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ABSTRACT: Due to their fuel flexibility and high efficiency, solid oxide cells are a
promising technology for sustainable energy production and storage. Nickel in
combination with yttria-stabilized zirconia (YSZ) or gadolinium-doped ceria (GDC),
forming Ni-YSZ or Ni-GDC cermets respectively, are the most widely adopted
electrodes in solid oxide fuel cell fabrication. Currently, there is an increasing interest
in cermet electrodes for hydrogen generation through high temperature steam
electrolysis using solid oxide electrolysis cells (SOECs). However, durability remains
a major issue for reliable operation of SOEC systems. A variety of processes
accountable for permanent performance degradation of SOECs has been identified
based on post-mortem cell analysis. Besides, transient/reversible degradation
processes are typically examined by indirect methods, like impedance spectroscopy.
The reason is that the application of material characterization techniques during
SOEC operational conditions is challenging. In this work we provide a direct
correlation between Ni-YSZ and Ni-GDC electrode surface oxidation states and their performance during steam electrolysis
using operando experimental evidence provided by near ambient pressure X-ray photoelectron and near edge X-ray absorption
fine structure spectroscopy. We show that nickel surface oxidation may induce significant performance degradation in Ni-YSZ
cathodes while, on the contrary, having minor effects in Ni-GDC. Remarkably, we found that in the case of Ni-GDC electrodes,
small modification of the GDC oxidation state can have an important impact on the electrolysis performance. The results
highlight the crucial role of the cathode electrode surface oxidation state on the SOEC functionality and have potential
implications for the design and operation strategies of more efficient and durable SOEC devices.
KEYWORDS: solid oxide electrochemical cells, steam electrolysis, cermet electrodes, doped ceria, near ambient pressure XPS,
hydrogen production, deactivation

1. INTRODUCTION

Economically competitive hydrogen production using renew-
able and sustainable energy sources has been a long-standing
goal in energy research.1 Among the various hydrogen
production technologies, water electrolysis is particularly
attractive since it can be used to store surplus renewable

electricity created by wind or solar power sources.2,3 Solid oxide

electrolysis cells (SOECs) are high temperature electro-
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chemical devices in which water dissociates to hydrogen and
oxygen under an applied potential.4 SOECs have great promise
as a hydrogen production technology due to the fact that the
demand in electrical energy is reduced with temperature,
allowing high electrical-to-chemical energy conversion efficien-
cies.5

Enhancing the efficiency of cathode materials in hydrogen
production is recognized as one of the greatest challenges for
SOEC technology. Currently, the most commonly used SOEC
cathode is nickel mixed with yttria-stabilized zirconia (YSZ)6

due to its low cost, high electron conductivity, and thermal
compatibility with other cell components.7 The role of Ni is
mainly to provide the electrocatalytic sites and electronic
conductivity, while YSZ conducts oxygen ions into the
electrolyte and secures the mechanical stability of the
electrode.8 Since YSZ exhibits negligible electrocatalytic
activity toward water dissociation, the electrochemical
reactions mainly occur in the vicinity of Ni, YSZ, and fuel
gas (three-phase boundaries, 3PB).8 Therefore, replacing YSZ
with a porous mixed ionic-electronic conductor (MIEC)
material, which can also act as the electrocatalyst, has been
considered as a method to increase the reaction sites of the
electrodes. Doped ceria (DC) is probably the most suitable
MIEC material for this purpose, since it combines good
electronic and ionic conductivities with high electrochemical
activity.9 The electrochemical reaction sites over DC are not
limited in the 3PB with nickel but are extended to the entire
DC surface.9

A major drawback of SOECs devices is the insufficient long-
term stability of their performance.10 Several processes have
been held accountable for SOEC degradation. The best
studied among them are morphological and microstructural
modifications of the cathode electrode typically occurring after
long-term operation. Characteristic examples are micro-
structure changes induced by sintering, reaction site blocking
by impurities and electrode delamination. This kind of
modifications are most of the time irreversible and can be
displayed by post mortem microscopy images of the cell.11,12

In addition, changes of the chemical composition and the
oxidation state of the cathode electrode have been also
reported to induce deactivation.13 Oxidation of nickel to NiO
or Ni(OH)2 may occur when the cell is operating under low
H2 production and high steam concentration conditions,14 by
air leaks in the fuel circulation system, or even after long-term
operation. Extended nickel oxidation or bulk NiO formation
has an evident macroscopic influence on the cell (e.g., micro
cracks, coarsening, etc.), due to the large Ni−NiO volume
change.15 Moreover, under mild oxidative conditions an NiO
layer can be formed on top of the Ni phase affecting the cell
performance.13 This kind of degradation is usually reversible,
and the performance is improved upon reduction of nickel,
challenging its detection by post-mortem cell analysis.16 Much
less is known about the chemical state of ceria in Ni-GDC
electrodes, but since oxygen vacancies are considered as the
electrochemically reactive sites, a mixed Ce3+/Ce4+ oxidation
state is usually assumed.17 The electrochemical methods
typically employed for in situ analysis of SOECs, for example
impedance spectroscopy measurements, cannot provide
analytical evidence about the oxidation state of each electrode
components, therefore the correlation between the SOEC
performance and the electrode chemical state remains
elusive.13,18

