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12 

Abstract: Solid oxide cells (SOCs) are especially important in the context of a boom in the intermittent 13 

renewable energy. However, the widespread commercialization of SOCs is still constrained by stability. 14 

To investigate the performance evolution mechanisms, fuel-cell, electrolysis, and reversible operations 15 

of an industrial-size (10 cm × 10 cm) SOC were conducted. The electrochemical impedance 16 

spectroscopy (EIS) measured under open-circuit/a small DC bias and operating current was analyzed 17 

employing the distribution of relaxation times (DRT) method and equivalent circuit model (ECM) 18 

fitting. Under the fuel-cell and electrolysis modes, the resistances corresponding to the electrode 19 

processes held different change trends with increasing DC biases. Compared with the fuel-cell mode, 20 

the proportion of the resistance related to the gas diffusion and conversion processes of the fuel 21 

electrode was higher in the electrolysis mode. Meanwhile, the resistances associated with the charge 22 

transfer reaction, gas diffusion and conversion processes of fuel electrode increased faster in the 23 

electrolysis mode. Besides, through the evolution of j-V curves and resistances of electrode processes, 24 

the whole operation process was divided into the initial stage (first activation and then rapid-25 

degradation) and the stable stage. In the post-mortem analysis, Ni non-percolating, Ni coarsening and 26 

change of pore morphology in the fuel electrode were mainly observed. Combined with the detailed 27 

EIS analysis and microstructure changes, the dominant performance evolution mechanism in different 28 

stages of the overall operation process was proposed.  29 

30 
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32 

1 Introduction 33 

Solid oxide cells (SOCs) are especially important in the context of continuous increase in the 34 

intermittent renewable electricity production, which are regarded as energy conversion and storage 35 

devices with high efficiency. SOCs can convert surplus renewable electricity to the chemical energy 36 

of H2 and/or CO by electrolysis of H2O and/or CO2, then the stored H2 and/or CO can be used to 37 

generate electricity by fuel-cell mode when the electricity is required 1-3. Therefore, SOCs have 38 

attracted attention and witnessed rapid development recently. However, the commercialization of 39 

SOCs is now constrained by their stability.  40 

Extensive work has been conducted to seek for the numerous degradation mechanisms of SOCs. 41 

For the oxygen electrode: delamination 4, Sr segregation 5,6, interdiffusion at the electrolyte/oxygen 42 

electrode interface 7, and Cr poisoning 8. For the electrolyte: small pores formation along the grain 43 

boundaries6. For the fuel electrode: Ni coarsening 9,10, Ni non-percolating 9,11,12, Ni migration 8,9,13, 44 
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carbon deposition 14,15, ZrO2 nanoparticles formation 16 and impurity 6,8,17. Earlier, crack propagation 1 

at the oxygen electrode/electrolyte interface occurring during electrolysis operation at high current 2 

densities, which was caused by a high internal oxygen pressure, was considered as an extreme 3 

degradation mechanism, especially in the LSM (La1-xSrxMnO3) – YSZ (8% Y2O3 stabilized ZrO2) 4 

oxygen electrode 4,18. Currently, at more realistic mild current densities and with LSCF (La1-xSrxCo1-5 

yFeyO3-δ) or LSC (La1-xSrxCoO3-δ) oxygen electrodes applied, microstructure changes occurring in the 6 

Ni-YSZ fuel electrode have been considered as primary factors affecting stability. In the Ni-YSZ fuel 7 

electrode, YSZ skeleton is relatively stable, while Ni particles microstructural changes are dominant. 8 

The underlying mechanisms responsible for the Ni transfer are established 9,19,20: i) Ni may move from 9 

areas with a small radius of curvature to areas with a large radius of curvature to minimize the surface 10 

energy. ii) Ni could be transported in the gas phase by vaporization/condensation process under 11 

Ni(OH)x (x may be 2 in SOFC mode, while x may be 1 in SOEC mode) volatile species. iii) Ni may 12 

move down the gradient in Ni/YSZ contact angle built inside the electrode during fuel-cell or 13 

electrolysis operation. The first and third mechanisms involve a mass transfer at short distances, and 14 

the second mechanism is a mass transfer at long distances. These mechanisms may occur together and 15 

result in the mostly observed Ni particle changes (coarsening, migration and non-percolating) 16 

Ni coarsening is considered to be a crucial degradation mechanism both in fuel-cell 9,21-23and 17 

electrolysis operations 5,9,24, even in open-circuit condition 25. Ni coarsening is affected by temperature, 18 

humidity, gas flow rate, inert gas applied and initial microstructure, but independent of operation 19 

modes. Holzer et al. 25 studied the Ni coarsening in dry and humid atmospheres under open-circuit 20 

condition, indicating that the growth of Ni particles in the humid atmosphere was much faster than that 21 

in the dry atmosphere. Thermal activation and the effect of gas flow rate were also mentioned. Pihlatie 22 

et al. 26 observed that the growth rate of Ni particles in gas with He was faster than that with Ar. Nelson 23 

et al. 27 defined the Ni coarsening potential to account for the magnitude of the force driving particle 24 

growth, illustrating that significant particle-size difference and volume availability had a high 25 

propensity for Ni coarsening. Trini et al. 9 investigated the effects of operation modes on the stability 26 

as well as  the microstructure changes  of Ni-YSZ electrodes under the same operation conditions (gas 27 

composition and temperature) except the current direction, suggesting that Ni coarsening occurred in 28 

both operation modes. Besides, the YSZ skeleton can restrict the Ni particle growth 27.  29 

