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Abstract

Hydrogen oxidation on Ni /3 mol% Y O –ZrO (Ni /Y-TZP) cermet electrodes has been studied in moist H2 3 2 2

environments. The impedance behaviour is characterised by two clearly separated arcs in the frequency domain, indicating
that the overall electrode reaction is controlled by at least two rate limiting processes in series. The electrode process
associated with the low frequency arc is mainly dependent on the H concentration. Moreover, the electrode conductivity of2

the low frequency arc (s ) is independent of temperature and the polarisation potential. Based on these observations, theL

electrode process associated with the low frequency arc has been attributed to hydrogen dissociative adsorption /diffusion on
the surface of Ni particles. The electrode process of the high frequency arc is also affected by the H concentration and by2

oxygen partial pressure (P ), however in contrast to the low frequency arc, the electrode conductivity associated with theO2
21high frequency electrode process (s ) showed a strong temperature dependence with an activation energy of |162 kJ molH

and it increases with increasing polarisation potential. This arc has been attributed to hydrogen transfer from the Ni electrode
surface to the Y-TZP electrolyte surface, followed by a charge transfer process on the electrolyte surface near the interface
region. The results of this study clearly demonstrate that the Y-TZP in the Ni cermet electrodes has little effect on the
reaction mechanism, but plays an important role in modifying the electrode microstructure and kinetics of the fuel oxidation
reaction.  1999 Elsevier Science B.V. All rights reserved.
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1. Introduction (SOFCs) primarily due to their high electrochemical
performance, good chemical stability and low cost

Ni /Y O –ZrO (Ni /YSZ) cermets are invariably [1]. A substantial amount of work has been carried2 3 2

used as fuel electrodes in solid oxide fuel cells out to optimise the microstructure and the electrical
and electrochemical properties of these materials
[2–5]. It is widely recognised that the performance
of Ni /YSZ cermet electrodes is very much depen-*Corresponding author. Tel: 161-3-9545-2850; fax: 161-3-
dent on their method of preparation and the micro-9544-1128.

E-mail address: jiang@mst.csiro.au (S.P. Jiang) structure. Nickel in the cermet plays an important
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catalytic role in the oxidation of hydrogen [3,6]. An 2. Experimental
understanding of the nature of the fuel oxidation

The electrolyte discs were prepared from a powderprocess on Ni /YSZ electrodes is becoming increas-
(Tosoh Corporation, Japan) of 3 mol% Y O –ZrOingly important as the operation of the solid oxide 2 3 2

(abbreviated as Y-TZP) composition. The powderfuel cell is being driven towards lower operating
was pressed into discs and sintered at 15008C for 4temperatures (600 to 8008C) due to the high costs of
h. The final diameter of the discs was 19 mm andthe interconnect material, balance of plant items and
thickness was 0.9 mm. Ni and Ni /Y-TZP electrodescorrosion of cell components [7,8].
were prepared by milling NiO (Ajax, Australia) andIt has been demonstrated that the electrode activity
Y-TZP powders in an organic media for several(i.e. the electrode interface conductivity) for Ni
hours, using Y-TZP balls as the grinding media. Theanodes increases with the length of the three phase
pastes were prepared by dispersing the electrodeboundary (TPB, where the electrode, electrolyte and
powder in triethylene glycol. The electrode com-gas phases meet) [9,10], indicating that the rate
positions studied were 100% Ni (Ni electrode), 80limiting reaction occurs in a region close to the
vol% Ni120 vol% Y-TZP (80% Ni/20% Y–TZP)electrode /electrolyte interface. Our recent studies
and 70 vol% Ni130 vol% Y-TZP (70% Ni/30%have demonstrated that the hydrogen oxidation in Ni
Y–TZP). The anodes were prepared by slurry paint-anodes is controlled by two electrode processes in
ing the electrode paste on one side of the electrolyteseries: a hydrogen adsorption /diffusion process on
discs, followed by firing at 14008C for 2 h in air. Thethe surface of Ni particles and a charge transfer
thickness of the electrode coatings was in the rangeprocess on zirconia electrolyte surface [11,12]. In
of 25 to 35 mm. The electrode area was about 0.45moist H (e.g., 98% H /2% H O), the impedance2 2 2

2cm . Platinum paste (Engelhard No. 6082) wasspectra of Ni and Ni /Y O –ZrO anodes show the2 3 2

applied on the other side of the electrolyte disc toexistence of one or more (up to three) arcs [3,10,12–
construct counter and reference electrodes. The15], suggesting the contribution from several rate
counter electrode was in the centre opposite thelimiting processes to the overall H oxidation re-2

working electrode and the reference electrode was aaction. The impedance behaviour also points to a
ring around the counter electrode. Both counter anddependence of the reaction kinetics and mechanism
reference electrodes were exposed to air. The fuelon the microstructure of the electrode. The important
electrode compartment was sealed with a glass. Ptroles of the zirconia phase and cermet preparation
mesh was used as the current collector. Details of themethods on the microstructure have been clearly
cell configuration have been described previouslydemonstrated [3,4], however there is still uncertainty
[12].about the mechanism of H oxidation and especially2

The H gas (BOC gases, 99.98%) was usedthe role of zirconia–yttria (in the Ni /ZrO –Y O 22 2 3

directly from the gas bottle without being subjectedsystem) in the overall H oxidation in solid oxide2

to any additional drying (referred to as dry H ). Thefuel cells [16]. 2

water content of the dry H used in the present studyIn this paper, the H oxidation on Ni /3 mol% 22

was estimated to be about 0.07% [12]. In moist H ,Y O –ZrO (Ni /Y–TZP) cermet electrodes has 22 3 2

