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Reaction of Hydrogen/Water Mixtures on Nickel-Zirconia
Cermet Electrodes

II. AC Polarization Characteristics
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The impedance of nickel-zirconia cermet electrodes at the open-circuit potential was investigated as a function of temperature for
different partial pressures of hydrogen and water. The impedance spectra for the hydrogen/water reaction show three apparent
relaxation frequencies that are influenced by the temperature. The data are analyzed using an equivalent circuit representing two
parallel reaction pathways which are attributed to (i) a reaction at the triple-phase boundary involving charge transfer and adsorp-
tion and (ii) a diffusion branch described by a resistor in series with a Warburg impedance. At temperatures below 8908C, a charge-
transfer resistance dominates the real part of the impedance. A possible contribution of adsorption in the impedance spectra at high-
er temperatures is discussed. The diffusion branch is tentatively attributed to an electrochemical reaction in the area of the nick-
el/electrolyte interface, which is limited by diffusion of protons in the electrolyte phase. The activation enthalpy calculated for this
process is between 120 and 160 kJ mol21.
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For investigating the dynamics of electrochemical reactions, im-
pedance spectroscopy proves to be a powerful tool in determining the
number and kind of processes involved in the interfacial reaction.1

The interpretation of the impedance spectra needs to separate com-
plex contributions of non-faradaic processes, e.g., the charging of the
electrochemical double layer, from contributions of the electrochem-
ical reaction, which is the faradaic impedance,2 ZF. The faradaic im-
pedance can give information on the processes involved in the elec-
trochemical reaction.

Impedance spectra reported previously for nickel-zirconia (Ni-
YSZ) cermet electrodes are rather complex and, obviously, influenced
by more than one process.3-8 The influence of the cermet preparation
and structure3-6 as well as contributions of the gas atmosphere above
the cermet electrode have been investigated.7 Mechanistic models
have also been proposed and correlated to the impedance data.8-10 The
results are, however, not always fully understood, but they indicate a
complex correlation between preparation, structure, and prehistory of
the Ni-YSZ cermet electrode, the experimental setup, and the corre-
sponding impedance. The study of these relationships might be com-
plicated by the fact that complex electrochemical kinetics have been
suggested for the hydrogen/water reaction at even simpler shaped Ni-
cone electrodes.11

In this work, impedance data are presented for a single kind of
Ni-YSZ cermet electrodes, which have been characterized by dc
measurements. The dc polarization characteristics are described in
Part I12 and indicate different electrochemical kinetics for the
hydrogen oxidation and the hydrogen evolution reaction. A charge-
transfer controlled reaction rate was concluded for the hydrogen oxi-
dation reaction in the temperature range from 725 to 8458C. Adsorp-
tion was indicated for this reaction at temperatures above 8908C and
might affect the hydrogen evolution reaction as well. Based on these
results and literature data for the Ni/YSZ system, a model is devel-
oped describing possible processes in the investigated Ni-YSZ cer-
met electrodes.

Experimental

The electrodes consist of annular-shaped Ni-YSZ cermet and
La(Sr)MnO3 perovskite electrodes screen-printed as symmetrically
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as possible on each side of 150 mm thick electrolyte disks. Zirconia
stabilized with 8 mol % yttria (8YSZ) was used as the electrolyte and
as the ceramic phase in the Ni-YSZ cermet electrodes. The inner and
outer diameters of the electrodes were 4 and 12 mm, respectively,
giving a geometric area of 1 cm2. Pt mesh current collectors were
pressed in contact to the electrodes. A spring-loaded Pt point contact
in the center of the cathode served as the reference electrode. The ex-
perimental setup has been described previously.12 The reliability of
this cell design in dc and ac polarization measurements has been ver-
ified by modeling of the cell current-potential distribution consider-
ing the in-plane conductivity, the sloping edges, and the electro-
chemical properties of both the working and the counter electrode.13

The fuel compartment was flushed with a mixture of H2, H2O, and
Ar with a total flow of 200-250 mL min21. Analogue mass flow
controllers (Brooks 5850) regulated the flow of H2 and Ar. The H2/Ar
mixture was saturated with water at controlled temperatures. Meas-
urements were performed in three gas atmospheres (i) pH2 5
0.48 bar/pH2O 5 0.12 bar, (ii) pH2 5 0.48 bar/pH2O 5 0.05 bar, and
(iii) pH2 5 0.19 bar/pH2O 5 0.05 bar, the balance to 1 bar being Ar.
The temperature range was 725 to 9508C.

