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A B S T R A C T

This study addresses the degradation mechanisms of porous fuel electrode from an electrode (Ni/YSZ) and an 
electrolyte (Ni/CGO)-supported cell operated for long-term in steam electrolysis mode. Using a nanobeam, 
spatially resolved X-ray fluorescence and X-ray absorption spectroscopy are combined to acquire high-resolution 
compositional maps and to probe intra-granular changes with the evolution of the Ni chemical state. This 
experimental work highlights oxidized states of nickel (i.e. NiO/Ni(OH)2 species) in the case of Ni/CGO while for 
Ni/YSZ the chemical state is metallic. In both types of fuel electrodes, the Ni depletion occurs and the depletion 
length is reduced to around 1 μm in the case of Ni/CGO after 23,000 h in contrast to around 4 μm in the case of 
Ni/YSZ after 6100 h. In the case of Ni/CGO, the coating of Ni particles by the diffusion of Gd and Ce from the 
CGO contact layer prevents the Ni migration while in the case of Ni/YSZ the Ni migration is not suppressed. 
These results are in accordance with in-situ impedance data where the main difference observed between Ni/YSZ 
and Ni/CGO fuel electrodes is a deactivation of the fuel electrode as non-ohmic losses for Ni/YSZ in contrast to 
Ni/CGO.   

1. Introduction

The transition from a carbon-based energy system to a low-carbon
and ultimately to a net-zero energy system requires a rapid and wide
spread change of our current energy system. Among the different al
ternatives, hydrogen has the potential to store, transport and distribute 
renewable energy. By that, the early deployment of hydrogen produced 
from renewable electricity and water electrolysis is foreseen as a tran
sition enabler. Thus, worldwide national strategies have been initiated 
to increase the hydrogen production capacity, and the European (EU) 

electrolyzer manufacturers have pledged to increase their capacity to 
around 19.3 GW (GW) per year by 2030 [1]. To meet such an objective, 
there is no simple or single solution but rather multiple technologies and 
fuels scenarios with a need to synchronize the scaling up of clean energy 
technologies while scaling back fossil fuels [1]. 

Three technologies, namely proton exchange membrane electrolysis 
(PEMEL), alkaline electrolysis (AEL) and solid oxide electrolysis (SOEL), 
are currently scaled-up to the gigawatt. The GW target requests not only 
to expand the actual renewable energy and water electrolyzer capacity 
but also to industrialize the manufacturing process and to reduce the 
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E-mail addresses: aline.leon@eifer.org (A. Léon), sabine.schlabach@kit.edu (S. Schlabach), julie.villanova@esrf.fr (J. Villanova).

mailto:aline.leon@eifer.org
mailto:sabine.schlabach@kit.edu
mailto:julie.villanova@esrf.fr


voltage degradation rate of the electrochemical cell under high current 
density over long-term operation (>10,000 h). 

Herein, we consider the high-temperature steam solid oxide elec
trolysis technology based on oxide ion conduction with ceramic-based 
materials; this technology is of interest due to its potential to use 
waste heat from industrial processes, to use the same solid oxide cell to 
produce hydrogen (electrolysis operation) or electricity (fuel cell oper
ation) and to reduce the CO2 molecules by the co-electrolysis process. In 
addition, less critical material is involved in the cell manufacturing in 
terms of availability and pricing. The solid oxide technology has been 
first developed for fuel cell operation, and research & developments are 
ongoing to use the identical cells in electrolysis mode. The reversibility 
of the cells has been proven by operating in fuel cell and electrolysis 
mode, which implies similar ohmic and activation overpotentials for 
both operation modes. Today, the most common electrolysis cell ar
chitectures are either planar electrode-(cathode-)supported cell (CSC) or 
electrolyte-supported cell (ESC). The current state of the art in terms of 
cell manufacturing, operation parameters, performance, durability and 
degradation can be found in recent monographs and manuscripts [2–6]. 
To date, the target of the EU Commission to make the high-temperature 
technology economically viable in electrolysis mode is to achieve a 
degradation rate of 9 mV/kh at a current density of 1.0 A/cm2 and 6.5 
mV/kh at a current density of 1.5 A/cm2 in 2027 and 2030, respectively. 
Towards these targets, the electrodes, the barrier and contact layers as 
well as the electrolyte are continuously optimized to reduce the degra
dation rate by improving the initial powder composition, the layers 
densification, the contact of the different layers, and so on. 