H O was introduced into the H gas through abeen investigated in moist H in the temperature 2 22

bubbler system in a temperature-controlled bathrange of 1000 to 8008C by electrochemical impe-
resulting in 2% H O content in the gas stream. Thedance spectroscopy and galvanostatic current inter- 2

21flow rate of the hydrogen fuel was 100 ml min .ruption techniques. The effect of H concentration2

The P in dry H (|0.07% H O) is typicallyand partial pressure of oxygen (P ) on the oxidation O 2 2O 22 216 213reaction was investigated by changing the H con- 1.62310 Pa and about 1.65310 Pa for moist2

centration at a constant water content. The role of H (2% H O) at 10008C, as calculated from the2 2

zirconia in the cermet electrodes has been studied by observed open circuit potentials (OCP, which was
varying the amount of zirconia content in the cermet about 1.280 V in dry H and 1.080 V in moist H )2 2

electrode. [12].
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The electrochemical impedance behaviour of
anodes was studied with a Voltech, Model TF2000
frequency response analyser in conjunction with a
potentiostat (Utah Electronics, Model 0152). The
frequency range used was from 1 Hz to 100 kHz and
the amplitude of the sinusoidal signal was 10 mV
(peak-to-peak value). The impedance measurements
were carried out under open circuit conditions and in
the temperature range of 1000 to 8008C. The impe-
dance data were analysed by a non-linear least
square (CNLS) program developed by Macdonald
[17,18].

The effect of H concentration and P on the2 O2

impedance behaviour of the H oxidation reaction2

was studied in the H concentration range from 98 to2

10% at a constant 2% H O content in the gas. The2

H concentration was changed by mixing it with N2 2

as the balancing gas while maintaining a total flow at
21100 ml min . The P in the mixed gas wasO2

calculated from the open circuit potential according
to the Nernst equation.

In separate experiments, impedance responses of a
cell were studied while the anode (Ni or 80% Ni/
20% Y-TZP cermet) was polarised with different
current densities at 10008C in 98% H /2% H O. The2 2

polarisation performance of anodes was also mea-
sured at 10008C by a galvanostatic current interrup-
tion (GCI) technique in a current-generating mode
(i.e., cell supplying current to an external load). The
GCI technique used here has been described in detail
elsewhere [19]. The morphology of the electrodes
was examined by optical microscopy after inves-
tigation of the electrode kinetic behaviour.

3. Results and interpretation

Fig. 1 shows optical micrographs [(a)–(c)] of the
polished cross-sections of Ni, 80% Ni/20% Y-TZP
and 70% Ni/30% Y-TZP electrodes and a scanning
electron micrograph (d) of a 70% Ni/30% Y-TZP
cermet electrode after the cell evaluation. The thick-
ness of the electrode coatings varied from |25 mm
for the Ni electrode to |35 mm for the 70% Ni/30%

Fig. 1. Optical micrographs of polished cross-sections of (a) Ni,
Y-TZP cermet electrode. The size and distribution of (b) 80% Ni/20% Y-TZP and (c) 70% Ni/30% Y-TZP cermet
Ni particles are clearly visible. Because the phase electrodes after fuel cell evaluation. (d) Scanning electron mi-
contrast between Ni and Y-TZP is so high, the crograph of a 70% Ni/30% Y-TZP cermet electrode.
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Y-TZP particles cannot be seen clearly in these with increasing current density. At intermediate
optical micrographs, however examination of these current densities (Region II), the characteristics of h

specimens with a scanning electron microscope versus current density curves change significantly
showed that the size of the Y-TZP particles, distrib- relative to Region I. In this region, h changes very
uted around the surface of Ni particles, was typically little with increasing current density. However, at
in the range of |0.2 to 0.5 mm (Fig. 1d). The Ni high current densities (Region III), h increases
electrode has a very open structure with large rapidly again with increasing current density. This
particles and pores (5 to 20 mm). For the 80% behaviour may stem from the gas diffusion limita-
Ni /20% Y-TZP cermet electrode, the majority of Ni tion. Most significantly, it is worth noting here that
particles were in the range of 2 to 10 mm with a increasing the Y-TZP content in the cermet decreases
similar range for distribution of pores. Both Ni the overall overpotential losses, similar to the effect
particles and pores were much smaller than those in of H O content in H fuel on the reaction observed2 2

Ni electrodes. As the Ni content decreased to 70 for Ni electrodes [12].
vol% in the cermet (70% Ni/30% Y-TZP electrode), The effect of the Y-TZP phase in cermet elec-
the structure became more porous due to the increase trodes on the polarisation behaviour is also clearly
of small Ni particles (1 to 5 mm size). The fine and obvious from impedance results. Fig. 3 shows impe-
porous structure of Ni /Y-TZP cermet electrodes as dance spectra for Ni, 80% Ni/20% Y-TZP and 70%
compared to the open and coarse structure of Ni Ni /30% Y-TZP cermet electrodes in dry H at2

electrodes indicates that the fine Y-TZP particles 10008C under open circuit conditions. The intercept
inhibit the growth and coarsening of Ni particles. of impedance spectra at high frequencies on the real

Fig. 2 shows polarisation curves for the H impedance axis is the electrolyte resistance. The2

oxidation reaction on Ni, 80% Ni/20% Y-TZP and impedance curves are skewed and appear to consist
70% Ni/30% Y-TZP cermet electrodes in dry H at of at least two overlapping semicircles, both de-2

10008C. The polarisation characteristics are essen- pressed below the real axis. The impedance of Ni /Y-
tially the same on Ni and Ni /Y-TZP electrodes. TZP cermet electrodes generally behaves very simi-
Three distinct polarisation regions were clearly ob- larly to that of the Ni electrodes, except that the
served as the current density increased. At low magnitude of the arcs (i.e., the electrode resistance,

