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Abstract: The solid oxide electrolysis cell (SOEC) technology has a huge potential for future mass
production of hydrogen, mainly due to its high electrical-to-chemical energy conversion efficiency.
However, the durability and the performance of SOEC devices are inferior to that of other
competitive electrolysis technologies inhibiting the commercialization of SOECs. Despite the fact that
Ni-based cermets are currently the most widely used cathode materials for SOEC, change of the
nickel oxidation state has been accused as a major issue limiting the performance of these devices. In
this work we provide operando experimental evidence of the active surface oxidation state and
composition of nickel/doped-ceria cermets under water electrolysis conditions using ambient
pressure X-ray photoelectron and near edge X-ray absorption fine structure spectroscopies,
combined with quantitative spectra simulation. Remarkably under specific operational conditions,
nickel is maintained in a partially oxidized state which, counterintuitive to the expected behavior, can
be beneficial to the cell performance. This finding may initiate new improvement strategies for SOEC
electrodes based on thorough optimization of the operational conditions, in order to engineer in situ

the most propitious electrode configuration.

1. Introduction

Renewable electricity sources, such as wind and solar, are usually intermittent in the sense that are
difficult to predict and are not continuously available. This fact points to the necessity of efficient
technologies to store energy and in particular electricity, during power peak loads by converting it

into another energy form. An attractive option is the conversion of electricity to chemical energy,



which could be stored in large amounts and for long periods. Hydrogen is likely the most attractive
chemical for this process and can be locally generated by electrolysis of water using intermittent
excess solar or wind power [1].. Water electrolysis can be carried out at low temperature, where H,O
is in its liquid form [2, 3], using alkaline or proton exchange membrane electrolysers that can achieve
energy efficiencies of about 75% [4]. Alternatively can be also performed at high temperature
(above 500 °C) with steam, by using Solid Oxide Electrolysis Cells, (SOECs) [4-8]. Although low
temperature electrolysis is a well-established technology [4], SOEC devices have enormous potential
for future mass production of hydrogen and show great dynamics to become commercially
competitive [6],[7],[9]- The main reason is the fact that by increasing the operating temperature the
demand of electrical energy is significantly reduced and in some cases the electrical-to-chemical
energy conversion efficiency can exceed 100 %. This can lead to a reduced cost of hydrogen
production, especially if the required heat energy is provided by Joule heat that is inevitably
produced by the internal electrical resistance of the cell, or by waste heat of high-temperature
industries [4],[7].

In order to increase the commercial competitiveness of the SOEC technology, the performance and
durability of the currently tested devices should be improved. Although operating a SOEC device at
very high temperatures (800-1000 °C) is advantageous from the thermodynamics point of view, in
long term operation the degradation of the cell is accelerated due to materials failure. The term
degradation usually refers to both performance degradation and irreversible mechanical failure such
as electrode delamination from the electrolyte. As a consequence, lowering the operation
temperature, by the development of the so-called intermediate temperature SOECs (IT-SOECs), can
maintain material stability and increase the device lifetime [10],[11]. Doped-ceria (cerium oxide or
Ce0y) and in particular, Gd-doped ceria (GDC) exhibits one of the highest ionic conductivities and
good application potential among all doped ceria types [12],[13]. Doped ceria does not only act as a
charge carrier but it is also electrochemically active [14]. In practical applications, mixing ceria with
metals (typically nickel) provides the adequate electronic and ionic conductivities as well as the
electrocatalytic activity at intermediate temperatures, which is an ideal combination for the fuel
(steam) electrode in IT-SOECs [15],[16]. Recently, the use of Ni/GDC as an electrode component in
SOECs with enhanced performance has been demonstrated [17],[18].

Despite the beneficial effect of IT-SOECs due to lower thermo-mechanical stress of the cell materials,
SOEC performance (cell or stacks) is still susceptible to degradation due to the modification of both
fuel and oxygen electrodes. Concerning Ni-containing fuel electrodes, oxidation, coarsening and
volatilization of nickel have been proposed as primarily causes of the cathode failure and cell
deactivation [19],[20]. Oxidation of nickel not only reduces the electronic conductivity, but can also

induce stress on the cathode due to volumetric expansion [21], leading to crack formation and



irreversible cell failure [20],[22]. In addition, nickel coarsening is associated with decrease of the
three-phase boundary (TPB) length and increase of the cell losses [23],[24].

