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Nickel/yttria stabilized zirconia (YSZ) electrodes are aﬀecting the overall performance of solid oxide fuel cells
(SOFCs) in general and strongly contribute to the cell resistance in case of novel metal supported SOFCs in
particular. The electrochemical fuel conversion mechanisms in these electrodes are, however, still only partly
understood. In this study, micro-structured Ni thin ﬁlm electrodes on YSZ with 15 diﬀerent geometries are
utilized to investigate reaction pathways for the hydrogen electro-oxidation at Ni/YSZ anodes. From electrodes
with constant area but varying triple phase boundary (TPB) length a contribution to the electro-catalytic activity
is found that does not depend on the TPB length. This additional activity could clearly be attributed to a yet
unknown reaction pathway scaling with the electrode area. It is shown that this area related pathway has
signiﬁcantly diﬀerent electrochemical behavior compared to the TPB pathway regarding its thermal activation,
sulfur poisoning behavior, and H2/H2O partial pressure dependence. Moreover, possible reaction mechanisms of
this reaction pathway are discussed, identifying either a pathway based on hydrogen diﬀusion through Ni with
water release at the TPB or a path with oxygen diﬀusion through Ni to be a very likely explanation for the
experimental results.

1. Introduction
As global energy demand is expected to further increase in the future and emission of carbon dioxide is aimed to be reduced, novel and
eﬃcient energy conversion technologies are urgently required [1].
Solid oxide fuel cells (SOFCs) are compatible with a variety of possible
future fuel infrastructures (e.g. hydrogen, or hydrocarbons synthesized
from renewable resources) as they are capable of high chemical-toelectrical energy conversion eﬃciencies for a diverse set of fuels. Stateof-the-art SOFCs utilize nickel/yttria stabilized zirconia (YSZ) cermet
anodes on the fuel side, which usually perform well but under certain

conditions may contribute signiﬁcantly to the overall internal losses in
the fuel cell, especially when operating with sulfur containing fuels.
Moreover, in case of metal supported SOFCs the microstructure of the
Ni/YSZ anode is usually less ideal than in electrolyte or anode supported systems. This is due to the fact that the anode sintering step
during SOFC production is performed under reducing conditions facilitating Ni grain growth and thus increasing the anode polarization resistance [2,3].
Despite the importance of the anode for the eﬃciency of the overall
SOFC system, the reaction mechanism of the most basic fuel reaction –
the hydrogen oxidation – is still not very well understood [4–20]. On an
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oxide ion conducting electrolyte the electrochemical hydrogen oxidation at the anode can be written in Kröger-Vink notation as follows:
H2 + OO× ⇄ H2O + VO•• + 2 e’

(1)

In-depth understanding of mechanistic aspects, such as individual
elementary steps of equation (1), are diﬃcult to explore using commercial cermet anodes, particularly due to transport phenomena of
ions, electrons and gaseous species within the porous network of a
cermet anode contributing to the entire electrode polarization. This is
why a number of previous studies dealing with hydrogen oxidation in
Ni/YSZ electrodes utilized micro-patterned thin ﬁlm Ni electrodes
[4,6,12,15,20]. Besides usually avoiding problems arising from transport limitations, pattern electrodes also oﬀer the opportunity of deliberate variation of the electrode geometry. Based on such geometry
variations, these previous publications reported the rate limiting step of
the hydrogen oxidation to be located at the triple phase boundary (TPB)
between Ni, YSZ and the gas phase. In particular, this conclusion was
obtained by measuring the polarization resistance of electrodes with
varying TPB lengths and determining the exponent α of the following
equation:
−α
RPol = RPol,0⋅lTPB

Fig. 1. Schematic drawing of the measurement setup. 1 Contacting needle (Ni), 2 Gas
inlet, 3 sample, 4 counter electrode contact, 5 mass ﬂow controller, 6 thermocouple, 7
lambda probe, 8 H2S scrubber, 9 humidiﬁer, 10 furnace.

thickness of 1200 nm were prepared on (111)-oriented YSZ single
crystals (Crystec, Germany) with pre-sintered NiO/YSZ counter electrodes by magnetron sputtering, photolithographic structuring, and
chemical etching. The individual microelectrodes were then contacted
by Ni tips and electrochemically characterized by impedance spectroscopy (Alpha A High Performance Frequency Analyzer, Novocontrol,
Germany) in a homogeneously heated alumina reactor as depicted in
Fig. 1. Four independent contacting tips were used to sequentially investigate four diﬀerent microelectrodes in a single measurement run,
for example at a constant temperature within a temperature sweep. This
larger amount of measured microelectrodes signiﬁcantly increases
sample statistics. Impedance measurements were performed between
650 °C and 800 °C in diﬀerent gas atmospheres, ranging from 2.5 kPa to
92 kPa H2 and 0.15 kPa - 1.5 kPa H2O. Further details on sample preparation and measurement procedure have already been published in
previous work [19,22].
All electrode geometries used are sketched in Fig. 2a while an optical micrograph and a scanning electron microscopy image of typical
micro-patterned electrodes are shown in Fig. 2b and c, respectively. The
exact sizes of all electrodes were determined by evaluation of microscopic images in a custom program; the results are discussed below.
Altogether, 59 diﬀerent electrodes with 15 diﬀerent sizes or shapes
were investigated.
The structural stability of electrodes under measurement conditions
can be seen in comparing Fig. 2a and b. After over 700 h at standard
measurement conditions no signiﬁcant deviations in electrode structure
like pore formation could be found.