The assessment of the degradation source is fairly complex, due to 
the multilayer system, the combination of different degradation pro
cesses (chemical and/or electrochemical degradation, mechanical fail
ure, microstructure evolution, and so on) and the steam environment in 
electrolysis mode. The most common tools used for tracing degradation 
are in operando electrochemical techniques (UI curves for cell perfor
mance, in-situ impedance spectroscopy), ex-situ analysis with post- 
mortem characterization using classical and advanced techniques (e.g. 
Scanning electron microscopy, X-ray diffraction, X-ray imaging, X-ray 
spectroscopy) and modelling (microstructure of cell or single repeating 
unit physically-based models, grey-box models and so on) [7–18]. In 
addition, analytical techniques such as ambient pressure X-ray photo
electron spectroscopy (APXPS) or near edge X-ray absorption fine 
structure (NEXAFS) recorded in total electron yield (TEY) with a depth 
resolution of 50 nm have been also applied in-situ or in operando to 
correlate the degradation path with the electrochemical reaction [19]. 
Using models and porous electrodes as well complementary character
ization tools listed above and theoretical calculation, several insights 
along the electrochemical reaction and the degradation processes have 
been gained in the last years that allowed significant improvements in 
terms of electrode stability, performance and durability of the electro
chemical cell and stack. To achieve the targets of low degradation at 
high current density, it is necessary to further advance our knowledge in 
the degradation processes and acquire complementary quantitative data 
from different classical and advanced characterization techniques. Thus, 
a multimodal characterization approach down to the nanoscale with 
high spatial resolution and large view combined with the history of the 
test object (UI curve, U = f(t), in-situ impedance spectroscopy, in
cidents) is becoming more and more necessary. In this frame, in our 
previous study we acquired 2D nano X-ray fluorescence (nano-XRF) 
maps on thin lamellas of the complete porous CSCs and ESCs operated 
for long-term under practical application conditions in electrolysis [20]. 
Such 2D maps allowed viewing not only the spatial distribution of all the 
chemical elements that composed the cell but also their diffusion as well 
as their co-localization at the interfaces of the different functional layers 
during the sintering process or during the electrochemical reaction. It 
was further possible to evaluate the thickness of each layer and to assess 
their evolution after the long-term operation. By that, the functional 
layers were highlighted and the secondary layers identified in terms 

mainly of Gd, Ce and Sr accumulation. It has been shown that, already 
before the operation the cells have the following complex structure with 
additional interlayers.  

• For a CSCs: Ni/8 YSZ//8YSZ//Sr//Gd//CGO//LSCF
• For an ESCs: Ni(CGO)//CGO//Ce//Gd//6Sc1CeSZ//Gd//Sr//Ce//

Sr//CGO//LSCF

An increase of the Gd-based layer thickness at the interface of the
electrolyte was observed at the end of the long-term operation, while the 
change in the Sr-based layer thickness was not significant. In addition, 
nanoparticles of Co and Fe were present in the diffusion barrier and 
electrolyte of the ESC. For the fuel electrode, Ni depletion was observed 
for the CSC while an agglomeration occurred in the ESC [20]. 

As a further step of our precedent study, the aim herein is to gain 
additional knowledge on the processes involved within the Ni/(8Y2O3) 
ZrO2 (labeled Ni-8YSZ) and Ni/Ce0.8Gd0.2O1.9 (labeled Ni-CGO) porous 
fuel electrode operated for long-term in electrolysis mode. Indeed, in the 
abundant literature about the fate of nickel, three main degradation 
processes are reported: (i) the nickel depletion at the triple phase 
boundary (TPB), (ii) the morphology changes of the nickel particles and 
(iii) the presence of impurities in and around the Ni particles [2,7,10,12,
13,21,22]. For each process, different mechanisms or reaction pathways
are proposed: as an example, the Ni depletion is explained by mass
transfer phenomena with surface diffusion of Ni atoms or Ni(OH)x spe
cies as well as transport in the gas phase of Ni(OH)2 species or solid-state
diffusion of vacancies [2,4]. Particle surface behavior could be linked to
a charge transfer based on an interstitial process and an oxygen or
hydrogen ‘spillover’ mechanism that corresponds to an oxygen adatom
on Ni to form an oxide ion attached to the surface of YSZ for a CSC [13].
In the proposed mechanisms, the chemical state of nickel should differ
from the metallic (Ni0) to the oxidized state (Ni2+). Few studies [11,23]
using model electrodes highlighted the change in the oxidation state of
surface Ni under different operating conditions. However, to the best of
our knowledge, the chemical state of nickel has not been investigated so
far with porous fuel electrodes operated under practical conditions for
long-term (>5000 h) in electrolysis mode at high current density. In this
study, spatially resolved X-ray fluorescence (nano-XRF) and X-ray ab
sorption near edge spectroscopy (nano-XANES) are combined to probe
the evolution of the chemical state of Ni within a large porous fuel
electrode surface (70 μm × 60 μm). Especially, nano-XANES at the Ni
K-edge (8333 eV) with a beam size of 50 × 50 nm2 have been applied for
the first time to analyze the chemical state of Ni within the core and the
shell of nickel particles at different position of the complete hydrogen
electrode of a CSC and an ESC operated for 6100 h and 23,000 h,
respectively.

2. Materials and methods

2.1. Samples

The circular CSC were elaborated at Forschungszentrum Jülich. The 
cells consisted of a Ni/(8Y2O3)ZrO2 (labeled Ni/8YSZ) cermet as 
hydrogen electrode, an 8(Y2O3)ZrO2 (labeled 8YSZ) electrolyte layer, a 
barrier composed of Ce0.8Gd0.2O1.9 (labeled CGO) and a La0⋅58Sr0⋅4Co0.2 
Fe0⋅8O3 (labeled LSCF) oxygen electrode. All the layers described above 
were deposited by screen-printing on a Ni/8YSZ substrate (1.5 mm 
thick) [12,24]. The cell architecture can be summarized as follows: 
Ni/8YSZ (1.5 mm)//Ni/8YSZ (8 μm)//8YSZ (10 μm)//CGO (5 
μm)//LSCF (30 μm). 

The commercial circular ESCs were produced by the company Ker
afol (Germany). Using the same labels as for CSCs, the ESC architecture 
can be written as follows: Ni/CGO (30 μm)//CGO (7 μm)//6Sc1CeSZ 
(130 μm)//CGO (7 μm)//LSCF (30 μm) where 6Sc1CeSZ corresponds to 
(6Sc2O3⋅1CeO2)ZrO2. 