Recently significant efforts have been put forward to apply
material characterization techniques to analyze SOEC electro-
des under working conditions16,19−27 and ascertain with
certainty the degradation paths of their performance. In our
previous study of water electrolysis over Ni gadolinium doped
ceria (Ni-GDC) it was shown by using operando surface
sensitive spectroscopies that maintaining nickel in a partial
oxidation state is not always detrimental for steam electrolysis.
On the contrary under certain operating conditions, a core−
shell morphology consisting of a surface Ni−CeO1.5 skin and
an interior NiO−CeO2 backbone can be beneficial.16 Reduced
ceria, in the form of CeO1.5 was also found to be very active for
methane electro-oxidation in case of Ni-GDC in fuel cell
operation.28

In the present work we pursuit this effort and investigate
SOEC cells with Ni-YSZ and Ni-GDC cathode electrodes
using in situ synchrotron X-ray photoelectron and absorption
spectroscopies under near ambient pressure conditions. We
explore the influence of the cathode surface oxidation state on
the electrochemical properties of the cell during steam
electrolysis. Similar nickel surface oxidation is detected for
Ni-YSZ and Ni-GDC electrodes in steam electrolysis upon O2
introduction with widely different overpotential changes. On
the other hand, we demonstrate that the surface oxidation state
of GDC is critical for the SOEC performance, which ultimately
can help toward new SOEC electrodes development strategies.

2. EXPERIMENTAL SECTION
2.1. Three-Electrode Cell Preparation and Characterization.

Two types of electrolyte supported electrochemical cells, with
different working, but identical counter and reference electrodes,
were fabricated for this study. The NiO-YSZ (Fuel Cell Materials,
66:34 wt %, 8-mol % Y2O3-doped ZrO2) and NiO-GDC (Marion
Technologies, 65:35 wt %, 10-mol % GdO2-doped CeO2) working
electrodes were applied using the screen printing technique directly
on YSZ pellets (Kerafol GmbH, 8YSZ) of 150 and 300 μm thickness,
respectively.29,30 Subsequently, the NiO-YSZ and NiO-GDC half cells
were fired at 1350 and 1150 °C respectively, which lead to porous
cermet electrodes with a thickness of about 40 μm for both cell types.
Platinum was chosen for the reference and counter electrodes due to
its known performance stability in oxidizing and reducing environ-
ments.31 The Pt counter electrode was painted using platinum paste
(ESL, 542-DG) opposite to Ni-GDC or Ni-YSZ electrodes with
similar symmetrical shape and surface area to them. The Pt reference
electrode was on the same side as the counter electrode separated by a
gap of about 3 mm. The area ratio between counter and reference
electrodes was approximately 5 to 1. A reference symmetric cell
composed exclusively of Pt electrodes was also fabricated and tested
in order to address possible effects of oxygen addition to the reaction
kinetics. Electrochemical experiments were also performed on
commercial prefabricated NiO-YSZ//YSZ and NiO-GDC//YSZ
half cells (Kerafol GmbH, both 150 μm YSZ) in a laboratory
reactor32 which could operate at conditions similar to those of the
synchrotron experiments. The aim was twofold: first to confirm that
the electrochemical response of the cells under the employed reaction
conditions is a general characteristic of the cermet electrodes and to
perform EIS characterization of the cells without the time restrictions
applied in synchrotron-based experiments. These experiments
confirmed the reproducibility of the electrochemical performance,
while the EIS spectra and the scanning electron microscopy (SEM)
micrographs presented in this work were recorded using these cells.
The surface morphology was inspected by SEM using a Zeiss
GeminiSEM 500 microscope. Energy-dispersive X-ray spectroscopy
(EDXS) mapping was combined with the SEM images to resolve the
different elements on the surface of the electrodes.

