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H I G H L I G H T S

• STF perovskites with good chemical stability in SOEC conditions have been prepared.
• STF fuel electrode provided high electrocatalytic activity toward H2O electrolysis.
• Key degradation insights offer pathways to enhance long-term durability.
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A B S T R A C T

Perovskite-based electrodes have gained interest as alternatives to Ni-cermet fuel electrodes in solid oxide 
electrolysis cells (SOECs). This study investigates strontium-iron-titanate (STF) as a potential all-ceramic fuel 
electrode for SOECs. The chemical stability of pure STF during SOEC operating conditions at open circuit voltage 
(OCV) and the chemical reactivity between STF and yttria-stabilized zirconia (YSZ) under manufacturing and 
operation conditions are analyzed. The pure STF appears to be quite stable during SOEC operation. However, the 
STF and YSZ electrolyte powder mixture shows chemical interaction during manufacturing and operation con-
ditions, confirming the need for a barrier layer between those two materials. Furthermore, the electrochemical 
performance of electrolyte-supported symmetrical and full cells is tested at different temperatures (650–800 ◦C) 
and steam concentrations (3–90 % H2O). A mid-term degradation test in steam electrolysis operation for ca. 1700 
h is carried out under thermoneutral conditions (i = − 0.43 A cm− 2) at 800 ◦C in 50 % H2O + 50 % H2. A low Rp 
degradation rate (0.162 Ω cm2 kh− 1) for the investigated cell containing STF fuel electrode is obtained. However, 
the increasing ohmic resistance during the operational period caused an overpotential increase with a rate of 
195 mV kh− 1. Finally, post-test analyses showed sufficient chemical stability, representing STF as a potential 
candidate as fuel electrode in SOECs.

1. Introduction

Electrolysis is a key technology for the energy transition toward a 
carbon-neutral energy system. Among the various electrolysis technol-
ogies, solid oxide electrolysis cells (SOECs) stand out for their high ef-
ficiencies in hydrogen production. Coupled with waste heat, SOECs can 

exhibit electrical efficiencies exceeding 100 % due to favorable reaction 
kinetics and thermodynamics resulting from the high operating tem-
peratures, typically between 600 and 900 ◦C [1–3]. Consequently, 
integrating SOECs in industry plants with exothermic downstream 
processes (e.g., production of synthetic fuels, steel, and cement) is 
desirable [2].
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The challenges with regard to SOEC commercialization are the costs 
and the long-term service life. The long-term performance of SOECs is 
affected by the degradation of single-stack components during elec-
trolysis operation. The commonly-used cell materials in SOECs are 
adapted from solid oxide fuel cells (SOFCs). However, microstructural 
degradation occurs due to changed operation conditions (e.g., different 
reactions taking place, different atmospheres, applied voltages) [4]. To 
address this challenge and achieve the industrial goal of a maximum 
voltage degradation rate of 0.5 % kh− 1, currently used SOEC materials 
must be optimized or new materials investigated [5]. Alternative ma-
terials must exhibit high electrochemical performance and excellent 
chemical stability in long-term SOEC operating conditions.

Besides Ni-GDC (gadolinium-doped ceria), perovskite-based mate-
rials are investigated as alternative fuel electrode materials for SOECs. 
Perovskite oxides have received more and more attention as materials 
for solid oxide cell (SOC) electrodes due to their suitable properties like 
high chemical stability, the possession of mixed ionic-electronic con-
duction, catalytic activity, and good cost-effectiveness [6–9]. In several 
studies, perovskite-based fuel electrodes based on 
(PrBa)0.95(Fe0.9Mo0.1)2O5+δ (PBFM) [10], Sr2FeNbO6-δ (SFN) [11] and 
Sr2Fe1.5Mo0.5O6− δ (SFM) double perovskites [12–14], 
La0.6Sr0.4Fe0.8Mn0.2O3–δ (LSFM) [15,16], La0.75Sr0.25Cr0.5Mn0.5O3− δ 
(LSCM) [17–19] or SrTi1-xFexO3-δ (STF) [20] were investigated in 
high-temperature electrolysis operation. Depending on their respective 
catalytic activity and chemical stability, the new materials were exam-
ined under CO2 (e.g., LSFM), steam, or co-electrolysis (e.g., LSFM, 
LSCM).

SrTi1-xFexO3-δ is a cubic simple ABO3 perovskite with Sr on the A-site 
and two elements, Fe and Ti, on the B-site. The properties of the material 
are strongly related to the respective Fe/Ti ratio. The total conductivity, 
for example, increases in air with increasing Fe content. At 800 ◦C, the 
electronic conductivity σel is 4.5 x 10− 3 S cm− 1 for x = 0.05, whereas σel 
increases to 1.8 S cm− 1 for x = 0.5 [21]. The ionic conductivity follows 
the same trend and increases with the Fe content. For x = 0.5, σion is 3.6 
x 10− 2 S cm− 1, which is comparable to the ionic conductivity of YSZ at 
the same temperature (0.035 S cm− 1) [22]. Besides higher Fe concen-
trations, the reduction of Ti4+ to Ti3+ in hydrogen-rich atmospheres also 
leads to higher electronic conductivity [23]. The thermal expansion 
coefficient (TEC) of STF perovskites also increases with increasing Fe 
content. Zhang et al. [24] presented in their study the increase of the 
average TEC between 25 and 1000 ◦C from 12.3 x 10− 6 K− 1 for x = 0.5 to 
27.1 x 10− 6 K− 1 for x = 0.9. Besides the properties of the pure material, 
the reactivity of STF with other cell component materials, particularly 
with the YSZ electrolyte, is being investigated. In general, the formation 
of secondary phases like SrZrO3 after sintering and also after a heat 
treatment at 800 ◦C (SOEC operation temperature) for 150 h, is a 
common observation [22,25]. Only a few studies on STF-based elec-
trodes for solid oxide cells (SOCs) exist in the literature. Mostly, the 
material was investigated as fuel electrodes in SOFC operation [22,23], 
though Zhang et al. [20] examined the properties of STF fuel electrodes 
in high-temperature steam electrolysis.

They observed a higher sensitivity to steam concentration for STF 
electrodes with an iron content of less than x = 0.5. Additionally, the 
trend of decreasing current density with a decreasing Fe content at any 
given voltage was established in their work. At 800 ◦C, the authors 
noticed an increase in the ohmic resistance with decreasing Fe content 
using an atmosphere of 50 % H2O + 50 % H2. Fuel electrodes with 
SrTi0.5Fe0.5O3-δ stoichiometry exhibited a stable Rp for the increase in 
steam content from 3 % to 10 %. With steam concentrations higher than 
10 %, a slow increase in the polarization resistance from around 0.1 Ω 
cm2 to 0.15 Ω cm2 for 50 % steam was detected [20].

