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A B S T R A C T

High-temperature solid oxide electrolysis (SOEL) exhibits superior electrical efficiencies compared to low- 
temperature electrolysis technologies and possess the unique ability to produce syngas via simultaneous co- 
electrolysis of steam and carbon dioxide. However, impurity-induced degradation can significantly reduce 
their lifetime and the requirements for feed gas quality remain unclear. This study presents the first systematic 
investigation of silicate formation in state-of-the-art Ni/Gadolinium-doped ceria (CGO) fuel electrodes and its 
severe degradation impact, an issue addressed in multiple German research projects by DLR and Sunfire. 
Through microstructural and crystallographic analyses, the formation of the cerium silicate phase Ce4.67(SiO4)3O 
predominantly at the electrolyte|electrode interface is established. A progressive macroscopic color change along 
the channel is demonstrated to be a reliable indicator for cerium silicate formation. Water quality is identified as 
a critical factor for minimizing degradation rates. At 860 ◦C, degradation rates of 10.4–14.8 mΩ cm2/kh were 
observed in single cells operated in co-electrolysis with ultrapure water containing <1 ppb silica, while reverse 
osmosis water with >40 ppb silica led to a 3-5× acceleration in degradation. The results reveal a highly detri
mental solid oxide electrolysis cell (SOEC) degradation mechanism and underscore the necessity of stringent feed 
water purity to ensure stable long-term stability and commercial viability.

1. Introduction

The decarbonization of energy-intensive industries is critical to 
mitigating climate change, and electrification through power-to-X (PtX) 
technologies presents a promising pathway to achieve this goal via 
sector coupling. PtX concepts can utilize renewable energy, water, and 
captured carbon dioxide to synthesize commodity chemicals and e-fuels 
with a reduced carbon footprint [1]. A key enabler for the widespread 
adoption of PtX processes is the development of efficient and cost- 
effective electrolysis technologies.

Among the different water electrolysis technologies, high- 
temperature solid oxide electrolysis (SOEL) stands out for its superior 
electrical efficiency, owing to its kinetic and thermodynamic advantages 
[2]. Furthermore, solid oxide cells (SOCs) have the unique benefit of 
being able to operate in co-electrolysis of CO2 and H2O generating tailor- 
made syngas ratios in one reactor which can be directly coupled with 
downstream chemical processes. These downstream processes, such as 
methanol synthesis, Fischer-Tropsch synthesis and methanation are 
typically exothermic, creating synergies with SOEL by providing the 

large amounts of waste heat required for steam generation which can 
boost electrical SOEL system efficiencies by >10 % [3]. For example, 
thermal integration between co-electrolysis and catalytic methanation 
allows unrivaled power-to-methane efficiencies exceeding 80 %LHV [4].

For SOEL to achieve commercial viability, long-term operational 
reliability is crucial, driving significant research into mitigating degra
dation in cells and stacks. Degradation rates as low as 0.5 % per 1000 h 
are targeted by the Strategic Research & Innovation Agenda from the 
Clean Hydrogen Joint Undertaking by 2030 [5]. Such degradation rates 
have already been achieved in steam electrolysis for operating times 
>1000 h [6–12]. However, fewer studies have focused on the durability 
of state-of-the-art SOCs in co-electrolysis operation [9,13].

Degradation in SOCs results from both intrinsic and extrinsic 
mechanisms, and dominant degradation mechanisms are now 
frequently the effect of external impurities rather than the internal ef
fects of high-temperature diffusion processes [14]. State-of-the-art Ni/ 
cermet fuel electrodes show degradation upon exposure to Ni surface 
deactivation from sulfur contaminants and carbon formation [15,16]. 
Ni/Gadolinia-doped ceria (CGO) fuel electrodes typically used in 
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electrolyte-supported cells (ESCs) and metal-supported cells (MSCs), 
show higher tolerance towards both sulfur poisoning and coking 
compared to Ni/Yttria-stabilized zirconia (YSZ) [17,18], which are 
preferred in fuel electrode supported cell architectures due to their high 
mechanical stability. Ni/YSZ fuel electrodes were also reported to suffer 
from SiO2 deposition during electrolysis [19], with silica hypothesized 
to play a role during Ni migration which is one of the most detrimental 
degradation mechanisms in Ni/YSZ electrodes [20]. Potential sources of 
silica include steel pipes, humidifiers, preheaters, glass sealant, and even 
the raw materials of the cell components [19,21,22]. Another important 
but less understood source of silica is the feed water itself but exact 
purity requirements are still unclear. This uncertainty is further ampli
fied by many research groups using hydrogen combustion to generate 
steam thereby avoiding direct water impurity carryover into the feed 
gas. Feed water quality is a critical factor for electrolysis plants, as it 
influences the design of the balance of plant (BoP) components, affects 
maintenance costs, and impacts the lifetime of the stacks, which are key 
determinants of final product costs.