2.2. Synchrotron Based Experiments. In situ near ambient
pressure X-ray photoelectron and near edge absorption fine structure
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spectroscopies (NAPXPS and NEXAFS, respectively) were performed
at ISISS beamline at BESSY synchrotron radiation facility at the
Helmholtz-Zentrum-Berlin.33 Cells with ca. 0.3 cm2 geometric surface
area were mounted between two stainless steel clamps; the one at the
top with a 4 mm diameter slit and the other at the bottom was
separated in two stainless steel plates for the reference and the
counter electrodes, respectively. The stainless steel clamps were also
used as the current collectors, and they were connected through two
ball pressed screws with the potentiostat. Heating was performed from
the rear side using an IR-laser, while the temperature was monitored
at the center of the working electrode by a pyrometer. The gas flow
into the reaction cell was controlled by mass flow controllers while the
gas phase was monitored by an online quadrupole mass spectrometer
(QMS). Electrical potentials were applied between the working and
the counter electrodes and the current flow was measured using a
computer controlled VersaSTAT3-200 potentiostat/galvanostat
(Princeton Applied Research). The working electrode was grounded
and the bias voltage was applied on the counter electrode. Initial
annealing of the cells in 0.5 mbar O2 was used prior to spectroscopic
measurements to eliminate residual carbon from the surface. After this
procedure the C 1s signal was within the noise level during all
experiments. Unless otherwise stated, the total pressure during the
experiments was kept constant at 0.5 mbar. No significant electrostatic
charging was observed under the employed temperature and pressure
conditions. The average thickness of the NiO overlayer formed over
the metallic nickel particles core was determined by the Ni 2p
photoelectron peak intensity using the simplified formula described in
ref 34.
2.3. Description of the in situ Electrochemical Experiments

with O2 Introduction in the H2O/H2 Feed. The degradation tests
in the presence of O2 were performed following a similar experimental
routine for both cell types. The electrodes were initially reduced in H2
at 640 °C and then the gas feed switched to 75% H2O/25% H2 and a
constant current between the cathode and the anode at 640 °C
(electrolysis conditions) was applied. Gradually and without changing
the operation conditions otherwise, different amounts of O2 (from 3%

up to 17%) were introduced in the H2O/H2 mixture keeping the
overall pressure constant at 0.5 mbar. The degradation of the cell was
evaluated by measuring the potential change between working and
reference electrodes. This potential is corrected for the ohmic drop
(given by the high frequency cut off in the impedance spectra
measured at identical conditions) and is presented as the over-
potential. The electrochemical impedance spectra (EIS) were
measured in galvanostatic conditions (20 mA) with frequency range
from 10 mHZ to 100 kHz (for Ni-GDC electrode) or 500 kHz (for
Ni-YSZ electrode) and a signal amplitude of 2 mA. To compare the
cells with Ni-YSZ and Ni-GDC electrodes the percent increase of the
potential as compared to its initial values (before O2 introduction)
was calculated. Please note that prior to the introduction of O2 the
sample was kept to the same conditions for about 1 h in order to
stabilize the potential.

3. RESULTS

3.1. Effect of Nickel Oxidation on the Cell Perform-
ance. The reduction kinetics of nickel oxide (NiO) in H2 are
extremely fast, especially at high temperature; therefore, NiO
reduces to metal within few seconds in the H2O/H2
mixture.16,29,35,36 In order to investigate the effect of nickel
oxidation during steam electrolysis, O2 was co-introduced with
H2O/H2 at constant current operation conditions. Nickel
oxidation is expected to be homogeneous into the whole
cermet volume, since at intermediate temperatures (<700 °C)
the oxidation process is not limited by the O2 gas diffusion.

37

Accordingly, the NAP-XPS spectra recorded on the surface of
the cathode are representative also for the chemical state at the
interface with YSZ electrolyte. Below we describe the
experiments performed at two cells utilizing Ni-YSZ and Ni-
GDC electrodes, respectively.

3.1.1. Ni-YSZ Cathode. Figure 1a shows the evolution of the
Ni-YSZ/YSZ/Pt cell overpotential and the QMS signal of m/e

Figure 1. (a) Time evolution of the Ni-YSZ cathode overpotential (black line) and the on line mass spectrometer signal of oxygen (pink line)
measured at constant current of −100 mA/cm2 while different concentrations of O2 were introduced in the H2O/H2 feed. The temperature was
kept constant at 640 °C. (b) Ni 2p NAP-XPS spectra recorded during characteristic moments of the conditions appearing in part a. Two Ni 2p
components were used to fit the spectra corresponding to metallic Ni (green) and oxidized NiO (pink).
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32 (oxygen) as a function of time. A constant current of −100
mA/cm2 was applied at the Ni-YSZ cathode while the 3/1
H2O/H2 mixture composition and the overall pressure were
maintained throughout the experiment. Initially under H2O/
H2 flow the overpotential is stabilized at ca. 0.9 V after a short
transition period of about 15 min. The introduction of O2 in
the H2O/H2 feed induces significant cell deactivation as
indicated by the gradual increase of the overpotential. A clear
trend between the increase of O2 partial pressure and the
overpotential can be established, while the process is reversible
and the potential recovers when O2 was switched back to lower
pressure (around 210 min in Figure 1a). Characteristic Ni 2p
NAP-XPS spectra collected at various stages of the experiment
are shown in Figure 1b. Based on earlier photoemission studies
the Ni 2p peak can be deconvoluted into two components; one
sharp Ni 2p3/2 peak around 853 eV which corresponds to
metallic Ni, and a broader Ni 2p3/2 feature at 856 eV associated
with oxidized Ni.38−40 The spectrum recorded in the H2O/H2
is exclusively due to metallic Ni, while upon co-feeding of O2
the characteristic peak of oxidized Ni appears. The
contribution of the NiO-related component to the overall Ni
2p spectrum increases with the O2 partial pressure. Please note
that the Ni 2p3/2 peak at 853 eV does not exhibit the
distinctive shoulder at about 854.5 eV typically observed of
stoichiometric NiO.41 This fact suggests that the structural and
electronic properties of oxidized Ni differ from those of bulk
NiO material. However, for simplicity we will refer to the
oxidized Ni as NiO.
3.1.2. Ni-GDC Cathode. The influence of nickel oxidation

