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Abstract 

Cermet Ni/YSZ electrodes are the most commonly applied fuel electrode for solid oxide cells 

(SOC) both when targeting solid oxide fuel cell (SOFC) applications and when used as solid oxide 

electrolysis cell (SOEC).  

In this work we report on the correlation between initial Ni/YSZ microstructure and the resulting 

electrochemical performance both initially and during long-term electrolysis testing at high current 

density and high p(H2O) inlet. Especially, this work focuses on microstructure optimization to 

hinder Ni mobility and migration during long-term operation and illustrates the key-role of 

electrode over-potential on the degradation of the Ni/YSZ electrodes in SOEC. We find that for 

long-term stability for electrolysis at high current densities and high p(H2O) the as-produced 

NiO/YSZ precursor electrode should be: 1) As dense as possible, 2) as fine particle and pore sized 

as possible and 3) the three phases (Ni, YSZ and pore phase) shall be size-matched and well-

dispersed. Applying such microstructure optimized Ni/YSZ electrode we show SOEC test results 

with long-term degradation rate as low as 0.3-0.4 %/kh at 1 A/cm2, 800 C and inlet gas mixture 

of p(H2O)/p(H2):90/10. This enables SOEC operation of such cell for more than 5 years below 

thermo-neutral potential at these operating conditions. 
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1. Introduction 

Solid oxide electrolysis cells (SOEC) can play an important role in the future energy grid based on 

increased share of renewable energy. SOEC can then be applied to store surplus electrical energy 

e.g. from wind turbines via hydrogen production (when SOEC are used for electrolysis of H2O) or 

for syn-gas production (when SOEC are used for electrolysis of CO2 + H2O) and subsequent 

synthetic natural gas production or production of other synthetic fuels. The SOEC technology 

offers the most efficient electrolysis technology for conversion of electrical energy and the 

possibility for syn-gas production [1] or even direct methane production at lower temperature and 

pressurized operation [2].  

However, for a commercial break-through for the SOEC technology not only high initial 

performance is required, but also long-term stability preferably in a large range of operating 

conditions (temperature, gas compositions, current densities etc.) is a necessity combined with 

inexpensive materials and processing techniques. Based on economic analyses lifetime of at least 

5 years of operation around thermo-neutral potential is desirable at highest possible current density 

(fuel production rate) [3]; not necessarily operated at maximum current density throughout its 

lifetime but for shorter or longer periods of time depending on grid balancing requirements. Even 

though reversible operation of SOC (i.e. fuel cell mode operation) has shown advantageous for the 

performance of SOC [4,5]; it should be emphasized that at higher electrolysis current densities 

irreversible degradation phenomena takes place which are not likely to be recoverable by SOFC 

operation of the SOC [6,7]. 

Long-term stability needs to be improved even considering promising results such as reported by 

Tietz, Corre and Hjalmarsson [8–11] if SOFC systems, and later SOEC systems, are to operate 

profitable for several years. Recent work has shown that at high current density (high fuel electrode 

overpotential) the SOEC experiences long-term, roughly linear, irreversible degradation; typically 

associated with an increase in the ohmic resistance [7,8,12]. Post-mortem microscopy 

investigations of these long-term tested cells show irreversible damages of the Ni/YSZ  

microstructure; e.g. decrease in the Ni-YSZ contact area, loss of Ni percolation (loss of Ni-Ni 

contact) and even migration of Ni away from the few micrometer of the fuel electrode closest to 

the electrolyte [7,8,12]. These degradation phenomena relating to the Ni/YSZ microstructure have 

been shown to be associated with 1) impurity inclusions in and around Ni particles [13], 2) 

formation of ZrO2 nano-particles [7], 3) Ni particles morphology changes and coarsening and 4) 

Ni migration [7,8,12]. 

The aim of this work is to investigate and optimize the Ni/YSZ electrode microstructure to ensure 

high performance and long-term stability of the Ni/YSZ electrode during electrolysis operation at 

high p(H2O) and high current density. This is targeted via hindering or at least limiting Ni 

migration and mobility. We report microstructural and electrochemical test results for SOEC with 

three intentionally different initial Ni/YSZ electrode microstructures but tested at nominally the 

same electrolysis test conditions. Furthermore, the results show that it is hardly the “externally” 
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set test conditions that sets the threshold for initiating the irreversible microstructural changes of 

the Ni network. Rather, the electrode over-potential is a key parameter for the onset of the 

damaging and irreversible loss of performance for the Ni/YSZ-based SOEC electrodes. 

2. Experimental 

 

2.1. Cell Specifications and Test Set-up 

The cells used for electrolysis testing in this study are fuel electrode supported full SOEC. The 

cells are Ni/YSZ supported Ni/YSZ-YSZ-CGObarrier-LSC/CGO based cells produced at DTU 

Energy [14]. An overview of cell and test specifications is given in Table 1. The cells consisted of 

a 12-16 m thick Ni/YSZ fuel electrode (not for Cell A) with a ~300 m thick Ni/YSZ support 

layer, a 10 m thick YSZ electrolyte, a 6-7 m thick CGO barrier layer and a ~30 m thick 

LSC/CGO oxygen electrode [15]. No active fuel electrode was applied in Cell A. The porous and 

coarser ~300 m thick Ni/YSZ support layer therefore also acted as active fuel electrode in Cell 