Impedance measurements were performed at the open-circuit
potential (OCP) in the frequency range from 20 kHz to 0.05 Hz
using a Solartron 1255 FRA in combination with a Bank LB81M
potentiostat. The amplitude was 20 mV. The data were analyzed
using the program EQUIVCRT.14

The microstructure of the Ni-YSZ cermet electrodes was investi-
gated after the electrochemical testing by optical microscopy. The
samples were embedded into epoxy, cut, ground, and polished with
diamond paste (1 mm). Pictures were obtained from the polished
cross sections of the samples.

Impedance Model

Microstructure.—A representative microstructure of a Ni-YSZ
cermet electrode is given in Fig. 1. Light areas representing the Ni
phase can clearly be distinguished from the YSZ phase and pores,
related to the gray and dark gray areas, respectively. The Ni grain
size is estimated to be in the range of 0.5-3 mm, the YSZ grains and
the pore diameters are 0.5-10 mm. For the above described electrode
structure a reaction model is developed on the basis of the steady
state results and literature data for the Ni/YSZ system.

Reaction model.—As concluded from the dc polarization charac-
teristics, the rate of the hydrogen oxidation reaction with oxygen ions
is considered to be controlled by charge transfer and possibly by
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adsorption on the Ni surface. The overall electrochemical reaction
involves species in the gas phase, the electrolyte, and on the Ni sur-
face, and thus may take place in a certain area around the triple-phase
boundary line (TPL). Because of the permeability of hydrogen in
Ni 15 and certain proton conductivity in the YSZ,16 an electrochemi-
cal reaction in the area of the Ni/YSZ interface is possible as sug-
gested earlier by Chebutin et al.17 The reactions at both the TPL and
the Ni/YSZ interface may contribute to the faradaic current. Possible
reaction steps are illustrated in Fig. 2. The first step is considered to
be the dissociative adsorption of H2 on Ni. Two different reaction
pathways are assumed for the oxidation of the adsorbed hydrogen
atoms and are discussed as follows. On the gas exposed Ni surface
and in the region of the TPL, Had can be oxidized in the presence of
oxygen ions from the electrolyte. Subsequently, the water formation
reaction may proceed via intermediates, e.g., hydroxides on the Ni
surface.12 In the area of the Ni/YSZ interface, hydrogen dissolved in
Ni, denoted HNi, may be oxidized by forming interstitial protons, Hi

•,
or hydroxides, OH•

O, in the electrolyte. The transport of HNi and Hi
• 16

may occur via diffusion in the Ni and the electrolyte phase, respec-
tively. The remaining processes, e.g., formation, dissociation, as well
as adsorption and desorption of water might take place in the triple-
phase boundary region. Gas transport limitations are not considered

Figure 1. Microscopic image showing the cross section of a screen printed
Ni-YSZ cermet electrode.

Figure 2. Model for the electrochemical reaction of gaseous hydrogen and
water at the triple-phase boundary and in the area of the Ni/YSZ interface in
a Ni-YSZ cermet electrode.
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because of the porosity of the Ni-YSZ cermet electrode and the high
binary diffusion coefficients of the hydrogen/water mixtures.18

Faradaic reaction around the TPL.—As illustrated in the reac-
tion model in Fig. 2, two processes, charge transfer and adsorption,
are considered in the hydrogen water reaction around the TPL. A
Butler–Volmer type equation, resulting in an exponentially increas-
ing current at high overpotentials, can describe the rate of the
charge-transfer reaction. As concluded from the dc polarization
characteristics12 the reaction rate may be influenced by adsorption
especially at high temperatures. If the exchange rates in the charge-
transfer and adsorption reaction are high, large current densities can
be expected for the triple-phase boundary reaction.

