in inhibiting the reduction of the aggressive solvent TMP, but their
findings suggest that ES may be oxidized at the high voltage cathode LiCoO,.
On the other hand, SAFT’s studies [68-70] with VC (which also has a high
reduction potential of 1.2 V vs. Li/Li*) additions to carbonate solvent mixtures
are extremely promising as VC appears also to be resistant to oxidation at the
cathode as shown in Figure 9 (taken from [68]). This figure shows SAFT"s data
for the capacity retention after high temperature storage of a graphite-LiCoO,
cell in a solution containing 1 mol-dm® LiPF, in a 1:1:1 (by mass) mixture of
EC:DMC:DEC compared to a fresh MCMB/LiCoO, cell with 1 mol-dm™ LiPF, in
EC:EMC (1:3 by mass) [72].
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Figure 7. Potential - time profile for the first cycle charge of an MCMB 2528 graphite anode in a
C/LiCoO; cell at 25°C.
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Figure 9. Capadiy retention of graphite/LiCoO; cells after 6 months of storage at 60°C with and without VC
[68] compared to the room temperature fifth discharge of a fresh cell. From data in reference 72.

Other effective derivatives of VC are cited in [70] such as propylidene carbon-
ate, ethylidene ethylene carbonate, and isopropyl-idene ethylene carbonate.

Additional improvement in the electrochemistry of Li-ion cells relate to
solution properties such as ion solvation and conductivity. For example, it has
been established that addition of cyclic ethers such as 12-crown-4 (12C4) to PC-
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based solutions prevents co-intercalation of PC into graphitic materials due to
the preferential coordination of Li* by the crown ether [e.g. 73-75]. The
enhancement of conductivities by addition of TPFPB to electrolyte solutions by
McBreen et al. has been mentioned above. This effect is also observed for Li
salts in solvents containing cation coordinating ligands such as ethylenediamine
and N,N,N”N"-tetramethyl-EDA [76] as well as in solutions containing crown
ethers [77-81], cryptand 222 [78] and calyx[4]arene-bis-crown-6 [82]. A
striking feature of these studies in solutions containing EDA and TEDA crowns
and crypts is the increase in the lithium ion transference number. This is strictly
the effect of the preferential coordination of Li* by the macrocyclic ligand: even
though the ligand is a large species, Li* solvated by organic solvents have large
solvation spheres as it is normally 34 coordinated by solvent molecules. We
know that addition of these macrocyclic ligands to organic solvents and their
mixtures will improve the cycling efficiency of graphitic anodes (see above), but
continued studies along these lines have not been pursued. The reasons for this
are probably the lack of solubility and temperature data on these systems, the
possible toxic effects of crown ethers, and the possible reaction (oxidation) of
crown ethers at high voltage cathodes. On the other hand, the increase in the
Li* transference number in solutions containing fluorinated alkyl and aryl
borate and borane compounds such as TPFPB is strictly due to the large size of
the anion + anion-receptor complex. In addition, McBreen et al. [50,51] have
demonstrated the unique properties such as thermal and electrochemical
stability of these anion-receptors, and at this time, this approach appears to
have advantages over the use of cation coordinating ligands.

3.1 Liquid Electrolytes for Low to
High Temperature Applications

Based on the concepts discussed in Section 2.3 above, it is clear that to
optimize the electrolyte solution for chemical and electrochemical stability, and
for conductivity, a mixed solvent approach is required. For chemical and
electrochemical stability, clearly solvents containing EC, EMC, DMC and, to a
lesser extent, DEC are required: other useful asymmetric carbonate-based
solvents have also been studied, e.g. ethylpropyl and isopropylmethyl carbon-
ates [45], methylpropyl carbonate [83] and 2-methoxyethyl (methyl) carbonate
[84], but the key solvents for electrochemical stability are EC, EMC and DMC.
The superiority of a 1:1:1 (by volume) mixture of EC:EMC:DMC with 1 mol dm™
LiPFg was reported in [85], and 1:1:1 (by volume) of EC:EMC:DEC with 1
mol-dm™ LiPF; was reported in [86]. Figure 10 summarizes the conductivities
of various electrolytes in 1:1:1 mixtures of EC:EMC:DMC and EC:DEC:DMC.
At -40°C, the conductivities of 1 mol-dm™ LiPF, solutions are = 1:10?® S-cm™
while those for LiMe and LiBETI are all € 0.5-10® S:cm™. The low
temperature cycling behavior of Li-ion cells in LiPFg solutions is superior in
the EC:EMC:DMC electrolyte (e.g., compare Figures 11 and 12).
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Figure 10. Conductivities of various electrolytes in temary carbonate mixtures as a function of
temperature.

o LiPFg/EC:EMC:DMC [85] ¢ LiPFs/EC:DEC:DMC [87] [ LiMe/EC:EMC:DMC [88]
o LIBETI/EC:DEC:DMC [89] A LiBET1/ EC:EMC:DMC [88]

From the conductivity data shown in Figure 10 which shows little
difference between EC:EMC:DMC and EC:DEC:DMC solutions, the poor
delivered capacity observed at -40°C for the latter mixed solvent system
may be due, in part, to the increased reactivity of DEC as discussed in
Section 2.2 above. High temperature storage in DEC-containing solutions
is inferior to carbonate-based solutions without DEC additions, but even
the promising mixture of EC:EMC:DMC has its problems. From Figure 9,
it is seen that when stored at 60°C for 6 months, the MCMB-LiCoO, cell
experiences a 30 % loss in capacity [72]. However, Au et al. [91] report
that similar cells stored at 50°C for 7 days only experiences a 2 % perma-
nent loss in capacity. This difference can be attributed to several factors:
Au et al. charged their cells to 4.0 V vs. 4.1 V to the cells reported in
[72], and they stored their cells at a lower temperature for less time.
While charging to 4.0 V results in a decrease in available capacity, it
offers a solution to the high temperature storage problem. On the other
hand, the use of small additions of VC to the electrolyte solution results
in remarkable capacity retention over prolonged storage at higher
temperatures. The detailed reasons for these problems associated with
carbonate-based solvents appear to be complex and not fully
understood, but clearly the use of additives is a promising solution to
these problems.
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Figure 11. Discharge of MCMB-LiCoO; 500 mAh (approx) cells in EC:DEC:DMC as a function of
temperature. Cells charged at room temperature to 4.1 V and discharged 3.0 V at 25 mA (C/20 rate).
Derived from data in reference 90.

Recent improvements in developing electrolyte solutions with
conductivities of the order of 10° S:cm™ at temperatures < -50°C involve
the use of an ester [88,92] or hydrocarbon [3, 93] as a solvent component
in a carbonate-based solvent mixture. Figure 13 summarizes the recent
literature data on these systems. The use of esters such as MA, EA, MB
generally have very low freezing points and low viscosities which make
them ideal components in a carbonate-based solvent mixture, but they are
known to be "aggressive" solvents as they are highly reactive at potentials
below 1 V vs. Li/Li*. However, the use of additives such as VC in these
solutions greatly improves cycle life performance [92]. The use of toluene
(tol) as a solvent component has a number of desirable properties that
include its large liquidus range (see Table 4) and its stability towards
lithium. In addition, the solubilities of lithium oxides, carbonates, fluoride
compounds and alkoxides which are the basic compounds found in the
passivating anode films are highly insoluble in these solvents. This property is
expected to increase the stability of the passive anodic film by both
significantly decreasing its solubility and by producing a thinner and more
compact passive film. In addition, hydrocarbon solvents such as toluene do
not generally solubilize or excessively swell polymers such as PVDF that is an
important material in Li-ion cells as binders or as an electrolyte host matrix.
An electrolyte of 1 mol-dm™ LiPFg in a 1:1:1:1 mixture of EC:EMC:MA:tol ap-
pears to cycle well at 25°C [93], but cycling performance data at low and high
temperatures are not available.
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Figure 12. Discharge of MCMB-1028/LiNigsC0020; 40 Ah cells in EC:EMC:DMC as a function of
temperature. Cells charged at room temperature to 4.0 V with charge terminated at 0.05 A, and
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A LiPFg in EC:DMC:MA [93] o LiPFg in EC:DMC:EA[92] V LiAsFg in EC:PC:DCM [2]
11 LiPFg in EC:DMC:MB [92] ¢ LiPFg in EC:DMC:MA:tol [93]

*Solvent compositions: EC-DMC with EA or MB not specified, but probably high in EA and MB

contents in view of their high conductivities; EC:DMC:MA 1:1:1 by volume; EC:PC:DCM 25:25:50 v/o:
EC:DMC:MA:tol 1:1:1:1 by volume.
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Low temperature performance relating to storage and performance consti-
tutes an important problem with Li-ion cells. However, as discussed above,
careful formulation of mixed solvents is now known to produce electrolyte
solutions with conductivities = 1-10® S-cm™ at temperatures down to at least -
40°C, and our conclusion is that while decreased solution conductivity certainly
decreases available capacity at low temperatures, it is not the major problem for
long term cycling and storage of Li-ion cells [e.g. see 48,63,94]. Irreversible
capacity losses at low and high temperatures during charging and discharging,
and upon storage, are due in large part to physical and chemical changes of the
SEI at both anode and cathode, and to enhanced electrolyte oxidation and
reduction: a general review of these phenomena is discussed below. While
losses in capacity under these conditions are generally described as "irreversi-
ble," it is noted that in many cases the original capacities are "recoverable." For
example, with carbon-based anodes, loss in capacity is usually due to a number
of factors described below which result in growth of the SEI. The lithium
involved in this continual growth comes from the cathode, and the net result is
that there is a continual loss of lithium from the cathode with the consequence
that this increasing lithium loss from the cathode results in "irreversible"
capacity loss in a balanced cell. Similar phenomena exist in the case where a
SEI layer is formed at the cathode and there is insufficient lithium in the anode
to restore the cathode to full capacity upon charging.

3.2 Temperature Effects on Carbon-Based Anodes

The nature of the SEI, which is dependent upon the nature of the electrolyte
and the nature and composition of the solvent components is a crucial issue
governing the performance of both hard and soft carbon anode materials as
discussed above. The determination of individual processes which limit the low
temperature capabilities of carbon-based anodes is complex, but experiments
have been designed to identify, at least qualitatively, individual mechanisms
relating to dissolution or growth of the SEI, Li(m) deposition, or to slow electrode
kinetics and/or slow solid-state Li* diffusion. In "half-cells" of the type

| Li(m) :  Electrolyte Solution ' Coke or Graphite l (8)

with or without a third (reference) electrode, the potential of the carbon-
based electrode can usually be controlled to prevent deposition of metallic
Li; such half-cells are normally cycled between 1.5V (charge cutoff voltage
for Li removal) and 0.0 V (discharge cutoff voltage for Li intercalation) vs.
Li/Li*. On the other hand, typical "full" Li-ion cells of the type

Carbon-Based Anode on | Electrolyte LiCoO; Cathode
Cu Current Collector Solution . on Al Current Collector

(9)

are normally charged to a cell voltage between 4.0 and 4.2 V, and discharged
to a cell cutoff voltage of around 3.0 V at room temperature or 2.5 V at low
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temperatures. Thus, given that the anode is usually rate-limiting in cells of
the type given in Equation 9, resistance polarization due to the thickness and
compactness of the SEI, polarization due to slow Li* solid-state diffusion, and
activation polarization can result in deposition of metallic Li. In the event of
deposition of metallic Li, the consequence is a continual growth of the
thickness and increase in resistance of the SEI, and of course the loss of
available lithium from the cathode thus resulting in irreversible capacity loss
of the cell. Deposition of metallic Li has been confirmed in [63,95], and slow
solid-state Li* limiting diffusion has been found in [48]. Huang et al. found
that at 40°C, the extraction and intercalation of lithium from coke and
graphite widely differed which is not expected if the SEI acts to control low
temperature behavior. Using half-cells (Equation 8) and very low discharge
current densities (0.00095 mA-cm™®) corresponding to lithium intercalation,
Huang et al. [48] found that at -40°C, a discharge capacity of 216 mAh-g” was
obtained for MCMB 1028 graphite compared to its capacity of 282 mAh-g™ at
room temperature. At a higher discharge rate of 0.0095 mA-cm?, this same
graphite had a discharge capacity of only 12 mAh-g" at -40°C. At -40°C, these
half-cells could be charged (corresponding to lithium extraction) at 0.285
mA-cm? to 87% of their room temperature capacity.

In a recent study, Lin et al. [63] have found that low temperature
cycling of the cell given in Equation 10 leads to an irreversible loss in
capacity. At modest rates of charge and discharge (C/5) at -20°C, the loss
in capacity is around 15% after only 15 cycles.

MCMB 2528Cu 1 mol dm 2 LiPFs / EC:DMC LiCoO; Al Current (10)
CurrentCollector (1:3 by mass) in PVDF matrix Collector

To determine which electrode was limiting cycle life, a Li reference
electrode was placed in the above cell, and the cell cycled at various
temperatures between the voltage limits of 2.5 to 4.15 V. The room tem-
perature (~25°C) first charge-discharge potential is given in Figure 14,
and the first thing to notice is that polarization at the anode is more severe
than at the cathode. Starting at -20°C, cycling of cell (10) at C/5 resulted in
deposition of metallic lithium. At -40°C, the deposition of Li(m) upon
charging at C/10 is severe as shown in Figure 15. Prior to charging and
after a 30 minute rest period from the previous discharge at -40°C, the
potential of the anode stabilizes at around 0.3 V vs. LLi* which suggests
that a significant amount of Li was not deintercalated from the most dilute
stage of Li,Cg [see references 64 and 65 for discussion of the staging
phenomena]. As soon as charging is begun, the anode potential immedi-
ately drops to potentials negative to the reversible Li/Li* potential. At the
end of the tenth cycle charge at -40°C, the OCV of the anode stabilizes at
the reversible Li/Li* potential, and subsequent discharge reveals a large IR
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drop before both metallic Li and intercalated Li are oxidized with
extremely low efficiency. The large IR drop observed during the tenth
cycle discharge is attributed to significant growth of the SEI due to the
reaction (reduction) of the electrolyte solution with the freshly plated
Li(m).

The stability of the SEI at carbon and graphite anode materials is
also affected by high temperature storage. Cells (Equation 9) stored at
high temperatures (above 40°C) appear to suffer irreversible capacity
loss due to several factors, which are not fully understood. Using cells
of the type given in Equation 8, a detailed analysis of this problem was
studied by Zheng et al. [55] for various MCMB materials, and a
summary of their experimental results is given in Table 9. Cells were
stored in the fully charged and fully discharged state for four days at
70°C, and the capacity loss for the carbon electrodes stored in the
discharged state were always greater than in the charged state. The
capacity loss was attributed to breakdown of the SEI thus allowing
intercalated lithium atoms to continuously diffuse from the interior of
the carbon particles through the damaged SEI and react with the
electrolyte solution to reform the damaged SEI layer. Zheng et al.
conclude that increasing the stability of the SEI by use of additives is an
important area for future studies.
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Figure 14. First cycle charge and discharge for cell (10) at room temperature. Rates are C/5 for both
charge and discharge.
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Table 9

Capacity data for Cell (8) before and after storage at 70°C for 4 days [from Reference 55].

MCMB | BET surface | 1st cycle discharge | First cycle | Capacity | Capacity
Type | area/ m?g? capacity/mAh/g charge loss after | loss after

loss storage® | storage®

2528 1.5 368 8 % 6.4 % 128 %
1028 25 364 10 % 7.6 % 18.5 %
628 3.3 440 30 % 10.4 % 28.2 %
2510 1.5 333 26 % 10.7 % 233 %

®For storage of fully charged cell (x = 0 in Li,Cs, and cell potential ~1.5 V)

®For storage of fully discharged cell (x ~ 1 in Li,Cs, and cell potential ~0.01 V)

3.3
Cathode Materials

Temperature Effects on Metal Oxide

In this section, we emphasize the temperature effects on capacity retention
and rate capabilities of the two most important cathode materials, namely
Li,CoO, (for x ~0.5 to 1.0), LiNiCo, 0, (for x ~0.8 to 0) and the spinel
LiMn,0,. Although we limit our review on other materials such as LiNiO,, we
point out that there is an interesting publication on this material published in
1994 by Ebner et al. [96]. A recent review by Erlich [103] compliments much of
the discussions given below, and extensive discussion relating to temperature

effects on commercial Li-ion cells are found in this excellent review.
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It is well established that efficient and long term cycling of Li-ion cells
is largely dependent upon the stability of the SEI formed at the anode. It is
certain that an SEI also forms at metal oxide cathode materials. An initial
study by Aurbach et al. [97] reported spectroscopic results of traces of
Li,CO,; on metal oxide surfaces (attributed to reaction with atmospheric
CO,), and in a subsequent study of LiNiO, and LiMn,0, surfaces using
spectroscopic techniques (XPS, EDAX, FTIR), Aurbach et al. [104] found
Li,CO, on pristine surfaces and upon storage and cycling, a variety of other
species such asROLi, ROCO,Li and LiF form. Imhof and Novak [98] used a
mass spectroscopic method to detect the formation of CO, at these metal
oxides which, for LiNiO,, LiMn,O, and carbon starts at around 4.2 V vs.
Li/Li": the composition of the film was not identified. Amine et al. [99]
studied the effect of elevated storage temperature on high power 18650
cells based on graphite/LiNi, 3Co,,0, with 1 mol dm™ LiPF, in EC:DEC(1:1)
Cells were stored at temperatures from 40°C to 70°C for one month (two
weeks for storage at 70°C) in various states of charge, and all experienced
very significant impedance increase and loss in power. Interfacial
resistance at the cathode was found to be a major reason for the decrease
in power capability after storage. Initial high-resolution transmission
electron microscopy on a cross-sectioned particle of the cathode material
indicated the presence of a thick amorphous film on the surface of the
particles. Wang et al. [100] employed a 'Li NMR technique to study the
effect of high temperature storage of similar graphite/LiNi,zCo,,0, cells.
Cells having a 60% state of charge were stored at 50°C for eight weeks
and at 70°C for two weeks. Analyses of the NMR spectra for the cathodes
confirmed the existence of stoichiometric LiNigygCo, 0, in addition to a Li-
containing SEI. The analyses showed that storage at 70°C yields a Li-
containing SEI about 10% greater than the SEI formed at 50°C. A recent
study by Balasubramanian et al. [127] reported the formation of thick
deposits of LiF on LiNi; g;:Co, 150, cathodes cycled in 18650 Li-ion cells at
40°C and 70°C. The electrolyte solution used in this study was 1 mol-dm™
LiPFg in EC:DEC (1:1). The authors concluded that the source of LiF is due
to the decomposition of LiPFg according to Equation 2 above. This again
confirms the problem with LiPFg and the need to replace this salt in Li-ion
cells and batteries.

