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Is Steam an Oxidant or a Reductant for Nickel/Doped-Ceria
Cermets?
Vasiliki Papaefthimiou,[a] Dimitris K. Niakolas,[b] Fotios Paloukis,[a] Thierry Dintzer,[a] and
Spyridon Zafeiratos*[a]
the surface state of nickel/gadolinium-doped ceria (NiGDC)
under O2, H2, and H2O environments by using near-ambientpressure X-ray photoelectron and absorption spectroscopies.
Changes in the surface oxidation state and composition of
NiGDC in response to the ambient gas are observed. It is revealed that, in the mbar pressure regime and at intermediate
temperature conditions (500–700 8C), steam acts as an oxidant
for nickel but has a dual oxidant/reductant function for doped
ceria.

Nickel/doped-ceria composites are promising electrocatalysts
for solid-oxide fuel and electrolysis cells. Very often steam is
present in the feedstock of the cells, frequently mixed with
other gases, such as hydrogen or CO2. An increase in the
steam concentration in the feed mixture is considered accountable for the electrode oxidation and the deactivation of
the device. However, direct experimental evidence of the
steam interaction with nickel/doped-ceria composites, with adequate surface specificity, are lacking. Herein we explore in situ

1. Introduction
water.[13] In addition, steam is introduced in the cathode of
both water and CO2 electrolysis cells to produce hydrogen.[14]
Therefore, it is evident that under these operating conditions,
the NiGDC–steam interaction will influence the redox stability
and performance of the device.
The reactivity of water with nickel and ceria surfaces has
been investigated separately in a great number of studies;
many of these have been carried out under ultra-high vacuum
(UHV) conditions. Polycrystalline nickel is oxidized to NiO by
water vapor, but at a slower rate than by O2.[15] Interestingly,
the reverse reaction, that is, reduction of NiO to Ni in the presence of water, has been also reported.[16] Model Ni-YSZ electrodes in equilibrium with 0.4 mbar H2/H2O mixtures were investigated by using near-ambient pressure X-ray photoelectron
spectroscopy (NAP-XPS) at 700 8C. Under these conditions, the
nickel remained metallic, whereas oxidation was reported only
after bias.[17]
Well-defined model ceria surfaces exposed to water vapor
have been extensively studied by using both computational
and experimental approaches.[18–20] It is generally concluded
that water can be dissociatively adsorbed on both reduced
and stoichiometric ceria surfaces, whereas this process is promoted by the presence of vacancies on reduced ceria. In H2/
H2O mixtures, ceria is reduced to a mixed-valence-state CeOx
(1.5 < x < 2), which represents an intermediate case between
CeO2 and Ce2O3 oxides.[21, 22]
Separate studies of nickel and ceria interactions with steam
do not account for the potential influence of their synergy;
however, reports on mixed Ni–CeO2 compounds are scarce. In
a recent study, Carrasco et al. found that water dissociation on
model Ni–CeO2 (111) catalysts is more efficient than on bare
ceria supports.[23] In addition, by using in situ Raman spectroscopy, it was shown that, under a humidified H2 atmosphere,