22current densities (less than |75 mA cm – Region R) is much lower for the Ni /Y-TZP cermet elec-
I), the overpotential losses (h) are strongly depen- trodes. These observations are consistent with the
dent on the current density and increase very rapidly lower overpotential losses observed for Ni /Y-TZP

cermet electrodes compared to the Ni electrode (Fig.
2). The total electrode resistance was estimated by
extrapolation of impedance arcs at low frequencies.
In dry H , the total R value directly measured from2

Fig. 3. Impedance spectra for H oxidation for Ni and Ni /Y-TZP2

Fig. 2. Polarisation curves for H oxidation for Ni and Ni /Y-TZP cermet electrodes at 10008C in dry H under open circuit2 2

cermet electrodes, at 10008C in dry H . conditions. Indicated numbers are frequencies in Hz.2
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2low and high frequency intercepts is |29 V cm for case of Ni /Y-TZP cermet electrodes, both impe-
2the Ni electrode, |7 V cm for 80% Ni/20% Y-TZP dance arcs are clearly separated, indicating that the

2and |4 V cm for 70% Ni/30% Y-TZP cermet H oxidation reaction on Ni /Y-TZP cermet elec-2

electrodes. trodes is affected by at least two electrode processes
Fig. 4 shows impedance spectra (symbols) for H in series [12]. For the Ni electrode, the process2

oxidation for all three electrodes at 10008C in moist observed at high frequencies appears to dominate the
H (2% H O) under open circuit conditions. The reaction kinetics even though there is a substantial2 2

solid lines in Fig. 4 are the fitted results of the CNLS overlap of low and high frequency arcs. For Ni /Y-
program [17,18] and will be discussed in more detail TZP cermet electrodes, the electrode process ob-
later. The addition of 2% H O to the hydrogen gas served in the high frequency range became relatively2

has reduced the size of both the high and low less dominant with increasing Y-TZP content, as
frequency arcs, however the effect on the low indicated by the relative change in the size of high
frequency arc appears to be more dominant. In the and low frequency arcs (Fig. 4).

In general, in solid electrode /electrolyte systems
of the type studied here, the interface processes show
a considerable frequency dispersion. Such behaviour
is generally analysed by the inclusion of a constant
phase element (CPE) in the equivalent circuit
[13,20,21]. The CPE in parallel with a resistor leads
to depressed semicircular arcs as observed in this
work and often found for other solid electrolyte
systems. The impedance of a CPE is represented by
the following empirical equation [22]:

2nZ 5 A( jv) , (1)CPE

where v is the angular frequency and j 5 œ 2 1.
Both A and n may show temperature dependence.
For n 5 0.5, the CPE is a Warburg-type diffusion
impedance. For n 5 1, the CPE is a pure capacitance

21with C 5 A , and for n 5 2 1, the CPE is an
inductance. The origin of CPE has not been fully
understood. However, it has been shown that surface
roughness may be an important contributing factor to
the observed frequency dispersion [23] and CPE may
be related to the fractal character of an electrode /
electrolyte interface [24,25]. In any case CPE repre-
sents a distribution of time constants.

In this work it was found that the fitting of the
experimental data to two Cole–Cole relaxation pro-
cesses using the equivalent circuit shown in Fig. 5 by
the CNLS program [17,18] is extremely good.
Examples of fitting the CNLS program for the

Fig. 4. Impedance spectra for H oxidation for (a) Ni, (b) 80%2 reaction on Ni and Ni /Y–TZP cermet electrodes at
Ni /20% Y-TZP and (c) 70% Ni/30% Y-TZP cermet electrodes at 10008C in 98% H /2% H O are given as solid lines2 210008C in 98% H /2% H O under open circuit conditions. The2 2 in Fig. 4. The results of the impedance parameterssymbols are the experimental data and solid lines are the fitted

evaluated by the CNLS program are given in Tableresults by the CNLS program. Indicated numbers are frequencies
in Hz. 1. In the table, a is a distribution parameter which
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Fig. 5. An equivalent circuit consisting of two parallel combina-
tions of electrode resistance, R, and a constant phase element
(CPE), representing low and high frequency arcs. R is the ohmicS

resistance of the electrolyte.

can be related to a more generalised CPE by n 5 1 2
Fig. 6. Graphs showing change of P and OCP with HO 22a [26]. t is the time constant and R is the electrode0 concentration at a constant 2% H O, measured at 10008C, for an2

resistance. In all cases, since the values of n ( 5 1 2 80% Ni/20% Y-TZP cermet electrode.
a) are above 0.7 and usually close to 1.0, an
estimation of the capacitance has been made from
the time constant (t 5 1/v 5 RC, where v is the the same time. Such experiments, although adding to0 0 0

frequency at the apex of each arc). These capacitance the complexity, nevertheless can provide useful
values are also reported in Table 1. From the data in information about the reaction mechanism. Fig. 7
Table 1, it is obvious that the overall electrode compares impedance spectra recorded at 10008C,
resistance, the sum of low and high frequency under open circuit conditions, for an 80% Ni/20%
components, decreases significantly with increasing Y-TZP cermet electrode exposed to 98% and 10%
additions of Y-TZP to Ni electrodes. H concentration in the gas stream at a constant 2%2

In the study of H oxidation in the H /H O H O content. On changing the H concentration2 2 2 2 2

system, the H concentration and oxygen partial from 98 to 10%, the size of the low frequency arc2

pressure, P , are possibly the most important pa- increased, whereas the size of the high frequency arcO2

decreased. In order to distinguish qualitatively therameters influencing the kinetics of the reaction – the
effect of H concentration and P on the respectiveeffect of H O content being closely related to that of 2 O2 2