DLR and Sunfire have systematically investigated the effect of silica 
impurities in state-of-the-art ESC with Ni/CGO fuel electrodes during 
steam and co-electrolysis in multiple German research projects to un
derstand the degradation mechanism and develop mitigation strategies. 
In the present study, the influence of feed water quality on single cell 
degradation in co-electrolysis and the impacts of silica on performance 
and microstructure are examined.

2. Experimental

2.1. Electrochemical cell characterization

State-of-the-art electrolyte-supported cells with a size of 5 × 5 cm2 

and an active area of 4 × 4 cm2 were supplied by Sunfire (Dresden, 
Germany). They consisted of a 90 μm thick 3 mol% Y2O3-doped ZrO2 
(3YSZ) electrolyte, 5 μm thick CGO interlayers on both the fuel and 
oxygen electrode side, a Ni/CGO fuel electrode with a functional layer 
and a more porous current collector layer with increased Ni content, and 
a La0.6Sr0.4Co0.2Fe0.8O3-δ (LSCF)/CGO oxygen electrode with LSCF cur
rent collector layer.

Single cell testing was performed at DLR and the used setup has been 
illustrated and described in detail in earlier works [23,24]. The cells 
were mounted with the oxygen electrode pointing upwards and heated 
(3 K/min) to 860 ◦C for reduction and electrochemical testing. Proper 
sealing of all cells with Au frames was ensured by confirming the open 
circuit voltage (OCV) to be higher than 1.2 V in pure hydrogen and air. 
Carbon dioxide with a purity of 99.995 % and carbon monoxide with a 
purity of 99.0 % by Linde (München, Germany) were used in all ex
periments. Steam was provided via a controlled evaporator mixer (CEM) 
from Bronkhorst (Kamen, Germany) in which small water droplets are 
injected into a carrier gas stream at temperatures of 100–130 ◦C 
depending on the operating point. The fuel gas was then carried to the 
oven via heating pipes with polytetrafluoroethylene (PTFE) core with a 
maximum temperature of 130 ◦C. Subsequently, the fuel gas was 
brought to oven temperature by going through a ceramic pipe into the 
oven atmosphere.

Feed water was first purified via reverse osmosis, and in some ex
periments went through a ultrapure water supply installation including 
a mixed bed ion exchanger, a UV disinfection device, two particle filters 
(1 μm and 0.2 μm) and a conductivity measurement. If ultrapure water 
was used a maximum conductivity of 0.1 μS cm− 1 was ascertained for 
the duration of all experiments. Additionally, the mineral content of the 
feed water was analyzed with inductively coupled plasma mass spec
trometry (ICP-MS) measurements, for which 100 μL nitric acid were 
added to the water samples for ionic stabilization.

The first experiment over ~1000 h was carried out with a fuel gas of 
63.7 % H2O, 31.3 % CO2 and 5 % H2 at a flow rate of 0.204 SLPM and 
with reverse osmosis (RO) feed water. An air flow rate of 0.5 SLPM and a 

current density of − 0.92 A cm− 2 was used. At the beginning of this 
experiment, the humidifier had already been in operation in previous 
tests for several thousand hours.

Three additional experiments were performed at constant total fuel 
and air flow rates of 1 standard liter per minute (SLPM), respectively. 
The fuel gas composition was 50 % H2O, 25 % CO2, 20 % N2 and 5 % H2. 
Current densities of − 0.25, − 0.5 and − 1.0 A cm− 2 were applied for the 
different tests, respectively. The same humidifier as in the previous 
experiment was used and operated at the same temperature about 10 
months after the first experiment with the only nominal change being 
the use of ultrapure water. Electrochemical impedance spectroscopy 
(EIS) was performed by means of an electrochemical workstation 
(Zahner PP-240 with Thales software) in a frequency range from 100 
mHz to 100 kHz with 10 points per decade. The amplitude of the current 
stimulus was chosen to be 500 mA.

2.2. Post mortem analysis

Tested cell samples were embedded into a resin and microstructures 
of polished cross-section samples were investigated with a Zeiss ULTRA 
PLUS scanning electron microscope (SEM) (Carl Zeiss AG, Germany) in 
combination with a Bruker XFlash 5010 energy-dispersive X-ray spec
troscopy (EDX) detector for elemental analysis.