In this work, a Sr0.98Ti0.5Fe0.5O3-δ fuel electrode is characterized with 
regard to its chemical stability and electrochemical properties during 
electrolysis operation. In particular, we investigated the chemical sta-
bility of the pure STF material and the chemical reactivity of the STF 
with YSZ and GDC under SOEC operating conditions. Additionally, the 

reactivity of STF with YSZ under manufacturing conditions was exam-
ined. Electrochemical characterization of symmetrical cells with STF 
electrodes and full cells with an STF fuel electrode and an LSCF oxygen 
electrode was carried out at different steam concentrations and different 
temperatures. The mid-term degradation behavior of a single cell was 
then investigated under steam electrolysis conditions at 800 ◦C up to 
around 1700 h in 50 % H2O + 50 % H2. The microstructures of a pristine 
full cell and of half cells with a NiO/Ni contact layer, heat-treated in 
SOEC conditions, were analyzed. Lastly, post-test analyses of the elec-
trochemically tested cells were performed.

2. Experimental Procedure

2.1. Powder preparation

The Sr0.98Ti0.50Fe0.50O3-δ (STF) perovskite powder was synthesized 
by the solid-state reaction method. Therefore, stoichiometric amounts of 
SrCO3 (≥96.5 %, Carl Jäger Tonindustriebedarf GmbH, Germany), TiO2 
(≥99 %, Kronos, Germany), and Fe2O3 (>99 %, Kremer Pigmente GmbH 
& Co. KG, Germany) were mixed, homogenized for 24 h and then heat- 
treated in air at 1200 ◦C for 12 h. The La0.58Sr0.40Fe0.80Co0.20O3-δ (LSCF) 
powder was produced in-house using the spray-drying method and a 
subsequent calcination step which is described more in detail by Serra 
et al. [26]. The used Ce0.80Gd0.20O1.95 (GDC) powder was purchased 
from Treibacher Industrie AG.

2.2. Paste preparation

Screen-printing pastes were prepared by mixing the appropriate 
amounts of ceramic powder, solvent (Terpineol, DuPont), binder (Eth-
ylcellulose 45/10 cP, Sigma-Aldrich), and further additives (dispersant, 
pore former). In the case of the STF ink, 47.84 wt% ceramic powder, 
47.12 wt% solvent, and 1.04 wt% binder were mixed with 4.00 wt% 
graphite (TIMREX KS4, Imerys) as pore former and poly-
vinylpyrrolidone (PVP, Alfa Aesar) as dispersant.

2.3. Cell preparation

Electrolyte-supported symmetrical and single cells were fabricated 
by using commercial 8YSZ electrolyte supports (Kerafol). The support 
dimensions were 25 × 25 mm2 for the symmetrical cells and 50 × 50 
mm2 for the single cells. The support thicknesses were t ≈ 0.15 mm and t 
≈ 0.23–0.26 mm for the symmetrical and the single cells, respectively. 
All the following layers were applied via screen-printing. For both cell 
types, a GDC barrier layer was added on both sides of the 8YSZ support 
and sintered at 1300 ◦C for 3 h. In the next step, the electrodes (area =
10 × 10 mm2) were screen printed. Here, the fuel electrode side (STF) is 
applied first. After drying the layer at 70 ◦C for 2 h, STF (symmetrical 
cells) or lanthanum strontium cobalt ferrite (LSCF) (single cells) layers 
are applied on the opposite side (oxygen electrode). Afterwards, the 
electrodes are sintered in two steps. To remove the organics, the elec-
trodes are first heated with 1 K min− 1 to 750 ◦C, combined with a 
holding time of 2 h. Subsequently, the actual sintering temperature of 
1050 ◦C is reached using a heating ramp of 3 K min− 1. The electrodes are 
sintered at 1050 ◦C for 4 h. For the cells measured electrochemically, a 
NiO contact layer (CL) was applied on top of the STF electrodes of the 
cells using a brush. Additionally, half cells consisting of YSZ/GDC/STF 
were prepared similarly. Here, NiO was also applied on top of the STF 
electrode as a current collector.

2.4. Chemical stability and reactivity analysis of STF electrode material

Thermal treatment experiments were carried out to investigate the 
stability of STF under conditions as similar as possible to those pre-
vailing during SOEC operation of a cell. For stability tests, the pure STF 
powder and mixtures of STF + 8YSZ (ratio 50:50 wt%) and STF + GDC 
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(ratio 50:50 wt%) were heat-treated in a 50 % H2O + 50 % H2 atmo-
sphere at 800 ◦C for 12 h.

Additionally, the compatibility of STF with YSZ was studied under 
cell fabrication conditions. For this experiment, STF and 8YSZ powders 
were mixed in a ratio of 50:50 wt%, and after homogenization, disk- 
shaped samples with a diameter of 10 mm and a height of 1.5–2 mm 
were pressed using a uniaxial hand press. The pressed samples were 
subsequently sintered at 1050 ◦C for 4 h in air with a heating rate of 3 K 
min− 1 and a cooling rate of 5 K min− 1. Afterwards, the differently heat- 
treated samples of pure STF and STF mixtures (STF + GDC, STF + YSZ) 
were analyzed via XRD using a D4 ENDEAVOR diffractometer (Bruker 
AXS GmbH, Karlsruhe, Germany) with Cu-Kα incident radiation at room 
temperature. The software HighScore (Malvern Panalytical B.V., 
Almelo, Netherlands) and Topas V 4.2 (Bruker AXS GmbH, Karlsruhe, 
Germany) were used for the analysis of the diffraction data and the 
subsequent Rietveld analyses. The qualitative phase analysis was carried 
out using the Inorganic Crystal Structure Database (ICSD, FIZ, Karlsruhe, 
Germany).

2.5. Electrochemical measurements

The electrochemical performance of the STF fuel electrodes was 
investigated by impedance spectroscopy for symmetric and full cells 
under OCV conditions. IV-characteristics were also measured in fuel cell 
and electrolyzer mode for the full cell configuration. All tests were 
performed in a setup described in Ref. [27]. To improve the contact 
between the STF surface and Ni-mesh current collector and to minimize 
effects related to the comparably high in-plane resistance of the STF 
layer, a NiO layer, which is subsequently reduced to metallic nickel 
during testing, was screen printed on the STF fuel electrodes.

In order to analyze the different loss processes, impedance spectra 
were recorded in a temperature range from 650 to 800 ◦C at various 
hydrogen/steam mixtures. The frequency range was 10 mHz–500 kHz 
with a voltage amplitude <12 mV. The impedance spectra were 
analyzed using the distribution of relaxation times (DRT) and a subse-
quent complex nonlinear least squares (CNLS) fit. In the case of full cells, 
the air electrode was purged with 375 ml min− 1 synthetic air (80 % N2 
+ 20 % O2). After investigating the electrode under different testing 
conditions, the temperature was kept at 800 ◦C for 1700 h to study the 
cell’s durability in 50 % H2O + 50 % H2 at 430 mA cm− 2. Degradation 
mechanisms during this period were analyzed by impedance spectros-
copy, the impedance of the electrode was measured every 2 h.