Faradaic reaction in the area of the Ni/YSZ interface.—The reac-
tion in the area of the Ni/YSZ interface may involve charge-transfer
across the interface as well as transport of HNi and Hi

• to and away
from the Ni/YSZ interface, respectively. Assuming that mass trans-
port occurs only via diffusion, limiting currents according to Ficks
law Eq. 1, can be estimated by an order of magnitude calculation as
done by Mogensen et al.19

[1]

For species i (i 5 HNi, Hi
•) the diffusion coefficient, Di, can be

taken from the literature and is given in Table I. In a simple ap-
proach, the Ni grains are considered as ideal half-spheres and the
diffusion length Dx is assumed to be the radius of the Ni grains.
From Fig. 1, values between 0.25 and 1.5 mm are estimated for Dx.
The concentration gradient DCi might be between 10 and 100% of
the saturation concentration of the diffusing species. Inserting these
values in (i) provides limiting currents between 0.07 and 4.2 mA
cm22 for the proton diffusion in YSZ at 9868C and pH2O 5 0.024.
In contrast, limiting currents higher than 1 A cm22 are calculated
for the hydrogen diffusion in Ni. Comparing the diffusion rates of
atomic hydrogen in Ni and protons in YSZ it is clear to see that, the
hydrogen reaction in the area of the Ni/YSZ interface will be limit-
ed by the transport of protons in the electrolyte. 

The measured current densities of the hydrogen/water reaction at
9508C and pH2 5 0.48 bar/pH2O 5 0.05 bar are 41 6 1 mA cm22 at
|h| 5 20 mV anodic and cathodic overpotential.12 This current den-
sity is higher than the limiting current calculated for the proton dif-
fusion in YSZ. Considering that the measurement temperature is
lower than the expected temperatures for the literature data, it is like-
ly that the hydrogen reaction in the area of the Ni/YSZ interface does
not contribute significantly to the total stationary faradaic current
sustained by the reaction around the TPL. We can further conclude
that (i) water formation and desorption may not play an important
role in the reaction in the area of the Ni/YSZ interface and (ii) the
triple-phase boundary reaction will not significantly be disturbed by
species involved in this additional reaction pathway. Presuming a
fast charge-transfer rate in the area of the Ni/YSZ interfacial region,
limiting conditions for proton diffusion may be reached also at small
polarization, e.g., in impedance measurements at OCP.
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D

Table I. Saturation concentration, diffusion coefficient, and
corresponding limiting currents according to Fick’s law for
hydrogen dissolved in Ni and protons in YSZ.

HNi in Ni (10008C) H i
• in YSZ (9868C)

C0 (mol cm23) 1.1?1024 (Ref. 19) 9.9?1027 (Ref. 19)
DH (cm2 s21) 1.5?1024 (Ref. 15) 1.1?1026 (Ref. 16)
jlim (mA cm22) 01060 0.07

DC 5 10% C0,i
Dx 5 1.5 mm

jlim (mA cm22) 63700 4.20
DC 5 C0,i
Dx 5 0.25 mm
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Overall impedance model.—A general description of the imped-
ance of each of the individual reaction pathways can be found in the
literature.1,2,20 The equivalent circuit describing an electrochemical
reaction involving charge-transfer and adsorbed species is given in
Fig. 3a. Therein, RCT represents the charge-transfer resistance. The
parameters RP and QP describe the time constant for changing the
degree of coverage of at least one adsorbed specie on the electrode
surface that follow the charge-transfer reaction.21,22

The equivalent circuit describing a diffusion-controlled electrode
reaction is the Randles-type circuit given in Fig. 3b. Therein, RW de-
scribes the charge transfer in the area of the Ni/YSZ interface. ZW`
is the Warburg impedance related to mass transport via linear diffu-
sion. The Warburg impedance applies as well for a spherical diffu-
sion of protons in YSZ and in the frequency range investigated. The
Randles circuit may be correlated with the hydrogen reaction in the
area of the Ni/YSZ interface. In Fig. 3a and b the charging of the
double layer, CDL, is also considered.