A.  Zirconia stabilized with 8 mole percent Y2O3 was used for the electrolyte and the active fuel 

electrode layers. Zirconia stabilized with 3 mole percent Y2O3 was used for the support layer 

[3,16,17]. For all applied Ni/YSZ cermets the quantities of NiO and YSZ were scaled to provide a 

Ni/YSZ volume ratio of 40/60 after reduction of NiO. For the production of the support layer, 

active fuel electrode, electrolyte and CGO barrier layer successive tape casting i.e. a multilayer 

tape casting (MTC) process and lamination process was applied [14]. These four MTC layers of 

the tapes were cut into 16x16 cm2 pieces and co-sintered at 1315 C [18] and then cut into 53x53 

mm2 cells. The oxygen electrode (40x40 mm2) was applied by screen-printing and sintered at 930 

C. Afterwards, a LSM contact layer was applied by screen-printing. The set-up for single cell 

testing was illustrated and described in detail previously [19,20], and the set-up illustrated as “Cell 

assembly 2” in the work by Ebbesen and co-workers was applied in this work [20]. Long-term 

galvanostatic electrolysis tests were conducted for all cells (Table 1) but for each cell type a “sister-

cell” was also reduced but not long-term tested to provide a reference cell for investigation of 

initial microstructures. 

 

2.2. Test Procedure and Operating Conditions 

The cells were heated (1 C/min) to 850 C for sealing and the NiO was reduced by leading 20 l/h 

of dry 9 % H2 in N2 to the fuel electrode for 2 hours followed by 1 hour of 20 l/h dry H2 to the fuel 

electrode while air was led to the oxygen electrode [21]. This reduction procedure was chosen to 

make the NiO reduction procedure similar to several previously reported SOEC test (e.g. [7,10,12] 

) and kept constant as previously reported results of 3D reconstructions of fuel electrodes show 

that the reduction profile can affect the fuel electrode microstructure significantly [22]. Hereafter 

performance characterization via iV-curves and electrochemical impedance spectroscopy (EIS) 

was conducted. This performance characterization was done at 850 and 800 C and included 
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characterization at different gas composition to the electrodes (air/oxygen to the oxygen electrode 

and 4, 20 and 50 % H2O in H2 to the fuel electrode). Subsequently the galvanostatic steam 

electrolysis tests were initiated and the test conditions were: 800 C, inlet p(H2O)/p(H2):90/10; 56 

% H2O conversion, oxygen led to the oxygen electrode and a current density of –1 A/cm2 for Cell 

A, B and C; but –1.25 A/cm2 for Cell D. After ending of each long-term test, the cell performances 

were again measured via iV-curves and EIS at OCV applying different gas compositions and 

temperature prior to cooling down in dry H2. 

 

2.3. Electrochemical Impedance Spectroscopy (EIS) 

A Solartron 1255 frequency analyzer was used for recording EIS both at OCV during initial and 

final characterization but also during electrolysis testing applying a set-up as described by Jensen 

[23]. Impedance spectra (IS) were recorded with 12 points/decade in the frequency range from 97 

kHz to 0.1 Hz. The in-house developed Python-based software Ravdav was used for plotting and 

analysis of the impedance data [24]. In this work, experimentally obtained impedance spectra are 

depicted as inductance corrected data in Nyquist plot and imaginary part of Bode plot. 

Furthermore, plots of distribution of relaxation times (DRT) are provided. The DRT plots are used 

to illustrate development of impedance over time and to highlight frequency ranges for different 

processes contributing to the total impedance response from the cells [25,26]. To enable a 

quantitative analysis of the IS complex-non-linear-least-squares (CNLS) method was used to fit 

an equivalent circuit model to the data. For a quantitative break-down of losses via IS the 

equivalent circuit based on the work reported by Kromp et al. [27] was used. Here the 

electrochemical impedance response from the Ni/YSZ electrode was approximated by two RQ-

elements. The higher frequency impedance arc (RQ)ionic at 10-40 kHz has previously been 

ascribed to ionic transport through the ionic conducting matrix in the electrodes. For the applied 

cells (Ni/YSZ-YSZ-LSC/CGO) with the mixed ionic electronic and highly conducting LSC based 

oxygen electrode, the majority of the resistance, Rionic, can be expected to originate from the 

Ni/YSZ electrode. The (RQ)Ni/YSZ,TPB at 1-4 kHz is ascribed to the electrochemical process at the 

triple phase boundaries (TPBs).  These contributions to the overall impedance of the cell can also 

be described in more detail via a transmission line model (TLM) for the impedance response 

[26,28,29]. The impedance response from the LSC/CGO oxygen electrode has been approximated 

by a Gerisher-type response in the CNLS fitting routine in line with the work by Hjelm et al. [15]; 

having a characteristic frequency of 100 Hz. Furthermore; gas diffusion and gas conversion 

resistance contributions as described by Primdahl and Mogensen have been approximated by two 

RQ-circuits having characteristic frequencies around 40 Hz and 2 Hz, respectively [30,31]. 

“Estimated uncertainty for the resistance values obtain via equivalent circuit modeling of IS  ±4 

mΩcm2. This is based on comparison of equivalent circuit modeling results for initial 

characterization of long-term tested cells and their corresponding non-long-term tested “sister-
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cells” as well as analysis of differences between experimental and simulated values for Zreal and 

Zimag as function of frequency.” 