Nickel/doped-ceria ceramic–metal composite materials (cermets) find important applications in energy conversion devices, notably in solid-oxide-cell (SOC) systems. SOCs can operate as both a fuel cell (SOFC) to generate electricity by using
stored fuels and an electrolysis cells (SOEC) to convert electricity into fuels.[1, 2, 3] Of all the doped-ceria types, Gd-doped ceria
(Ce0.9Gd0.1O1.95, GDC) exhibits one of the highest ionic conductivities and good application potential.[4–6] The addition of
nickel provides adequate electronic conductivity and a high
catalytic activity in the cermet, even at intermediate temperatures. Incorporation of GDC within the anode electrode of
SOFCs prevents carbon deposition, which is a dominant factor
for cell degradation.[7, 8] In addition, NiGDC cathodes improve
the performance of SOECs devices compared with that of Ni–
yttria-stabilized zirconia (Ni-YSZ) electrodes.[9–11]
One of the important benefits of SOCs is their high fuel-feed
flexibility, which extends from hydrogen and water to oxygenated hydrocarbons.[12] Water, in the form of steam, is ubiquitous in almost all SOC applications as a reactant, a product, or
simply as part of the ambient atmosphere. For example, in the
fuel-cell mode, humidified methane or hydrogen fuels are fed
in the anode and react with oxygen ions to form CO2 and
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the oxidation state of GDC in NiGDC cermets is stabilized at
a higher valence than under dry H2.[24] Apparently, it is difficult
to isolate the effect of water on oxidation from studies performed under H2/H2O mixtures, due to the presence of the
highly reductive H2. However, it is evident that NiGDC cermets
are not static and may continually undergo phase transformations in response to variations in temperature, gas composition, and pressure.
Herein, we explored the surface state of NiGDC prepared as
a SOC electrode under O2, H2, and H2O gas atmospheres and
at intermediate temperature conditions. The dynamic surface
state and composition of the electrode in response to the ambient gas was revealed in situ by using near-ambient pressure
photoelectron and near-edge absorption fine structure spectroscopies (NAP-XPS and NEXAFS, respectively).

initial and final state effects, which include chemical shifts,
asymmetric peaks, spin-orbit coupling, multiplet splitting, and
shake-up satellites, co-exist in a quite narrow energy range.[28]
In addition, the Ni 2p1/2 and Ce 3d5/2 photoelectron peaks partly
overlap, which further complicates the peak assignment. The
use of individual peaks to fit the overall spectrum is complex
and results in highly correlated parameters. An alternative approach to fit the Ce 3d and Ni 2p spectra is to use spectra from
standards as the basis functions for linear peak fitting. This approach was followed here and, as shown in Figure 1a, the
overall spectrum at both temperatures could be suitably fitted
by the reference spectra recorded for standard CeO2 and NiO
powder samples. This affirms that, under O2, the surface of
NiGDC cermet was readily oxidized to a mixture of NiO and
CeO2 without any evident temperature effect. Please note that
the enhanced Ni 2p peak intensity at 500 8C, compared with
that at 700 8C, suggests that a lower temperature favors the
presence of nickel at the surface.
The Ni L3- and Ce M5-edge NEXAFS lines (Figure 1b) can be
used to validate the NAP-XPS results because the CeO2 and
NiO NEXAFS peaks are well separated, as shown in Figure 1,
bottom. In addition, due to the higher analysis depth of
NEXAFS in total-electron-yield (TEY) mode, compared with
NAP-XPS (4 or 5 nm instead of 1.7 nm),[29] the NEXAFS results
can be used to conclude whether oxidation is also propagated
in deeper layers or whether it is restricted to the outer surface.
The NEXAFS spectra of NiGDC and the reference NiO and CeO2
samples show a great resemblance, which confirms the NAPXPS results and indicates that the oxidation propagated at
least in the outer 4 nm. It is interesting to note that the relative intensity of the NiO NEXAFS peak is enhanced at 500 8C
compared with that of CeO2, similar to the observations in the
NAP-XPS results. Overall, the spectroscopic results show that
the NiGDC cermet surface was readily oxidized in O2 without
evident differences at the two examined temperatures.

2. Results and Discussion
2.1. NiGDC in an O2 Atmosphere
The surface state of the NiGDC electrode in equilibrium with
0.2 mbar O2 was investigated first. Figure 1a and b shows the
Ce 3d/Ni 2p NAP-XPS peaks for NiGDC at 500 and 700 8C after
about 20 min under O2. In addition, the spectra of reference
CeO2 and NiO compounds recorded under identical conditions