P [12]. In the current work, for selected experi- electrode processes, we plotted the electrode con-O2

ments, the H concentration was changed by dilution ductivity and capacitance for both high and low2

with nitrogen gas at a constant water content (2% frequency arcs as a function of H concentration2

H O). As illustrated in Fig. 6 for an 80% Ni/20% (Fig. 8a) and P (Fig. 8b) for an 80% Ni/20%2 O2

Y-TZP cermet electrode, a decrease in the H Y-TZP cermet electrode at 10008C. In this diagram,2

concentration (i.e., the H /H O ratio) leads to an s and s represent the electrode conductivity (s 52 2 L H

increase in P (calculated from the OCP). There- 1 /R), and C and C represent the electrode capaci-O L H2

fore, both the H concentration and P change at tance of the low and high frequency arcs, respective-2 O2

Table 1
Parameters of Cole–Cole relaxation processes by the CNLS program at 10008C in 98% H /2% H O2 2

Electrode Low frequency arc High frequency arc

t R C a n t R C a n0 0
2 22 2 22(s) (V cm ) (mF cm ) (1 2 a) (s) (V cm ) (mF cm ) (1 2 a)

25 2 24Ni 5.41310 0.65 8.35310 0.24 0.76 1.23310 2.94 47 0.09 0.91
80% Ni/

22 5 2520% Y-TZP 3.42310 0.17 2.01310 0.23 0.77 6.93310 0.60 116 0.12 0.88
70% Ni/

22 5 2530% Y-TZP 4.58310 0.12 3.72310 0.02 0.98 1.96310 0.22 88 0.30 0.70
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Fig. 7. Impedance spectra for H oxidation on an 80% Ni/20%2

Y-TZP electrode, measured in 98% H and 10% H at a constant2 2

2% H O at 10008C under open circuit conditions. The symbols are2

the experimental data and lines are fitted results by the CNLS
program. Indicated numbers are frequencies in Hz.

Fig. 8. Plots of electrode conductive and capacitive components
ly. For the low frequency arc (represented by square of low and high frequency arcs versus: (a) H concentration and2symbols), both conductivity and capacitance, s andL (b) P for an 80% Ni/20% Y-TZP cermet electrode at a constantO2
C , increase with increasing H concentration (de- 2% H O, 10008C. s and s – left axis. C and C – right axis.L 2 2 H L H L

spite a substantial decrease in P , Fig. 8a). ThisO2

behaviour, where the reaction rate is enhanced by
increasing the concentration of the reactant species, s values (or the reaction rate) for the high fre-H
is common and is normally observed in similar quency process with decreasing H concentration or2
electrochemical systems. However, the behaviour for increasing P (H O/H ratio) appears to indicate itsO 2 22
the high frequency arc (represented by circular dependence on P (H O/H ratio). Similar be-O 2 22
symbol) was significantly different. Although the haviour was also observed for 70% Ni/30% Y-TZP
capacitive component, C , changed very little with cermet electrodes as shown in Fig. 9. For thisH

both H % and P , the electrode conductivity for the electrode, the s values for the low frequency2 O L2

high frequency process, s , increased with decreas- process became smaller than that for the highH

ing H concentration or increasing P (H O/H frequency arc as the H concentration decreased2 O 2 2 22

ratio) (Fig. 8b). Thus, the conductivity and capacitive below 60%.
components of the low and high frequency arcs The effect of temperature in the 1000 to 8008C
behave differently as a function of P and the H range on the high and low frequency impedance arcsO 22

concentration. The reduction of s values (or the is shown in Fig. 10 in the form of Arrhenius plots forL

reaction rate) with decreasing H concentration, the individual electrode conductivities (s and s )2 H L

despite the two orders of magnitude increase in P , for 80% Ni/20% Y-TZP and 70% Ni/30% Y-TZPO2

indicates that the low frequency electrode process is cermet electrodes in moist H (2% H O) under open2 2

related to the H concentration and to a less extent to circuit conditions. For the Ni electrode, the total s2

P (H O/H ratio). In contrast, the increase in the values are shown due to significant overlap of highO 2 22
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and low frequency arcs (see Fig. 4a). For s , theL

activation energy, for cermet electrodes, is close to
zero, indicating that the electrode process corre-
sponding to the low frequency arc is essentially
independent of temperature. However, the electrode
process associated with the high frequency arc
showed a strong dependence on temperature. On
average, the activation energy for s is 162620 kJH

21mol for cermet electrodes. A similar value was
observed for the total (s 1 s ) conductivity of theL H

Ni electrode. On symmetric Ni /YSZ cermet elec-
trode cells, Geyer et al. reported that the activation
energy for the high frequency arc was about 100 kJ

21mol while the low frequency arc was independent
of temperature [27]. Okumura et al. have reported an

21activation energy of 125 kJ mol for a 68% Ni/
32% YSZ cermet electrode [28]. For a screen-printed
Ni /Y O –ZrO cermet electrode, an activation2 3 2

21energy of |145 kJ mol was evaluated from the
electrode conductivity in the temperature range 750
to 9508C by Divisek et al. [29].