(2)

In case the rate limiting step of the reaction is located at the triple
phase boundary a value of 1 should be obtained for the exponent α.
Measured values of α include 0.8 ± 0.04 [6], 0.67–1.2 [7], and
0.7–0.72 [20], thus signiﬁcantly deviating from the expected α = 1.
Moreover, also Refs. [4,21] noted deviations from proportionality between the inverse polarization resistance and the TPB length. As the
aforementioned values of α are based on linear regression with very few
data points, a more in-depth analysis of the published data is hardly
possible. Consequently, a clear and unambiguous investigation of
electrochemical pathways of H2 oxidation on Ni/YSZ anodes is still
lacking. For a knowledge-based optimization of anodes for metal supported SOFCs, as well as for a purposive increase of their sulfur tolerance, a more detailed understanding of the electrochemical hydrogen
oxidation is needed.
In this contribution the deviations of the experimental data from the
simple mechanistic picture of a solely TPB-active Ni anode are revisited
by a detailed investigation of a large number of micro-patterned thin
ﬁlm Ni-electrodes employing diﬀerent geometries at diﬀerent temperatures and in diﬀerent gas atmospheres containing H2, H2O and H2S.
In particular, numerous complex-shaped Ni thin ﬁlm electrodes with
diﬀerent TPB lengths but nominally identical areas (and vice versa)
were fabricated and electrochemically characterized at SOFC operation
temperatures by impedance spectroscopy. On the basis of this data set,
deviations from a simple geometrical relation between polarization
resistance and TPB length could be clearly conﬁrmed, which is supported by a detailed statistical analysis of the electrochemical results.
Moreover, the deviation from a simple proportional relationship between TPB length and inverse polarization resistance is critically discussed in terms of an additional electrochemical H2 oxidation pathway,
which scales with the area of the Ni electrode and exists in parallel to
the ’classical‘ TPB-path. The electrochemical properties of the two
pathways are characterized in terms of their temperature dependence,
sulfur poisoning behavior, as well as pH2 and pH2O dependence. Based
on these ﬁndings two possible reaction mechanisms are proposed for
the area related pathway and possible connections with the TPB path
are suggested. Discovery of the additional area-related H2 oxidation
pathway on Ni anodes thus further advances the understanding of the
hydrogen oxidation at Ni/YSZ electro-catalysts and may serve as a basis
for a knowledge-based optimization of SOFC cermet anodes.

3. Results
3.1. Analysis of the electrode geometries
In the electrode series with nominally constant area but varying
circumference, area related eﬀects are expected to be ideally constant

Fig. 2. (a) Depiction of the used electrode geometries on the lithographic mask. Up:
Electrodes with nominally constant circumference/TPB length (decreasing circle size with
compensation spikes). Down: Electrodes with nominally constant area (top and bottom
areas are split into ﬁnger). (b) Reﬂected light microscopic image of a typical electrode
after 720 h at 800 °C in H2.5W10 (2.5 kPa H2, 0.15 kPa H2O, balance Ar). (c) Electron
microscopic image of a typical electrode with a higher magniﬁcation image at the top.

2. Experimental
Micro-structured nickel thin ﬁlm electrodes with a nominal ﬁlm
47
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Fig. 3. (a) Microscopically measured area dependence on the circumference in nominally
constant area electrodes. (b) Microscopically
measured circumference dependence on the area
for nominally constant circumference electrodes.
The correlation between the properties is weak
and scattering comparatively low.