2.6. Microstructure analysis

The investigated cells were embedded in epoxy resin, ground, and 
polished along the cross-section to analyze their microstructure. Then, a 
Cu tape was coiled around each embedded sample to enhance the con-
ductivity, and a thin Pt layer was sputtered on the surface. An SEM (Zeiss 
Ultra 55/Gemini 450 or Zeiss EVO 15, each with an EDS detector) was 
used to record electron micrographs. Secondary electron and back-
scattered electron detectors were utilized for recording images at ac-
celeration voltages of 8 and 15 kV. The EDS analysis was performed with 
an acceleration voltage of 20 kV. Besides the pristine and tested full 
cells, the microstructure of half cells with a NiO contact layer was 
investigated using a laser microscope (Keyence Color 3D Laser Scanning 
Microscope VK-9710) and SEM after annealing these for 2 h or 200 h in 
50 % H2O + 50 % H2 at 800 ◦C.

3. Results and discussion

3.1. STF phase evolution during processing and operation

One of the aims of the stability experiments was the investigation of 
the stability of pure STF perovskite material under typical SOEC oper-
ating conditions. Therefore, STF powder was heat-treated for 12 h at 

800 ◦C in a 50 % H2O + 50 % H2 atmosphere, corresponding to averaged 
(OCV) conditions in an SOEC stack. Afterwards, XRD measurements 
were carried out, followed by Rietveld refinements of the measured 
data. References from the inorganic crystal structure database (ICSD) 
from FIZ Karlsruhe GmbH [28] were used to identify the phases shown 
in the XRD diffractograms. Fig. 1 displays the Rietveld refinement of the 
heat-treated pure STF powder and its resulting crystal structure (left).

There is only a small difference between the observed and calculated 
diffraction patterns of the heat-treated STF powder, leading to the 
conclusion that the refinement results are plausible. The corresponding 
crystal structure details of the heat-treated STF and the as-prepared STF, 
resulting from Rietveld refinements, are summarized in Table 1.

As shown in the diffractogram shown in Fig. 1, only a small amount 
of an Fe3O4 secondary phase (ICSD-26410) [29] is formed after 12 h of 
heat treatment in 50 % H2O + 50 % H2 at 800 ◦C. According to the 
refinement analysis, the largest fraction of the material still consists of 
the original STF phase (ICSD-92397) [30]. It should be noted that the 
detection limit of the XRD device is around 4 %. Therefore, the calcu-
lated values of 99 % (STF) and 1 % (Fe3O4) may not be the exact values.

The formation of an Fe3O4 secondary phase can be explained by an 
exsolution or particle segregation process of Fe out of the perovskite 
crystal lattice onto the surface and subsequent oxidation of these par-
ticles due to a change in the pO2 during cooling in Ar and sample storage 
in air before the XRD measurement [31,32]. This could be seen for 
similar materials/perovskites in several published studies [31–33]. In 
this study, the results of the conducted SEM analysis did not provide 
clear evidence of exsolved Fe particles (see Fig. S9 in the supplementary 
material). A comparison of the as-prepared STF powder to the 
heat-treated STF shows no change in the Pm-3m (227) space group of 
the material but a slight change in the lattice parameters and therefore, 
in the cell volume. The lattice parameter, a, increases on a small scale 
after exposure to the tested operating conditions from 3.896 Å for the 
starting powder to 3.910 Å. As a result, the crystal lattice volume 
changes from 59.14 Å3 to 59.80 Å3, indicating a minor volume increase 
of around 1.12 % for the heat-treated STF. This slight volume expansion 
could be attributed to a reduction of the average oxidation state of the 
B-site atoms (Ti, Fe) connected with an increasing oxygen loss during the 
exposure to operating SOEC fuel electrode conditions [34–36].

In addition to the experiments for the pure perovskite powder, 
mixtures of STF with GDC and YSZ were heat treated under the same 
simulated SOEC operating conditions (800 ◦C in 50 % H2O + 50 % H2, 
12 h). The ratio between the perovskite and GDC or YSZ is 50:50 wt%. 
The resulting diffractograms from the XRD measurements of STF + YSZ 
and STF + GDC can be found in Fig. 2 a). The XRD pattern of the STF +
YSZ mixture clearly shows the formation of Fe3O4 (ICSD-26410) and 
SrZrO3 (ICSD-89365) [37] secondary phases during annealing at 800 ◦C 
in 50 % H2O + 50 % H2. According to the corresponding Rietveld 
analysis, the heat-treated STF + YSZ powder mixture contains ca. 47 % 
of the STF phase (ICSD-92397), around 43 % of the YSZ (ICSD-75316) 
[38] phase and smaller amounts of SrZrO3 and Fe3O4 phases with 8 % 
and 2 %, respectively. A possible explanation for the occurrence of the 
Fe3O4 phase is already given in the section above regarding the stability 
of the pure perovskite material. Many publications have already 
observed the formation of an ion-blocking SrZrO3 phase for mixtures of 
perovskites and YSZ in solid oxide cell operation and SOC 
manufacturing [22,39,40]. The segregation of Sr ions leads to the for-
mation of a SrZrO3 phase, which causes a performance loss during cell 
operation [40,41]. In general, the XRD results in this study show a strong 
interaction between STF and YSZ during the heat treatment at 800 ◦C for 
12 h under a corresponding oxygen partial pressure of pO2 = 4.4 x 10− 19 

atm.
In order to prevent the interaction and in particular the formation of 

the SrZrO3 phase during the manufacturing or operation of solid oxide 
cells, a barrier layer is usually applied. In the case of perovskite elec-
trodes combined with stabilized zirconia electrolytes, the barrier layer is 
typically composed of GDC. The good compatibility between STF and 
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Gd/Sc doped ceria is already shown in several [42,43] and can be 
confirmed by the results from this study. In contrast to YSZ, GDC dem-
onstrates good chemical compatibility with the STF perovskite under the 
tested conditions in this study, see Fig. 2 (a).

In the diffractogram of the STF + GDC mixture after the experiment 
in Fig. 2 a), no interaction between the two materials can be observed 
during the 12 h test duration. Every peak in the diffraction pattern of the 
mixture after the heat treatment can be attributed to either the STF 
(ICSD-92397) or the GDC phase (ICSD-251477) [44].

The chemical reactions between STF and 8YSZ during the 
electrolyte-supported cell preparation process were also examined. For 

this purpose, STF and 8YSZ powder mixtures, with a ratio of 1:1 wt%, 
were prepared and sintered at 1050 ◦C for 4 h, following the sintering 
regime used in this study for the electrolyte-supported cells. The result of 
the XRD analysis is shown in Fig. 2 b). The diagram clearly illustrates 
secondary phase formation and phase changes after the sintering of the 
powder mixture. The formation of secondary phases after sintering 
mixtures of YSZ and perovskites with high Sr-activity was expected, as 
already described in several publications [22,39,45].