 

2.4. SEM imaging  

Pieces of a cross section length of  1 cm of the reference cells and the long-term tested cells were 

prepared for SEM investigations by vacuum embedding in epoxy (EpoFix from Struers®) followed 

by grinding and polishing. A Zeiss Supra 35 FE-SEM (Field Emission Gun Scanning Electron 

Microscope) was used for imaging. SEM images obtained at 8-10 kV using the secondary electron 

detector and low-voltage SEM images were obtained at 0.9 kV using the in-lens detector. Low-

voltage in-lens SEM imaging allows percolating and non-percolating Ni to be distinguished in the 

Ni/YSZ cermet microstructure, as described by Thydén et al. [32] and later illustrated several times 

for long-term tested SOC [7,33–35]. Image analysis by line-intercept-method [36] allowed for 

determination of the area fraction and particle size distributions of Ni and pores, using the in-house 

developed Matlab based software, ManSeg. For each sample, images at a magnification of 4 kX 

were used for these analyses of the fuel electrode/electrolyte interfaces and at least 1500 µm 

interface was investigated for each cell. The particle size distributions (PSD) based on this line 

intercept method [36] are given as upper limit values for mean-intercept-lengths in intervals of 50 

nm and an illustration of the mean-intercept-line method can be found elsewhere [5]. This method 

of analysis can lead to an over-estimate of Ni fraction and size due to larger effect of smearing of 

Ni compared to the hard ceramic YSZ during sample preparation. A similar quantification as for 

the Ni and pore phase using this mean-intercept-length method is not included for the YSZ phase. 

The YSZ phase of these sintered structures are very little suitable for this type of analysis due to 

the edgier and more angular shape of the YSZ particles. This leads to more “planar” interphases 

between YSZ grains and makes it hard and often too subjective to decide when YSZ particles are 

separate particles or sintered into a particle that should be considered one YSZ particle. 

 

Table 1: Cell and test specifications for Cell A, B, C and D. 

Name Cell specifications Qualitative microstructure 

information 

Test specifications 

Cell A No specific fuel electrode 

layer. Support layer 

functioning as fuel 

electrode (Ni/3YSZ) 

Coarse structure. 

Significantly higher pore 

fraction than Cell B, C and D  

800 C, p(H2O)/p(H2):90/10, 56 

% H2O conversion, -1 A/cm2, 

1000 h 

Cell B Support layer (Ni/3YSZ) 

and active fuel electrode 

layer (Ni/8YSZ) 

Coarse microstructure. As 

dense as possible for a 

Ni/YSZ:40/60 fuel electrode. 

800 C, p(H2O)/p(H2):90/10, 56 

% H2O conversion, -1 A/cm2, 

1000 h 
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Cell C Support layer (Ni/3YSZ) 

and active fuel electrode 

(Ni/8YSZ)  

Fine microstructure. As dense 

as possible for a 

Ni/YSZ:40/60 fuel electrode. 

800 C, p(H2O)/p(H2):90/10, 56 

% H2O conversion, -1 A/cm2, 

2000 h 

Cell D Sister-cell to cell C Fine microstructure. As dense 

as possible for a 

Ni/YSZ:40/60 fuel electrode. 

800 C, p(H2O)/p(H2):90/10, 56 

% H2O conversion, -1.25 

A/cm2, 1000 h 

 

3. Results  

 

3.1. Initial microstructures 

Figure 1 shows the initial microstructures for the three types of fuel electrodes produced for this 

study. Representative SEM images at two different magnifications are shown for the three types 

of microstructures. The intention was to create three different microstructures all produced via tape 

casting and co-sintering with the different layer of the fuel electrode half-cell and this was 

successfully obtained. In Figure 1 the Ni particles visually appears as if they are on top of the YSZ 

skeleton and scratches, as a consequence of mechanical polishing, are visible in the Ni particles 

but not in the YSZ. Furthermore, EDS was used on a regular basis to confirm the distinguishing 

between the Ni and YSZ phases for SEM images as those presented in Figure 1. The microstructure 

of Cell A is coarse with average mean intercept length of Ni particles of  1.3 m. The porosity in 

the as-produced electrode was introduced by tailoring the particle size by optimizing the milling 

procedure and addition of fractions of calcined 3YSZ in the slurry for the electrode of Cell A. 

After reduction of NiO; this fuel electrode had a porosity of  36 %. Cell B has Ni particle sizes 

rather close to those for Cell A;  1.3 m; but the active fuel electrode layer is denser and has a 

pore fraction after reduction of NiO close to the theoretical value  of 21.8 % originating from 

reduction of NiO in an electrode with a volume ratio of Ni/YSZ:40/60 (Table 2). Cell C has a 

porosity close to that of Cell B, however Cell C has a significantly different Ni particle size 

distribution. For Cell C the Ni mean-intercept-length was reduced to  0.8 m (Table 2) and 

furthermore Cell C has a more narrow Ni-size distribution as illustrated via the Ni particle size 

distributions (PSDs) in Figure 2. Key numbers from the quantitative analysis are given in Table 2. 

Furthermore, Figure 2 shows that the best size-matching of Ni particles and pores was obtained 

for Cell C.   
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Figure 1: Initial Ni/YSZ microstructures for Cell A, Cell B and Cell C. The electrode/electrolyte 

interface is in the bottom of each image. For Cell B and Cell C, where different tapes were applied for 

active fuel electrode and support layer, dotted lines mark the border between the two layers. 