Material phases were analyzed by X-ray diffraction (XRD) using a D8 
ADVANCE (BRUKER AXS GmbH, Germany) device with a Cu Kα radi
ation source operating at 40 kV and 40 mA in Bragg-Brentano geometry 
with an increment step of 0.02◦ to identify the phases and determine 
their structural parameters.

3. Results and discussion

3.1. Single cell degradation in co-electrolysis with reverse osmosis feed 
water

As a first step, a 1000 h durability test was carried out using reverse 
osmosis water as feed for the humidifier. The cell was operated with a 
steam/carbon (S/C) ratio of 2 at − 0.92 A cm− 2 corresponding to a 
reactant utilization of 60 %. The conditions were chosen to investigate 
the cell's behavior at relatively high current densities. Its voltage evo
lution is depicted in Fig. 1. The cell showed a degradation rate of 67.4 
mV/kh (4.9 %/kh) over the course of the experiment. Fig. 1b+c show 
two impedance spectra, one at the beginning and one at the end of the 
durability test. Fig. 1b shows that the resistance increase of 77 mΩ cm2 

consisted mainly of an ohmic resistance increase of 70 mΩ cm2 and a 
minor increase of the polarization resistance of 7 mΩ cm2. This pre
dominant degradation of the ohmic resistance is consistent with most 
other literature reports investigating the durability of state-of-the-art 
ESC in electrolysis operation and usually assumed to be governed by 
the loss of ionic conductivity in the YSZ electrolyte upon ageing [6–8], 
with possible contributions of the electrode/electrolyte interface [25]. 
However, the degradation rate observed in this experiment is signifi
cantly higher compared to previous literature studies with comparable 
cell configurations and testing conditions indicating the presence of one 
or more additional degradation phenomena [7]. The polarization 
resistance increase in Fig. 1 mainly occurred at frequencies of ~20 Hz 
attributed to a Ni/CGO surface process [23,26–28].

A post mortem analysis of the tested cell at the inlet showed major 
changes in the Ni/CGO fuel electrode microstructure as shown in the 
EDX mapping in Fig. 2 and in Table 1. A large amount of silica impurities 
was found in particular at the interface between the Ni/CGO functional 
layer and the CGO interlayer with molar percentages of up to 8.7 %. 
Smaller amounts of silica could also be found at the Ni current collector| 
Ni/CGO functional layer interface. Only traces of silica (<0.2 mol%) 
were found in the outlet suggesting the feed gas as its source. No in
dications of coking were observed.

Silica is well-known to dissolve in water as silicic acid Si(OH)4 
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[29,30] which is a weak acid according to 

SiO2(s)+2 H2O➔Si(OH)4 (g) (1) 

and can migrate to the steam phase via carryover [21]. According to (1), 

it is likely that solid silica (SiO2) in an amorphous state will deposit in 
the fuel electrode regions with the lowest steam content, that is, the 
electrode/electrolyte interface. The deposition of considerable amounts 
of silica at the interface could physically block and deactivate the 
electrochemically active sites on the fuel electrode, leading to an in
crease in charge transfer resistance. Additionally, this deposition could 
effectively extend the electrolyte thickness, contributing to the observed 
rise in ohmic resistance.

XRD analysis of the fuel electrode inlet of the cell from top view 
showed peaks corresponding to the Ni and CGO10 surface, along with an 
additional peak at 31◦ with a shoulder peak at slightly higher angles (see 
Fig. 3). This additional peak is most likely associated with the primary 
peak of the cerium silicate phase Ce4.67(SiO4)3O. No SiO2-related peaks 

Fig. 1. (a) Voltage over time over 1000 h of an ESC at 860 ◦C, S/C = 2, − 0.92 A cm− 2 and with a reactant conversion of 60 %. (a) Nyquist plot of the two impedance 
spectra before (0 h) and after (1008 h) the durability test (b) Imaginary impedance of the two spectra from (a).

Fig. 2. EDX mapping of the inlet of the Ni/CGO fuel electrode of the ESC tested 
at − 0.92 A cm− 2 for 1008 h.

Table 1 
Molar percentages of different elements at three different spots in the fuel 
electrode as shown in Fig. 2, according to EDX analysis.