The CSC and ESC were operated by the European Institute for Energy 



Research (EIFER) for 6100 h and 23000 h, respectively [12,24,25]. For 
comparison, the corresponding non-operated cells were analyzed as a 
reference. These two architectures are compared in this study in order to 
highlight the difference in the processes of the Ni-YSZ and Ni-CGO fuel 
electrode. It is pointed out that these cells are specific in terms of per
formance and operation time giving access to unique microstructural 
data. As can be seen in Fig. 1, once dismantled from the cell housing 
after long-term operation, the two cells used in this study were fully 
intact with neither pollution, delamination nor fissures at the fuel 
electrode. The visual aspect of the hydrogen electrode surface is com
parable to a non-degraded electrode. 

During the course of the operation, incidents can occur that can 
accelerate the degradation, such as steam starvation and thermal cycles; 
these incidents can either have a reversible or irreversible impact on the 
cell performance. The knowledge of the type of incidents during the cell 
operation is thus of importance to avoid any misleading correlation 
between the electrochemical performance and the corresponding 
microstructure. For the 6100 h operated CSC, one kind of incident has 
been reported as a dry pulse of a duration of 2 min that occurred after 
1315 h, 1534 h, 3263 h and 5000 h over the testing period. For the ESC 
operated for 23000 h steam starvation occurred for a few seconds after 
4530 h. Considering the total operation time, it is not too likely that 
these incidents have a significant impact to be detectable within the 
post-test characterization of these cells. 

Thanks to impedance spectroscopy, time dependence evolution of 
the resistance related to the electrodes, electrolyte contribution as well 
as gas diffusion can be distinguished with four ohmic parameters 
defined as the resistance (RΩ, which equals the real part of impedance at 
high frequency), the area specific resistance (ASR which equals the real 
part at low frequency where the impedance is ohmic), the gas conver
sion/diffusion resistance of the electrodes (Rconv/diff occurring at low- 
frequency relaxation) and the resistance from the charge transfer reac
tion (RIF, which is present at intermediate frequency). The measure
ments recorded in-situ (i.e. without current interruption before the 
measurement) at the steady-state direct current density indicate that the 
main difference between the CSC and ESC is the fuel electrode deacti
vation after the long-term operation of the CSC in contrast to ESC. 
Table 1 summarizes the different operating conditions, the U-j curves 
and the measured resistance of the CSC and ESC after the long-term 
operation of 6100 h and 23000 h, respectively. In both cases, the U-j 
curves show constant open circuit voltage (OCV) indicating rather 
constant conditions for gases, no fissures and no development of an 
electronic conducting path. As can be seen, the degradation due to 
ohmic losses is present for the CSC and ESC and for the CSC a non-ohmic 
term is present. The degradation due to non-ohmic losses is dominant for 

CSC and it is mainly related to the deactivation of the fuel electrode. 
Also, the conversion/diffusion resistance does not evolve with time in 
both types of cells indicating a stable feed gas supply and porosity. It is 
pointed out that all degradation rates are close to the typical values 
expected in solid oxide fuel cell (SOFC) mode showing the reversibility 
between SOFC and solid oxide electrolysis cell (SOEC). To complement 
the in-situ impedance spectroscopy data and the classical imaging and 
spectroscopy techniques (i.e., scanning electron microscopy (SEM), 
Energy dispersive X-ray (EDX), and Transmission electron microscopy 
(TEM), X-ray photoelectron spectroscopy (XPS)) spatially resolved post- 
test analysis using nano-XRF and nano-XANES at the Ni K-edge was 
carried out on the Ni-YSZ and Ni-CGO fuel electrodes. Being comple
mentary, these techniques provide information on different length scale 
of the sample. Indeed, nano-XRF provide high-resolution compositional 
analysis in combination with high lateral resolution compared to EDX 
with access to volume of the sample as well as more sensitivity with a 
detection limit in the range of a few 10 ppm. Further, the analysis of 
large areas with a continuous scan provides the statistical information in 
contrast to TEM. Finally, nano-XANES gives access to the volume of the 
sample while XPS probes only its surface. 

2.2. Sample preparation 

The two cells made of porous electrodes and tested under real 
application conditions were prepared by in situ lift-out in a focused-ion 
beam (FIB) system (FEI Strata 400 S) to obtain thin transverse cuts (of 
1.5–2 μm) of the solid oxide cells with all functional layers. The cutting 
was performed using 30 kV Ga+ (gallium) ions. Cross-contamination and 
redeposited contaminations were further reduced using a cleaning- 
cross-section milling pattern. Fig. 2 displays the different steps to ach
ieve the thin transverse cut of the CSC operated for 6100 h starting from 
the region of interest (Fig. 2a) down to the desired thickness (Fig. 2b), 
the lift-out (Fig. 2c) and the transfer to a molybdenum (Mo) FIB-lift-out 
grid (Fig. 2d and e). The position of the sample within the grid is 
highlighted in red in Fig. 2e. Thereafter, the Mo grid was mounted on the 
sample support of the synchrotron beamline. It should be pointed out 
that care has been taken to have uniform thin samples. However, due to 
porosity and related curtaining effects from FIB preparation a fully 
smooth surface was not easily achieved. 

