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A B S T R A C T

The degradation of fuel electrodes in solid oxide electrolysis cells (SOECs) remains a major barrier to their 
commercialization. The complex electrode structures of conventional cells complicate the study of degradation 
mechanisms. To address this challenge, this study employed a simplified electrode structure by designing and 
fabricating a comb shaped patterned cell to examine cathode degradation in SOECs. Yttria-stabilized zirconia 
(YSZ) and Ce0.9Gd0.1O1.95 (GDC) were used as ceramic materials, with varying pattern sizes designed to inves
tigate their reaction characteristics. Electrochemical analysis combined with microstructural characterization 
revealed that Ni detachment occurred exclusively on the GDC film, contributing to increased ohmic resistance. 
By contrast, no significant microstructural changes were observed in Ni-YSZ systems. These differences were 
likely attributed to the higher oxygen vacancy concentration at the GDC interface, resulting from the oxygen 
nonstoichiometry of the material. Additionally, while ohmic resistance increased, polarization resistance showed 
comparatively minor changes, suggesting that the reaction degradation was less severe. Further analysis of the 
pattern size revealed that reactions in the Ni-GDC system were not restricted to the three-phase boundary but 
extended to the double-phase boundary, highlighting the broader reaction region in these systems.

1. Introduction

Recently, to address environmental concerns, numerous studies have 
focused on developing cleaner and more efficient energy conversion 
systems [1–3]. Among these, solid oxide electrolysis cells (SOECs) have 
gained considerable attention for their ability to convert electricity into 
chemical energy with high efficiency and selectivity [4,5]. Despite their 
potential, the critical issue of stability remains a significant hurdle to 
SOEC commercialization. Long-term SOEC operation is affected by 
various degradation factors, with cathode degradation being the most 
extensively studied [6]. SOECs, which operate via the reverse reaction of 
solid oxide fuel cells (SOFCs), commonly use Ni-yttria-stabilized zirco
nia (Ni-YSZ) as the fuel electrode material. However, elevated temper
atures and high water vapor concentrations can lead to Ni coarsening, 
which reduces the three-phase boundary (TPB) and increases electrode 
polarization resistance [7]. Additionally, Ni migration near the elec
trolyte causes depletion in this region, which not only thickens the 
electrolyte—thereby increasing ohmic resistance—but also reduces the 

porosity of the ceramic framework, hindering the diffusion of gas re
actants [8]. While various hypotheses have been proposed to explain 
these degradation phenomena, the precise mechanism driving Ni 
migration remains elusive. Further investigation into the degradation 
mechanisms is essential to enhance understanding and facilitate the 
development of more stable and commercially viable SOEC systems.

In addition to Ni-YSZ, Ni-GDC (Gadolinia-doped Ceria, 
Ce0.9Gd0.1O1.95) has emerged as a promising cermet cathode material for 
SOEC [9,10]. Compared with YSZ, GDC offers superior ionic conduc
tivity at relatively low temperatures [11,12]. Moreover, under reducing 
conditions, GDC functions as a mixed ionic and electronic conductor 
(MIEC). This unique property expands the reaction region from the 
three-phase boundary (Ni-ceramic-reactant) in Ni-YSZ cathodes to the 
double-phase boundary (DPB) (ceramic-reactant) in Ni-GDC cathodes, 
significantly enhancing cathode performance [13,14]. Additionally, 
studies highlight the importance of surface characteristics, such as ox
ygen vacancies, in determining cathode performance in SOECs [10,15]. 
Under reducing conditions, GDC exhibits an increase in surface Ce3+
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ions, which facilitates the reaction process [15]. Although the exact 
mechanism remains unclear, it is hypothesized that this behavior is 
associated with an increase in oxygen vacancies and polarons [15]. The 
distinct material properties of GDC and YSZ result in varied cell per
formances and degradation phenomena [14]. For instance, Sciazko et al. 
reported that both Ni-GDC and Ni-YSZ exhibit common degradation 
features such as Ni coarsening and migration after prolonged operation. 
However, Ni-GDC systems uniquely exhibit GDC diffusion, forming a 
thin layer on the Ni particles [14]. This phenomenon, though not fully 
understood, is believed to contribute to performance degradation. To 
address these challenges, this study utilized YSZ and GDC as cathode 
materials to investigate the influence of their material properties on the 
degradation phenomenon and explore the possible mechanisms under
lying these behaviors.