geometry dependence of the rate limiting step of hydrogen oxidation on
micro-structured Ni/YSZ electrodes. In Fig. 4b the resulting polarization resistances of electrodes with varying TPB length measured at
800 °C in 2.5 kPa H2 and 0.15 kPa H2O (balance: Ar) are shown as a
function of the circumference in a double-logarithmic plot. The slope of
the linear ﬁtting line in Fig. 4b, which is equivalent to the exponent α in
equation (2), amounts to α = 0.66 ± 0.056. Hence, the inverse electrode polarization resistance is obviously not simply proportional the
TPB length.
Conversely, Fig. 4c shows the conductance of electrodes with constant area from Fig. 4b as a function of their circumference in a linear
plot. A linear ﬁt of the pooled data from all measurement series reveals
a line speciﬁc conductance of (2.7 ± 0.33)·10−5 Sm−1 and a bimodal
distribution of the residuals. Moreover, a non-zero axis intercept was
obtained from this linear ﬁt, which is not in accordance with the expectation of purely TPB active Ni electrodes (cf. inset in Fig. 4c). Resulting parameters of all ﬁts shown in Fig. 4c are summarized in
Table 1. The diﬀerent activity regimes may be the result of slightly
diﬀerent, individual conditions of the sample (e.g. diﬀerent impurity
levels at the surface of the crystals) as electrodes on one sample
(characterized by the same measurement number in Fig. 4b and c) are
mostly in the same regime. A more detailed investigation of this bimodal behavior, though scientiﬁcally interesting, is not the main goal
of the present study and may be the topic of forthcoming work.
The main focus of the present paper deals with the analysis of the
additional conductance contribution mentioned above. For the pooled
ﬁt and both activity regimes the 1/RPol intercept is found to be statistically signiﬁcantly larger than 0 (see Table 1, 0 ∉ CI 95%). This means
that besides the expected TPB length related conductance an additional
conductance contribution is present on the investigated Ni thin ﬁlm
electrodes, which is independent of the TPB. Since the conductance is
directly proportional to the equilibrium exchange rate of the H2 oxidation reaction (equation (1)), the H2 oxidation on the Ni/YSZ system
can be concluded to proceed not only via the TPB. In other words, an
additional electrochemical reaction pathway appears to be active,
which is independent of the TPB length of the electrodes.
The conductance of constant-circumference electrodes plotted as a
function of the area is depicted in Fig. 4d; the results of the shown
linear ﬁts are also summarized in Table 1. It can be seen that the
conductance depends linearly on the area for each measurement series,
with an obvious 1/RPol-axis intercept. This 1/RPol-axis intercept constitutes the expected behavior in case of purely TPB active electrodes
(cf. inset in Fig. 4d) while the presence of the slope represents the activity of an additional reaction pathway. Since upon increasing the
electrode area the contribution from the additional pathway increases
this result clearly shows that besides the expected TPB-length related
conductance an area-related conductance can be found. This area-related conductance suggests the existence of an additional area related
reaction pathway; detailed discussion of this novel discovered path will
be given in section 4.1.

on diﬀerent microelectrodes. However, owing to slight over-etching
during electrode preparation some minor deviations from this ideal
picture may arise. Thus, the actual area and corresponding circumference of the investigated electrodes were measured and the results are shown in Fig. 3a. It can be seen that for a circumference increase of a factor of 23.8 the area at most decreases by a factor of only
2.1. Therefore the approximation of a constant area is suﬃciently valid
for this electrode series in cases where area eﬀects are not dominant.
Analogously, in electrodes with nominally constant circumference
but varying area electrochemical parameters originating from eﬀects
located at the triple phase boundary are expected to be constant. Actual
measured areas and corresponding circumferences are shown in Fig. 3b.
The plot shows that for an area increase by a factor of 21.3 the circumference increases by only a factor of 1.16. The assumption of constant circumference is therefore excellently met in this electrode series
and more precise separation of area and TPB eﬀects is therefore possible
with this kind of electrodes. The average circumference of this type of
electrodes, which is used to calculate TPB length speciﬁc conductances,
is 4.03 mm.
3.2. Impedance spectra
The Nyquist plot of a typical impedance spectrum is plotted in
Fig. 4a. The spectrum resembles a slightly asymmetric and depressed
semicircle with an oﬀset from the ZRe axis. This spectrum was therefore
ﬁtted using a RSpread-(RPol||CPE) equivalent circuit – which is shown as
inset in Fig. 4a – where RSpread is the spreading resistance of ion conduction in the electrolyte [23], RPol the polarization resistance of the
electrode reaction (i.e., equation (1)) and CPE1 a constant phase element. This equivalent circuit is the same as used in our previous work
where capacitances (deduced from the constant phase element) were
discussed in detail [22]. However, due to the prime interest in the
polarization resistance of the present paper, a slightly diﬀerent ﬁtting
strategy was employed than in this previous work, to obtain more
precise results for the polarization resistance: First, a spreading resistance value was determined by CNLS ﬁtting the measured data to the
equivalent circuit in Fig. 4a within the whole frequency range from
1 MHz to 5 mHz. Then the obtained spreading resistance was ﬁxed and
RPol as well as the CPE parameters were determined by another CNLS ﬁt
in the frequency range of 1 Hz–5 mHz. This procedure reduces the
number of free ﬁt parameters and thus helps coping with the slight
asymmetry of the arc yielding a more accurate value for the “diameter”
of the electrode feature. An example of the result of such a second ﬁt is
shown by the blue triangles/blue line in Fig. 4a.
3.3. Geometry dependencies
Electrodes with varying TPB length (and nominally constant area)
as well as electrodes with varying area (and nominally constant circumference) were electrochemically characterized to determine the
48
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Fig. 4. (a) Typical impedance spectrum of a Ni/YSZ micro-patterned electrode. The ﬁt was obtained by ﬁxing the high frequency intercept and ﬁtting in the frequency range of
1 Hz–5 mHz. Insert: Equivalent circuit used for ﬁtting. (b) Electrode polarization resistance as a function of the circumference in a double-logarithmic plot. Open symbols indicate outliers
and are not included in the linear ﬁt. All closed symbols were included in a linear ﬁt. (c) Electrode conductance (inverse polarization resistance) as a function of the circumference for
nominally constant area electrodes (linear plot). The inset depicts the expected behavior of solely TPB-active electrodes with varying circumference. Fitting lines for all electrodes and
high- and low-activity regimes are also plotted; open symbols denote outliers, which were not included in the linear ﬁts. (c) Electrode conductance as a function of the area for electrodes
with nominally constant circumference. The inset denotes the expected behavior of solely TPB-active electrodes. Fitting lines for all electrodes and high- and low-activity regimes are also
plotted; open symbols denote outliers, which were not included in the linear ﬁts. The sample number in the legends (with a,b) denotes the sequence number of the (partitioned) substrate
crystal used for the sample, the letter N indicates a Ni layer. Conditions: 800 °C, H2.5W10 (2.5 kPa H2, 0.15 kPa H2O, balance Ar).