 

 

2 m Cell A

2 m Cell B

2 m Cell C

4 m Cell A

4 m Cell B
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Figure 2: Ni and pore size distributions for Cell A, Cell B and Cell C for the fuel electrode structures 1-2 

m from the electrolyte. Each PSD is based on mean-intercept-lengths measured along a line of at least 

1500 µm fuel electrode for each cell. The distributions are based on the line-intercept method [36] and the 

given numbers refer to upper limit values for mean-intercept-lengths divided into intervals of 50 nm.  
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Table 2: Characteristic numbers from quantitative analysis of SEM images of the initial Ni/YSZ 

electrode structure for Cell A, Cell B and Cell C. This method of analysis can lead to an over-estimate of 

Ni fraction and size due to larger effect of smearing of Ni compared to the hard ceramic YSZ during 

sample preparation. However, the results are comparable with each other for Cell A, Cell B and Cell C. A 

3D reconstruction of Cell C resulted in Ni/YSZ/pore volume ratios of 31/49/20 giving a Ni/YSZ ratio of 

39/61; close to the target of 40/60 set during preparation of the slurry for the Ni/YSZ electrode [37]. 

 Cell A Cell B Cell C 

No of Ni/1000 m interface 207 296 444 

No of pores/1000 m interface 363 398 528 

Average Ni mean-intercept-length [nm] 1348 1225 832 

Ni area fraction 0.28 0.34 0.35 

Pore area fraction 0.36 0.23 0.21 

YSZ area fraction 0.36 0.43 0.44 

 

 

3.2. Long-term testing of SOEC with different Ni/YSZ microstructures 

Long-term galvanostatic steam electrolysis tests were conducted for Cell A, Cell B and Cell C; all 

operated at 800 C, inlet p(H2O)/p(H2):90/10; 56 % H2O conversion, O2 to the oxygen electrode 

and a current density of –1 A/cm2. Figure 3 shows the cell voltage, ohmic resistance and total 

polarization resistance development over the electrolysis test periods. The cells did not have 

identical electrolyte and barrier layer thicknesses, which led to different ohmic resistances at start 

of test. To ease the comparison of the development of the ohmic resistance during electrolysis 

testing, Figure 3 also includes a plot where the ohmic resistances for Cell A and B were subtracted 

10 and 47 mΩcm2, respectively, to provide the same ohmic resistance at start of test as measured 

for Cell C. The difference in the initial ohmic resistances originates from different electrolyte and 

barrier layer thicknesses for the three cells1 and therefore not believed to influence the subsequent 

development in ohmic resistances, which relates to microstructural changes in the Ni/YSZ 

electrode (Figure 6). 

From the results depicted in Figure 3 it is noticed that all three cells experience an initial increase 

in polarization resistance over the first few hundred hours of test followed by a stabilization of the 

polarization resistance. Both Cell A and Cell B experienced a huge increase in the ohmic resistance 

and this did not seem to level off after several hundred hours of testing, which in turn will be 

detrimental to the cells. This is much in line with observations reported previously for electrolysis 

testing at high current densities [6,7,38]. Cell C, on the other hand, have an ohmic resistance 

development that was significantly different even though these three cells are tested at nominally 

                                                 
1 By SEM imaging the following thicknesses for the barrier and the electrolyte layers were found; 5.7 µm for the 

barrier layer and 8 µm for the electrolyte for Cell A, 7 µm for the barrier layer and 10 µm for the electrolyte for Cell 

B, and 4 µm for the barrier layer and 8 µm for the electrolyte for Cell C. The thickness variation within a specific 

layer in a cell is kept around ±  0.5  µm. 
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the same electrolysis test conditions. The ohmic resistance for Cell C only increase 7.5 mΩcm2/kh 

while the increase in the ohmic resistance for Cell A and B was 125 and 68 mΩcm2/kh; 

respectively. From a technology focused “5-years-of-operations”-perspective this ohmic 

resistance increase will be the detrimental degradation cause for cells like Cell A and Cell B.The 

general trends for the ohmic resistances and polarization resistances as given in Figure 3 have been 

consolidated by several other long-term electrolysis test, of which a total of 10 long-term tests (1 

kh) were conducted at the same electrolysis test conditions as for Cell A, Cell B and Cell C. 

To provide a more detailed view on the increase of the resistances during electrolysis operation; 

IS recorded at the start, mid-way and at the end of the test of Cell A, B and C is given in Figure 4 

including the corresponding DRT. Table 3 summarizes the key results for resistance contributions 

and characteristic frequencies obtained from CNLS fitting of the experimental data shown in 

Figure 4. Figure 5 gives a representative illustration of experimental data and the simulated IS 

including illustration of the individual resistance contributions for IS recorded at start and end of 

test of Cell B. 
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Figure 3: Galvanostatic long-term electrolysis testing of Cell A, Cell B and Cell C at -1 A/cm2, 800 C, 

O2 to the oxygen electrode and a p(H2O)/p(H2) inlet with a ratio of 90/10 and a flow corresponding to 56 

% steam conversion. A) Cell voltages over time, B) Total polarization resistances (Rp) over time, C) 

Ohmic resistances (Rs) over time and D) Ohmic resistances (Rs) over time where Rs for Cell A and B 

were subtracted 10 and 47 mΩcm2, respectively. 