Fig. 11 shows the electrode resistance, R, mea-
sured by impedance spectroscopy while the anode
was polarised with different overpotentials (current
densities) in 98% H /2% H O at 10008C. In Fig.2 2Fig. 9. Plots of electrode conductivity and capacitance of low and
11a, the electrode resistance for high and lowhigh frequency arcs (70% Ni/30% Y-TZP electrode, 2% H O,2

frequency arcs, R and R , has been plotted as a10008C) versus: (a) H concentration and (b) P . H L2 O2

function of the overpotential for the 80% Ni/20%
Y-TZP cermet electrode. R decreased with increas-H

ing overpotential. In contrast, R was almost in-L

dependent of overpotential. Similar behaviour was
observed for the 70% Ni/30% Y-TZP cermet elec-
trode. Since it is only the high frequency arc which
is mainly affected by the overpotential, in Fig. 11b
the total electrode resistance for Ni and 80% Ni/20%
Y-TZP cermet electrodes has been compared as a
function of overpotential to demonstrate the rapid
reduction in the electrode resistant with overpotential
for the Ni electrode. The reduction of the electrode
resistance for a Ni /YSZ cermet electrode as a
function of current passing through the cell has also
been reported by van Herle et al. [30].

For the overall electrode reaction kinetics, the
ratio of s /s can be used as an indicator for theH L

dominant roles of processes associated with the low
or the high frequency arcs. For s /s 4 1 the lowH LFig. 10. Arrhenius plots of total s for a Ni electrode and of
frequency process, and for s /s < 1 the highindividual conductivity of high and low frequency arcs, s and H LH

s , for Ni /Y-TZP cermet electrodes in 98% H /2% H O. frequency process, will control the reaction kinetics.L 2 2
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Fig. 12. Plots of s /s ratio against H concentration on 80%H L 2

Ni /20% Y-TZP and 70% Ni/30% Y-TZP cermet electrodes,
measured at 10008C under open circuit conditions.

Fig. 11. Plots of electrode resistance as a function of anode
overpotential at 10008C in 98% H /2% H O: (a) electrode2 2

resistance of high and low frequency arcs, R and R , for an 80%H L

Ni /20% Y-TZP cermet electrode and (b) total electrode resistance
for Ni and 80% Ni/20% Y-TZP electrodes.

Fig. 12 shows the s /s ratio at 10008C as aH L

function of H concentration for 80% Ni/20% Y-2

TZP and 70% Ni/30% Y-TZP cermet electrodes for
Fig. 13. Plots of s /s ratio versus temperature for Ni, 80%H Lconstant 2% H O content in the gas under open2 Ni /20% Y-TZP and 70% Ni/30% Y-TZP cermet electrodes,

circuit conditions. Qualitatively, the electrode pro- measured in 98% H /2% H O under open circuit conditions.2 2

cess in the low frequency range becomes increasing-
ly important with decreasing H concentration and2

with increasing Y-TZP content in the Ni cermet
electrode. In the case of a 70% Ni/30% Y-TZP of the very different activation energies associated
cermet electrode, the s /s ratio became greater with both processes, the electrode process associatedH L

than 1 when the H concentration decreased below with high frequency (with high activation energy)2

60%, indicating that the reaction kinetics is becom- becomes relatively more significant with decreasing
ing more dominated by the slower process. Fig. 13 temperature, while the electrode process observed at
compares the s /s ratio at different temperatures low frequencies (with little temperature dependence)H L

for Ni and Ni /Y-TZP cermet electrodes in 98% becomes increasingly less dominant as the tempera-
H /2% H O under open circuit conditions. Because ture decreases.2 2
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4. Discussion both high and low frequency arcs for all three
electrodes. The effect was more pronounced for

The significant observations of this work can be the low frequency arc.
summarised as follows: • The activation processes associated with low and

high frequency arcs are very different. The low
• The polarisation curves for all electrodes studied frequency arc was almost independent of tem-

showed three distinct regions as a function of the perature, whereas the process associated with the
current density. In Region I (low current den- high frequency arc showed a strong temperature
sities), h showed a strong dependence on the dependence (activation energy: 162620 kJ

21current density, in Region II (intermediate current mol ).
densities) there was little increase of h with • On polarisation of cermet electrodes with a
increasing current densities, and in Region III potential, the electrode resistance associated with
(high current densities) h increased rapidly with the high frequency arc decreased with increasing
the current density. This behaviour is consistent polarisation potential while the effect on the low
with that observed before for the Ni electrode on frequency arc was relatively small.
Y-TZP electrolyte [12]. • The impedance behaviour for H oxidation on the2

• The addition of Y-TZP to Ni electrodes led to a Ni electrode was dominated by the high fre-
substantial reduction in h. The impedance charac- quency arc and the effect of polarisation potential
teristics for the H oxidation reaction on Ni and in reducing the electrode resistance was more2

Ni /Y-TZP cermet electrodes were similar in both significant compared to that for Ni /Y–TZP cer-
dry and moist H (2% H O) except that the met electrodes.2 2

addition of Y-TZP to the Ni electrodes signifi-
cantly reduced the size of both low and high The observation of two clearly separated arcs in
frequency arcs. This behaviour was similar to that the frequency domain indicates that H oxidation at2observed for Ni electrodes when water was added Ni /Y-TZP cermet electrodes is controlled by at least
to dry hydrogen [12]. two electrode processes in series, similar to the

• The impedance behaviour for the H oxidation2 behaviour observed previously for Ni electrodes
reaction in moist H for 80% Ni/20% Y-TZP and2 [12]. More importantly, these two arcs show very
70% Ni/30% Y-TZP cermet electrodes was char- different behaviour with respect to temperature, H2acterised by two clearly separated arcs. Both concentration, P (H O/H ratio) and the polarisa-O 2 22conductivity and capacitive components of the

tion potential.
low frequency arc (s and C ) decreased withL L

decreasing H concentration. C was in the range2 L
3 22 5of |10 mF cm for the Ni electrode and |10 4.1. Electrode process corresponding to the low
22

mF cm for Ni /Y-TZP cermet electrodes, about frequency arc in moist H2
two orders of magnitude difference. The con-
ductivity and capacitive components of the high The reports in the literature on the role of water
frequency arc (s and C ) behaved very differ- content in H and the H concentration have widelyH H 2 2

ently. s increased with decreasing H concen- varying conclusions. Geyer et al. [27], in an in-H 2

tration and C appears to be independent of H vestigation of H oxidation on a symmetrical Ni /H 2 2

concentration and P . The increase in s is more YSZ cermet electrode cell by impedance spectros-O H2

likely to be related to P (H O/H ratio) as both copy, in undiluted H between 800 and 10008C, haveO 2 2 22

