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Structural stability and features of electrical and 
electrochemical behavior under reducing  

conditions of Pr0.4Sr0.6Co0.2Fe0.7Nb0.1O3–δ  
material for the symmetrical SOFCs 

 
Elena Pikalova a, Denis Osinkin a, * 

 

In this study, a performance of the complex oxide composition of Pr0.4Sr0.6Co0.2Fe0.7Nb0.1O3–δ was 

investigated from the viewpoint of its use as a fuel or symmetrical electrode for the electrochemical devices 

with a LaGaO3-based solid electrolyte. The results show that the above-mentioned oxide can be obtained as 

a single-phase composition using solid-phase synthesis with a final annealing temperature of 1150 °C. It has 

been shown that the oxide retains satisfactory stability at 800 °C in an atmosphere of 5 % H2 + Ar, only a 

minor amount, presumably of Co-Fe alloy, has been detected. The electrical conductivity of the oxide in wet 

hydrogen exhibits a linear semiconductor-type behavior with a conductivity value of 7 S · cm–1 at 800 °C. 

The polarization resistance of the Pr0.4Sr0.6Co0.2Fe0.7Nb0.1O3–δ electrode in wet hydrogen atmosphere reaches 

approximately 1.09 Ω · cm2 at 800 °C, which is a relatively high value for the electrodes of electrochemical 

devices. A significant reduction in resistance down to 0.43 Ω · cm2 is observed for the electrode activated 

with impregnated ceria. It has been demonstrated that the observed decrease in resistance is due to the 

expansion of the area of the electrochemical reaction without changing its mechanism. The long-term tests 

with a duration of about 220 h at 800 °C in a wet hydrogen atmosphere demonstrate satisfactory stability 

of the electrochemical activity of the Pr0.4Sr0.6Co0.2Fe0.7Nb0.1O3–δ electrode, which can be considered as a 

promising electrode for intermediate temperature electrochemical devices, including those of symmetrical 

design. 
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1. Introduction 

Solid oxide fuel cells (SOFCs) offer high efficiency in 

the direct conversion of chemical energy to electricity and 

fuel flexibility due to their ability to operate at higher 

temperatures than other types of fuel cells [1, 2]. Modern 

SOFC research has focused on decreasing the operating 

temperature to the intermediate range (600–750 °C) 

[3, 4]. The primary objective was to promote the use of 

low-cost electrode materials, and decrease material 

demands for seals and balance-of-plant components [5–7]. 

This could help to significantly reduce the cost of the cells 

and facilitate their commercialization [8]. Furthermore, a 

cell operating at a decreased temperature would allow for 

a quicker start and an improvement in cell durability due 

to lower degradation of the materials comprising the 

SOFC. Unfortunately, decreasing the operation 

temperature causes the rapid increase in the ohmic 

resistance of the electrolyte and polarization resistance for 

traditional electrode materials (especially the cathode 

materials) because of the high activation energy of oxygen 

reduction [3, 9, 10]. The problem with high resistivity of 

electrolyte membranes can be partly resolved by 

decreasing the membrane thickness via transition to the 

use of the electrode or metal-supported constructions of 

SOFCs [11–13] or by means of the development of new 

electrolyte materials with higher conductivity in 

the IT-range compared to that of Y2O3-stabilized ZrO2, 
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traditionally used in high-temperature electrochemical 

devices [14–16]. Therefore, exploring new electrode 

materials with high conductivity and catalytic activity by 

optimizing both the structural and elemental 

compositions to achieve low polarization resistance is a 

critical issue for the SOFCs, operating in the intermediate 

temperature range (IT-SOFCs). 