Kinetic models are typically employed in order to describe the catalytic and electrocatalytic
performance of operating electrodes [25], [26]. However it is critical to correlate the performance
with the chemical and structural characteristics of the electrodes under operation conditions and in
real time. This is because the application of the electrochemical potential can induce surface
restructuring of the electrodes, which is affecting their catalytic performance [9]. Since
electrochemistry takes place at TPB between electrode, electrolyte and gas, methods particularly
sensitive to this area are needed [27]. Therefore, there is an ongoing effort to understand the
performance of the electrode materials by analyzing in situ, model solid oxide electrochemical cells
using operando X-ray photoelectron spectroscopy [28, 29],[30],[31],[32],[33, 34]. Realistic Ni-ceria
cermet electrodes are much less studied by this approach[35] despite their high relevance to
practical applications. The dominant concepts which correlate nickel oxidation with cell degradation
are mainly deduced from electrochemical (e.g. impedance spectroscopy) or post-mortem electrode
characterization [36].

Recently we have reported on the effect of humid gas environment on the oxidation state and
composition of Ni/GDC electrodes [37]. In this work we present a detailed spectroscopic investigation
on the surface composition and oxidation state of the Ni-ceria fuel electrode during water
electrolysis. We show that the surface of the electrode during steam electrolysis is determined by a
complex interplay between the thermochemical oxidation due to water vapor and the
electrochemical reduction of nickel. In contrast to the common conception we provide a new
paradigm, which demonstrates that nickel oxide is not always detrimental for the electrode

performance, but in some cases it can be also beneficial for its stability.

2. Experimental Section

The details of the sample preparation have been described elsewhere. [38]. The SOEC consisted of a
80 um NiO/Gdo.1Ceo 90, (65/35 wt.% ratio) functional layer as the working electrode on a 300 um
thick YSZ electrolyte and a magnetron sputtering deposited Pt layer on the reverse side acting as the
counter electrode. The samples were sintered in air at 1250 °C for 5 hours. In situ ambient pressure
X-ray photoelectron and near edge absorption fine structure spectroscopies (APXPS and NEXAFS,
respectively) were performed at ISISS beamline at BESSY synchrotron radiation facility at the
Helmholtz- Zentrum-Berlin [39]. SOEC samples of about 36 mm? area were mounted between two
stainless steel clamps (the one at the top with a 4 mm diameter slit) and heated from the rear using

an IR-laser. The stainless steel clamps were also used as the current collectors. The temperature was



controlled by a K-type thermocouple mounted on the side of the sample. The gas flow into the
reaction cell was controlled by mass flow controllers and 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 pAutolab
potensiostal/galvanostat. The working electrode was grounded and the bias voltage was applied on
the counter electrode. It should be noted that under water electrolysis conditions oxide ions in the
YSZ electrolyte move from the Ni-GDC cathode toward the anode (Pt film). Initial annealing of the
sample in 0.2 mbar O, was used to eliminate residual carbon from the surface and after this
procedure the C 1s signal was within the noise level during all experiments. The stability of the
surface was verified by repeating Ce 3d and Ni 2p APXPS spectra at the beginning and at the end of
the applied potential period. The degradation of the cell in the course of experiment was examined
by repeating identical cell conditions (applied voltage, ambience and temperature) between various
samples treatments. By these tests it was revealed that the observed decrease of the cell current was
about 1 % per hour (5 % drop after about 6 hours). Finally, we tested for possible photon beam
effects by shifting the analysis spot to a new sample position during measurements, but no major
differences were detected in the spectra indicating X-ray beam stability and homogeneity of the
samples. The samples did not exhibit any electrostatic charging under open circuit conditions and the
binding energies (BEs) are presented as measured without any correction. Application of a potential
difference between the working (Ni/GDC) and counter (Pt) electrodes shifts the APXPS peaks as has
been described earlier [29]. The presented BE shifts are calculated in respect to the BE measured at
open circuit (without voltage application). The mean valence values of nickel and cerium were
obtained from the average oxidation state of metal and metal oxide content. Long term experiments
indicated a gradual drop of the Ni 2p to Ce 3d APXPS peak area ratio as a function of time. This drop
was almost linear and of about 1.5 % of the initial Ni/Ce ratio per hour. The XPS element intensities
were simulated by SESSA vs.2.0 software [40] using a sample spherical particles model. In case of
non-overlapping particles it was assumed that the emitted photo-electrons of nickel and ceria do not
interact. A Shirley background subtraction was used to estimate the peak area ratio and the
quantitative calculations were performed taking into account the photon flux, the photon-energy
and the photo-ionization cross-sections dependence of the atomic subshells [41]. The NEXAFS
spectra were recorded in the Total Electron Yield (TEY) mode. The surface morphology before and
after the treatments in the spectrometer was inspected by scanning electron microscopy using a Jeol

JSM-6700F microscope.