Both the triple-phase boundary reaction and the reaction in the
area of the Ni/YSZ interface, may occur independently of each
other, and consequently they have to be described as parallel reac-
tion pathways. Setting the equivalent circuits Fig. 3a and b in paral-
lel results in c. Now, the real part of the faradaic impedance is deter-
mined by charge transfer and adsorption around the TPL, which are
described by the resistances RCT and RP, respectively. The complex
part of the faradaic impedance is determined by the parameters RW,
W, and QP and thus is clearly affected by both reaction pathways.

Figure 3. Equivalent circuits derived from the reaction model Fig. 2: (a) elec-
trochemical reaction controlled by charge transfer and adsorption, (b) elec-
trochemical reaction controlled by diffusion, (c) overall equivalent circuit for
a parallel arrangement of (a) and (b).
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The complex part is also influenced by the charging of the electro-
chemical double layer, CDL.

The analysis shows that impedance spectra containing up to three
time constants can be expected for the reaction of hydrogen and
water at a single Ni/YSZ contact point. The Ni/YSZ cermet structure
shown in Fig. 1 can be described as a dispersion of these contact
points. Based on the assumptions that because of sufficient percola-
tion of the electronically conducting Ni phase (i) the electrochemi-
cally active area in the Ni-YSZ cermet electrode is restricted to a few
micron thick layer toward the solid YSZ/Ni-YSZ cermet interface
and (ii) further contributions of the bulk of the cermet electrodes can
be excluded in the impedance, the reaction model Fig. 2 may, in-
deed, be applied to the investigated Ni-YSZ cermet electrodes. From
the reaction model it is evident that structural parameters, e.g., par-
ticle size and distribution will have an influence on the resulting
impedance by changing the ratios between the length of the TPL, the
area of the Ni/YSZ interface, and the gas-exposed surface area. Pre-
viously reported impedance spectra6 that are obviously influenced
by the microstructure of the Ni-YSZ cermet electrodes are not con-
tradicting the above discussed reaction model.

The corresponding equivalent circuit Fig. 3c was used to describe
the impedance at OCP in the temperature range from 725 to 9508C
for the three gas atmospheres investigated. The ohmic resistance,
RV, and the inductance, L, are related to the ohmic losses in the test
circuit and inductive contributions of the measurement system, re-
spectively, and do not belong to the interfacial reaction. Impedance
spectra shown in this work are already corrected for RV and L.

Results and Discussion
Impedance spectra.—Figure 4 shows the influence of tempera-

ture on the impedance at OCP at constant pH2 5 0.48 bar and pH2O 5
0.05 bar. In the temperature range from 725 to 8908C, three maxima,
denoted f1, f2, and f3, are observed in the imaginary part. The fre-
quency at the mid maximum f2 increases continuously from 10 to
500 Hz with increasing temperature. The frequency at f1 increases
from 725 to 8458C but decreases again at higher temperatures. The
frequency for the maximum f3 is not as clear to distinguish as for f1
and f2, but may be on the same order of magnitude as f2 at 9508C.

The lines in Fig. 4 represent the simulation using the equivalent
circuit in Fig. 3c. The relative error in the real and imaginary part is
below 2% at all experimental conditions. These relative errors are
fairly low and a satisfactory agreement between measurement and
simulation is obtained for all three gas atmospheres in the tempera-
ture range investigated.