Compared with Ni coarsening, Ni migration, i.e., redistribution of Ni of the fuel electrode, is more 30 

complicated. Actually, Ni migration has been reported in fuel-cell and electrolysis operations, away 31 

from or towards the electrolyte/fuel electrode interface. In general, Ni migration is favored in 32 

electrolysis mode than that in fuel-cell mode 9,28. Hauch et al. 29 discovered that a dense layer of Ni 33 

particles formed at the electrolyte/fuel electrode interface after electrolysis operation at high current 34 

density (2 A·cm-2) and high temperature (950 °C). In the electrolysis operation with a typical 35 

temperature range of 650-850 °C, the Ni migration away from electrolyte/fuel electrode interface has 36 

been mainly reported in the current literatures 5,9,13 and is considered to be one of the dominating 37 

degradation mechanisms. In this situation, a higher porosity layer near the interface and a denser layer 38 

next to the porous one are usually left. As for fuel-cell mode, Menzler et al. 8 detected Ni migration 39 

towards the electrolyte after a 10-years operation, with enriched Ni amount and reduced porosity. 40 

Besides, Ni migration away from the electrolyte/fuel electrode interface was also reported under fuel-41 

cell mode 21-23. Some hypotheses have been proposed to understand the underlying mechanisms of Ni 42 

migration 9,20,21. Ni migration towards the interface under electrolysis operation and away from the 43 

interface under fuel-cell operation can be simply ascribed to the Ni(OH)x species migration down the 44 



steam partial pressure gradients 30. While the other two cases, i.e., Ni migration away from the interface 1 

under electrolysis operation and towards the interface under fuel-cell operation, can be qualitatively 2 

explained by some hypotheses. Mogensen et al. 20 considered loss of contact between Ni-YSZ or Ni 3 

particles as a prerequisite for Ni migration, and then local potential gradients caused the Ni(OH)x   to 4 

migrate down the local redox potential gradients. Ni(OH)x species may migrate by surface diffusion 5 

below 800 °C or in gas phase above 900 °C. Trini et al. 9 presented another hypothesis in which the 6 

Ni-YSZ contact angle gradients were believed to be the driving force for Ni migration. An oxygen 7 

potential gradient between the reaction area and support layer was established during operation, 8 

resulting in the gradient in contact angle. Then, Ni will move from the region of high contact angle 9 

(low wettability) to the region of low contact angle (high wettability), i.e., down the chemical potential. 10 

Besides, Lyu et al. 21 proposed a fast Ni migration mechanism during short-term operation based on 11 

the Ni coarsening potential 27, that is, smaller Ni particles in the active layer were prone to migrate 12 

towards the support layer with larger Ni particles.  13 

Moreover, Ni non-percolating is that the Ni particles lose electrical contact with each other, and 14 

depletion of percolating Ni near the electrolyte/fuel electrode interface has been reported in many 15 

literatures 9-13,17,21,31. Depletion of percolating Ni and Ni migration are often confused, but the two are 16 

different. Similar to Ni migration, depletion of percolating Ni is much more pronounced in electrolysis 17 

operation than that in fuel-cell operation 9. However, unlike Ni migration, depletion of percolating Ni 18 

has no direction. Less attention has been paid to the mechanism of Ni non-percolating compared to Ni 19 

migration, although both can cause serious damage to the cell performance. Meanwhile, the 20 

mechanism of depletion of percolating Ni is still smeared. Some studies presented that the depletion 21 

of percolating Ni was much severer at the fuel electrode inlet than that at the outlet under electrolysis 22 

operation, and the higher steam partial pressure and overpotential were considered to be the reason for 23 

the larger degradation at the inlet 9,11,12. 24 

In summary, the composition, microstructure and operating conditions of SOCs have a great 25 

influence on the dominant degradation mechanism. In particular, the degradation mechanism of the 26 

Ni-YSZ electrode is still unclear and under intense debate. On the other hand, the performance 27 

evolution is extremely complex and has various trends in different operation stages, which indicates 28 

that the dominant performance evolution mechanism is different. Many literatures have reported the 29 

complex performance changes. Some studies found that the performance declined fast and then 30 

recovered, attributing to Si species from the applied glass-sealing 29 and impurities in the gas stream 31 

(most likely S) 32, which were harmful to the fuel electrode. Moreover, Koch et al. 33 observed that the 32 

performance improved and then dropped slowly. And they concluded that this phenomenon was due 33 

to the activation and passivation of the oxygen electrode during the constant current because the 34 

impedance between 1 and 200 Hz was strongly affected. In most of the current literatures, rapid 35 

degradation firstly and then a stable state can be discovered 17,34,35.  Therefore, the complicated 36 

operation stages and related performance evolution mechanisms still need to be explored. In terms of 37 

research methods, in most of the studies, the degradation mechanisms were analyzed based on EIS 38 

under different DC biases, some were based on EIS under open-circuit condition 36,37 or a small DC 39 

bias 38,39, while others were based on EIS under operating current 17,40. It is not clear whether the 40 

evolution of EIS under different DC biases is the same, that is, whether it affects the judgment of the 41 

degradation mechanisms. 42 

Therefore, in this study, fuel-cell, electrolysis, and reversible operations of an industrial-size SOC 43 

were conducted. To have an in-depth understanding of the performance evolution mechanisms, the EIS 44 



spectra measured under open-circuit, small DC biases and operating current were analyzed in detail. 1 