Location O Al Si Ni Ce Gd

x 1 / % 18.1 0.9 3.4 69.6 5.7 2.4
x 2 / % 42.4 1.1 8.7 24.8 16.8 6.3
x 3 / % 48.2 0.9 8.1 11.4 23.8 7.6

Fig. 3. XRD pattern of the top view fuel electrode inlet of the cell operated for 
1008 h with reverse osmosis water. (Ce4.67(SiO4)3O (04–007-9162), Ce2(Si2O7) 
(04–019-7677), Ce2SiO5 (00–048-0054)).
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were identified suggesting a reaction between ceria and silica. The 
chemical reaction of silica and ceria in reducing atmospheres with the 
formation of different silicate phases such as Ce4.67(SiO4)3O, Ce2Si2O7 
and Ce2SiO5 has been observed previously. [31,32] Ce4.67(SiO4)3O was 
reported to be the most stable among them, forming at temperatures as 
low as 1000 ◦C [31]. The application of a cathodic bias to the Ni/CGO 
fuel electrode in the present study could have further promoted the 
formation of cerium silicates. The formation of cerium silicates and the 
corresponding change of the CGO transport properties and surface ex
change rate could be a plausible mechanism for the increase in ohmic 
and polarization resistance of the cell reported in Fig. 1.

Silicon carbonate SiCO4 also exists, but high pressures of 18–26 GPa 
and temperatures 600–980 K are required for its formation from SiO2 
and CO2, making it thermodynamic unstable under the conditions of this 
study [33].

A recent study identified quartz glass insulation in preheaters as a 
prominent source of silica since it could corroded by steam according to 
eq. 1, particularly at higher temperatures >300 ◦C [21]. However, in the 
present experiment the fuel gas was preheated outside the oven in the 
humidifier and then carried through heating pipes with a maximum 
temperature of 130 ◦C. Subsequently, the fuel gas was heated to oven 
temperature via an alumina pipe already in the oven atmosphere. Thus, 
the reverse osmosis feed water was identified as possible origin of the 
silica impurities and analyzed by means of ICP-MS at the time of the 
experiment. Table 2 gives an overview of different trace impurities in 
the reverse osmosis water, and shows indeed the presence of ~43 μg L− 1 

(43 ppb) silica in the water. Furthermore, significant concentrations of 
Cu and Zn were detected, possibly originating from brass pipes down
stream of the central reverse osmosis water system. However, no de
positions of Cu/Zn were detected in the fuel electrode by means of EDX.

3.2. Single cell degradation in co-electrolysis with ultrapure water

As a next step, the durability of ESC in co-electrolysis was tested after 
the installation of a ultrapure water supply. The conductivity of the feed 
water was continuously monitored to be below 0.1 μS cm− 1. However, 
since silica/silicic acid (see eq. 1) are not fully dissociated in water they 
do not increase the conductivity of purified water very strongly once a 
breakthrough of the ion exchanger occurs. Therefore, feed water sam
ples were analyzed by ICP-MS directly after the ion exchanger as well 
(see Table 2). Results of the water analysis in Table 2 showed that the 
ultrapure water had a significantly lower silica content than the reverse 
osmosis water below the detection limit. Thus, the use of mixed bed ion 
exchangers is an effective means to remove silica from the feed water, as 
well as all other measured elements (all below DL).

A mixed bed ion exchanger consists of both a strong acid cation resin, 
which removes positively charged ions, as well as a strong base anion 
(SBA) resin, which captures negatively charged species, including sul
fate, chloride, and silica. Since silica is present in water as either mon
osilicic acid (Si(OH)₄) or silicate ions (SiO₄2− , HSiO₃− ) depending on the 
pH, the removal process involves anion exchange, where negatively 

charged silicate species (HSiO₃− , SiO₄2− ) are effectively captured by the 
SBA resin [34]. In this process, hydroxide (OH− ) ions from the resin are 
exchanged for negatively charged silicate species, leading to their 
removal from the water. The exchange process increases the local pH, 
further driving the increasing charging of dissolved silica species, 
facilitating their removal according to the following equilibria. 

Si(OH)₄+OH− ➔HSiO₃− +H2O (2) 

HSiO₃− +OH− ➔SiO3
2−

+H2O (3) 

This approach ensures highly efficient deionization and silica 
removal, achieving a purity level beyond what reverse osmosis can 
provide. While RO membranes can effectively reject colloidal and 
polymerized silica, they are less effective against dissolved reactive sil
ica, which can pass through the membrane due to its weakly ionized 
nature. High silica concentrations in RO systems can even increase the 
risk of membrane fouling and degradation over time [34]. By using 
mixed bed ion exchange as a final polishing step, silica levels in ultra
pure water are reduced below the detection limit, ensuring high water 
quality.

The analysis of the condensed water behind the humidifier and 
heating pipes also showed the absence of silica species indicating that 
impurities in the experiment shown in the previous section likely did not 
originate from these auxiliary components. However, trace amounts of 
Mn, Cu, Co and Ni were detected that were most likely leached from 
either the humidifier, the steel fittings or the heating pipes. The ultra
pure water samples shown in Table 2 were taken shortly after the end of 
the electrochemical experiments shown in Fig. 4 and represent the best 
estimate for the water quality at the time. Additional water analyses in 
recent years have shown that impurity concentrations fluctuate over 
time to a certain extent which could be related to the lifetime of the 
mixed bed ion exchanger in the ultrapure water installation. However, 
the maximum Si concentration in the ultrapure water ever measured 
was only 4 μg L− 1.