Although extensive studies have been conducted to elucidate the 
mechanisms of cathode degradation, progress has reached a bottleneck. 
The intricate three-dimensional structure of porous materials in con
ventional or commercial-type cells complicates the distinction of indi
vidual factors affecting microstructural evolution. To address this, 
researchers have turned to novel investigative approaches, such as 
patterned cells. Unlike conventional cells, patterned cells offer simpler 
structures [16,17] and enhanced flexibility [18] owing to their highly 
customizable designs. Shikazono et al. investigated Ni morphology 
changes under SOFC and SOEC modes using square-patterned cells 
[19–25]. Their findings indicated that in SOFC mode, increased Ni 
wettability and coarsening promote Ni diffusion, while in SOEC mode, 
reduced wettability leads to delamination between Ni and YSZ [21]. 
Building on these insights, our group recently introduced a 
two-dimensional comb-shaped patterned cell to study the effects across 
the electrode thickness [26]. This design enabled the observation of 
distinct Ni behaviors in fuel cell (FC) and electrolysis cell (EC) modes. In 
the FC mode, increased oxygen potential in the TPB region and 
enhanced Ni wettability drove Ni diffusion toward the electrolyte. 
Conversely, in EC mode, decreased wettability caused Ni to migrate in 
the opposite direction. The driving force behind these microstructural 
changes is hypothesized to be adsorbed water vapor, which affects the 
local oxygen potential [26,27].

This study employed a patterned cell similar to that used in a pre
vious study [26]. Different ceramic cathode materials were utilized to 
investigate the effect of material properties on morphology changes in 
the cathode during durability test. Electrochemical performance anal
ysis combined with Ni microstructural characterization was conducted 
to quantify the effects of these observed changes.

2. Experiment

2.1. Sample preparation

The patterned cell fabrication largely followed the procedure out
lined in a previous study [26], as illustrated in Fig. 1(a). The primary 
difference was the use of a 150 μm YSZ substrate and the application of 
pulsed laser deposition to coat YSZ and GDC thin films onto the 
mirror-polished surface. The YSZ pellet was then directly employed for 
photolithography and patterned electrode fabrication. To minimize the 
impact of electronic conductivity of GDC under high temperatures [28] 
and reducing atmospheres on cell performance, the middle section of the 
GDC between the electrodes was removed using ion beam milling 
(Hakuto IBE-KDC75) before electrode fabrication (Fig. S(1)). A negative 
photoresist was then applied to form the Pt anodes (Fig. 1(b)). The 
photoresist was coated onto the substrate using a spin coater (Mikasa 
1H-DXII and Actes ASC-4000), followed by exposure and development 
to achieve the desired pattern (Maskless Aligner, Heidelberg In
struments MLA150). A 1000 nm Pt film was subsequently deposited via 
metal sputtering (Shibaura sputtering system, Shibaura Mechatronics 
CFS-4ESII). Excess Pt was removed using a lift-off process in an 
N-methylpyrrolidone (NMP) solution at 363–373 K. Ni electrodes were 
fabricated using a positive photoresist. A 2000 nm Ni film was first 
sputtered onto the substrate. The photoresist was then applied, exposed, 
and developed, after which the excess Ni was etched away using diluted 
nitric acid. Schematics of the Ni-YSZ and Ni-GDC cells are presented in 
Fig. 1(c) and (d), respectively.

To further investigate the characteristics of Ni-YSZ and Ni-GDC, 
electrodes of varying sizes were prepared by adjusting the width and 
number of Ni stripes. The specific parameters are listed in Table 1. Both 

Fig. 1. (a) Schematic of the fabrication process of Ni-YSZ pattern cell; (b) patterned cell only with Pt anode; Schematic of (c) Ni-YSZ patterned cell and (d) Ni-GDC 
patterned cell.
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the TPB length and Ni electrode area were calculated only for the stripe 
region, as shown in Eqs. (1) and (2), excluding the Ni used for collection. 

TPB length=number of Ni stripe × 2000 μm × 2 (1) 

Ni area=number of Ni stripes × 2000 μm × width of Ni stripe (2) 

Here, 2000 μm represents the total stripe length, and the multiplication 
by two accounts for the two edges of each stripe. In comparison to Cell A, 
Cell B features a similar Ni electrode area but a longer TPB length, while 
Cell C has a comparable TPB length to Cell A but a smaller Ni electrode 
area.

2.2. Electrochemical measurement

The electrochemical measurements were performed at temperatures 
of 1073 and 1173 K, using cells placed in quartz glass and alumina 
chambers, respectively. In both setups, a Pt mesh served as the current 
collector, and a Pt wire acted as the conductor. The cell and operating 
conditions are summarized in Table 2 and are described in Fig. S2.