Meanwhile, the performance and stability of fuel-cell and electrolysis modes were analyzed and 2 

compared. Moreover, the post-mortem analysis of the fuel electrode was emphasized to investigated 3 

the microstructure changes of Ni particles. Through the electrochemical and post-mortem analyses, the 4 

dominant performance evolution mechanism in different stages of the overall operation process was 5 

proposed. The results will lay a foundation for improving the stability of SOCs. 6 

 7 

2 Experimental 8 

The cell used in this work is a fuel electrode supported SOC cell with an effective area of 10 cm 9 

× 10 cm, which is supplied by Xuzhou Huatsing Jingkun Energy Co. Ltd. The cell consists of a Ni-10 

YSZ support layer, a Ni-YSZ active fuel electrode layer, a YSZ electrolyte layer, a GDC (Gd0.1Ce0.9O2-11 

δ) interlayer, and a LSCF (La0.6Sr0.4Co0.2Fe0.8O3-δ)-GDC oxygen electrode layer. More details about 12 

cell preparation and assembly can be found in Ref 21. 13 

The cell was heated to 720 °C and the reduction of NiO particles in the fuel electrode lasted for 14 

about 4 h. Then, the performance was characterized and the cell operated at a constant current density 15 

of 0.1 A·cm−2 for about 16 h at 720 °C. After that, the performance was tested at various temperatures 16 

(720, 800 °C) with 3 slm (standard liter per minute) air supplied to the oxygen electrode and 1 slm H2 17 

to the Ni-YSZ electrode. Afterward, fuel-cell, electrolysis, and reversible operations were carried out 18 

at 800 °C in turn. As for details, the current densities of the three stages were +0.3, -0.3, and -0.3/+0.3 19 

A·cm−2, respectively, and all the three stages lasted for about 150 h. The reversible operation was 20 

performed with periods of about 7 h and 15 h in electrolysis and fuel-cell modes respectively every 21 

day, with the remaining time used for mode switching and electrochemical tests. 1 slm H2 was supplied 22 

to the fuel electrode during fuel-cell mode operation, while 2 slm H2/H2O gas mixture (50 vol.% H2O, 23 

50 vol.% H2) was provided during electrolysis mode operation. 3 slm air was supplied to the oxygen 24 

electrode in the two modes. The cell was periodically characterized by j-V curves and EIS 25 

measurements during operation. For the j-V curve measurements, the current was stepwise increased 26 

with 1 A per step by electronic load (Kikusui PLZ664WA) and DC power (EA-PSI 8080-60). A dwell 27 

time of 12 s was conducted at each current.  An electrochemical workstation (Zahner IM6) and a home-28 

designed circuit were employed to measure the EIS spectra under different DC biases. More details 29 

about EIS test devices can be found in Ref 21. The frequency range for EIS measurements was from 30 

100 kHz to 0.2 Hz, with 12 points per decade and an AC of 1 A.  31 

Two cells were characterized for post-mortem analysis, which had the same fuel electrodes. In 32 

addition to the above tested cell (named aged cell), a cell exposed to reduction only (named reference 33 

cell) was selected to assess microstructure changes of the fuel electrode. Pieces of cross-sections of the 34 

cells were vacuum embedded in epoxy resin, followed by being ground and polished. A Zeiss Gemini 35 

SEM 500 FE-SEM (Field Emission Gun Scanning Electron Microscope) was employed for obtaining 36 

high-resolution micrographs. To distinguish the percolating of Ni particles in the Ni-YSZ fuel 37 

electrodes, cross-section samples without platinum coating were characterized using an Inlens detector 38 

and an acceleration voltage of 1 kV. The low-voltage SEM method was developed by Thydén et al. 41 39 

and later applied in many studies 9,17,42. Moreover, to characterize the microstructure and quantify the 40 

porosity of the fuel electrode, the cross-section samples with platinum coating were inspected by a 41 

BSD detector and an accelerating voltage of 10 kV. The BSD images of the fuel electrodes were 42 

analyzed using ImageJ software to evaluate the porosity variation in the direction perpendicular to the 43 

electrode/electrolyte interface.  44 
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3 Results and discussion 2 

3.1 Overall operation process 3 

The complete time plot of the overall operation process is shown in Fig. 1, with roman numerals 4 

marking the distinct operation periods. Detailed test conditions can be found in the Experimental 5 

Section. Period I, II, IV, VI were initial, fuel-cell, electrolysis, and reversible operation, respectively. 6 

It should be noted that the voltage degradation from 32 h to 48 h was significantly faster than that from 7 