 



Page 12 of 24 

 

 
Figure 4: Nyquist (top), imaginary part of Bode (middle) and DRT plot (bottom) of IS recorded at start, 

half way through and at end of electrolysis test for Cell A (left), Cell B (middle) and Cell C (right). All 

tests and the depicted IS were conducted and recorded at  1 A/cm2, 800 C, inlet p(H2O)/p(H2):90/10 and 

56 % steam conversion. Notice that test of Cell A and B had duration of 1000 h for each but test of Cell C 

had a duration of 2000 h. 

 

 

 
Figure 5: Illustration of experimental data and simulated IS based on the equivalent modeling fit for IS 

recorded after 1 h and 1000 h of test for Cell B. IS were recorded during long-term electrolysis testing i.e. 

at  1 A/cm2, 800 C, inlet p(H2O)/p(H2):90/10 and 56 % steam conversion. 
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Table 3: Results from equivalent circuit modeling of IS recorded for Cell A, Cell B and Cell C during 

long-term steam electrolysis test at identical test conditions (1 A/cm2, 800 C, inlet p(H2O)/p(H2):90/10 

and 56 % steam conversion). The applied model was described in the “Experimental” section. Estimated 

uncertainty for the resistances is  ±4 mΩcm2. 

 Cell A Cell B Cell C 

Time (h) 0 500 1000 0 500 1000 0 500 1000 2000 

Rs (Ωcm2) 0.101 0.149 0.226 0.138 0.189 0.206 0.091 0.093 0.098 0.106 

Rion (Ωcm2) 0.043 0.198 0.227 0.033 0.072 0.064 0.014 0.024 0.027 0.027 

fion (Hz) 15223 20778 33000 11067 10879 12045 14828 13150 13262 13396 

RNi/YSZ,TPB 

(Ωcm2) 
0.055 0.138 0.125 0.081 0.234 0.224 0.024 0.079 0.130 0.128 

fNi/YSZ,TPB  (Hz) 8178 1884 1632 3448 634 692 2528 2982 1525 1930 

RLSC/CGO (Ωcm2) 0.014 0.031 0.029 0.033 0.041 0.060 0.015 0.030 0.038 0.037 

fLSC/CGO  (Hz) 97 99 105 87 126 120 93 116 137 131 

RGas diff. (Ωcm2) 0.005 0.003 0.005 0.005 0.007 0.005 0.003 0.004 0.004 0.004 

fGas diff.  (Hz) 40 39 43 42 54 40 34 45 46 46 

RGas conv. (Ωcm2) 0.104 0.134 0.128 0.119 0.171 0.176 0.081 0.104 0.117 0.118 

fGas conv.  (Hz) 2 3 3 2 3 3 2 2 3 3 

 

From Figure 4 and Table 3 it is evident that the high frequency Rp contribution mainly from the 

fuel electrode (Rion) contributes significantly and throughout the test period to the Rp increase for 

Cell A. This effect is ascribed to the fact that Cell A has a fuel electrode with an YSZ skeleton 

based on the lower ion conducting 3YSZ instead of the 8YSZ used for the fuel electrodes of Cell 

B and C. The fuel electrode for Cell A is the coarse Ni/3YSZ cermet typically applied as fuel 

electrode support layer. This in turn means that if the cell degrades in such a way that the oxide 

ions conducted  through the electrolyte needs to be conducted further out in the fuel electrode to 

reach an active TPB site then this transport of oxide ions will lead to a higher resistance (Rion) in 

Cell A compared to Cell B and Cell C. 

For all three cells RNi/YSZ,TPB increases during the first half of the tests and then stabilizes. 

Furthermore, the characteristic frequency, fNi/YSZ,TPB, decreases significantly for the highly 

degrading Cell A and B. 

The numbers in Table 3 for RLSC/CGO indicate that the oxygen electrode degrades for all three cells. 

However, the numbers for the development in RLSC/CGO provided in Table 3 should be taken with 

some precaution, as the increase in RLSC/CGO might not only be related to the electrochemical 

performance of the oxygen electrode. It can also partly be due to: 1) The RNi/YSZ,TPB increases and  

its characteristic frequency decrease and these contributions to the total polarization resistance are 

therefore less easily separable upon CNLS fitting of the data; and 2) as the fuel electrode degrades, 

regions of the active Ni/YSZ electrode is no longer electrochemically active (see Figure 6), current 

paths and distribution will change and thereby possibly also effect the measured overall oxygen 
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electrode performance. In principle analysis of differences in impedance spectra (ADIS, [19]) by 

varying gas compositions to the two electrodes, one at a time, could provide further information 

with respect to attributing impedance contributions to the specific electrode. However, the high 

performing LSC/CGO electrode only exhibit very limited sensitivity in impedance response 

towards changes in p(O2). The gas changes between air and oxygen done for these cells only 

provides a hint of appropriate characteristic frequency for the main impedance contribution from 

this electrode to the total impedance of the cells and the data is not useable for quantification 

purposes.  

The gas diffusion resistance is small, almost negligible. The justification of including this 

contribution upon CNLS fitting of the experimental IS is based on previous work e.g. with SOC 

having different support layer microstructures [18]. 