Degradation tests of three ESCs at − 0.25, − 0.5 and − 1 A cm− 2 in co- 
electrolysis over ~1500 h using the ultrapure water are depicted in 
Fig. 4a. The cells operated at − 0.25 and − 0.5 A cm− 2 showed an acti
vation in the first ~450 h causing a decrease of the ohmic resistance (see 
Fig. 4b, Fig. 5). This activation behavior was related to the softening of 
the Au contacting meshes on the oxygen electrode causing an 
improvement of contact and thus, ohmic resistance over time (Fig. 5). 
For this reason, only the degradation rates between ~450 h and the end 
of the experiment were calculated for all cells. The relative voltage 
degradation rates (see Table 3) of 0.47 %/kh (− 0.5 A cm− 2), 0.67 %/kh 
(− 0.25 A cm− 2) and 0.97 %/kh (− 1.0 A cm− 2) are close to the 0.5 %/kh 
targeted by the European Clean Hydrogen Joint Undertaking by 2030 
[5], and can be expected to further decrease upon operation for longer 
time periods [7].

The three cells were operated at conditions slightly different from the 
cell operated with reverse osmosis water, however, they showed voltage 
degradation rates >5 times lower than the 4.9 %/kh of the cell operated 
with reverse osmosis water suggesting a pronounced beneficial influ
ence of the feed water quality on the cells' long-term stability.

For a direct comparison of the degradation of the cells operated at 
different current densities, impedance spectra were recorded for all cells 
at the same operating conditions at OCV. After the initial activation 
period at ~450 h, all three cells showed similar ohmic resistances of 
0.465–0.48 Ω cm2 and polarization resistances of 0.155–0.175 Ω cm2 

demonstrating the reproducibility of the cells. In the following, the area- 
specific resistance (ASR) degradation rates of the three cells was be
tween 10.4 and 14.8 mΩ cm2/kh, almost entirely due to an increase of 
the ohmic resistance for all cells. Recently, we showed that sulfur im
purities in the same CO2 feed gas as used in the present study can lead to 
severe Ni surface poisoning and degradation [17]. While this was 
especially pronounced during CO2 electrolysis, smaller performance 
drops were also observed in H2/H2O/CO2/CO mixtures. In the present 

Table 2 
Trace impurity concentrations in the different water sources determined by ICP- 
MS. Detection limit (DL) was 1 μg L− 1 for Si, 0.1 μg L− 1 for the other elements. Li, 
B, Al, P, S, K, Ca, Cr, Fe, Ba, Tl and Pb were also analyzed and no signal above the 
DL was detected.

Species Reverse osmosis 
water / μg l− 1

Ultrapure water 
source / μg l− 1

Ultrapure water after 
humidifier & heating pipe / 
μg l− 1

Si 43.3 <DL <DL
Mn 0.2 <DL 8.2
Co <DL <DL 0.1
Ni 0.2 <DL 8.4
Cu 47.7 <DL 0.5
Zn 63.6 <DL <DL

M. Riegraf et al.                                                                                                                                                                                                                                 Chemical Engineering Journal 518 (2025) 164654 

4 



study, the Ni/CGO surface processes remained unaffected over the 
course of the experiments indicating the absence of sulfur-induced 
degradation. The reason could possibly be the larger H2O/CO2 ratio 
leading to an abundance of atomic hydrogen on the Ni surface and the 
enhanced removal of sulfur from the surface as already suggested pre
viously [17].

The main change of the polarization resistances occurred at fre
quencies around 1 Hz associated with the gas conversion (Fig. 5) [35]. 
Since the gas streams of the three cells in the testing setup were 

connected, it is likely that changes in the gas conversion resistance 
rather reflected small changes in the pressure distribution between the 
different inlet streams than physico-chemical phenomena in the cell. As 
the change of the imaginary impedance over time at the other frequency 
regions was negligible for all cells, the ohmic resistance changes were 
used for calculation of the degradation rates in Table 3.

Although the cell operated at − 1.0 A cm− 2 showed the highest 
degradation rate, no clear trend with regards to the effect of current 
density could be derived. However, longer operating times will be 

Fig. 4. (a) Voltage over time over ~1600 h of three ESC at 860 ◦C, S/C = 2, − 0.25, − 0.5 and − 1.0 A cm− 2. (b) Polarization and ohmic resistance of the three cells 
over time extracted from electrochemical impedance spectra.

