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H I G H L I G H T S  

• The electrochemical performance studied in H2 with 3–50 vol% H2O. 
• The SPM electrode presents a high electrocatalytic activity for steam electrolysis. 
• The Rietveld refinement shows forming Ruddlessden-Popper phase in reducing gas. 
• The perovskite to Ruddlessden-Popper transformation increases ionic conductivity.  
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A B S T R A C T   

Ni migrates from cermet fuel electrodes in SOECs at high overpotentials, prompting interest in alternative 
electrode materials. Ni-free perovskites with mixed ionic and electronic conductivity are being developed as 
substitutes for Ni-YSZ- or Ni-CGO-cermet fuel electrodes. However, some perovskite electrodes exhibit poor 
electrocatalytic activity during steam electrolysis. This study focuses on the synthesis, phase evolution, and 
cation oxidation state of Sr0.5Pr0.5MnO3 (SPM) perovskite under oxidizing and reducing atmospheres. The 
electrochemical performance of the SPM electrode is investigated at different steam concentrations (3–50% H2O 
in H2). Rietveld refinement reveals a phase transformation from Pm-3m (221) to I4/mmm (139) in humidified 
5% H2 in N2 gas at 800 ◦C. XPS measurements indicate that the I4/mmm (139) structure contains more oxygen 
vacancies, enhancing ionic conductivity and electrocatalytic activity. At 610 ◦C, the SPM electrode with the Pm- 
3m (221) space group exhibits a low polarization resistance of 0.173 Ω cm2 in 50% H2O in H2 gas. However, 
forming a Ruddlesden-Popper structure increases polarization resistance at higher temperatures due to a low- 
frequency reaction. Overall, the SPM electrode shows promising electrocatalytic activity across a wide range 
of oxygen partial pressure, making it a potential fuel electrode in SOECs.   

1. Introduction 

Solid oxide cells (SOCs) have gained significant attention as one of 
the most efficient and environmentally friendly methods of converting 
chemical energy into electricity in fuel cell mode as well as producing 
H2, CO, or a mixture of them from H2O and CO2 in electrolysis mode [1, 
2]. Using solid oxide electrolysis cells (SOECs) at high temperatures 
produces hydrogen with a lower electricity cost than low-temperature 
electrolysis, as the thermodynamics at high temperatures are more 

favorable [1]. The nickel-yttrium stabilized zirconia (Ni-YSZ) with 
excellent electrochemical performance are widely used as the fuel 
electrode in solid oxide fuel cells (SOFCs). Due to its excellent electrical 
conductivity, catalytic activity, and high-temperature stability, this 
electrode is also a candidate for SOECs. However, the electrochemical 
performance of this Ni-based composite electrode may degrade fast at 
high overpotential due to the Ni migration out of electrocatalytic active 
sites. This problem encourages the development of alternative materials 
for fuel electrodes. 
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Replacing YSZ with gadolinia-doped ceria (CGO) has been exten-
sively studied as a solution to overcome Ni-YSZ limitations in SOCs 
operating at intermediate temperatures (500–750 ◦C) [3,4]. CGO with a 
fluorite structure enhances the catalytic activity of Ni-GDC electrodes in 
fuel oxidation and H2O electrolysis by extending the three-phase 
boundary (3PB) to the entire electrode surface [5]. This extension of 
the active site area may help address the Ni migration problem in Ni-YSZ 
electrodes. However, the Ni migration issue worsens in the early stages 
of operation (before 1000 h) at higher current densities (>− 1 A cm− 2) 
[6,7]. This problem persists even at low current densities (− 0.5 A cm− 2) 
after long-term operation (100,000 h at 700 ◦C) in fuel cell mode [8]. 
The degradation of the electrode is a complex process involving the 
evolution of both Ni and GDC phases, which is influenced by humidity 
and steam concentration. 

Sciazko et al. [9], investigated the degradation rate and micro-
structural evolution of Ni-GDC and Ni-YSZ electrodes in SOEC and SOFC 
modes. While Ni-GDC electrodes initially performed better due to 
extended reaction sites, Ni-YSZ electrodes exhibited greater stability 
throughout the operation period. The higher degradation rate of Ni-GDC 
electrodes can be attributed to interactions between Ni and GDC parti-
cles, forming a GDC layer on Ni grains. Coarsening of Ni particles and 
depletion of Ni from the electrolyte were observed regardless of the 
active site configuration. In SOEC operation, the YSZ formed a stable 
backbone while GDC covered the Ni grains in the Ni-YSZ electrode. 
Vibhu et al. [10] investigated the addition of small quantities of gold or 
molybdenum to improve the electrocatalytic activity of Ni-GDC elec-
trodes and suppress Ni migration during high-temperature electrolysis. 
The modified Ni-GDC electrode showed a maximum current density of 
− 0.78 A cm− 2 at 900 ◦C with certain metal additives, but the mitigation 
of Ni migration phenomena was not significant after extended 
operation. 

Using mixed ionic-electronic conductors (MIECs) will also extend the 
active electrochemical sites from the 3PB to the entire electrode surface 
(two-phase boundary, 2PB) towards the gas reactant. It can effectively 
decrease the polarization resistance (Rp) in the SOCs. The perovskites 
are the most common MIECs materials studied as the oxygen and fuel 
electrodes [11–15]. When used as a fuel electrode, some perovskites 
have high chemical stability due to relatively stable-oxidation state 
cations like Ti, V, and Cr at the B sites. For instance, the structural sta-
bility of the La0.75Sr0.25Cr0.5Mn0.5O3 [16], La0.6Sr0.4VO3 [17], and 
Sr0.94Ti0.9Nb0.1O3 [18] in reducing atmosphere make them suitable 
backbone for the fuel electrode. However, the insufficient catalytic ac-
tivity and oxide ion conductivity cause poor electrochemical perfor-
mance in these electrodes. 

Generally, it can be stated that the cations in the B-sites primarily 
ensure the catalytic performance of the perovskites, and A-site cations 
stabilize the structure [19]. Among the developed electrode materials, 
Mn-based perovskites have attracted much attention due to their high 
electrocatalytic activity [20]. Mn cations with three oxidation states, i. 
e., Mn4+/Mn3+/Mn2+, provide an increased capability to optimize cat-
alytic activity and mixed-ionic and electronic conductivity. Partly 
substituting Sr cations at A-sites in LaMnO3 can enhance oxidation ac-
tivity, which is associated with increasing Mn4+ concentration in the 
perovskite structure [21–23]. Even though the A-site cations are not 
directly involved in the catalytic process, a good combination of these 
cations can enhance the number of Mn4+ ions for better electrochemical 
performance. 

Another approach for improving the catalytic activity of fuel elec-
trodes is to incorporate nanosized catalyst particles of compositions such 
as Pd, Ni, and Ce0.9Gd0.1O2-δ (CGO) into perovskite oxides. Therefore, 
impregnating or infiltrating the solution is a successful way to construct 
active electrodes [24]. Despite the considerable improvement of the 
electrode performance, the electrochemical activity highly depends on 
the uniformity and the morphology of catalysts on the electrode surface 
[25]. In addition, the chemical interaction between the backbone and 
the decorating particles may affect the catalyst functionality over the 

long-term operation. For these reasons, many studies have focused on 
developing an easy method to create more uniformly distributed and 
firmly attached nanoparticles to the electrode backbone. 

Using cation exsolution from the B-sites of the perovskite structure 
provides an alternative approach to uniformly coating the electrode 
structure with smaller and well-adhered particles [13]. Recent studies 
on the electrochemical performance of the perovskites showed that 
transition metals such as Ni, Co, Mn, and Fe could be exsolved under fuel 
electrode operating conditions to produce nanoparticles catalyst [26, 
27]. Thus, metallic nanoparticles with excellent activity and stability 
improved the electrochemical performance of the fuel electrodes [25, 
28]. Besides the cost-effectiveness of this method, it is less affected by 
other factors, such as the morphology of the electrode backbone, the 
viscosity of the infiltration solution, and the chemical compatibility of 
electrode materials and the infiltrated nanoparticles [29]. 

Sengodan et al. [30] have studied the in situ exsolution of Mn cations 
for NdBaMn2O5+δ (NBMO) perovskite. The atomic-resolved high-angle 
annular dark field (HAADF) scanning transmission electron microscopy 
(STEM) images illustrated that the electrode backbone was decorated 
with the nanoparticles when it was reduced under pure hydrogen at 800 
◦C, and energy-dispersive X-ray spectroscopy (EDX) point analysis 
identified them as the cubic MnO phase. Furthermore, Gibbs’ free en-
ergy for the reduction (ΔGred.) of Mn oxide under pure hydrogen at 900 
◦C provides further proof of the stability of MnO [31]. The ΔGred. for 
reducing MnO to metallic Mn is greater than 100 kJ mol− 1 [32]. The 
electrocatalytic activity of MnO improved the electrochemical perfor-
mance of the NBMO fuel electrode at 800 ◦C, and despite using thick 
yttria-stabilized zirconia (YSZ) electrolyte (120 μm), a high power 
density of 580 mW cm− 2 was achieved in 3% H2O in H2 with using 
La0.8Sr0.2FeO3 (LSF) as the oxygen electrode. 