 

3.3. Microstructures of long-term tested SOEC with different Ni/YSZ microstructures 

Figure 6 shows the fuel electrode/electrolyte interface for Cell A and Cell C after electrolysis 

testing for 1000 h and 2000 h, respectively. For Cell A there is a significant lack of percolating Ni 

in the innermost  5 µm of the fuel electrode (Figure 6b). The structure of this innermost  5 µm 

of the fuel electrode seem an increased number of large pores; more than 1 µm diameter (Figure 

6a) when compared to the initial structure for this fuel electrode (Figure 1a). In contrast, the fuel 

electrode/electrolyte interface for Cell C still contains a high density of Ni in a percolating network 

in the innermost  5 µm of the fuel electrode after electrolysis testing for 2000 h. Here it is worth 

noticing that the two cells depicted in Figure 6 were exposed to identical “externally” set test 

conditions with respect to temperature, gas compositions, flow rates and current density. The 

majority of Cell B was oxidized during the end characterization and SEM images of this sample 

is therefore not as illustrative as for Cell A.  
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Figure 6: SEM images of the Ni/YSZ electrode-electrolyte interface for Cell A and Cell C after 1000 h 

and 2000 h of electrolysis test, respectively. SEM images b) and d) are low-voltage (0.9 kV) images 

detected using the in-lens detector [32]. 

 

 

3.4. Long-term test at increased current density: -1 A/cm2 versus -1.25 A/cm2 for identical cells 

For test of Cell A, Cell B and Cell C the externally set galvanostatic electrolysis test conditions 

were identical while the fuel electrode microstructure was deliberately varying. Hereafter a 

galvanostatic electrolysis test was set-up, Cell D, using a sister-cell to Cell C. For this test, Cell D, 

the “externally” set test conditions were changed by increasing the current density to 1.25 A/cm2 

and increasing H2O and H2 flow to keep the same steam conversion as for previous tests. Figure 7 

shows a comparison of the development of cell voltages, polarization resistances and ohmic 

resistances over time for the two identical cells, Cell C and Cell D. The discontinuity in cell voltage 

and polarization resistance for Cell D after approximately 120 h of testing is due to a minor 

adjustment of the p(H2O)/p(H2) ratio. 

4 m Cell A

4 m Cell C 8 m Cell C

8 m Cell A

(a) (b)

(c) (d)
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Figure 7 shows that the both the polarization resistance and ohmic resistance for Cell D does not 

resemble the trends over time that was observed for sister Cell C. The results from Cell D rather 

resembles the results obtained for Cell A and Cell B, which both had a coarser Ni-network 

compared to the microstructure of Cell C and Cell D. 

 

 
Figure 7: Comparison of cell voltage, Rp and Rs for galvanostatic long-term electrolysis testing of the two 

initially identical cells Cell C (1 A/cm2 for 2 kh) and Cell D (1.25 A/cm2 for 1 kh). Both tests were 

operated at 800 C, oxygen to the oxygen electrode, inlet p(H2O)/p(H2):90/10 and 56 % steam conversion. 

 

Figure 8 shows a comparison of IS recorded at start and after 1000 h of electrolysis testing for the 

two sister cells, Cell C and cell D. Not only does the polarization resistance attributed to 

electrochemical processes increase significantly more for Cell D than for Cell C, the Bode plot 

also reveals that the characteristic frequency for the largest polarization resistance contribution 

decreases down to a few hundred Hz for Cell D after 1000 h of testing at 1.25 A/cm2.  

One-sided gas shifts (O2/air for oxygen electrode and various p(H2O)/p(H2) on fuel electrode) and 

recording of IS was done before and after electrolysis testing. The analysis of differences in 

impedance spectra (ADIS [39]) showed that both the fuel and the oxygen electrode give rise to 
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impedance differences in the frequency range from 100-1000 Hz. Due to this frequency overlap 

of the impedance responses after long-term test for Cell D, a break-down of losses hardly provides 

fully trustworthy quantitative results for the individual electrode resistances. 

 

 

Figure 8: Nyquist (top), Bode (middle) and DRT plot (bottom) of IS recorded after 1 h and 1000 h for 

Cell C (1 A/cm2) and Cell D (1.25 A/cm2). 

 

3.5. Microstructures of SOEC long-term tested at 1.25 A/cm2 

Figure 9 shows representative SEM images of Cell D after electrolysis test. Images in Figure 9a 

and Figure 9b are given at same magnifications as for the sister cell, Cell C (Figure 6c and Figure 

6d). Figure 9a and Figure 9c can be compared with the images in Figure 1 for  a “sister-cell” that 

was not long-term tested but simply reduced and used to investigate the initial microstructure (Cell 

C in Figure 1). From Figure 9a and Figure 9c it is evident that the Ni particles in the innermost  

4 µm are not “locked” in the same way in the YSZ scaffold as it was initially (Figure 1), nor as it 

is in the outer part of the approximately 14 µm thick fuel electrode. In this inner-part of the fuel 

electrode of Cell D the Ni particles are detached from the YSZ scaffold; which is observed as dark 
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rims around the Ni particles (marked by red arrows in Figure 9d). Furthermore, breakage of Ni-Ni 

paths can also be observed in this inner-part of the fuel electrode (marked by blue squares in Figure 

9c and Figure 9d). Comparing low-voltage in-lens images of Cell C (Figure 6d) and Cell D (Figure 

9b) it is observed that there is a lack of Ni in percolating network in the “row” of Ni particles 

closest to the electrolyte for Cell D. However the total loss of Ni particles in general (not just the 

percolating of the Ni particles) for this inner part of the fuel electrode of Cell D seem less 

pronounced when compared to e.g. Cell A (Figure 6a) which had an increased number of larger 

pores most likely due to Ni migration. In this perspective, the microstructure of Cell D can be 

viewed as “pre-state” of the microstructural degradation observed for Cell A; as the Ni network in 

Cell D seem “loose” in the structure, but the Ni particles have not migrated to any larger extent. 