3. Results



3.1 Steam electrolysis.

Preparation of SOEC cathodes involves high temperature sintering in air (>1000 °C) which results in
an oxidized electrode. Reduction is achieved either by H, pretreatment [42] or more commonly
steam is mixed with hydrogen [18],[43], despite the fact that 100% steam feed gives the optimum
SOEC efficiency. In our previous work we found partial oxidation of pre-reduced Ni/GDC electrodes
exposed to 100% steam at open circuit (0.C.)[37] which is also clearly demonstrated here (supporting
information 1). To identify the nature of the oxidized Ni phase, the Ni 2ps/» photoelectron and X-ray
absorption spectra of Ni/GDC in H,O are compared with those of a reference NiO sample in
supporting information 2. The similarity of APXPS spectra in the two cases suggests that within 2
hours under H,O the pre-reduced nickel of Ni/GDC undergoes thermochemical oxidation by the
steam fuel [44]:
Ni +H20 & NiO + H; 1)

However, close inspection of the NEXAFS spectra and in particular of the L,-edge (see inset of figure
S2), reveals a marginal increase of the peak feature around 872 eV in case of Ni/GDC. In previous
works[45],[46] the increase of the peak at 872 eV was attributed to the appearance of Ni* species.
Therefore although the NiO (Ni%*) is the main oxidation state of Ni/GDC electrodes in H-O, one
cannot exclude the potential presence of Ni** ions which might arise either due to defects in NiO[47]
or from oxyhydroxide species[48]. Nevertheless, for brevity the oxide formed over Ni/GDC electrode
will be referred to as NiO. It should be noted that in H,O/H> fuel (mixture 1:1) immediate reduction
of NiO to metallic Ni, as well as further reduction of ceria, are demonstrated in the APXPS and
NEXAFS spectra (supporting information S3a). Since the NEXAFS spectra analysis depth is about 5 nm
(figure S3b), the reduction is expected to extent in several surface layers. In addition, the fast
reduction of surface NiO in the H.O/H, mixture justifies the common strategy in SOEC technology to
co-feed H, with H20 in order to maintain nickel in a reduced state.

The electrochemical response of the pre-reduced electrode upon step polarization in 100% H0 is
shown in Fig. 1a. Indicatively, the zero values at O.C. are attributed to the fact that both electrodes
(working and counter) face the same gas conditions. The current density increases monotonically
with the cell bias (the indicated current density was measured after about 20 min at each bias
voltage), but lower currents were measured in the downward cycle as compared to these at upward.
An overall current density loss of about 5 % (star-point in fig. 1a) was found by repeating the steam
polarization experiment, after about 8 hours of operation. This indicates that the observed current
changes between upward and downward cycles shown in fig. 1a (with time difference of about 2

hours), are to a large extent reversible, and are not caused by irreversible cell degradation.



Itis clear that in the absence of a reference electrode the total cell voltage in the I-V curves of Fig. 1a,
do not reflect directly the overpotential of the working electrode (Ni/GDC), but contains also the
voltage drop of the counter electrode (Pt), as well as the ohmic voltage drop in the electrolyte (YSZ).
However, as Zhang et al.[28] have demonstrated, the overpotential of the working electrode is
followed by the BE shifts of APXPS spectra. At the inset of fig. 1a we show the evolution of the cell
current as a function of the mean BE shift obtained by the O 1s, Ce 3d and Ni 2p APXPS spectra, at
each applied potential. The small magnitude of the BE shift (meV) suggests significant potential
losses at the Pt/YSZ interface and in the electrolyte. However, as can be seen the systematically
lower currents at the downward cycle are reproduced in this graph, allowing correlating the chemical
state and surface composition with the electrochemical performance.
Operando APXPS results show that the ceria oxidation state is not modified under bias (supporting
information 4). On the contrary, NiO undergoes partial reduction starting at -0.8 V, where the current
density is approximately 30 mA/cm?. The partial reduction of NiO is enhanced at -1 V, while upon
further bias to -1.3 Vit is fully reduced and subsequently remains to the metallic state even when the
potential is stepped backwards (see supporting information 4). The reduction of NiO upon bias is not
abrupt, but progressive as indicated by the modifications in the Ni 2p spectrum recorded at different
time intervals at -1 V (see supporting information 5). However, supporting information 5 shows that,
just after bias the current density is disproportionally high compared to gas phase H» production. This
suggests that water electrolysis cannot be the sole process for the high currents observed at the
initial stages. Thereby, the initial high currents should be related to the electrochemical reduction of
NiO to Ni (eq. 2) [49], which competes to the thermochemical Ni oxidation by the steam (eq. 1).
NiO+2e & Ni+0* 2
The modification in the oxidation state of nickel and cerium may conveniently be expressed by the
mean valence numbers x and y which were calculated after deconvolution of the Ni 2p and Ce 3d
photoelectron peaks respectively (supporting information 6). In fig. 1b, the oxidation state of nickel
as a function of the measured cell current at various applied potentials (represented in different
color zones) is shown. In general can be noticed that above -1 V, nickel is metallic, while at -1 V and
below nickel is partly oxidized but the cell seems not to be deactivated.
Apart from nickel oxidation state, the electrocatalytic performance is influenced by coarsening of
nickel particles, which has been associated with a decrease of the TPB length [23]. Modifications of
the electrode surface morphology, i.e. nickel coarsening, are reflected in our experiment by the
changes in the Ni 2p and Ce 3d peak area ratio (Ni/Ce AR) [50],[51]. In fig. 1c a direct correlation
between the Ni/Ce AR and the cell current is established for multiple measurements performed at
the same potential. In particular, the higher the Ni/Ce AR, the higher the cell current at constant