Most studies on the loss in capacity and power associated with
LiNi,Co, 0, address high temperature properties. Information on low
temperature properties associated with cycling and storage are noticeably
absent from the literature. Some of these factors are discussed below. In
most studies dealing with high temperature storage, the causes of
irreversible capacity loss or power loss in LiNi,Co,,0, materials deal
mainly with electrolyte solution oxidation and the resulting formation of a
cathodic SEI. However, there are other areas of potential problems, which,
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while not confirmed, are mentioned simply for suggested possible areas of
future exploration. It is however known that Liy sCo0, is subject to thermal
instability forming LiCoO, and Co;0, at temperatures above 80°C [101,102].
While temperatures exceeding 80°C are quite rare for Li-ion cells, in large
battery stacks under high current drain, and during storage in confined
areas in hot climates, temperatures reaching 80°C are not totally unex-
pected. Long-term storage data should be of interest here. In addition, the
possibility of cathode degradation in charged cells (e.g. for x ~ 0.5 in
Li,CoO;) upon long-term storage at high temperatures due to phase
instability is an area, which may have relevance for future research.

The large capacity losses upon high temperature storage of Li-ion cells
based on the spinel LiMn,0, is well established and are due to a number of
factors which include a disproportionation of the spinel, 2Mn**(s) = Mn**(s)
+ Mn?*(sin), electrolyte decomposition [105, 106], and the Jahn-Teller lattice
distortion which occurs at temperatures above 7°C [107] or 20°C [108]. The
presence of HF due to water impurities in LiPFs-containing solutions (see
Equation 1 above) is particularly detrimental leading to increasing dissolu-
tion of the spinel upon storage according to [e.g. see 109, 110]

2LiMn,0, +4H" — 3A-MnO, + Mn*" +2Li" + 2H,0 (11)

which regenerates water thus leading to rapid capacity fade, particularly
at high temperatures. By replacing the problematic electrolyte LiPFg with
a more stable salt, the dissolution of the spinel can be significantly
reduced and, in some cases, practically eliminated [e.g. 51, 111]. Du
Pasquier et al. [111] have shown that replacing LiPFg with LiClO,, LiBF,
or LiAsFg does in fact significantly reduce Mn dissolution, but the
penalties here are reduced conductivities for LiClO, and LiBF,, and
environmental concern with LiAsFg. A unique approach to this problem
was reported by Sun et al. [51] by using an anion coordinating ligand
such as tris(pentafluorophenyl)borane (TPFPB) which produces highly
conductive solutions, even with salts such as LiF (see Table 7 above).
Solutions of LiF and TPFPB are thermally stable, insensitive to moisture
and do not produce acidic species (e.g. see Equations 1 and 2). The
coulombic efficiency at 55°C of the cell (12) reported by Sun et al. is
significantly improved by replacing LiPFg; with the composite LiF +
TPFPB electrolyte as seen in Figure 16.

1 mol dm> LiF + TPFPB

in EC/DMC (1:1 vol ratio) | Lrnz0s (12)

Li (m)
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Figure 16. Coulombic efficiency for Li/LiMn,O4 cells cycled at 55°C between 3.54.5 V at (/3
(based on data from reference 51 and averaged by the present authors).

The rate capabilities and deliverable capacities of various cathode
materials at very low temperatures is a complex subject. For example, at room
temperature and at low rates (e.g. C/10), Li-ion cells utilizing LiMn,O,
cathodes are stated to have slightly higher or close to equal capacities to Li-
ion cells utilizing LiCoO, cathodes (12) but at higher rates (e.g. C/10 to 4C), Li-
ion cells utilizing LiCoO, cathodes are clearly superior. There are however
other studies suggesting that at room temperature, Li-ion cells with LiMn,0O,
materials have better rate capabilities [113]. At low temperatures, LiCoO,
based Li-ion cells can deliver useful capacities at temperatures down to -40°C
whereas the capacity of LiMn,0, — based Li-ion cells at -30°C and below are
very poor. Comparing LiCoO, and LiMn,0, low temperature capabilities in Li-
ion cells, part, and probably a large part of the poor low temperature
performance of LiMn,0, can be attributed to its intrinsic (solid-state) conduc-
tivities that is much smaller for LiMn,0, than for LiCoO, as seen in Figure 17.
Tukamoto and West [114] and Juan and Liu [115] both used pressed pellets
sintered at 800°C in these studies, and measured the conductivities by either
the 4-point probe method or by impedance spectroscopy. The LiCoO, material
used by Tukamoto and West was prepared by the ceramic method, and the
LiMn,0, prepared by Guan and Liu was a sol-gel derived material. The near
metallic conductivity of LiCoO, exists over a small composition range (x
<~0.9 in Li,Co0,) and is associated with the Co** valence state, and for lower
values of x, the material appears to be a p-type semiconductor [114,126].
LiNi,Co, ,0, materials have electronic conductivities intermediate to those
shown in Figure 17 [e.g. see 116], and details on the electronic structures of
these materials can be found in (117).
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Figure 17. Comparison of electronic conductivity of LiCoO; and LiMn,04.
0 - LiCoO; (ref. 114).  [1- LiMn;O, (ref. 115).

The question of which electrode is rate limiting as a function of
temperature is complex and not fully resolved. Many factors influence the rate
capabilities of both anode and cathode including nature of the SEI, particle
sizes, surface areas, solution conductivities, Li* transference numbers,
diffusion coefficients, and electronic properties of all cell components. The
chemical diffusion coefficient, D, of Li* in graphite is generally thought to be
greater than that for any of the common cathode materials. In the non-
aqueous electrolyte solutions of interest to Li-ion cells, D is generally assumed
to follow the order of graphite > LiCoO, > LiNi,Co, 0, > LiMn,0,. However,
the reported results for D are based on different experimental techniques and
different diffusion models, and the results are often inconsistent. For example,
for Li* intercalation into graphite at room temperature, values of D from 10°
cm®s™ to 107 em®s™ (dilute stage 1 to stage 4) were reported by Funabiki et
al. [118], values of 10 to 10™" cm®s™ were reported by Nishizawa et al. [119]
for MCMB 2528, and upon deintercalation, values of 10® to 10" cm?s™ were
reported by Piao et al. [120]. The value of D at -20°C was also reported by
Barsoukov et al. [121] to be 8 times lower than the room temperature value.
These D values are comparable to those for LiCoog0, (5-10® to 5:10° cm®s™
[122,123]), but generally D values for LiMn,0, are consistently lower ranging
from 10" cm?s? [124] to 2:10" em®s™ [125]. Based on these chemical
diffusion coefficients, one would predict that LiCoO, materials should have
greater rate capabilities than LiMn,O, materials, which is experimentally what
is found. However, for graphitic materials compared to LiCoQ,, and based on
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which values of D one wishes to compare, one would predict that the rate
capabilities are either almost equal or greater for graphite, which, in our view,
is not the case. Based on the results for cell [10] from [63] (see Figures. 14,
15), it appears that the anode is the rate-limiting electrode, particularly at low
temperatures. The cells employed in Reference [63] were very closely balanced
(after allowance is made for the irreversible capacity loss due to the initial SEI
formation at the anode). Another related approach was used by Plichta and Behl
[85] who studied the following cells:

] : 1 mol dm LiPFs in : .
Li(m) EC/EMC/DMC i LiCoO; (13)
(1:1:1 vol ratio)

S 1 mol dm LiPFg in LiCoO;
pindiid <ok EC/EMC/DMC | Alcurrent (14)
; (1:1:1 vol ratio) : collector

The SFG-44 composite graphite electrodes had a theoretical capacity of
24 mAh, and the composite LiCoO, electrodes had a theoretical capacity of
42 mAbh, i.e. almost twice the capacity of the graphite electrodes to insure a
large Li excess for intercalation into the graphite after the initial formation
of the SEI. The results of successive cycling of these cells from 25°C to -
40°C are shown in Figures 18 and 19 from which it is clearly seen that the
graphite electrode is severely limiting at temperatures below -20°C.
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Figure 18. Typical discharge curves for cell (13) at a constant current of 1 mA as a function of
temperature. The LiCoO. electrode was 0.51 mm thick and 15.7 mm in diameter. Data interpolated
from reference 85
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Figure 19. Typical discharge curves for cell (14) at a constant current of 1 mA as a function of
temperature. The LiCoO, electrode was 0.51 mm thick and 15.7 mm in diameter. Data interpolated
from reference 85.

4.0 SUMMARY AND CONCLUSIONS

Much progress has been made in improving the performance of Li-ion
cells at temperature extremes since the last major review in 1994 [128].
The chemistry of liquid electrolytes and their interaction with anode and
cathode materials is complex, and methods of improving stabilities over a
wide temperature range is a delicate balance of various properties. For
example, to insure high conductivities down to -40°C, a low viscosity
solvent is almost always required. However, most low viscosity solvents
such as esters and ethers are classified as "aggressive" solvents as they
readily react with anode materials (esters and ethers) or high voltage
cathode materials (ethers). The most successful approaches to improving
the chemical and electrochemical stability of electrolyte solutions are now
based on the use of mixed solvents, preferably ternary and quaternary
mixtures of cyclic and alkyl carbonates with low viscosity components. One
major conclusion reached by the scientific community regarding the
electrolyte solution is the need to replace LiPFg with more stable and
highly conductive electrolytes.

The stability of anode and cathode materials is also complex. In addition to
their interaction with the electrolyte solution, the problems of thermal stability,
Lithium ion diffusion, irreversible phase changes, and intrinsic electronic
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resistivities all contribute to limitations in cell performance over the wide
temperature range of -40°C to ~71°C. Associated with these limitations is the
nature of the SEI, which forms at both the anode and cathode. The use of
additives to eliminate, or at least minimize the problems associated with SEI
formation has been partly achieved by the use of additives. This is also an
important area for future exploration.
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1.0 INTRODUCTION

Previous reviews of the equations, numerical methods, and uses of
models of lithium batteries are given in references [1,2,3,4]. We refer the
reader to these reviews for references regarding early works, and focus in
this paper on work published since these reviews. However, we acknowl-
edge that much of the theory used in modeling lithium batteries was
developed previously for other battery systems, such as lead acid, alkaline
zinc-MnO,, molten salt LiAl-FeS, and nickel-metal hydride. When citing
the development of some model formulations, we cite these original works
even though they do not specifically apply to lithium batteries.

Early work on modeling lithium batteries, performed prior to the ready
availability of high-speed digital computers, used simplified models neglecting
kinetic or concentration effects, assuming constant properties, or neglecting
the separator, in order to obtain a close approximation to battery behavior
within the limits of computational power available at the time. Today’s
computers can easily simulate the entire cell sandwich, obviating the need for
the simplifying assumptions used previously. We therefore see no need to
review the history of the development of the full-cell-sandwich model, and
simply present the model in the best form developed to date in Section 3,
followed by considerations of special situations which are not essential to the
basic modeling framework. Simplifying cases which have contributed to our
understanding of the lithium battery are presented in Section 5. Finally, we
discuss applications of modeling, such as interpreting experimental data and
optimizing geometric parameters.

Advances in Lithium-Ion Batteries
Edited by W. van Schalkwijk and B. Scrosati, Kluwer Academic/Plenum Publishers, 2002
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2.0 FEATURES OF THE LITHIUM BATTERY

Figure 1 shows a schematic of a lithium battery. Lithium battery electrodes
are usually made by coating a slurry of the active material, conductive filler, and
binder onto a foil current collector. This porous configuration provides a high
surface area for reaction and reduces the distance between reactants and the
surfaces where reactions occur. In these porous electrodes, the electrochemical
reaction is distributed over the surface of the particles of active material, and
will vary across the depth of the electrode due to the interaction of potential
drop and concentration changes in both the solution and solid phases. Porous
electrode theory is used to understand these interactions.

Most electrodes used in lithium batteries are insertion compounds. In an
insertion reaction, lithium ions from solution combine with an electron in the
electrode to reside in an interstitial site in the host lattice. Such materials
exhibit long cycle lives because the electrochemical reaction causes relatively
little disturbance to the active material. They are also rather convenient to
model, because volume changes can usually be neglected, and there is little
change in the morphology of the electrode during cycling. In contrast to
phase-change electrodes, such as the Cd|Cd(OH), electrode, the potential of
the solid material in insertion electrodes varies with state of charge (i.e.,
lithium concentration). The combination of lithium diffusion in the solid phase
and the nonlinear dependence of the chemical potential on lithium concentra-
tion lead to interesting situations in these materials.

Nﬁgﬁsge Conductive Porous Current
MRS F'“‘er Sepérator Collector
) /
©
]
® G Positive
, Active
Material
X=0 X=L+Ls+L,

Figure 1. Diagram of a lithium-ion cell.

The organic electrolytes used in lithium batteries generally exhibit nonideal
behavior, and usually concentrated solutions of 1 to 1.5 M are used. Moreover,
mass transport in the nonaqueous electrolytes used in lithium batteries often
has a large impact on battery performance at moderate to high current
densities, and cannot be assumed to be negligible. Fortunately, the electrolyte
in most cases consists of a single salt in a homogeneous solvent, a case which is
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easily treated rigorously by concentrated solution theory. The solvent may be a
single liquid, a mixture of liquids, a gel, or a polymer. Technically in solvent
mixtures, ions will interact differently with the different solvent components,
causing gradients in solvent composition as ions drag solvent molecules along
with them during passage of current. However, for realistic battery electrolyte
conditions, the assumption that a solvent mixture behaves as a single solvent
does not appear to introduce significant error [5]. Electrolytes with multiple
salts and solvents can be treated using concentrated solution theory [6,7,8],
although experimental determination of the complete set of transport properties
is difficult. For an electrolyte of n ions and solvent species, n(n—1)/2 transport
properties are required to describe mass transport completely.

A battery consists of three regions: positive electrode, negative electrode,
and separator. The importance of considering interactions among mass trans-
port and potential in the electrolyte in all three regions when considering
solution-phase limitations in one of the regions has been demonstrated [9].

3.0 BASIC EQUATIONS

In this section we describe the equations required to simulate the
electrochemical performance of porous electrodes with concentrated electro-
lytes. Extensions to this basic model are presented in Section 4. The basis of
porous electrode theory and concentrated solution theory has been reviewed
by Newman and Tiedemann [1]. In porous electrode theory, the exact
positions and shapes of all the particles and pores in the electrode are not
specified. Instead, properties are averaged over a volume small with respect
to the overall dimensions of the electrode but large with respect to the pore
structure. The electrode is viewed as a superposition of active material, filler,
and electrolyte, and these phases coexist at every point in the model. Particles
of the active material generally can be treated as spheres. The electrode phase
is coupled to the electrolyte phase via mass balances and via the reaction rate,
which depends on the potential difference between the phases. All phases are
considered to be electrically neutral, which assumes that the volume of the
double layer is small relative to the pore volume. Where applicable, we also
indicate boundary conditions that would be used if a lithium foil electrode
were used in place of a negative insertion electrode.

3.1  Potential in the Electrolyte

We define the potential in the binary electrolyte to be measured by a
reference electrode that undergoes the reversible half-cell reaction

SM> +s M +s,M, = ne (1)
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The gradient of the potential in the solution, as measured by such a refer-
ence electrode with respect to another reference electrode of the same kind at
a fixed position, is then determined by [10]

V(Dzz__il_ﬂ[ S, +_’+__£](1+%%)vmc @)

nv, z,V, nc Inc

0

In lithium batteries, one usually selects the reference electrode to be
lithium metal, and a 1:1 binary electrolyte is generally used. Then s,=s =0,s =

~1,v,=n=1,and v=2, and the above equation reduces to

i 2RT dinf,
VO, = -2 + ——(1-£)| 1+ —=% VI
? x T F ( +)( ¥ dlnc) ne )

The second term on the right side accounts for concentration overpotential. In
porous media, the conductivity is corrected by the Bruggeman relation, k=
€'k, where K, is the conductivity of the bulk electrolyte.

Since only potential differences, and not absolute potentials, are measur-
able, ®,has an arbitrary datum as a boundary condition. Reference 11 sets ®,
= 0 at the positive electrode-current collector interface.

3.2 Potential in the Solid

The potential in the porous solid (electrode) phase is determined from
Ohm’sLaw:

I1-i, = oV, (@)

where I-i; = i) is the current in the electrode phase and the electronic
conductivity of the bulk solid is corrected for the volume fraction of the
electrode by the Bruggeman relation, 6 = 6, (1-€)"’. 0. is the conductivity
of the nonporous composite (active + conductive filler + binder) electrode.

This equation has one boundary condition in each electrode region. For
galvanostatic operation, the boundary condition in the negative electrode is i, =
I at the negative electrode-separator interface, and in the positive electrode it is
i = 0 at the positive electrode-current collector interface. When all six
governing equations are solved simultaneously, these boundary conditions
enforce the requirement that the potential in the solid phase be adjusted so that
the total amount of reaction across the electrode is equal to the applied current.

For potentiostatic operation, @, |K= Ll D, L:o =V.
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3.3 Transport in the Electrolyte
3.3.1  Dilute Solution Theory

Dilute solution theory is not often used in the treatment of lithium
batteries, because most electrolytic solutions used in lithium batteries exhibit
concentrated behavior. However, dilute solution theory becomes useful for
cases such as the examination of side reactions such as redox shuttles for
overcharge protection, because concentrated solution theory becomes more
complicated when there are more than three species (anion, cation, and
solvent) in solution.

The basic flux equation for dilute solution theory is

N o _DVe —zuFc VD + e (5)
€ €

where NV is the flux of species i across the apparent area of the electrode, N/e
is the flux through the region occupied by the solution phase, and the mobility
is usually related to the diffusivity by the Nernst-Einstein BgadRibn,
Dispersion can be included in this equation if solvent velocity in the electrodes
is significant [1], but this is rarely the case in the thin cell configurations
commonly used in lithium batteries. The effective diffusivity used in this
equation includes effects of tortuosity.

The electrostatic potential in solution is then obtained by recognizing
that the current density in solution is due to the net flux of ions:

VO, = ~2-=%"2DVc, (6)

In dilute solution theory, this equation is used instead of Equation 3.

3.3.2 Concentrated Solution Theory

Concentrated solution theory includes interactions among all species
present in solution whereas dilute solution theory assumes that ions interact
only with the solvent and not with other ions. In addition, dilute solution theory
assumes that all activity coefficients are unity. There is substantial evidence
that both liquid and especially polymer electrolytes used in lithium batteries
exhibit concentrated behavior [12,13,14,15].

The foundation of concentrated solution theory is the Stefan-Maxwell
multicomponent diffusion equation [16,17],

cVp, = RTZ%(V_[_VI') (7)

=iy
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where v; is the velocity of species i in the interstitial solution phase with respect
to a reference velocity and D, express the pairwise frictional interactions among

species. This expression relates the driving force for species motion to all of the
pairwise interactions among the components.

With the selection of a reference velocity, the Stefan-Maxwell equations can
be inverted to yield flux equations. We choose the reference velocity to be that
of the solvent and consider the case of a binary electrolyte, for which flux
equations can be obtained for both the cation and anion. Since usually only the
cation reacts in lithium batteries, the equations are made simpler later on if we
focus only on a mass balance for the anion. By electroneutrality, the mass
balance for the anion must be identical to that for the cation. The flux equation
for the anion obtained from inverting the Stefan-Maxwell equations is

vDec, Lt
= ———TecVp, + 2=+cv
VRT c, bt 2 F 5 @)

where the diffusion coefficient of the electrolyte, D, and the transference

number # with respect to the solvent are related to the diffusion coefficients
D, by

D,D, (z,-z.)