The studies of the exsolution of cations have primarily focused on 
how it affects electrochemical performance. Still, the phase composition 
of the backbone and the oxygen vacancy concentration should play a 
significant role in determining the total polarization resistance. The final 
chemical composition of electrode material under working conditions 
highly depends on the initial composition. For example, the Ln1- 

xBaxMnO3-δ (Ln = La and Pr) with perovskite structure transforms to 
A2Mn2O5 layered perovskite upon heat treatment in reducing conditions 
[33,34], while replacing the Ba with Sr leads to forming A2MnO4 
Ruddlesden-Popper (RP, An+1BnO3n+1 n=1) structure rather than 
A2Mn2O5 layered perovskite (Brownmillerite) [35]. Previous studies on 
both A2Mn2O5 and A2MnO4 structures have shown the capacity to 
contain a high concentration of oxygen vacancies after these phase 
transformations [34,36]. It is proposed that the high activity of these 
materials originates from increased oxygen vacancy concentration and 
improved redox properties [37]. 

The formation of a conductive backbone coupled with the exsolution 
of nanocatalysts makes it possible to achieve superior electrocatalytic 
activity. This paper investigates the electrochemical performance of the 
Sr0.5Pr0.5MnO3 (SPM) perovskite in a wide range of oxygen partial 
pressures (pO2) for the first time. The partial phase transformation of 
SPM perovskite to Ruddlesden-Popper structure could provide an op-
portunity to form a composite electrode in situ. The ionic conductivity 
can be accelerated by forming the RP phase, and catalytic activity can be 
enhanced on the surface of the reduced perovskite. Meanwhile, the 
exsolution of MnO catalyst particles could further improve the surface 
reactions to achieve superior performance. Our focus is to study the 
effect of gas composition on the unit cell structure, electrical conduc-
tivity, and oxidation state of the cations as the determining parameters 
in the final electrochemical performance. Rietveld refinement was per-
formed on heat-treated powder in the air and humidified 5% H2 in N2 
atmospheres to determine structural space group and phase purity. 
Using the Van Der Pauw four-point method, the electrical conductivity 
of SPM was measured, and the valence state of the cations on its semi-
conducting behavior was investigated. Last but not least, the electro-
chemical properties of prepared SOCs were examined in H2 with a wide 
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range of steam concentrations. 
In order to better understand the variation in polarization resistances 

and superior electrochemical performance achieved by the RP structure 
at a low temperature, we have first discussed phase evolution, the 
oxidation state of cations, and other phenomena occurring under 
working conditions. Thus, it can provide good insight into the evolution 
of crystal structure properties as a function of pO2 and allow a deeper 
understanding of the electrocatalytic activity of the developed fuel 
electrode. 

2. Experimental 

2.1. Preparation process 

The Sr0.5Pr0.5MnO3 (SPM) perovskite powder was synthesized via 
the sol-gel combustion method. Accordingly, the stoichiometric amount 
of Pr(NO3)3⋅6H2O, Sr(NO3)2, and Mn(NO3)2.4H2O were dissolved 
together in citric acid (C6H8O7) with a molar ratio of 1:1.5 (metal ni-
trates:citric acid). The dissolved precursor was stirred for 3 h at 70 ◦C to 
achieve a transparent aqueous solution. The pH was adjusted to about 7 
by adding an ammonia solution. Then, the obtained sol was kept at 70 ◦C 
overnight to vaporize the water and form a viscous gel. The produced gel 
was heat-treated at 350 ◦C (for 1 h, with a heating rate of 300 ◦C/h) to 
form black ash. As a result of the redox reactions, nitrates and carboxyl 
groups acted as oxidants and reductants, respectively, to produce simple 
oxides [38,39]. The ash was transferred from the glass beaker to the 
alumina crucible and heat-treated at 800 ◦C (for 3 h, with a heating rate 
of 180 ◦C/h) in the air to burn out the residual organic components. 
Finally, the resulting powder was heat-treated at 1000 ◦C in an N2 at-
mosphere to form SPM perovskite (for 3 h, with a heating rate of 180 
◦C/h). The pO2 in the N2 atmosphere was determined to be 6.37 × 10− 7 

atm. Moreover, final heat treatment was conducted in humidified 5% H2 
in N2 (2.9% H2O - 4.9% H2 - 92.2% N2) gas to investigate the phase 
evolution in a reducing atmosphere. The pO2 for this gas at 600, 650, 
700, 750, and 800 ◦C was measured to 4.71 × 10− 25, 1.88 × 10− 23, 5.17 
× 10− 22, 1.03 × 10− 20, and 1.56 × 10− 19 atm, respectively. 

To prevent electronic conduction through the electrolyte, a thin 
(ZrO2)0.89(Sc2O3)0.1(Y2O3)0.01 (10Sc1YSZ) layer is sandwiched between 
two thick Ce0.9Gd0.1O2 (CGO) layers. The CGO and 10Sc1YSZ tapes were 
prepared by tape-casting using a doctor blade gap of 500 μm and 80 μm, 
respectively. They were then laminated via a double roll setup heated at 
120 ◦C using a speed of 45 cm/min and were then sintered for 6 h at 
1300 ◦C. The slow heating rate of 20 ◦C/h was set from room temper-
ature to 550 ◦C to facilitate gas diffusion during the decomposition of the 
binders. The sintered thicknesses for the CGO and 10Sc1YSZ layers 
correspond to 70 μm and 7 μm, respectively. The thick CGO layers pri-
marily support the thin 10Sc1YSZ layer, allowing the cell to be handled 
easily for electrochemical testing. In other words, this approach facili-
tates the preparation of mechanically robust cells with high conductivity 
of oxide ions through the electrolyte while keeping the processing 
simple. Typically, the supporting layer in a commercial cell is made of 
strong materials, such as zirconia for the electrolyte and electrode- 
supported cells or stainless steel for metal-supported cells. By this 
approach, it will be possible to reduce the thickness of the CGO layer to a 
few microns with the only purpose of inhibiting chemical reactions at 
the electrode and zirconia-based electrolyte interfaces. However, the 
processing of such a cell is more complex due to the co-sintering of the 
many layers, which has been avoided in the research here by applying 
the electrodes through screen printing. 

The SPM ink for screen printing was prepared by mixing the ceramic 
powder and additives. The ink was then applied to both electrode sides 
by screen-printing (EKRA-E2, Germany). The precursors were mixed for 
5 h at 200 rpm in a planetary ball mill (RETSCH-PM 400) with the aid of 
zirconia cups and balls. Dipropylenglycol (DPG), poly(methyl-
methacrylate) (PMMA), sanitizer 261A, polyvinylpyrrolidone (PVP) 
K30, and PVP K90 were used as the solvent, pore former, plasticizer, 

dispersant, and binder, respectively. As a prerequisite for obtaining a 
crack-free electrode after the sintering process, it is necessary to use a 
slow heating rate of 20 ◦C/h at temperatures ranging from 25 to 550 ◦C 
to allow gas diffusion during the decomposition of the binders. Finally, 
the sintering process of the symmetric solid oxide cell was followed by 
heat treatment at 1200 ◦C for 4 h in the air, with a ramp rate of 60 ◦C/h 
from 550 ◦C. 

2.2. Characterization 

The phase evolution in SPM perovskite was studied with X-ray 
diffraction at room temperature in the 2θ range of 10–90◦ using a Rigaku 
MiniFlex 600 diffractometer with CuKα radiation (k = 1.5418 Å). The 
Rietveld refinement was performed on powders heat-treated in nitrogen 
and 3% H2O + 5% H2 in N2 gases using MATCH software to identify 
space groups, lattice parameters, and quantitative analysis. An analysis 
of the oxidation state of cations in the prepared samples was carried out 
by XPS (Thermo Scientific, ESCALAB XI+) using an Al Kα radiation 
monochromatic source. The microstructure of the sintered electrode was 
studied with a field emission scanning electron microscope (Zeiss-Merlin 
FE-SEM) and an energy-dispersive spectrometer (Bruker XFlash 6160). 