voltage, regardless of the nickel oxidation state (e.g. at -1 V). This result can explain the



systematically lower current observed in the downward potential cycle as compared to the upward
(see blue arrows) shown in fig. 1a. Reduction of nickel at high potentials provoke lower Ni/Ce ARs

[35] and deteriorate the cathode performance, probably by decreasing the TPB length.
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Figure 1. a) |-V polarization curves for Ni/GDC electrode under H,O feed recorded in potential step-up and
down cycles. The green-star represents the cell current measured in H,O after 8 hours of operation. The inset
shows the same I-V curve, except that the applied voltage has been replaced by the binding energy shift of the
APXPS spectra between 0 V and each applied voltage. The current density for various applied potentials as a
function of: b) NiOx valence and c) Ni/Ce AR measured by APXPS. The colour zones represent the applied
potentials. Prior to the potential application the sample was pretreated in H, and remained at O.C. in the feed
gas for about 30 min. The voltage was applied directly between the working (Ni/GDC) and the counter (Pt)

electrodes.

As shown in fig. 1b, when the cell is operating at high voltages (> -1V) nickel oxide is transformed to
metallic nickel. In this case, introduction of H, has no effect on the nickel surface oxidation state, as is
commonly alleged, but still affects the oxidation state of ceria. In supporting information 6 we
compare the Ce 3d core level spectra under cathodic polarization (-1.5 V) in 100% H»0 and Hz/H.0
atmospheres. In addition, in order to assess the reversibility of the modifications, the sample at the
end was exposed to O.. Based on these spectra we calculated the Ni/Ce AR, NiOx and CeO, valences
presented in Table 1, which show that the composition of the fuel has a profound effect on the ceria

oxidation state and the ARs. In particular, as compared to 100% H-O, ceria is further reduced with the



introduction of Hz, but more importantly the Ni/Ce ratio drastically decreases as the atmosphere
becomes more reductive. This procedure is partially reversible and subsequent exposure of the
electrode to O re-oxidizes the surface and partly restores the Ni/Ce ratio. The observed surface
rearrangement due to re-oxidation should be taken into account when results are obtained by post-

mortem analysis of the electrodes, which is a common practice in SOEA studies.

Table 1. The Ni/Ce AR and the CeOy, NiOy mean valences

Conditions Ni2p/Ce3d ARM CeOy NiO
(700°C, 0.2 mbar)® stoichiometry®  stoichiometry!™®!
H,0 0.94 1.71 0
H2/H.0 0.46 1.67 0
H. 0.38 15 0
02 0.82 2 1

lAlExperiments were performed consecutively starting in H>0 and ending in O, ambient on the same sample within a 12
hour period. PICalculated from the Ni 2p and Ce 3d APXPS spectra (hv= 1350 eV) at 700 °C and under -1.5 V (H20, Ha/H,0,
Hz) orO.C. (Oz)

3.2 Reversible redox kinetics of Ni/GDC under cathodic and anodic polarization in steam.

As shown above, partially oxidized nickel improves the cell performance (e.g. see fig. 1b at -1 V),
which is counterintuitive to the expected detrimental effect on the basis of NiO’s poor electronic
conductivity and its low activity for water dissociation (the first step of the electrolysis) [4]. To
rationalize this striking observation, the electrode was further studied in 100% H,0 environment at -1
V, where the partially oxidized nickel state is observed. Measurements were performed at lower
temperature (500 °C), in order to slow down the Ni/NiO transformation kinetics and allow
monitoring them by APXPS. As expected, both cell current and H, production at 500 °C were
substantially lower as compared to those at 700 °C.