on the Ni-GDC cathode performance was examined on a Ni-
GDC/YSZ/Pt cell following a procedure similar to Ni-YSZ.
The overpotential and m/e 32 QMS signal recorded at −100

mA/cm2 and at various O2 concentrations in the H2O/H2
mixture are shown in Figure 2a. Surprisingly, while the increase
of the O2 partial pressure in the H2O/H2 feed is manifested by
the online QMS signal, the overpotential change is minor in
comparison to the Ni-YSZ electrode. As shown by the real
time NAP-XPS spectra in Figure 2b, the evolution of NiO
component in the Ni 2p peak follows the O2 partial pressure
confirming that nickel is gradually oxidized by gas phase O2,
similar to Ni-YSZ. Thus, surface NiO formation has only a
modest effect on the Ni-GDC cell overpotential as compared
to Ni-YSZ cell.
Comparison of the Ni 2p spectra of the two electrodes

(Figure 1b and 2b) shows that nickel oxidation starts at lower
O2 concentration for Ni-YSZ as compared to Ni-GDC. This
divergence might be attributed to differences in the micro-
structure and/or in the ability of nickel to chemisorb and
dissociate oxygen species from the gas phase, which are known
factors affecting nickel oxidation.42−44 One can argue that the
preparation and the pretreatment of the two electrodes affect
differently the nickel microstructure and surface sites and in
turn, influences the oxidation kinetics. However, the observed
differences are restricted at the initial oxidation stages, while at
higher O2 concentration nickel oxidation is similar for both
electrodes.

3.1.3. Stability of Pt Electrodes. In order to ensure the
chemical stability of Pt electrodes in the presence of O2, in a
separate experiment the Pt 4f spectra of the counter electrode
under similar conditions were measured by NAP-XPS (see
Supporting Information (SI) 1). These experiments show that
Pt is metallic under all tested conditions and its oxidation state
is not affected by the applied current or by gas phase O2. Apart
from the chemical stability of Pt we also tested the influence of

Figure 2. (a) Time evolution of the Ni-GDC cathode overpotential (black line) and the online mass spectrometer signal of oxygen (pink line)
measured at constant current of −100 mA/cm2 while different concentrations of O2 were introduced in the H2O/H2 feed. The temperature was
kept constant at 640 °C. (b) Ni 2p NAP-XPS spectra recorded during characteristic moments of the conditions appearing in part a. Two Ni 2p
components were used to fit the spectra corresponding to metallic Ni (green) and oxidized NiO (pink).
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O2 addition on the electrochemical reaction kinetics,
considering that O2 is the product of oxygen ion oxidation at
the anode and by introducing it in the feed we change the
reaction equilibrium. For this purpose we prepared symmetric
electrochemical cells where Ni-YSZ was replaced by a Pt
electrode. Since, as shown in SI 1, the Pt oxidation state is not
influenced by the introduction of O2 in the feed, this
experiment can indicate a possible influence of the reaction
kinetics on the overpotential on chemically stable electrodes.
In SI 2, we show that the addition of O2 in the H2O/H2 feed
does not have an evident effect on the measured overpotential
when a symmetric Pt cell is used, and accordingly, its effect on
the electrochemical reaction kinetics should be neglected.
Therefore, since O2 addition has no measurable effects on the
chemical state of Pt counter/reference electrodes and the
reaction kinetics, the overpotential increase observed upon
introduction of O2 should be correlated to the distinct
modifications observed on the cathode chemical state.
3.2. Effect of the Oxidation State of the Ceramic Part

on the Cell Performance. Having shown that the surface
oxidation state of nickel has distinctly different impact on Ni-
YSZ and Ni-GDC electrodes, we explore now the effect of the
chemical state of the ceramic part. In the case of Ni-YSZ, the
Zr 3d core level peak (SI 3) is characteristic of doped YSZ.29,45

The spectrum shifts to higher binding energy under polar-
ization as compared to open circuit; however, the peak shape is
not affected by the applied current or the presence of O2. The
observed binding energy shift is induced by changes of the
overpotential across the Ni/YSZ electrochemical interface as
has been demonstrated in previous photoemission studies.46,47

The stable Zr 3d peak shape is in agreement with reports
suggesting that the chemical state of YSZ is not influenced by
the applied current or the presence of O2.