P and the H O/H ratio increased significantly reported that s is independent of temperature andO 2 2 L2

at the same time as the H concentration de- the electrode conductivity corresponding to the low2
22creased. C was |50 mF cm for the Ni frequency arc increased very rapidly with increasingH

22electrode and |100 mF cm for Ni /Y–TZP H O content (up to |20%), consistent with observa-2

cermet electrodes. tions of the present study. These authors have
• The addition of water to dry hydrogen reduced attributed the low frequency arc to a gas diffusion
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process along the channels of the interconnect. consistent with the proposed mechanism [12]. Also,
Mogensen and Lindegaard [13] studied the impe- the hydrogen dissociative adsorption or diffusion
dance behaviour of H oxidation at Ni /YSZ cermet processes are known to have low activation energy.2

electrodes at constant H concentration and oxygen For example, Mulins et al. have measured surface2

partial pressure (P ) by keeping OCP constant at diffusion and activation of hydrogen and deuteriumO2

10008C. Their results showed that, at a constant P , on a Ni (100) surface by the laser induced desorptionO2

both conductive and capacitive components of the method between 211 and 263 K and reported an
21low frequency arc decrease much more rapidly with activation energy of 14.6 kJ mol [32]. Gomer

21decreasing H concentration than that observed in reported activation energies of 272 and 125 kJ mol2

the present study. However, in the present work, a for CO and oxygen surface diffusion, respectively,
decrease in the H concentration also led to an on a W boundary free surface [33]. On the same2

increase in P (H O/H ratio). Mogensen and surface, the activation energy for hydrogen surfaceO 2 22
21Lindegaard [13] have also reported that, at a constant diffusion was 40–67 kJ mol . The relatively low

H concentration, both conductive and capacitive activation energy for hydrogen surface diffusion may2

components of the low frequency arc increase with be related to the small size of the hydrogen atom and
increasing H O content (or increasing P ) in the the small number of formal bonds made with the2 O2

range 0.22 to 3% H O. Their observations are surface.2

consistent with ours and confirm that the P (H O/ Furthermore, the observation (reduction of the sizeO 22

H ratio) plays an active role in promoting the of the low frequency arc with the addition of H O2 2

hydrogen adsorption /diffusion processes at the Ni content [12,14,34] for all three electrodes or the
surface. Primdahl and Mogensen [31], in an impe- addition of Y-TZP to Ni electrodes) supports the
dance study of the H oxidation reaction on Ni /YSZ view that the low frequency arc is associated with an2

cermet electrodes over a wide range of H con- adsorption or a diffusion process of hydrogen species2

centration and H O content, have reported three on the Ni surface rather than a pure hydrogen gas2

impedance arcs for the electrode behaviour. The low phase diffusion. In dry hydrogen (low P ) with veryO2

and medium frequency arcs were essentially inde- little moisture, the low frequency arc dominates the
pendent of temperature, similar to the behaviour reaction kinetics. With the addition of 2% H O to2

observed for the low frequency arc in the present H , the magnitude of this arc decreases substantially.2

study. However, the electrode resistance associated This behaviour for the Ni electrodes was explained
with the low and medium frequency arcs decreased in a previous publication [12] where the increase in
with increasing polarisation potential, in contradic- the H O content in H increased the concentration of2 2

tion to the observations of this study. O sites or led to the formation of sub-surfaceads

In the present study, the characteristics of the oxide sites on the Ni surface. The presence of Oads

electrode conductive and capacitive components of sites or the formation of sub-oxide sites enhance the
the low frequency arc (very large time constant, no hydrogen adsorption /dissociation and hydrogen dif-
effect of temperature and the dependence on hydro- fusion processes on the Ni metal surface through the
gen concentration) appear to indicate that the elec- spillover mechanism [12,35]. According to Curtis-
trode process is associated with a hydrogen dissocia- Conner et al. [36], spillover enhances the kinetics of
tive adsorption or a diffusion step on the Ni surface adsorption processes, whereas Robell et al. [37] and
(see discussion below). Furthermore, the polarisation Kramer et al. [38] studied the kinetics of spillover
potential has no effect on s , indicating that the hydrogen species on platinised carbon and platinisedL

hydrogen adsorption or the diffusion processes may alumina, respectively, and concluded that the rate of
1not involve a charged species such as H . spillover is limited by the surface diffusion. In dry

Usually in electrode kinetic studies for solid hydrogen, the concentration of active sites (i.e. Oads

electrolyte systems, processes such as adsorption / or a Ni–O suboxide) is very low for hydrogen
dissociation or diffusion are slow and are observed at adsorption or diffusion of hydrogen species to
low frequencies. The charge transfer process in proceed at a reasonable rate. The addition of H O2

general is faster and is observed at high frequencies (e.g., 2% H O) leads to a significant increase in P2 O2
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216 213in the H fuel (from |10 Pa in dry H to |10 strong temperature dependence for this arc (the high2 2
21Pa in 98% H /2% H O) and a consequential in- activation energy of |162 kJ mol ) for Ni and2 2

crease in the concentration of active O or Ni–O Ni/Y-TZP cermet electrodes cannot be explained byads