Favorable electrode materials for IT-SOFC require 

substantially high mixed ionic and electronic conductivity 

(MIEC). As for example, using MIEC materials as a SOFC 

cathode the possibility to extend the effective zone for 

oxygen reduction reaction (ORR) to the whole surface of 

the electrode, thus ensuring preservation of high 

electrochemical activity in the IT-range. Oxide materials, 

possessing the perovskite structure, particularly of the 

ABO3 type, where with A-site element such as Lanthanide 

(La, Pr, Nd, Sm, Gd, etc.), Strontium (Sr) or Barium (Ba) 

and the B-site element such as Mn, Fe, Cu, Ni, Co are used 

as cathodes in SOFCs operating in a wide range of 

temperature regimes [17–19]. Among them, La1–xSrxCoO3–δ 

(LSC), La1–xSrxCo1–yFeyO3–δ (LSCF) and 

Ba0.6Sr0.4Co0.2Fe0.8O3–δ (BSCF) are the most studied and 

commercially available owing to the remarkable 

electronic conductivity, excellent ionic migration, 

favorable catalytic activity. However, such drawback of 

these materials as low phase stability (BSCF [20]), 

Sr-segregation during long-term operation (all of the 

above [21–23]), poor chemical and thermomechanical 

compatibility with widely used ZrO2 and LaGaO3-based 

materials and proton-conducting electrolytes (all of the 

above [24, 25]) facilitated the search for new SOFC 

cathodes [26–29]. 

The catalytic properties of the anode to the fuel 

oxidation reaction are also important, particularly as the 

operating temperature decreases [30–33]. In recent 

decades, the composites of metallic nickel and a ceramic 

component based on doped zirconia or ceria have been 

considered as the main material for SOFC anodes due to 

their high conductivity and catalytic activity in the 

hydrogen oxidation reaction, as well as their moderate 

cost [34]. The following aspects can be identified as 

disadvantages of using Ni-cermets: agglomeration of 

metallic nickel particles during long-term operation at 

high temperatures, which results in a reduction in 

conductivity level [35], deposition of carbon on the 

surface and sulfur poisoning when using hydrocarbons as 

a fuel [36], mechanical instability during redox cycling, 

associated with a significant difference in the density of Ni 

and NiO. There is currently no complete solution to all of 

the above problems. Perovskite-based anodes also could 

be the promising candidates for IT-SOFCs, especially 

fueled with various hydrocarbon fuels, due to their high 

redox stability, satisfactory electric and/or ionic 

conductivity, high activity towards fuel decomposition 

and better resistance towards carbon deposition and 

sulfur poisoning compared to the traditionally used 

Ni-cermets [33]. It would be also favorable to find 

materials successfully operating both as an air and a fuel 

electrode [37, 38]. 

In addition to the aforementioned drawbacks of 

MIEC electrodes, it is also important to note that the 

majority of MIEC electrodes are prone to intrinsic 

degradation. This is mainly due to the instability of the 

perovskite structure and the depletion of alkali earth 

elements present in the structure, particularly when 

exposed to carbon-containing atmospheres [22, 39, 40]. It 

was shown, that the stability of the perovskites can be 

improved by introducing high valence metal ions [41]. It is 

noteworthy that this strategy can be employed to enhance 

the stability of both anode and cathode materials [42–47]. 

Recently, Pr1–xSrxCoyFe1–yO3–δ (PSCF) and its 

derivatives have attracted significant interest as 

prospective materials for cathodes [48–51], anodes [52], 

both cathode and anode in symmetrical cells [53, 54], for 

reversible and single-component cells [55], as well as 

oxygen permeation membranes [56, 57]. Ishihara et al. 

[58], studying Ln0.6Sr0.4MnO3 (Ln = La, Pr, Nd, Sm, Gd, 

Yb, Y), demonstrated that Pr-based perovskite showed the 

highest electrical conductivity and the lowest 

overpotential value as a consequence of Pr3+/Pr4+ valence 

change. The strategy to improving the PSCF stability and 

functional properties by means of doping with high 

valence metal ions on the B-site was also considered in a 

number of studies. 

Zhang et al. [59] explored the potential of Mo-doped 

Pr0.4Sr0.6Co0.2Fe0.8O3–δ (PSCFM) as a cathode material. 