2.2. NiGDC in an H2 Atmosphere
Figure 2 shows the spectroscopic results for the reduction of
oxidized NiGDC under 0.2 mbar H2 at two temperatures. The
changes in the Ce 3d and Ni 2p peak positions and shapes,
shown in Figure 2a, indicate that the oxide film underwent oxidation state changes in H2. In particular, the Ni 2p peak shifts
to 852.6 eV and the intensity of the accompanying satellite
peak decreases considerably, which demonstrates the reduction of NiO to metallic Ni.[30, 27, 31] The similarities between
NiGDC and the reference metallic Ni 2p spectra shown in Figure 2a, bottom, suggest that the reduction of NiO in NiGDC
was complete at both examined temperatures. Moreover, the
Ce 3d region under H2 is also markedly modified compared
with the O2 environment. Notably, the intensity of the peak at
approximately 917 eV, characteristic of Ce4 + , decreases and
new peaks at around 905 and 886.4 eV appear due to Ce3 + formation.[32] Similar spectra modifications were also observed for
the reference ceria powder spectrum (Figure 2a, bottom).
Please note that at 700 8C under H2, the ceria powder was not
completely reduced and, therefore, the reference CeO1.5 spec-

Figure 1. a) Ce 3d/Ni 2p (hn = 1065 eV) NAP-XPS spectra. b) Ni L3,2- and
Ce M5,4-edge NEXAFS spectra. The measurement conditions were 0.2 mbar
O2 at 700 (top) and 500 8C (middle). The measured Ce 3d/Ni 2p spectrum (*)
c) by a linear combination of the reference CeO2 and NiO
is well fitted (c
spectra (bottom) measured from standard powder samples under similar acquisition conditions.

are included for comparison. The Ce 3d spectrum of the CeO2
reference powder (Figure 1a, bottom spectrum), has three
pairs of spin-orbit doublets and a characteristic intense peak at
approximately 917 eV, in full agreement with previous reports.[25] Similarly, the Ni 2p reference peak, which is centered
at 855.5 eV and is accompanied by a satellite peak shifted by
6.2 eV at higher binding energies, indicates NiO formation.[26, 27]
Apparently, analysis of the Ce 3d/Ni 2p spectra of the NiGDC
sample is quite complex because a variety of structures due to
ChemPhysChem 2017, 18, 164 – 170
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Figure 2. a) Ce 3d/Ni 2p (hn = 1065 eV) NAP-XPS spectra b) Ni L3,2- and
Ce M5,4-edge NEXAFS spectra. The Ni L3,2-edge is magnified four times. The
measurement conditions were 0.2 mbar H2 at 700 (top) and 500 8C (middle).
c) by a linear comThe measured Ce 3d/Ni 2p spectrum (*) is well fitted (c
bination of the reference CeO1.5 and metallic Ni spectra (bottom) measured
from standard powder samples under similar acquisition conditions.

Figure 3. a) Ce 3d and Ni 2p3/2 (hn = 1065 eV) NAP-XPS spectra for the NiGDC
electrode recorded at 700 8C after various H2O exposure periods; a) electrode pretreated in H2, b) electrode pretreated in O2.

contact with the gas and then remained stable. In contrast,
when the NiGDC cermet was exposed to water vapor, the adjustment of the surface oxidation state to the gas environment
was much slower. In Figure 3, the Ce 3d and Ni 2p3/2 spectra of
NiGDC pretreated under H2 (Figure 3a) or O2 (Figure 3b) and
then exposed to 0.2 mbar of H2O vapor at 700 8C are shown
for different H2O timespans. When prereduced NiGDC was exposed to steam (Figure 3a), an additional Ni 2p3/2 peak appeared at the high binding-energy side, due to oxidized or hydroxylated nickel species. From the shape of the Ni 2p peak, it
is evident that after about 2 h in steam, only a small amount
of nickel ( & 10 %) remained in the metallic state. The remaining nonoxidized Ni can be rationalized by considering the kinetic limitations of the experiment, which are related to the
low-pressure steam conditions. Note that it is not straightforward to distinguish between oxide (NiO) and hydroxide
(Ni(OH)2 or NiOOH) nickel species in the Ni 2p spectrum because their binding energies overlap and they all have very
similar satellite peak features.[27] Additional information is provided below based on analysis of the O 1s peak.
The Ce 3d spectrum is characterized by progressive growth
of the peak at 917 eV, which is associated with CeO2 formation.
After about 2 h under steam, the Ce 3d spectrum corresponded to an overlap of the CeO2 and CeO1.5 reference spectra,
which suggests the coexistence of these two states. Moreover,
a similar ceria valence was also obtained in prereduced samples under steam at lower temperature (see Supporting Information 3). Oxidation of a reduced ceria (CeO1.5) surface by
water molecules has been proposed to take place through the
interaction of H2O with oxygen vacancies.[18]
For the pre-oxidized NiGDC (Figure 3b), exposure to steam
modified the Ce 3d spectrum, whereas the Ni 2p3/2 peak was
practically unaffected. The intensity increase in the Ce 3d peak
components at approximately 886 and 904 eV was associated
with the Ce3 + state. This suggests that oxidized stoichiometric
GDC can be partly reduced by steam under the applied conditions. Reduction of ceria surfaces during water adsorption has