D= 9
zD,-2zD, ©)
t’=1-¢= _..ii)‘"_ 10
Tt Tip D, a0
From porous electrode theory, the mass balance for the anion is
Oc
e— =-V-N_+a_ (11)
ot Y

where aj_ is the reaction rate of the anion per unit volume. This equation
involves averaging over a region small with respect to the overall dimensions
but large compared to the pore structure [1,18]. The idea is to capture the
essential behavior of a composite medium without having to specify the shape
and position of every pore in the porous electrode. Because porous electrode
theory treats the electrode as a superposition of solid and solution phases, the
electrochemical reaction enters the equation as a homogeneous term rather
than as a boundary condition. Substituting in the flux equation, one obtains

o -aD(l—dlnc ]Vc G EVEAEVE g oy g (12)

zv F
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which was obtained using the relations ¢ =¢./v., fle = Vipts + V.. = 2 + vRT In yam
(definition of chemical potential for the salt in the electrolyte), m = c/(coMo)
(conversion between molality and concentration), and z,v, = —z V. (charge
balance for a binary electrolyte). The chemical diffusion coefficient, D, is the
property commonly measured for a binary electrolyte, and is related to the
diffusion coefficient of the electrolyte, D, by

D =D& 1+———dlnyi (13)
c dinm

o

Convection in the electrolyte is usually negligible [19]; then the term
involving v, can be neglected. z,v. is 1 for most salts used in lithium
batteries, and j. is zero in the absence of side reactions. If there is no
change in volume in the electrode (i.e., the active material does not change
in volume as it reacts, and there is no side reaction that changes the
electrode porosity), then no mass balance for the solvent is needed. We
discuss volume changes in Section 4.8. In the separator, V-i,=0, and € is

the volume fraction of electrolyte in the separator (equal to 1 if no inert
separator material, such as glass felt or porous polyethylene, is used).

The form of the mass balance presented in Equation 12 is the most
convenient for treating multiple reaction pathways, such as arise when treating
side reactions, double-layer capacitance, or particle-size distributions (see
Section 4). In these situations, V-i, may have a complicated relationship to the

local reaction rates, but the mass balance in the form of Equation 12 remains
unchanged. A current balance for calculating V-, is discussed in Section 3.6.

The boundary condition at a lithium foil electrode is that the flux of the
anion is zero. Then diffusion of the anion is balanced by migration:

oc
6‘ —

1-) .
o = —-————-+ foil electrode (14)

FD

x=0

The flux of the salt is zero at the current collectors of porous electrodes,
where all of the current is in the matrix phase:

% =0 at x=L +L +L  and x=0, porouselectrodes (15)

The concentration and flux are continuous at the interface between the
separator and a porous electrode.

When ion-exchange polymers (ionomers), for which #] = 1, are used for the

electrolyte, no mass balance equation is needed, because the concentration of
cations is fixed by the concentration of immobile anions. In this case, only one
transport property, the conductivity, is needed, as opposed to the three trans-
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port properties (x, D, and ) needed to characterize concentrated solutions and
the two transport properties { D, and D_ ) used for dilute solutions.

The averaging inherent to porous electrode theory introduces some (usually
very small) degree of error in calculating the actual potential and concentration
at the pore wall. Mass-transfer coefficients can be introduced to try and
compensate, such as using an effective mass-transfer equation, j, = -Kn{C-Cyat),
to solve to solve for the electrolyte concentration at the pore wall [31]. Tsaur
and Pollard [8] report that mass transfer within pores has a significant effect on
cell performance only for species present in small concentrations.

3.4 Transport in the Solid

The porous solid phase in most lithium batteries contains particles which
can be modeled as spheres. The active material of the insertion electrodes
used in most lithium-ion batteries consists of mobile cations, mobile electrons,
and immobile host matrix. If one neglects the effects of stress and anisotropic
diffusion, then transport of lithium ions can be described as above, yielding

o, =V-D, j-dlne, Ve, + BVE _veev, (16)
t dinc, z v F

+

Since the active material is generally a good electronic conductor, ¢ =1 and

the second term can be neglected. If volume changes in the solid are
negligible, then v,and dInc,/dInc, are zero, and the mass balance reduces to

% iz—a-(Dsrzai) a7
o r°or or
with the boundary conditions
Oc Oc

4 =0 and -D,— =j,.. 1
ar r=0 iy ar r=R ]L’ ’f ( 8)

and initial condition ¢,(r=0,r) =¢.

From the boundary condition at the edge of the particle, one sees that any
changes to calculations of the reaction rate will be coupled to the mass balance
in the solid.

Under this framework, diffusion within a solid particle is considered,
but diffusion between adjacent solid particles is neglected. Since the
length scale between particles is much larger than the length scale within
a particle, this simplification should not introduce much error.
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3.5 Reaction Rate

A rate equation is needed to determine the dependence of the local electro-
chemical reaction rate on concentration and potential. Usually, the Butler-
Volmer rate equation is used

i {exp(aaF(cb, ~®, —U)) B exp(acF(cb, ~®,-U) ﬂ a9)

RT RT

The surface overpotential, ®,-®,-U, is the deviation from the thermo-

dynamic potential difference between the solid and solution at the existing
surface concentrations. U is the open-circuit potential of the solid material
evaluated at the surface concentration of the solid with respect to a hypothetical
lithium reference electrode in solution just outside the diffuse part of the double
layer, at the same local electrolyte concentration, and is a function of solid
concentration in insertion electrodes. Thus, U must be specified as a function of
intercalant concentration but not as a function of electrolyte concentration. This
equation is coupled to Equations 3 and 4 for potential in the solid and
electrolyte, and sets the surface overpotential with respect to the local potential
in solution and in the solid required to force the reaction.

The magnitude and dependence of U on solid concentration vary
considerably among different insertion materials. The shape of the open-circuit-
potential profile has a large effect upon the simulation results, and accurate
data for this property measured with respect to a lithium reference electrode
are very important, especially when one is comparing full-cell-sandwich simula-
tions with experimental data. Verbrugge and Koch [20] fit the open-circuit
potential of carbon fiber by using a polynomial expansion for the excess Gibbs
free energy (Wohl expansion), and this expansion matches the measured U well
for the disordered carbon. For cases in which such an expansion does not
capture the effects of ordering in the active material, we recommend that a
careful empirical fit to measurements of the open-circuit potential be used in
the simulations.

The anodic and cathodic transfer coefficients, a, and a, correspond to the
fractions of the applied potential which favor the anodic and cathodic
directions of the overall reaction, respectively. The dependence of exchange
current density on concentration is given by

]
iy = iy g H[ o j (20)

i ci,ref

where j,,, is the exchange current density measured at the reference
concentrations ¢, ,,. For an elementary step, y, = fBs;if species i is a
reactant in the anodic direction and y, = (#-1)s, if species i is a reactant in
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the cathodic direction, where s; is the stoichiometric coefficient (positive
for anodic reactants) and § is the symmetry factor representing the fraction
of the applied potential that favors the cathodic direction of the elementary
step [10]. For complex reactions involving multiple elementary steps, 7,, a,,
and a, may be complicated functions of the symmetry factors for each
elementary step, and y, may differ from a,and a_[10]. Presently, reaction
mechanisms at electrode interfaces, particularly in the presence of the solid-
electrolyte interphase, are not understood in great detail. Fortunately, the
rapid kinetics of electrodes used in lithium batteries reduces the importance of
the exact reaction mechanism in the battery model. In the absence of more
detailed information about reaction mechanisms, the reaction can be assumed
to be first order in lithium-ion concentration in the electrolyte and lithium
concentration in the insertion electrode, which means that a,, @, 7, , and
7, are equal to 0.5. While the assumption that y, . = a, is not necessarily true
for a complex reaction mechanism, such an assumption is commonly used in
the literature and will be used in the following equations.

At a lithium foil electrode or at a phase-change electrode, the solid
concentration is constant. At an insertion electrode involving the reaction

Li®, =Li"+0, + e (21)
the exchange current density is given by
iy =F (k)" (k)% (C, ma —€,) " (c,)" (€)™ (22)

where (¢ymax - €5) 1S the concentration of unoccupied sites in the insertion
material. Thus, the exchange-current density tends to zero as the solid
concentration approaches either O Or Cg mgx-

Some models [2] of polymer electrolytes have treated the polymer as
having a fixed number of sites Cpge for lithium ions on the polymer lattice.
The reaction, e.g., at the lithium foil electrode, was then expressed as

Li+0,=Li®, +e (23)
leading to the following expression for the exchange current density:
iy = F (k)™ (k)™ (Cpax — ©)™ (€)™ (24)

There is not much experimental evidence for or against this hypothesis, given the
uncertainties in the nature of the polymer-solid interface. However, because
exchange-current densities for most electrodes used in lithium batteries tend to
be high, the precise nature of the kinetic rate constants is not of large importance.

Since the reaction-rate equation is algebraic, it requires no boundary
condition.
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3.6 Current Balance

The rate of production of species i per unit volume is @j; . In the most
general case, a species can be produced by heterogeneous electrochemical
reactions or homogeneous chemical reactions:

@, = aj,, + ;s.-,m (25)

where 4@j;, is the net flux of species i due to electrochemical reaction normal
to the active material surface and #; is the rate ofthe ¥" chemical reaction.
For an electrochemical reaction expressed by

Zs,.Mf" —> ne” (26)

the faradaic reaction of species i is related to the rate of electrochemical
reaction by

as.,
@, =——=i, (27)
U, nF

and #,is determined by a kinetic relationship as described in the previous section.

By electroneutrality, a current balance relates the divergence of the cur-
rent to the net pore-wall flux due to reaction:

Vi, =ai (28)

For the case of multiple electrochemical reactions,

Vi, = lea,im, (29)

and

g, =-Y 2, (30)
: —aF ™

The boundary condition on this equation is that the divergence of the
current is zero in the separator.

3.7 Energy Balance

An energy balance is required to calculate the heat generated by the cell
and the temperature changes in a cell or stack of cells. In this section, we
discuss the equations needed to calculate the heat generated by the cell. Since
most lithium cells are very thin (less than 300 pm thick), temperature gradients
perpendicular to the electrodes are neglegible, allowing Peltier heats of individ-
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ual electrodes, transport entropy, and thermal diffusion to be neglected. The
heat generation therefore need not be calculated as a function of position across
an individual cell. Once known, this heat generation can be inserted into a
standard heat transfer equation, including conduction, convection, and radiation
as appropriate for the battery geometry, to calculate temperature changes
across a tall cell or battery stack. Such models are generally concerned with
temperature gradients in two- or three-dimensions. We review multidimen-
sional modeling in Section 4.10. Newman [21] discusses issues that arise when
the temperature varies perpendicular to the electrodes.

A general energy balance for electrochemical systems is [24]

ou™®
or

0= I(V U™+ T ) +IY(A, - ﬁ,“vg)%dx +Y AHr, +C, ‘2—{ (31)
i k

where (Jis the rate of heat transferred to the system from its surroundings, and

avg indicates that the properties are evaluated at the volume-averaged concen-
tration. This equation states that heat is generated due to resistance to the
passage of current I(V-U), reversible entropic heat I(ToU/0T), and any chemical
reactions that may be occuring, such as phase change. In addition, heat may be
generated or absorbed by heat of mixing, cause by the formation of concentra-
tion gradients, across the electrolyte, across the porous electrode, radially
within pores, and radially within particles of insertion material [26]. The heat
released upon relaxation of concentration gradients after the current is turned
off will be equal and opposite in magnitude to the heat evolved in formation of
those gradients. If the second derivative of the enthalpy of the electrolyte with
respect to the mole fraction of one component of the electrolyte is positive, then
the heat released during relaxation is exothermic. At low currents or in
systems with good transport properties and small variation of partial molar
enthalpy with concentration, the heat-of-mixing term is negligible.

Bernardi et al. [24] present a detailed derivation of the energy balance, and
use it to describe the heat generation in aLiAl | molten LiCLLKC1 | eS cell, include
the effects of two reaction steps in the FeS electrode, precipitation of LiCl, and
heat of mixing in the molten salt electrolyte. Several authors have compared
heat-generation predictions for a single cell to experiment [22,23].

Rao and Newman [25] present a form of Bernardi et al.”s energy balance
which is convenient for examining effects of multiple reactions and heat-of-
mixing effects across insertion compounds, in which the open-circuit potential
varies with state-of-charge:

Q=IV+IZain,(x)(U,(cs(x))—Ta—U’—g-c—’(L)))dx+Cp£ (32)
" oT dt
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where ¢; is the local lithium concentration in the solid averaged over the
cross-sectional area of the electrode, the integral is over the entire cell, and
the reaction rate, i, is positive for an anodic reaction. This equation reduces
to Equation 31 (without the heat of mixing term) only for the cases of a
uniform reaction rate or constant Uy, where the enthalpy potential is given by
Uy = U—- TEUIGT). Because it involves the local reaction rate, rather than the
overall applied current, it can be used to treat heat effects of self-discharge
and the formation and relaxation of concentration gradients across the
insertion electrode. However, it does not include heat of mixing within the
electrolyte or within individual particles of active material [26], which in some
cases are of equal or greater magnitude to heat of mixing across the electrode.

One of the characteristic features of lithium-ion batteries is the use of
insertion compounds as active materials. Ordering effects of lithium on the
insertion lattice cause the entropy of reaction, OU/OT, to be of significant
magnitude and to vary strongly, even changing sign, with state of charge [27].
Knowledge of the entropy of reaction as a function of state of charge therefore is
required for accurate prediction of heat generation from batteries containing
insertion electrodes.

Physical properties such as K, i and D generally display an Arrhenius
dependence on temperature. Therefore, as the temperature of the battery
increases, these properties increase, the resistance of the cell decreases, and
the rate of heat generation decreases. These effects tend to even out
temperature distributions across a stack compared to what would be
predicted using constant physical properties [28]. In opposition to this trend,
the rate of heat generation from side reactions may increase with increasing
temperature [29].

3.8 Solving the Governing Equations

The previous sections describe the six equations (Equations 3, 4, 12, 17,
19, and 28) necessary to describe the electrochemical performance of the
cell. Solving these equations yields the dependent variables ¢, ¢, ®;, O, &,
and j. The governing equations involve three ordinary differential equations,
two partial differential equations, and one algebraic equation. If explicit
calculation of both @; and ®; is not needed, they may be combined into one
variable, N = ®; - ®, . If explicit calculation of both j and # is not required,
then Equations 19 and 28 may be combined into one equation.

In all but the most simplified cases, the coupled governing equations
must be solved numerically. Use of variable physical properties and/or
Butler-Volmer or Tafel kinetics makes the governing equations nonlinear.
Several different numerical techniques have been used in the literature,
including finite difference with control volume formulations for the mass
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and charge balances [2,3,30], finite elements [6,31], and the method of
lines [32,33]. Time derivatives are handled using Crank-Nicholson
formulations or higher-order variations of implicit methods.

For this type of model based upon the fundamental laws of transport,
kinetics, and thermodyanmics, a large number of physical properties is re-
quired, as listed in Table 1. These properties may all be functions of composi-
tion and temperature, in particular, U, k, D, ¢° and D,. A summary of the
experiments required to measure the parameters needed for the model is
given by Doyle and Newman [34]. A full-cell-sandwich model of a lithium
battery using the above equations was first presented by Doyle, Fuller, and
Newman [2,11]. This model has been validated several times by comparison
with experimental discharge and charge data over a wide range of current
densities for various lithium and lithium-ion cell chemistries [35,36].

Table 1. Parameters required for the model. Values must be specified for both electrodes. All material
properties ¢can be functions of composition and temperature.

Thermodynamic Kinetic Transport Geometric
U fo D [
p (of all components) Oy, O D; L,L,L

Cs, max Rﬁ,a,,., [ g € (of electrolyte,

Ji K active, and filler)
initial ¢ and ¢,
o

Co

aUyjaT

4.0 SPECIAL SITUATIONS

4.1 Transport in Insertion Electrodes

Transport in insertion compounds is perhaps one of the easiest solid
transport situations to model, because there is no phase change or generation of
new product compounds, and volume changes are generally negligible.
Therefore, the morphology of the electrodes is relatively constant, and only
diffusion need be considered.

4.1.1 Constant Diffusion Coefficient

If the solid diffusion coefficient can be approximated as a constant, then
Equation 17 is a linear partial differential equation. Then the concentration in
the particle resulting from a time-varying rate of reaction at the surface can
be obtained by superposing the concentration changes resulting from simple
step changes in concentration at the surface. Each step change is initiated at a
differenttime #,, and the effect of that step at future times is damped as the
response decays. In the limit as the time step goes to zero, the flux into the
particle can be expressed by Duhamel’s superposition integral [37, 38]
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oc ‘Oc
s(R,t) = s
or (&4) ;,[ Ot

(R,a)%—(R, 1~ 8)dd 33)

where ¢, (7, #) is the dimensionless concentration resulting from a unit step

change in concentration at the surface of the particle at time # We see that
calculation of the flux into the particle requires only knowledge of the history
of the surface concentration of the particle, and we do not need to keep track
of the concentration within the particle. This simplification saves computer
memory and computation time.

This initial-value type integral equation can be calculated numerically using
the method presented by Wagner [39] and Acrivos and Chambré [40]. The
time-derivative of ¢, can be approximated numerically by 8¢/0f = (c.; — VAL
Substituting into Equation 33 and discretizing time into time steps #, yields:

aC (csn_csn-l) n—z(csjﬂ—csj)

—(Rt)) =4+ ) ———T=4, . (34)
ar( ) At 4 ;, At s

where

D D t,,ac D n-1 6c

g =a(t)-a(t,_ )= |=2(RdS - == | =£(R,8)dd (35)
7 = alt) —alh.) =2 [ZL RO - [ Ze(RE)

The summation in Equation 34 is divided to illustrate that the summation
can be stored and updated at each time step [Note: Equation 34 often has
been presented in dimensionless form [2, 41]. To avoid confusion, we
present it here in dimensional form.] The Laplace transform can be used to
obtain series expansions for a(?). At long times,

a(r) = linl—z[l - exp(—nzfrzr):l (36)

2
T n=i

At short times,

a(t)=—71+ 2&)0'5{1 + 2g[exp(—nr—2) - n@ erfc (%ﬂ} (37

where T is dimensionless time defined as T = tDJR2 . Doyle [41] states that
evaluating three terms of the short-time solution or five terms of the long-time
solution provides sufficient accuracy. The long-time solution is used when 7 is
greater than 0.06. The above equations were derived for spherical particles.
Doyle also provides series solutions for a(?) for other shapes of particles such as
planar slabs and cylindrical rods (neglecting edge effects and considering only
1-D transport in each geometry).