Their findings indicated that Mo doping resulted in a 

slight reduction in electrical conductivity, attributed to 

the formation of additional oxygen vacancies. It allowed 

decreasing the Mo-doped PSCF cathode polarization 

resistance down to 0.22, 0.06 and 0.025 Ω · cm2 at 600, 

700 and 800 °C, respectively, used in contact with the 

LSGM electrolyte, highly promising for IT-SOFC [16, 60]. 

These values were much lower than those reported for the 

composite electrodes based on PSCF such as 

Pr0.6Sr0.4Co0.8Fe0.2O3-δ – Ce0.85Gd0.15O1.925 (50 : 50) on the 

Ce0.85Gd0.15O1.925 electrolyte (0.046 Ω · cm2 at 800 °C 

[48]) and Pr0.6Sr0.4Co0.8Fe0.2O3–δ – Ce0.9Gd0.1O1.9 (CGO) 

(50 : 50) on the 8YSZ electrolyte with the CGO barrier 

layers (0.12 Ω · cm2 at 800 °C [49]). In [59], the fabricated 

single cell with the 275 µm thick LSGM electrolyte 

membrane, the Mo-doped PSCF cathode and 
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the NiO – SDC anode exhibited the peak power densities 

of 0.319, 0.442 and 0.555 W · cm–2 at 700, 750 and 

800 °C, respectively. The 100-hour stability test result for 

this cell under a constant current load of 0.44 A · cm–2 at 

700 °C demonstrated only a slight decrease of the output 

voltage during the first 5 h, and then a relatively stable 

performance was observed from 5 to 100 h. The same 

authors [53] considered (Pr0.4)xSr0.6Co0.2Fe0.7Nb0.1O3–δ 

(0.9 ≤ x ≤ 1.1) to solve the carbon deposition and sulfur 

adsorption problems during the operation of the 

symmetrical SOFC with LSGM electrolyte. The 

polarization resistance of the P1.05SCFN electrode was the 

lowest in the series and amounted 0.012 and 0.15 Ω · cm2 

at 850 °C in wet air and H2, respectively. The obtained 

maximum power densities of the 

P1.05SCFN/LSGM/P1.05SCFN cell were as high 

as 1.13 W · cm–2 in wet H2 and 0.67 W · cm–2 in wet CH4 at 

900 °C. Unfortunately, the authors did not provide the 

stability tests. 

In the study of Li et al. [55], 

Pr0.4Sr0.6Co0.2Fe0.7Nb0.1O3–δ was found to exhibit high 

catalytic activity for both oxygen reduction and 

hydrogen oxidation reactions. For the reversible single-

component cell with Sm0.2Ce0.8O2 (SDC) – (Li/Na)2CO3 

fueled with 53 % H2 – 47 % H2O, the peak power 

densities were 0.180, 0.143, and 0.106 W · cm–2 the SOFC 

mode, while the current densities were 0.265, 0.206, and 

0.127 A · cm–2 under 1.3 V in the SOEC mode at 700, 650, 

and 600 °C, respectively. Following three cycles of 

operation, lasting four hours each, the cell performance 

exhibited a decline in the SOFC mode and an 

improvement in the SOEC mode. 

Xiaokaiti et al. [54] showed that in 

the Pr0.4Sr0.6Co0.9–xFexNb0.1O3–δ (x = 0, 0.2, 0.4, 0.6 and 

0.9) series, the material with medium Fe content (x = 0.6, 

PSCF0.6N) exhibited the lowest polarization resistance 

equal to 0.028 and 0.077 Ω · cm2 (at 900 °C, in air and 

hydrogen, respectively) and the highest electrical 

conductivity of 258.9 S · cm–1 (at 650 °C). Fe-doping 

decreased the thermal expansion coefficient (TEC) value 

from 17.39 (PSCN) down to 11.79 · 10–6 K–1 (PSCF0.6N), 

which improved the thermomechanical compatibility with 

the LSGM electrolyte. The single electrolyte-supported 

symmetrical SOFCs with different electrolyte thicknesses 

of 500, 400 and 300 μm showed the power peak densities 

0.642, 0.713 and 0.891 W · cm–2, respectively. 