A Rietveld refinement confirmed secondary phases of SrZrO3 (ICSD- 
89365) and SrFe12O19 (ICSD-66403) [46] as well as two existing types of 
STF perovskite phase with differences in their lattice parameter a. One 
STF phase featured a calculated lattice parameter of a = 3.930 Å. The 
other STF phase has a comparably smaller lattice parameter of 3.902 Å. 
According to Molin et al. [22], the possible integration of Zr into the STF 
lattice and SrZrO3 formation, which potentially replaces Fe and/or Ti on 
the B-site, could result in a change in the perovskite’s lattice parameters. 
Their study stated that starting from sintering temperatures of 1000 ◦C, 
SrZrO3 is formed for the STF + YSZ mixtures [22].

SrFe12O19 secondary phases in perovskites are typically found during 
the synthesis of perovskites before reaching their single-phase final state 
[47]. Schulze-Küppers et al. [34] discovered that heat treatment of STF 
below 950 ◦C showed SrFe12O19 alongside orthorhombic and cubic 
perovskite structures. Only with a temperature above 1100 ◦C, a single 
cubic STF phase could be obtained. In this study, the material was 
synthesized via the solid-state reaction method, while in Ref. [34] a 
modified Pechini route was used to prepare the STF. Therefore, differ-
ences in the phase transitions and secondary phase formation temper-
atures could originate from the respective synthesis method. Since for 

Fig. 1. Crystal structure (left) and Rietveld refinement (right) of the 12 h heat-treated STF @800 ◦C in 50 % H2O + 50 % H2.

Table 1 
Structural details of the STF perovskite before and after thermal treatment.

Sample STF Heat-treated STF (800 ◦C, 50 % 
H2O + 50 % H2)

Phase Sr0.98Ti0.5Fe0.5O3- 

δ

Sr0.98Ti0.5Fe0.5O3- 

δ

Fe3O4

Quantity [wt.%] 100 99 1
Space group Pm-3m (221) Pm-3m (221) Fd-3m 

(227)
Lattice 

parameters
a [Å] 3.896 3.910 8.3941
b [Å] 3.896 3.910 8.3941
c [Å] 3.896 3.910 8.3941
V 
[Å3]

59.14 59.80 591.46

α [◦] 90.0000 90.0000 90.0000
β [◦] 90.0000 90.0000 90.0000
γ [◦] 90.0000 90.0000 90.0000

Fig. 2. XRD patterns of powder mixtures (1:1) for a) STF + YSZ and STF + GDC heat-treated at 800 ◦C in 50 % H2O + 50 % H2 for 12 h and b) STF + YSZ sintered at 
1050 ◦C in air for 4 h.
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the Pechini method lower calcination temperatures can be applied to 
obtain a pure cubic perovskite phase compared with the solid-state route 
[48,49], phase transitions and secondary phase appearances and dis-
appearances are to be expected at rather higher temperatures for the 
material used in this study.

3.2. Electrochemical performance

The overview of obtained polarization resistance (Rp) and ohmic 
resistance (RΩ) for the tested cells with Sr0.98Ti0.5Fe0.5O3 (STF) fuel 
electrodes in the temperature range of 650–800 ᴑC are shown in Table 2. 
The resistance values are extracted from fitting an equivalent circuit 
model (ECM) consisting of a series resistance RΩ and serial RnQn ele-
ments to the impedance spectra. The electrochemical performance is 
investigated in symmetrical and full-cell configurations to examine the 
electrochemical processes involved in hydrogen oxidation/evolution 
and their degradation for the developed fuel electrode material. The 
results for the symmetrical cell show a high electrocatalytic activity of 
the investigated cell toward steam electrolysis. The concentration of 
steam also appeared to have an impact on electrochemical performance. 
Accordingly, the polarization resistance decreases with steam concen-
tration in the range of 3 %–20 % H2O/H2 and increases again above 20 
% H2O/H2. The minimum value Rp = 0.050 Ω cm2 is obtained at 800 ○C 
using 20 % H2O/H2. The significant increase in polarization resistance 
might be related to the deactivation of the electrode surface or the 
decreasing number of oxygen vacancies in STF perovskite originating 
from the increasing oxidation state of the cations [12,13]. Accordingly, 
the polarization resistance in 90 % H2O/H2 increases to 0.255 Ω cm2 at 
800 ○C, about four times higher than the mean value in the steam range 
of 3–20 %. Similar behavior was also observed for the ohmic resistance 
while increasing the oxygen partial pressure. This is most likely due to 
changing the valence state of the cations in the STF perovskite at high 
steam concentrations, reducing the electronic and ionic conductivity of 
STF [23]. The rising ohmic resistance can also be caused by the 
GDC-interdiffusion layer at the GDC/YSZ interface, where increasing the 
pO2 decreases its conductivity [50].

After providing an overview of the ohmic and polarization re-
sistances of the STF fuel electrode, we will analyze the impedance 
spectra and discuss the impact of the operation conditions using fitting 
an appropriate ECM. The Nyquist plot and corresponding distribution of 
relaxation times (DRT) in 3 % H2O/H2 at the temperature range of 
650–800 ◦C are illustrated in Fig. 3. Note that the impedance spectra 
correspond to the polarization resistance of two STF electrodes in a 

symmetrical cell configuration and must be divided by two for one 
electrode.

The impedance spectra were analyzed using in-house software to 
identify the processes contributing to the overall cell performance. DRT 
can deconvolute electrochemical reactions as well as migrative and 
diffusive transport processes with close time constants for better un-
derstanding [51]. The DRT calculation is a complex process that in-
volves several input values, including the frequency range, the number 
of impedance values, the regularization parameter (λ), and the number 
of points per decade (τ). The regularization parameter is the most crucial 
factor in the DRT calculation, as it smooths the profile and prevents 
artificial peaks [52]. By selecting an optimal value of λ = 0.01, a con-
stant number of 4 individual peaks with different relaxation frequencies 
could be identified in all measured impedance spectra.

Accordingly, the overall impedance spectra of the STF electrode in 
steam electrolysis show four peaks in the DRT: one high-frequency peak 
(HF, f > 104 Hz), two middle-frequency peaks (MF, f = 10–104 Hz), and 
one low-frequency peak (LF, f < 10 Hz). By identifying these peaks in the 
DRT of the STF electrode, the following equivalent circuit is considered 
to study the electrochemistry of the fuel side of prepared solid oxide cells 
using a mixture of steam and hydrogen gases. 

RΩ(R1Q1)(R2Q2)(R3Q3)(R4Q4)                                                         (1)

The complexity of electrochemical processes makes it challenging to 
interpret physicochemical backgrounds. They are affected by steam 
concentration, cell processing techniques, microstructure variations, 
chemical composition, and surface chemistry of the mixed ionic and 
electronic conductor (MIEC) electrode [53]. A more detailed analysis 
can be done with the coupling of transport processes and charge transfer 
reactions using a transmission line model (TLM) [54]. However, using 
complex TLM approaches requires pre-parameterizing the physical and 
microstructural properties of electrodes by extensive electrical, elec-
trochemical, and microstructural characterization, which is far beyond 
the scope of this article. Thus, the simplified ECM (Eq. (1)) is applied 
here, assuming that a single loss process in the STF-fuel electrode 
dominates each of the 4 peaks in the DRT.