suboxide sites at the Ni surface. This would lead to a the gaseous or surface diffusion of hydrogen. Also,
significant reduction of the overall electrode resist- there is no evidence from the present studies to
ance, as is indeed indicated by the dramatic reduc- indicate that the reaction is limited by the diffusion
tion of the size of the impedance arcs, in particular of H O product near the electrode /electrolyte inter-2

the low frequency arc, for Ni and Ni /Y-TZP elec- face as suggested by others [40,41].
trodes. This mechanism is further supported by the In a previous publication, the charge transfer
observation that the addition of Y-TZP to Ni had a process was split into the following steps [12]:
somewhat similar effect as the water content (in-
crease in P ) in promoting adsorption /diffusion of H –S and/or H –O–S → H (TPB),O ads Ni ads Ni ads, Y-TZP2

hydrogen on the Ni surface through a spillover
(2a)mechanism by providing active O or O–S sitesads Ni

on or next to the Ni surface. However, quantitatively
22O 1 2H → H O 1how the addition of Y-TZP to Ni and the water Y-TZP ads, Y-TZP 2

content in the fuel influence the reaction kinetics will
2e (near TPB) 1 V , (2b)¨Y-TZP O, Y-TZPvery much depend on the electrode microstructure.

From the bulk of observations of this study and
2e → 2e , (2c)the evidence presented above, the low frequency arc Y-TZP Ni

appears most likely to be associated with a slow
22hydrogen dissociative adsorption or a surface diffu- where O is an oxygen on a lattice site, V¨Y-TZP O, Y-TZP

sion process at the Ni surface. is an oxygen vacancy on the Y-TZP surface, S isNi

an active site on the Ni surface and O–S is anNi

4.2. Electrode processes corresponding to the high active site on the Ni surface adjacent to an Oads

frequency arc in moist H and/or sub-NiO. From the proposed reaction steps,2

the overall reaction rate for this electrode process is
The second electrode process associated with the determined by the transfer of hydrogen species from

high frequency arc had a high activation energy, Ni to the zirconia surface (step (2a)) and the charge
small time constant, strong dependence on P transfer on the zirconia electrolyte surface (steps (2b)O2

(H O/H ratio) and a complex relationship with and (2c)). Step (2b) would be facilitated by the high2 2

respect to H concentration. The capacitive com- oxygen-ion conductivity of the electrolyte and step2

ponent associated with the high frequency arc, C , is (2c) would be enhanced by high surface electronicH

much smaller, independent of both H concentration conductivity of the electrolyte phase. The evidence2

and P , and behaves more or less like a double for this has been provided by Uchida et al. [42] andO2

layer capacitance as expected for a metal / solid Jiang and Badwal [12]. Uchida et al. found that
electrolyte interface [39], thus indicating that the polarisation losses for the H oxidation reaction for2

process associated with this arc is taking place close Pt electrodes decreased with an increase in the
to the electrode /electrolyte interface region. Based oxygen-ion conductivity of zirconia electrolytes,
on the available evidence, this process appears to be whereas Jiang and Badwal demonstrated that enhanc-
related to a charge transfer reaction at the electrode / ing the electronic conductivity of the Y-TZP elec-
electrolyte interface. This assertion is also supported trolyte surface, by doping with electronically con-
by the fact that the polarisation resistance decreased ducting oxides, mainly increased the electrode con-
substantially for the high frequency arc with increas- ductivity of the high frequency arc.
ing polarisation potential, indicating that, quite like- Several authors have reported the dependence of
ly, a charged specie is involved in the rate limiting electrode resistance on hydrogen and water content
process. Moreover, such behaviour is typical of the in the fuel gas, however there is no consistent
charge transfer limiting process. Furthermore, the behaviour, indicating that the electrode preparation
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(microstructure) may play an important role. In the a significant increase of s with increasing H OH 2

present study, the complex influence of H con- content in undiluted H . Thus, in general, it appears2 2

centration and P (H O/H ratio) on the reaction that in moist H , P (H O/H ratio) play a moreO 2 2 2 O 2 22 2

kinetics is possibly indicated by the observation that dominant role in the electrode process associated
the electrode conductivity for the high frequency with the high frequency arc. It is possible that, near
process (s ) initially decreased with decreasing H the interface region, the oxygen species from theH 2

concentration with a minimum at |75% H . How- dissociation of water may contribute to the process2

ever, the s values increased when the H con- of hydrogen diffusion from the Ni surface to theH 2

centration was lower than |75% for an 80% Ni/20% Y-TZP surface near the interface region (step (2a))
Y-TZP cermet electrode (see Fig. 8). The initial possibly by bridging these two surfaces through
decrease of s with H concentration is understand- adsorbed oxygen species, O or a suboxide.H 2 ads
able from the viewpoint of the reduced concentration
of H reactant in the electrode /electrolyte interface 4.3. The role of Y-TZP in Ni cermet electrodes2

region. However, the subsequent increase of s with and water content in the fuel gasH

decreasing hydrogen concentration is somewhat
more difficult to explain. In the experiments per- The particle size, ratio and the distribution of
formed in the present study to demonstrate the zirconia and Ni are very critical to the performance
dependence of high and low frequency arcs on the of Ni /zirconia cermet electrodes as demonstrated by
hydrogen concentration, the P in the gas stream numerous groups [3,4,43]. The much lower electrodeO2

213 211increased from 3310 Pa to 5310 Pa and the resistance of Ni /Y-TZP cermet electrodes clearly
H O/H ratio increased from 0.0204 to 0.2 as the H demonstrates that the Y-TZP in the cermet electrodes2 2 2

content in the fuel gas was diluted from 98 to 10% at significantly increases the active reaction area. The
constant 2% H O. Therefore, it is possible that an magnitude of both high and low frequency impe-2

increase in the s value with decreasing hydrogen dance arcs decreases as the Y-TZP content in NiH

concentration is more tied to the significant increase cermet electrodes increases. In order to discuss the
in P (H O/H ratio). role of Y-TZP in Ni cermet electrodes, two aspectsO 2 22