360 Mathematical Modeling of Lithium Batteries

4.1.2 Variable Diffusion Coefficient

If the variation of the solid diffusion coefficient with lithium concentration is
significant, then the diffusion equation is nonlinear and the above simplification
does not apply. For an electrode composed of spherical particles, a pseudo-two
dimensional approach is required, in which the radial diffusion equation
(Equation 17) is solved at each mesh point across the porous electrode. A set of
radial nodes is then required to compute the radial solid concentration profile at
each linear position in the electrode. Note that Equation 17 is derived using the
gradient in chemical potential, and assumes only that volume changes are
negligible and that all current is carried by electrons in the solid phase. The
chemical diffusion coefficient, D;, used in Equation 17 is related to the binary

diffusion coefficient derived from the Stefan-Maxwell equations, D, (also called

the binary interaction parameter), by the relationship presented earlier
(Equation 13) for concentrated solutions:

c dIny
D, =DL|1+——*
’ C,,[ dln@) (38)

Following convention in the literature, we have changed here from a molal
scale to a fractional occupancy scale, defined by p, = p* + vRT Ing, ©,

where @ = ¢/Cyma iS the fraction of lithium sites in the lattice which are
occupied. Then in Equation 16, the term 1-(dlncy/dIncs) should be replaced
by 1-(dInc ma/dIncy). For insertion compounds, the thermodynamic factor is
related to the open-circuit potential by

N diny, F oU

- —ea-0) %Y
41n® =020 (39)

1

[Note: Some authors define the thermodynamic factor as 1+(élny, /0In®) =

—O(F/RT)(0U/0®) and then combine the (1-®) term with the binary
interaction parameter.]

While D may vary less with concentration than does the chemical
diffusion coefficient, McKinnon and Haering [42] provide a theoretical basis
for how D varies with concentration, depending on attractive and repulsive
interactions in the lattice. There is a vast experience with materials for which
D varies with concentration [43,44,45]. The assumption that D is independent

of lithium concentration may be valid for some electrode materials, such as
carbon fiber [46]. However, since this assumption has no theoretical basis, it
should be used only with caution and verified with measurements of the
diffusion coefficient as a function of concentration.
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While use of a variable diffusion coefficient increases simulation accuracy, it
also increases simulation time by up to an order of magnitude, depending on
the number of radial nodes used. Therefore, in some cases it is desirable to use
a constant diffusion coefficient. This constant should be some average value of
the true variable diffusion coefficient. The question arises, what average value
of the diffusion coefficient to use for a material that exhibits a diffusion
coefficient that varies with state of charge? Paxton and Newman [47] present
one method for selecting an average diffusion coefficient which introduces the
least error in simulating the behavior of a material whose diffusivity varies in
reality.

Verbrugge and Koch [20] describe how to scale the radial dimension when
formulating the radial diffusion equation to improve numerical simulations over
a wide range of time scales. Mao and White [48] present a method for arranging
the matrix when solving pseudo-two dimensional problems that reduces
computation time.

4.2 Transport and Volume Change in
Phase-Change Electrodes

Several phase-change electrodes are currently being researched for use in
lithium-ion batteries, such as lithium-tin and other binary and intermetallic
lithium alloys for negative electrodes, and LiFePO, and variants thereof for
positive electrodes. In these materials, the reaction occurs as a moving front
through the particle of active material rather than as diffusion down a
continuous concentration gradient as in insertion compounds. The new phase
must be nucleated at the surface of grains before the phase can propagate
through a grain, resulting in a nucleation overpotential. The nucleation over-
potential is observed as a sharp dip and then rise in the cell potential at the
beginning of discharge. The phase-propagation process can be treated with a
shrinking-core model, as described in Appendix C of reference [49] and as
applied in the case of LiAl [19].

This type of phase-change reaction is distinct from the dissolution-
precipitation reaction which occurs in the Pb, PbO,, Ag, and Cd electrodes.
In a dissolution-precipitation reaction, one solid phase (e.g. Pb) dissolves
electrochemically (e.g. to form Pb?*), combines with an ion in solution, and
the product precipitates (e.g. PbSO,). Methods for modeling mass transfer
and nucleation kinetics in dissolution-precipitation reactions have been
described [18,50,51,52,53,8].

Some of the materials recently being considered for use as positive
electrodes, such as LiFePQ,, are actually insulators rather than electronic
conductors. In this case, the assumption that the transference number of
electrons is unity is not valid, and semiconducting effects may need to be
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considered. Treatment of semiconducting effects in electrodes has been
reviewed in the case of the nickel hydroxide electrode [54, 55] and photo-
voltaic electrodes [56,57].

4.3 Nonporous Insertion Electrodes

Nonporous electrodes are of interest for thin-film microbatteries,
especially all-solid-state batteries, and for measurements of the solid
diffusion coefficient and exchange-current density, since these measure-
ments require knowledge of the surface area. In the nonporous geometry,
no electrolyte, binder, or filler is present in the electrode. Then only two
governing equations apply. The electrode has a planar geometry. Let x = O
be the electrode-current collector interface, and x = L be the position of the
electrode-separator interface. The first governing equation is Ohm’s law in
the solid,

I =-oVo, (40)

with the boundary condition

I = i exp(aaF(q)l —CD2 —U)) _ exp(—af(q)‘ —CD2 _U)) (41)
RT RT

If o is a constant, then Equation 40 can be integrated directly to yield

¢’1(L) - (Dl(O) = -IL/o.

The second governing equation is the planar diffusion equation for
lithium transport in the solid film

dc, = _a._[Ds _a_(_"i) 42)
o Ox Ox

with boundary conditions

Oc, - _ 1 and Oc, ~ 0 @3)
ox x=L FD s ox x=0

and initial condition ¢y(x,t=0) = ¢,°.

For a constant diffusion coefficient and boundary conditions of constant
current (galvanostatic operation) or constant surface concentration (e.g., for a
potential step experiment), this equation can be integrated directly [58]. For
nonconstant boundary conditions but constant diffusion coefficient, the
equation can be solved using Duhamel’s superposition integral [59]. With an
arbitrarily variable diffusion coefficient, the equation must be solved
numerically.
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4.4 Particle Size Distribution

The battery model described above assumes that the active material in
the porous electrodes exists in small spherical particles of uniform size. In
a real battery, the particles may be of various sizes. A particle-size
distribution is modeled numerically by categorizing the particles into size
bins, and then treating each bin as a separate phase in the electrode. While
each particle size has the same material properties, the particles may
experience different diffusion and reaction rates and thus solid-phase
concentrations. The reaction rate Equation 19 is computed separately for
each particle size bin. The current balance then becomes

Vi, = Za/in,/ (44)

where the summation is over the bins of particle sizes. Different particle size
bins may have different specific interfacial areas, calculated from a; = 3¢/R, for
spherical particles. A separate solid material balance of the form of Equation
17 is written for each particle-size bin. The equations for the potential in the
electrolyte and solid remain unchanged, and the mass balance in the
electrolyte is unaffected if the form of Equation 12 is used. The equation for
the potential in the solid is unchanged because the averaging employed in
porous electrode theory is over regions that include several particles.
Therefore, the solid-phase potential is the same in particles of all sizes at a
given position. This analysis neglects any effect of radius of curvature on
surface energy and therefore on chemical potential; this assumption is valid
for particle radii of order nanometers or larger.

Darling and Newman [60] examine the effects of a particle-size distribution
by considering the simplified case of binary distributions in which the volume
fractions of the two particle sizes are chosen in such a way that the active-
material volume fraction (and thus mass), surface area, and average particle
size are the same among all the distributions examined. Thus, the only physical
parameter changed in Darling and Newman s simulations is the presence of two
particles sizes, thereby isolating the effect of a particle size distribution. The
authors show that an electrode with a particle-size distribution, all else held
constant, exhibits larger solid-phase resistance and longer relaxation times than
an electrode with uniform particle size. The effect is most pronounced under
conditions of nonuniform current distribution across the electrode, such as at
high currents or flat dependence of the open-circuit potential on solid
concentration.

Figure 2 shows U evaluated at the surface concentration of the particles as
a function of time during a charge and discharge of a Li|LiMn,O,. The
concentration in the two particle sizes is identical as long as semi-infinite
diffusion exists. Once the solid concentration gradients extend to the middle of
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the particle, restricted diffusion behavior takes over, and the concentration in
the smaller particle will change faster than the concentration in the larger
particle. The solid concentration overpotential (difference between actual cell
potential and surface potential) is therefore larger in the larger particles.
Therefore, for electrodes with the same average particle size, surface area, and
volume fraction of active material, the electrode with the most nonuniform
particle-size distribution will have the largest overpotential and slowest
relaxation times. Another way to think of this is that, in any particle-size
distribution, there must always be particles of size larger than the average, and
these larger particles will always have larger resistances and time constants for
diffusion. For a particle-size distribution with different surface areas, the kinetic
overpotential will be larger on the particle size of smaller surface area a;.
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Figure 2. Equilibrium potentials at the surface of partidles of two sizes during a charge and discharge. The
larger partide has a larger concentration overpotential. From reference 60, reprinted with permission of The
Electrochemical Sodety, Inc.

Particles of different sizes will pack differently than particles of a uniform
particle size, and the packing density will affect the porosity of the electrode.
Nagarajan et al. [61] addressed the question of how to optimize the particle-size
distribution to increase electrode utilization for a 1C-rate discharge, given a
correlation between packing density and particle size determined by Yu et al.
[62] (neglecting effects of the conductive filler and binder on packing). In
essence, this paper tries to optimize the electrode porosity by changing the
packing density in the electrode. Nagarajan et al. also demonstrate how a
higher fraction of smaller particles can improve electrode response to a high-
current pulse discharge.
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4.5 Double-Layer Capacitance

Double-layer capacitance is of interest when modeling ac-impedance
behavior and also when simulating response to rapid current pulses. Small
modifications to the current balance are required to account for charging of
the double layer [63]. These modifications also appear in the mass balance
equation for the electrolyte, since it includes the divergence of the current as
a homogeneous consumption term. In many cases, the magnitude of the
concentration change due to double-layer adsorption may be negligible, and
then only the modified current balance is needed. The current balance is

Vi, = aFZz,. Jin (45)

where j;, is the molar flux of species i away from the electrode surface due
to heterogeneous electrochemical reaction. If we are to include double-
layer charging, then this flux has both faradaic and capacitive components:

Yp =+ 4] (46)

where here we have accounted for the possibility that the interfacial area for
double layer charging may include the conductive filler and therefore be
different from the interfacial area for faradaic reaction. The flux into the double
layer is related to the capacitance by

(v, -D,)
ot

For lithium batteries with binary electrolytes, the faradaic flux of the anion is
zero. Then the current balance is

Fzziji,dl =C (a7

o= . a(d)l - ch)
V-i,=afFj, , + ad,C————————at (48)
One can show that [64]
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where the dependence of double-layer adsorption on electrolyte concentration
and temperature have been neglected. To get a mass balance for the
electrolyte that includes double-layer capacitance, we substitute Equations 46
and 49 into the mass balance (Equation 12) to obtain
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where dg/dg indicates the change in surface excess concentration of
species i in response to a change in the charge on the electrode. Since
information about surface charges is difficult to obtain, we assume that
only cations are adsorbed. Then dq/dq = 0 and dg./dq = -1. Note that the
signs of these terms, Equation 49, and the last term in Equation 50 are
reversed if g is defined as the total charge on the solution side of the
double layer, rather than on the electrode side as used here. The final
mass balance is independent of this definition.

Ong and Newman [65] describe issues of casting these equations into finite-
difference form and derive a characteristic time for the decay of capacitive
effects upon a step change in galvanostatic current. The time constant is
approximately L’a,Cl(1/¢) + (1/0)].and is on the order of 1 to 100 milliseconds
for typical insertion electrodes.

4.6 Film Resistance

It is well known that a passivation layer, called the solid-electrolyte
interphase (SEI), forms on the surface of the negative electrode (and likely on
the positive electrode to some extent as well) due to reaction with the
electrolyte (see Chapter 1). This layer will add a resistance for reaction to
occur. The exact nature of the SEI is not well understood. There is evidence
that the film on the carbon and lithium electrodes is inhomogeneous, possibly
porous, composed of more-reduced species (e.g. Li,CO;) on the side bordering
the active material and less-reduced species (e.g. lithium alkyl-carbonates) on
the side bordering the electrolyte. A model of transport and reaction in the
SEI layer could be based on previous works on passivation layers formed in
other systems, e.g., corrosion of iron [66,67], or it could expand upon models
of the LiCl layer in lithium-thionyl chloride batteries [68,69].

For the purposes of modeling the overall cell-sandwich behavior, it is not
necessary to know the exact details of the SEI layer. Instead, one can assign
some overall resistance to the film, and include this resistance in the electrode
kinetics. Given that the film is believed to consist of solid lithium salts, it is
logical to model transport through the film to a first approximation by migration
alone, in which case the film is analogous to a resistor in series with the
reaction (no diffusion resistance in the film) [35]. The surface overpotential used
in the Butler-Volmer equation should then include the potential drop across this
film, so that the modified Butler-Volmer equation has the form

L o, F(®,-®,-U-j,FR,,) -0 F(®,-®,-U-j,FR,,)
i, =i |exp =T —exp RT

(51)
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The film resistance affects the reaction-rate distribution by increasing the
kinetic resistance, which makes the reaction rate more uniform. There is
evidence that the composition of the film depends on electrode potential, and
that the film dissolves and reforms as the cell is cycled. Then it might be
appropriate to consider a film resistance which varies with local potential.

In addition to the film resistance around the particles of active material,
there may be a contact resistance due to imperfect contact between the
electrode and the current collector [70]. This contact resistance is separate from
interparticle contact resistance in the bulk of the electrode, which is included in
the electrical conductivity 6 of the composite electrode material. Contact
resistances at the current collector would have a different effect on the current
distribution than a film resistance, because this contact resistance would occur
only at the boundary of the electrode rather than being distributed throughout
the entire surface area of active material like the film resistance. The ohmic
potential drop from the contact resistance is treated by simply subtracting
IR gnaes from the cell potential.

4.7 Side Reactions

Side reactions include electrolyte oxidation and reduction, lithium
deposition, redox shuttles for overcharge protection, corrosion of current
collectors, self-discharge, conversion of active material to inactive phases, and
other degradation mechanisms, as reviewed by Reference 4. Side reactions
can affect the performance of lithium-ion cells by lowering the coulombic effi-
ciency, creating an imbalance in the state of charge between the positive and
negative electrodes, consuming cyclable lithium, increasing cell impedance, or
protecting against potentially more deleterious effects of overcharge.

Side reactions can be divided into two categories for the purposes of
modeling. The first category includes side reactions which do not involve or
produce soluble species other than the electrolyte and solvent, and include
lithium deposition and solvent oxidation to form solid products. These types of
side reactions are treated with little modification to the framework developed in
Section 3 other than the addition of a kinetic equation for the side reaction. The
second category includes any side reaction which does involve more than three
components in the solution phase, such as redox shuttles. In this case, the
governing equations must be modified to add a mass balance for the new
component and to include the concentration overpotential of this component.

Darling and Newman [36] describe the methodology for modeling the
first category of side reactions, in which the only species in the solution
phase are the electrolyte and solvent. The side reaction is modeled by
adding a second reaction to the current balance:

Vi, =a,,,+ai,, (52)
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where i, is the current flux due to the main reaction (lithium insertion) and i,
is the current flux due to the side reaction. i, could be the sum of multiple side
reactions. Here Darling and Newman have allowed for the possibility that the
surface area upon which the side reaction occurs could be different from that of
the main reaction. For example, electrolyte oxidation may occur on the surface
of the conductive filler, whereas the main reaction occurs only on the surface of
the active material. The effects of the side reaction are coupled to the mass
balance in the solid and in the electrolyte, in that V-i; appears in the electrolyte
mass balance, Equation 12, and ¥, determines the flux of lithium into the solid.
The total current in the cell is determined by boundary conditions such as
galvanostatic or potentiostatic operation. Note that it is possible for iy, and i, to
have opposite signs. For example, self-discharge on the positive electrode could
occur by coupling a side reaction, e.g., S & S"+ e-, with the main reaction Li* +
e~ + 0, & LiB;. The net current could then be zero while the state of charge of
the electrode decreased due to self-discharge.

Like the main reaction, the side reaction can be described by the Butler-
Volmer equation,

. a, F st
Is =l,| €Xp RT?] XP RT Nss (53)

where the surface overpotential for the side reaction is defined as
Nes = ®,-0,-U, - .InFRflm (54)

where U is the reversible thermodynamic potential of the side reaction defined
with respect to a lithium reference electrode at the same solution composition.
U; can be specified as a function of electrode composition or temperature if such
information is available. Computation can be simplified somewhat by assuming
that the side reaction is irreversible or the reversible potential of the side
reaction is much different from the electrode potential (and therefore the Tafel
approximation can be used), or that the rate constant of the side reaction is very
large and the overpotential is small (and therefore linear kinetics can be used).
Tafel kinetics may be more appropriate for electrolyte degradation reactions,
whereas linear kinetics may be appropriate for lithium deposition [4]. For
irreversible reactions, a reversible potential is not really defined and does not
appear independently in the kinetic expression. For example, if the Tafel
approximation is used, then, e.g., for an anodic reaction,

. . (aasF(q)l—.(DZ—Us_jnFRflm)
1 =105exp .

RT
(55)
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and we see that U; can be incorporated into the exchange current density
for the side reaction, and is not measured separately.

If the rates of side reactions on the two electrodes are different, then
the total flux of lithium into one electrode will not be equal to the total flux
of lithium out of the other electrode. An imbalance of the state of charge
between the positive and negative electrodes will result. This imbalance
effectively leads to a loss of cyclable capacity.

Arora et al. [71] use the equations presented above to simulate lithium
metal deposition on carbon negative electrodes during overcharge. Lithium
metal deposition will occur wherever the potential of the electrode is driven
more negative than the potential of lithium metal, i.e., where ®,-®,~U;; < O.
Since all potentials in this work are with respect to a lithium reference
electrode, Uy; = 0. Such a situation might occur when there is excess positive
electrode capacity, when large charging currents are used, or when the cell is
charged to voltages much larger than its open-circuit potential at full state of
charge. A graphical illustration of how potential varies across the carbon
electrode is given in Figure 3. We see that the threat of lithium deposition
emerges 115 minutes into this C/2-rate charge. The surface of the deposited
lithium will react with the electrolyte, causing a resistive material to coat the
active material, reducing the amount of cyclable lithium in the system, and

clogging pores.
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Figure 3. Profiles of ®- ©; across a porous petroleum coke electrode at different times during a
C/2-rate (-1.146 mA-am?) charge. Time since the beginning of charge is indicated in minutes. After
115 minutes, the potential near the separator interface has dropped below the potential for lithium
deposition. From reference 35, reprinted with permission of The Blectrochemical Society, Inc.
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Arora et al. use the calculated rate of side reaction to explore its effect on
film resistance. They estimate the rate of increase of the resistance of the SEI
layer from the rate of lithium deposition, assuming that some fraction of the
deposited lithium reacts irreversibly to form lithium carbonate. Factors which
alleviate driving the potential of the carbon surface to zero will reduce lithium
deposition. These factors include increasing the negative:positive active-
material mass ratio, reducing the cutoff voltage on charge, reducing the
electrode thickness and particle size, and reducing the applied current density.
A larger film resistance decreases the potential driving-force for lithium deposi-
tion and thus its rate. Therefore, lithium reaction with the electrolyte to form a
resistive film will decrease the lithium deposition rate. A more uniform reaction
rate, which could be achieved by slower reaction kinetics, higher solution
conductivity, or a sloping dependence of open-circuit potential on state of
charge, would also reduce the rate of lithium deposition by avoiding driving the
potential to zero at the electrode-separator interface before the rest of the
electrode is fully charged. Finally, Arora et al. indicate that for a given amount
of coulombs of charge reaction, the total amount of lithium deposition is
reduced by using taper charging rather than galvanostatic charging.