2.3. Nano-XRF and Nano-XANES at the ID16B beamline 

Nano-XRF and nano-XANES with a large field of view and a high 
spatial resolution were performed at the ID16B beamline of the Euro
pean Synchrotron Radiation Facility (ESRF) in Grenoble, France [26]. 

Fig. 1. Pictures of the two cells (diameter of 8 cm) dismantled from the cell housing after 6100 h and 23000 h of operation in electrolysis mode.  



An X-ray nanobeam with high flux (1012 photons per second) and a spot 
size of 50 × 50 nm2 was used with an energy of 17.5 keV to acquire the 
2D nano-XRF maps. Fig. 2f displays the lamella of the complete CSC 
operated for 6100 h and the region of interest (ROI) in red that has been 
defined as well the corresponding distribution of Ni element in the form 
of a 2D map. The ROI has been scanned on the transverse cut with a 30 
nm step size and a 100 ms acquisition time per point. Analysis of the 
fluorescence spectra using the PyMca software allows presenting the 
distribution of each element composing the cell. Thereafter, 
nano-XANES in targeted points within the 2D maps has been performed 
at the Ni K-edge (E0 = 8333 eV) to probe the chemical state of nickel in 
the core of the particles as well as at the outer shell along the full fuel 
electrode. The nano-XANES were acquired by varying the energy from 
8280 to 8380 eV with 1 eV and 200 ms per step. Within the thin 
transverse cut, variations of nickel concentration (strong inside the core 
of a nickel particle and weak at the interface between the Ni particle, the 
pores and the ionic conductor) and variations of thicknesses have to be 
taken into account as they have an impact on the XANES signal with 
changes in the intensity of the white line (over absorption effect), in
tensity ratio between the different peaks and signal damping – not only 
in fluorescence mode but also in transmission mode [27]. Thus, trans
mitted and fluorescence signals have been recorded for each sample and 
compared to discriminate the effect of thickness and the self-absorption 
attenuation on the X-ray absorption signal from the solid oxide samples. 
The incoming beam signal is recorded thanks to a silicon photodiode 
detecting the backscattering and fluorescence signals produced by the 
beam crossing a Titanium foil. The transmitted signal was directly 
detected with a silicon photodiode placed behind the sample and the 
fluorescence signal with silicon drift detectors (SDD) placed at 15

◦

from 
the surface of the sample. The background removal and the normali
zation of the spectra were performed using standard procedures with the 
Athena software [28]. The edge position within the spectra was deter
mined with the maximum of the first derivative. The relative concen
tration of metallic nickel and oxidized states within the samples were 
analyzed using Athena’s linear combination fitting algorithm. 

3. Results and discussions

3.1. Nano-XANES at the Ni K-edge

For all the samples, both transmitted and fluorescence signals have 
been acquired and within the manuscript, it has been selected to present 
the fluorescence spectra because of the quality of the spectra obtained in 
this mode for points taken at the border of Ni particles due to the 
sensitivity of the fluorescence mode compared to the transmission one. 
Further, the effect of the sample thickness could be minimized in this 
acquisition mode. 

3.1.1. Reference spectra of ni, NiO and Ni(OH)2 
Fig. 3a displays the spectra of metallic nickel (Ni, 6 μm foil), nickel 

oxide (NiO, powder) and nickel hydroxide (Ni(OH)2, powder) samples 
that have been acquired at the Ni K-edge in fluorescence mode using a 
nanobeam of 50 nm × 50 nm. Silicon nitride, Si3N4 substrate was used to 
spread the powder samples. Fig. 3b shows the respective first 
derivatives. 

The spectra obtained in fluorescence mode using a nanobeam 
(Fig. 3a) are comparable to the ones from the literature that are gener
ally obtained using non-spatially resolved XANES [29–31]. Indeed, the 
metallic nickel is characterized by an edge shoulder at 8333 eV and a 
double peak at 8350 eV and 8358 eV above the edge (related to the face 
cubic centered fcc-Ni structure) [32]. The oxides are characterized by a 
weak peak at 8333 eV (the intensity of which reflects the coordination 
chemistry of the absorber) and an edge onset shifted by 12 and 14 eV for 
NiO and Ni(OH)2 compared to Ni, respectively. The spectra from NiO 
and Ni(OH)2 are characterized by an intense white line at 8350 eV with a 
difference in the shape of the white line as well as the position of the 
second peak at 8366 eV and 8364 eV for NiO and Ni(OH)2, respectively. 
The three compounds have a common peak at 8350 eV which is used as a 
reference point for comparing the spectra. Then, each compound has 
specific characteristics relative to this peak that allow differentiating the 
oxidation state and separating the phases present in the sample. These 
results on reference samples validate the reference spectra using 
nano-XANES. 

Table 1 
Summary of the operating parameters including U-j curve and in-situ EIS data taken at around 5000 h of operation  

Operating parameters CSC (8YSZ) 
Fuel electrode: Ni/YSZ 

ESC (6Sc1CeSZ) 
Fuel electrode: Ni/CGO 

Temperature (
◦

C) 778–780 847–851 
j (A/cm2) 0.75 0.9 
AH (%) 80 75 
SC (%) 40 50 
OT (at j above in h) 6100 20,114 
Total operation (h) 6150 23,000 
U-j curve 

In situ EIS data acquired at about 5000 h of operation 

j current density; AH absolute humidity; SC steam conversion; OT operating time; EIS electrochemical impedance spectroscopy. 