29 The high thermal
and chemical stability of the YSZ surface support the
hypothesis that the performance of the cell with Ni-YSZ
cathode is primarily related to the oxidation state of nickel.
In the case of the Ni-GDC electrode the analysis of the Ce

3d spectrum prior to current application shows that GDC
contains contributions of both Ce3+ and Ce4+ cations (Figure
3) in accordance with several previous reports of ceria in H2O/
H2 mixtures.16,25,40,48,49 The ratio between Ce3+ and Ce4+ does
not change appreciably with the applied current, yet upon O2
introduction, a small, but consistent, increase of the Ce4+

component is observed in the Ce 3d spectrum of Figure 3.
This can be clearly seen also in the Ce M5-edge NEXAFS
spectrum shown in SI 4. Although the ceria oxidation state in
the presence of O2 is much less influenced as compared to
nickel, according to previous findings its impact on the
electrode activity might be substantial.28,48,50

However, given that the introduction of O2 in the H2O/H2
mixture influences the chemical state of both nickel and GDC
areas, the impact of the GDC oxidation state cannot be safely
evaluated from the above presented results. In order to
maintain nickel in a stable oxidation state while varying that of
GDC, we take advantage of the much slower kinetics of ceria
reduction in H2O/H2 mixture as compared to nickel oxide.40

In particular, a preoxidized Ni-GDC electrode was exposed to
H2O/H2 atmosphere and almost instantly an electrical current
of −100 mA/cm2 was applied while Ce 3d spectra were
collected in short time periods (ca. every 10 min). Figure 4a
presents the evolution of the overpotential as a function of
time recorded in this experiment. It is clear that within the first
40 min the overpotential decreased around 200 mV, while a

plateau of about 750 mV was reached after 1 h. The Ni 2p3/2
spectrum recorded in H2O/H2 mixture prior to current
application shows a characteristic peak of metallic Ni (Figure
4b). This confirms that NiO which is formed during the
preoxidation step is reduced almost instantly to the metallic
state upon introduction of H2O/H2. On the other hand, the Ce
3d peak shape is modified (Figure 4b), which according to the
fit process is due to the relative increase of the Ce3+ species
(for more details please refer to SI 5). The noticeable
agreement between the formation of Ce3+ and the improve-
ment of the cell performance becomes evident in Figure 4a,
where the evolution of ceria oxidation state is compared with
the cell overpotential.
Despite the fact that in the above-described dynamic

experiment the oxidation state of Ni was constant, the Ni
2p/Ce 3d peak area ratio (SI 6) decreased with time. This
indicates losses of nickel surface area16,40 which can potentially
influence the Ni-GDC electrode performance. The two
primary factors contributing to the changes of the Ni 2p/Ce
3d peak area ratio are the modification in the volume of nickel
and ceria particles and the mutual surface segregation between
them, as described elsewhere.16,28 In order to stabilize the
electrode morphology the cell was annealed at 810 °C in H2O/
H2 for about 6 h. This treatment decreased the Ni/Ce ratio by
about 40% (from 5.9 to 3.7); however, it stabilizes it during the
following tests. High temperature pretreatment in H2/H2O
induces also a significant reduction of GDC as evident by the
increase of Ce3+ to Ce4+ ratio from 0.57 to 1.54. Figure 5
correlates the ceria oxidation state and the cell overpotential
for practically stable electrode morphology (as shown by the
almost fixed Ni/Ce ratio). The different ceria oxidation states
were obtained either by subjecting the sample in O2 prior to
the electrochemical reaction or by in situ transformation of
GDC during electrochemical testing (the conditions of each
measuring point are included in Figure 5 and explained in SI
7). In all cases the cell was measured under identical

Figure 3. NAP-XPS Ce 3d spectra measured on the Ni-GDC cathode
electrode in 0.5 mbar H2O/H2 at 640 °C ( f rom bottom to the top) at
open circuit, application of −100 mA/cm2 and application of −100
mA/cm2 and cofeed of O2. Two Ce 3d components were used to fit
the spectra corresponding to Ce3+ (blue) and Ce4+ (red) oxidation
states.
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electrolysis conditions (in H2O/H2 mixture at −100 mA/cm2).
In this way we were able to monitor the effect of ceria
oxidation state over a morphologically stable Ni-GDC
electrode. A monotonic inverse correlation of the ceria
oxidation state with the overpotential is observed with a
significantly higher Ce3+/Ce4+ ratio (more reduced ceria) to be
favorable to lower electrolysis overpotentials.