The second category of side reactions includes those which involve species
in solution other than the main electrolyte and solvent. For example, one might
be interested in how Mn®** from the dissolution of the positive electrode
migrates to the negative electrode and plates out on the surface of the negative
electrode, or in examining whether a soluble product of electrolyte reduction at
the negative electrode could cause capacity fade by reacting at the positive
electrode. In addition to the modification to the current balance given in
Equation 56, the governing equations must be modified to include a mass
balance for the soluble species and to include the concentration overpotential of
this species in its kinetic equation. The modifications can be handled either with
full concentrated solution theory, a combination of concentrated solution theory
and dilute solution theory, or by dilute solution theory alone.

Treating the system with full concentrated solution theory involves
inverting the Stefan-Maxwell equations for all species involved in solution,
yielding a flux equation for each species. The flux of each species is coupled to
the flux of all other species in these equations, and n(n-1)/2 transport
properties are required. In addition, the expression for the potential in
solution as measured by a reference electrode, Equation 2, is modified to
include gradients in chemical potential of all species present. The governing
equations for an impurity ion [7,52], impurity solvent [69], and both impurity
ion and solvent [8] have been derived. A kinetic expression of the form of
Equation 53 for each side reaction completes the set of governing equations.
U; is defined with respect to a lithium reference electrode at the same solution
composition, and all concentration overpotential is included in ®,.
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For impurity species present in dilute concentrations, some may find it
more convenient to treat the species using dilute solution theory, which
accounts only for interactions of the dilute species with the solvent. Rigor-
ously, Equation 12 was derived for a binary electrolyte with no impurity
species in the solution. While it is not completely rigorous to treat one
species with dilute solution theory while treating the main electrolyte with
equations derived from concentrated solution theory in the absence of the
impurity species, the error may be small. The flux of the dilute species is
given by Equation 5. The mass balance for the main electrolyte remains
unchanged. If @, is defined by Equation 3, then U; must be defined as a
function of the concentration of the impurity species in order to include the
concentration overpotential of the impurity species in the kinetic
expression, Equation 53. The Nernst equation, Us = U? + RTn( ¢;/ c,-a ), is
often used to account for the concentration overpotential of dilute species
i. If ®, is defined by Equation 6, then U; should not be defined as a
function of solution composition.

The flux equation, from either concentrated or dilute solution theory, is
then inserted into the material balance for the species:

e—a—;’- =-V-N, +4j (56)
The reaction term @j; includes the sum of the main and side electrochemical
reactions and also chemical reactions, as indicated in Equations 25 and 30.
Possible chemical reactions of interest in lithium batteries include salt precipi-
tation and homogeneous electrolyte decomposition. Once the rate of the side
reaction is added to the model, it can be used to calculate various possible
effects of the side reaction in addition to consumption of current. For example,
one could calculate the change in porosity due to precipitation of products of
the side reaction [19]. Precipitation of solid species might also affect the
surface area of active material available for reaction [50].

A redox shuttle is an example of a desirable side reaction that prevents
overcharge. In this situation, a dissolved species R is selected that can be
oxidized to species O at some potential close to the maximum desired potential
of the cell. O can diffuse away from the positive electrode to be reduced again at
the negative electrode, creating an internal short circuit. One might model a
redox shuttle by assuming that initially the shuttle is in its reduced form and
that the overpotential for reduction of O is very high at the negative electrode,
so that the concentration of O is zero at the negative electrode. Narayanan et al.
[72] give an analysis of the effect of potential on redox shuttle current for the
case of nonporous electrodes in which the only current is the shuttle current,
the diffusivities of the oxidized and reduced species are equal, and migration is
neglected.
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Side reactions can introduce error into the measurement of physical
properties in three ways [73]. Current is consumed by the side reaction,
introducing error into calculations of the amount of current that went into
the main reaction. Bulk concentrations of salt or solvent may change if the
side reaction is substantial, and soluble products of reaction may affect the
activity of the electrolyte. Finally, the side reaction causes the potential of
the electrode to be a mixed (corrosion) potential. It is commonly assumed
that the lithium electrode is covered by the SEI layer. However, there is
strong evidence that, in many situations, the protection is not complete
and side reactions involving the solvent or anion continuously occur. Such
reactions can increase the concentration of lithium ions adjacent to a
lithium electrode, introducing error into measurements of the variation in
potential with apparent electrolyte concentration, particularly at low
electrolyte concentrations. Such concentration-cell measurements are used
to obtain activity coefficients and transference numbers via the
galvanostatic polarization method. Simulations of the type described in this
section can be used to analyze how much error is introduced by the side
reaction [73]. It may be preferable to use a less reactive reference
electrode, such as Li,Ti;0,, [74], to reduce this error.

Several works have explored the effects of side reactions in other battery
systems in great detail, and their methodologies are applicable to lithium
batteries [59,75,76,77,8].

4.8 Volume Changes and Velocity in the Electrolyte

Where volume changes and/or solvent velocity are of issue, two
equations are needed in addition to the mass balance on the electrolyte.
The first is a material balance on the solvent:

co(-a—8+V-vD] =
ot

The second relates the change in porosity due to volume change in the i
solid phases by [ electrochemical reactions occuring at rate i,; and by k
chemical reactions occuring at rate 7

?a% - ¥ (Z-Lat ‘k;s,,ﬁrkj (58)

(57)

solid phases

Changes in porosity cause changes in the velocity of the solvent by
pushing the electrolyte out of or into the pores. Changes in porosity would
also effect effective properties such as conductivity (see below). For
example, a large electrode volume expansion may increase the effective
electronic conductivity while decreasing the effective ionic conductivity,
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resulting in increased reaction closer to the separator at the expense of
reaction within the electrode [78]. Such considerations are generally
negligible with insertion electrodes, which achieve high reversibility and
thus long cycle life by the very virtue of involving minimal displacement of
the active material. However, volume change is of considerable importance
in alloy electrodes and systems such as the lithium thionyl-chloride
primary battery. In such cases, a reservoir of electrolyte may be
incorporated into the battery design to accomodate volume change. Pollard
and coworkers [19,8] include an electrolyte reservoir in a one-dimensional
model by treating it as a well-mixed region of variable thickness and
negligible impact on mass transfer between the separator and positive
electrode. While a reservoir of variable volume is an effective method for
modeling changes in electrolyte volume, it is an approximation to the true
behavior of an electrolyte reservoir, which usually sits on top of the
electrodes. Improvements to modeling the effect of the electrolyte
reservoir on the distribution of electrolyte concentration within the
electrodes require a two-dimensional model [79,80].

Equations 57 and 58 assume that all change in electrode volume is com-
pensated by change in electrolyte volume fraction. This assumption neglects
any effects of mechanical stress on changes in electrode area and/or thickness,
and may be a poor assumption for alloy or phase-change electrodes [81].
Calculation of such changes in electrode volume would require knowledge of
the mechanical properties of the battery container.

4.9 Effective Properties in Porous Media

The values of x, D, and ¢ used in Equations 3, 12, and 4, respectively, are
reduced within the porous electrode relative to their bulk values due to the
tortuous path which the ions in solution must make around the solid particles or
which the electrons must make around the electrolyte-filled pores. Generally,
the effect of volume fraction €, and tortuosity of the phase of interest on
property P in that phase is accounted for by the Bruggeman relation [82], P =
€,P/T Where 7 is the tortuosity and is usually related to the porosity by t = €°°.
Because the flux Nis defined with respect to superficial area as opposed to
electrolyte area, D already gets multiplied once by € in the mass balance, so D
= D™,

In gel electrolytes, in which a liquid electrolyte is imbibed into a polymer
matrix, calculation of the effective diffusivity and ionic conductivity based on
the apparent volume fraction of electrolyte in the polymer may be complicated
by solvation of the polymer by the solvent, increased tortuosity presented by
the polymer, and possible interactions of the ions with solvating groups on the
polymer. One way to handle these effects empirically is to treat the tortuosity
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as an adjustable parameter which is fit to measurements of diffusivity in
actual gels [35]. This empirical tortuosity parameter appears to depends on
the nature of the gel’s environment, such as whether the gel is mixed into a
porous electrode or free-standing [70]. Such effects may be due to preferential
adsorption of the polymer to the solid surface.

Tortuosity also plays a large role in the effective transport properties of
polymer electrolytes because obstruction of the sequential motion of
polymer chains can block mechanisms of ion transport [83] and because
adsorption of the polymer to particles of active material or conductive filler
may cause the formation of nanometer-thick glassy polymer films around
the solid particles [84]. A better understanding of the effects of tortuosity,
polymer-electrode surface forces, and polymer chain length on transport in
polymer and gel electrolytes is needed for more accurate treatment of
effective transport properties in these systems.

Interparticle contact is of critical importance to the behavior of lithium
batteries. Most lithium-ion electrodes contain 2 to 15 wt% conductive filler,
such as carbon black, in order to maintain contact among all the particles of
active material and in order to reduce ohmic losses in the electrodes.
Presently, there are few models available for predicting contact resistance,
and the effect of the weight fraction of conductive filler on the overall
electronic conductivity of the composite electrode must be determined
experimentally. Doyle et al. [35] demonstrate how the full-cell-sandwich
model can be used to determine what minimum value of effective electronic
conductivity is needed to make solid-phase ohmic resistance negligible. Then,
one need only measure the effective conductivity of the composite electrode
as a function of filler content, and one need not run separate experiments on
complete cells to determine the optimum filler content. Modeling techniques
for predicting effective electronic conductivities of composite electrodes are
under development, and hold promise to aid in optimizing filler shape and
volume fraction [85].

4.10 2- and 3-Dimensional Effects

A one-dimensional model assumes that gradients in potential are negligible
in the two directions parallel to the current collectors. Such an assumption is
valid for laboratory-scale cells, which are generally small and/or use thick,
highly conducting current collectors. When scaling up a cell to a full-scale
battery, one may be interested in how potential varies along the current
collector due to ohmic drop, and how this potential drop affects the current
distribution within the battery. In large batteries, ohmic drop down the current
collectors may be significant enough to affect the current distribution, with a
higher current closer to the tabs. A two- or three-dimensional model may be
desirable then in order to optimize the electrical conductivity (i.e., thickness) of
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the current collector, length of electrodes, shape of the current collector, and
position of tabs, with respect to overall cost, weight, or volume of the cell
[86,87,88,89,90]. They can also be used to understand the potential distribution
within the cell and how that distribution affects experimental measurements
[91]. The model either can solve the full governing equations treating current
and flux as vector quantities, or it can couple the full model for behavior
perpendicular to electrode to a simplified resistor-network model for effects
parallel to the electrodes[89]. Bernardi et al. [80] review two- and three-
dimensional battery models and present results for a lead-acid cell.

In the spiral-wound geometry (also called a jelly roll), the radius of
curvature of the electrodes decreases as the radius of the spiral increases,
thereby creating a two-dimensional geometry. Spiral-wound geometries have
been treated by Evans and White [92] and Podlaha and Cheh [93]. Podlaha
and Cheh describe a methodology to simulate a spiral-wound configuration
with a one-dimensional model consisting of multiple cell layers connected by
"virtual" current collectors. They compare simulations of a spiral-wound
alkaline cell to that of a bobbin cell with equivalent total reactant surface area.

The primary focus of two- and three-dimensional models of lithium
batteries has been to determine the temperature distribution across a large
cell or battery stack [64,95]. The temperature profile across a lithium
battery stack is of interest because the rate of cell degradation increases
with increasing temperature. As the capacity of the hotter cells in a series-
connected stack fades, they will become prone to overcharge and over-
discharge, situations which can potentially lead to thermal runaway. Chen
and Evans [96] analyze the thermal response of a battery stack to a hot
spot created by a short circuit in one cell.

The Biot number is defined as Bi = hl/k, where h is the heat-transfer
coefficient with the surroundings, L is a characteristic length of the battery, and &
is the effective thermal conductivity. If the Biot number is greater than 0.1, then
temperature gradients in the battery cannot be neglected. Newman and
Tiedemann [97] discuss how thermal aspect ratios (L%k) affect the maximum
stack temperature for the case of uniform heat generation. Baker and Verbrugge
[88] analyze how nonuniformity in the secondary current distribution, caused by
ohmic losses along the current collector, can lead to nonuniformity in the
temperature profile of a large cell. They assume constant physical properties and
linear kinetics. The analysis uses the perturbation technique to extend the one-
dimensional secondary current distribution for porous electrodes derived by Euler
and Nonnenmacher [98,99] to two dimensions, assuming that all current in the
porous electrodes and electrolyte flows perpendicular to the current collectors,
and all current in the current collectors flows parallel to the curent collectors. A
series solution for the temperature profile in the direction parallel to the current
collectors is then derived. They find that their parameter L, which depends on
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the electrical conductivity of the electrodes and current collectors, «, €,
thicknesses of the cell and current collectors, #, and cell height (see their Table II
and equation 21), determines the importance of considering two-dimensional
variations in the secondary current distribution. For [ « 1, two-dimensional
effects can be neglected.

As discussed in Section 3.7, transport and kinetic properties generally
exhibit an Arrhenius dependence on temperature, leading to a lower rate of
heat generation at higher temperatures. Accurate thermal modeling therefore
requires coupling of the electrochemical model to the thermal model through
the temperature dependence of the physical properties. Several different tech-
niques for such coupling have been presented. Song and Evans [100] solve the
coupled equations directly, and present results for a lithium-polymer bipolar
stack under different thermal management conditions. Pals and Newman
present two methods for simplifying the computational time. In the first
method, an effective heat-transfer coefficient is computed as a function of cell
position in a bipolar stack [28]. In the second, an isothermal model for a single
cell is used to compute the heat generation of a cell presently at that tempera-
ture within a stack [101]. This method introduces some error regarding the
effect of the thermal history of a cell. Verbrugge [102] presents a method for
reducing the computational power required to simulate the two- or three-
dimensional current and temperature distribution (for the case of constant
concentration and linear kinetics) for a battery stack composed of many cells.
All of these papers show that the improved transport and kinetics at higher
temperature lead to a more uniform stack temperature compared to simulations
with constant properties.

5.0 ANALYTIC SOLUTIONS FOR SPECIAL CASES

Solutions to simplified forms of the governing equations can prove
useful for several reasons. An analytic solution provides a closed-form
relationship between independent and dependent variables, which allows
calculation of kinetic and transport properties from experiments designed
to meet the requirements of the limiting case. They provide dimensionless
terms and closed-form relationships that make it easier to identify the
effects of different variables and to identify which forces are dominating
behavior. Finally, analytic solutions provide a useful starting point for
optimization. Many analytic solutions are for "steady-state" operation.
Strictly speaking, there is no steady state in the operation of lithium-ion
batteries, because the Ilithium concentration in the active material is
continually changing, thereby changing the potential of the active
material. The assumption of steady state allows one to examine effects of
other parameters in the absence of change in the active material.
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An analytic solution for the steady-state current and potential
distributions in a porous electrode neglecting any concentration variations
was determined early in the development of porous electrode theory [99].
The ratio of ohmic resistance to kinetic resistance determines the
uniformity of the secondary current distribution across the porous
electrode. For Tafel kinetics, this ratio is 8 = (a FIL/RD[(1/x) + (1/5)], and
for linear kinetics it is v* = (0tg + 0 XFLaiy RD[(1/x) + (1/5)] [1]. If either of
these dimensionless numbers is large, then ohmic resistance dominates
kinetic resistance, and the reaction rate will be higher at the separator-
electrode interface than in the middle of the porous electrode. LA (or L/é
for high currents) is a measure of the penetration depth of the electrode,
i.e., how far the reaction penetrates the electrode before concentration
gradients in the electrode and electrolyte drive the reaction further.
Increasing the thickness of the electrode beyond the penetration depth has
little effect on the reaction-rate distribution and thus the overpotential
across the electrode. For pure concentration resistance, neglecting all
ohmic and kinetic resistance, the penetration depth is L/y where y;, =
SiIL/(anDxci,oo)[ll.

The combination of ohmic resistance in the solid and solution phases
(neglecting all concentration and kinetic resistance) with transient consumption
of active material forms the basis of the reaction-zone model [103,104], which
predicts that the reaction-rate distribution will move as a front across the
porous electrode, consuming the active material at the separator-electrode
interface first, when the electronic conductivity of the solid phase is much
higher than the ionic conductivity of the electrolyte phase. Doyle and Newman
[105] expanded the reaction-zone model to the case where potential in the
active material varies linearly with state of charge. Atlung et al. [106] treated
and verified experimentally [107] a similar problem but for ionic and electronic
conductivities of equal magnitudes. The reaction-zone model is particularly
relevant to studying current distributions and maximum attainable utilization in
batteries with ionomer and molten salt electrolytes, in which concentration
gradients have a zero or small effect on cell behavior. Full simulations including
kinetics and concentration variations showed results similar to the reaction-
zone model for cells with molten salt electrolytes [78,19]. The reaction-zone
model is less appropriate for electrolytes with lower diffusion coefficients.

Doyle and Newman [108] present the limiting current for the case of
uniform current density in a porous electrode. [Note: There has been a
misunderstanding in the literature [3] as to how this solution was obtained.
Recall that when solving the steady-state form of a transient problem, the
initial condition enters in as a constraint that the total mass of electrolyte is
constant. Equation 20 of Doyle and Newmans paper contains a typographical
error; the second term on the right side should be positive, not negative. In
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addition, the time constant for solution depletion with a current spike given in
Equation 42 is not the time constant used in Equations 56 and 57. These
equations use the time constant derived when the delta-function reaction rate
is left in the differential equation [109], as opposed to being treated as a
boundary condition as presented in their Appendix B.] The limiting current
across the separator (assumed to have a porosity of 1.0) and porous electrode
depends on the porosity €, separator thickness L, and ratio of the thickness of
the electrode to that of the separator »=L./L_ as given by

I = FDc, 50
= A=) L f(re) >9)
where
1 (1+7)? 1 e er 1 g(+r)
,E) = + + R i S AR
/(re) 2(1+er)  2re e (l+er) [3 2 73 3 (60)

In addition, the authors compare times for the concentration to become
depleted for the case of solution diffusion with uniform current, solution
diffusion with a current spike at the separator, and solid diffusion at short
and long times. Their figure 8, which plots ratios of these limiting times,
allows a qualitative estimate of whether solution-phase diffusion, solid-
phase diffusion, or ohmic drop dominates capacity limitations, depending
upon the physical parameters of the system. Atlung et al. [110] describe
the concentration gradients in the solid for the limiting case of uniform
current density at short and long times.