3.1.2. Ni K edge Nano-XANES spectra of the non-operated cell 
Fig. 4(I) and Fig. 5(I) display the Ni K-edge spectra acquired at 

different positions of the fuel electrode within non-operated cells CSC 
and ESC, respectively. As can be seen, in both cases the spectra taken at 
different positions of the fuel electrode display features that are 

characteristic of NiO with a weak peak at 8333 eV and the white line at 
8350 eV. The first derivative indicates that the edge is at 8345.63 eV, 
which corresponds to the shift of 12 eV compared to metallic nickel and 
the chemical state of Ni2+. The topography indicates the presence of 
larger NiO particles in the case of the ESC compared to the CSC. Further, 

Fig. 2. Different steps of the thin transverse cut preparation for sample operated for 6100 h from defining area of interest (a) to FIB milling using Ga ions up to the 
desired thickness (b), lift-out procedure (c) and transfer to the molybdenum FIB grid (d, e). SEM image of the thin section of sample operated for 6100 h mounted on a 
Mo FIB grid is included with the region of interest and the corresponding Ni nano-XRF map (f). 



Fig. 3. Ni K-edge Nano-XANES fluorescence spectra of metallic Nickel (Ni), Nickel oxide powder (NiO) and Nickel hydroxide powder Ni(OH)2 (a) and corresponding 
first derivatives (b). 



Fig. 4. Ni K-edge nano-XANES spectra of the reference 
CSC and the 6100 h operated cell, without incidence, at 
the different positions within the electrode with (I) the 
Ni K-edge nano-XRF map and the XANES spectra of the 
reference cell (II) the Ni K-edge nano-XRF map of the 
6100 h operated cell and the corresponding points 
where the XANES spectra were acquired with the labels 
from A to Q from the electrolyte/electrode interface to 
the top of the substrate (III) the super-imposed nano- 
XRF maps displaying Y and Ni concentration within the 
ROI defined in II and (IV) the selected Ni–K-edge nano- 
XANES spectra from A to J (the spectra from K to Q are 
shown in Fig. S1).   



Fig. 5. Ni K-edge nano-XANES spectra of the refer
ence ESC and the 23000 h operated cell, at the 
different positions within the electrode with (I) the Ni 
K-edge nano-XRF map and the XANES spectra of the
reference cell (II) the Ni K-edge nano-XRF map of the
23000 h operated cell and the corresponding points
where the XANES spectra were acquired with the
labels from A to I (III) the super-imposed nano-XRF
maps displaying Gd, Ce and Ni concentration and
(IV) the Ni–K-edge nano-XANES spectra.



neither pores nor gaps can be observed between the Ni phase and the 
YSZ phase while pores are present in the NiO/CGO layer. 

3.1.3. Ni K edge Nano-XANES spectra of the 6100 h operated CSC 
Fig. 4(II)displays the large 2D nano-XRF map (70 μm × 60 μm) of the 

Ni distribution in the active layer and part of the electrode substrate. 
After the 6100 h operation, the Ni distribution remains homogeneous 
along the electrode substrate. As expected, the active layer has smaller 
Ni particles and the cross-section of the grains are in the size from 0.5 to 
2 μm while the substrate grain size is coarser from 2.5 to 5 μm. At the 
interface with the electrolyte, the Ni distribution in the active layer is 
inhomogeneous with large areas where Ni is lacking. A magnification in 
this region is shown in Fig. 4(III) to visualize the position of Ni, Y and the 
pores. As can be seen, the presence of Ni at the electrolyte/electrode 
interface is at a lower concentration compared to the top of the electrode 
and the depletion of Ni is present within 4 μm from this interface. The 
distribution of Y is homogenous with a dense structure at this interface. 

58 Ni K-edge XANES spectra were acquired from the electrolyte/ 
electrode interface up to 70 μm of the substrate at different positions in 
the electrode support and the active layer as shown in Fig. 4(II) with the 
corresponding labels. Fig. 4(IV) displays 32 selected spectra and the 
remaining ones are presented in the supplementary information 
(Fig. S1). The scans are grouped within the same region and labeled from 
A to Q starting from the electrolyte/electrode interface to the top of the 
substrate. The analysis of the Ni K-edge spectra in terms of the edge 
position (taken as the maximum of the first derivative) and peak position 
compared to the reference one suggests that the chemical state of Ni is 
metallic within the studied area along the fuel electrode. The variation 
observed for example in H, I and J group spectra at the rising edge or the 
white line intensity is mostly related to Ni concentration within the in
tegrated analysis volume. 

3.1.4. Ni K edge nano-XANES spectra of the 23,000 h operated ESC 
Fig. 5(II) displays the 2D nano-XRF map (22 μm × 11 μm) of the Ni 