Fig. 2a shows time-dependent Ce 3d and Ni 2ps/, spectra recorded initially at -1 V and subsequently
under +1 V. The Ce 3d spectra remain identical, whereas the metallic Ni 2ps/» component at 852.6 eV
appears at cathodic polarization (-1 V), but Ni is oxidized back to its initial state when the polarity is
inversed. Fig. 2b shows the evolution of the nickel and cerium mean valence as a function of bias and
time. After a short induction period, there is an almost logarithmic decay of nickel valence, which
finally stabilizes at NiOgs after a period of 3 hours. Under reverse polarization (+1 V), reoxidation to

NiO is observed with a higher, almost linear, rate as compared to the reduction step. The Ce 3d



spectra are invariant under either polarization. The modification of the surface composition during
the bias-induced redox process is shown in Fig. 2c. Reduction of NiO (at -1 V) led to the decrease of
the Ni/Ce AR, followed by an equivalent decrease of the cell current in line with the observations in
fig. 1c. On the other hand, when the polarization was reversed, nickel was reoxidized and the Ni/Ce
AR was reestablished back to its initial value. In this case the measured cell current had a reverse

polarity and was about one order of magnitude lower (not shown).
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Figure 2. a) The Ce 3d and Ni 2p3/2 spectra, b) The NiOy and CeOy stoichiometry and c) Ni/Ce AR obtained by
APXPS (red squares) as a function of time on stream at 1 V cathodic (yellow background) and anodic (cyan
background) bias at 500° C under 0.2 mbar H20. The cell current density (black line) is also included. Prior to

polarization the electrode was reduced in H2 and equilibrated in steam at 500° C and O.C. for 3 hours.

3.3 Depth profile measurements.

Depth dependent measurements were performed at the equilibrium conditions (after 120 min in fig.
2) in order to distinguish the arrangement between nickel, ceria and their various oxidation states at
the outermost and near-surface layers. At this point it has to be mentioned that the thickness of the
examined cathode (80 pm), is similar to the commonly used electrodes in various SOFC and SOEC
studies. Indicatively, in the case of electrolyte supported cells, the electrodes’ thickness ranges
between 17 um [52] up to 100 um [53]. Furthermore, the mixed ionic and electron conductor (MIEC)
properties of Ni/GDC enable O* ions and electrons to be transferred through the entire layer of the

electrode and even though the electrochemical reaction rate is faster at the interface between the



electrode and the electrolyte, this does not exclude the fact that the upper surface layers participate
and thus are affected by the electrochemical (charge transfer) processes. In figure 3a and b the Ce 3d
and Ni 2ps/, spectra recorded using 2 photon energies as well as reference spectra obtained from the
pure phases are shown. The contribution from CeO.s and metallic Ni spectra features are clearly
enhanced in the more surface sensitive measurement indicating that NiO and CeO: are located in the
deeper layers and the surface is dominated by Ni and CeOis in a core-shell like structure. The
segregated reduced ceria surface layer, with its complement oxygen vacancies, is in accordance with
previous studies [54]. However, the metallic Ni shell over NiO has been reported only for
electrochemical reduction of NiO [49], while for H>-mediated (chemical) reduction the inverse
scheme, with a NiO shell over Ni, is sustained [55],[56]. This basic morphological difference reflects
the fact that electrochemical and chemical reductions do not follow the same mechanism. In
particular, chemical reduction usually proceeds via diffusion of Ni cations into the subsurface, always
leaving a NiO shell on the surface [56]. On the other hand, our results suggest that electrochemical
reduction takes place by an outward diffusion of O anions, resulting in the formation of a Ni-shell

with a gradually increased thickness.
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Figure 3. a) Ce 3d and b) Ni 2ps,» APXPS spectra in two information depths (i.d.) under H,O at 500° C and -1 V
bias. The reference spectra recorded on CeO,, CeO1 5, NiO and Ni are shown in the bottom of the graph. c) The
Ni 2p to Ce 3d APXPS area ratio of the overall (Ni/Ce) peak and only the metallic Ni and CeO1s components

(Ni%Ce*) for the two i.d.s. The conditions where the spectra were recorded are indicated in the graph.