diﬀerent gas mixtures. In all cases a linear relationship between 1/RPol
and electrode area was found. From the ﬁtted slopes (denoted k) and 1/
RPol intercepts (denoted d) for diﬀerent gas mixtures, empirical reaction
orders of the electrochemical hydrogen oxidation reaction can be obtained by plotting the conductances versus px in double-logarithmic
diagrams and ﬁtting to equation (3).

As series N46 and N49a seem to be shifted from series N49b, separate ﬁtting was performed; the diﬀerence in slope between these ﬁts,
however, is not statistically signiﬁcant on the 95% level (p = 0.13).
3.4. Hydrogen and water partial pressure
Electrodes with varying area (and nominally constant circumference) were electrochemically characterized in diﬀerent atmospheres. Fig. 5 shows the area-dependence of the conductance for 3

ln(1/ R) = ln(1/ R 0) + n⋅ln(px )

(3)

Therein 1/R denotes the (geometrically nominalized) conductance,

Table 1
Linear ﬁt data of geometry dependencies in Fig. 4.
Data set
TPB length variation

Area variation

Slope

1/RPol intercept

All data

(2.7 ± 0.33)·10−5 Sm−1

High activity regime

(3.6 ± 0.31)·10−5 Sm−1

Low activity regime

(2.3 ± 0.43)·10−5 Sm−1

(5 ± 1.2)·10−7 S
CI 95% [2.9·10−7,7.8·10−7] S
(6 ± 1.1)·10−7 S
CI 95% [3.8·10−7,8.2·10−7] S
(2.3 ± 0.43)·10−7 S
CI 95% [1.4·10−7,3.3·10−7] S

All data

0.21 ± 0.025 S/m−2

High activity regime

0.23 ± 0.013 S/m−2

Low activity regime

0.194 ± 0.0046 S/m−2

49

(1.3 ± 0.13)·10−7 S
Normalized: (3.2 ± 0.32)·10−5 Sm−1
(1.51 ± 0.069)·10−7 S
Normalized: (3.7 ± 0.17)·10−5 Sm−1
(9.2 ± 0.26)·10−8 S
Normalized: (2.28 ± 0.065)·10−5 Sm−1
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px the partial pressure of the gas x and n the empirical reaction order.
For hydrogen, the empirical reaction order for the area pathway (represented by the slope) was 0.51 ± 0.053 (Fig. 6a), while the empirical reaction order for the TPB pathway (represented by the 1/RPol
intercept) was 0.39 ± 0.043 (Fig. 6d). For water, the empirical reaction orders for the area pathway were 0.35 ± 0.11 and 0.35 ± 0.11
for the TPB pathway (Fig. 6d) and area pathway (Fig. 6b), respectively.
Moreover, an equivalent oxygen partial pressure was calculated
from the H2: H2O ratios using NIST data [24] and all data points plotted
in double-logarithmic diagrams in the same way as above yielding
Fig. 6c and f. It can be seen that there is no simple linear trend neither
in the log(pO2)-log(k) nor in the log(pO2)-log(d) diagram.
3.5. Sulfur poisoning
Fig. 7a shows the inverse electrode polarization resistance of electrodes with varying area (i.e., nominally constant circumference) as a
function of the electrode area before and after 10 ppm H2S were added
to the gas feed. The slope decreases from 0.20 ± 0.016 Sm-2 in the
pristine state to 0.162 ± 0.0094 Sm-2 in the sulfur poisoned state –
corresponding to an activity decrease by ca. 20%. The 1/RPol intercept
decreases from (1.58 ± 0.081)·10−7 S to (8.2 ± 0.49)·10−8 S, which
is an decrease in activity by almost a factor of 2. This strongly diﬀerent
behavior of TPB and area pathway upon H2S poisoning clearly points

Fig. 5. Electrode conductance as a function of the area of electrodes with nominally
constant circumference for 3 gas mixtures. Conditions: 800 °C; H90W10 = 92.5 kPa H2,
0.15 kPa H2O; H2.5W10 = 2.5 kPa H2, 0.15 kPa H2O, H2.5W100 = 2.5 kPa H2,
1.5 kPa H2O.