The electrical conductivity of the SPM electrode was investigated 
using the four-point Van der Pauw method. The measurement was 
conducted under air and humidified 5% H2 in N2 gas from room tem-
perature to 800 ◦C. The heating and cooling rates were set to 20 ◦C h− 1 

to record the electrical conductivity near the equilibrium conditions. 
Besides, the sample was kept for 5 h at 800 ◦C to study the effect of dwell 
time on electrical conductivity. The measurement continued with 
cooling the sample to room temperature with a similar slow cooling rate 
to study the reversibility of phenomena during the heating cycle. The 
electrochemical performance was studied using a 1260 Solarton fre-
quency response analyzer under different gases at 610–760 ◦C, and the 
obtained results were fitted via the Zview software. The applied fre-
quency ranged from 10 mHz to 1 MHz with a voltage amplitude of 3 mV. 

The impedance measurement was repeated three times on samples 
from the same batch to determine the reproducibility of the data. 
Accordingly, the measurement was initiated in the gas with the highest 
pO2 (50% H2O in H2) at different temperatures and then switched to 
other gas compositions. It is important to note that testing the samples 
under the mentioned protocol had no detrimental effect on the perfor-
mance of the cells before exposure to the subsequent gas compositions. 

3. Results and discussion 

3.1. Phase evolution 

Fig. 1 shows the X-ray diffraction pattern of the synthesized powder 
at different temperatures and gas compositions. Inorganic crystal 
structure database (ICSD) reference cards were used to identify the 
phase composition in the prepared sample. The formed ash in the sol-gel 
combustion method was heat-treated at 800 ◦C to burn out the residual 
organic components [40,41]. Subsequently, the SPM perovskite was 
formed with heat treatment at 1000 ◦C in N2 gas (Fig. 1a). The pO2 of the 
N2 atmosphere was 6.37 × 10− 7 atm as measured by a sensor installed in 
the furnace tube. The observed peaks match the ICSD #187094 refer-
ence card without impurity phases. The obtained powder is further 
heat-treated in humidified 5% H2 in N2 gas at 600 to 800 ◦C to study the 
phase evolution during conditions corresponding to the cell operation 
(Fig. 1b, c, and d). Here pO2 of the utilized gas at 600, 650, 700, 750, and 
800 ◦C measured at 4.71 × 10− 25, 1.88 × 10− 23, 5.17 × 10− 22, 1.03 ×
10− 20, and 1.56 × 10− 19 atm, respectively. 

XRD pattern in Fig. 1b indicates that no phase transformation 
occurred after heat treatment at 600 ◦C in humidified 5% H2 in N2, and 
only perovskite was observed. However, increasing the heat treatment 
temperature to 700 ◦C (Fig. 1c) leads to a perovskite (ICSD #187094) to 
Ruddlesden-Popper (ICSD #98363) phase transformation. The general 
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formula for the RP structure is An+1BnO3n+1 (n = 1, 2, 3, …), in which 
the phase with n = 1 (A2BO4, SrPrMnO4+δ) is formed in this study. The 
quantitative calculation showed that about 63 wt% of SPM perovskite 
transformed to Ruddlesden-Popper at 700 ◦C. Comparing the crystal 
structure for Sr0.5Pr0.5MnO3 perovskite and SrPrMnO4+δ Ruddlesden- 
Popper shows that the Sr, Pr, and Mn cations occupy similar octahe-
dral and dodecahedral sites in these structures. In contrast, the 
arrangement of the cations layers and the number of oxygen ions in the 
molecule formula changes with phase transformation. Further details 
about the crystal structure and occupancy of crystal sites are discussed in 
the Rietveld refinement section. 

The phase evolution study was completed by further increasing the 
heat treatment temperature to 800 ◦C. Meanwhile, changing the 
oxidation state of Mn and Pr cations in a reducing atmosphere led to the 
formation of MnO (ICSD #76086) and PrO2 (ICSD #105541) phases. 
The identified phases at this temperature consisted of 85.1 wt% 
SrPrMnO4+δ, 14.2 wt% MnO, and 0.7 wt% PrO2. It is worth mentioning 
that after forming the Ruddlesden-Popper structure at 800 ◦C, it had a 
stable structure in a humidified 5% H2 in N2 atmosphere over the tem-
perature range of 600–800 ◦C. In addition, the XRD results showed the 
reversibility of Ruddlesden-Popper to perovskite transformation when it 
was heat-treated again in the N2 at 1000 ◦C (see supplementary infor-
mation Fig. 1s). 

As a result of the perovskite reduction, the phase transformation 
reaction is proposed to occur as follows [42].  

2 ABO3 (perovskite) → A2BO4 (Ruddlesden-Popper, n=1) + B + O2      (1) 

This phase transformation is recognized as the reconstruction of cat-
ions in the perovskite and the formation of a Ruddlesden-Popper struc-
ture, while the B-site cations are exsolved onto the backbond particles. 
However, the B-site exsolution requires an A-site deficiency to increase 
the coefficient of cation diffusion to the surface; otherwise, the segrega-
tion within the bulk would be the preferred mechanism. Although several 
perovskites have demonstrated a superior distribution of catalyst parti-
cles on their surfaces when they undergo phase transformation into RP 

[43], the mechanism of phase reconstruction and the amount of exsolved 
cations are still open questions. X-ray diffraction patterns indicate both 
the exsolution of MnO and the formation of a minor A-site deficiency due 
to the formation of PrO2 in the reduced perovskite. Unlike other Ni, Fe, 
and Co-containing perovskites that form metallic particles on the surface 
of perovskites [44–47], the Mn cations remain in oxide form after exso-
lution in this work. The same behavior has been observed for 
Nb0.5Ba0.5MnO3-δ perovskite when exposed to a reducing atmosphere 
with oxygen partial pressure of 10− 25 to 10− 2 atm [30]. 

An additional analysis of the XRD pattern for prepared samples was 
conducted using the Rietveld refinement method (Fig. 2). The details of 
refined parameters, i.e., the space group, lattice parameters, and site 
occupancy, are summarized in Table 1, where the RWPattern (R-weighted- 
pattern), RPattern (R-pattern), and χ2 values indicate that the refinement 
results are reasonable. The excellent agreement between the diffraction 
pattern and the refined profiles indicates good cation ordering between 
Pr/Sr and Mn cations in the SPM lattice structure. The Rietveld analysis 
of the XRD pattern for SPM perovskite reveals a cubic structure with a 
Pm-3m (221) space group, and the calculated lattice parameter is 
3.8649 Å. 

The heat treatment of SPM perovskite in reducing conditions forms 
oxygen vacancies in the crystal structure, and decreasing the oxygen 
content coincides with an increase in lattice volume [48]. Accordingly, 
the refined parameters for heat-treated powder in a humidified 5% H2 in 
N2 atmosphere reveal a substantial increase in c = 12.8046 Å, while 
other lattice parameters remain at the same order of magnitude, a = b =
3.79799 Å. The calculated values are very close to the lattice parameters 
of La0.5Sr1.5MnO4±δ [35] with a Ruddlesden-Popper structure. One of 
the significant factors limiting the electrocatalytic properties of perov-
skites in SOCs applications is the formation of an isolating component at 
high steam concentrations. For instance, forming SrMoO4 in high pO2 
causes a drastic increase in polarization resistance in Sr2FeMoO6 
perovskite [11]. 

The capability of the SPM perovskite to change its crystal structure in 
response to pO2 could mitigate the formation of a secondary phase under 
cell operation conditions. However, the variation of lattice parameters 
in the reducing atmosphere leads to an expansion in unit cell volume. 
The unit cell volumes for the perovskite and Ruddlesden-Popper are 
calculated at 57.73 and 184.70 Å3, respectively. According to Fig. 2, the 
Ruddlesden-Popper (RP) structure consists of a perovskite layer (P) 
sandwiched between two rock-salt layers (RS). The ideal perovskite 
structure contains five ions, while an ideal Ruddlesden-Popper structure 
contains fourteen ions. The presence of crystal defects such as vacancies, 
substitutional, and interstitial defects causes a deviation from the ideal 
number of ions in these structures. It is reported that oxygen vacancies 
are found in the perovskite layer, and interstitial oxygen is located in the 
rock-salt layers of the RP structure [49]. To the best of our knowledge, 
the substitutional and interstitial defects have not been reported for the 
A and B sites in the P and RP structures, whereas the cations vacancies 
can be formed during the synthesis and phase transformation in this 
study. 

The volume expansion percentage can be calculated by using the 
number of ions in the unit cell and the volume of the unit cell in the 
following equation. 