Fig. 3c shows the ratio of the overall Ni 2p to Ce 3d peaks (Ni/Ce) and that of the metallic Ni and
CeO15 component in the Ce 3d spectrum (Ni°/Ce**) for two information depths (i.ds.) and for various
cell conditions. The Ni/Ce AR decreases in more reducing gas phase atmospheres, while it is
systematically higher at the 1.5 nm compared to 3 nm analysis depth. However, the Ni°/Ce®* AR
remains practically the same in both i.ds. and all conditions, pointing to a homogeneous mixture of
the two. With the aid of quantitative simulations we propose a plausible surface model to account

for these contradictory observations.
3.4 Simulation of the XPS Ni/Ce AR.

In order to quantify the expected modification of the Ni/Ce AR upon volume changes of Ni and ceria
particles, quantitative simulation of Ni 2p and Ce 3d peak intensities was performed by SESSA vs2.0
software [57] and was compared with the experimental results. Two primary factors can contribute
to the changes of Ni/Ce ARs, a) the modification in the volume of nickel and ceria particles and b) the
mutual surface segregation among them. It is well-known that reduction of NiO to Ni is followed by a
significant volume contraction (up to ca. 70%) [58],[59]. On the contrary, reduction of CeO, to CeOs s
is followed by a less pronounced lattice expansion (c.a. 4-9%) [60],[61], due to the fact the Ce** has a
larger atomic radius as compared to Ce** [62]. The reverse tendency is anticipated upon re-oxidation,
even if differences from the original volume due to coarsening might occur [58]. Therefore reduced
surface states (e.g. metallic Ni and CeO1s) should correspond to lower Ni and slightly higher ceria
surface areas and accordingly to lower Ni/Ce AR, as compared to the oxidized ones.

The simulation showed that the Ni/Ce peak intensity ratio measured over non-overlapping spherical
nickel and ceria particles (for diameters varying from 50 nm to 1.6 micro) can be up to 2 times higher
in oxidized compared to the reduced form, assuming 50% volume decrease of Ni as compared to NiO
and 10% volume increase of CeO15 as compared to CeO,. Therefore, in case of significant volumetric
changes of nickel and ceria particles, oxidized electrodes will show higher Ni/Ce ARs as compared to
the reduced as is graphically shown in the cartoon in supporting information 7. Therefore, the
differences in the overall Ni/Ce AR, shown in fig. 3c, can be in principle rationalized by the differences
in the reducing efficiency of each environment. However, surface segregation of nickel over ceria can
also account for the observed high Ni/Ce AR in the oxidized environment and vice versa for the
reduced one.

Depth-dependent measurements can be used to distinguish if modifications of the Ni/Ce AR are due
to volumetric changes alone, or if they can also be due to mutual surface segregation. Evidently, if
nickel and ceria arrange in well separated individual particles (with diameter higher than 3 nm) or
form a homogeneous surface mixture, the Ni/Ce ratio should not depend on the i.d.. On the contrary,

segregation of one electrode constituent over the other should be followed by different Ni/Ce ratios



in the two i.d.. As shown in fig. 3c the Ni/Ce AR is systematically higher in the surface sensitive mode,
especially when nickel is (partially) oxidized, which is a strong evidence of NiO segregation over CeO..
However, this difference fades away when nickel and ceria are further reduced e.g. in H..
Furthermore, the Ni%/Ce*" partial ratio remains identical in the two depths independently of the
atmosphere and application of the bias voltage (fig. 3c).

Using Sessa vs2.0 we simulated the Ni/Ce ratio of five different surface arrangement models
between nickel and ceria, including individual core/shell NiO/Ni, CeO./CeO,s particles and a 1:1
mixed Ni-CeO. s layer over NiO and CeO, particles (see supporting information 8). The aim of the
simulation was to reproduce the experimental trend in both Ni/Ce and Ni°/Ce** AR as a function of
the excitation photon energy (information depth) found for partially oxidized nickel (Fig. 3). The
simulation showed that the decrease of the overall Ni/Ce ratio when higher photon energy is used
can be described by several arrangement models; (for details see supporting information 8).
However, among the examined models only two arrangements can also reproduce the identical
Ni°/Ce**AR in the two analysis depths shown in fig. 3c; i) 0.6 nm Ni-CeO15 1:1 mixed layer over CeO
and individual NiO particles ii) 0.6 nm Ni-CeO15 1:1 mixed layer over CeO; and 0.2 nm Ni-CeO:5 1:1
mixed layer over NiO. Note that the calculated layer thickness is not accurate but indicative, since the
simulation is influenced by uncertainties in the electrode grains shape and size. In any case, the
average Ni-CeOqs layer thickness should be comparable with the analysis depth of the APXPS

technique (ca. <3 nm).
3.5 Surface imaging by scanning electron microscopy.