Fig. 6. Determination of empirical reaction orders for H2 and H2O. The diagrams show the slopes and 1/RPol intercepts of measurements in diﬀerent gas atmospheres (see Fig. 7) as a
function of the respective partial pressure in double-logarithmic plots. a–c: Slopes (correspond to area pathway) as a function of hydrogen, water and equilibrium oxygen partial pressure,
respectively. d–f: 1/RPol intercepts (correspond to TPB pathway) normalized to the circumference as a function of hydrogen, water and equilibrium oxygen partial pressure, respectively.
a,d: Constant pH2O of 0.15 kPa. b,e: Constant pH2 of 2.5 kPa. For all: 800 °C, balance gas Ar.
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Fig. 7. (a) Investigation of the eﬀect of 10 ppm H2S addition on the conductance of nominally constant circumference electrodes as a function of the electrode area. Conditions: 800 °C,
2.5 kPa H2, 0.15 kPa H2O, (0.001 kPa H2S), balance Ar. (b) Arrhenius plot for the slope (k in the diagram) and 1/RPol intercept (d in the diagram). Slopes and 1/RPol intercepts were
obtained by measuring nominally constant circumference electrodes at varying temperatures and ﬁtting analogously to Fig. 6b. Conditions: H2.5W10.

(2.29 ± 0.063)·10−5 Sm−1, which is in excellent agreement with the
values
obtained
on
the
constant
area
electrodes
of
(3.6 ± 0.31)·10−5 Sm−1 and (2.3 ± 0.43)·10−5 Sm−1, respectively.
This dependency of the conductance on the area and its consistency
with the behavior of electrodes of constant area strongly supports our
interpretation in terms of an additional area-scaling reaction pathway
for the hydrogen oxidation on Ni/YSZ electrodes.

out their diﬀerent nature.
3.6. Activation energy
The electrochemical polarization resistance of electrodes with
varying area was characterized also at varying temperatures. Fig. 7b
shows the corresponding Arrhenius plot for slope and 1/RPol intercept,
which were obtained by the same procedure as discussed above (see
section 3.3). For the area pathway an activation energy of
1.04 ± 0.044 eV is obtained from Fig. 7b, while the activation energy
for the TPB pathway is determined as 1.96 ± 0.069 eV. This strong
diﬀerence in activation energy is thus another strong indication for a
completely diﬀerent rate limiting step of the two pathways for the same
net reaction (which is the H2 oxidation reaction in equation (1)).

4.2. Properties of area- and TPB length scaling pathways
4.2.1. H2 and H2O partial pressure dependency
As shown in section 3.4 the empirical reaction orders of water for
both the TPB length and area-scaling pathway are not distinguishable.
This means that previous work, irrespective of the contribution from a
possible area pathway, should be in agreement with the empirical reaction order found here. While results of Yao and Croiset (0.3 at 700 °C)
[20] as well as de Boer (0.35 at 850 °C) [21] are in good agreement with
this work, Utz and coworker (0.68 at 800 °C) [15] as well as Bieberle
and coworker (0.67 at 700 °C) [7] found diﬀerent values. Mizusaki and
coworker [4] found non-linearities in the log(1/RPol) vs. log(pH2O) plots
at lower temperatures (700 °C), which disappeared at temperatures of
800 °C and higher; they report an empirical reaction order of 0.86 at
850 °C.
In terms of the empirical reaction order of H2 a slight diﬀerence was
found between the area scaling pathway (0.51 ± 0.053) and the TPB
length scaling pathway (0.39 ± 0.043). Previous studies report smaller
values for the empirical hydrogen reaction order, ranging from −0.26
to 0.145 [4,7,15,20,21]. This substantial scattering between diﬀerent
studies, including the result in this work, seems to indicate that some
processes in the reaction cascade are inﬂuenced by yet unknown factors.

4. Discussion
4.1. Geometric correlation to reaction pathways
As mentioned above in section 1, ‘sublinear scaling’ of the inverse
polarization resistance with the TPB length (α < 1 in equation (2)) has
already been reported in literature [6,7,20]. but has not been discussed
in detail so far. This deviant behavior from the ideal linear scaling is
reproduced in this study, as shown in section 3.3, with an exponent α of
0.66. Yao and coworkers explained this deviancy by assuming an unaccounted series resistance [20].
Another explanation for this sublinear scaling can be given by a
parallel, non-TPB length dependent resistance. This hypothesis entails
that in a non-logarithmic plot of the conductance 1/RPol versus the triple
phase boundary length a linear relationship is expected to be found
with a positive conductance intercept, since conductances of parallel
resistors add up. Exactly such a linear relationship with 1/RPol -axis
intercept can be found in Fig. 6a, and as shown in Table 1 the conductance intercepts are statistically signiﬁcantly bigger than 0. It can
therefore be concluded that this parallel resistor hypothesis is plausible.
The most likely source for the additional conductance is an additional reaction pathway with a rate limiting step not located at the
triple phase boundary. Since the area is nominally kept constant in
electrodes measured in Fig. 6a a reaction pathway with a rate limiting
step scaling with the area is a reasonable hypothesis. This hypothesis
predicts a linear relationship between the area and the conductance of
electrodes with constant triple phase boundary length. The conductance
intercept in this case corresponds to the triple phase boundary activity.
Fig. 6b shows that this linear relationship with a slope > 0 indeed exists
and the normalized intercepts of high and low activity regime (see
Table
1)
amount
to
(3.8 ± 0.17)·10−5 Sm−1
and