Electrochemical impedance spectroscopy (EIS) and chro
noamperometry were conducted using a three-probe measurement 
setup. For EIS measurements, both an open-circuit voltage (OCV) and a 
thermal-neutral voltage were applied. The frequency ranged from 1 
MHz to 100 mHz, with an amplitude of 100 mV. During impedance 
fitting, the Gerischer element was primarily used to represent reaction 
polarization resistance, as detailed in a previous study [26]. In addition, 
chronoamperometry was performed under thermally neutral voltage 
conditions. During long-term operation, impedance spectra were 
recorded every 5 h for the first 25 h and every 10 h thereafter. The 
electrochemical measurements were performed using a Biologic SP-300 
(TOYO Corporation, Japan).

2.3. Microstructure observation

Scanning electron microscopy (SEM, JEOL JSM-7001F) and energy- 
dispersive X-ray spectroscopy (EDX, INCA Oxford Instruments) were 
employed to examine the cell microstructure and elemental distribution 
before and after electrochemical measurements. A laser microscope 
(KEYENCE VK-X3000-300) was used to measure the height distribution 
of Ni before and after electrochemical measurements. The cell cross- 
section was polished using a cross-sectional polisher (JEOL SM-09010).

3. Results and discussion

3.1. Effect of temperature on the Ni-YSZ patterned cell operation

A previous study by Bisaka et al. investigated this reaction under 
different atmospheres at a high temperature of 1173 K [26]. In this 
study, a thinner YSZ pellet was used as the substrate, resulting in some 
differences in cell performance, such as smaller polarization resistance 

and less obvious morphological changes in the Ni stripes in the Ni-YSZ 
patterned cells.

Fig. 2 and Fig. S3 show the electrochemical performance of the Ni- 
YSZ patterned cell at 1073 and 1173 K. Fig. 2(a)~(d) present the 
impedance spectra and corresponding Bode plot at thermoneutral 
voltage. The results at both temperatures indicate that polarization and 
ohmic resistances remained relatively stable, with fluctuations observed 
during the initial 25 h, likely because of the early morphological changes 
in the material. A slight increase in resistance was observed at the end of 
the durability test (Fig. 2(e) and Figs. S3(c) and (d)). Moreover, the 
higher temperature of 1173 K promoted the reaction, resulting in a 
lower overall polarization resistance than that at 1073 K. As shown in 
Fig. 2(e), the cell demonstrated a higher current at 1173 K. Additionally, 
the electrochemical capacitance was calculated, as shown in Fig. 2(f). 
This likely resulted from the formation of more oxygen vacancies at the 
YSZ interface at higher temperatures, which facilitated faster reactions 
and increased chemical capacitance.

Fig. 3 shows the microstructure and morphology of the cells after 
durability test. The SEM images in Fig. 3(a) and (d) indicate significant 
differences in the degree of Ni coarsening at different temperatures. At 
the higher temperature of 1173 K, coarsening was more pronounced, 
resulting in larger Ni particles compared to those observed at 1073 K. 
Notably, Ni coarsening does not necessarily lead to the same perfor
mance degradation in typical cells. In a typical cell, as Ni particles 
coarsen, the volume of Ni particles increases and the TPB length de
creases. However, in a patterned cell, if the reaction is assumed to occur 
only at the TPB, coarsening can cause a smooth edge to become curved, 
potentially increasing the TPB length. Therefore, this morphological 
evolution of Ni may affect cell performance, particularly during the 
initial operation.

To observe the interface between the Ni layer and the YSZ substrate, 
the cross-sections of the cells were polished, as shown in Fig. 3(c) and (f). 
In Fig. 3(c), the Ni film appears to be closely attached to the YSZ sub
strate, whereas in Fig. 3(f), a clear gap is visible between the Ni layer and 
the YSZ substrate. Several hypotheses have been proposed to explain the 
separation of Ni from the substrate, including a reduction in water vapor 
concentration, which decreases Ni wettability and promotes detachment 
[19,23,26], and the accumulation of oxygen vacancies, which includes 
Ni migration [29–32], among other possibilities [33]. Although the 
precise cause of delamination remains uncertain, it is evident that a 
higher operating temperature exacerbates Ni detachment. EDX analysis 
was performed to investigate the elemental distribution. As shown in 
Fig. 3(b) and (e), both cell types exhibited Si deposition at the TPB after 
durability test. This Si deposition may have contributed to the observed 
increase in polarization resistance during prolonged operation. 
Although the experiment at 1073 K was conducted in a quartz glass 
chamber, the one at 1173 K used an alumina chamber and silicon-free 
rubber rings, making it unlikely that Si originated from the experi
mental setup. Instead, it may have been introduced through the water 
used in the experiments. However, the small amount of Si deposition 
observed is not believed to have significantly affected the morphology 
change, as the gap between Ni and YSZ and the more pronounced 
changes in subsequent observations persisted. Furthermore, as shown in 
Fig. 3(g)–(n), a laser microscope was used to examine the changes in the 
volume of the Ni layer before and after durability test. Despite the clear 
gap observed in the cross-sectional SEM image, no significant change in 
the height distribution was detected. This discrepancy may be due to the 
change being too subtle to be captured by the laser microscope.