ΔV(%)=
VRP − nRP

nP
VP

VRP
× 100 (2) 

V is the unit cell’s volume, and n is the number of ions in the unit cell 
for the P and RP structures. Based on the obtained site occupancies from 
the Rietveld refined in Table 1, the mean number of ions in the P and RP 
unit cells are calculated at 4.62 and 14.74, respectively. Therefore, the 
transformation of perovskite to Ruddlesden-Popper leads to a 0.28% 
expansion of the crystal volume. It is necessary to mention that the 
average coefficient of thermal expansion (CTE) for a similar oxide with 
the chemical composition of Pr0.65Sr0.3MnO3-x measured in the air was 

Fig. 1. X-ray diffraction pattern of SPM powder after heat treatment at (a) 
1000 ◦C in N2 atmosphere, and then reduced powder in humidified 5% H2 in N2 
gas at (b) 600, (c) 700, and (d) 800 ◦C. 
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Fig. 2. Rietveld refinement profile of (a) SPM and (b) reduced SPM powder. The SPM perovskite was heat treated in N2 at 1000 ◦C and reduced powder with 
Ruddlesden-Popper structure heat treated in humidified 5% H2 in N2 gas. The pO2 of these two oxidizing and reducing conditions is 6.37 × 10− 7 atm and 1.56 ×
10− 19 atm, respectively. IObs and ICalc show the obtained result from equipment and the calculated profile by Rietveld refinement, respectively. 

Table 1 
The Rietveld refinement parameters and structural details for the SPM perovskite and reduced SPM powder with Ruddlesden-Popper structure. The pO2 of heat 
treatment conditions to synthesize the SPM perovskite in N2 and reduced SPM powder in humidified 5% H2 in N2 gas is 6.37 × 10− 7 atm and 1.56 × 10− 19 atm, 
respectively.  

Sample SPM perovskite Reduced SPM powder 

RPattern (%) 6.37 3.45 
RWPattern (%) 7.73 4.49 
χ2 8.51 2.61 
Number of phases 1 3 

Phase Sr0.5Pr0.5MnO3-δ SrPrMnO4+δ MnO PrO2 

ICSD reference card 187094 98363 76086 105541 
Space group Pm-3m (221) I4/mmm (139) Fm-3m (225) Fm-3m (225) 
Quantity (wt.%) 100 85.1 14.2 0.7 
α (◦) 90.000 90.000 90.000 90.000 
β (◦) 90.000 90.000 90.000 90.000 
γ (◦) 90.000 90.000 90.000 90.000 
a (Å) 3.8649 3.79799 4.43378 5.42389 
b (Å) – – – – 
c (Å) – 12.8046 – – 
V (Å3) 57.732 184.703 87.161 159.563 

Element (1) Sr Sr Mn Pr 
Occupancy (1) 0.4996 0.4927 1.0000 1.3666 
Element (2) Pr Pr O O 
Occupancy (2) 0.4977 0.5072 0.9407 1.0000 
Element (3) Mn Mn   
Occupancy (3) 0.9999 0.9805   
Element (4) O O   
Occupancy (4) 0.8747 1.0938   
Element (5)  O   
Occupancy (5)  1.1022    
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reported at 11.6 × 10− 6 K− 1 for the temperature range of 30–1000 ◦C 
[50], which is close to the corresponding value for the YSZ electrolyte 
(11 × 10− 6 K− 1) [51]. The crystal expansion is calculated for the 
heat-treated powder under pO2 of 1.56 × 10− 19 atm. A similar expansion 
order is also expected for the electrode operated at open circuit voltage 
(OCV) using 50% H2O/H2 at 800 ◦C, which gives the same pO2 of 4.46 ×
10− 19. The 0.28% expansion of the electrode falls within an acceptable 
range for operating the cell without experiencing failure. However, 
sintering the electrode under a reducing atmosphere can be imple-
mented as a practical approach to avoid interfacial stress at the elec-
trode/electrolyte interface. 

3.2. XPS analysis 

The oxidation state of the cations plays an important role in evalu-
ating ionic and electronic conductivity, which in turn affects the final 
electrochemical performance. Fig. 3 shows the deconvolution of XPS 
spectra of Sr 3d, Pr 3d, Mn 2p, and O 1s for the SPM oxide with 
perovskite and Ruddlesden-Popper structure. The constrained peaks 
with equal full width at half maximum (FWHM) and constant area ratio 
based on the orbital electron were used to fit the cations spectra [52]. 
The details of fitted curves are summarized in Table 2. 

In general, the electrocatalytic activity of perovskites is primarily 
determined by the cations on their B sites [19,53]. Although the cations 
in the A sites are not involved in the catalytic reaction, A-site substitu-
tion or deficiency can also regulate the catalytic activity due to the 
charge compensating of the cations in B sites. Another factor affecting 
electrocatalysis is the tendency of Sr ions to segregate on the electrode 
surface and form SrO compounds with poor catalytic activity [54]. 

Fig. 3a1 and Fig. 3a2 show the core-shell level spectra of the Sr 3d for 
the heat-treated powder in N2 and humidified 5% H2 in N2, respectively. 
Spectra of Sr 3d were deconvoluted into surface and lattice components 
to provide insight into the number of surface species and their evolution 
under different heat treatment atmospheres, in which the Sr surface 
species (SSS), i.e., surface oxide, hydroxide, carbonate or sulfate, iden-
tify with the peaks at high binding energies [55–57]. As a requirement 
for accurate analysis of the XPS spectra, the area ratio between fitted 
peaks for the 3d3/2 and 3d5/2 levels was restricted to 2/3 according to 
the number of electrons on each level, and the FWHM being set to 
identical for each pair of components. 

For the sample heat-treated in the N2 atmosphere (Fig. 3a1), lattice 
component peaks are located at 132.21 eV and 134.01 eV for 3d3/2 and 
3d5/2 orbitals, respectively, and are correlated with the corresponding 
positions for perovskites [56]. The second heat treatment of the powder 

Fig. 3. The core-level spectra of (a) Sr 3d, (b) Pr 3d, (c) Mn 2p, (d) O 1s for SPM powder. The spectra with numbers 1 and 2 represent the results obtained for heat- 
treated powder at 1000 ◦C in N2 with perovskite structure and heat-treated powder at 800 ◦C in 3%H2O + 5% H2 in N2 with Ruddlessden-Popper structure, 
respectively. 
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in humidified 5% H2 in N2 gas leads to a small shift (0.15–0.2 eV) to the 
higher binding energy, which is mainly due to phase transformation 
from perovskite to Ruddlesden-Popper structure. 

Meanwhile, identifying almost identical peak positions for the cor-
responding peaks to the Sr surface species show different behavior than 
the lattice component. The peak positions for the SSS components are 
located at 133.06 (±0.03) eV and 135.16 (±0.01) for 3d3/2 and 3d5/2 
orbitals, respectively. Furthermore, the quantitative analysis indicates 
that after a second heat treatment in humidified 5% H2 in N2, the area 
ratio of SSS/Sr2+ peaks decreases from 0.37 to 0.18, which shows the 
diffusion of Sr surface species back to the Ruddlesden-Popper structure. 
Accordingly, decreasing the concentration of Sr oxide as an electro-
catalytic passive component from the electrode surface could improve 
the electrocatalytic activity. 

As mentioned earlier, the catalytic activity of the electrode material 
can be regulated by the influence of A-site ions on the valence state of 
cations in the B-sites. Therefore, a scan of Pr 3d spectra was performed to 
estimate the valence state of the praseodymium (Fig. 3 b1). The scanned 
spectra were deconvoluted considering the area ratio of 2:3 for 3d3/2 to 
3d5/2 levels. The fitted peak for Pr 3d spectra exhibits three peaks cor-
responding to the binding energy of Pr3+ and Pr4+ cations. The binding 
energy at 928.38 and 934.06 eV could be assigned to Pr3+ 3d5/2, 
whereas the peak at 932.51 eV was ascribed to Pr4+ 3d5/2 [58,59]. The 
XPS spectra confirm the presence of a multivalence state in the Pr ions, 

which could provide good electronic conductivity in the SPM structure. 
The area of fitted peaks for Pr3+ and Pr4+ shows a slight change with a 
phase transformation from perovskite to Ruddlesden-Popper, resulting 
in a minor increase in the Pr3+/Pr4+ ratio from 0.76 to 0.83. Accord-
ingly, it can be concluded that the valence state of Pr in the SPM powder 
is not highly influenced by the heat treatment atmosphere, as seen in the 
similar average oxidation state of Pr on the surface of Sr0.5Pr0.5MnO3 
and SrPrMnO4+δ (i.e., +3.57 and + 3.55, respectively). It is worth 
mentioning that the presence of about 2 wt% of PrO2 in the reduced 
sample slightly increases the average oxidation state for Pr cations; 
however, it has no significant effect on the calculated values. 