4.2.2. Sulfur poisoning
In the sulfur poisoning experiments it was found that the TPB length
scaling pathway is signiﬁcantly aﬀected by the addition of 10 ppm H2S,
indicated by an increase in the TPB length speciﬁc resistance by a factor
of ca. 2 (see section 3.5). The eﬀect on the area scaling pathway, on the
other hand, is much smaller with an increase in the area speciﬁc resistance of only about 20%. This result not only supports the 2 reaction
pathway model of hydrogen oxidation on Ni/YSZ electrodes, but also
shows that besides the ‘classical’ TPB length scaling pathway, which is
indeed strongly aﬀected by sulfur poisoning, an additional more sulfur
resilient reaction pathway exists in the Ni/YSZ system. This characteristic of the area related path may oﬀer the possibility of obtaining
more sulfur resistant Ni/YSZ anodes for SOFCs, by tuning cermet anodes towards more area-pathway dominated kinetics.
51
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the rate limiting one. Reaction steps not causing signiﬁcant polarization
resistances are very close to the equilibrium state. These equilibria can
be inﬂuenced by the partial pressure of involved gas species, which as a
consequence can change the concentration of the reactants in the rate
limiting step and thus may also aﬀect the overall reaction rate. The
dependency on partial pressures can therefore not only provide information on the rate limiting step, but it can also yield insights into
non-rate limiting steps. This means that the almost identical water
partial pressure dependence of both pathways, even though it may
contain some statistical uncertainty, provides at least an indication for a
convergence of both reaction pathways on the water-side of the reaction chain.
Considering these thoughts, two possible reaction mechanisms for
the area pathway are suggested, which are schematically illustrated in
Fig. 8b and c. Especially the mechanisms of the area pathway, their
potential rate limiting steps, and their connection with a TPB-related
reaction pathway will be discussed in detail in the following.

4.2.3. Activation energy
The geometry dependent investigation of the thermal activation
revealed 1.96 eV and 1.04 eV for the TPB length and area scaling
pathways, respectively. Given that in previous studies a convolution of
both pathway contributions was measured, two activation energies may
be found for a given electrode geometry with the lower activation energy dominating at lower temperatures. Such a result was indeed obtained qualitatively by Yao and Croiset, although the absolute values
for the activation energy are not in accordance with this study [20].
4.3. Reaction mechanisms
4.3.1. Electrochemical reaction pathways
In this section, the above described ﬁndings will be discussed in
terms of parallel reaction pathways for the electrochemical hydrogen
oxidation on our micro-patterned Ni electrodes and their possible
connections. In the analysis of the geometry dependence of the electrode polarization resistance two parallel resistive contributions were
identiﬁed – one originating from a rate limiting step located close to the
TPB and the other one being associated to a rate limiting process scaling
with the electrode area. This situation is sketched by the equivalent
circuit in Fig. 8a. In such an equivalent circuit a parallel faradaic
pathway represents an additional possibility for the electrode reaction
to proceed. A resistance in the equivalent circuit shows that for a current ﬂow via the faradaic path an overpotential needs to be applied to
drive the reaction. This overpotential is mainly ‘consumed’ in the rate
limiting step(s) of the reaction. If the inverse polarization resistance, i.e.
the conductance, is proportional to the electrode area or to its TPB
length/circumference, this indicates that the rate limiting reaction site
is associated to the respective geometric property. Fast reaction steps
that might occur before or after the rate limiting step are, however, not
necessarily restricted to the same location. The terms TPB length and
area related pathways therefore only imply that the rate limiting step is
restricted to a suﬃciently small region at the TPB or to a site proportional to the area of the electrode, respectively. The corresponding site
of the area pathway can be either related to the Ni/YSZ interface, the
electrode bulk (including grain boundaries) or the Ni surface. Possible
mechanisms explaining the equivalent circuit in Fig. 8a thus need to
exhibit rate limiting steps with the corresponding geometry dependence.
Another experimental observation, which needs to be considered by
a reaction mechanism, is the virtually identical behavior of TPB and
area pathway on water partial pressure variation, (see section 3.4).
While the polarization resistance gives rather direct information on the
kinetics of the rate limiting step, the dependency on gas partial pressures may also be aﬀected by elementary steps prior or subsequently to

4.3.2. Proton diﬀusion path
The ﬁrst mechanism for the area pathway – sketched in Fig. 8b –
describes the dissociative adsorption of hydrogen on the Ni surface,
diﬀusion of H through the Ni ﬁlm, and charge transfer at the Ni/YSZ
interface. The formed protons diﬀuse along the Ni/YSZ interface to the
TPB, and ﬁnally recombine with oxide ions from the electrolyte to form
water, which desorbs. The assumption of such a proton transport step
along an electrode/electrolyte interface, which may sound peculiar on a
ﬁrst glance, is necessary because water would be trapped at the interface and could not escape to the gas phase. Moreover, high resolution
electron microscopy images on cross sections of our Ni thin ﬁlm electrodes reveal a ca. 1 nm thin oxidic layer at the interface (cf. ﬁg. 9 in
Ref. [21]), which may provide the required proton conductivity. Owing
to the observed area dependence, proton transport along this phase
needs to be fast, even at the macroscopic scale of the electrode size (the
maximum diameter here is 1200 μm, thus maximum diﬀusion length
for protons along the interface would be around 600 μm), which is not
unrealistic at these elevated temperatures. The convergence with the
TPB pathway, which is required to explain the observed pH2O dependence, occurs at the TPB where protons from the interface and protons
produced from charge transfer at the TPB meet, both forming water
with oxide ions from YSZ. The recombination and water desorption step
is thus identical for both pathways.
As rate limiting step of the area pathway, hydrogen adsorption/
dissociation on the surface, hydrogen diﬀusion through the bulk or a
charge transfer step at the Ni/YSZ interface could explain the observed
geometry dependence since all scale with the electrode area. The polarization resistance in case of bulk diﬀusion limitation can be obtained
by