trum was taken from our earlier publication on NiGDC.[30] The
fitting procedure of the NAP-XPS Ce 3d peak reveals that at
700 8C ceria was transformed to Ce3 + , whereas at 500 8C the
Ce 3d spectrum contains about 25 % unreduced Ce4 + . The oxidation state of cerium changed rapidly after contact with H2,
and was not modified further after a prolonged stay under the
given ambient atmosphere (see Supporting Information 1).
The NAP-XPS results are fully supported by the NEXAFS
spectra shown in Figure 2b. The Ce M-edge at 700 8C is in
good agreement with the recently published Ce3 + NEXAFS
spectra,[30, 33] whereas at 500 8C the Ce M-edge is a superimposition of the Ce4 + and Ce3 + spectral features. Finally, the Ni Ledge is the same at both temperatures and corresponds to
metallic nickel.[30] A comparison of the Ce 3d and Ce M-edge
spectra for NiGDC and the standard ceria powder sample recorded under identical conditions demonstrates that the ceria
in NiGDC is significantly more reduced. The addition of Gd3 +
dopant into ceria was not expected to influence the redox
properties of ceria substantially.[34] Therefore, the enhanced reducibility of ceria in NiGDC cermet as compared with ceria
powder should be attributed to H2 dissociation over nickel, as
has been also proposed in recent Raman studies.[24]
The Gd valence was monitored under both oxidative and reducing conditions by recording the Gd 4d photoelectron peak.
As shown in Supporting Information 2, the shape and binding
energy of the Gd 4d5/2 peak at 142.4 eV are in good agreement
with previous reports for Gd in the Gd3 + valence state.[35, 36]
The Gd 4d spectrum was not influenced by the gas atmosphere or the temperature, which indicates that the Gd valence
remains unaffected by the redox treatment.
2.3. NiGDC in a Steam Atmosphere
As shown above, under ambient H2 the surface reduction was
rapid because the spectrum was modified within 5 min after
ChemPhysChem 2017, 18, 164 – 170
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been reported previously for planar single-crystalline films,[20, 37]
but has not been explored yet for NiGDC cermets. This is probably because the concentration of Ce3 + ions is limited and
they are primarily located at the surface rather than the bulk
ceria,[38] which makes their detection by using post-mortem
analysis difficult, particularly when non-surface-sensitive methods are used.
With regard to the mechanism of ceria reduction in steam, it
is unlikely that it is just a thermal effect due to the low oxygen
partial pressure and the high temperature. If this was the case,
then NiO would have been reduced before ceria, as has been
shown previously in temperature-programmed reduction (TPR)
experiments in H2.[39] To confirm that the ceria reduction is induced by steam and is not just an effect of the low partial
pressure, NiGDC was annealed stepwise under UHV pressure
conditions (< 1 V 10@7 mbar) at temperatures up to 600 8C (see
Supporting Information 4). From these experiments, it became
evident that it is possible to decompose NiO even at 400 8C,
whereas GDC remained fully oxidized up to the maximum annealing temperature. Therefore, it is clear that the ceria surface
reduction under steam is not a thermal effect but arises from
processes similar to those reported by Henderson et al.[20] for
model CeO2 surfaces. According to these studies, adsorbed
water or hydroxyl species is the driving force that leads to the
migration of oxygen vacancies from the bulk ceria to its surface and induces surface reduction. Alternatively, dissociatively
adsorbed water molecules on ceria can react and remove ceria
lattice oxygen by releasing O2 and H2 in the gas phase.
The overall surface stoichiometry of nickel (x) and ceria (y)
during exposure to steam was estimated by fitting the Ni 2p
and Ce 3d photoelectron peaks with spectra recorded for reference materials (see Supporting Information 5). The evolution
of the oxidation state as a function of time (Figure 4a and b)
shows that the oxidation and reduction kinetics of ceria and
nickel are very different. In prereduced NiGDC, ceria was oxi-