distribution in the fuel electrode of the 23000 h operated ESC. As can be 
seen, the distribution of Ni is homogeneous at the interface of the 
electrode/CGO contact layer and the cross-section of Ni grain size vary 
from 0.3 to 6 μm within the volume analyzed. Thus, the microstructure 
of the Ni network is coarser compared to the microstructure of the NiO 
network from the reference cell. The 2D map with the combined view of 
the elemental distribution of Ni, Gd and Ce (Fig. 5(III)) clearly indicates 
the position of the Ni particles, the CGO mixed ionic electronic 
conductor and the pores. In contrast to Ni particles, the CGO network is 
made of smaller particles with a homogeneous distribution around the 
Ni particles. Compared to the reference cell, the CGO concentration is 
significantly increased and the distribution is denser along the Ni par
ticles. 31 Ni K-edge XANES spectra (Fig. 5(IV)) were acquired at 
different positions from the CGO contact layer into 10 μm of the elec
trode. Fig. 5(II) displays the position of the scans and the corresponding 
labels for a group of scans within a specific area of measurements 
defined by the arrows. One isolated spectrum A1 has been measured at 
the very interface with the electrolyte. Inside the Ni particle, the analysis 
of the spectra B4, E3, D5, G4 and H3 indicates the position of the K-edge 
at 8333 eV, which is the signature of metallic Ni. In the outer regions of 
Ni particles, the analysis of the edge position indicates a shift to 8345 eV, 
as for example in spectra E1, F1, E2, and E3, which implies a shift of the 
chemical state from Ni to Ni2+ and the presence of NiO. Further, in the 
region at the interface and close to the pores, as in spectra B2, C3, D3, 
D2, D1, I2 and I3, the K-edge is at 8333 eV indicating a metallic state. 
Within the volume analyzed, the cross-section of Ni particles is probed 
and the chemical state of Ni varies according to the position probed from 
metallic nickel (inside the grain volume) to a mixture of Ni and NiO 
(region of Ni in contact with CGO) and to NiO/Ni(OH)2 (region in 
contact with CGO and pores, spectrum C3). 

3.2. Emphasis on the degradation mechanism at the hydrogen electrode 

The fuel electrode is generally the conventional cermet made of a 
nickel catalyst and the ceramic electrolyte material that consists of ox
ides with high oxide ion conductivity. To achieve a higher reaction rate, 
the microstructure of the fuel electrode is adjusted carefully in terms of 
porosity, thermal, chemical, and mechanical stability. By that, electron- 
conducting Ni particles are in contact with oxide ion-conducting parti
cles or mixed-ionic-electronic conducting (MIEC) particles and open 
pores through which steam and hydrogen enter and leave the electrode 
structure. The total conductivity σ of the different species involved are as 
follows: σ = 0.054 S/cm for 8YSZ, σ = 0.050 S/cm for 6Sc0.5CeSZ, and 
σ = 0.15 S/cm for CGO at 800 

◦

C [33,34]. The electrochemical reaction 
occurs near these three phases (Ni, YSZ/CGO, and fuel gas), called the 
triple-phase boundary or within the entire electrode when using a MIEC. 
The degradation rate of CSC and ESC operated for long-term in elec
trolysis mode and studied in this paper can be summarized as follows.  

- 10 mV/kh for a Jülich CSC, with Ni(YSZ)/8YSZ (8 μm)/CGO/LSCF
architecture operated at 0.75 A/cm2 for 6100 h at 780 

◦

C, with
absolute humidity AH = 80% and steam conversion SC = 40% [24].

- 7.4 mV/kh for a Kerafol ESC (commercially available but not opti
mized for electrolysis operation), with Ni(CGO)/CGO/6Sc1CeSZ
(130 μm)/CGO/LSCF architecture operated at 0.9 A/cm2 for
20100 h at 850 

◦

C, AH = 75% and SC = 51% (total operation time is
23000 h) [25].

The state-of-the-art ESC operation with a thin electrolyte (40 μm
thick), proposed by Sunfire (who continuously optimizes the cell for 
electrolysis operation) has a degradation rate of 5 mV/kh for the Ni 
(CGO)/CGO/3 YSZ (40 μm)/CGO/LSCF cell architecture operated at 

0.9 A/cm2 for 24000 h at 852–858 ◦C, AH = 75% and SC = 60% (total 
operation time is 30000 h) [14]. 

The main source of degradation of the Ni-YSZ fuel electrode is 
attributed so far to the microstructural changes in the Ni network due to 
Ni migration as well as to the electrode overpotential. A revised hy
pothesis on the migration of Ni in the CSC has been proposed via surface 
diffusion of Ni(OH)x species below ca. 800 ◦C and via the gas phase of Ni 
(OH)x species above ca. 900 ◦C by Mogensen et al. [4]. The surface 
oxidation of nickel in NiO/CGO//8 YSZ (150 μm)//Pt and NiO/YSZ//8 
YSZ (150 μm)//Pt model electrodes from Kerafol was studied under a 
constant current of 100 mA/cm2 at 640 

◦

C (the temperature at which 
the oxidation process is not limited by the oxygen diffusion) by Mefawy 
et al. [11,19]. Using AP-XPS and NEXAFS, it has been shown that the 
surface oxidation state of nickel affects the electrical and ionic con
duction as well as the reaction kinetics in Ni/YSZ, while for Ni/CGO only 
the electronic conduction is reduced with the formation of NiO. This 
implies that a few nm thick layer of NiO over metallic Ni particle will 
block the electrochemical cell performance in Ni/YSZ while in Ni/CGO 
the electrochemical reaction continues although electric losses are not 
negligible. Similar studies with a complete cell NiO/YSZ//8 YSZ (150 
μm)//LSCrF cell indicate that the Ni2p spectra evolves with the gas 
environment [35]. In H2 or H2O/H2 mixture the Ni is metallic with the 
main Ni2p3/2 peak at 852.7 eV while Ni is oxidized to Ni2+ in pure H2O 
atmosphere (shift of the main peak at 855.5 eV with an intense satellite 
at 862 eV). Although it is hard to distinguish from the Ni2p spectra 
between the oxide and the hydroxyl species Ni(OH)2 (with Ni2+ oxida
tion state) or NiOOH (oxyhydroxide species with Ni3+ oxidation state) 
the O1s spectra clearly show that the presence of steam involves the fast 
decomposition of adsorbed H2O on nickel to form NiO and not Ni(OH)2 
[35]. A recent comparative study of the O1s spectra on model porous 
Ni/CGO//YSZ//Pt electrodes and Au/CGO//YSZ//Pt tested between 
570 