53 h to 192 h, although both operated at +0.3 A·cm−2 at 800 °C. Therefore, the first 50 h, which may 8 

be accompanied by rapid microstructure changes, was considered as the initial stage and studied 9 

separately. In the subsequently more stable state, the degradation mechanisms of the fuel-cell and 10 

electrolysis operations were discussed emphatically. Period III and V were accidents during the 11 

experiment due to misoperation and a failure in the steam supply system, which were not focused on 12 

in this paper. 13 

 14 

Fig. 1. Time plot of the overall operation process.  15 

 16 

3.2 Initial performance evolution  17 

Fig. 2(a) shows the j-V curves in the initial stage. The j-V curves measured at 5 h and 24 h 18 

basically coincided with each other, and the power density was 0.33 W·cm-2 under a voltage output of 19 

0.7 V at 720 °C, indicating that the performance was unchanged. However, the performance 20 

deteriorated rapidly from 30 h to 48 h and the power density decreased from 0.483 W·cm-2 to 0.398 21 

W·cm-2 under a voltage output of 0.7 V at 800 °C. The performance evolution was consistent with the 22 

output voltage variation shown in Fig. 1.  23 
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 1 

Fig. 2. j-V curves (a), Nyquist plots (b), Bode plots (c), DRT results (d) and ECM results (f) in the 2 

initial stage. And the applied ECM model and the corresponding electrode processes of each element 3 

(e). The EIS, DRT and ECM results were under +0.3 A·cm−2. 1 slm H2 and 3 slm air were supplied to 4 

the fuel electrode and the oxygen electrode, respectively. 5 

 6 

To understand the reasons for the performance evolution, the EIS measurements were conducted 7 

in the initial stage, as demonstrated in Fig. 2(b) and (c). During 6 h-26 h (named activation stage), a 8 

slight shrinkage of the low-frequency arc can be observed, while the most significant phenomenon 9 

during 30 h-52 h (named rapid-degradation stage) was the sharp increase of high-frequency arc. The 10 

ohmic resistance can be roughly represented by the intersection of the high-frequency spectra with the 11 

real-axis and increased in both stages. And the ohmic resistance in the rapid-degradation stage 12 

increased faster, which may be caused by two factors: the higher the temperature, the faster the ohmic 13 

resistance of metallic interconnector increased 43; the changes of electrode microstructure led to longer 14 

ions/electrons transport path, such as Ni redistribution and non-percolating 38. 15 

Then, the distribution of relaxation times (DRT) method analysis was performed to identify the 16 

highly overlapping physical/chemical processes involved in EIS and qualitatively estimate the 17 

contributions of different processes, as shown in Fig. 2(d). Five characteristic peaks (from high 18 

frequency to low frequency, the sequence is P1-P5) can be distinguished from the DRT plots, 19 

associating with distinct physical/chemical processes. The resistance of each process can be 20 

represented by the integral area covered by the corresponding characteristic peak. In our previous 21 

studies, the corresponding relationship between characteristic peaks and physical/chemical processes 22 

on the same type of cells was systematically analyzed, including button cell and 10 cm ×10 cm 23 

industrial-size cell 44,45. Combined with those in the literatures 46-49, the correspondence can be 24 

summarized as follows: P1 is considered to be the oxygen ion transport in the composite electrodes. 25 

The oxygen electrode used in this paper is the LSCF-GDC oxygen electrode, in which the ionic 26 

conductivity of GDC is high, thus P1 mainly comes from the Ni-YSZ fuel electrode.  However, P1 is 27 

susceptible to inductance in the testing loop 49, especially in the EIS measurements of large-size cells. 28 
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P2 is ascribed to the charge transfer reaction at the triple-phase boundaries (TPB) in the fuel electrode. 1 

P3 is associated with the oxygen surface exchange reaction in the oxygen electrode. P4 and P5 are 2 

primarily related to the gas diffusion and gas conversion processes in the fuel electrode, respectively. 3 

Since the oxygen electrode is thin, gas diffusion and gas conversion processes can only be observed at 4 

very low oxygen partial pressure (5%) and flow rate 46,48. And the gas diffusion and gas conversion 5 

processes are usually coupled 49. Moreover, in the middle frequency range, the oxygen surface 6 

exchange reaction tends to overlap with the gas diffusion process 45,46. Nevertheless, the DRT analysis 7 

is still a very important method to parse EIS. Furthermore, to quantitatively split up the contributions 8 

of the different electrode processes, the EIS data were fitted with equivalent circuit model (ECM) 9 

making use of the complex nonlinear last square (CNLS) method and the fitted resistance values are 10 

shown in the Fig. 2(f). Fig. 2(e) presents the applied ECM model, which is composed of four constant 11 

phase elements RQ and a Gerischer element (G), and these five elements match the characteristic peaks 12 

in DRT results. A Rohm and an inductor (L) are also included. The DRT calculation and ECM fitting 13 

were performed using a homemade Python program (named EISART). The EIS fitting results were 14 

satisfactory, and the relative errors of the real and imaginary parts were basically within ±2%.  15 

In the DRT results, the most obvious distinction was the evolution of the P2 peak, as presented in 16 

Fig. 2(d). P2 was essentially unchanged in the activation stage, while rose significantly in the rapid-17 

degradation stage. Further, Fig. 2(f) showed that R2 increased from 0.017 Ω·cm2 to 0.118 Ω·cm2, 18 

which was the major cause of performance deterioration during the rapid-degradation stage. Besides, 19 