3.3. Morphology of the Tested Cells. The SEM
micrographs recorded on the surface of the two electrodes
after the oxidation tests are presented in Figure 6 and in SI 8.
Both electrode types show a typical cermet structure with high
porosity and distinctive grains of nickel and ceramic phases, in
the size range of 1−5 μm. The nickel and ceramic parts of the
electrode are distinguished by the EDX analysis and can be
seen in the higher magnification images. The nickel particles
for both electrodes appear rough and also include some
irregular-shaped pores on their surface. Although nickel
particles look similar in both electrode types, the morphology
of the ceramic parts differs. The YSZ areas (Figure 6a) do not
contain pores but have clearly distinguished boundaries
between the sintered YSZ grains. On the other hand the
GDC (Figure 6b) is evidently more porous as compared to
YSZ, indicating that GDC areas of the electrode are composed
by a network of smaller GDC particles. Therefore, one can
argue that even if nickel and ceramic weight percent
composition is similar in the two electrodes, the surface area
of GDC should be considerably higher than that of YSZ due to
the porous morphology of the former. Consequently, the
higher population of electrochemically active sites is expected
for Ni-GDC as compared to the Ni-YSZ electrode. Likely, this
might justify lower overpotential of Ni-GDC cell as compared
to Ni-YSZ for the same current densities in Figures 1 and 2.
Nevertheless, comparison of the SEM images of Ni-YSZ and
Ni-GDC spent electrodes reveals no discernible morphological
differences, at least in the nickel areas. Accordingly the
differences in the electrochemical response of the two
electrodes observed upon nickel oxidation cannot be justified
by analogous differences in the surface structure, leaving the

Figure 4. Reduction of Ni-GDC electrode (a) time evolution of the
Ni-GDC/YSZ/Pt cell overpotential (solid black line) and the
evolution of Ce3+/Ce4+ components ratio (blue points) as derived
by the analysis of the corresponding NAP-XPS Ce 3d spectra.
Measurements were performed on preoxidized Ni-GDC cathodes in
3:1 H2O/H2 gas mixture at 640 °C and at constant current of −100
mA/cm2. The blue color background represents the uncertainty in the
calculation of the Ce3+/Ce4+ ratio mainly related to the deconvolution
procedure. (b) Characteristic Ni 2p3/2 and Ce 3d NAP-XPS spectra in
H2O/H2 before and after current application. Two Ce 3d components
were used to fit the spectra corresponding to Ce3+ (blue) and Ce4+

(red) oxidation states of ceria.

Figure 5. Correlation of GDC oxidation state as expressed by the Ce3+/Ce4+ ratio and the corresponding Ni 2p/Ce 3d peak area ratio obtained by
the analysis of Ce 3d and Ni 2p NAP XPS peak as a function of the overpotential. The measurements were performed on Ni-GDC cathodes in 3:1
H2O/H2 gas mixture at 640 °C and at constant −100 mA/cm2 current after cell pretreatment at the indicated conditions.
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changes of the surface oxidation state as the most plausible
explanation of the electrochemical performance.

3.4. Comparison of Ni-YSZ and Ni-GDC Electro-
chemical Performance. Comparison of Figures 1 and 2
suggests that Ni-YSZ and Ni-GDC electrodes respond
differently to surface NiO formation. The effect of nickel
oxidation on the overpotential of the two electrodes is directly
compared in Figure 7a, showing the percent increase of the
overpotential as a function of the nickel oxidation state and the
average NiO film thickness. The latter was calculated by the
analysis of the Ni 2p spectra recorded in the course of the
experiment.34 A monotonic increase of the overpotential with
nickel oxidation is observed for both electrodes, but in the case
of Ni-YSZ, the overpotential increase is considerably higher.
This is a quite substantial difference which indicates that the
role of nickel during water electrolysis might vary in the two
cermet electrodes.
Electrochemical impedance spectroscopy (EIS) is often used

in order to distinguish the contribution of different cell
components or processes to the total electrode impedance.
The EIS spectra of Ni-YSZ and Ni-GDC electrodes measured
in H2O/H2 (3/1) and H2O/H2/O2 (3/1/1) feeds are
compared in the Nyquist plots given in Figure 7b and c,
respectively. The Nyquist plots of both electrodes consist of
two main semi circles. The depressed high frequencies arc is
attributed to the electrolyte (YSZ) bulk impedance, while the
low frequency arc corresponds to processes taking place at the
cathode, typical for low temperature cell operation.27 It can be
seen that the EIS spectra of Ni-YSZ and Ni-GDC electrode
cells in H2O/H2 are different, while they also respond
differently when 20% of O2 is added into the H2O/H2 flow.
Commonly, in the Nyquist plot the high frequency intercept of
the real axis represents the ohmic resistance (ROhm), while the

Figure 6. Characteristic SEM micrographs of the surface of (a) Ni-
YSZ and (b) Ni-GDC electrodes recorded after the oxidation tests.