The processes attributed to the apparent relaxation frequencies, f1
to f3, are analyzed in the admittance plane by plotting the imaginary
part of the admittance vs. the real part. The parallel processes appear

Figure 4. Bode-Z plot of the impedance spectra at OCP as a function of tem-
perature for pH2 5 0.48 bar and pH2O 5 0.05 bar; open symbols represent
the real part, Zreal; solid symbols represent the imaginary part, Zim; (a) (h)
7258C, (b) (s) 7808C, (c) (n) 8458C, (e) 8908C, (,) 9508C, (—): simula-
tion using the reaction model Fig. 3c.
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sequentially in the admittance plot (1/Z*) in Fig. 5. At frequencies
above 10 kHz, the charging of the capacitance CDL across the resist-
ance RW dominates the spectrum. In a medium frequency region
down to 10 Hz, the series of RW and W in parallel to the resistor RCT
determine the frequency distribution. Below 1 Hz, the parameters
RCT, RP, and QP describe the admittance. The equivalent circuit para-
meters are discussed in detail below.

The parameters RCT, RP, and QP describing the TPL reac-
tion.—Figure 6 shows the values for the model parameters RCT and
RP as a function of temperature for pH2 5 0.48 bar and pH2O 5
0.05 bar. In the temperature region from 725 to 8908C RCT is signif-
icantly higher than RP. Above 8908C, RP changes its temperature de-
pendence and remains almost constant with increasing temperature.
The real part of the faradaic impedance, RF, is the sum of RCT and RP
and thus is dominated by RCT in the temperature range from 725 to
8908C. At 9508C, both RCT and RP contribute significantly to RF.
Therefore, the results indicate a charge-transfer controlled electrode
reaction at low temperatures.

According to the low field approximation of the Butler-Volmer
Eq. 2 the reciprocal charge-transfer resistance at low overpotentials
is proportional to the exchange current density, j0

[2]

As RCT is attributed to a charge-transfer resistance, the temperature
dependence of j0 can be obtained by plotting the quantity T/RCT as a

j
R

nF

T

R0 5 ⋅
CT

Figure 5. Admittance plot of the impedance spectra at OCP; T 5 7808C,
pH2 5 0.48 bar, pH2O 5 0.05 bar, (h) measurement, (—) simulation us-
ing the reaction model Fig. 3c; numbers indicate the frequencies in hertz.
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function of temperature. This is done in Fig. 7 for the three gas
atmospheres investigated. T/RCT shows Arrhenius behavior with an
activation enthalpy of 130 and 150 kJ mol21 for high and low hy-
drogen partial pressures, respectively. These values show a close
resemblance to the activation enthalpy of the steady-state hydrogen
oxidation reaction at OCP 12 which was found to be charge-transfer
controlled at low temperatures.

At 9508C, a second contribution described by the parameters RP
and QP in addition to the charge-transfer process has to be consid-
ered. As is seen in Fig. 8, QP increases exponentially with tempera-
ture up to 8908C, but is less dependent on temperature above 8908C.
The exponent nP of the constant phase element QP is between 0.8 and
1 and not clearly affected by the temperature. The highest values for
QP are observed for pH2 5 0.48 bar and pH2O 5 0.12 bar, which
are the highest partial pressures investigated. The temperature de-
pendence of RP and QP below 8908C and the fact that RP is not in-
fluenced by the hydrogen partial pressure at 9508C rule out gas con-
version7 from determining the low frequency process. Rather, these
results agree with the assumption that at high temperatures there is a
high fractional surface coverage at temperatures above 8908C. For
these temperatures, a significant contribution of adsorption due to a
limited number of available adsorption sites was also indicated in the
dc polarization characteristics.

Both the ac and the dc polarization characteristics are in accor-
dance with a charge-transfer controlled electrode reaction at temper-
atures below 8908C. At higher temperatures most likely two process-
es, charge transfer and adsorption, determine the rate of the overall
electrode reaction. From this mutual agreement it is concluded that
the equivalent circuit Fig. 3c is valid for describing the impedance of
the Ni-YSZ cermet electrodes at OCP in H2/H2O atmospheres. As

Figure 6. Reaction model parameters RCT (h) and Rp (,) as a function of
temperature at OCP; pH2 5 0.48 bar, pH2O 5 0.05 bar.
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shown in Fig. 5, charge transfer and adsorption, attributed to the
electrochemical reaction at the TPL, contribute to the low frequency
part of the impedance. The parameters, CDL, RW, and W, affecting
the impedance at higher frequencies are discussed below.