R4&R5 delivered a slight decline in both stages, from 0.178 Ω·cm2 to 0.171 Ω·cm2 in the activation 20 

stage and from 0.206 Ω·cm2 to 0.182 Ω·cm2 in the rapid-degradation stage. The above changes in 21 

resistances were related to the rapid change of the fuel electrode microstructure during the initial stage. 22 

In our previous studies with the same batch cells, the increase of fuel electrode porosity and then the 23 

enrichment of the gas-phase diffusion process were believed to result in the slight increment of 24 

performance in the activation stage 50. Meanwhile, the fast Ni coarsening due to the particle size 25 

difference between the active layer and the support layer, as well as the Ni redistribution and non-26 

percolating in the active layer, were considered to be the leading factors for the performance 27 

degradation in the rapid-degradation stage 21. These research results can explain the changes of R2 and 28 

R4&R5 in this paper. It is worth noting that although the phenomenon (first activation and then rapid-29 

degradation) in the initial stage was consistent for the same batch cells, the duration and performance 30 

variation of the two stages were different 21,50,51. This may be related to operating conditions, such as 31 

temperature, current, and steam partial pressure of the fuel electrode. Another possible factor is the 32 

subtle differences in electrode microstructure. More detailed studies are needed to investigate the 33 

influence of operating conditions and microstructure on the initial stage. 34 

 35 

3.3 Comparison of fuel-cell and electrolysis modes 36 

The j-V curves were periodically measured, as demonstrated in Fig. 3. Fig. 3(a) and Fig. 3(b) 37 

exhibit the j-V curves at 800 °C in fuel-cell mode and electrolysis mode, respectively. In fuel-cell 38 

operation, the performance deteriorated rapidly from 30 h to 48 h and the power density decreased by 39 

0.085 W·cm-2 under a voltage output of 0.7 V. While over the next 144 h, a slower decline took place 40 

in the performance and the power density decreased by 0.087 W·cm-2 in total. The evolution of the 41 

performance indicated that it was reasonable to take the first 50 h as the initial stage for research. As 42 

for electrolysis operation, the voltage increased from 1.212 V to 1.256 V during 219 h-312 h. In 43 

reversible operation, the performance reduced slowly both in fuel-cell mode and electrolysis mode.  44 



 1 

Fig. 3. j-V curves in fuel-cell mode (a) and electrolysis mode (b) at 800 °C  2 

 3 

To explore the mechanisms of performance evolution, the EIS measurements under open-circuit/a 4 

small DC bias and operating current were carried out in both fuel-cell and electrolysis operations. And 5 

the corresponding DRT analysis and ECM fitting were performed, aiming to compare the evolution of 6 

different electrode processes under different DC biases. The Nyquist plots, Bode plots, DRT results, 7 

applied ECM model, and resistances under different DC biases can be seen in Fig. 4 (fuel-cell operation) 8 

and Fig. 5 (electrolysis operation).  9 

Fig. 4 clearly exhibits the influence of DC biases on each resistance in fuel-cell mode. With 10 

increasing the DC biases, the polarization resistance (Rp) shrunk significantly and the ohmic resistance 11 

(Ro) remained unchanged. The polarization resistance was further decomposed, indicating that R1 12 

(related to oxygen ion transport in the fuel electrode) was independent of the DC biases. While R2 13 

(ascribed to charge transfer reaction in the fuel electrode), R3 (associated with the oxygen surface 14 

exchange reaction in the oxygen electrode), and R4&R5 (corresponding to gas diffusion and gas 15 

conversion processes) dramatically decreased with increasing the DC biases. Besides, the P2, P3, P4, 16 

and P5 peaks shifted towards higher frequency in DRT results. The changes of resistances with DC 17 

biases can be explained by theoretical derivation, as presented in the work of Lyu et al. 34. The 18 

conclusion was in agreement with the experimental results in this paper.  19 

Although the values of resistances varied with DC biases, the evolution trend of resistances was 20 

basically the same under different DC biases, which indicated that in terms of resistances, the DC 21 

biases did not affect the judgment of the degradation mechanisms. Nevertheless, EIS measurements 22 

under different DC biases are necessary to quantitatively calculate the output voltage degradation 23 

caused by each electrode process. Lyu et al. 21 successfully distributed the overall voltage degradation 24 

to each electrode process in fuel-cell mode, the corresponding research in electrolysis mode needs to 25 

be carried out further. As presented in Fig. 4(1-d) and (2-d), the results of the initial stage were also 26 

included for comparative analysis. Ro, R1, and R3 approximately linear changed during 30 h-194 h. 27 

Nevertheless, the evolution of R2, R4&R5, and Rp can obviously be divided into two stages. Different 28 

from the rapid-degradation stage (from 30 h to 52 h) mentioned in Section 3.2, R2 was essentially 29 

unchanged and R4&R5 showed a slight increase after 50 hours. Combining the evolutions of voltage 30 

in Fig. 1 and performance in Fig. 3, it was considered that the cell reached a relatively stable 31 

degradation stage after 50 hours.  32 
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 1 

Fig. 4. The Nyquist plots (a), Bode plots (b), DRT results (c), applied ECM model and fitted resistances 2 