Temperature and partial pressures of gases are the most commonly 
used parameters for determining the characteristic features of the pro-
cesses in SOCs [12,13,53]. Varying those operating parameters provides 
information about the physicochemical background of the peaks in the 
DRT [55]. Following this, Fig. 3c and d provide the dependencies of the 
polarization resistances on temperature and steam partial pressure, 
respectively.

Table 2 
Overview of ohmic resistance (RΩ) and polarization resistance (Rp) for the tested STF fuel electrode at the temperature range of 650–800 ◦C and in different steam 
concentrations for (a) symmetrical cell configuration, and (b) full cell configuratio concentrations for (a) symmetrical cell configuration, and (b) full cell configuration, 
containing LSCF air electrode. Note: Rp and RΩ values for the symmetrical cell are for one STF fuel electrode, and in the case of the full cell, are for the STF and LSCF 
electrodes.

Cell configuration Temp. (◦C) Resistance (Ω cm2) Steam concentration in hydrogen (x% H2O in H2)

3 % 10 % 20 % 50 % 70 % 90 %

Symmetric cell 650 RΩ 2.553 3.695 3.572 3.486 4.840 5.624
Rp 0.508 0.694 0.642 0.747 1.428 2.350

700 RΩ 1.376 2.037 1.920 2.003 2.817 3.323
Rp 0.196 0.223 0.226 0.304 0.603 1.014

750 RΩ 0.785 1.125 1.048 1.203 1.686 2.062
Rp 0.097 0.096 0.100 0.145 0.279 0.467

800 RΩ 0.489 0.666 0.623 0.765 1.062 1.304
Rp 0.068 0.053 0.050 0.078 0.144 0.255

Full cell 650 RΩ 2.741 2.966 3.013 3.112 3.287 –
Rp 0.682 0.721 0.718 0.855 1.137 –

700 RΩ 1.627 1.706 1.713 1.813 1.930 –
Rp 0.276 0.267 0.268 0.359 0.488 –

750 RΩ 1.002 1.025 1.027 1.094 1.189 –
Rp 0.132 0.121 0.127 0.177 0.233 –

800 RΩ 0.655 0.671 0.668 0.718 0.779 –
Rp 0.085 0.066 0.068 0.092 0.129 –
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The fitting resistance in Fig. 3d shows that the low-frequency process 
(LF-R4) mainly limits the cell performance in 3 % H2O + 97 % H2, 
covering 77 ± 1 % of the polarization resistance, while the fitted re-
sistances are at the same order of magnitude with operation in 50 % 
H2O + 50 % H2 atmosphere. It is necessary to mention that the close 
relaxation frequency of the process in the DRT plot can increase calcu-
lation error for the thermal activation energies (Ea) and reaction orders 
(n). The DRT plots (Fig. 3b) and calculated activation energy (Fig. 3c) 
show a thermally activated process for all fitted resistances. Based on 
this finding, none of the 4 processes is solely related to gas diffusion, as it 
is not thermally activated. The apparent Ea for the HF-R1 process is 1.13 
eV, and similarly high Ea values are calculated for the MF-R2-R3 (1.21 ±
0.06 eV) and LF-R4 (1.15 eV) processes. This high Ea value for the STF 
electrode matches a former study on (Sr, Ti)O3-based perovskite [56]. It 
represents the operation requirement above 750 ○C to achieve sufficient 
electrocatalytic activity toward hydrogen evolution/oxidation and high 
electronic and ionic conductivity to minimize the cell overpotential.

The relationship between polarization resistance and steam con-
centration, consequently related to oxygen partial pressure, pO2, leads 
to the reaction order (n) through the R = k(pO2)− n equation [57]. Here, 
the equilibrium pO2, resulting from the H2O/H2-ratio and temperature, 
impacts the electrochemical properties of the subjected STF perovskite 
electrode that mainly depend on the gas species activity. This approach 
is feasible for electrochemical reactions at the MIEC electrode surface 
(charge transfer and other surface chemistry-related processes) and 
changing electrode conductivity based on defect chemistry at specific 
pO2. In general, the n-value provides information about the type of 
species involved in electrochemical reactions and the defect chemistry 
of the electrode material. The HF-R1 process shows a concentration 
dependency of 0.24 in this work, and n for the MF-R2 and MF-R3 pro-
cesses is calculated in the range of 0.15–0.24, while the reaction kinetics 

accelerate in the LF-R4 process with a negative reaction order of − 0.12. 
It must be highlighted that the fitted resistance for the R4 and R2 pro-
cesses no longer follow the linear behavior when the steam concentra-
tion increased above 50 % H2O + 50 % H2. This means that the fuel 
composition highly influences the characteristics of STF perovskite 
electrode during testing and most probably changes the rate deter-
mining reaction step in this pH2O range. Similar behavior has also been 
reported for other MIEC electrode materials [12,58].

The deviation from linear behavior may be caused by an increasing 
number of oxidation states of the cations and a decrease in oxygen va-
cancies in the STF perovskite at high steam concentrations, thereby 
increasing resistance at MF and LF due to decreasing active sites on the 
electrode surface [59]. Moreover, overlapping different physicochem-
ical processes, especially low-frequency gas diffusion resistance in high 
steam concentrations (i.e., 70 % and 90 % H2O in H2), might also cause 
the reaction order to deviate from linear behavior.

The R1 in the high-frequency regions with a reaction order of 0.24 
and high activation energy represents the characteristic features of a 
charge transfer or transport process at a solid/solid interface [60]. The 
calculated capacitance (10− 4-10− 3 F cm− 2) is in the capacitance range 
for double layers [61]. In other words, HF-R1 reflects an interfacial 
process, in our case, either the STF/GDC interface or the GDC/YSZ 
interface [13]. It should be mentioned that the charge transfer process 
remains one of the least understood aspects of electrochemistry for MIEC 
materials, even though numerous studies have been conducted on this 
process [52]. Besides, such charge transport/charge transfer processes at 
the GDC/YSZ interface are strongly affected by insulating zirconate in-
terlayers [62], and even minor changes in material and processing can 
result in significant variations of the related resistances [63].

The contribution of the Ni contact layer on cell performance should 
also be discussed before interpreting electrochemical reactions at the MF 

Fig. 3. (a) Temperature and (b) concentration dependency of the Nyquist spectra corresponding DRT plots, (c) Arrhenius plots of fitted polarization resistance 
contributions in 3 % H2O + 97 % H2 fuel, and (d) steam concentration dependency of polarization resistance contributions at 800 ◦C. Note: the polarization resistance 
is measured for two electrodes in a symmetrical cell configuration.
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and LF ranges. The SEM images in the post-mortem analysis illustrated 
that the high mobility of Ni particles during the cell operation could 
influence the contribution of the applied Ni contact layer due to the 
coverage of the STF surfaces with Ni nanoparticles. This phenomenon 
could increase the electrocatalytic activity of the STF surface, similar to 
Ni-exsolution compounds [64] and nanoparticles generated by infiltra-
tion [65].