◦

C and 650 
◦

C suggests that oxide vacancy site concentrations and 
cation site concentrations of reduced ceria polarons are affected by the 
oxygen partial pressure and the surface potential. It has been shown that 
Ni electrodes provide higher H2 oxidation current compared to Au 



electrodes. However, the Ni activity is reduced because of the increased 
electronic conductivity of the CGO due to the chemical state change of 
ceria [36]. 

Thus, questions remain on the nature of the intermediate species of 
nickel on porous electrodes operated under practical conditions. Nano- 
XANES has the potential to probe specifically the chemical state of 
nickel within the sample volume. In addition, this technique comple
ments well the X-ray photoelectron spectroscopy that probes the surface. 
To the best of our knowledge, only one study using a microbeam (2 × 2 
μm2) [37] has been performed to probe the chemical state of Ni in a 
fractured cross-section of a tubular cell prepared for fuel cell operation 
to understand the interaction between the sintering temperature, the 
operating conditions and the nickel oxidation state. Two tubular cells, 
with the NiO/YSZ//10Sc1CeSZ (6 μm)//CGO//LSCF/CGO structure, 
were prepared and sintered at 1300 

◦

C and 1350 
◦

C. The fuel cell 
operation was performed under diluted hydrogen (20% H2 in Ar) and air 
for 8 h. Ni K-edge XANES spectra taken at different positions within a 
line from the electrolyte up to 106 μm within the fuel electrode indicate 
that the chemical state of Ni was in an oxide state up to the electrolyte 
for the cell sintered at 1300 

◦

C and only up to 36 μm for the one sintered 
at 1350 

◦

C. 
Thus, this study provides unique results on the porous Ni/YSZ and 

Ni/CGO fuel electrode using a nanobeam (50 × 50 nm2, allowing high- 
resolution compositional analysis and intra-granular changes to be 
probed) on samples operated for long-term (>5000 h) in electrolysis 
mode. The topography of the porous Ni/YSZ and Ni/CGO fuel electrodes 
operated under practical conditions is clearly distinct thanks to the Ni 
particles, the YSZ or CGO network and the pores. Ni particle sizes are in 
the range from 0.4 to 2.5 μm close to the electrolyte interface and around 
4–5 μm in the substrate of the CSC operated for 6100 h. As for the ESC, 
larger Ni particles are present in the active layer in the size range from 
0.3 to around 6 μm after 23000 h of operation. In the as-prepared CSC, 
the fuel electrode is made of a dense structure of NiO and YSZ phase 
without any pores. The YSZ network based on the Y map does not 
significantly change after the 6100 h of operation, while the Ni map 
shows an irregular depletion of this element within 4 μm from the 
electrolyte and a coarsening of the Ni particles in the substrate layer 
(Fig. 4(III)). For the as prepared ESC, NiO and CGO phase as well as large 
pores is observed with a rather dense structure of the CGO within the 
contact layer (Fig. 5(III)). Furthermore, a significant accumulation of Ce 
and Gd is observed over a few μm at the interface of the contact layer and 
electrolyte. After the operation of 23,000 h at a current density of 0.9 
A/cm2 and 856 

◦

C, it can be seen that Ni is depleted from 1 μm from the 
electrode/contact layer interface with a coarsening of the Ni particles. 
The depletion length is smaller compared to the CSC, most probably 
because of the diffusion of Ce and Gd in the same direction from the 
contact layer to the fuel electrode that blocks at an early stage the 
depletion of Ni by the coating of Ni particles with CGO. These results are 
in line with recent operando studies on patterned Ni-YSZ and Ni-CGO 
model electrodes operated in SOFC, SOEC and reversible solid oxide 
cell (RSOC) modes suggesting that in electrolysis mode (operation time 
of 60 h in potentiostatic mode of 1.5 V under 4/4/92H2/H2O/N2 vol%, 
confocal laser scanning microscopy, resolution of 256 nm), no dynamic 
migration of Ni occurs in Ni-YSZ but rather coarsening and the higher 
contact angle detaches Ni from the YSZ surface. In contrast, for the Ni- 
CGO fuel electrode, it has been observed that the movement of CGO 
and changes in the CGO surface prevent the movement of Ni [38,39]. 
The higher performance of Ni/CGO has been attributed as well to the 
low agglomeration rate of ceria particles, which are responsible for the 
electrochemical reaction, while Ni fulfils the function of an electronic 
conductor and catalyst. The Ni depletion is independent of the electro
lyte as shown by Liu et al. as a symmetrical cell based on a 200 μm thick 
8 YSZ electrolyte, CGO interlayers and Ni/CGO fuel electrodes indicate a 
similar behavior of Ni particles coating by cerium and gadolinium and a 
suppression of Ni migration [40]. Indeed, the EDX mapping acquired on 
the symmetrical cell aged for 240 h indicates an agglomeration of the Ni 