Top view SEM images show that the surface of the fresh electrode appears porous in micro-structure
with uniformly distributed grains (fig. 4a). Macroscopically there are no significant changes of the
morphology after the in-situ treatments (fig. 4b), however high magnification images (insets) show
that the microstructure of the particles has been modified. In particular, just after high temperature
sintering (inset fig. 4a), the particles appear to have a crystalline form with well-defined edges, while
after APXPS measurements the shape of the particles is rounded (inset fig. 4b). This indicates that to
a certain extent mass transport between the particles took place during operation without extended
macroscopic sintering and agglomeration of the grains. This is also providing indirect evidence of the
fact that the interior (bulk) of the electrode grains did not reduce during the APXPS measurements.
EDX spectra taken at various samples areas (not shown) show combined features due to Ce and Ni,
but it was not possible to distinguish individual particles of nickel or ceria pointing to well intermixed

electrode materials.



Figure 4. Top view SEM images of the cathode surface in a) fresh state (after sintering at 1250 °C in

atmosphere) and b) after APXPS measurements. The insets show enlarged views of the cathodes morphology.

4. Discussion

4.1 The surface valence state of the electrode elements.

The presented results showed that both nickel and ceria readily adapt their surface oxidation state to
the gas atmosphere, while nickel can be also electrochemically reduced under cathodic polarization.
In equilibrium with water vapor nickel is oxidized (eq. 1), but electrolytic NiO reduction (eg. 2) is also
observed starting at an applied bias of -1V. The examined temperature and low pressure reaction
conditions create a dynamic interplay between gas-phase oxidation and potential-driven reduction,
the convolution of which determines the actual oxidation state of nickel under water electrolysis.
Evidently, the rate of electrochemical reduction is enhanced with the bias voltage, while the
thermochemical oxidation rate is stable under identical temperature and pressure conditions.

The interaction of ceria with steam results in a mixed ceria oxidation state (Ce*’Ce*"), reflecting the
co-existence of a variety of ceria surface sites promoting both oxidation and reduction reactions

[63],[64],[65]. Water dissociation on stoichiometric CeO, partially reduces the surface [66], while



over reduced ceria (CeO.s) surface water molecules interact with oxygen vacancies,[63] and re-
oxidize ceria. The proposed reaction schemes are the following:
2 cely + 0g; + H20@ga 2 ced + Oz + Hag) (3)
2 cell +H20gan 2 celf + 0¢; +Hag)  (4)
The portion of reduced ceria increases by increasing the reducing potential of the gas phase (e.g.
addition of H,, see Table 1) however, in contrast to nickel, the oxidation state of ceria does not

respond to the applied bias under the employed conditions.
4.2 The surface morphology.

The quantitative simulation indicated an ultrathin Ni-CeO15 mixed layer, which stabilizes on the
surface of the electrode under the examined mild operational conditions (-1V, 500 °C, 0.2 mbar). The
exact nature of the mixed Ni-CeO.s layer is not yet clear; it might consist of an ordered Ni-Ce
microstructure due to direct substitution of Ce* ions with Ni as proposed before[67], or alternatively
by mixed cubic (Ni) and fluorite (GDC) lattice areas with a high degree of grain boundaries. Two
possible mechanisms can elucidate the formation of the proposed mixed Ni-CeO1s surface layer. As
shown in fig. 3 CeO./NiO core/shell structure is formed in oxidizing environment (e.g. during
calcination). In the course of steam electrolysis, metallic Ni and Ce** ions inter-diffuse in a mutual
surface zone, which is limited by the thickness of the Ce** layer. As explained by Li et al. the relatively
large atomic misfit of the Ni-Ce** pair (42.5 %) as compared to Ni-Ce®* (21.6 %), hinders Ni diffusion
into the CeO- core lattice [60],[67]. Alternatively, the Ni-CeO1s surface layer can be directly formed
under electrolysis conditions due to volatilization of hydroxide nickel species and re-deposition over
ceria.[68] Upon thermal decomposition of nickel oxyhydroxide over CeO:s electrode areas, inter-
diffusion can be anticipated. The present results are supported by previous ex situ microscopy
observations on Ni/DGC electrodes under reducing conditions, showing that ceria and metallic nickel
can diffuse in their interface in lengths up to 200 nm [60],[67]. They are also coherent with the
modification of the particles morphology after electrolysis, demonstrated in the high resolution SEM
images (fig.4). However, as we show in this work the electrode surface state is dynamic and likely to
vary when the operation conditions (gas, temperature, potential) are modified. Therefore one should
be cautious when performs post-mortem analysis of the samples, for example using high resolution
microscopy. Unfortunately, to our knowledge environmental TEM instruments able to study complex

ceramic electrodes at high temperatures and under electrochemical operation are not yet available.
4.3 Correlation of the electrochemical performance with nickel oxidation state.