(d) under +0.05 A·cm-2 (1) and +0.3 A·cm-2 (2) in fuel-cell operation at 800 °C. Feeding 1 slm H2 to 3 

the fuel electrode and 3 slm air to the oxygen electrode. 4 

 5 

The influence of DC biases on each resistance in electrolysis mode is displayed in Fig. 5. The 6 

ohmic resistance (Ro) remained unchanged, while contrary to fuel-cell mode, the polarization 7 

resistance (Rp) increased significantly with increasing the DC biases. R2, R3, R4, and R5 contributed 8 

to the increase of Rp. Moreover, the P2, P3, P4, and P5 peaks shifted towards lower frequency in DRT 9 

results with increasing the DC biases. Even under the same steam and hydrogen partial pressure, the 10 

trends of resistances of fuel-cell mode and electrolysis mode vary differently with the DC biases. This 11 

phenomenon is called the asymmetry behavior between the two modes. Besides, asymmetric behavior 12 

is also reflected in the higher overpotential in electrolysis mode under the same current, steam and 13 

hydrogen partial pressure. Kishimoto et al. 52 investigated the asymmetric behavior between the two 14 

operation modes under the same steam and hydrogen partial pressure. The electrochemical 15 

experiments and numerical simulations were conducted, indicating that the asymmetry was originated 16 

from unequal charge-transfer coefficients firstly. More importantly, under DC biases, the hydrogen and 17 

steam partial pressure inside the electrode were inconsistent, and gas diffusion was different because 18 

of Knudsen diffusion. Ebbesen et al. 53 considered that the temperature difference between the two 19 

modes caused by electrochemical experiments was one of the factors of asymmetry. The effect of gas 20 

diffusion and conversion processes on asymmetry was also mentioned. Hence, gas diffusion and 21 

conversion processes in the fuel electrode are much important in the electrolysis mode. Optimizing the 22 

microstructure of fuel electrodes, such as porosity 53 and pore size 52, is an effective means to enhance 23 

gas diffusion, reduce asymmetry and improve the performance of electrolysis mode. 24 
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Similar to fuel-cell mode, the evolution trend of resistances was basically the same under different 1 

DC biases in the electrolysis mode, as presented in Fig. 5(1-d) and (2-d). R2, R4&R5, Rp and Ro 2 

increased gradually over time, while R3 showed a slight downward trend. 3 

 4 

Fig. 5. The Nyquist plots (a), Bode plots (b), DRT results (c), applied ECM model and fitted resistances 5 

(d) under open-circuit (1) and +0.3 A·cm-2 (2) in electrolysis operation at 800 °C. Feeding 2 slm 6 

H2/H2O gas mixture (50 vol.% H2O, 50 vol.% H2) to the fuel electrode and 3 slm air to the oxygen 7 

electrode. 8 

 9 

As mentioned above, the cell reached a stable degradation stage after 50 hours, so the difference 10 

between the fuel-cell mode and the electrolysis mode can be analyzed using the data after 50 hours. 11 

Since the evolution trend of resistances was basically the same under different DC biases in both modes, 12 

the evolution of resistances under the operating current (±0.3 A·cm-2) was selected from Fig. 4 and Fig. 13 

5 for comparison, as presented in Fig. 6. Compared with the fuel-cell mode, Rp obviously increased 14 

faster in the electrolysis mode as shown in Fig. 6(a). Furthermore, R2 and R4&R5 were the main 15 

contributors to the faster growth of Rp. These phenomena are closely associated with the 16 

microstructure of the fuel electrode. Trini et al. 9 investigated the impact of operation mode on 17 

microstructure changes, with the same fuel inlet gas composition (50 vol.% H2O, 50 vol.% H2). The 18 

resistance contributed to the Ni-YSZ electrode increased much faster in electrolysis mode than that in 19 

fuel-cell mode. And the post-mortem analysis highlighted that Ni migration away from the 20 

electrolyte/fuel electrode interface and depletion of percolating Ni were detected only in the 21 

electrolysis mode, while Ni coarsening was independent of the operation mode. Therefore, the more 22 

serious Ni migration and non-percolating of the fuel electrode may be the reason for the rapid increase 23 

of R2 in the electrolysis mode. Although Ni coarsening is independent of operation modes, the high 24 
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steam partial pressure of the fuel electrode could promote Ni coarsening 25. In this paper, the steam 1 

pressure of support layer in the electrolysis mode may be higher than that in fuel-cell mode. Therefore, 2 

the more serious Ni coarsening may also result in a rapid increase of R2 and R4&R5 in the electrolysis 3 

mode. Many studies suggested that Ni migration away from the electrolyte/fuel electrode interface and 4 

depletion of percolating Ni would prolong the oxygen ion transport path, leading to an increase in 5 

ohmic resistance 10,38,54. However, the ohmic resistance increased at a similar rate in the two modes in 6 

this paper, and the possible reason could be that the metallic interconnects contributed a large part to 7 

the ohmic resistance. The R3 was small and easily overlapped with the gas diffusion process when 8 

fitting, which may lead to the irregular changes of R3 in Fig. 6. Moreover, we can observe that the 9 

proportions of R1, R2 and R3 in the total resistance in the electrolysis mode were basically the same 10 

as that in the fuel-cell mode, while the proportion of R4&R5 was higher and the proportion of Ro was 11 

lower in the electrolysis mode. Once again, promoting gas diffusion and conversion process is an 12 

important way to improve the performance of electrolysis mode.  13 

 14 

Fig. 6. Resistances (a) and proportions of each resistance in the total resistance (b) over time. 15 