Rdiff =

kT LD
z 2e 2 Dneq

(4)

with Rdiﬀ the polarization resistance, k the Boltzmann constant, T the
absolute temperature, z the number of transferred elementary charges,
e the elementary charge, LD the diﬀusion length, D the diﬀusion coefﬁcient and neq the equilibrium concentration of the diﬀusing species
[25]. With the diﬀusion coeﬃcient and bulk concentration of hydrogen
in nickel at 800 °C from Ref. [26] and an electrode thickness of 1.2 μm
this results in a conductance 1/Rdiﬀ = 2.8*103 Sm−2, which is 4 orders
of magnitude higher than the measured value of 0.19 S/m2. Hydrogen
diﬀusion through Ni is therefore way too fast to act as the rate limiting
step. Since dissociative adsorption of hydrogen on Ni is fast [27], a
charge transfer step at the interface appears to be the most likely rate
limiting step in this mechanism.

Fig. 8. Possible schematic reaction mechanisms for the hydrogen oxidation in Ni/YSZ. (a)
Sketch of the discussed equivalent circuit indicating diﬀerent locations of the two identiﬁed faradaic reaction pathways. (b) Proton diﬀusion mechanism (c) Oxide diﬀusion
mechanism.

4.3.3. Oxide diﬀusion path
The second mechanism reverses the role of the species. Instead of
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• The electronic conductivity in YSZ shows an activation energy of

hydrogen diﬀusing towards the Ni/YSZ interface, oxygen moves towards the free Ni surface – see the sketch in Fig. 8c. That means that
oxide ions from the electrolyte are electrochemically oxidized at the Ni/
YSZ interface, the formed O diﬀuses through the Ni electrode and recombines with H on the surface of Ni to form water. As rate limiting
steps for this area pathway charge transfer of oxide ions at the Ni/interface, oxygen diﬀusion through the Ni bulk, a reaction at the surface
or desorption of water may be considered. Using equation (4) as well as
the diﬀusion coeﬃcient and equilibrium concentration of oxygen in
Nickel from Ref. [28], an oxygen diﬀusion limited conductance of 1/
Rdiﬀ = 2.6 Sm-2 can be calculated. This value, while still being an order
of magnitude too high, could explain the experimental data, since results in Ref. [28] do not exactly correspond to measurement conditions
as they were obtained on Ni in equilibrium with NiO – i.e., under more
oxidizing conditions. Thus, the concentration of diﬀusing oxygen may
be signiﬁcantly lower for the Ni thin ﬁlms here than in case of the study
in Ref. [28], making oxygen diﬀusion a likely candidate for the rate
limiting step in this model. A similar oxygen diﬀusion pathway through
a predominantly TPB active electrode was also already found for the
system Pt(O2)/YSZ [29–31]. There, oxygen diﬀusion along Pt grain
boundaries was identiﬁed as the rate limiting elementary step for the
area dependent pathway. Since the Ni thin ﬁlms here do also contain
suﬃcient amounts of grain boundaries (cf. Fig. 2) also in this case an
oxygen transport path along Ni grain boundaries may be a feasible
explanation for the area related pathway.
A possible variant of the oxygen diﬀusion pathway could be a hydroxyl diﬀusion mechanism, which may occur in case of recombination
of O and H already within the Ni bulk. Since hydrogen diﬀusion in Ni
was shown above to be very fast under the present conditions, such a
hydroxyl diﬀusion mechanism may only be hardly distinguishable from
a “pure” oxygen diﬀusion through Ni since diﬀusion coeﬃcients of O
and OH may be similar due to their similar size.
Convergence of pathways, as suggested by the identical water partial pressure dependence, could happen at the water desorption step,
provided it occurs on the Ni surface. For the TPB related pathway this
kind of mechanism, where oxide ions diﬀuse from the oxide surface
onto the Ni surface, has been discussed in literature as ‘oxygen spillover’ [12].