In conclusion, high temperatures accelerated Ni coarsening and led 
to the detachment of Ni from the YSZ substrate. However, the extent of 
morphological degradation was insufficient to cause significant changes 
in the electrochemical performance.

Additionally, the Ni morphology change observed in this study was 
less drastic than that reported by Bisaka et al. This difference can be 
attributed to the variation in the cell structure, where the substrate was 
changed from MgO to YSZ pellets. As sketched in Fig. 4(a), when YSZ is 

Table 1 
TPB length and Ni electrode area for different-size patterns.

Parameter

Ni-YSZ/GDC Cell A TPB: 1.56 × 105 μm Ni area: 7.6 × 106 μm2

Ni-YSZ/GDC Cell B TPB: 7.52 × 105 μm Ni area: 7.48 × 106 μm2

Ni-YSZ/GDC Cell C TPB: 1.53 × 105 μm Ni area: 1.52 × 106 μm2

Table 2 
Different operation conditions and equipment.

Equipment Temperature Cell Gas composition

Quartz glass chamber 1073 K Ni-YSZ 10 %H2O+1 %H2+89 %Ar
Alumina chamber 1173 K Ni-YSZ 10 %H2O+2 %H2+88 %Ar

Ni-GDC 10 %H2O+2 %H2+88 %Ar
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only a thin film of approximately 800–1000 nm thickness, oxygen ion 
transport is highly limited. By contrast, increasing the YSZ thickness by 
approximately 150 times enhances oxygen ion transport through the 
electrolyte. Therefore, in Fig. 4(b), oxygen ions can flow over a larger 
area, meaning the reaction region extends from the Ni stripe tip in Fig. 4
(a)–a longer section of the Ni stripe. Firstly, a wider flow range results in 
more oxygen ions being involved, leading to a higher current. Then, 
under the same voltage and water vapor concentration, when the re
action area increases, the local degradation can be alleviated.

3.2. Effect of ceramics in the Ni-ceramic patterned cell

As discussed in Section 3.1, although a gap between the Ni film and 
the YSZ substrate is observed at 1173 K, its impact on cell performance is 
not clearly reflected in the impedance spectra. To exacerbate the 
degradation and highlight the influence of changes in Ni morphology on 
cell performance, the experimental parameters were adjusted. Specif
ically, the width of the Ni stripes was reduced from 100 to 20 μm 
(Table 1, Cell B) to mimic the particle size of Ni in a typical cell. This 
section also compares results for different ceramic materials and dis
cusses how their varying properties affect changes in Ni morphology.

3.2.1. Comparison of electrochemical result between Ni-YSZ and Ni-GDC
As shown in Fig. 5(a) and (c), Ni-YSZ and Ni-GDC initially exhibited 

similar impedance spectra, so the same equivalent circuit was used for 

the initial fitting (Fig. 5(c) ① and ②). However, as the reaction pro
gressed, a third semicircle gradually appeared in the low-frequency re
gion for Ni-GDC. Therefore, a different equivalent circuit was used to fit 
the subsequent impedance spectra (Fig. 5(e)③). An R-CPE element was 
used to fit the high-frequency semicircle in both cases. To better un
derstand the high-frequency arc response, the resistances associated 
with this arc for different cells are shown in Fig. 6. It was observed that 
the resistance of Ni-YSZ was consistently higher than that of Ni-GDC, 
suggesting that this component may be related to the electrode reac
tion. Fig. 7 presents the cross section on patterned cell and 1D trans
mission line model, which illustrates the fitting strategy and highlights 
the differences in cell behavior. Here, Ni serves as the electron transport 
channel, while the ceramic material acts as the ion transport channel. 
The interface between the two materials, exposed to a gas atmosphere, 
forms a three-phase boundary. The reactions occurring on both sides of 
the Ni stripe are represented using Gerischer elements. Detailed expla
nations on Gerischer impedance are provided in the supplementary in
formation. However, the impedance behavior at the head of the stripe 
deviates from this structure, leading to changes in the impedance shape. 
The exact physical interpretation of this deviation requires further 
confirmation; however, it did not exhibit significant changes in size or 
shape over time, suggesting that it is not related to performance 
degradation. The characteristic shape of the Gerischer element was 
clearly observed in the mid-frequency range, justifying its use in 
impedance analysis. In contrast to the Ni-YSZ cell (Fig. 5(e)①), the Ni- 