The Mn 2p spectra display two peaks corresponding to the spin- 
orbital splitting of the Mn 2p3/2 and Mn 2p1/2 sub-levels (Fig. 3c1 and 
Fig. 3c2). The fitted peaks in Mn 2p3/2 demonstrate a nice fitting of three 
peaks centered at 641.23, 642.15, and 644.07 eV. It has previously been 
reported that these peaks were assigned to Mn2+, Mn3+, and Mn4+

cations, respectively [12,60]. The quantitative analysis in Table 2 shows 
the significant influence of the heat treatment atmosphere on the 
valence state of Mn ions in prepared samples. Reduction of SPM 
perovskite in humidified 5% H2 in N2 atmosphere increases the number 
of Mn2+ cations from 36.62 to 57.14 at.%. Consequently, the average 
oxidation state of Mn cations in SPM perovskite decreased from +2.77 to 
+2.50 in the Ruddlesden-Popper structure with the chemical formula 
SrPrMnO4+δ. By increasing the concentration of Mn cations with a lower 

Table 2 
The binding energies, FWHM, peak area, and percentage contributions of core electrons for Sr 3d, Pr 3d, Mn 2p, and O 1s for SPM double perovskite.  

Atmosphere Spin State Oxidation State Binding Energy (eV) FWHM (eV) Concentration (at. %) 

N2 3d5/2 Sr2+ 132.21 1.19 43.93 
SSS 133.43 1.14 16.07 

3d3/2 Sr2+ 134.01 1.19 29.29 
SSS 135.17 1.14 10.71 

3d5/2 Pr3+ 928.38 3.82 16.41 
Pr4+ 932.51 3.82 34.16 
Pr3+ 934.06 3.82 9.43 

3d3/2 Pr3+ 948.92 3.82 10.94 
Pr4+ 953.08 3.82 22.78 
Pr3+ 956.59 3.82 6.29 

3p3/2 Mn2+ 641.23 2.53 24.41 
Mn3+ 642.15 2.53 33.10 
Mn4+ 644.07 2.53 9.15 

3p1/2 Mn2+ 652.68 2.53 12.21 
Mn3+ 653.85 2.53 16.55 
Mn4+ 656.23 2.53 4.58 

1s O2+ (Lat.) 529.00 1.17 48.83 
O2+ (S/D.) 530.18 1.17 14.45 
O2+ (S/D.) 531.12 1.17 20.52 
O2+ (S/D.) 532.02 1.17 11.19 
O2+ (S/D.) 533.10 1.17 5.01 

3% H2O + 5% H2 in N2 3d5/2 Sr2+ 132.40 1.59 50.83 
SSS 133.49 1.01 9.17 

3d3/2 Sr2+ 134.16 1.59 33.89 
SSS 135.15 1.01 6.11 

3d5/2 Pr3+ 928.29 3.96 16.08 
Pr4+ 932.35 3.96 32.73 
Pr3+ 933.97 3.96 11.19 

3d3/2 Pr3+ 948.75 3.96 10.72 
Pr4+ 952.97 3.96 21.82 
Pr3+ 956.52 3.96 7.47 

3p3/2 Mn2+ 640.94 2.55 38.09 
Mn3+ 642.25 2.55 23.75 
Mn4+ 644.32 2.55 4.83 

3p1/2 Mn2+ 652.53 2.55 19.05 
Mn3+ 653.81 2.55 11.87 
Mn4+ 655.59 2.55 2.42 

1s O2+ (Lat.) 528.80 1.53 36.40 
O2+ (S/D.) 530.43 1.53 34.33 
O2+ (S/D.) 531.17 1.53 26.30 
O2+ (S/D.) 532.92 1.53 2.98  
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valence state, oxygen vacancies form in the Ruddlesden-Popper struc-
ture, which improves the electrocatalytic activity for surface oxygen 
exchange and the diffusion of oxide ions. However, the precise quanti-
fication of Mn cations with mixed oxidation states is complex due to the 
complexity of Mn spectra. Therefore, the fitted peaks are mostly used to 
study the variation in cation valence state under different heat treatment 
conditions. 

Conflicting interpretations of XPS spectra for O 1s in the literature 
make it difficult to investigate the oxygen species on the SPM surface 
[55,58,61]. According to an interpretation more consistent with our 
study, the O 1s spectra could be interpreted as two regions corre-
sponding to the lattice oxygen at lower binding energies and surface 
components at higher binding energies [61–63]. The surface compo-
nents comprise surface-adsorbed oxygen (O2

− , O− ), surface carbonate, 
and hydroxyl [63]. It is necessary to highlight that the XPS-intensity 
peaks of the adsorbed species are directly related to the concentration 
of low coordination surface oxygen ions or oxygen defects [64]. 
Accordingly, the peak area at high binding energy could reflect the 
number of oxygen vacancies and interstitial oxygen close to the surface 
of the particles. It is also described that the formation of SrO on 
perovskite oxides results in a peak at around 530.6 eV associated with 
Sr–O and/or Sr–OH phases [56]. However, the complex character of 
formed secondary phases and physisorbed and chemisorbed oxygen 
components at high binding energy makes it difficult to specify their 
binding energy in O 1s spectra. For this reason, the peaks at high binding 
energy are called surface species or oxygen defects (OS/D.) in this work. 

The O 1s spectra for both samples heat-treated in N2 and humidified 
5% H2 in N2 (Fig. 3d1 and Fig. 3d2, respectively) consist of a peak at low 
binding energy and a series of peaks at high binding energy. The lattice 
oxygen (OLat.) at the normal sites of the perovskite structure is located at 
529.00 eV (Fig. 3d1), while it is located at 528.80 eV (Fig. 3d2) for the 
Ruddlesden-Popper structure [56,63]. Besides, the O 1s spectra for the 
Ruddlesden-Popper structure illustrate intensifying the peaks at high 
binding energies and dwindling the peak intensity corresponding to the 
lattice oxygen. Accordingly, the ratio of OS/D./OLat. increases from 1.05 
in SPM perovskite to 1.75 in the reduced sample. The significant 
enhancement in the OS/D./OLat. ratio is mainly due to the characteristic 
feature of the Ruddlesden-Popper structure, which is associated with 
high concentrations and interstitial oxygen mobility, and is a significant 
factor in improving electrode performance for SOCs applications [65]. 
In addition, higher surface species and oxygen defects in the 
Ruddlesden-Popper structure resulting more active sites for electro-
catalytic reactions in water electrolysis due to a higher tendency to 
adsorb oxygen species and hydroxyl group [19,66]. 

3.3. Microstructure investigation 

Fig. 4 shows SEM images of an SPM electrode in a symmetric cell 
configuration, which is mechanically supported by the layered electro-
lyte. The ionic and electronic conductivity of the CGO layer above 600 
◦C can enhance the electrochemical performance of an electrode at 
elevated temperatures because the operation condition of the fuel 
electrode causes changes in the Ce ions oxidation state from Ce4+ to 
Ce3+. However, reducing Ce ions increases the risk of an electronic leak 
above 700 ◦C. For this reason, a thin 10Sc1YSZ layer with a thickness of 
7 μm makes it possible to mitigate this issue while maintaining high 
ionic conductivity through the layered electrolyte. 

As shown, the prepared cell comprises dense layers in the electrolyte 
section, with excellent physiochemical binding between the CGO and 
10Sc1YSZ layers, ensuring intimate attachment. Moreover, crack-free 
interfaces can enhance oxygen ions diffusion and consequently sup-
press double-layer resistance. 

According to the microscopy images (Fig. 4.), a structurally inte-
grated electrode can be created by screen printing the electrode material 
onto a dense electrolyte and sintered at a temperature of 1200 ◦C to 
create a structurally integrated electrode. The sintering temperature is 

sufficiently high enough to form well-bonded electrode/electrolyte in-
terfaces, resulting in mechanically robust cells for electrochemical per-
formance. Despite this, the electrode microstructure comprises tiny 
particles with a mean size of 80 ± 25 nm. A combination of small 

Fig. 4. SEM images of the SPM symmetric cell sintered at 1200 ◦C in the air. 
The location of images 4b and 4c with higher magnification is specified 
in Fig. 4a. 
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particles and open porosities (1.2 ± 0.9 μm) in electrode microstructures 
improves electrode performance by providing numerous active sites and 
sufficient pathways for gas diffusion, respectively. Moreover, the 
modeling of cell performance versus electrode thickness revealed that 
the lowest polarization resistance for Ni-CGO fuel electrodes could be 
obtained when the electrode thickness is within the range of 10–50 μm 
[67]. Consequently, the prepared electrode with a thickness of 44 ± 3 
μm can enhance performance by offering a sufficient surface area for 
electrochemical reactions and minimizing the resistance associated with 
gas conversion. 

The Pt layer with a large particle size works as a current collector to 
ensure an excellent electronic connection between the cell and the wires 
in the test setup, and it has a negligible effect on final electrochemical 
performance due to the distance from the electrolyte and thus the active 
part of the electrode. 