dized rapidly but prolonged exposure did not induce further
oxidation. Conversely, about 30 % of the nickel was transformed to NiO just after exposure, but further oxidation was
slow and progressed at a linear rate. Moreover, on preoxidized
NiGDC, reduction of CeO2 followed an exponential decay function, whereas, as stated above, NiO was not influenced. Overall,
independent of the prior oxidation state, a mean ceria valence
of CeO1.72 could be approximated at equilibrium with water
vapor, whereas the majority of nickel was converted to nickel
oxide. In addition, no induction period was detected, which is
probably related to the relatively high temperature.[40]
The Ni 2p and Ce 3d peak-area ratio (Ni/Ce AR) can be used
to estimate the relative amounts of ceria and nickel exposed
on the surface[41, 42] and consequently to monitor the surface
transformations that take place when the sample is in contact
with steam. For example, shrinkage, agglomeration, or inner
diffusion of nickel in ceria would be illustrated by a decrease in
the Ni/Ce ratio. As shown in Figure 4c, the line profile of the
Ni/Ce AR follows that of the oxidation state of ceria and is independent of that of nickel for both pretreatments. In particular, exposure of the preoxidized sample in water was followed
by a gradual decay in the Ni/Ce ratio, whereas the prereduced
sample followed the reverse path, that is, the Ni/Ce AR sharply
increased in the first few minutes and remained almost constant thereafter. Please note that, in the latter case, nickel was
gradually oxidized without significant restructuring of the electrode morphology according to the Ni/Ce AR. It is also evident
that at equilibrium (after about 1 h in steam), the actual surface composition was not influenced by the pretreatment process because, as shown in Figure 4c, the Ni/Ce AR is very similar for the two cases.
The observed evolution of the Ni/Ce AR can be rationalized
by taking into account the initial arrangement of nickel and
ceria on the surface of NiGDC just before steam exposure. As
has been reported earlier[30] for oxidized samples, stoichiometric ceria is partially covered by a thin NiO layer. This is also reflected here by the higher initial Ni/Ce ratio in the preoxidized
sample shown in Figure 4c. To react with H2O and to be reduced, CeO2 should diffuse within the NiO layer towards the
surface. Alternatively, water molecules might diffuse through
the NiO layer towards ceria, reduce it and drive it to the surface. Reduction of CeO2 to CeO1.5 is followed by an expansion
in the ceria volume ( & 4–9 %).[43] Both processes (ceria surface
segregation and volume increase) enhance the Ce 3d NAP-XPS
signal and lead to the observed progressive drop in the Ni/Ce
AR measured in H2O (Figure 4c).
In reduced NiGDC there is no evident surface segregation
between nickel and ceria, as reported in our previous study.[30]
Therefore, when the prereduced sample was exposed to H2O
vapor, CeO1.5 and Ni areas were directly and rapidly oxidized to
CeO1.7 and NiO (Figure 4b). Similar to the O2-treated sample,
this was followed by rapid segregation of oxidized nickel over
ceria areas, followed by a volume expansion of nickel[44] and
consequently by an increase in the Ni/Ce AR. Please note that
after about 50 min in steam, after which 60 % of Ni was transformed to NiO (Figure 4a), the Ni/Ce ratio was practically stable
(Figure 4c). This shows that nickel oxidation is restricted to the