To determine the contribution of the Ni contact layer in the elec-
trochemical performance, in addition to investigated cells, the Ni con-
tact layer is replaced with an Au contact layer and tested in 3 % H2O +
97 % H2 at 800 ◦C. The results demonstrated an 18 % increase in the 
polarization resistance from 0.085 to 0.10 Ω cm2 (Fig. S1), with a higher 
contribution of HF resistance to the Rp. The increase in Rp for recorded 
impedance spectra at this initial testing stage is mainly due to the low 
sinterability of the Au contact layer in comparison to the NiO layer at 
800 ◦C. Moreover, the high degradation rate of Au contact paste caused 
a high degradation rate in ohmic resistance, hindering the reasonability 
of performing a long-term performance study. Anyhow, based on this 
finding, it can be concluded that the Ni-contact layer does not determine 
the STF electrode performance.

The fitted MH-R3 represents a high activation energy (Ea = 1.15 eV) 
and reaction order (n = 0.24). The coupling of surface reactions with 
oxide ion transportation is a well-known phenomenon for MIEC elec-
trodes at the air side of solid oxide fuel cells [55,66,67]. This process can 
be assumed to originate from the O2− transportation resistance in the 
STF electrode coupled with the dissociative adsorption of steam mole-
cules on the STF surface.

The LF-R4 process with an apparent activation energy of 1.15 eV 
shows a negative reaction order (n = − 0.12) at a steam concentration 
range of 3–50 % H2O/H2. The polarization resistance at low frequency 
decreases with steam concentrations and increases above 50 % H2O +
50 % H2. While gas diffusion/conversion processes are often observed at 

low frequencies, these can be ruled out due to the high apparent acti-
vation energy of R4 [68,69]. Notably, the characteristic frequency of R4 
is very sensitive to the steam concentration in the fuel gas and increases 
with increasing pH2O. A dominant impedance response at low fre-
quencies has been observed for STF and related materials, and attributed 
to the oxygen exchange reaction on the perovskite surface [42,70].

The corresponding capacitance value of 1.77 F cm− 2 demonstrates 
that the LF-R4 is related to non-charge transfer processes like solid-state 
transport or oxygen surface exchange [71]. The improvements in surface 
reaction with steam concentration are compatible with those reported 
for MIEC electrodes before [72,73], and the oxygen incorpo-
ration/release reaction on the electrode surface would also give rise to a 
large chemical capacitance [74]. Therefore, the LF-R4 process is most 
likely related to a surface reaction on the STF electrode due to the 
incorporation/release of oxygen into the perovskite structure.

Similar to the STF symmetrical cell, the electrochemical performance 
of the STF electrode is measured in a full-cell configuration. It must be 
mentioned that using 90 % H2O + 10 % H2 gas appeared to have per-
manent degeneration on RΩ and Rp due to the contact issue between the 
STF electrode and Ni current collector layer, affecting the following 
sequence of long-term electrochemical study. For this reason, we have 
excluded measuring polarization resistance in 90 % H2O + 10 % H2 for 
full cell configuration.

The Nyquist plot and the corresponding distribution of relaxation 
times (DRT) in 3 % H2O/H2 at the temperature range of 650–800 ◦C, are 
provided in Fig. 4. The DRT plots represent an additional peak (R′) at the 
frequency range of 102–103 Hz, identifying five processes contributing 
to the total polarization resistance for steam electrolysis (Fig. 4 b). Ac-
cording to the fit, the corresponding resistance at 650 ○C is estimated at 
0.140 Ω cm2, using 50 % H2O + 50 % H2 on the fuel side and synthetic 
air on the air side. Increasing temperature at the same gas compositions 
significantly reduces R’ to 0.010 Ω cm2, whereas the activation energy 

Fig. 4. (a) Temperature and (b) concentration dependency of the Nyquist spectra corresponding DRT plots, (c) Arrhenius plots of fitted resistances for tested cell in 3 
% H2O + 97 % H2 fuel, and (d) steam concentration dependency of sub-polarization resistances for the STF electrode in full-cell configuration tested at 800 ◦C. Note: 
In (d) the steam to hydrogen ratio is varied whereas the pO2 at the air electrode is kept constant at 0.21 atm, thus R’ is attributed to the air electrode is not affected.
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for this resistance is calculated at 1.49 eV (Fig. 4 c). This is in excellent 
agreement with the investigations on other cells exhibiting the same 
LSCF air electrode [69].

By varying the steam concentration supplied to the fuel side, only the 
STF electrode impedance processes should be affected, and the air 
electrode resistance is expected to be unaffected. The dependency of 
polarization resistance on the steam concentration (pO2), while using 
synthetic air on the air side, illustrates that the R′ resistance stays almost 
constant R3 = 0.010 ± 0.001 Ω cm2 with reaction order of n = 0.00 
(Fig. 4d). It reveals that the R’ at the MF range is most likely related to 
oxygen reduction reaction (ORR) in the LSCF perovskite. The perovskite 
air electrode operating at high-temperature steam electrolysis also ex-
hibits a corresponding resistance at 102–103 Hz, as shown in the pre-
vious study [57,75]. [76].

It should be noted that the air electrode, respectively the SZO layer 
between GDC and YSZ on the air side, also contributes to the high- 
frequency processes in the range of HF-R1 [77]. Nevertheless, the 
same origin and relaxation frequency make it difficult to distinguish the 
contributions of the STF-fuel and LSFC-air electrodes.

After identifying the processes in steam electrolysis on the STF 
electrode, the durability study of the prepared electrode was carried out 
for 1700 h under initially thermoneutral conditions (I = − 0.43 A cm− 2) 
at 800 ○C using 50 % H2O + 50 % H2 on the fuel side and synthetic air on 
the air side for steam electrolysis. Accordingly, the Ni|STF|GDC|YSZ| 
GDC|LSCF full cell was operated under a galvanostatic test, and 
impedance spectra were measured under current and OCV conditions 
every 2 h. Since the reaction kinetic highly changes under applied cur-
rent, the impedance spectra measured under OCV conditions are 
considered for evaluating the degradation mechanisms during the 
durability study to have a reasonable comparison with the identified 
processes above.

The overview of the variation of RΩ, Rp, and overpotential is shown 
in Fig. 5. According to the obtained results, a relatively fast degradation 
rate is observed in the first 150 h of testing. At this stage, the degradation 
rate for Rp and overpotential have been recorded at about 0.404 Ω cm2 

and 490 mV kh− 1, respectively. As the aging time increases, linear 
behavior is observed, with a decreasing degradation rate. Accordingly, 
the degradation rate for Rp and overpotential decreased to 0.162 Ω cm2 

and 195 mV kh− 1, respectively. The durability study demonstrates that 
the degradation of electrochemical performance is mainly due to 
increasing ohmic resistance in the cell.