Darling and Newman [111] provide an analytic solution, using Laplace
transforms, to the linearized problem at short times after current is turned
on, in order to examine the spike in current that forms at the separator-
electrode interface when the exchange current density is very large.

Table 2 lists time constants for various physical phenomena that occur in
batteries. Perhaps the most important time constant for design of a battery
is the characteristic time of discharge, O/I, where [ is the applied current
and Q is the coulombic capacity of the electrode as calculated from the
volume fraction of active material, electrode thickness, cell area, and specific
coulombic capacity of the active material. Ratios of time constants reveal the
relative time scales of physical phenomena. For example, if the ratio of
diffusion time in a solid particle to discharge time is « 1, then solid diffusion
limitations are negligible in that electrode. For a given electrode, the particle
size at which solid diffusion will become limiting is that at which this ratio
approaches 1 [11]. If the ratio of diffusion time in the electrolyte to
discharge time is « 1, then a pseudo-steady-state concentration profile is
established in the electrolyte early in the discharge process.
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Table 2. Time constants of different physical phenomena.

Time Constant Phenomena
o1 Discharge of an electrode with coulombic capacity 0
RYD, Diffusion in a spherical particle
b Diffusion in the electrolyte

21 1 (2K6f(x2+62)+005hv; a
xaCL (— + —J Double-layer charging of a porous electrode

K © 2v_sinhv,

nF7, Lef[x(0U160)] Relaxation of gradients in utilization across an electrode

%y, is a measure of the current distribution in a porous electrode under linear kinetics with a film

1 1 RT
resistance [65]: v, = al’ [— + —] R + 7J
K © Fig(o, +a.)

6.0 APPLICATIONS FOR MODELS

6.1 Understanding Limiting Factors

One of the most useful aspects of computer simulations is that they allow us
to ask "What if?": What if we could make the separator infinitely thin, would
that remove problems from concentration polarization? What if we increased
the transference number at the expense of conductivity, would we gain
increased performance? These questions are particularly relevant for the
development of polymer electrolytes. Since the three transport properties for a
binary electrolyte, x, D, and z,°, all vary substantially with temperature and
concentration, and all of these properties are affected by the nature of the
polymer and salt, determining which polymer would yield the best performance
would require a large number of experiments and would be difficult to analyze.
However, simulations can be run easily to compare performance of different
polymers in order to evaluate tradeoffs among the transport properties, such as
the tradeoff between transference number and conductivity [112] as shown in
Figure 4. Thomas et al. [113] show that most of the concentration depletion in
polymer electrolytes occurs inside the porous electrode, rather than in the
separator, and discuss the limit of gains that can be achieved through thinner
separators alone. Figure 5 shows the simulated electrolyte concentration for a
Li | polymer electrolyte | V40,5 cell during a C/3-rate discharge, for polymers of
two sets of transport properties: those that meet United States Advanced
Battery Consortium (USABC) goals ("ideal") and those with the properties of the
best polymer available today at 40°C.

Doyle et al. [2] examine the tradeoffs involved with using a higher salt
concentration in polymer electrolytes. Conductivity in polymer electrolytes
generally displays a maximum at about 1 to 1.5 M salt concentration. One might
then choose to use a salt concentration which yields this maximum conductivity.
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However, because concentration gradients form upon passage of current, in some
operating regimes lower overall resistance might be achieved by using a higher
salt concentration. The somewhat lower conductivity in the separator may be
more than compensated by the higher conductivity in the porous electrode.
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Figure 4. Ragone plot for Li|liMn;0, cells with different elecirolytes. Solid lines: ionomer (unity
transference number) with conductivity indicated as parameter. Dashed line: polymer electrolyte with ¢.° =
0.2, D=7.5x10® an®s?, and x = 2 to 3.5 x 10* S-an’* (varying with electrolyte concentration). For this
system, the higher transference number of the ionomer outweighs its lower conductivity when the decrease
in conductivity is less than a factor of 10. From reference 113, reprinted with permission of Elsevier Science.
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Figure 5. Electrolyte concentration across a Lijpolymer|V¢O,3 cell during a C/3-rate discharge for a
polymer with £.° = 0.3, 0= 107 cm*s?, and x = 103 S‘cm™ (“ideal”) and a polymer with £,° = 0.1, D
= 6 x 10° cm?/s, and « = 10* S/cm (“available” at 40°C). The separator is 50 microns thick. The
polymer with poorer transport properties develops a large concentration polanzation within the
positive electrode that severely limits the utilization of the active material. Simply making the separa-
tor thinner will not solve this problem. From reference 113, reprinted with permission of Elsevier Science.
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Figure 6. Cell potential during discharge at rates ranging from C/5 (0.4167 mA-cm) to 7C (14.56
mA-cm?) for a Bellcore-style plastic lithium-ion cell. Markers: experiment. Lines: simulation. From
reference 35, reprinted with permission from The Electrochemical Society, Inc.
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Figure 7. Salt concentration profiles for the same cell as Figure 6 during galvanostatic discharge at
6.25 mA-cm? (3C rate). The separator region is set off by dashed lines. Time since the beginning of
discharge is given in minutes. After eleven minutes into the discharge, the electrolyte is depleted in
the cathode. From reference 35, reprinted with permission from The Electrochemical Society, Inc.

Doyle et al. [35] show how the full cell-sandwich model can be used to
determine maximum and minimum salt concentrations in the cell as a function
of time, position, and current density, in order to evaluate the risk of salt
precipitation and the effect of salt depletion on accessible capacity. Experiments
verified the model’s prediction that salt depletion would limit accessible
capacity upon high discharge rates in Bellcore-style plastic lithium-ion batteries.
Figure 6 compares model predictions to experimental discharge curves at
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currents ranging from the C/5 to 7C rate for a Bellcore cell. Figure 7 shows
profiles of electrolyte concentration at different times during one of these
discharges, at the 3C rate (6.25 mA-cm™). The time at which the potential drops
steeply during discharge corresponds to depletion of salt in the cathode. Most of
the concentration polarization is in the porous electrodes, not in the separator.
The simulations indicated that increasing the electrolyte volume fraction within
the electrodes would reduce concentration polarization and ohmic drop more
than would reducing the separator thickness, and this was confirmed by
experiments. Reference 11 evaluates how increasing the salt concentration can
increase the accessible capacity by delaying the time at which concentration is
driven to zero, and describes how the model can be used to evaluate the
maximum concentration that can be used at a given current density before salt
precipitation becomes a concern.

While most modeling studies concern themselves with the behavior of the
system during passage of current, the relaxation of the system after current is
interrupted is of interest for measurement of diffusion coefficients and for
determination of cell response to sequential charge-discharge cycles. The gov-
erning equations remain unchanged. Fuller et al. [114] examine the relaxation
of a nonuniform solid concentration, created during passage of current with a
nonuniform current distribution. Current flows within the electrode (but with
no net current out of the electrode) because of the driving force of the
nonuniform state of charge and, to a lesser extent, because of the concentration
gradients in the electrolyte. If the open-circuit potential varies steeply with
state of charge, then the electrode will rapidly tend towards a uniform
concentration. However, if the open-circuit potential varies little with concen-
tration, then there is little driving force for electrochemical equalization in the
solid phase. The extreme case of relaxation in a phase-change electrode, in
which the open-circuit potential is constant with state of charge, results in little
change in the nonuniform distribution of utilization upon relaxation [115].
Fuller et al. show how the presence of a nonuniform solid concentration is
actually beneficial when the current is reversed, because reactants are piled up
closer to the reacting region (separator-electrode boundary).

Relaxation phenomena affect the accuracy of the "signature-curve" method for
obtaining capacity vs. discharge rate in a minimum amount of time [116]. The rest
time between discharges which yields the most accurate signature curve for cell
capacity as a function of discharge rate is slightly less than the characteristic time
for relaxation of gradients in the state of charge across the electrode given by

r = (nF 7, L'e)[(x(8U 1 00)).

6.2 Optimizing Geometric Parameters

There are several geometric parameters that can be controlled in the
manufacturing and design processes: volume fractions of each phase, especially
the electrolyte volume fraction; solid particle diameter; thickness of the
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electrodes; and separator area, which determines the current density for a given
overall applied current. In addition, the initial salt concentration in the
electrolyte and the positive-to-negative capacity ratio are design parameters.
Modeling can greatly reduce the amount of experiments needed to optimize
these parameters. A full-cell simulation model can be coupled to an optimi-
zation algorithm to determine the values of the geometric parameters that yield
some optimum objective. The objective must be clearly defined by the designer,
and could be maximum energy density or maximum average power density for
a given discharge time, maximum peak power density at a specified depth of
discharge, or some tradeoff between power and energy, such as the "knee" in a
Ragone plot [86]. The optimization procedure tells one the optimum geometric
parameters which maximize the performance of materials with given
thermodynamic, kinetic, and transport properties. One can then use this
information on maximum theoretical performance to compare different
materials and to evaluate goals.

Optimizations of lithium-polymer batteries for electric vehicles [113] and
lithium-ion batteries for hybrid vehicles [117,11] have been presented. Chiang
and Hellweg [118] optimize not just the porosity of the electrode, but how the
porosity should vary across an electrode, for maximum power and energy
density. The porosity should be higher closer to the separator, where the
highest rate of reaction occurs. Newman [104] presents an optimization
methodology to achieve maximum energy density for the case of a battery in
which the assumptions of facile kinetics, constant concentration, negligible
ohmic drop in the electrode phase, and constant open-circuit potential apply.
A lithium battery using an ionomer electrolyte might fall under this category.
In this case, the optimal values of geometric parameters such as electrode
thickness, area, and porosity depend on the dimensionless parameter T =
Ukt,/(QLsz), where #; is the design time of discharge and Q is the coulombic
capacity of the electrode per unit volume.

Of particular interest in the design of lithium-ion batteries is the
optimization of the positive-to-negative capacity ratio [4]. The issue of balancing
capacity is of acute importance in nonaqueous batteries because of the absence
of a benign overcharge reaction such as the hydrogen and oxygen evolution
reactions which occur in aqueous systems. In the absence of side reactions, one
would make the capacities of the positive and negative electrodes nearly equal,
with the electrode which behaves more favorably at the end of charge and
discharge being limiting. However, in the presence of side reactions, particu-
larly the formation reaction to form the SEI layer on the carbon electrode,
determining the optimum balance can be more difficult. One must balance the
penalties of having excess mass in either electrode against the risks associated
with overcharging or overdischarging particular electrodes [119]. Given
experimental data for how much cyclable lithium is consumed by a given side
reaction, e.g., SEI formation, models can help one assess the likelihood of risks
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such as lithium deposition when the negative electrode is undersized or
undesirable phase transitions or solvent oxidation when the positive electrode is
undersized, in order to find the balance of electrode capacity that maximizes
energy density without comprimising safety or cycle life.

6.3 Interpreting Experimental Data
6.3.1 Measuring Transport Properties

As mentioned earlier, electrolytes used in lithium batteries are usually
concentrated, binary electrolytes that exhibit nonideal behavior. In addition,
polymer and gel electrolytes are opaque, highly resistive, and sticky, and
therefore their transference numbers are not easily measurable using
traditional techniques such as the Hittorf or moving boundary methods.
Recent theoretical studies have described the substantial error involved in
measuring transference numbers with techniques that assume ideal behavior
[14, 15], and have described how experimental data can be interpreted
rigorously using concentrated-solution theory to obtain transference numbers.
One method is the galvanostatic polarization technique [120,121,122]:

mc, F(zD)"* dinc

1-¢2) =
(1-£) 4 dU

(61)

where m is the slope of AD vs. 1'%, where A® is the potential across the
electrolyte after galvanostatic polarization at current / for time ¢, and dU/dIncis
the variation of open-circuit potential with electrolyte concentration.

Pollard and Comte [15] analyzed how to obtain the salt diffusion
coefficient and transference number from ac impedance for the case of a
binary electrolyte (three species) and for the case of a binary salt in a
mixture of two solvents (four species). For the three-species case, the
transference number is determined by

1-£2  sc s |  Z,(0)edD,
“e . T din/, (62)
zZV_ nc, nv_ v Lcof’; (1 + nj, )
dlnc

where Z,(0) is the width of the arc related to transport resistance on a
Nyquist plot and the equation allows for the general case in which any of
the three species may be involved in reaction at the electrodes. Note that
the quantity ¢°%zyv; is independent of the choice of speciation in the
electrolyte (e.g., degree of dissociation), and it is this quantity which
appears in Equation 12. Pollard and Comte also present methods to test
whether a binary electrolyte obeys the assumptions of dilute solution
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theory and whether an electrolyte behaves as a three-component or four-
component solution.

Darling [30] has discussed how a distribution of particle sizes in a porous
electrode can affect the accuracy of measurements of the solid diffusion
coefficient using the galvanostatic intermittent titration (GITT) [123],
restricted diffusion [124], and ac impedance [125] methods. At short times, as
used in GITT, the particles behave like semi-infinite media, and the response
is independent of the particle-size distribution. At long times, as used in
restricted diffusion and ac impedance, the response is affected by particle size.
Therefore, the GITT technique, in cells properly designed to minimize
solution-phase diffusion effects (i.e., thin electrodes and use of a reference
electrode or thin separator) is preferred for measuring solid diffusivities.
Darling uses an analytic solution to the impedance of a porous electrode,
neglecting transport in the electrolyte, to derive the following correction to
the ac impedance method:

Z.‘;,.R,2
D, =D, X

5 5, 2
app 8PRavg

(63)

where €p is the volume traction of active material in the electrode, the
summation is over all particle sizes and their respective volume fractions in the
electrode, D; is the actual solid diffusion coefficient at a given state of charge,
and D, 4, is the apparent solid diffusion coefficient one would measure under
the assumption that the electrode consisted of uniformly-sized particles of
radius Rag with the same volume fraction and surface area as the actual
electrode [125]. This equation applies as the exchange-current density tends to
infinity. For finite values of the exchange-current density, the difference
between the actual and apparent diffusion coefficient varies with dU/d®.

Verbrugge and Koch [46] provide an analytic solution for the potential of a
cell during a GITT experiment for the case of a variable diffusion coefficient,
given by Equations 38 and 39 with a constant binary interaction parameter, and
an open-circuit potential which follows a Wohl’s expansion for the excess Gibbs
free energy. Zhang et al. [127] compare model simulations to experiments of
cyclic voltammetry on a single particle of lithium manganese oxide spinel.

6.3.2 ac Impedance

Meyers et al. [127] present analytic solutions for the impedance of a porous
insertion electrode with film resistance, neglecting mass transport in the
electrolyte. They present simplified forms of the equation for a single particle
and for high-, moderate-, and low-frequency limits, and discuss when solid-
phase diffusion overlaps with charge-transfer resistance and also the capacitive
effects of the slope of the open-circuit potential. In addition, they demonstrate
how to include a distribution of particle sizes in the analytic solution.
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Figure 8. Simulated impedance of a Li|PEO,gLiCF3S0s|LiTiS; cell. The base case is the impedance of
the full cell. The components of this impedance can be elucidated by progressively setting parameters
to have zero impedance. Thus, first we see that the semicircle is due to kinetic impedance and that
solid diffusion has little effect, then that solution-phase diffusion within the porous electrode is
responsible for much of the shape of the impedance spectrum at low frequencies, and finally that
ohmic drop and the capacity of the porous electrode are responsible for a 45° slope at moderate
frequencies that shifts to a verticle line at low frequencies. From reference 63, reprinted with
permission from The Electrochemical Society, Inc.

When solution-phase mass-transport impedance is also of interest,
numerical simulations can be performed. Doyle et al. [63] have demonstrated
how numerical simulations of ac impedance can be used to understand the
contributions of different aspects of a cell to its measured impedance spectrum.
With a model, one can simulate different components (separator, electrodes
with and without solid, solution, film, charge transfer, and ohmic resistances)
separately by making relevant parameters infinite or zero. These different
components can then give insight into the impedance of the full cell (see Figure
8). For example, they demonstrated how effects due to distributed resistances
within a porous electrode and due to the slope of the open-circuit potential
could be confused with solid diffusion limitations, and show how ignoring these
effects could lead to large errors when calculating solid diffusion coefficients
from ac impedance data on porous electrodes.

7.0 A BRIEF MENTION OF OTHER KINDS
OF MODELING

This review has discussed only continuum-scale models. Other types of
models are also used in the study of lithium batteries. Empirical models are used
to predict battery life by extrapolating experimental results. Statistical mechanical
models help in understanding transport on the molecular level and also in
understanding thermodynamic properties of insertion compounds. For example,



ADVANCES IN LITHIUM-ION BATTERIES

molecular dynamic simulations can be used to understand and predict diffusion in
multicomponent solutions, and Monte Carlo simulations can illustrate how
polymer motion impacts salt transport in polymer electrolytes. Finally, ab initio
calculations can be used to predict oxidation and reduction potentials and
interaction potentials, in order to wunderstand mechanisms of solvent
decomposition, to guide discovery of novel electrode materials, and to provide
information on interatomic forces needed for statistical mechanical simulations.