The capacitance CDL.—The experimentally obtained values for
CDL are given in Table II. In the low temperature region (725-
8458C), CDL amounts to 21 to 64 mF cm22. The capacitance, CDL,
might be in general related to the differential double-layer capaci-
tance at the electrode/electrolyte interface. Values reported for this
capacitance at the Pt/YSZ interface23,24 and for Au electrodes on
YSZ single crystals25 are 0.5-14 mF cm22 and 20-40 mF cm22,
respectively, and thus, in the same order of magnitude as the values
for CDL. Considering additionally the rough and inhomogeneous
structure of the Ni-YSZ cermet electrodes close to the solid elec-
trolyte, CDL may be related to the double-layer capacitance in the Ni-
YSZ/YSZ system.

The parameters RW and W describing the diffusion branch.—The
charging of the double-layer capacitance starts via the resistance RW.
Considering RW as a charge-transfer resistor and according to Eq. 3
the values for T/RW are plotted in Fig. 9 as a function of temperature
for the different gas atmospheres. T/RW shows Arrhenius behavior
with an activation enthalpy of 110 6 5 kJ mol21. In the low tem-
perature region T/RW is almost independent of the gas atmosphere.

At intermediate frequencies down to 10 Hz, the Warburg imped-
ance contributes significantly to the frequency distribution. The War-
burg impedance, ZW`, can be described by the Warburg element, W. At
9508C, the experimental values for W range from 0.009 to 0.049 A V21

s0.5 cm22 depending on the gas atmosphere (see Table III).

Figure 7. Temperature dependence of T/RCT at OCP: (s) pH2 5 0.19 bar,
pH2O 5 0.05 bar, (h) pH2 5 0.48 bar, pH2O 5 0.05 bar, (n) pH2 5
0.48 bar, pH2O 5 0.12 bar, line corresponds to a slope of 145 kJ mol21.
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From the definition of W Eq. 3 20

[3]

the Warburg element is determined by the diffusion coefficient Di
and the concentration C i* of the diffusing species i involved in the
electrochemical reaction. According to the model, the indexes Ox
and Red in Eq. 3 refer to Hi

• and HNi, respectively. Because both C i*
and Di are much higher for the hydrogen dissolved in Ni (see
Table I) the term in the parenthesis in Eq. 3 is likely to be determined
by the diffusion of protons in the electrolyte, Eq. 4

[4]
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Figure 8. Reaction model parameter QP (solid symbols) and corresponding
exponent np (open symbols) as a function of temperature at OCP: (d, s)
pH2 5 0.19 bar, pH2O 5 0.05 bar; (j, h) pH2 5 0.48 bar, pH2O 5
0.05 bar, (m, n) pH2 5 0.48 bar, pH2O 5 0.12 bar.

Table II. Capacitance CDL as function of temperature for
different gas atmospheres.

CDL (mF cm22) CDL (mF cm22) CDL (mF cm22)
OpH2 5 0.19 bar OpH2 5 0.48 bar OpH2 5 0.48 bar

T (8C) pH2O 5 0.05 bar pH2O 5 0.05 bar pH2O 5 0.12 bar

725 021 31 022
780 026 41 030
845 055 64 063
890 076 41 059
950 194 61 111
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The calculated and experimentally obtained values for W are
given in Table III. For the proton diffusion in YSZ, calculated and
experimentally obtained values for W are of the same order of mag-
nitude. Therefore, W might be related to the proton diffusion in YSZ,
which limits the rate of the hydrogen reaction in the area of the
Ni/YSZ interface. This is also supported by the result that the charge-
transfer resistance RW is nearly independent of the gas atmosphere.