Fig. 5. Nyquist and imaginary impedance plots at different times during the durability test shown in Fig. 4 in co-electrolysis at (a + b) -0.25 A cm− 2, (c + d) -0.5 A 
cm− 2, and (e + f) -1.0 A cm− 2.
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necessary to allow identification of such a hypothetical trend since the 
observed degradation rates of this state-of-the-art technology are very 
low.

The increase of the ohmic resistance for all three cells is often 
assumed to be governed by the degradation of the electrolyte over time 
since a gradual decrease of the ionic conductivity of YSZ over time is 
well-known to increase the cells' ohmic losses [36–38]. Different un
derlying mechanisms have been suggested such as segregation of the 
dopant cations to the grain boundaries, precipitation of the tetragonal 
phase, segregation of impurities at the grain boundaries, and dis
order–order transformations in the crystal structure of the doped zir
conia. Besides the degradation of the electrolyte, other mechanisms 
could contribute to the ohmic resistance increase such as the growth of 
the strontium zirconate phase and the interdiffusion zone at the LSCF| 
CGO|YSZ interface [25]. However, the detailed post mortem analysis of 
these interfaces/interphases is outside the scope of the present work.

In general, the observed degradation rates of 10.4–14.8 mΩ cm2/kh 
are higher than the ASR degradation rate of 8 mΩ cm2/kh over 23,000 h 
reported for a single cell with a similar architecture in steam electrolysis 
[7]. In that long-term study, decreasing degradation rates over time 

were observed which is most likely the reason for the increased degra
dation rates in the present study. Durability tests of Sunfire stacks at DLR 
and Sunfire revealed degradation rates of 12–18 mΩ cm2/kh in steam 
electrolysis [6,8,39]. In general, the observed degradation rates in the 
present study are similar to, or slightly lower than these reported liter
ature values, most likely due to the occurrence of stack-specific degra
dation mechanisms that are not observed at cell level, such as 
progressing chromia scale growth in the interconnect, Cr poisoning of 
the oxygen electrode, and leaching of contaminants from the glass 
sealant in wet atmospheres. Based on these values, it is considered likely 
that co-electrolysis operation of the employed ESC technology in the 
absence of severe impurity-induced degradation does not lead to higher 
degradation rates than under steam electrolysis. This finding was also 
previously confirmed in durability tests of ESC-based stacks by 
Fraunhofer IKTS that showed similar degradation rates (0.5 %/kh, 17 
mΩ cm2/kh) in steam and co-electrolysis [9].

In our previous degradation study of state-of-the-art cathode-sup
ported cells in steam electrolysis, we observed ohmic resistance degra
dation rates between 21 mΩ cm2/kh (at − 0.5 A cm− 2) and 39 mΩ cm2/ 
kh (at − 1.0 A cm− 2) under similar conditions at 850 ◦C demonstrating 
the high stability of the ESC technology in the present study [40].

EDX mappings of the Ni/CGO fuel electrode inlet of the cell tested at 
− 1.0 A cm− 2 are depicted in Fig. 6. Some spots in the Ni-rich current 
collector layer (x 1 and × 2) showed only locally confined accumulation 
of silica species of up to 6.5 mol% (see Table 4). However, in general no 
enrichment of silica species was observed at the electrode/electrolyte 
interface indicating that the input of silica via the feed water was 
drastically reduced. Neither Mn, Co, Cu nor Zn were observed in the fuel 
electrode by means of EDX. Similar results were obtained for the cells 
operated at lower current densities.

In addition, no Ni migration was observed at the electrode/electro
lyte interface demonstrating that Ni/CGO fuel electrodes are resistant 

Table 3 
Overview of the different durability experiments and the corresponding degra
dation rates. Reverse osmosis water was used during the − 0.92 A cm− 2 test, 
ultrapure water was used during the other three tests.

Current 
density / A 
cm− 2

Beginning 
/ h

End / 
h

ASR degradation rate 
/ mΩ cm2/kh

Voltage 
degradation / 
mV/kh

− 0.92 0 1008 76.4 (7.5 %/kh) 67.4 (4.9 %/kh)
− 0.25 450 1550 12.7 (2.0 %/kh) 6.4 (0.67 %/kh)
− 0.5 480 1630 10.4 (1.6 %/kh) 5.2 (0.47 %/kh)

− 1 480 1630 14.8 (2.4 %/kh) 13 (0.97 %/kh)

Fig. 6. EDX mappings of the inlet of the Ni/CGO fuel electrode of the ESC tested at − 1.0 A cm− 2 for 1500 h.
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against this degradation mechanism in the typical ESC co-electrolysis 
operating conditions employed in the present study. However, it is 
still unclear if Ni migration could occur at current densities >1 A cm− 2 in 
pure steam electrolysis where Ni migration was observed to be most 
pronounced in fuel electrode supported cells [40].