In this study, the material with moderate Fe-doping 

of Pr0.4Sr0.6Co0.2Fe0.7Nb0.1O3–δ (PSCFN) was selected based 

on the available literature data to investigate its potential 

as a fuel electrode material for the IT-SOFCs based on the 

LSGM electrolyte. Given that the majority of the studies 

of the electrodes for symmetrical SOFCs demonstrated 

higher polarization resistance in hydrogen compared to 

that in air, consequently this study was directed towards 

investigating phenomena in the PSCFN electrode in 

hydrogen with the aim of determining their impact on the 

electrode performance. The study was conducted using 

electrochemical impedance spectroscopy (EIS) method in 

conjunction with the comprehensive spectra analysis via 

the distribution of relaxation times (DRT) method. 

Moreover, the influence of the activation and the long-

term stability of the electrode characteristics in hydrogen 

were investigated as important indicators for the electrode 

practical application. 

2. Experimental 

Pr0.4Sr0.6Co0.2Fe0.7Nb0.1O3–δ (PSCFN) perovskite was 

prepared by the three-step solid-state reaction method 

from the Pr(NO3)3 · 6H2O (99.9 %), SrCO3 (99.999 %), 

Co(NO3)2 · 6H2O (99.9 %), Fe2O3 (98.7 %) and Nb2O5 

(99.9 %) initial reagents. The stoichiometric amounts of 

these materials were mixed with ethanol in a planetary ball 

mill Retsch PM 100 for 1 h. The resulting mixture was dried 

at 100 °C for 12 h and stepwise calcined in air for 10 h at 

1050 °C and 10 h at 1150 °C with the intermediate 

mechanical activation by means of the ball-milling for 1 h. 

The XRD analysis of the PSCFN samples after synthesis 

and after temperature treatment at 800 °C in the 5 vol. % 

H2 + Ar gas mixture was carried out using a Rigaku 

D/MAX-2200VIPC diffractometer. 

Synthesis of the La0.85Sr0.15Ga0.85Mg0.15O3–δ (LSGM) 

electrolyte was performed from the oxide and carbonate 

powders of La2O3 (99.99 %), Ga2O3 (99.999 %), SrCO3 

(99.99 %), (MgCO3)4 · Mg(OH)2 · 5H2O (99.99 %) as 

described elsewhere [61]. The calcination temperature of 

the electrolyte powder was 1200 °C 1 h. Then, the powder 

was pressed under isostatic conditions at 625 MPa into 

disk-shape substrates and sintered for 10 h at 1450 °C. 

After sintering, the prepared samples consisted of pure 

LSGM perovskite phase with a unit cell parameter equal 

to 3.91377(8) Å. The relative density of the electrolyte 

substrates defined after their polishing using a diamond 

disk was approximately 97 % of the theoretical one. 

The conductivity the compact bar-shaped PSCFN 

sample sintered at 1250 °C for 4 h (relative density of 

95 %) was measured using the 4-probe dc current method 

in a wet hydrogen. For electrochemical studies the 

electrode slurry was prepared by mixing the PSCFN 

powder with polyvinyl butyral binder and isopropyl 

alcohol. The slurry was applied to both sides of the LSGM 

electrolyte substrate. After sintering at 1250 °C for 2 h in 

air, the electrode area and thickness were about 0.3 cm2 
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and 19 μm, respectively. The electrochemical studies were 

performed by means of the impedance spectroscopy in 

the frequency range of 104–10–2 Hz using an FRA-1260 and 

EI-1287 electrochemical interface. A Pt mesh and wires 

were used as a current collector. The high-temperature 

studies were performed in wet hydrogen at the 

atmospheric pressure. To investigate the influence of the 

electrode activation on its performance, the electrode was 

impregnated with the Ce(NO3)3 solution as described 

elsewhere [62] followed by thermolysis in wet hydrogen. 

To identify the features of the electrode reactions without 

and with impregnation, the distribution of relaxation time 

(DRT) analysis was performed using a program code based 

on Tikhonov's regularization [63]. 