Fig. 2. Ni-YSZ patterned cell impedance spectra and corresponding Bode plot recorded during water electrolysis: (a), (b) at 1073 K and (c), (d) at 1173 K. (e) 
Time− current curve obtained from chronoamperometry under 1073 and 1173 K. (f) Polarization resistance and electrochemical capacitance trends during long-term 
operation. Gas condition was 10 %H2O+1 %H2+89 %Ar at 1073 K and 10 %H2O+2 %H2+88 %Ar at 1173K, respectively.
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Fig. 3. SEM-EDX images of Ni stripe after durability test at (a), (b)1073 K and (d), (e) 1173 K; Cross section of the cells which operated at (c) 1073 K and (f) 1173 K; 
(g), (i) and (h), (j) are the height distribution of Ni before and after durability test at 1073 K; (k), (l) and (m), (n) are the height distribution of Ni before and after 
durability test at 1173 K. On the right is the height distribution scale for (h), (j), (l) and (n). The cell type used here is Ni-YSZ Cell A.
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GDC cell shows a new semicircle. This new semicircle appeared at 
approximately 35 h(Fig. 5(e)③). The physical meaning of this feature is 
discussed later in this study.

The resistances shown in Fig. 8(a) and (b) were determined by fitting 
the impedance spectra. For the Ni-YSZ cell (Fig. 8(a)), stable electro
chemical performance was maintained, with only a slight increase in 
polarization resistance observed over time. The Ni-GDC cell (Fig. 8(b)) 
exhibited a similar trend in polarization resistance; however, its ohmic 
resistance shifted to the right. Additionally, the emergence and gradual 

increase in resistance in the low-frequency region from approximately 
35 h indicates the onset of a new reaction not observed in the Ni-YSZ 
cell. The effective reaction lengths in the Ni-YSZ and Ni-GDC cells 
were calculated based on the polarization resistance derived from the 
Gerischer element (Fig. 8(c)). The effective reaction length was signifi
cantly greater in the Ni-YSZ cell than in the Ni-GDC cell. This difference 
arises because the polarization resistance of the Ni-GDC cell is much 
smaller, indicating faster reaction kinetics. Consequently, under the 
same applied potential, the reaction in the Ni-GDC cell was confined to a 

Fig. 4. Reaction diagram of the patterned cells in (a) Bisaka’s study [26] and (b) this study.

Fig. 5. Impedance spectra and corresponding Bode plot of (a), (b) Ni-YSZ and (c), (d) Ni-GDC cells during the 125h operation; (e) Fitting of impedance spectra with 
different shapes and corresponding equivalent circuits: ① Ni-YSZ Cell B at 25h, ② Ni-GDC Cell B at 25h, ③ Ni-YSZ Cell B at 75h.
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shorter reaction length. The chemical capacitances of the Ni-YSZ and Ni- 
GDC cells are shown in Fig. 8(d). The chemical capacitance of the Ni- 
GDC cell was markedly higher than that of the Ni-YSZ cell. Consid
ering the differing material properties of YSZ and GDC, the higher 
chemical capacitance and lower polarization resistance of the Ni-GDC 
cell can be attributed to the higher concentration of oxygen vacancies 
at the Ni-GDC interface compared to the Ni-YSZ interface.