Figure 4. Isothermal time evolution of a) NiOx and b) CeOy surface stoichiometry and c) the Ni/Ce atomic ratio calculated from the Ni 2p and Ce 3d NAPXPS spectra. The black (solid) and red (open) symbols represent the preoxidized and prereduced samples, respectively. Insets: Schematics of the proposed surface configuration, which comply with experimental observations.
For clarity, modifications in the ceria and nickel volumes due to valence
changes are not illustrated.
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Given that the OH@ species of nickel hydroxides are reported
typically above 531 eV,[15, 27, 46] and in the spectra in Figure 5
there is only a minor contribution in this region, extensive
nickel hydroxide formation is not supported. However, this
does not necessarily rule out the induction of O 1s peak asymmetry by the presence of hydroxyl groups that remain adsorbed on the NiGDC surface, as proposed earlier in model
ceria layer studies.[25] Depth-dependent NAP-XPS measurements can be used to distinguish between defective/interstitial
lattice sites, which should be enhanced at higher analysis
depth, and surface-adsorbed hydroxyl species, which should
increase at lower analysis depth.[47] As shown in Supporting Information 6, the O 1s peak shape is not particularly influenced
by the excitation photon energy, that is, the measurement information depth. Accordingly, the presence of a significant
population of adsorbed oxygen species (i.e. hydroxyls) is not
supported. Therefore, we can exclude the possibility that the
O 1s peak asymmetry is due to adsorbed hydroxyls and we attribute it to defects in the ceria lattice, presumably induced by
oxygen vacancies.
The absence of a significant population of adsorbed hydroxyl groups shows that the stability of these species is very poor
at SOC operation temperatures, even in a steam atmosphere.
This suggests that hydroxyl groups recombine fast and are removed from the surface as H2O or dissociate further to H2. The
thermodynamics and kinetics of these reaction paths have
been computed and discussed in detail by Wolverton and coworkers.[48] According to their findings, we can argue that hydroxyl decomposition into hydrogen can be facilitated over
NiGDC compared with the pure ceria phase.
Overall, the presented results show the dynamic interplay of
the surface state and segregation towards different stimuli
(changes in the ambient gas or temperature). Although the oxidation of reduced NiGDC cermet in steam is well established,[9]
the reducing effect of steam on the GDC surface is not usually
considered. This can be partially explained by the fact that in
most cases steam is co-fed into the cermet electrode with
strong reducing agents, such as H2 or CO. Comprehension of
the interaction of steam with NiGDC surfaces is a crucial step
toward the development of efficient SOC devices.

surface and the overall volume expansion of nickel areas is
limited.
Overall, the kinetics of the surface transformation upon reduction and oxidation, as expressed by the evolution of Ni/Ce
ARs, seem to be primarily dictated by the oxidation state of
ceria.[45] However, from the discussion above it is evident that
in the long term, the pretreatment has a limited effect on the
outermost surface of the electrode, which under our conditions is largely defined by its contact with steam.
2.4. Excess Surface Oxygen and Its Dependence on the Gas
Atmosphere
Figure 5 shows the O 1s spectra obtained for NiGDC at 700 8C
and for the reference samples under various gas atmospheres.

Figure 5. O 1s (hn = 710 eV) NAP-XPS spectra recorded at 700 8C in O2, H2,
c) and reference
and H2O atmospheres (from top to bottom) for NiGDC (c
nickel and ceria powder samples (c).