•
•

Since the electronic path in the YSZ electrolyte is predicted by
conductivity values in Ref. [32] but not observed in the data in this
study, the electrons may be most likely blocked at the Ni/YSZ interface.
This could be due to a Schottky-contact between the materials creating
a highly resistive Ni/YSZ-interface while still allowing for electronic
YSZ conductivity or due to a foreign phase at the interface which blocks
electrons but is suﬃciently permeable for oxide ions. The interfacial
oxide found by TEM in a previous study on our Ni/YSZ electrodes – see
Fig. 9 in Ref. [21] – may provide such an electronically blocking layer
between electrode and electrolyte.
5. Conclusions
In this study, micro-structured Ni thin ﬁlm electrodes on YSZ were
employed to investigate reaction pathways for hydrogen oxidation. In
order to achieve statistically sound conclusions a signiﬁcantly larger
sample size was measured than usually used in literature.
Measurements on electrodes with varying TPB length but nominally
constant area revealed a TPB length speciﬁc inverse polarization resistance of 2.7·10−5 Sm−1 at 800 °C (2.5 kPa H2, 0.15 kPa H2O, balance
Ar). Owing to its geometry dependence this conductance can be concluded to originate from an electrochemical reaction pathway with a
rate limiting step located close the TPB. Besides, the electrode's TPB
activity showed a bimodal distribution with TPB length speciﬁc conductances of 3.6·10−5 Sm−1 and 2.3·10−5 Sm−1 for the high and low
activity regime, respectively.
In addition to the TPB length process an additional conductance,
statistically signiﬁcantly larger than 0, was found. By measurements on
electrodes with constant TPB length but varying area, the additional
contribution to the electrode activity could be attributed to a process
proportional to the electrode area with an area speciﬁc conductance of
0.194 Sm-2. This additional area related conductance can therefore be
interpreted as a parallel reaction pathway, with a rate limiting step
located either on the Ni surface, in the Ni bulk or at the Ni/YSZ interface.
It could be clearly shown that this newly discovered reaction
pathway shows diﬀerent electrochemical behavior than the TPB
pathway. The activation energy of the area scaling pathway was found
to be 1.04 eV, while the TPB length scaling pathway was activated with
1.96 eV. The eﬀect of adding 10 ppm H2S to the atmosphere was more
severe for the TPB scaling pathway (polarization resistance increase by
about a factor of 2) than for the area scaling one (polarization resistance
increase by ca. 20%). Also, while no diﬀerence in the empirical reaction
order for water was found (0.35 for both pathways), a small diﬀerence
for the hydrogen reaction order was found (0.51 for the area pathway,
0.39 for the TPB pathway).
Two reaction mechanisms appear to be the most plausible explanations for the observed area scaling pathways: One feasible

4.3.4. Electronic conductivity in YSZ as a potential artifact mimicking a
parallel electrode pathway
While YSZ is widely known to be an electronically blocking and
ionically conducting material, a certain residual electronic conductivity, especially in reducing atmospheres, can be found, see e.g.
Ref. [32]. This electronic conductivity provides a parallel electronic
pathway from the working to the counter electrode that could feign a
parallel electrochemical reaction pathway. Since the electrons in the
electrolyte spread the same way ions do, the expected electronic parallel resistance can be calculated via the relation

σeon
R
= ion
σion
R eon

3.88 eV [32] which does not explain the observed activation energy
of 1.04 eV for the area pathway in the present experiments. Hence,
at 650 °C the measured polarization resistance of 24 MΩ does not ﬁt
the calculated value of 650 MΩ.
Moreover, the electronic conductivity in YSZ is predicted to be
proportional to pO2−1/4. While this relationship has been found in
the hydrogen partial pressure variation, (hydrogen reaction order of
0.51 is equivalent to pO2−0.26), the dependence on the water partial
pressure clearly deﬁes this prediction.
Finally, a diﬀerent geometry dependence is expected, because for
circular electrodes the inverse spreading resistance is proportional
to the diameter of the electrode [23,34]. Since the shape of the investigated electrodes is relatively close to circles, a non-linearity
between area and inverse polarization resistance would result in
case of electronic conductivity in YSZ playing a role, which was not
found experimentally.

(5)

with σ the ionic and electronic conductivity and R the ionic and electronic spreading resistance, respectively. For 800 °C and a pH2:pH2O
ratio of 2.5/0.15 the conductivities are σe = 1.24·10−6 Scm−1 [32], and
σi = 0.0392 Scm−1, [33]. At this temperature an ionic spreading resistance of Rion = 125 Ω was measured on the largest electrode with
nominally constant circumference (high frequency intercept of the
impedance spectrum, see section 3.2). From these values an electronic
spreading resistance of 3.9 MΩ follows from equation (5). This
spreading resistance is in remarkable agreement with the observed
polarization resistance of the area pathway of ∼4.4 MΩ (TPB pathway
share not included). There are, however, several objections to the hypothesis that the area scaling pathway originates from electronic conductivity in the YSZ:
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reaction pathway is adsorption of hydrogen on the Ni surface and H
diﬀusion through the electrode to the Ni/YSZ interface where charge
transfer takes place. The protons then diﬀuse to the TPB along the
electrode interface where they recombine with oxide ions to form
water. For this lateral proton diﬀusion a foreign phase at the interface
may play an important role. Another very likely possibility is that oxide
ions from the YSZ electrolyte get oxidized at the Ni/YSZ interface diffusing as O through Ni to the electrode surface where they react with
adsorbed hydrogen to form water.
Since this newly discovered area scaling pathway shows more sulfur
resilience compared to the TPB scaling pathway, research in origins of
and inﬂuences on the pathway may lead to more sulfur resilient SOFC
anodes, e.g. by respective optimization of the microstructure of Ni/YSZ
cermet anodes, doping of the Ni metal or by modiﬁcations of the Ni/
electrolyte interface, which may enhance the electrochemical performance of this additional pathway.
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