3.3. Post mortem analysis of degraded full stack

Furthermore, the post mortem analysis of a 30-cell stack by Sunfire 
AG was carried out after its electrochemical investigation. The ESCs 
were composed of the same materials as described in the previous 
subsection and had an active area of 128 cm2. For increased mechanical 
stability, the stack contained intermediate plate after each 10 repeat 
units (RUs). The interconnector plates consisted of Crofer22APU ferritic 
steel. The stack used an open-air manifold and a co-flow design. RUs are 
numbered from top to bottom. More details are given in previous studies 
of the same stack type [6,41,42].

The electrochemical tests, conducted as part of a separate study at 
Forschungszentrum Jülich, provided the operational context but are 
beyond the scope of this work. The electrochemical results are described 
in Ref. [43] In short, the stack was in a hot state for 3500 h in total, and 
operated for ~1300 h in steam electrolysis at the commonly used 
nominal operating conditions (see also Ref. [6,41,42]), where it showed 
an unusually large degradation rate of up to 200–300 mΩ cm2/kh.

Thus, the degradation was significantly higher than the values 
observed for single cells in co-electrolysis with ultrapure water as shown 
earlier, and also higher than the 0.5–0.8 %/kh or 12–18 mΩ cm2/kh 
previously reported for long-term steam electrolysis tests of 30-cell 
stacks from Sunfire [6,39,44]. For this reason, the occurrence of at 
least one accelerated degradation mechanism was expected. Compared 
to the voltage increase in electrolysis operation, the stack voltage was 
observed to be relatively stable in fuel cell operation. For this reason, it is 
concluded that the degradation was mainly due to the stack operation in 
steam electrolysis mode.

The present paper aims to complement such data by providing a 
detailed post mortem analysis to elucidate the structural and material 
changes that occur during operation.

A representative photographed image of the fuel electrode side of a 

full-size cell taken from the middle of the long-term operated ESC stack 
showed a change of color from dark grey at the inlet of cell to a lighter 
grey at the outlet of the cell (Fig. 7). SEM images (Fig. 8) and EDX 
mappings (Fig. 9) were recorded at different locations along the channel 
in the transition zone (see 1–4 in Fig. 8), and the macroscopic color 
change could be correlated with significant alterations in the fuel elec
trode microstructure, in particular a decreasing silica content along the 
channel.

The CGO adhesion layer at the inlet of the cell at position 1 (Fig. 8a) 
but also to a smaller extent at position 2 (Fig. 8b) showed a high degree 
of densification. The EDX mapping in Fig. 9a displayed a large amount of 
silica in this region. No clear difference between the CGO particles and 
the deposited silica could be observed in the microstructure in Fig. 8a, 
indicating the possibility of the formation of a new phase via reaction of 
CGO and silica. Similar to the observations in Fig. 2, silica accumulated 
mainly at the electrolyte|fuel electrode interface where steam partial 
pressures were lowest.

A comparison of the fuel electrode microstructure and composition 
between position 2 and position 3 showed a considerable decrease in 
silica content at position 3, suggesting the macroscopic color change in 
Fig. 8 to be due to the extent of silica deposition in the fuel electrode. 
Only traces of silica could be found in position 4, indicating that the 
impurities were mainly carried into the stack with the feed gas. Ni in the 
functional layer of this silica-free location looks has coarsened compared 
to a reduced electrode of the same cell type [45], but has not migrated 
away from the electrode/electrolyte interface. The progressive fuel 
electrode color change along the channel suggests that the silica impu
rities were introduced by the feed gas. Most likely, the primary source of 
silica contamination was the quartz glass insulation in the fuel gas 
preheater at Forschungszentrum Jülich, which has been shown to 
release above 400 μg L− 1 of silicon contaminants into the fuel gas phase 
[21]. The feed water of the stack test also contained non-negligible 
amounts of silica and could have contributed to the contamination as 
well. However, no detailed water analysis is available for this test.

Nickel surfaces are well-known to be susceptible towards sulfur 
poisoning and coking which leads to large performance drops in Ni/ 
cermet electrodes upon sulfur and carbon accumulation on the nickel 
surface. However, nickel has not been observed to be particularly 
vulnerable towards silica poisoning. Silica-supported nickel catalysts are 
even frequently employed in heterogeneous catalysis applications such 
as high-temperature methane pyrolysis [46]. Silica-induced degradation 
has previously been reported to occur in Ni/YSZ fuel electrode during 
steam electrolysis. However, silica was observed to segregate at the Ni/ 
YSZ interface rather than poisoning the nickel surface [19,47]. By 
contrast, metal oxides were reported to be vulnerable towards silica 
poisoning with silica impurities known to negatively affect the grain 

Table 4 
Molar percentages of different elements at three different spots in the fuel 
electrode as shown in Fig. 6, according to EDX analysis.