3.2.2. Morphological comparison of Ni-YSZ and Ni-GDC
Fig. 9 presents the SEM images of the Ni-YSZ and Ni-GDC cells. In 

Fig. 9(a), after operation, the edges of the Ni stripes in the Ni-YSZ cell 
become tortuous, and impurities appear along the TPB. This is consistent 
with the observations in Section 3.1 for Ni-YSZ. The EDX elemental 
distribution map in Fig. 9(c) confirms the deposition of silica impurities 
at the TPB. This, coupled with the impedance results, suggests that silica 
deposition may contribute to the gradual increase in polarization 
resistance observed during operation. Many studies have reported silica 
deposition during water electrolysis [34,35]. At high temperatures and 
high water vapor pressure, Si(OH)4 reaches a significant partial pres
sure. When electrolysis begins, the equilibrium in reaction (2) shifts. 
Gaseous Si(OH)4 transforms into silicates and deposits at the TPB. By 
contrast, Fig. 9(b) shows distinct morphological changes in the Ni-GDC 
cells. Here, Ni-YSZ and Ni-GDC were tested using the same setup and 

water vapor source. Significant detachment of Ni was observed, with no 
obvious impurity deposition at the TPB. In conventional 
cathode-supported cells, Ni depletion around the electrolyte leads to an 
increase in ohmic resistance [7,36]. Similarly, in the patterned cell here, 
delamination at the Ni stripe tips results in a thicker electrolyte, which in 
turn increases ohmic resistance. Therefore, Ni tip detachment is 
considered the primary cause of the increased ohmic resistance observed 
in the Ni-GDC results. Furthermore, the EDX results in Fig. 9(e) show 
that the GDC layer was completely removed from some areas, elimi
nating the potential effects of electronic conductivity. Additionally, 
Fig. 9(d) reveals that silica does not primarily accumulate at the TPB but 
instead at the interface between GDC and YSZ. This is most likely 
because the GDC-YSZ interface is the reaction interface closest to the 
electrolyte. As oxygen ions migrate through the electrolyte, migration 
resistance arises, causing the applied voltage to gradually decrease. As 
mentioned earlier, silica deposition is believed to occur alongside water 
electrolysis [34]. At the location closest to the electrolyte, i.e. the 
GDC-YSZ interface, the voltage loss due to migration resistance is min
imal, leading to a more intense water electrolysis reaction, which in turn 
results in significant silica deposition. This supports the hypothesis that 
the reaction extends beyond the TPB to the DPB, which may partly 
explain the relatively better performance of the Ni-GDC cell. As previ
ously mentioned, a third semicircle appeared in the low-frequency re
gion in Ni-GDC impedance spectrum, which is not observed in the 
Ni-YSZ cell. This suggests that the low-frequency impedance response 
in the Ni-GDC cell could be linked to silica deposition at the GDC or 
GDC-YSZ interface.

Fig. 10 presents laser microscopy images that offer a more intuitive 
view of the height distribution changes in the two cells. The overall 
height distribution of the Ni stripes remained largely unchanged, as 
shown in Fig. 10(a) and (b). However, in Fig. 10(c), similar to the SEM 
image in Fig. 9(a), the Ni stripe becomes significantly thinner as its 
height increases. This is primarily due to the coarsening of Ni at high 
temperatures, where smaller Ni particles aggregate into larger ones, 
causing morphological changes. In the case of the Ni-GDC cell (Fig. 10
(d) and (e)), a marked difference is observed at the tip of the Ni stripe. 
The tip shows a pronounced increase in height, indicating Ni detach
ment at this location. Detachment is most prominent near the electrolyte 
interface, as confirmed by the SEM images. The laser microscopy anal
ysis further corroborates this, highlighting that detachment initiates at 
the head of the Ni stripe, which is close to the electrolyte. Finally, similar 
Ni coarsening behavior was observed in the Ni-GDC cell in Fig. 10(f), 
where high-temperature operation led to the aggregation of Ni particles, 
further altering the stripe morphology.

In summary, based on the electrochemical results and morphological 
characterization, it is speculated that the Ni detachment in Ni-GDC is 
likely caused by the increased concentration of oxygen vacancies at the 
GDC interface. This finding aligns with previous studies [29,30]. 
Although these studies primarily focus on Ni-YSZ electrodes, their cal
culations indicate that the highest concentration of oxygen vacancies 
occurs near the electrolyte. This may increase the contact angle between 
Ni and YSZ, promoting detachment. One study proposed that Ni and 
ceramic materials bond through Ni–O bonds, and when oxygen va
cancies accumulate at the tip of the Ni stripe, where the reaction is most 
intense, the bond between Ni and the substrate weakens, leading to 
detachment [29]. The distinct behaviors observed in the Ni-YSZ and 
Ni-GDC cells in this study further strengthen the hypothesis that oxygen 
vacancies play a crucial role in this phenomenon.