 

 
Figure 9: SEM images of the Ni/YSZ electrode-electrolyte interface for Cell D after 1000 h of 

electrolysis testing at 1.25 A/cm2. SEM images. Image b) is an in-lens low-voltage SEM image [32]. 

Blue squares in c) and d) highlight examples of lost Ni-Ni contact while red arrows highlights lost Ni-

YSZ interface and red circles mark inclusions of silica-containing impurities in Ni [13,21]. 

4 m Cell D 8 m Cell D

1 m Cell D2 m Cell D

(a) (b)

(c) (d)
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4. Discussion 

SOEC will typically be operated at rather high temperature (700-900 ºC) and high partial pressure 

of steam (e.g. p(H2O)  0.9 atm) at the fuel electrode inlet; conditions which will typically lead to 

mobility of Ni (e.g. via evaporation of Ni(OH)x species [40]) and coarsening of Ni particles [41]. 

Nevertheless, the results presented in this work show that not only from an initial performance 

point of view (via increased TPB density) but also from a long-term stability point of view, it is 

advantageous to decrease the Ni particle size. Even though it seems counter intuitive, Cell C with 

the finest structured fuel electrode of the three investigated and long-term tested cells provide long-

term stable operation at high current (1 A/cm2) and high inlet p(H2O). Based on the IS during 

electrolysis testing and the microstructural changes upon long-term electrolysis testing we 

hypothesize that the following parameters play a key role in obtaining the optimal Ni/YSZ 

microstructure for Ni/YSZ based electrodes for steam electrolysis and for choice of operating 

conditions to avoid irreversible long-term degradation: 

1. Decrease the particles size. 

2. Ensure well-mixed and well-dispersed phases. 

3. “Pack” the Ni/YSZ electrode as dense as the NiO allows, i.e. make the NiO-YSZ as close 

to 100 % density as possible. 

4. Select test conditions based on electrode overpotential 

 

Regarding point 1; the decreased particle size will lead to higher TPB density and thereby 

decreased overpotential for a given current density, which has shown to be an important parameter 

for long-term stability. Furthermore, matching the particle sizes of the different phases enables 

optimal mixing and dispersion of the three phases; Ni, YSZ and porosity.  

Regarding point 2; for the electrode with well-dispersed phases, the YSZ skeleton can act as a 

hindrance for Ni migration/restrict Ni migration e.g. as confirmed via test with increased share of 

YSZ skeleton in the fuel electrode [37]. 

Regarding point 3; making the Ni/YSZ electrode as dense as the NiO reduction allows correspond 

to a theoretical pore fraction of 21.8 % for a Ni/YSZ electrode having a volume fraction of Ni/YSZ 

of 40/60 as applied in this work. This low porosity was obtained for Cell B, Cell C and Cell D 

reported here and no sign of gas diffusion problems were encountered at the chosen test conditions 

as the 300 µm thick support layer for all cells had a higher porosity. Previous 3D-reconstructions 

of similar Ni-stabilized zirconia electrodes have shown that electrodes having same phase 

fractions, similar PSDs and even comparable percolating TPB densities can have significantly 

different critical pathway radii for the Ni network, tortuosity for the percolating Ni path and 

significant differences in the number of percolating paths from the electrode/electrolyte interface 

to the outer circuit. These parameters were shown to affect the electrochemical performance 

significantly [22]. Based on those results and the observation of the microstructural changes in 

Cell D we therefore hypothesize that also the necking between Ni-Ni particles and the Ni-YSZ 
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interface area per electrode volume are important structural characteristics for the long-term 

stability of the Ni/YSZ electrode. These microstructural features can be optimized by “closest 

packing” of the Ni/YSZ structure. The loss of percolation in the Ni-network in the innermost part 

of the electrode in principle corresponds to increasing the thickness of the electrolyte layer; 

unfortunately with a very porous YSZ layer. This lead to the observed significant increase in the 

ohmic resistance for Cell A, Cell B and Cell D. 

Cell A is not only more porous in the microstructure from a starting point compared to the other 

cells but also it is worth noticing that the electrode of Cell A is simply the same microstructure 

and chemical composition as the support layers for all cells. This means that the development of 

IS and microstructure for Cell A provides information about the expected degradation behavior 

for cells like Cell A and Cell D when tested long enough (few thousand hours more) that the break-

up of the Ni-network and Ni migration has moved outwards to the border between the active fuel 

electrode and the support layer. In this perspective, results from Cell A shows that the support 

layer as expected can act as active fuel electrode but a degradation behavior similar to the one 

observed for the active fuel electrode of Cell B and Cell D is observed. In this context a 

supplementary test could be performed with a cell having a microstructure like Cell A but applying 

a Ni/8YSZ for the entire support layer. However, to process such cell, processing steps (among 

them sintering profile) need to be reconsidered.  