Location O / mol% Si/ mol% Ni/ mol% Ce/ mol% Gd/ mol %

x 1 38.3 6.5 45.6 8.0 1.6
x 2 7.4 1.0 90.3 1.3 –
x 3 14.8 – 69.6 13.8 1.4

Fig. 7. Photograph of the fuel electrode side of a full cell taken from a stack operated long-term in co-electrolysis. Numbers from 1 to 4 denote the locations for 
further SEM/EDX analysis in Figs. 8+9.
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boundary ionic conductivity and metal oxide surface oxygen exchange 
rates [48]. When large amounts of silica are present impenetrable Si-rich 
glassy layers can be formed resulting in surface blockage. Even at lower 
Si surface concentrations, the acidic silica not only blocks the metal 
oxide surface, but also induces an electron depletion region which 
hampers the charge transfer reaction [48,49]. The large-scale accumu
lation of silica including the clogging of pores in the vicinity of the CGO 
interlayer in the present study and the formation of cerium silicate seem 
to be phenomena not observed for Ni/YSZ electrodes, indicating that 
CGO could act as a scavenger for silica.

The formation of cerium silicates in Ni/CGO electrodes highlights a 
broader issue of silica transport and deposition in high-temperature 
steam-based systems, particularly in steam turbines [50]. In both solid 
oxide cells and steam turbines, volatile Si(OH)₄ species present in the 
steam phase can be transported through the system and subsequently 
deposit on critical surfaces, leading to performance degradation. Similar 
to silicate formation in Ni/CGO fuel electrodes, silica scaling in steam 
turbines occurs when silica carried over with steam precipitates onto 
turbine blades and steam pathways, forming deposits that reduce heat 

transfer efficiency and increase maintenance requirements. In both 
cases, deposition is influenced by temperature, pressure steam compo
sition, and material reactivity, with high-temperature regions being 
particularly vulnerable. These parallels suggest that mitigation strate
gies used in steam turbines, such as strict water purity control and 
advanced filtration methods, could provide insights for reducing silica- 
related degradation during SOEL.

4. Summary and conclusions

This study provides the first detailed documentation of the negative 
impact of silicate formation in Ni/CGO fuel electrodes in high- 
temperature SOEL. It was demonstrated that Ni/CGO fuel electrodes 
can undergo severe degradation due to the large-scale deposition of 
silica impurities at the electrolyte|electrode interface and the formation 
of the cerium silicate phase Ce4.67(SiO4)3O. In contrast to Ni/YSZ fuel 
electrodes, no indications of SiO2 formation was detected. The feed 
water was identified as a major source of silica impurities, emphasizing 
the need for water with silica concentrations below 1 ppb to achieve low 

Fig. 8. SEM images of the Ni/CGO fuel electrode at different locations along the channel as indicated in Fig. 7.

Fig. 9. EDX mappings of the Ni/CGO fuel electrode at locations (a) 2 and (b) 3 along the channel as indicated in Fig. 8. Note that both EDX mappings were slightly 
shifted to the right compared to the SEM images in Fig. 8b+c.
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single cell degradation rates of 10.4 mΩ cm2/kh in co-electrolysis. 
Degradation rates increased by a factor of 3–5 upon the use of reverse 
osmosis water with a silica content of >40 ppb. The relationship be
tween degradation and water purity was supported by water analyses at 
the time of various durability tests, with notable reductions in degra
dation following the introduction of an ultrapure water supply. After 
1500 h of single cell co-electrolysis operation using ultrapure feed water, 
no significant accumulation of silica impurities was observed in the Ni/ 
CGO fuel electrode, suggesting the successful mitigation of this degra
dation mechanism within the test period.

However, the potential for silica contamination from other sources, 
such as BoP components, remains a concern for long-term operation. 
This underscores the importance of suitable BoP component design to 
avoid the carryover of silica from electric heaters, heat exchangers and 
hotbox steels into the fuel gas. Future research should focus on 
controlled experiments with intentional silica dosing and real-time 
concentration monitoring to further elucidate the mechanisms of 
cerium silicate formation. Furthermore, strategies to enhance SOEC 
tolerance towards silica deposition, such as developing alternative fuel 
electrode materials, are neede3d to avoid accelerated degradation upon 
breakthrough of the water purification units.
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