3.3. Different reaction regions in the Ni-ceramic patterned cell

This section explores the reaction regions in Ni-YSZ and Ni-GDC 
patterned cells by fabricating patterns of varying sizes and examining 
their electrochemical performance and microstructure.

The parameters for Cells A, B, and C are listed in Table 1. In brief, 
Cells A and B have similar Ni electrode areas, but the TPB length in Cell 

Fig. 6. High frequency resistance in different cells.

Fig. 7. The cross section on patterned cell and 1D transmission line model. In 
this model, the electron conduction pathway occurs at Ni, while the ionic 
conduction pathway occurs at the YSZ or GDC.
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A is shorter than in Cell B. Cells A and C have similar TPB lengths, but 
Cell C has a smaller Ni electrode area. Fig. 11 presents the impedance 
results for the various cells. Since the Ni-GDC cell substrate in Cell C is 
one-third thinner than in the other cells (100 vs. 150 μm), the impedance 

results are normalized. According to Eq. S(8), the polarization resistance 
was proportional to the square root of the ionic resistance and inversely 
proportional to the substrate thickness. Therefore, the polarization 
resistance was normalized by multiplying by the square root of the 

Fig. 8. (a) Ohmic resistance and polarization resistance in Ni-YSZ cell during operation; (b) Ohmic resistance, polarization resistance and low frequency resistance in 
Ni-GDC cell during operation; (c) Effective reaction length of Ni-YSZ and Ni-GDC cells; (d) Chemical capacitance in Ni-YSZ and Ni-GDC cells.

Fig. 9. (a) SEM image and (c) Si element distribution of Ni-YSZ cell after operation; (b) SEM image and (d) Si, (e) Ce elements distribution of Ni-GDC cell after 
operation, respectively.
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substrate thickness.
Fig. 11(a) and (b) show the Impedance spectra and bode plot for the 

Ni-YSZ cells with different pattern sizes. To minimize instability due to 
initial morphology changes or contact issues, impedance spectra after 
25 h of electrolysis were analyzed. The data in Fig. 11(e) were derived 
by fitting the spectra in Fig. 11(a) and normalizing the results. From this 
analysis, Cell C exhibited the highest ohmic resistance, likely because of 
its smaller Ni electrode area, which reduced the number of electronic 
pathways and led to lower electronic conductivity. This resulted in 
higher ohmic resistance, consistent with the findings in typical cell 
configurations [37,38]. Additionally, Cell B showed the lowest polari
zation resistance, likely owing to its increased TPB length.

For the Ni-GDC cells, Cells A and B exhibited nearly identical 
impedance spectra, as shown in Fig. 11(c). This indicates that, despite a 
fivefold increase in the TPB length, the polarization resistance of the Ni- 
GDC-patterned cell did not decrease significantly. However, Cell C 
showed notable differences before and after normalization, as shown in 
Fig. 11(f). Before normalization, both polarization and ohmic re
sistances were higher than those of Cell A. After normalization, the 
difference in polarization resistance decreased, but the ohmic resistance 
remained elevated. The overall resistance before normalization was 
much higher, primarily owing to the thinner substrate with lower ionic 
conductivity. A thinner electrolyte allows fewer ions to flow, leading to 
higher ohmic resistance. As shown in the equivalent circuit of Fig. 7 and 
the calculation of reaction resistance (Eq. S(8)), the resistance of ion 
transport affects the magnitude of reaction resistance. The higher ion 
transport resistance can lead to a larger the reaction resistance. After 
normalization, the polarization resistance was comparable to that of the 
other cells, indicating that the pattern size did not influence the reaction. 
The higher ohmic resistance, similar to the results for the Ni-YSZ cells, is 

likely owing to a reduction in Ni content, leading to lower electronic 
conductivity [37].

Fig. 12 shows the SEM images of cells with different pattern sizes. 
Fig. 12(a) and (b) show the Ni-GDC patterned Cells A and C, respec
tively. Compared to the Ni-YSZ patterned cell of the same size shown in 
Fig. 3(d), the Ni stripe in Fig. 12(a) did not detach from the substrate, but 
Ni migration at the edge was significantly more pronounced than in the 
Ni-YSZ cells. In Fig. 12(b), Ni delaminates from the substrate after 
durability test, while in Fig. 12(e), which shows a similar pattern for the 
Ni-YSZ cell, Ni becomes more rugged only at the edges. This comparison 
highlights that, regardless of pattern size, the Ni-GDC cells exhibited 
more pronounced morphological changes than the Ni-YSZ cells. Addi
tionally, when the stripe size was reduced to mimic the size of the Ni 
particles, the Ni layer detached directly from the substrate. Further in
sights can be obtained from the EDX elemental mapping shown in 
Fig. 12(c), (d), (f) and (g). Evidently, silica deposition in Ni-GDC is more 
pronounced at the YSZ-GDC interface, whereas in Ni-YSZ, it mainly 
occurs in the TPB. Silica deposition can also be observed in the active 
part of a typical cell [8,39,40]; this suggests that the reaction region 
extends to the DPB in Ni-GDC, while in Ni-YSZ, it is confined to the TPB.