3.4. Electrical conductivity 

A four-point Van der Pauw method was used to study the electrical 
conductivity of the SPM electrode, which allows for the measurement of 
the average resistivity of any shape sample [68]. With the aim of 
determining the effect of phase transformation on the electrical con-
ductivity of prepared samples, the measurements were carried out in the 
air and humidified 5% H2 in N2 gas. The obtained results in the air 
(Fig. 5a) show that the electrical conductivity of SPM perovskite steadily 
increases with temperature, reaching 41.4 S cm− 1 at 800 ◦C. Reflecting 
the semiconducting nature of electron conduction in SPM perovskite via 
localized electron holes called small polarons [69]. Once the electronic 
conductivity reached its maximum at 800 ◦C (marked by “M” in Fig. 5a), 
the sample was kept at the same temperature for 5 h to study any effect 
of dwell time, but a constant conductivity (41.4 ± 0.2 eV) over time. As 
the conductivity variation was negligible, the corresponding data for 
this period is shown with a green spot in Fig. 5a. The conductivity fol-
lowed a similar trend during the cooling step as it did during the heating 
step. The slight hysteresis in the conductivity versus temperature profile 
at 650 ◦C might be caused by a slow change in the oxidation state of the 
cations not being able to reach full equilibrium during heating/cooling 
in this temperature range. 

The electrical conductivity of SPM perovskite was further investi-
gated in humidified 5% H2 in N2 gas after cooling the sample to room 
temperature (Fig. 5b). Upon heating the sample from room temperature 
to 310 ◦C, the corresponding curve follows the same values as the one 
obtained from the measurement of conductivity in air. The obtained 
data in the air are replotted as a red dashed line for better comparison in 
Fig. 5b. The electrical conductivity at 310 ◦C is 5.8 S cm− 1. Further 
increasing the temperature leads to a steady decrease of electrical con-
ductivity up to 460 ◦C. The results show that conductivity is at its lowest 
value at this temperature. Reducing the oxidation state of the cations at 
elevated temperatures causes oxygen loss in the SPM structure. 

Consequently, the oxygen vacancies disturb transporting electron 
holes along B–O–B bonds and decrease the electrical conductivity [70, 
71]. This result corroborates the XPS observation in Table 2, wherein the 
OS/D./OLat. ratio increased due to reducing the average oxidation state of 
Mn cations for the heat-treated sample in the humidified 5% H2 in N2 
atmosphere. Electron mobility is retarded by the reduction due to the 
increased concentration of positively charged oxide ion vacancies. 

At higher temperatures, electrical conductivity increases as a func-
tion of temperature. However, further increasing the temperature above 
630 ◦C (2.4 S cm− 1) causes an interruption in the conductivity 
improvement, as it decreases to 2.1 S cm− 1 at 670 ◦C. According to the 
XRD pattern in Fig. 1, the change in conductivity behavior coincides 
with perovskite to Ruddlesden-Popper transformation and formation of 
MnO and PrO2 in the humidified 5% H2 in N2 atmosphere. Forming the 
Ruddlesden-Popper structure with a high oxygen vacancy concentration 
is expected to disturb the electronic conductivity. As the temperature 
rises, the electrical conductivity increases at a higher rate and reaches 
5.0 S cm− 1 at 800 ◦C. The electrical conductivity of a sample at 800 ◦C 
does not change due to the 5 h dwell time, similar to the measurement in 
the air. The conductivity at this stage was at 5.0 ± 0.1 S cm− 1. After that, 
no variation from semi-conductor behavior was observed during cool-
ing. This steady conductivity decrease indicates no phase transformation 
in the Ruddlesden-Popper structure (SrPrMnO4+δ) while decreasing 
temperature from 800 to 25 ◦C. It is important to note that the SPM 
perovskite has achieved the required conductivity level for SOEC elec-
trodes (>1 S cm− 1) both in air and humidified 5% H2 in N2 atmosphere 
[59]. 

3.5. Electrochemical performance 

The electrochemical performance of the SPM electrode was studied 
with electrochemical impedance spectroscopy (EIS) in a wide range of 
pO2 for the fuel electrode, e.g., x% H2O in H2 (x = 3, 10, 20, and 50). 
Fig. 6 shows obtained impedance spectra for the SPM electrode at the 
different temperature ranges of 610–760 ◦C. The frequency range in the 
EIS measurement was set from 10 mHz to 1 MHz to cover all electro-
chemical reactions in the prepared cell, and the inductance part at high 
frequency was removed from the equivalent circuit as this originates 
from the experimental setup rather than the cell. The impedance spectra 
in this study were fitted by two equivalent circuits of RΩ(R1Q1)(R2Q2) or 
RΩ(R1Q1)(R2Q2)(R3Q3), which were attributed to two or three different 
limiting processes in the cell. RΩ is the ohmic resistance, mainly origi-
nating from the electrolyte, and the polarization resistance (Rp), is the 
sum of corresponding resistance for fitted arcs in the equivalent circuit, 
i.e., R1+R2 or R1+R2+R3. The calculated summit frequency values for 
these reactions are in the high, medium, and low-frequency ranges. The 
variation of summit frequency and capacitance for fitted arcs versus 
temperature and gas composition are provided in the supplementary 
information (Fig. 2s). 

Fig. 5. Electrical conductivity of SPM perovskite from room temperature to 800 ◦C is measured in (a) air and (b) humidified 5% H2 in N2 atmospheres. The red 
dashed line in figure b represents the conductivity measurement in air shown in figure a. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the Web version of this article.) 
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In order to quantify the electrochemical reactions of the Nyquist 
plots, CNLS (complex nonlinear least squares) fitting was performed 
using Zview software [72,73]. As the first step in the interpretation of 
sub-reactions in the EIS impedance, the resistance (Ri), constant phase 
element (Qi), and frequency power (ni) were extracted from the fitted 
equivalent circuit for each process. Then, for each arc represented by 
RiQi, the Ri, Qi, and ni are used to calculate the summit frequency (F) and 
characteristic capacitance (C) at different testing conditions (Table 1s). 
Herein, the F and C are calculated using the following equations [74]. 

F =
(RiQi)

−

(
1
ni

)

2π (3)  

C=
(RiQi)

1/ni

Ri
(4) 

It is well-documented that electrode reactions may be complex and 
multistep processes [75]. The complexity of electrochemical reactions 
makes it challenging to interpret the individual reaction in the imped-
ance spectrum. Moreover, the catalytic effect of steam concentration, 
the cell processing techniques, and phase transformation in electrode 
material could also affect the reaction kinetics [76,77]. Despite this, 
using reaction frequency and capacitance helps to classify the processes. 
Moreover, the variation of polarization resistance versus temperature 
and pO2 in each reaction is a useful way to identify the nature of re-
actions. The possible reactions are connected with the charge transfer 
processes, gas diffusion, electrochemical surface reactions [78,79], and 

electrochemical conversion processes in bulk parts of the cell, such as 
Ce4+ + e− ⇌ Ce3+ in the CGO electrolyte layers [80,81]. 

Fig. 7 gives an overview of ohmic resistance (RΩ) and polarization 
resistance (Rp) broken down into resistances from fitted arcs (R1, R2, and 
R3) at different test temperatures and gas compositions. The results show 
small Rp values for all investigated conditions. Note that the Rp values 
are the sum of Rp values for both electrodes in the symmetric cell and 
only half in a real cell with only one fuel electrode. In other words, the 
SPM perovskite electrode shows good electrocatalytic activity and 
electronic conductivity at different pO2 of the investigated H2O–H2 gas 
mixtures. In contrast to other perovskite materials that deactivate with 
increasing pO2 [11,82], high electrocatalytic activity over different gas 
compositions is the most notable characteristic of the SPM electrode. 

Comparing the ohmic resistance in each temperature shows that the 
RΩ decreases with decreasing steam concentration. This variation 
mainly originates from the CGO layer in the electrolyte, which signifi-
cantly contributes to the ohmic resistance. At low steam concentrations, 
the number of Ce3+ increases due to the reduction of Ce4+ cations, and 
this causes a lower ohmic resistance in the ceria layers. The concentra-
tion of Ce4+ cations also decreases with increasing temperature in an 
atmosphere with low pO2 [83]. Accordingly, the obtained results at 710 
◦C indicate a drop in ohmic resistance, but a thin 10Sc1YSZ layer in the 
layered electrolyte effectively prevents short circuits at elevated 
temperatures. 