 16 

A brief summary of the electrochemical analysis is given. Through the evolution of j-V curves 17 

and resistances of electrode processes, the whole operation process was divided into the initial stage 18 

(about 0-50 h) and the stable stage. The cell performance first showed slight change (activation stage) 19 

and rapidly declined subsequently (rapid-degradation stage) in the initial stage, while decreasing 20 

slowly and linearly in the stable stage. Gas diffusion and conversion processes were considered to be 21 

the primary factors of the performance variation in the activation stage, and the charge transfer reaction 22 

of the fuel electrode dominated the rapid-degradation stage. Moreover, in the stable stage, the 23 

comparison of the fuel-cell operation and electrolysis operation was conducted, indicating that the 24 

resistances associated with charge transfer reaction, gas diffusion and conversion processes of fuel 25 

electrode increased faster in the electrolysis mode. And the importance of the gas diffusion process to 26 

the electrolysis mode was emphasized. Therefore, the electrode processes associated with the fuel 27 

electrode were significant for the performance and stability of SOCs. Furthermore, the post-mortem 28 

analysis should be performed to determine the microstructure changes of the fuel electrode.  29 

 30 

3.4 Discussion on the microstructure changes in Ni-YSZ electrode 31 

Fig. 7 presents the low-voltage SEM and BSD images of the polished cross-sections of the fuel 32 
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electrodes, containing a cell only reduced (reference cell) and the cell in this paper (aged cell). 1 

Compared to the reference cell, the depletion of percolating Ni particles near the electrolyte/fuel 2 

electrode interface was clearly observed in the aged cell, as shown in Fig. 7(a) and (d). And the width 3 

of the depletion region of percolating Ni reached about 6 μm. Moreover, in the fuel electrode support 4 

layer in the aged cell, non-percolating Ni particles were also found, while the Ni particles in the 5 

reference cell were percolated throughout the fuel electrode. A contrast under higher magnification 6 

was more clearly in Fig. 7(b) and (e), where the red arrows pointed out the non-percolating Ni particles 7 

in the support layer. Besides, in the aged cell, we discovered that the size of Ni particles increased and 8 

the shape seemed to change from elongated and irregular to round. Ni coarsening, accompanied by 9 

shape changes, may lead to depletion of percolating Ni. In this paper, depletion of percolating Ni was 10 

found in both the active and support layers, which provided evidence for this explanation. However, 11 

depletion of percolating Ni of the active layer is usually more serious than that of the support layer, as 12 

shown in this paper and other studies 9,12,17. This may be because that the wettability of Ni on YSZ is 13 

weakening with the increase of polarization under electrolysis operation according to Jiao et al. 55. 14 

Under fuel-cell operation, the high steam partial pressure in the reaction area will increase the Ni 15 

particle growth rate 25, which results in deterioration of contact between Ni particles. Ni non-16 

percolating was much severer at the fuel electrode inlet than that at the outlet under electrolysis 17 

operation 9,11,12, which is another example of the effect of polarization and steam partial pressure.  18 

Fig. 7(c) and (f) presents the dramatic changes in the fuel electrode pores. The pores in the 19 

reference cell were elongated and appeared to be connected, while the pores in the aged cell were 20 

round and less connected. Furthermore, the porosity at the active/support layer interface appeared to 21 

improve in the aged cell through comparing Fig. 7(b-c) and (e-f). And the high porosity layer had a 22 

certain relationship with the depletion region of percolating Ni, as shown by the yellow dotted lines. 23 

Therefore, twenty SEM images of each cell were analyzed to obtain the average porosity of the fuel 24 

electrode. Eight regions were taken from each image and the average porosity of each region was 25 

estimated. The regions were with a width of about 2 μm and a length of about 56 μm, as shown in the 26 

red rectangles in Fig. 8(a). And the quantitative results of porosity were presented in Fig. 8(b). In the 27 

reference cell, the porosities were about 27% in the region 0-4 μm, 23% in the region 4-6 μm, and 19% 28 

in the region 6-16 μm away from the electrolyte/fuel electrode interface. In the aged cell, the porosities 29 

were similar to the reference cell in the region 0-4 μm and 8-16 μm, being about 28% and 21%. The 30 

slightly higher porosity of the aged cell could be due to Ni coarsening or subtle differences in the initial 31 

microstructure. Nevertheless, the porosity in the region 4-8 μm was significantly higher than that in 32 

the reference cell, which was about 30%. This suggested that Ni migration may have occurred in the 33 

region, which is usually accompanied by a change in porosity.  34 



 1 

Fig. 7 Images of the Ni-YSZ fuel electrode for the reference cell (a-c) and the aged cell (d-f). (a-b) and 2 

(d-e) are low-voltage SEM images, while (c) and (f) are BSD images. In low-voltage SEM images: 3 

percolating Ni is white and non-percolating Ni is light gray. In BSD images, porosity is black. 4 

 5 

Fig. 8 BSD images used for the porosity quantification (a) and obtained results (b). 6 