As shown, the model parameters CDL, RW, and W may, indeed, be
related to processes in the area of the Ni/YSZ interface which are the
charging of the double layer, the charge transfer in the area of the
Ni/YSZ interface, and the proton diffusion in YSZ, respectively. The
analysis shows that the impedance spectra are well described by the
equivalent circuit Fig. 3c correlated with processes around a single
Ni/YSZ contact point on a micrometric scale. Additional contribu-
tions arising from the bulk of the cermet structure10 cannot be re-
solved. Therefore, we conclude that the impedance of the hydro-
gen/water reaction is determined by two independent processes which
are charge-transfer coupled with adsorption at the TPL and proton dif-
fusion in the YSZ electrolyte in the area of the Ni/YSZ interface.

Figure 9. Temperature dependence of T/RW at OCP: (s) pH2 5 0.19 bar,
pH2O 5 0.05 bar; (h) pH2 5 0.48 bar; pH2O 5 0.05 bar; (n) pH2 5
0.48 bar, pH2O 5 0.12 bar; line corresponds to a slope of 110 kJ mol21.

Table III. Warburg element W obtained from experiments and
calculated for proton transport in YSZ and for hydrogen trans-
port in Ni.

T (8C) W (A V21 s0.5 cm22)

Experimental 0950 0.009-0.049
Hi

• in YSZ 0986 0.0038
HNi in Ni 1000 4.3000
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The temperature dependence of the proton diffusion in zirconia
stabilized with 8 mol % yttria can be found by analyzing the temper-
ature dependence of the Warburg element W. Inserting Eq. 4 in Eq. 3
yields expression 5 for the average diffusion coefficient of this process

[5] 

Presuming that the saturation concentration of protons in 8YSZ
is independent of temperature, the product W 2?T 2 is proportional to
the average diffusion coefficient of these species. The temperature
dependence of the quantity W 2?T 2 is shown in Fig. 10. The values
for W 2?T 2 increase with decreasing hydrogen partial pressure and
increasing water content at temperatures between 725 and 8458C.
For this temperature region, a linear dependency can be observed in
the Arrhenius plots. The activation enthalpy of the proton diffusion
in 8YSZ is between 120 and 160 kJ mol21 depending on the gas
atmosphere. To our knowledge, the activation enthalpy of this pro-
cess and its dependence on pH2, pH2O, and pO2 has not been previ-
ously determined experimentally.

At temperatures above 8458C, the values for W 2?T 2 as well as
the simulation parameters RW and CDL scatter significantly. Two rea-
sons may account for this: (i) at 9508C, the high frequency and mid-
frequency maxima, f2 and f3, and thus the corresponding processes
cannot be separated sufficiently (see Fig. 4) and (ii) at temperatures
above 8908C, the inductance of the measurement system affects the
impedance spectra at frequencies below 10 kHz, which is almost the
relaxation frequency for the charging of CDL across RW. Therefore,
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Figure 10. Temperature dependence of W 2?T 2 at OCP: (s) pH2 5
0.19 bar, pH2O 5 0.05 bar; (h) pH2 5 0.48 bar, pH2O 5 0.05 bar; (n)
pH2 5 0.48 bar, pH2O 5 0.12 bar.
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Dow
higher uncertainties are expected for RW, W, and CDL at temperatures
above 8458C compared to lower temperatures.

Conclusions

The impedance of the hydrogen/water reaction on Ni-YSZ cermet
electrodes at the open-circuit potential involves up to three processes
with different dependencies on temperature and the partial pressure
of the reactants. At temperatures below 8458C, the real part of the
faradaic impedance was found to be charge-transfer controlled. The
activation enthalpy of the charge transfer resistance, RCT, shows close
resemblance to the activation enthalpy of the steady-state hydrogen
oxidation reaction at OCP. At temperatures above 8908C, two reac-
tion steps, charge transfer and adsorption due to a high fractional sur-
face coverage, determine the overall reaction rate. 

The complexities of the impedance spectra may result from the
charging of the electrochemical double layer and a parallel reaction,
which is limited by diffusion. The results agree with the assumption
that this is the hydrogen reaction in the area of the Ni/YSZ interface,
which is limited by the diffusion of protons in the electrolyte.

Research Center Juelich, Institut fuer Werkstoffe und Verfahren der
Energietechik, assisted in meeting the publication costs of this article.
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