The O 1s peak of NiGDC in O2 is found at 529.7 eV, which is
only slightly shifted relative to the reference CeO2 and NiO
powder oxides (530.0 and 529.9 eV respectively). Similar O 1s
peak features were observed in a H2 atmosphere, in which
a peak shoulder at about 531.5 eV is clearly visible in the spectrum. The O 1s peak in H2O (after 130 min) appears at 529.9 :
0.2 eV and its shape and position is not particularly influenced
by pretreatment. Evidently, the full width at half maximum
(FWHM) of the O 1s peak for NiGDC and reference oxides is significantly different. In particular, the FWHM increases from
1.7 eV in the reference oxides to about 2.3 eV in NiGDC
cermet. Because the two reference nickel and ceria oxides
have similar O 1s binding energies, it is unlikely that the peak
broadening is induced by their relative contributions in the
overall O 1s spectrum. Accordingly, the origin of the larger O 1s
FWHM in the NiGDC might be the higher heterogeneity of the
type of oxygen ions. In particular, the shift from the main O 1s
binding energy may be induced by vacancy-related defects
created by doping or due to a higher amount of adsorbed hydroxyl species.[15, 25, 27]
ChemPhysChem 2017, 18, 164 – 170
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3. Conclusions
The surface state of NiGDC was found to change readily in response to the gas atmosphere and the temperature. Under
0.2 mbar O2, full oxidation of cerium and nickel occured rapidly, driving NiO over ceria areas. Under 0.2 mbar H2, complete
reduction of NiO to metallic Ni and partial reduction of ceria
were observed. A higher operation temperature seemed to
promote the reduction of Ce4 + to Ce3 + . The NiGDC surface
adapted to the steam atmosphere by changing its surface oxidation state and composition, but with slow kinetics compared
with a H2 or O2 atmosphere. Under the applied steam exposure
conditions, the surface was gradually transformed to NiO/
CeO1.7 independent of the NiGDC pretreatment. In addition,
the surface of doped ceria was dominated by defect lattice
sites (oxygen vacancies) without any evidence of adsorbed hy168
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droxyl species. It is remarkable that steam may act as both an
oxidant and reductant for the ceria surface, which indicates
the existence of a variety of surface ceria sites with different
redox chemistry on NiGDC.

More details are given in Supporting Information 5.
The NEXAFS spectra were recorded in the total electron yield (TEY)
mode, enhanced by additional electrons created by ionization of
the gas phase above the sample. Photon-beam-damage effects
were tested by shifting the analysis spot to a new sample position,
and the lack of differences between the spectra demonstrates the
stability of the samples under the photon beam in the timeframe
of the experiment. The surface morphology was inspected by
using scanning electron microscopy (SEM) by using a Jeol JSM6700F microscope. The SEM images showed a porous surface morphology, characteristic for solid-oxide electrodes, formed from particle agglomerates with sizes of 0.2–1 mm (see Supporting Information 7).

Experimental Section
For the preparation of the NiGDC cermet, a procedure typically
used in the manufacture of solid-oxide electrode assemblies was
followed.[49, 50] A slurry containing the NiO/Gd0.1Ce0.9O1.95 powder
(81/19 at. % ratio; Marion Technologies), terpineol, polyvinyl butyral
(PVB), and isopropanol was deposited by means of the drop-casting technique on a 300 mm thick 8 % yttria-stabilized zirconia
(8YSZ) planar support. After deposition of the slurry, the sample
was dried and then sintered at 1250 8C for 5 h. This method produced a dense NiGDC layer (80 mm thick) on the 8YSZ support
with an overall sample diameter of 25 mm. The measurements reported in this study were performed on smaller fragments
( & 35 mm2 area) of the original assembly.
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NAP-XPS and NEXAFS were performed at the ISISS (Innovative Station for In-Situ Spectroscopy) beamline at the BESSY II/HZB synchrotron facility (Berlin, Germany).[51] For the measurements, the
samples were mounted between two stainless-steel clamps; the
top clamp had a slit 4 mm in diameter for spectroscopic measurements, whereas the bottom clamp was heated by using an IR laser.
Prior to the measurements, the samples were annealed in 0.2 mbar
O2 until residual carbon was removed from the surface, as confirmed by the NAP-XPS C 1s peak. NAP-XPS spectra were collected
by using selected photon energies so that the obtained photoelectrons have the same kinetic energy (180 eV) and thus the same
sample information depth ( & 1.7 nm).[52] All presented NAP-XPS
spectra were recorded by using a photoelectron pass energy of
50 eV. No electrostatic charging was observed under the employed
experimental conditions, therefore, the binding energies are presented as measured.
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