particles together with a spreading of cerium towards the Ni/CGO 
electrode on the operated cell compared to the reference one. From the 
nano-XANES data, the chemical state of the core of the Ni particles 
analyzed in the volume is metallic (examples spectra: A1, E1, E2, B1, 
and B2) while only the outer region of the Ni particles exhibits in specific 
areas presence of oxidized species. In order to evaluate the ratio between 
the Ni, NiO and/or Ni(OH)2, a linear combination fitting using Athena’s 
analysis tools was performed on normalized μ(E) spectra. The fit results 
with the R-factor are (42% Ni and 58% NiO; R = 0.014), (62% Ni and 
38% NiO; R = 0.003), (76% Ni, and 24% NiO; R = 0.002), (24% Ni, 18% 
NiO and 58% Ni(OH)2; R = 0.01) at the position D3, D4, I3 and C3, 
respectively. The presence of NiO and Ni(OH)2 within the fuel electrode 
seems to be a function of the pores and CGO particle distribution around 
the Ni particles and by that, it is rather inhomogeneous within the outer 
region of a particle. These data, taken in the volume of the sample 
complement the ones performed at the surface using XPS and model 
electrodes [11,35]. Indeed, it is suggested that mass transport path 
and/or mass transport species are different between Ni-YSZ and Ni-CGO 
as the Ni surface state is similar for both materials while the state of 
adsorbed oxygen differs with (OH)ad (at about 532 eV) only on the Ni 
surface of Ni-YSZ electrode and larger concentration of (O)ad (at about 
529 eV) compared to (OH)ad in the Ni-GCO electrode [41]. 

This experimental work highlights the different degradation pro
cesses occurring in Ni/YSZ and Ni/CGO fuel electrodes. In the case of 
Ni/YSZ, Ni migration is detrimental while in the case of Ni/CGO, the 
diffusion of Gd and Ce from the CGO contact layer blocks the Ni 
depletion. This study indicates that in the case of Ni/CGO the mecha
nism of oxygen spillover with NiO/Ni(OH)2 at the surface is more likely 
in contrast to Ni/YSZ. The presence of NiO is not detrimental to the 
electrochemical reaction of the Ni/CGO fuel electrode as shown by the 
23000 h of electrochemical testing, by XPS and by in-situ impedance 
spectroscopy where non-ohmic losses are not as significant compared to 
Ni/YSZ. Further, the Ni migration seems to not involve oxide species in 
the case of Ni/YSZ but rather the deterioration of the contact angles 
between Ni and YSZ as suggested by Monaco et al. [13]. These differ
ences in degradation mechanisms between the Ni/YSZ and Ni/GCO fuel 
electrodes correlate with the in-situ impedance data where the degra
dation is featured by the increase of the ohmic losses in both cases and of 
a non-ohmic loss term for the Ni/YSZ fuel electrode only. Thanks to the 
Ni K-edge nano-XANES acquired in combination with nano-XRF, it has 
been possible to spatially resolve regions specific to depletion, coars
ening as well as the change in the chemical state of Ni. However, to 
better quantify intermediate species like Ni(OH)x at least in post-mortem 
samples it will be necessary in future work to stop the cell under specific 
conditions or to accelerate the reaction in order to increase the con
centration of those species. 

4. Conclusions

In this study, using a combination of X-ray fluorescence and X-ray
absorption spectroscopy with a spatial resolution in the nm scale, two 
cell architectures have been used to compare the microstructure evo
lution of the Ni/YSZ and Ni/CGO porous fuel electrode operated for 
long-term under practical conditions in electrolysis mode. Large highly 
resolved 2D nano-XRF maps (70 μm × 60 μm) allowed visualizing the 
specific regions where Ni is depleted or coarsened to large particles. It 
has been shown that Ni depletion is occurring within the Ni/YSZ fuel 
electrode in CSC while this depletion is prevented by the movement of 
cerium and gadolinium elements from the CGO contact layer to the fuel 
electrode in ESC. Using Ni K-edge nano-XANES, it has been shown that 
Ni is in the metallic state in the Ni/YSZ active layer and in the substrate, 
while oxidized states of Ni is found on specific regions of the Ni/CGO 
fuel electrode. Indeed, the chemical state of Ni is metallic inside the 
grain volume while a mixture of Ni and NiO is found in the region of Ni 
in contact with CGO and Ni and NiO/Ni(OH)2 in the region in contact 
with CGO and pores. The imaging and spectroscopy data complement 



the ones from impedance spectroscopy where Ni/YSZ degradation is 
related to the increase of not only the ohmic losses but also the non- 
ohmic ones that correspond to the deactivation of the fuel electrode. 
In contrast, for the Ni/CGO electrode the degradation source was mainly 
the increase of the ohmic losses. 

Within the scale up to the gigawatt range of the high temperature 
electrolyzers based on solid oxide cell, the electrochemical performance 
is continuously optimized in order to achieve stable operation at higher 
current density and/or reduced temperature. This experimental work 
highlights differences in the chemical state of Ni in Ni/YSZ and Ni/CGO 
suggesting specific degradation processes. The presence of the contact 
layer based on CGO increases the lifetime of the cell independently of 
the electrolyte type by a coating of the Ni particles with the diffusion of 
cerium and gadolinium that prevents the subsequent Ni migration. 
These observations suggest potential paths for a stable microstructure 
for electrolysis operation together with quantitative experimental data 
for validating the mass transport path and/or mass transport species in 
existing models. 
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