The transformation of cubic 8YSZ (C-YSZ) to tetragonal 8YSZ (T- 
YSZ) is the phenomenon reported to occur while the SOCs operate over a 
long-term period [78,79]. Although forming a tetragonal phase can 
improve the mechanical properties, it negatively affects the 8YSZ elec-
trolyte conductivity [78,80]. Accordingly, depending on the operation 
condition, the 8YSZ conductivity can drop to 50–80 % of the initial value 
due to forming a tetragonal phase with lower ionic conductivity and 

consequently increasing the ohmic resistance of the cell [79,81].
In addition, developing the SrZrO3 (SZO) caused by the segregation 

of Sr cations to the LSCF surface and diffusion toward the electrolyte 
adversely affects electrochemical performance by increasing the cell 
resistances [52,66]. The accumulation of the SZO insulating phase at the 
electrolyte/air electrode interface not only blocks the migration of ox-
ygen ions at this interface but also deteriorates the electrocatalytic ac-
tivity and electrical conductivity of LSCF electrodes due to a significant 
Sr deficiency in the A-site of the perovskite structure [82–84]. Following 
the two phenomena mentioned above, the postmortem microscopy 
analysis shows that the SZO insulating phase forms extensively at the 
GDC/YSZ interface (Fig. S4).

The variation of DRT with operating time was implemented to 
discuss degradation mechanisms for polarization resistance. Fig. 6
shows the DRT plots of the electrochemical impedance spectra measured 
during the galvanostatic durability test. Similar to the initial impedance 
obtained for the STF full-cell, five distinguishable peaks are observed. 
All the processes show increasing resistance during the durability test. A 
substantial shift of the relaxation frequency was observed for MF-R3 and 
LF-R4 processes, and the DRT peak for LF-R4 showed a fast increase over 
the first 450 h, and then a lower degradation rate was recorded until 
1700 h. The degradation of LF-R4 and MF-R3 is mainly due to STF 
electrode properties, in which increasing the LF-R4 resistance could be 
due to the changing surface chemistry causing a decrease in the elec-
trode kinetics for the oxygen incorporation/release reaction. The 
coupling of surface exchange and O2− transport at the STF-surface and 
the STF-bulk explains the increase and relaxation frequency shift in MF- 
R3 resistance.

The DRT peak for the MF process shows that the R2 is less severely 
affected during the investigated period. However, the R′ process slightly 
degrades, corresponding to the oxygen reduction reaction on the LSCF 
air side. The important degradation mechanism in the LSCF electrode is 
the segregation of Sr cations onto the electrode surface, forming non- 
electrocatalytically active SrO phases. Hence, increasing the R’ resis-
tance is most probably due to the surface deactivation of the LSCF 
electrode from the air side [57,85,86].

The HF-R1 process is the second process that has a reasonable impact 
on polarization resistance. Increasing corresponding resistance could 
originate from two phenomena: (i) formation of insulating SZO phase at 
the electrode/electrolyte interface, and (ii) degradation of YSZ electro-
lyte with transforming the C-YSZ to T-YSZ phase.

Overall, analysis of the degradation behavior using the impedance 
spectra demonstrates that the electrochemical performance of the 
investigated cell is limited mainly due to the high degradation rate of 
ohmic resistance. The average voltage degradation of around 14 % kh− 1 

is significantly higher than the industrial goal of 0.5 % kh− 1 and needs to 
be improved.

Fig. 5. Overview of performance degradation for the STF|8YSZ|LSCF cell over 
1700 h in 50 % H2O + 50 % H2 fuel at 800 ◦C. Note: the impedance spectra are 
under OCV condition, and chronoamperometry is recorded at the thermoneu-
tral condition at 800 ◦C with a constant current of − 0.43 A cm− 2.

Fig. 6. The DRT plots of the electrochemical impedance spectra measured 
under thermoneutral conditions (I = − 0.43 A cm− 2) at 800 ◦C using 50 % H2O 
+ 50 % H2 for 1700 h.
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3.3. Post-test analysis

After the mid-term stability test under H2O electrolysis operation up 
to around 1700 h, the tested full cell was embedded and polished along 
the cross-section. A full cell in the as-prepared state was also embedded 
to provide a reference. Afterwards, both cells were characterized via 
SEM and EDS analysis.

The microstructure and elemental mapping analysis shown focuses 
on the STF electrode, the STF/GDC barrier layer interface and the GDC/ 
8YSZ electrolyte interface. The results of the conducted SEM and EDS 
analyses of the oxygen electrode side are summarized below, the cor-
responding images can be found in the supplementary file.

The overview of the LSCF oxygen electrode, GDC barrier layer and 
8YSZ electrolyte for the cell before and after the 1700 h operation is 
shown in Fig. S2. The images show no obvious change in the micro-
structure after the SOEC operation. There are no cracks or delamination 
processes detectable. Reasons for the different layer thicknesses for the 
cell before and after the operation will be discussed later in the section 
about the fuel electrode. A comparison of the EDS analyses of the as- 
prepared (Fig. S3) and the tested cell (Fig. S4) indicates the presence 
of SZO secondary phases at the GDC/8YSZ interface for both cells. 
Consequently, it can be concluded that at least a large part of the SZO 
phase was formed during the manufacturing process. This was also 
observed in other publications in the case of a porous GDC barrier layer 
[87–90], as is also the situation in this study. Based on the SEM images, a 
slight increase in the SZO phase fraction but no continuous strontium 
zirconate layer formation at the GDC/8YSZ interface can be ascertained. 
The formation of the SZO phase during the electrolysis operation would 
usually result in a performance loss over time with increasing secondary 
phase, as already mentioned in section 3.2. Since forming the SZO can be 
observed right after sintering and no continuous SZO phase can be 
detected at the GDC/8YSZ interface after SOEC operation, the largest 
share of the degradation of the ohmic resistance can be attributed to 
other reasons. Nevertheless, the increase of the SZO phase during 
operation and its possible influence on the performance must be inves-
tigated further. Furthermore, Co segregation in one area near the 
GDC/LSCF interface could be observed after the electrolysis operation. 
This was also seen for LSCF electrodes in other studies after 

electrochemical polarization [4,90,91]. According to Unachukwu et al. 
[90], the formation of cobalt oxide particles and the segregation of Sr 
could cause degradation of the LSCF electrode. However, as only a small 
amount of Co-rich phase was found in this work, a significant influence 
of Co segregation on the degradation of LSCF is questionable.

Fig. 7 shows an overview of the STF fuel electrode, GDC barrier layer, 
and 8YSZ electrolyte for the as-prepared full cell (a) and the tested full 
cell (c). No significant changes are observed in the STF fuel electrode, 
the STF/GDC interface or the GDC/8YSZ interface before and after the 
mid-term degradation test. The overall microstructure of the STF fuel 
electrode and the GDC layer of both cells is very similar.