List of Symbols

a
4

ka E kc
ko
L
L+ » LJ: L-

m
M,
n
N,
q
U]
Q
Q

r

ry

R
Riim

surface area of active material per volume of electrode (m™)
salt concentration in the electrolyte (mol/m? of solution)
concentrationofspeciesi (mol/m?)

concentration of ithium in the solid insertion electrode (mol/m?)
total concentration of salt and solvent (mol/m?)

double-layer capacitance (F/m?)

heatcapacity (3/m*K)

diffusion coefficient of species i in dilute solution theory (m%/s)
salt diffusion coefficient (m?/s)

diffusion coefficient based on thermodynamic driving force (m?/s)
diffusion coefficient of lithium in an insertion electrode (m¥s)
diffusion coefficient for interaction of species iand j (m?¥s)

mean molar activity coefficient of an electrolyte

Faraday s constant, 96487 C/equiv

transfer current normal to the surface of the active material (A/m?)
exchange current density (A/m?)

current density (A/m? superficial area) in the electrolyte

total current densty in the cell (A/m?)

total fiux due to reaction (mol/s-m? of active material)

themmal conductivity (W/m?K)

rate constants for the anodic and cathodic directions of a reaction

mass transfer coefficient (m/s)

thickness of an electrode (m)

thickness of positive electrode, separator, or negative electrode (m)
molality (molkg)

symbol for the chemical formula of species i or molecular weight (g/mol)
number of electrons involved in a half reaction

flux of species / (mol/sm? of apparent area)

charge on the electrode side of the double layer (C/m?)

surface charge density of species i on the solution side of the double layer {C/m?)
coulombic capacity of an electrode (C, C/m?, or C/m®)

heat-generation rate (W/m?)

radial position across a spherical particle (m)

rate of chemical reaction & (mol/s-m?)

universal gas constant, 8.3143 J/mol K, or radius of a particle (m)
effective resistance of a solid-electrolyte interphase ( ©-m?)



electrochemical flux nomal to surface of active material
solvent in an electrolytic solution

388 Mathematical Modeling of Lithium Batteries
s stoichiometric coefficient, positive for anodic reactants
t time (s)
e transference number of species i with respect to the solvent velocity
T temperature, K
u mobility (m*mol/J-s)
U thermodynamic potential measured with respect to a lithium reference electrode (V)
v velocity (m/s)
v cell potential (V)
7 molar volume (m*/mof)
X position across cell (m)
y stoichiometry of lithium in an insertion electrode
Z charge of ion i
Greek
o transfer coefficient
B symmetry factor for an elementary reaction
£ volume fraction (of electrolyte unless otherwise specified)
I; excess concentration of species i in the double layer (mol/m?)
K effective ionic conductivity (S/m)
mn chemical potential (J/mol)
Vi moles of ion i produced when a mole of its salt dissociates
v number of moles of ions into which a mole of electrolyte dissociates
P density (kg/m?)
o effective electronic conductivity of a porous electrode (S/m)
@ fraction of total lithium insertion sites which are occupied by lithium
0, site on the lattice of the insertion material which can be occupied by lithium
O site on the lattice of a crystalline polymer which can be occupied by lithium salt
@ potential
¥i mean molal activity coefficient
Yi exponent for the dependence of i, on the concentration of species i
Supercripts
0 property is with respect to solvent velocity or iniial condition
® secondary reference state of the chemical potential
Subscripts
a anodic
c cathodic
dl double-layer
e electrolyte
f faradaic
i species i
lim limiting current
m main reaction
n
o
s

side reaction



ADVANCES IN LITHIUM-ION BATTERIES 389

8.0

1.
2.
3

14.
15.
16.

17.
18.

19.
20.
21.
22.
23.

24.
25.
26.
27.
28.
29.
30.

31.
32.
33.

REFERENCES

J. Newman and W. Tiedemann, AIChE J., 21, 25, 1975.

M. Doyle, T.F. Fuller, and J. Newman, J. Electrochem. Soc., 140, 1526, 1993.
G.G. Botte, V.R. Subramanian, and R.E. White, Electrochimica Acta, 45,
2595, 2000.

P. Arora, R.E. White, and M. Doyle, J. Electrochem. Soc., 145, 3647, 1998.
D. Wheeler and J. Newman, in AIChE Annual Meeting, paper 126h, Reno,
Nevada, November 4-9 2001.

K.S. Chen, G.H. Evans, R.S. Larson, M.E. Coltrin, and J. Newman, in
Proceedings of the Electrochemical Society (G. Halpert, M. L. Gopikanth, K.
M. Abraham, et al., eds.) vol. 98-15, 1998.

W.G. Sunu and D.N. Bennion, J. Electrochem. Soc., 127, 2007, 1980.

K.C. Tsaur and R. Pollard, J. Electrochem. Soc., 133, 2296, 1986.

Z. Mao and R.E. White, J. Power Sources, 43-44, 181, 1993.

J.S. Newman, Electrochemical Systems. Prentice-Hall Inc., Englewood Cliffs,
NJ, 2™ed., 1991.

T.F. Fuller, M. Doyle, and J. Newman, J. Electrochem. Soc., 141, 1, 1994.
M. Ue and S. Mori, in Proceedings of the Electrochemical Society (S. Megahed,
B.M. Barnett, and L. Xie, eds.), vol. 94-28, p. 440, 1994.

G.E. Blomgren, in Proceedings of the Electrochemical Society (E.B. Yeager,
B. Schlumm, G. Blomgren, D.R. Blakenship, V. Leger, and J. Akridge, eds.),
vol. 80-7, p. 35, 1980.

M. Doyle and J. Newman, J. Electrochem. Soc., 142, 3465, 1995.

R. Pollard and T. Comte, J. Electrochem. Soc., 136, 3734, 1989.

R.B. Bird, W.E. Stewart, and E.N. Lightfoot, " Transport Phenomena." John
Wiley and Sons, Inc., New York, 1960.

L. Onsager, Annals New York Acad. Sciences, 46, 241, 1945.

J.S. Dunning, Analysis of Porous Electrodes with Sparingly Soluble
Reactants. Ph.D. dissertation, University of California, Los Angeles, 1971.
R. Pollard and J. Newman, J. Electrochem. Soc., 128, 491, 1981.

M.W. Verbrugge and B.J. Koch, J. Electrochem. Soc., 143, 600, 1996.

J. Newman, Ind. Eng. Chem, Res., 34, 3208, 1995.

S.A. Hallaj, H. Maleki, J.S. Hong, and J.R. Selman, J. PowerSources, 83, 1, 1999.
K. Kanari, K. Takano, Y. Saito, and T. Masuda, in Proceedings of the
International Workshop on Advanced Batteries, Osaka, Japan, February 22-
24, 1995.

D. Bernardi, E. Pawlikowski, and J. Newman, J. Electrochem. Soc., 132, 5, 1985.
L. Rao and J. Newman, J. Electrochem. Soc., 144, 2697, 1997.

K.E. Thomas and J. Newman. to be published.

K.E. Thomas, C. Bogatu, and J. Newman, J. Electrochem. Soc., 148, A570, 2001.
C.R. Pals and J. Newman, J. Electrochem. Soc., 142, 3274, 1995.

G.G. Botte, B.A. Johnson, and R.E. White, J. Electrochem. Soc., 146, 914, 1999.
R.M. Darling, "Lithium Manganese Oxide Spinel Electrodes.” Ph.D.
Dissertation, University of California, Berkeley, 1998.

C.Y. Wang, W.B. Gu, and B.Y. Liaw, J. Electrochem. Soc., 145, 3407, 1998.
B. Wu and R.E. White, J. Power Sources, 92, 177, 2001.

Y. Zhang and H.Y. Cheh, J. Electrochem. Soc., 146, 850, 1999.



390

34.
35.

36.
37.

38.

39.
40.
41.

42.

43.

44.
45.
46.
47.
48.
49.

50.
51.

52.
53.
54.

55.

56.

57.
58.

59.
60.
61.
62.
63.

Mathematical Modeling of Lithium Batteries

M. Doyle and J. Newman, Electrochim. Acta, 40, 2191, 1995.

M. Doyle, J. Newman, A.S. Gozdz, C.N. Schmutz, and J.M. Tarascon, J.
Electrochem. Soc., 143, 1890, 1996.

R. Darling and J. Newman, J. Electrochem. Soc., 145, 990, 1998.

F.B. Hildebrand, "Advanced Calculus for Applications.” Prentice-Hall Inc.,
Englewood Cliffs, NJ, 2™ ed., 1976.

M.J. Matlosz, "Experimental Methods and Software Tools for the Analysis of
Electrochemical Systems.” Ph.D. Dissertation, University of California,
Berkeley, 1985.

C. Wagner, J. Mathematics and Physics, 34, 289, 1954.

A. Acrivos and P.L. Chambré, Ind. Eng. Chem., 49, 1025, 1957.

C.M. Doyle, Design and Simulation of Lithium Rechargeable Batteries, Ph.D.
Dissertation, University of California, Berkeley, 1995.

W. McKinnon and R. Haering, "Physical Mechanisms of Intercalation," in
"Modern Aspects of Electrochemistry, " (R. White, J. Bockris, and B. Conway,
eds.), vol. 15, p. 235 Plenum Press, New York, 1983.

A. Anani, S. Crouch-Baker, and R.A. Huggins, J. Electrochem. Soc., 134,
3098, 1987.

R. Darling and J. Newman, J. Electrochem. Soc., 146, 3765, 1999.

H. Kanoh, Q. Feng, T. Hirotsu, and K. Ooi, J. Electrochem. Soc., 143, 2610, 1996.
M.W. Verbrugge and B.J. Koch, J. Electrochem. Soc., 146, 833, 1999.

B. Paxton and J. Newman, J. Electrochem. Soc., 143, 1287, 1996.

Z. Mao and R.E. White, J. Electrochem. Soc., 141, 151, 1994.

R. Pollard, "Mathematical Modeling of the Lithium-Aluminum, Iron Sulfide
Battery.” Ph.D. Dissertation, University of California, Berkeley, 1979.

J. Dunning, D.N. Bennion, and J. Newman, J. Electrochem. Soc., 120, 906,1973.
M. Abyanch and M. Fleischmann, in Proceedings ofthe Electrochemical
Society (R. E. White, M. W. Verbrugge, and J. F. Stockel, eds.), vol. 91-10, p.
96, Penningtion, NJ, 1991.

J.S. Chen and H.Y. Cheh, J. Electrochem. Soc., 140, 1213, 1993.

D.M. Bernardi, J. Electrochem. Soc., 137, 1670, 1990.

V. Srinivasan, J.W. Weidner, and R.E. White, J. Solid State Electrochem., 4,
367, 2000.

M. Sinha, A Mathematical Model for the Porous Nickel Hydroxide Electrode.
Ph.D. Dissertation, University of California, Los Angeles, 1982.

M.E. Orazem and J. Newman, "Photoelectrochemical Devices for Solar
Energy Conversion" in Modern Aspects of Electrochemistry, vol. 18, Plenum
Press, New York, 1986.

M.E. Orazem and J. Newman, J. Electrochem. Soc., 131, 2569, 1984.

H.S. Carslaw and J.C. Jaeger, " Operational Methods in Applied Mathematics."
Oxford University Press, London, 2™ ed., 1948.

K.P. Ta and J. Newman, J. Electrochem. Soc., 145, 3860, 1998.

R. Darling and J. Newman, J. Electrochem. Soc., 144, 4201, 1997.
G.S.Nagarajan,J.W.vanZee,and R M. Spotnitz, J. Electrochem. Soc., 145,771,1998.
A.B.Yu, R.P. Zou, and N. Standish, Ind. Eng. Chem. Res., 35, 3730, 1996.
M. Doyle, J.P. Meyers, and J. Newman, J. Electrochem. Soc., 147, 99, 2000.
B. Pillay, "Design of Electrochemical Capacitors for Energy Storage," Ph.D.
Dissertation, University of California, Berkeley, 1996.



ADVANCES IN LITHIUM-ION BATTERIES 391

65. 1. Ong and J. Newman, J. Electrochem. Soc., 146, 4360, 1999.

66. V. Battaglia and J. Newman, J. Electrochem. Soc., 142, 1423, 1995.

67. K..Vetter, "Electrochemical Kinetics, Theoretical and Experimental Aspects."
Academic Press, New York, 1967.

68. K.C. Tsaur and R. Pollard, J. Electrochem. Soc., 131, 975, 1984.

69. K.C. Tsaur and R. Pollard, J. Electrochem. Soc., 131, 984, 1984.

70.  P. Arora, M. Doyle, A.S. Gozdz, R.E. White, and J. Newman, J. PowerSources,
88, 219, 2000.

71.  P. Arora, M. Doyle, and R. E. White, J. Electrochem. Soc., 146, 3543, 1999.

72.  S.R. Narayanan, S. Surampudi, A.l. Attia, and C.P. Bankston, J. Electrochem.
Soc., 138, 2224, 1991.

73. H. Hafezi and J. Newman. to be published.

74.  A.Blyr, G. Amatucci, D. Guyomard, Y. Chabre, and J.M. Tarascon, J. Electrochem.
Soc.,145,194,1999.

75. Z.Mao and R.E. White, in Proceedings of the Electrochemical Society(R.E. White,
M.W. Verbrugge, and J.F. Stockel, eds.), vol. 91-10, p. 46, Penningtion, NJ, 1991.

76. E.J. Podlaha and H.Y. Cheh, J. Electrochem. Soc., 141, 15, 1994.

77. D.M. Bernardi and M.K. Carpenter, J. Electrochem. Soc., 142, 2631, 1995.

78. D. Bernardi and J. Newman, J. Electrochem. Soc., 134, 1309, 1987.

79.  W.B. Gu, C.Y. Wang, JJ W. Weidner, R.G. Jungst, and G. Nagasubramanian,
J. Electrochem. Soc., 147, 427, 2000.

80. D. Bernardi, H. Gu, and A.Y. Schoene, J. Electrochem. Soc., 140, 2250, 1993.

81. D. Bernardi, E. Pawlikowski, and J. Newman, J. Electrochem. Soc., 135,
2922, 1988.

82. D.A.G. Bruggeman, Annalen der Physik, 24, 636-679, 1935.

83. D.R. Shriver, R. Dupon, and M. Stainer, J. Power Sources, 9, 383, 1983.

84. G. Tsagaropoulos and A. Eisenberg, Macromolecules, 28, 6067, 1995.

85. X. Cheng, C. Wang, A.M. Sastry, and S.B. Choi, J. Engineering Materials and
Tech.. 121, 514, 1999.

86. G.G. Trost, V. Edwards, and J.S. Newman, "Electrochemical Reaction
Engineering," in Chemical Reaction and Reactor Engineering, p. 923, Marcel
Dekker, Inc., New York, 1987.

87.  M.W. Verbrugge, J. Electrostatics, 34, 61, 1995.

88. D.R. Baker and M.W. Verbrugge, J. Electrochem. Soc., 146, 2413, 1999.

89. W.H. Tiedemann and J. Newmann, in Proc. Symp. BatteryDesign and Opt. (S.
Gross, ed.), vol. 79-1, p. 39, The Electrochemical Society, Princeton, NJ, 1979.

90. W.H. Tiedemann and J. Newman, in 154 Meeting of the Electrochemical
Societey, p. 169, 1979.

91. J. Newman and W. Tiedemann, J. Electrochem. Soc., 140, 1961, 1993.

92. T.I. Evans and R.E. White, J. Electrochem. Soc., 136, 2145, 1989.

93. E.J. Podlaha and H.Y. Cheh, J. Electrochem. Soc., 141, 1751, 1994.

94. J.Lee, K.W. Choi, N.P. Yao, and C.C. Christiansen, J. Electrochem. Soc.,

133, 1286, 1986.

95. Y. Chen and J.W. Evans, J. Electrochem. Soc., 141 2947, 1994.

96. Y. Chen and J.W. Evans, J. Electrochem. Soc., 143 2708, 1996.

97. J. Newman and W. Tiedemann, J. Electrochem. Soc., 142, 1054, 1995.

98. J. Euler and W. Nonnenmacher, Electrochimica Acta, 2, 268, 1960.

99. J. Newman and C.W. Tobias, J. Electrochem. Soc., 109, 1183, 1962.



392

100.
101.
102.
103.

104.

105.
106.

107.

108.
109.

110.
111.
112.
113.

114.
115.
116.
117.
118.

119.
120.

121.
122.
123.

124.

125.
126.
127.

Mathematical Modeling of Lithium Batteries

L. Song and J.W. Evans, J. Electrochem. Soc., 147, 2086, 2000.

C.R. Pals and J. Newman, J. Electrochem. Soc., 142, 3282, 1995.

M.W. Verbrugge, AIChEJ., 41, 1550, 1995.

W. Tiedemann and J. Newman, J. Electrochem. Soc., 122, 1482, 1975.

J. Newman, J. Electrochem. Soc., 142, 97, 1995.

M. Doyle and J. Newman, J. Power Sources, 54, 46, 1995.

S. Atlung, B. Zachau-Christiansen, K. West, and T. Jacobsen, J. Electrochem.
Soc., 131, 1200, 1984.

B.C. Knutz, K. West, B. Zachau-Christiansen, and S. Atlung, J. Power Sources,
43-44, 733, 1993.

M. Doyle and J. Newman, J. Appl. Electrochem., 27, 846, 1997.

M. Doyle and J. Newman, "Analysis of Capacity-Rate Behavior Using Simplified
Models for the Discharge Process of Lithium Batteries,” unpublished, 1997.

S. Atlung, K. West, and T. Jacobsen, J. Electrochem. Soc., 126, 1311, 1979.
R. Darling and J. Newman, J. Electrochem. Soc., 144, 3057, 1997.

M. Doyle, T.F. Fuller, and J. Newman, Electrochim. Acta, 39, 2073, 1994.
K.E. Thomas, S.E. Sloop, J.B. Kerr, and J. Newman, J. Power Sources, 89,
132, 2000.

T.F. Fuller, M. Doyle, and J. Newman, J. Electrochem. Soc., 141, 982, 1994.
R. Pollard and J. Newman, J. Electrochem. Soc., 128, 503, 1981.

M. Doyle, J. Newman, and J. Reimers, J. Power Sources, 52, 211, 1994.

C. Fellner and J. Newman, J. Power Sources, 85, 229, 2000.

Y.M. Chiang and B. Hellweg, in 200 Meeting of the Electrochemical Society,
p- 144, San Francisco, CA, September 3-7 2001.

D. Guyomard and J.M. Tarascon, Solid State Ionics, 69, 222, 1994.

Y. Ma, M. Doyle, T.F. Fuller, M.M. Doeff, L.C. de Jonghe, and J. Newman, J.
Electrochem. Soc., 142, 1859, 1995.

H. Hafezi and J. Newman, J. Electrochem. Soc., 147, 3036, 2000.

P. Georen and G. Lindbergh, Electrochim. Acta, 47, 577, 2001.

W. Weppner and R.A. Huggins, J. Electrochem. Soc., 114, 1569, 1977.

J. Newman and T.W. Chapman, AIChE J., 19, 343, 1973.

C. Ho, I.D. Raistrick, and R.A. Huggins, J. Electrochem. Soc., 127, 343, 1980.
D. Zhang, B.N. Popov, and R.E. White, J. Electrochem. Soc., 147, 831, 2000.
J.P. Meyers, M. Doyle, R.M. Darling, and J. Newman, J. Electrochem. Soc.,
147, 2930, 2000.



13

Aging Mechanisms and Calendar-Life
Predictions in Lithium-Ion Batteries

Michel Broussely
SAFT

F-86060 Poitiers

France

1.0 INTRODUCTION

With the increasing use of Lithium-ion batteries in many applications
other than mobile phones or portable computers, a very long cycle and/or
calendar life must be demonstrated. Typical examples are the automotive,
space, standby, and other professional applications. Although the cycling
characteristics of different active materials has been quite extensively
described in the literature, very few has been reported so far on the long-term
storage characteristics, as a function of time and temperature, from which an
expected battery life could be calculated. The main reason is that the
consumer portable applications for which Li-ion has been primarily developed
does not require such long-life characteristics while the cycle life is more
important. Consequently, fundamental work has been more devoted to study
the reversibility of the active materials rather than aging on storage. Another
reason might be that this type of study is usually achieved by battery
manufacturers and often includes manufacturing process know-how, which is
not supposed to be disclosed. Lim et al. [1] made accelerated lifetime studies
years ago on a commercial LiCoQO, lithium-ion battery. They concluded that,
from the measured capacity loss during storage at different temperatures as
well as during cycling, the system would not be able to reach the desired
performances for a space application. Since this study many improvements
have been implemented in special cell designs to fulfill this high demanding
application and, to answer the customer’s demand for a reliable and rational
battery life extrapolations, more fundamental work is now being undertaken
on this topic to better understand the side reactions mechanisms which
impact on the cells” aging. Many of the papers cited in the references list of
this chapter are quite recent, most of them being described in abstracts of
recent meetings, for which more detailed will certainly be published in near
future.