 

Regarding point 4; the long-term electrolysis test results presented here point to the fact that the 

local overpotential (which is also the driving force for the local current density at TPB), rather than 

the externally set test conditions such as overall current density, that is a key parameter for the 

onset of the irreversible and almost linear long-term ohmic resistance caused degradation of the 

Ni/YSZ. For technological relevant full cells like the ones tested in this work, it is the overall fuel 

electrode overpotential during electrolysis testing that can be quantified via IS. The sum of Rion 

and RNi/YSZ,TPB provides an estimate of the overall electrochemical resistance for the active fuel 

electrode, from which the electrochemically related fuel electrode overpotential, Ni/YSZ, can be 

calculated and such parameter can be used to estimate the threshold for on-set of the irreversible 

and almost linear long-term degradation.  For Cell A and Cell B the sum of Rion and RNi/YSZ,TPB is 

0.10 Ωcm2 (Ni/YSZ  100 mV) at start of electrolysis test and increases to slightly above 0.30 

Ωcm2 (Ni/YSZ 300 mV) within the first 500 h of testing. In contrast; Cell C starts out with a 

Rion+RNi/YSZ,TPB of  0.04 Ωcm2 (Ni/YSZ 40 mV) and even after 2000 h of testing it has only 

reached 0.16 Ωcm2 (Ni/YSZ 160 mV). An accurate breakdown of losses for the electrochemical 

processes’ contribution to the polarization resistance during test for Cell D was not possible due 

to frequency overlapping contributions. However, a rough estimate for the fuel electrode 

overpotential can be found by considering the polarization resistance in the frequency range down 

to approximately 10 Hz and then subtract values for RLSCC/CGO and RGasDiff found for Cell C. This 

estimates fuel electrode overpotentials of Ni/YSZ 70 mV at start of test of Cell D and Ni/YSZ 350 
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mV already after 500 h of test. This illustrates that the three test (Cell A, Cell B and Cell D) even 

though having significantly different initial electrode microstructure, all have comparable fuel 

electrode overpotentials of  300-350 mV at which point the fuel electrode resistance stabilized. At 

this high electrode overpotential the irreversible and almost linear ohmic resistance increase 

becomes the dominating cause of cell degradation. These results suggest a fuel electrode 

overpotential “threshold” for breakage of the percolating Ni-network between 160 mV and 300 

mV. Determining the critical fuel electrode overpotential for onset of this irreversible Ni/YSZ 

degradation can in turn be used to adjust to proper and “long-term-stability”-wise safe operating 

conditions; by tuning conditions such as temperature, gas composition, steam conversion and/or 

current density.  

However; this overpotential threshold (which govern the local current density), for initiation of 

breakage of the Ni-network in the fuel electrode could vary e.g. with varying level of impurities, 

which will segregate to grain boundaries and interfaces [42–44] and possibly depend on 

microstructural parameters such as the ratio between particle sizes and critical pathway radius [37]. 

The results also highlights the importance of optimization of the microstructure for Ni/YSZ based 

fuel electrodes for SOEC, not only for initial performance but also for the long-term stability of 

the electrodes. Electrode microstructures can thereby be designed for more specific target 

operation of the SOEC.  For example, electrodes designed to be stable at high current densities 

(fine particles sizes and dense structure) or produced cheaper by employing a more coarse structure 

will be acceptable for operating at lower current densities or higher temperatures.  

The results presented here also emphasize the importance of long-term testing and illustrate how 

structural optimization of the well-known Ni/YSZ electrode can lead to technological relevant low 

long-term degradation rates. Figure 10 - inspired by Schefold and co-workes [38] - illustrates the 

importance in decreasing the long-term degradation rate from e.g. around 2 %/kh as reported by 

Schefold and co-workes [38] and  Corre and Brisse [45] to the long-term degradation rate of 0.3-

0.4 %/kh reported here for Cell C at similar test conditions.  

 



Page 22 of 24 

 

 
Figure 10: Sketch of cell voltage development during long-term degradation at 800 ºC and -1 A/cm2 for 

SOEC having degradation rates of 2 %/kh and 0.35 %/kh; inspired by degradation rates reported here for 

Cell C and previously reported by Schefold and co-workes [38]. 

 

5. Conclusion 

From the results presented here, we conclude that: 

1) A microstructure optimized Ni/YSZ SOEC electrode has been produced to reach a 

degradation rate for a full SOEC as low as 0.3-0.4 %/kh at 800 ºC , –1 A/cm2, p(H2O)/p(H2) 

ratio of 90/10 and steam conversion degree of 56 %. This long-term degradation rate 

predicts a life-time exceeding 5 years of operation below/around thermoneutral potential. 

2) Though counter-intuitive, the optimal Ni/YSZ microstructure resulting in the most Ni-

network robust Ni/YSZ electrode for electrolysis at high current and high p(H2O) is an 

electrode which has the following properties: As dense as possible; as fine PSDs as 

possible; well dispersed and size matched PSDs for the different phases. 

3) The electrode overpotential is the key parameter for the onset of the irreversible Ni-

network-breakage-related degradation leading to significant ohmic resistance increase for 

the Ni/YSZ-electrode based SOEC. 
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