Fig. 13 summarizes the different degradation phenomena in the Ni- 
YSZ and Ni-GDC cells. As shown in Fig. 13(a), when a negative poten
tial is applied to the Ni electrode, the potential distribution inside the 
cell resembles that of a typical cell. As the oxygen ions generated at the 
head of the Ni stripe travel the shortest distance to the counter electrode, 
the resulting resistance is minimal, and the potential is closest to the 
applied potential. As the migration distance increases, the migration 
resistance rises, causing the local potential to decrease, making it lower 
than the voltage at the Ni stripe tip. Therefore, the potential at the Ni 
stripe head is the most negative, the reaction is most intense, the oxygen 

Fig. 10. Laser microscope images and volume height distribution of Ni-YSZ cells (a) before and (b) after durability test; (c) Schematic of Ni stripe width and height 
height distribution before and after durability test; Laser microscope images and height distribution of Ni-GDC cells (d) before and (e) after durability test; (f) 
Schematic of Ni stripe width and height distribution before and after durability test. (In (c) and (f), blue means the part missed after durability test, and red means the 
part presented after durability test). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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vacancy concentration formed on GDC is the highest, and eventually, Ni 
detaches from the head. In addition, significant impurity deposition 
occurs at the YSZ-GDC interface due to the potential distribution, with 
the GDC acting as the overall reaction region.

Fig. 13(b) illustrates the degradation process of the Ni-YSZ patterned 
cell. Since YSZ inherently has fewer oxygen vacancies compared to GDC, 
Ni does not undergo severe delamination as observed in Ni-GDC cells. 
However, as discussed in Section 3.1, at higher temperatures, noticeable 
gaps also appear between Ni and YSZ, which may be due to the higher 
oxygen vacancy concentration under elevated temperatures. This 
further suggests that oxygen vacancies could influence Ni morphology 
changes. Additionally, in Ni-YSZ cells, since the reaction occurs only at 
the TPB, silica deposition activated by the water vapor electrolysis 
process and impurity deposits at the Ni-YSZ interface. This deposition is 
likely the primary reason of the slight degradation observed in Ni-YSZ 
patterned cells.

4. Conclusions

This study investigated the degradation mechanism of fuel electrodes 
in SOEC by fabricating comb shaped patterned cells with different 
ceramic materials: YSZ and GDC films. Electrochemical results and 
microstructural observations suggest that the slight increase in polari
zation resistance is likely owing to silica impurity deposition. In the Ni- 
GDC-patterned cells, Ni stripes near the electrolyte detached, resulting 
in increased ohmic resistance, while no significant changes were 
observed in the Ni-YSZ-patterned cell. This difference is likely owing to 
the higher concentration of oxygen vacancies on the GDC surface.

Additionally, different pattern sizes were used to examine the reac
tion regions in the Ni-YSZ and Ni-GDC patterned cells. Electrochemical 
results indicate that the polarization impedance of the Ni-GDC cell is 
unaffected by the TPB length, suggesting that the reaction may occur at 
both the GDC and Ni-GDC interfaces. However, while a larger reaction 
area improves the performance of Ni-GDC cells, they are more suscep
tible to degradation, such as impurity deposition, compared to YSZ cells, 
making them more prone to long-term performance degradation.

Fig. 11. (a) and (b) Impedance spectra and bode plot of Ni-YSZ Cell A, B and C at 25 h operation; (c) and (d) Impedance spectra and bode plot of Ni-GDC Cell A, B 
and C at 25 h operation; (e) Normalized polarization resistance and ohmic resistance; (f) Normalized and original polarization resistance and ohmic resistance. Here, 
Cell A and Cell B have similar Ni electrode areas, but Cell B has a longer TPB. Cell A and Cell C have similar TPB lengths, but Cell A has a larger Ni electrode area.
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Fig. 13. Degradation diagram of (a) Ni-GDC and (b) Ni-YSZ patterned cells.
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