Advances in Lithium-Ion Batteries
Edited by W. van Schalkwijk and B. Scrosati, Kluwer Academic/Plenum Publishers, 2002
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Taking in account the very large variety of Li-ion systems and
technologies, it is difficult to give today an exhaustive and quantitative
picture of all the aging reactions likely to occur in any battery design. The
aim of this document is to discuss some basic mechanisms, illustrated
from chosen examples and data, which should help in the definition of
appropriate procedures to predict battery life.

2.0 GENERAL

Aging of a battery can be defined as the modification of its properties
with time and use. Essential properties are the available energy and power,
and cell mechanical integrity (cell dimensions, leakage, etc.). Basically,
energy loss can result from active materials transformation in inactive
phases thus reducing the cell capacity at any rate, and/or from increasing of
cell impedance, lowering the operating voltage. Power capability loss is
directly related impedance growth. Most of the time both effects are jointly
observed. Predicting the battery end of life for a specific utilization should
consequently address the phenomena having an impact on the relevant
characteristics. For example, the life of a high power battery used in pulse
discharge is obviously limited by the impedance increase, while high energy
used in satellite might be limited by capacity loss.

Two types of aging situations can be distinguished: during use (i.e. on
cycling), and on storage. While cycling generally damages the materials
reversibility, the interactions between active materials and electrolyte,
mostly responsible for aging on storage, would mainly depend on time
and temperature. As a general rule, these two aging mechanisms are
often considered as additive, but interactions may definitely occur. For
example, cycling inducing a volume change of the materials would
modify the interface with electrolyte, and favor the reactions at the
interface, such as passive film formation. On the other hand, a storage in
a fully charge state might be more detrimental to the interface than
continuous cycling, as the materials are maintained at the maximum
level of reactivity. This is particularly the case of most of the positive
materials used in Li ion cells, which OCYV is function of state of charge.

3.0 AGING DURING CYCLING

Aging during cycling is often described as the result of reversible
degradation of active materials, coming from phase transformations during
lithium insertion. This is beyond the scope of this paper to describe these
mechanisms, which are extensively studied and published. During the last
decade, the fundamental work in solid-state chemistry and crystalline struc-
ture analysis has made huge progress in understanding basic mechanisms.
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This is extremely helpful to assess the stability of the materials” electro-
chemical properties, and to make a good selection.

Most of the current Li-ion cell technologies have now adopted the
positive materials LiCoO,, LiNi,CoM,0, (M being a "doping" metallic ion)
which has excellent cycling properties can be the material of choice for the
large industrial batteries, and LiMn,0, which was progressively improved
during the last five years, through modifications in initial composition and
crystalline structure, and can reach an acceptable level of reversibility at
ambient temperature. On the negative electrode side, graphites of different
types have been commonly chosen for their voltage and specific capacity
properties. Compared to the hard carbon or poorly crystallized structures,
the main problem of structure stability was linked to the exfoliation induced
by solvent molecule insertion and reduction producing gas. This problem
has been largely solved by either the proper choice of solvent mixtures, or
selection of graphite type, for example containing a sufficient proportion of
the rhombo-hedric versus hexagonal structure [2, 3]. Additives, whose film
forming properties prevent the solvent molecule from reaching the carbon
layers [4,5] greatly contributes to the excellent stability of the carbon
structure even after an extended cycling.

As a first step analysis, cycling tests at the laboratory level can indicate
very quickly the potentialities of the compounds. However, for a more
precise analysis of a "good candidate", it is often difficult to distinguish
between the intrinsic properties of the materials and what is coming from
the electrode manufacturing, which may lead to apparent contradictory
results. Many published data showing cycle life in lab tests during less than
100 cycles are far worse than can be experimented further in a real cell,
with appropriate electrode process. Actually, the type of binder, electronic
conductors additives and their processing play a prominent role on the
electrode efficiency, and stability during cycling. This is a very important
part of the manufacturer’s process know how, which is generally not
available.

As an example, Figure 1 illustrates the effect, which can be brought
by improper negative electrode processing. This figure represents the
evolution of capacity and cell resistance (measured at charged state
from a 5 second pulse) of a 6 Ah prismatic spirally wound cell, using
LiCoO, as positive material. From graphite #1 in the regular design, a
new graphite (#2) type was used, using the same electrode binder and
process.

This new graphite, tested in laboratory cells, exhibited excellent
properties, even better than the previous one. Nevertheless, while the
initial characteristics were exactly the same as in the regular design, the
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tested cell using the new material suffered from a dramatic capacity
decrease, associated to a large impedance increase. From cell analysis,
this effect was attributed to some lithium plating during charge, result-
ing from poor electrolyte accessibility to the carbon surface. Lithium is
consumed due to the poor cycling efficiency, and the negative electrode
pores are clogged by reaction products, thus increasing the problem. It
was concluded that the electrode manufacturing process had to be
adapted to the new material, whose physical properties are somewhat
different.
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Figure 1. Effect of negative electrode on cycling properties of LiCoO, / graphite cell. Charge at C-
rate up to 4.1 V until current reaches 80maA,; discharge at C/2 rate to 2.7 V.

It is indeed very difficult to answer to the general question "what is
the cause of capacity fading of Li-ion cells on cycling?". Some authors
ascribe the fading to an interfacial impedance increase at the positive
electrode; in some other papers negative electrode and SEI evolution is
implicated. In many cases, both electrodes suffer from cycling, as shown
for example by Zhang et al. on commercial LiCoO, cells [6, 7]. Electro-
chemical Impedance Spectroscopy (EIS) is as tool often used to analyze
the electrochemical property changes of the electrodes, but clear
interpretation is sometimes difficult to assess [8]. In general, the high
frequency impedance defining the ohmic resistance of the cell is not
affected, contrary to the transfer resistance, which is generally the result
of the active surface area degradation [9].
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Among all the possible mechanisms for capacity fading on cycling, the
following are the most often incriminated:

®* Degradation of crystalline structure of positive material (especially
for LiMn,0,)

= Graphiteexfoliation
=  Metalliclithium plating

®=  Build-up of passivation film on both electrodes, limiting the active
surface area and clogging the electrodes” small pores (which can
also occur on storage)

®*  Mechanical modification of the composite electrode structure due
to volume changes during cycling, leading to active particles de-
connection from the conductive network. In Li-ion systems, this
effect is limited, because the volume change of insertion material is
quite small.

The accelerating cycle-life testing is generally easy to perform by
continuous high rate cycling, and real cycle-life can be rather quickly
demonstrated. This accelerated testing can be considered as a worst
case for material reversibility, and (usually) rest periods applied during
cycling or using lower charge rates result in reducing the capacity and
power "fade". To illustrate this fact, the Figure 2 shows an amazing
recovery phenomenon that was obtained after a rest period. These high
power cells (Ni-based) were submitted to an accelerated high rate, low
DOD (about 30%), complicated pulse cycling. A power fade was noted
at ambient temperature, and is supposedly irreversible as the duration
of experiments was already about six months. These cells where taken
out of the equipment. Almost one year later, testing was resumed, and
a spectacular power recovery was obtained, followed by a sustained
power on further cycling. The cell cycled at 45°C maintained a good
power level, which shows that the limitation was actually of kinetic
nature, resulting from a cumulative mechanism as the cell cycles. This
interesting phenomenon is an exaggerated form of what is generally
observed when rest periods are allowed during heavy cycling.

With proper choice of materials and electrode processing, excellent
cycling behavior can be obtained from Li ion batteries as illustrated by
Figure 3. LiNi,Co,Al,O, / graphite high energy (HE) cells (150 Wh) made
by SAFT have been cycled 1000 times from a complete charge state (4
V) down to 80% depth of discharge (DOD) through a pulse discharge
simulating EV utilization (DST cycling), which represents an average of
3 hours rate. The figure represents the specific energy measured every
50 cycles during a C/3 100% DOD discharge to 2.7 V.
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Figure 2. Effect of extended rest period on cell power, cycling continuously at high rate, low
average DOD (2500 cycles represent about six months).

From this result, where neither capacity loss nor average voltage drop
is experienced, an excellent reversibility of the electrochemical system can
be demonstrated at deep DOD cycling.

In general, the cycle life is expected to increase when the DOD of
cycling is smaller, because the mechanical stresses induced by the
eventual molar volume change as a function of state of charge are reduced.
In fact, because of the use of insertion electrodes, there are only small
volume changes in the Li-ion systems, which minimizes this effect.

Figure 4 describes 30% DOD cycling, which simulates a Low Earth
Orbit (LEO) satellite application. A constant capacity is discharged at each
cycle at C/3, from a 3.8 V maximum voltage charge. Every 1000 cycles, a
complete charge is made to 4.0 V and discharged to 2.7 V to verify the
complete cell energy. Good stability has been recorded so far, and
excellent service life may be anticipated to fulfill the application (32000
cycles over 8 years with a minimum of 50% remaining energy).

Increasing the temperature in the 20 to 60°C range should not a priori
reduce the intrinsic material reversibility, as kinetics of Li* insertion
should be facilitated, and steric stress effect reduced. However, the
general trend is an increase of fading on cycling with temperature. The
cause can be attributed to the increasing rate of the side reactions,
involving the interface with the electrolyte. These reactions are not
specially related to cycling, and would also occur during storage.
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Figure 3. Specific Energy evolution during cyding of a batch of three 150 Wh High Energy
LiNi,Co,AlO, cells for EV. DST cydling at 80% DOD, diagnostic at C/3 to 2.7 V, charged at 4 V,
ambient temperature.
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Figure 4. High Energy LiNi\CoAl,O, cells designed for satellite application. Energy evolution
measured every about 1000 cycles of 30% DOD cydling from 3.8 V. Diagnostic cycle made at C/3 to
2.7 V, from 4.0 V charge.
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4.0 AGING DURING STORAGE

Aging on storage will determine the "calendar" life of the cell, mainly
depending on the storage conditions, firstly the storage temperature. The
cell aging as define previously is due to side chemical reactions involving
the different phases in contact between each other.

Assuming that the different inert components (binders, separator,
current collector, can, etc.) have been properly selected for their chemical
and electrochemical stability with the active materials and electrolyte
(which is trivial in any battery design), the main location of side reactions
is the interface between active materials and electrolyte. The interface
between the negative material and electrolyte is the most well known and
studied. It is the site of a complex chemistry, which may obviously
progress with time and temperature, and influence the cell properties.

4.1 The Negative Interface

The excellent shelf life acknowledged for primary lithium batteries is
due to the layer resulting from reduction of the electrolyte by lithium
building on the negative/electrolyte interface of a protective film still
conductive to Li* ions. Its property is crucial for the battery characteristics:
if the reaction products are not passivating enough (i.e. mainly insoluble,
and adherent to the surface), the electrolyte molecules will continue to
reach the lithium surface, and lead to quick lithium corrosion. On the other
hand, if the passivation layer is too thick or too poorly conductive to Li*,
cell internal resistance may increase up to unacceptable value. This is why
only a few organic compounds can be used as solvent for electrolyte. This
reasoning, which applies to any lithium battery system, has been exten-
sively studied for many years. The most commonly adopted picture is the
SEI, (Solid Electrolyte Interface) a good ionic and poor electronic con-
ductor, as proposed by E. Peled [10].

Due to the low surface area of the metallic lithium electrode, the
amount of lithium lost during the layer formation is quite small. However,
this is the reason for failure in trying to make a rechargeable cell with a
lithium metal anode with long cycle life: each new metal particle being
plated during charge reacts with the electrolyte to protect itself, at "its
own expense" (typically about 1 to 2% each cycle).

In Li-ion technology, this layer is also formed at the carbon surface,
whose voltage is close to lithium metal and lower than the reduction voltage
of the organic solvents of the electrolyte. Due to the larger surface area, the
amount of lithium loss is here significant (at the best about 10% of inserted
capacity). However, the "miracle" of the Li-ion stability compared to
rechargeable lithium metal is that this layer is formed essentially once
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during the first charge, and remains stable as the lithium ions move back
and forth through it during cycling. This stability is particularly due to the
fact that there is only a very small molar volume change of the carbon
structure between charged and discharged state. This is a limiting factor for
alternative negative Li-alloy electrodes in which volume variation during
cycling is too high and destabilizes the layer, which has to be rebuilt at least
partly at each cycle, thus consuming lithium. Obviously, long-term stability
of this crucial layer should have a prime impact on the capacity retention on
aging, therefore on calendar life. A lot of work has been done to attempt to
analyze the layer composition; see for example reviews of Aurbach [11], and
Yazami [12]. As a simplified view, it is commonly accepted that it is not a
homogenous but rather a "multi-layer" organization. While the external
part is more or less porous and contains organic compounds like insoluble
lithium alkyl carbonates, polyethylene, polypropylene, and lithium carbon-
ate, the "primary" layer, very close to the carbon, would be mainly com-
posed of inorganic species, essentially lithium fluoride LiF (from reaction
with LiPFg) and Li,CO,. Recently, Peled [13] described different layer compo-
sitions on HOPG, thicker and containing LiPFgs on cross section, thinner and
containing Li,CO, alkyl carbonates and alkoxides on basal planes. Total
average thickness is very small (in the range of tens of nanometers).
Depending on the chain length, the alkyl carbonates may be more or less
soluble, and act as a "shuttle", responsible for reversible self-discharge, as
will be described later in the paragraph discussing negative/positive
interactions.

The condition of stability, i.e. stopping the electrolyte molecules”
reduction, implies that the electrons cannot reach the interface accessible
to the electrolyte, through the "primary" layer. Therefore the layer should
be electronically highly resistive, while Li ions must have a high mobility,
as they must participate in the main cell reaction.

4.1.1 Modeling Lithium Corrosion

A residual electronic conductivity, from electron tunneling through the
SEI [14] may therefore induce a continuous reaction at low rate, thus
leading to lithium corrosion, and subsequent capacity loss. As this
conductivity is expected to increase with temperature following an
Arrhenius law, the capacity loss would follow the same profile.

It is reasonable to assume that the rate-determining step for this
corrosion is the very low mobility of the electrons (conductivity) through
this layer [15]:

dxl/dt = (k-c-s)/e 1)
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where x is the number of moles of Li being reacted, ¥ is the specific

electronic conductivity of the layer, s is the interface area, e is the layer
thickness increase, proportional to the number of moles of Li consumed
since t;: € = ¢, + A * x, and e, is the initial thickness at t = 0, after cell
formation. Thus, the rate equation becomes:

dx/dt = B/(e, + A-x)

where B equals k ¢ x = s, and A is a coefficient of proportionality between
layer thickness and moles of reacted lithium.

From this equation, the corrosion rate is expected to decrease with time,
as the thickness of the layer is increasing. Integration, withx = 0, att = 0
leads to the equation:

(4/2)-x* +e,-x~B-t=0
From that comes the parabolic relation between time t and corrosion x:
t=A4/(2-B)-x* +(e,/B)-x

with x equal to the time elapsed after initial formation. Of all the constants
only ) is expected to vary (increase) significantly with temperature.

If we consider that the initial thickness €9 =0 for t = 0O, this equation is
similar to the equation proposed by Blomgren [16] to describe the capacity
loss of lithium ion cells on cycling Q = k"N%’, where N the cycle number.
This equation is derived from Q = k-t*°, where Q is the capacity loss by
lithium corrosion and assumed to be proportional to the time. By
extension, the author proposed a similar behavior to be applied to the
degradation on shelf life. The initial empirical assumption that the layer
growth follows a general law y* = kt can be explained by the electronic
conductivity of the layer as proposed here. However, the cycling may have
a secondary effect, as will be discussed later, because the capacity loss is
generally more rapid than during a storage of the same duration.

Figure 5 shows a typical example of capacity degradation during extended
storage, at different temperatures, representative of what generally occurs on
Li-ion systems. This particular experiment was performed on LiCoO, / Graphite
prototype cells, withaPC/EC/3DMC 1M LiPF; electrolyte.

The cells are maintained at a constant state of charge by applying a constant
voltage (here 3.9 V), and capacity is measured every month at C/5. Within a short
time, the capacity loss may be assumed to follow a linear degradation vs. time,
i.e. constant loss rate. However, for prolonged testing, especially at high
temperature, a clear slope decrease (slower degradation) is noticed.
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Figure 5. Total capacity degradation of LiCoO,/graphite prototypes Li ion cells (C/5), measured
monthly during storage under constant voltage of 3.9 V at different temperatures.

Interestingly, Figure 6 shows that the results do not depend on voltage
applied during storage, between 3.8 and 4.0 V. This important result
indicates that in this case, the capacity loss might not be attributed to the
positive electrode. Indeed, the oxidation reaction that might occur and
reduce the capacity would have been greatly influenced by the positive
electrode voltage, as will be described further in other examples, whereas
the graphite electrode voltage remains almost constant whatever the state
of charge. This is a very useful property of the Li-ion systems in which the
positive material potential is function of state of charge. Furthermore, the
negative electrode limits the cell capacity since some lithium is lost during
the cell first charge to build the SEI layer. Therefore, the capacity loss may
be ascribed to the lithium corrosion, following the mechanism described
above. Figure 7 compares the t = f(x) curves, with the parabolic model,
using data obtained at different temperatures, irrespective of floating
voltage, between 3.8 and 3.9 V. Despite the rather low precision on the
measured capacity, a fairly good correlation is observed.

Another example is described in Figure 8, with high-energy prototype
cells ("A" type, 44 Ah), using a LiNigg4,C0q4q0, positive material and the
same graphite and electrolyte as for the smaller LiCoO; cells described
above. The data fit over a two-year period is excellent because of the
better relative accuracy of capacity measurement on this high-capacity
cell. As can be seen, the extrapolation made with additional data after a
720-day period is very similar to the one made 300 days before, which
validates the model quite well.
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Figure 6. Capacity loss on LiCoO./graphite prototypes cells, measured at 30°C - /3, during storage
at 60°C at constant voltage from 3.8 to 4.0 V.
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Figure 7. Storage duration as a function of lithium loss, for LiCoO./graphite prototypes cells on
storage at 3.8 V or 3.9 V constant voltage, at several temperatures. Comparison with the parabolic
model.
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Figure 8. Duration of storage as a function of lithium loss, for LiNig9;C00.0002 /graphite 44 Ah
prototypes cells on storage at 3.8 V constant voltage, at 60°C. Capacity is measured at C/10, 60°C.
Comparison with the parabolic model.
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Figure 9. Duration of storage as a function of lithium loss, of high