B.W. Eichhorn and co-workers [29] determined the electrochemically active region in water

electrolysis and found that extents at about 150 um from the current collector. Since the thickness of



our NiGDC electrode is about 80 um, the outer 5 nm probed by the AP-XPS and NEXAFS methods are
definitely in the electrochemical reaction zone of the working electrode and therefore representative
to the NiGDC electrode state. Therefore, the ability of partially oxidized nickel electrode to maintain
higher cell currents as compared to metallic nickel is a direct consequence of the surface
arrangement. As shown in the cartoon of fig. 5, when the calcined electrode is exposed in oxidative
fuel operation conditions i.e. 100% steam, a thin skin of mixed nickel and CeO1s dominates the
surface. The surface skin layer provides an enhanced number of Ni-GDC contact areas (TPBs), thus
increasing electronic/ionic conductivity and the electrochemical reaction sites. At the same time it
can be suggested that the interior NiO core enables nickel particles to keep their increased volume
and consequently retards the process of nickel coarsening. At high polarization voltages, the
electrolytic NiO reduction rate is enhanced and the reduced surface layer becomes thicker. In this
case the NiO core is not directly evident in the Ni 2p spectra due to the high surface sensitivity of
APXPS. However, its presence is indirectly manifested by the relatively high Ni/Ce ARs (fig. 1c). Ha/
H,O mixture or H, atmosphere, the reduction of NiO extends into the bulk and induces the
contraction of the nickel particles volume, as confirmed by the systematically lower Ni/Ce ARs
compared to 100% steam (Table 1). Therefore, the available TPB length is reduced resulting in the
decrease of the current density.
Sintered electrode / O, 'Y N

100 % H,0 fuel NO  NO/CeO, Ni-Ce™/CeO, Ni-Ce*/NiO Ni

H; or Hy/H,0 fuel

Figure 5. Schematic representation of the proposed nickel and ceria surface arrangement under different
operation conditions. For clarity the nickel and ceria grains are represented by a single layer of spherical
core/shell particles symmetrically arranged over the YSZ electrolyte. For a more representative image of the

surface morphology please refer to fig. 4.

Currently most of the efforts to improve the performance of solid oxide electrodes are focusing on
the development of suitable materials [69]. In a different approach, Mogensen and co-workers
recently proposed to eliminate degradation phenomena on solid oxide cells by implementing
reversible fuel/electrolysis cell operation conditions [8]. Our experiments have analyzed the
outermost surface layers of a working Ni-based SOEC electrode, providing details of the complex
morphological and chemical modifications during operation. We show that the electrode surface

dynamically responds to the fuel feed and the applied potential, while we establish a correlation



between nickel oxidation state and TPB. This knowledge might be used to introduce a new concept
for SOEC improvement strategies. One can envisage the use of conventional electrode materials,
focusing on the optimization of the cells” operational parameters. The aim is operate the cells under
such experimental conditions, where there is stabilization of the typically transient surface
configurations, instead of those surface arrangements that are usually present. The former might
prove to be more active and/or durable, than those that are commonly detected. As an example we
show that under the examined reaction conditions of this study, the maintenance of nickel grains in a

partially oxidized state, might be advantageous.

5. Conclusions

In summary, the surface state of the Ni/GDC electrode in a SOEC cell was investigated upon
electrolysis of H,O by means of APXPS and NEXAFS spectroscopies. It was shown that the oxidation
state and composition is dynamic and adapts to the fuel and the applied voltage. In oxidative
environments surface segregation of oxidized nickel over ceria particles is observed, while under
specific operational conditions nickel is maintained in a partially oxidized state. In that case, one can
anticipate a core-shell surface morphology consisting of a surface Ni- CeO1s skin and an interior NiO-
CeO; backbone. The reduced surface shell maintains the high electronic conductivity and the
appropriate TPB length for the water electrolysis reaction, whereas the oxidized core helps to

maintain the particles volume and thus sustains the microstructure of the electrode.
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