 7 

In the above post-mortem analysis, depletion of percolating Ni, Ni coarsening and change of pore 8 

morphology were mainly observed in the aged cell, which can cause damage to the cell performance. 9 

In the Ni-YSZ fuel electrode, the roles of Ni particles and YSZ skeleton are to conduct electrons and 10 

oxygen ions, respectively. The area where Ni, YSZ and pore come into contact is called three-phase 11 

boundaries (TPB). The electrochemical reactions of fuel electrodes occur at TPB in the region of a few 12 

microns close to the electrolyte. If Ni particles lose percolation or electrically connected, they cannot 13 

provide electrons and the electrochemical reactions will not take place there. This reduces the reaction 14 

sites, resulting in the increment of the resistance related to charge transfer reaction of fuel electrode. 15 

Meanwhile, this makes the reaction area away from the electrolyte and lengthens the oxygen ion 16 

transport path, which accordingly increases ohmic resistance. It is not difficult to understand that the 17 

Ni migration away from the electrolyte/fuel electrode interface will have the same effect. The Ni 18 

particles coarsening will decrease TPB length and primarily increase the resistance related to charge 19 

transfer reaction of fuel electrode. The pore microstructure mainly affects the gas diffusion process. 20 
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Combined with our previous study 21 and electrochemical analysis in this paper, the rapid Ni 1 

coarsening at the active layer/support layer interface caused by the Ni particle size difference was 2 

believed to be the dominant degradation mechanism of fast performance degradation in the initial stage. 3 

While in the stable stage, the slow coarsening and non-percolation of Ni particles led to a slow and 4 

linear decline in performance. Moreover, the change of pore morphology may be due to the combined 5 

effect of reduction in nickel oxide-nickel reaction and Ni sintering coarsening. Jiao et al. 56,57 have 6 

reported the competition between the mechanisms of reduction in nickel oxide-nickel reaction and Ni 7 

sintering coarsening in the reduction process. Therefore, it is reasonable to speculate that the further 8 

reduction of Ni particles may be the dominant reason for the decrease of the resistance related to gas 9 

diffusion process in the initial stage, and the increase of the resistance may be due to Ni sintering 10 

coarsening in the stable stage. More detailed researches are required to verify this conjecture.  11 

To inhibit the microstructure changes in Ni-YSZ electrode and improve the stability, several 12 

methods have been proposed, such as optimizing the Ni-YSZ electrode microstructure 10, infiltrating 13 

GDC nanoparticles into the conventional Ni-YSZ electrode 54 and operating temperature selection at 14 

thermoneutral voltage 17. However, the long-term degradation behavior of SOCs still need more in-15 

depth and comprehensive research, i.e., balancing mechanisms for performance and stability, 16 

switching between fuel-cell and electrolysis modes, etc. 17 

 18 

4. Conclusion 19 

In this work, fuel-cell, electrolysis, and reversible operations of an industrial-size SOC (10 cm × 20 

10 cm) were conducted to investigate the performance evolution mechanisms. The j-V curves and EIS 21 

measurements were periodically carried out. And the EIS data were analyzed to quantify the 22 

contribution of electrode processes employing the DRT method and ECM fitting.  23 

The asymmetry behavior between the fuel-cell and electrolysis modes was found, that is, the 24 

resistances corresponding to the electrode processes held different change trends with increasing DC 25 

biases in the two modes. Moreover, the proportion of the resistance related to the gas diffusion and 26 

conversion processes of the fuel electrode was higher in the electrolysis mode, indicating that 27 

optimizing the fuel electrode microstructure to promote the gas diffusion process is an effective method 28 

to reduce asymmetry and increase the electrolysis performance. The evolution trend of resistances was 29 

basically the same under different DC biases. Compared with the fuel-cell mode, the resistances related 30 

to the charge transfer reaction, gas diffusion and conversion processes of fuel electrode increased faster 31 

in the electrolysis mode, suggesting more severe microstructure degradation. Future work should focus 32 

on improving performance and stability in the electrolysis mode. 33 

Besides, through the evolution of j-V curves and resistances of electrode processes, the whole 34 

operation process was divided into the initial stage and the stable stage. The cell performance first 35 

showed slight change and rapidly declined subsequently in the initial stage, while decreasing slowly 36 

and linearly in the stable stage. In the post-mortem analysis, Ni non-percolating, Ni coarsening and 37 

change of pore morphology in the fuel electrode were mainly observed. Combined with the detailed 38 

EIS analysis and our previous studies, we believe that the rapid Ni coarsening at the active 39 

layer/support layer interface due to the Ni particle size difference was the dominant degradation 40 

mechanism of fast performance degradation in the initial stage. While in the stable stage, the slow and 41 

linear decline in performance resulted from the slow coarsening and non-percolation of Ni particles. 42 

Moreover, reduction in NiO-Ni reaction and Ni sintering coarsening together affected the pore 43 

morphology, and thus the gas diffusion process of the fuel electrode. The further reduction of NiO may 44 



dominate and enhance the gas diffusion process in the initial stage, while Ni coarsening may dominate 1 

and weaken the gas diffusion process in the stable stage. More in-depth and comprehensive research 2 

is needed to inhibit the microstructure changes in Ni-YSZ electrode and investigate the long-term 3 

degradation behavior of SOCs.  4 
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