Mizusaki et al. [10] studied the H oxidation which need to be considered are: the effect of Y-TZP2

reaction on Ni patterned electrodes at 7008C and in modifying the electrode microstructure and sec-
their impedance results showed that, at a H O ondly how the presence of Y-TZP next to Ni2

content of |1.7%, the electrode conductivity (only particles changes the kinetics of the H oxidation2

one impedance arc was observed but the behaviour reaction.
was similar to that of the high frequency arc) is The effect of the addition of Y-TZP in Ni elec-
essentially independent of H concentration. How- trodes on the electrode microstructure can be clearly2

ever, at a lower H O content (#0.85%), the elec- seen from the optical micrographs (Fig. 1) and SEM2

trode conductivity showed a slight decrease with examination of Ni and Ni /Y–TZP electrodes. With
decreasing H concentration. At a constant H increasing zirconia content, the Ni particle size2 2

concentration (|1 to 10% H ), the electrode con- decreases substantially with a much finer distribution2

ductivity was proportional to the H O content. On a of pores. This behaviour occurs mainly due to the2

point Ni electrode, Mohamedi-Boulenouar et al. [34] inhibiting effect of fine Y-TZP particles on the
reported a reaction order of 0.5 with respect to the coarsening and growth of Ni particles. The addition
H O content at a constant H concentration of 70%. of Y-TZP also increases the electrode /electrolyte2 2

On Ni /YSZ cermet electrodes Mogensen et al. interface contact area as clearly indicated by an
22[13,31] observed that the decrease in s with increase in C from |50 mF cm for Ni electrodesH H

22decreasing H concentration at constant P or with to |100 mF cm for Ni /Y-TZP cermet electrodes.2 O2

decreasing H O content at constant H is much Other authors, for Ni /YSZ cermet electrodes with2 2

smaller than that for the electrode conductivities of YSZ content around 50 to 60%, have reported CH
22both low and medium frequency arcs. Also, on values in the range 200 to 700 mF cm [31].

Ni /YSZ cermet electrodes, Geyer et al. [27] reported The effect of Y-TZP in Ni cermet electrodes on
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the kinetics of the H oxidation reaction is clearly characterised by two well-separated frequency arcs,2

obvious from the observed polarisation behaviour. indicating that the H oxidation reaction on Ni and2

The higher the Y-TZP content, the lower the over- Ni /Y-TZP cermet electrodes is controlled by at least
potential losses. Most interestingly, the effect of two rate limiting processes in series. The electrode
Y-TZP addition was similar to that of H O content processes associated with the low and high frequency2

on the polarisation curves observed for Ni electrodes arcs behave very differently with respect to the H2

as the H O content in H increased [12]. This concentration, P (H O/H ratio), the temperature2 2 O 2 22

indicates that Y-TZP particles in the cermet have a and the polarisation potential. The electrode process
similar effect as the H O/H ratio in promoting at the low frequency arc has been identified as the2 2

dissociation /diffusion of hydrogen on the Ni surface hydrogen dissociation /diffusion process on the Ni
through a spillover mechanism by providing active surface (the first electrode process), and that at the
O or O–S sites on or next to the Ni surface. The high frequency arc as the hydrogen transfer from Niads Ni

enhancement effect is also indicated by the substan- to the Y-TZP surface followed by charge transfer
3 22tial increase in C from |10 mF cm for the Ni steps on the Y-TZP electrolyte surface near the TPBL

5 22electrode to |10 mF cm for Ni /Y–TZP cermet region (the second electrode process). The Y-TZP
electrodes, measured at 10008C in 98% H /2% H O. phase in the Ni cermet electrodes has no effect on2 2

Nevertheless, from the observation in this study, it is the reaction mechanism but plays an important role
clear that a change in the microstructure of Ni /Y- in modifying the electrode microstructure and the
TZP cermet electrodes has no effect on the reaction reaction kinetics. The effect of Y-TZP in the Ni
mechanism for H oxidation, as evident from the cermet electrodes on the reaction kinetics can be2

similar impedance and polarisation behaviour of Ni qualitatively measured by the change in the s /sH L

and Ni /Y-TZP electrodes. ratio. There is clear shifting of the rate determining
As discussed above, the low frequency arc is step of the H oxidation reaction from a dominant2

associated with the dissociation adsorption or surface activation polarisation for Ni electrodes to a mixed
diffusion process and the high frequency arc is process of activation and adsorption or surface
associated with the charge transfer (activation) po- diffusion for Ni /Y-TZP cermet electrodes.
larisation. Therefore, the effect of Y-TZP in the Ni
cermet electrode on the reaction kinetics could be
measured by the relative change in the s and sH L

Acknowledgementsvalues as shown in Figs 12 and 13. Qualitatively, the
hydrogen adsorption or surface diffusion process

Technical help from Kylie Crane for the prepara-becomes increasingly important with decreasing H2

tion of Ni and Ni /Y-TZP cermet electrodes andconcentration and with increasing Y-TZP content in
Y-TZP electrolyte disks is greatly appreciated. Wethe Ni cermet electrode (complexity of the electrode
would also like to thank Dr J. Drennan for themicrostructure) (Fig. 12). However, due to the very
optical micrographs and Dr S. Amarasinghe anddifferent activation energy for hydrogen surface
Fabio Ciacchi for reviewing this paper.dissociation /diffusion and the charge transfer steps,

the activation polarisation becomes increasingly
dominant as the temperature decreases and as the
Y-TZP content in the Ni cermet electrode decreases
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