Figure 7. (a) Comparison of the percent overpotential increase of cells with Ni-YSZ and Ni-GDC cathode electrodes as a function of the relative
amount of NiO and the average NiO film thickness (derived by the analysis of the corresponding NAP-XPS Ni 2p spectra recorded using 1320 eV
photon energy). Measurements were performed at 640 °C and at constant current of −100 mA/cm2 while different concentrations of O2 were
introduced in the H2O/H2 feed. Impedance spectra presented in Nyquist form, obtained under constant applied current of −100 mA cm−2 at 640
°C in H2O/H2 (3/1) and H2O/H2/O2 (3/1/1) at total pressure of 0.5 mbar from two electrochemical cells with (b) Ni-YSZ and (c) Ni-GDC
working electrodes. In both cells, Pt counter and reference electrodes with identical geometry were used.
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difference between the high frequency and low frequency
intercepts represents the electrode polarization resistance (Rp).
The ROhm includes both electronic and ionic resistances, while
Rp reflects the reaction kinetics typically influenced by
electrochemical, gas diffusion, and conversion resistances. It
can be seen that in case of Ni-YSZ electrode (Figure 7b) the
ROhm increases about 0.7 Ohm cm2 when 20% of O2 is added
to the H2O/H2 flow. This suggests lower electronic and ionic
conductance of the electrochemical cell after oxidation. In
addition, O2 induces an increase of 1.1 Ohm cm2 at Rp which
can be assigned to the deterioration of the reaction kinetics.
With respect to the Ni-GDC electrode, oxidation of nickel

increases the ROhm by about 0.5 Ohm cm2, but Rp remains
practically stable and is independent of nickel oxidation state.
This result signifies that surface NiO formation modifies the
conductance of the Ni-GDC electrode but, contrary to the Ni-
YSZ, does not influence the reaction kinetics. Since apart of the
cathode electrode, both cells have the same configuration, it is
reasonable to assume that the surface oxidation state of nickel
affects the electrical conduction of both cermet electrodes but
is not a crucial factor of the electrocatalytic activity of Ni-GDC,
probably due to a compensation brought by the charge change
in the Ce4+/Ce3+ couple.

4. DISCUSSION
The above-described results suggest that the cathode surface
chemical state is a crucial element of the SOEC electro-
chemical performance during steam electrolysis. The key
processes taking place during steam electrolysis over the two
cermet electrodes under reduced and partially oxidized
conditions are schematically illustrated in Figure 8. Nickel

oxidation is a known cause of cell deactivation, due to the
lower NiO electrical conductivity and mechanical problems
caused by volume expansion, but the specific effect of nickel
surface oxidation on the nm-scale is revealed here for the first
time. Previous H2 electroxidation studies over GDC-based
electrodes proposed that the reaction is predominately taking
place at the ceria/gas 2PB and in a much lesser extent on the
oxide/metal/gas 3PB.9 GDC, as an MIEC material, is able to
conduct both oxygen ions and electrons. As a result, the

electrocatalytically active reaction sites are extended to the
entire GDC/gas interface. However, as mentioned above, the
performance of the cell is not only a factor of the
electrocatalytic activity but also of the electrical losses of the
cell, which are reflected by the electrical conductance. Here we
provide direct evidence that a few nm thick layer of NiO over
metallic Ni particles of the Ni-GDC cermet has a small, but not
negligible, effect on the electrical performance. This is
consistent with the higher electronic conductivity of metallic
nickel as compared to ceria, which is suppressed upon nickel
oxidation influencing the cathode conductance.
Another remarkable result of this study is that small changes

of ceria surface oxidation state in the GDC parts may notably
influence the cell overpotential. Despite the fact that previous
studies have shown that ceria is maintained in a mixed Ce3+/
Ce4+ state during electrolysis conditions,16,50 this is the first
time that the GDC valence state is directly correlated to the
electrolysis performance of Ni-GDC. In particular, we found
that reduced surface Ce3+ sites are beneficial for the cell
performance. This result is not yet fully understood but it is
most probably related to the increase of the concentration of
oxygen vacancies and polarons (Ce3+) accompanying the
reduction of GDC, which act as new electrochemical reaction
sites promoting the activity of the electrode,51 balancing the
negative effect of the Ni oxidation.
The positive effect of Ce3+ can be also anticipated based on