There seems to be good adhesion between the STF fuel electrode and 
the GDC barrier before and after the stability test. Moreover, both cells 
show a homogeneous GDC barrier layer of 5–7 μm thickness. A differ-
ence between the images of the as-prepared and the 1700 h tested full 
cell is observed in the fuel electrode thickness. The fuel electrode of the 
as-prepared full cell is with 35–36 μm thicker compared to the value of 
ca. 30–31 μm of the tested cell. Several possible explanations exist for 
the observed layer difference before and after the electrochemical test. 
First, the semi-automatic screen-printing method, applied during the 
cell preparation, can sometimes lead to a layer distribution that is not 
completely homogeneous. As a result, the samples may show minor 
differences in layer thickness depending on the cell area from which the 
respective sample was taken. As the penetration depth in MIEC elec-
trodes is usually less than 20 μm, the observed thickness variation 
should not affect the performance. Also, applying a contact layer on top 
of the STF electrode combined with the experimental setup could lead to 
a ripping of parts of the STF fuel electrode while demounting the cell 
after the measurement. Fig. 7 (b) and (d) show the STF fuel electrode, 
the STF/GDC interface, and the GDC/8YSZ interface of the as-prepared 
and 1700 h tested full cell in more detail. This closer look confirms the 
good adhesion between the STF fuel electrode and the GDC in both cells. 
However, in Fig. 7 (d) changes in the form of cracks and fractures are 
visible after 1700 h of operation. Compared to only a small number of 
cracks at the STF/GDC interface, a considerable number of cracks can be 
found inside the GDC layer and at the GDC/YSZ interface. This obser-
vation is in line with the known chemical expansion of GDC in reducing 
atmospheres [92,93]. These cracks and fractures could influence the 

Fig. 7. Backscattered electron (BSE) images of the STF fuel electrode, GDC and YSZ cell layers of a) and b) the overview and the STF/GDC/YSZ interface in more 
detail of a sintered (air, 1400 ◦C), pristine full cell and c) and d) the overview and the STF/GDC/YSZ interface in more detail of the full cell tested in electrolysis mode 
(800 ◦C, 50 % H2O + 50 % H2, i = − 0.43 Acm− 2) after ca. 1700 h; grown particle marked by circle in (d).
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degradation/performance behavior of the cell during the electro-
chemical testing.

Furthermore, grown and (comparatively) spherical particles can be 
observed in the tested cell. These particles can be seen predominantly in 
the STF fuel electrode, and the GDC layer. Besides the SEM images, EDS 
analyses of full cells before and after the mid-term degradation test were 
carried out. Elemental mappings of Sr, Fe, and Ni for the as-prepared full 
cell and the full cell operated in electrolysis mode are displayed in Fig. 8. 
The complete EDS mappings for the pristine cell (Fig. S5) and the mid- 
term tested full cell (Fig. S6) can be found in the supplementary. The 
EDS analyses were intended to provide more information about prob-
able ion diffusion and particle migration during manufacturing and cell 
operation under SOEC conditions. A comparison of the EDS mappings 
before and after the degradation test (Fig. 8(a) and (b)) reveals the 
occurring diffusion of Sr and Fe ions from the STF fuel electrode into the 
barrier layer. The observation of Fe and Sr diffusion to a similar extent in 
both, the pristine and the tested cell, leads to the conclusion that this 
diffusion already occurs during the manufacturing process of the full 
cell, particularly during the sintering of the fuel electrode at 1050 ◦C in 
air. Although there is Sr diffusion from the electrode in the direction of 
the 8YSZ electrolyte, no formation of SZO phases at the GDC/8YSZ 
interface on the fuel electrode side can be detected. Based on the EDS 
mapping of Ni in Fig. 8 (b), it can be concluded that grown, rather 
spherical particles, which can be detected in the STF fuel electrode and 
the barrier layer after the stability tests, are Ni particles. This indicates 
the diffusion of nickel from the NiO contact layer used here in the di-
rection of the electrolyte during the cell’s operation. The majority of Ni 
particles after ca. 1700 h electrolysis operation can be found in the STF 
fuel electrode.

The diffusion of Ni particles during electrolysis operation could 
already be observed after a short-term test under the same conditions. 
The SEM image and the corresponding Ni elemental mapping can be 
found in Fig. S7. It can be seen that the Ni migration into the STF fuel 
electrode and the GDC barrier layer already started during the first 125 h 
of electrolysis operation. A possible influence of the grown Ni particles 
and their migration on the electrochemical performance and the sta-
bility of the cell cannot be excluded and has yet to be determined. Be-
sides the migration of Ni particles into the STF fuel electrode and barrier 
layer, a possible change in the microstructure of the Ni/NiO contact 
layer could lead to an alteration in the cell’s performance. A simple 
experiment was set up to investigate the basic influence of the operating 
conditions at OCV on Ni coarsening/agglomeration. A NiO contact layer 
was applied on a YSZ/GDC/STF half-cell, which was subsequently heat- 

treated in 50 % H2O + 50 % H2 at 800 ◦C for 2 h and 200 h. After 200 h, 
coarsening of the particles could be detected; the corresponding laser 
microscope images can be seen in Fig. S8. This coarsening/agglomera-
tion of the Ni particles could decrease the contact area and increase the 
measured cell resistance.

4. Conclusion

The electrochemical performance of the Sr0.98Ti0.5Fe0.5O3 (STF) fuel 
electrode was comprehensively studied for its application in steam 
electrolysis. Therefore, STF powder was synthesized, and solid oxide 
cells were fabricated in symmetrical and full-cell configurations. The 
STF material demonstrated good chemical stability in a 50 % H2O + 50 
% H2 atmosphere at 800 ◦C with only minor formation of Fe3O4 sec-
ondary phase. A high chemical reactivity was observed between the STF 
perovskite and 8YSZ electrolyte material, while no interactions between 
STF and GDC could be detected.

Electrochemical analysis revealed that the STF electrode exhibits 
high electrocatalytic activity for hydrogen oxidation/evolution within 
the 650–800 ◦C temperature range. The polarization resistance (Rp) 
remained stable across the 3 %–50 % H2O/H2 range. However, 
increasing the steam concentration beyond 50 % led to significant 
degradation in Rp. Notably, at 90 % H2O + 10 % H2, the polarization 
resistance increased to approximately four times the mean value 
observed within the 3%–50 % steam range. A similar trend was observed 
in the ohmic resistance with rising oxygen partial pressure.

Further interpretation of impedance spectra and analysis of rate- 
limiting steps in steam electrolysis identified five main processes 
contributing to overall electrode impedance. A mid-term degradation 
study for 1700 h at 800 ○C using 50 % H2O + 50 % H2 and i = − 0.43 A 
cm− 2 resulted in a voltage degradation rate of 195 mV kh− 1 and showed 
that the degradation is mainly due to increasing ohmic resistance.

The post-test analysis showed no significant microstructure changes 
in the STF fuel electrode after 1700 h of electrolysis operation. However, 
the migration of Ni particles from the current collector into the STF 
electrode and GDC barrier layer during the operation could be observed.
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