The deconvolution of the EIS spectra to sub-reactions (R1, R2, and R3) 
shows that the low-frequency resistance (R3) has the highest contribu-
tion to the polarization resistance (Fig. 7b). Moreover, increasing the 

Fig. 6. Measured EIS spectra and breakdown of them by CNLS fitting to an equivalent circuit for the SPM electrode at different test temperatures in (a) 10% H2O in 
H2, (b) 20% H2O in H2, and (c) 50% H2O in H2. For each spectrum, the vertical axis starts at zero and is plotted using the same units and scale as the horizontal axis. 
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resistance for this contribution increases with temperature. At the same 
time, the high-frequency reaction (R1) decreased with temperature and 
reached zero at 760 ◦C. The resistance of the reaction at the medium 
frequency (R2) remains at the same order of magnitude over the inves-
tigated range of conditions. Further details about the sub-reactions and 
fitted arcs are discussed in the following. 

The HF reaction (R1Q1) is fitted with an arc having a summit fre-
quency within a wide range of frequencies in the EIS spectra. Besides, 
the calculated capacitance for this reaction is about 10− 3-10− 2 F cm− 2 

and does not change substantially with the measured temperature 
(Table 1s). According to the fitted values, the summit frequency for this 
reaction gradually increases with the test temperature from 44 Hz to 
408 Hz. It is also reported that the high-frequency reaction in the 
La0.5Sr1.5MnO4±δ Ruddlesden-Popper underwent a similar behavior 
when tested in H2 with 3% H2O [35]. 

The activation energy of the polarization resistance and fitted arcs 
for the electrochemical performance of the SPM electrode in all inves-
tigated gas compositions are provided in Fig. 3s. The calculated acti-
vation energy for the first reaction (R1Q1) indicates a high thermally 
activated process (0.66–1.56 eV). This wide activation range is primarily 
due to the large fitting uncertainty since the arc size is significantly 
reduced by increased temperatures. It was attempted to fit the imped-
ance spectra with RΩ(R1Q1)(R2Q2) reaction, but it caused much worse 
fitting results. 

The fitting parameters for the R1Q1 at high-frequency regions 
represent the characteristic features of the charge transfer process with 
high activation energy [35,84]. However, the calculated capacitance 
(10− 2-10− 3 F cm− 2) is higher than the magnitude of the interfacial 
capacitance. This points towards a redox process in the electrode ma-
terial, i.e., changes in the oxidation states of Mn- and Pr-ions. Even 
though numerous studies have been conducted on the charge transfer 
process, it remains one of the least understood aspects of electrochem-
istry for MIEC materials [85]. 

The overall water electrolysis reaction on the fuel side of the SOEC 
cell can be described as the following reaction [86].  

H2O + VO
•• +2e(SPM)

- ⇌ OO
× + H2                                                      (5) 

According to the Kröger-Vink notation, the VO
•• and OO

× denote an oxygen 
vacancy and regular lattice oxygen in SPM oxide, respectively. 

The charge transfer reaction has primarily been studied for the state- 
of-the-art Ni-YSZ electrode, where the oxidation reaction is assumed to 
occur near the 3PB. At the same time, several different mechanisms have 
been proposed to explain the actual pathway or the nature of the 
elementary steps. The first reaction is dissociative adsorption/associa-
tive desorption that proceeds on the SPM electrode surface [86,87].  

H2 (g) + 2 OO
x ⇌ 2 (OH)O

• + 2 e–                                                      (6) 

The next reaction on the surface is  

2 (OH)O
• ⇌ H2O + VO

•• + OO
× (7) 

and the oxide vacancy is after that transferred to/from the bulk SPM 
oxide and to/from the electrolyte. Thus, R1 is assumed to originate from 
O2− conduction resistance in the SPM layer, and the capacitance of Q1 
originates from the change in SPM composition with the variation of the 
overpotential during the EIS measurement. 

Our investigation of the dependence of the charge transfer reaction 
on the gas composition reveals an additional effect as a function of pO2. 
A possible explanation for such behavior in the HF reaction is likely 
related to the variation of oxide vacancy concentration. The improve-
ment of the HF process was also reported for the CGO-infiltrated fuel 
electrode before, in which the oxide charge transfer resistance decreased 
by improving the conduction of oxide ions through the mesh-like CGO 
layer [88]. 

As discussed earlier, after forming the SPM perovskite at 1000 ◦C in 
an N2 atmosphere with pO2 = 6.37 × 10− 7 atm., its crystal structure 
remains perovskite when it is heat-treated for a second time in humid-
ified H2 atmosphere at 600 ◦C (Fig. 1). Nevertheless, the perovskite 
structure started transforming to Ruddlesden-Popper when increasing 
the temperature above 600 ◦C. The Rietveld refinement demonstrated 
63 wt% of SPM perovskite transforms to Ruddlesden-Popper above 660 
◦C. Accordingly, it can be concluded that there is a mixture of two 
structures while measuring the impedance spectra in the temperature 
range of 610–760 ◦C. The ratio of Ruddlesden-Popper to perovskite 
structure (RP:P) depends on test temperature and pO2, and the oxygen 
content (oxide vacancy concentration) in both phases will also depend 
on pO2. 

At elevated temperatures where the RP:P ratio increases, the oxide 
ion’s conductivity might increase due to the low activation energy 
required for interstitial oxygen conductivity in the Ruddlesden-Popper 
structure and the high concentration of oxygen vacancies in reduced 
perovskite structure [89]. As a result, the fitted arcs for all investigated 
conditions at 710 ◦C show negligible resistance for this reaction, and the 
corresponding resistance was not measurable at 760 ◦C. 

In summary, the charge transfer process for the SPM fuel electrode is 
considered as the H2(g) reaction with the SPM electrode surface plus the 
oxide ion transport though the SPM plus the interfacial oxide ion charge 
transfer at the electrode/electrolyte interface. Presumably, this HF part 
of the impedance is dominated by the O2− transport resistance through 
the SPM electrode layer in parallel with the chemical capacitance of the 
SPM electrode. 

The second process (R2Q2) in the electrochemistry of the SPM elec-
trode is fitted with an arc at medium-frequency (MF) in the 4–13 Hz 
range. The Arrhenius plot in all investigated gas compositions indicates 
that the R2Q2 is a slightly thermally deactivated process with an 
apparent “activation energy” range from − 0.09 to − 0.06 eV (Fig. 3s). 
Furthermore, the equivalent capacitance for this process is in the range 
of 10–40 mF cm− 2 for all studied conditions, which cannot be attributed 
to interfacial capacitance. Although the resulting capacitance is 
compatible with the dissociative adsorption of hydrogen on the elec-
trode surface, it is known that DAH is a thermally activated reaction 

Fig. 7. The overview of (a) ohmic resistance (RΩ), polarization resistance (Rp), and (b) resistance of fitted arcs (R1, R2, and R3) for the electrochemical performance 
of the SPM electrode in different gas compositions and temperatures. 
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with an activation energy of about 0.47 eV [90]. From the literature, the 
MF resistance could be caused by mass transfer (including gas diffusion 
and surface diffusion) or gas conversion [35,91]. 

The gas diffusion process is characterized by a slightly thermally- 
activated resistance with activation energy close to zero [77]. The fre-
quency range for this process is reported at around 10–100 Hz [17] and 
is influenced strongly by steam concentration, particularly in the low 
steam and low hydrogen partial pressure ranges [72]. Mohammad 
Hussain et al. [18], in their study on gas diffusion impedance of 
Nb-doped SrTiO3, found that increasing the H2O concentration from 1% 
to 3% leads to decreasing the polarization resistance by three orders of 
magnitude. Similar behavior was also reported for the Ni-ScYSZ elec-
trode with varying steam concentrations from 3% to 80% [72]. 

In light of the characteristics of the gas diffusion process, there is a 
significant difference between the gas diffusion process and the MF 
process in this study. Since MF resistance shows its independence from 
steam concentration (Fig. 5s), the Arrhenius plot indicates a slightly 
thermally deactivated process. 

The MF reaction is likely related to the gas conversion process with 
relatively high capacitance and a slight negative “activation energy”. 
The cause of this resistance is an accumulation of reaction product and 
depletion of reactant outside the active electrode surface in case the gas 
transport (gas flow, diffusion, convection) is too slow to keep the initial 
reactant partial pressure values. In other words, the Nernst potential of 
the electrode will not be kept constant [92]. According to previous re-
ports, the capacitance of the gas conversion reaction ranged from 0.01 to 
1 F cm− 2 [93], which agrees with the value obtained in this work. 
Nevertheless, it depends on several experimental conditions, including 
gas flow rate, cell setup geometry, partial gas, and overall gas pressure. 