our previous findings on methane electroxidation over Ni-
GDC,28 which demonstrated that reduced surface ceria sites
(Ce3+) are optimal for high fuel cell currents. Therefore, it
seems likely that reduction of GDC is a critical general
characteristic related with the performance of GDC electrodes.
Of course, one has to keep in mind that the valence state is
determined by the reaction conditions (mixture composition,
temperature, and cell current),40,50 which will define the
oxidation state of GDC under reaction equilibrium. However,
our results propose that the enhancement of the GDC
reducibility might be an efficient strategy to improve the
performance of Ni-GDC based SOEC cells.
The reducibility of both doped and undoped ceria might be

enhanced by controlling the characteristics of the sample52,53

and references therein. In particular the number and type of
defects, the population of the grain boundaries and the particle
size, are known factors influencing the reduction of cerium
oxide.52−54 In the case of doped ceria, literature reports are not
conclusive regarding the effect of dopant type and concen-
tration for the ceria reducibility. For example, some studies
concluded that doping will markedly increase the reducibility
of ceria as compared to the pure phase,55 while others found
that dopants either do not affect, or even hinder, the
reducibility of ceria.56,57 Nevertheless in an eventual attempt
to produce electrodes with enhanced ceria reducibility one
should also take into account the fact that reduction of ceria in
the bulk will increase its electronic conductivity inducing
unwanted leakage current, which if present decreases the
overall cell efficiency. Therefore, in an ideal case the surface of
ceria electrode should be able to reduce easily to Ce3+ to
enhance electrocatalytic activity, while in the bulk the GDC
composition should remain unaffected so as to maintain the
mechanical and electrical properties of GDC.

5. CONCLUSIONS
The relationship between the cell performance and the cathode
surface oxidation state for Ni-YSZ and Ni-GDC cermet

Figure 8. Simplified schematic illustration of steam electrolysis
pathways over Ni/YSZ and Ni/GDC electrode surfaces in (a)
reduced and (b) partially oxidized states. The specific sites where
electrochemical reaction takes place are not shown in this figure.

ACS Applied Energy Materials Article

DOI: 10.1021/acsaem.9b00779
ACS Appl. Energy Mater. 2019, 2, 7045−7055

7052

http://dx.doi.org/10.1021/acsaem.9b00779


electrodes during steam electrolysis was analyzed. A few
nanometer thick NiO layer on Ni-YSZ electrode was found to
increase significantly the overpotential for electrolysis reaction,
but in the case of Ni-GDC its effect was minor. The surface of
YSZ at the Ni-YSZ cermet was chemically stable under all
conditions, whereas that of GDC was modified both by the
pretreatment and by the electrochemical operation itself. A
strong evidence is provided about the influence of the GDC
surface oxidation state upon the cathode overpotential during
electrolysis and in particular improvement of the performance
with the degree of GDC surface reduction. Overall, throughout
this study we demonstrated that small, reversible modifications
on the outer few nanometers of the cathode electrodes might
have a major influence on the cell electrochemical performance
during steam electrolysis.
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We thank Prof. R. Schlögl and Dr. S. Neophytides for their
useful and constructive comments, as well as Dr. T. Dintzer for
his help collecting the SEM images. Finally, we acknowledge
HZB for the allocation of synchrotron radiation beamtime.

■ REFERENCES
(1) Abbasi, T.; Abbasi, S. A. ‘Renewable’ Hydrogen: Prospects and
Challenges. Renewable Sustainable Energy Rev. 2011, 15, 3034−3040.

(2) Chi, J.; Yu, H. Water Electrolysis Based on Renewable Energy for
Hydrogen Production. Chin. J. Catal. 2018, 39, 390−394.
(3) Wang, M.; Wang, Z.; Gong, X.; Guo, Z. The Intensification
Technologies to Water Electrolysis for Hydrogen Production - A
Review. Renewable Sustainable Energy Rev. 2014, 29, 573−588.
(4) Hansen, J. B. Solid Oxide Electrolysis − a Key Enabling
Technology for Sustainable Energy Scenarios. Faraday Discuss. 2015,
182, 9−48.
(5) Nguyen, V. N.; Fang, Q.; Packbier, U.; Blum, L. Long-Term
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Nenning, A.; Götsch, T.; Blume, R.; Hav̈ecker, M.; Knop-Gericke, A.;
Rupprechter, G.; Klötzer, B.; Fleig, J. The Chemical Evolution of the
La0.6Sr0.4CoO3-δ Surface Under SOFC Operating Conditions and
Its Implications for Electrochemical Oxygen Exchange Activity. Top.
Catal. 2018, 61, 2129−2141.
(28) Papaefthimiou, V.; Shishkin, M.; Niakolas, D. K.; Athanasiou,
M.; Law, Y. T.; Arrigo, R.; Teschner, D.; Hav̈ecker, M.; Knop-
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