The third process (R3Q3) with a large capacitance (0.5–2.7 F cm− 2) 
was fitted by an arc at a low frequency (LF) range of 0.01–0.07 Hz. The 
Arrhenius plot of this reaction reveals a thermally deactivated reaction 
with an apparent “activation energy” of − 0.29 eV in 10% H2O in H2 gas 
(Fig. 3s). The LF resistance probably originates from the two thick CGO 
electrolyte layers (70 μm each) in the symmetric cell. The chemical 
capacitance caused by the reduction/oxidation of Ce ions (Eq. (9)) is 
responsible for the huge capacitance in Q3 under reducing conditions.  

2 Cece
x + 2 e− ⇌ 2 Cece’ + VO

•• (9) 

In other words, the chemical capacitance originates from changing the 
chemical composition of cell components under fuel electrode condi-
tions [12,94] and is generally observed in a mixed ionic and electronic 
conductor (MIEC). Operating the current cell in a reducing atmosphere 
causes a deviation from the stoichiometry of the oxygen content in the 
CGO layer, which can be significant and detectable as a low-frequency 
response in impedance spectra [95]. 

The non-stoichiometry oxygen content under reducing conditions 
has two significant effects on impedance spectra in contrast to the 
idealized response of a purely ionic layer. First, electronic conductivity 
acts as an additional resistance in parallel with ionic impedances. Sec-
ond, the corresponding resistance shifts to a much lower frequency [95]. 
This is why the corresponding arc at low frequency has not been 
completed when chemical capacitance increases with testing the elec-
trode at lower steam concentrations. It is necessary to highlight that 
reliable values of electrode capacitance cannot be obtained under such 
conditions unless the electrode capacitance is substantial. 

A chemical capacitance was also reported previously for a symmetric 
Sr2FeMn0.5Mo0.5O6 (SFMM) perovskite electrode [12]. Where replacing 
the 10Sc1CeSZ electrolyte with a layered electrolyte (containing a thin 
yttria-stabilized zirconia (YSZ) layer supported by a thick CGO layer), a 
resistance at low frequencies was observed along with high capacitance. 
In this case, the polarization resistance due to chemical capacitance is 
directly proportional to the layer thickness. Jamnik et al. [96] and Lai 
et al. [97] have provided further details about the corresponding circuit 
and electrochemical mechanisms behind this phenomenon. 

However, the high resistance (and the large capacitance) of the thick 
CGO layers is not to be expected in a technological cell, where the 
structural component typically would be a zirconia-based structure (fuel 
electrode-supported cell with a thin electrolyte) or metallic-based fuel 
electrode support. Thus, this contribution to the Rp can be disregarded 
in such technological cells. 

Fig. 8 shows the impedance spectra for the cell tested at different 
temperatures in 3% H2O in H2. The pO2 for this measurement varies 
from 2.77 × 10− 27 atm at 610 ◦C to 4.95 × 10− 23 atm at 760 ◦C. It is 
evident that the SPM electrode exhibits a considerable polarization 
resistance in highly reducing atmospheres, i.e., 3% H2O in H2. As the 
frequency decreases below 0.1 Hz, both the real and imaginary com-
ponents of the impedance increase, indicating that the SPM electrode 
functions as a blocking layer in 3% H2O in H2 compared to its perfor-
mance under higher steam concentrations. The underlying cause of this 
phenomenon remains unknown, but the EIS of the SPM electrodes in this 
reducing gas mixture suggests that the outer surface of the SPM elec-
trode is almost blocking the current. A possible explanation might be 
that the pores in the SPM electrode were blocked partially by chemical 
expansion on the reduction of the SPM material. It is assumed that 
blocking occurs within the outer part of the electrode because all parts of 
the EIS of the high-performance and less reduced electrodes can be seen 
at frequencies above 1 Hz, below which the R3Q3 arc becomes overlaid 
by steeply increasing imaginary impedance values. At higher fre-
quencies, the huge capacitance of the CGO layers was enough to supply 
the necessary oxygen change for the variation in the electrode potential 
required for the AC current through the SPM electrodes. 

It is important to note that for a practical cell operated in SOFC 
mode, the SPM fuel electrode will normally have a significantly more 
oxidizing potential than 3% H2O in H2 due to the anodic polarization. In 
the case of SOEC mode, it will be essential to ensure that the negative 
potential of the cathodic polarized SPM electrode never becomes as 
negative as the potential of 3% H2O in H2. As a SOEC is supposed to be 
operated with about 20% H2O at the outlet, it should be possible to 
avoid excessive reduction of an SPM electrode with very low polariza-
tion resistance. 

4. Conclusions 

This work considers the development of a nickel-free fuel electrode 
for solid oxide cells, specifically the Sr0.5Pr0.5MnO3 (SPM) perovskite. 
The electrochemical performance of the SPM electrode was measured in 
a wide range of steam concentrations from 3% to 50% H2O in H2 using a 
symmetric cell with a layered electrolyte containing thick CGO layers in 

Fig. 8. The impedance spectra of the SPM electrode in 3% H2O in H2 at 610, 
660, 710, and 760 ◦C. 
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its structure. The impedance spectra of the cell at open circuit voltage in 
the gas composition of 50% H2O in H2 demonstrate a minimal polari-
zation resistance of 0.173 Ω cm2 at 610 ◦C, increasing to 0.315 Ω cm2 at 
760 ◦C. The complex nonlinear least squares fitting of the Nyquist plots 
demonstrated that increased polarization resistance by temperature is 
primarily due to increasing the low-frequency resistance at elevated 
temperatures. The Low-frequency resistance with high capacitance and 
apparent negative activation energy most probably originates from (i) 
the changing of the stoichiometry of oxygen in the CGO layer, which 
increases the Ce3+ concentration, and (ii) forming an AC current 
blocking layer in the SPM electrode using 3% H2O in H2. The deviation 
from the stoichiometry content of the oxygen in the CGO layer is 
responsible for high chemical capacitance, and increased low-frequency 
resistance can be attributed to unknown phase evolution and structural 
expansion in the SPM electrode under studied gas mixtures. 

However, replacing the thick CGO layers used in this cell with a 
standard thin CGO barrier layer in the technological cell can exclude 
high chemical capacitance from electrode performance, and operating 
the cell at 610 ◦C suppresses the phase transformation expansion and 
maintains phase stability. The high electrocatalytic activity of the SPM 
perovskite in 50% H2O in H2 makes it a potential candidate for lowering 
the operating temperature of solid oxide cells to 610 ◦C in both SOFC 
and SOEC applications. 

The investigation of phase evolution using Rietveld refinement 
showed the formation of SPM perovskite with heat treatment of the 
powder at 1000 ◦C in N2 gas with pO2 of 6.37 × 10− 7 atm. It was also 
determined that the heat treatment of the SPM perovskite above 600 ◦C 
in humidified 5% H2 in N2 atmosphere leads the perovskite to 
Ruddlesden-Popper transformation with I4/mmm (139) space group. 
This transformation resulted in an increase in the c parameter in the 
crystal structure while the other lattice parameters remained in the same 
order of magnitude. Using the number of ions calculated through site 
occupancy in Rietveld refinement and the crystal volume for both 
structures, an expansion of 0.28% was calculated for perovskite to 
Ruddlesden-Popper phase transformation. 

The XPS spectra revealed that the perovskite to Ruddlesden-Popper 
transformation increases the concentration of oxygen defects. Accord-
ingly, the quantitative analysis of O 1s spectra showed that this phase 
transformation increased the OS/D./OLat. ratio from 1.05 to 1.75. 
Increasing surface species or oxygen defects in the O 1s spectra are 
mainly due to the characteristic feature of the Ruddlesden-Popper 
structure with a high concentration of interstitial oxide ions, which 
can provide high ionic conductivity in fuel electrode working condi-
tions. Additionally, the presence of multivalent Mn and Pr cations en-
hances the electronic conductivity of the developed electrode by 
increasing the number of polarons. 

The microscopy images demonstrated crack-free interfaces for the 
prepared three-layered CGO|10Sc1YSZ |CGO substrate. Besides, small 
particles (with a mean particle size of 80 ± 25 nm) and the porous 
structure (with a pore size of 1.2 ± 0.9 μm) in the fuel electrode can 
provide high surface area and proper gas diffusion channels. 

Finally, our proposed approach offers two key strategies to address 
the concern of scarcity of Sr and Pr cations used in the developed SPM 
electrode. By selective substitution of Pr with other lanthanide elements, 
we can reduce the demand for Pr while maintaining desired properties. 
Additionally, employing a thin electrode layer enables more efficient 
utilization of Sr and Pr, reducing their overall consumption. These 
combined approaches offer a sustainable and commercially viable so-
lution, contributing to advancing environmentally friendly energy 
technologies. 

CRediT authorship contribution statement 

Yousef Alizad Farzin: Writing – original draft, Conceptualization, 
Methodology, Investigation, Formal analysis, Visualization. Mogens 
Bjerg Mogensen: Writing – review & editing, Supervision. Stéven 
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