3. Results and discussion 

3.1. Structure features in oxidizing and reducing 

atmospheres 

The XRD pattern of the PSCFN powder obtained 

after synthesis and after high-temperature treatment 

under reducing conditions are represented in Figure 1. 

The peak positions of PSCFN were consistent with those 

of the standard card (Pr0.5Sr0.5)FeO3 (PDF#75–4528), 

indicating that the PSCFN crystallized in the 

orthorhombic Pnma (62) space group with the unit cell 

parameters of a = 5.4893(21) Å, b = 7.7638(88) Å and 

c = 5.4911(34) Å. After the treatment in the 5 vol. % 

H2 + Ar gas mixture at 800 °C, on the X-ray diagram 

there is a peak of low intensity in the region of angles 45 ° 

apparently from the Co-Fe alloy. Yang et al. [52] also 

revealed the orthorhombic structure for the PSCFN 

material obtained by a solid-state reaction method in air. 
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Figure 1 XRD patterns of the PSCFN powder obtained after 

synthesis and after treatment at 800 °C in the 5 vol. % H2 + Ar 

mixture and Bragg's positions. 

The authors observed the transformation of 

orthorhombic PSCFN to K2NiF4-type structured 

Pr0.8Sr1.2(Co,Fe)0.8Nb0.2O4+δ with homogeneously 

dispersed nano-sized Co-Fe alloy after the treatment in H2 

at 900 °C. This transition was found to be reversible. 

Zhang et al. [53] demonstrated that single-phase materials 

in the (Pr0.4)xSr0.6Co0.2Fe0.7Nb0.1O3–δ series, obtained by 

the solid-state reaction method, possessed a cubic 

structure across the A-site nonstoichiometry range of 

x = 0.9−1.05. It is important to note that the 

Pr0.4Sr0.6Co0.3Fe0.6Nb0.1O3–δ material with a composition 

similar to that considered in this study was shown to have 

a cubic structure of Pm-3m (221) space group. The specific 

feature of the material was that it transformed reversibly 

to a tetragonal I4/m (87) phase following hydrogen 

treatment at 1000 °C for 3 h [54]. 

3.2. Conductivity data 

According to the data presented in literature, 

materials of the Pr0.4Sr0.6(Co0.3Fe0.6)1–xNbxO3–δ series 

demonstrate in the oxidizing atmospheres an extremal 

dependence of the conductivity on temperature. They 

display a thermally activated behavior at lower 

temperature where the conductivity increases with the 

temperature growth up to a transition temperature in the 

range of 500−600 °C, which shifted to lower temperature 

with increasing the Nb content [64]. With further 

increasing the temperature over the transition point 

(𝑇𝑚𝑎𝑥), the conductivity decreases, which can be caused 

by the loss of oxygen from the perovskite structure with 

the oxygen vacancies formation. This phenomenon 

known as pseudo-metallic behavior was determined by 

Patrakeev et al. to be offset by a reduction in charge 

carrier concentration, resulting in an overall reduction in 

electronic conductivity with increasing temperature [65]. 

The Nb doping results in a decrease in conductivity 

due to reduction of Fe4+ and Co4+ to Fe3+ and Co3+ to 

maintain the charge balance (Table 1). Despite the 

reduction in the total conductivity, the Nb doping is 

supposed to recover the transport chains for holes and 

improve their mobility as a result of increasing the lattice 

free volume (the ionic radius of Nb5+ (67 pm) is 

significantly larger than Fe4+ (58.5 pm) as well as Co4+ 

(53 pm) [66]) and a decrease in the metal-oxygen average 

bond energy. Moreover, Fe and Co reduction in the Nb-

doped material results in increasing the oxygen vacancies 

content on the material’s surface, which was approved by 

the XPS study in [64] and, therefore, may enhance the 

catalytic activity of the material towards electrode 

reactions due to increasing the rate of oxygen exchange. 

As shown in Table 1, a little amount of Nb doping 

(x = 0.05) results in the increase in activation energy, 
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indicating a decrease in the activity. However, with the 

further increasing the Nb doping content the catalytic 

activity increased. For Mo-doped materials, the 𝐸𝑎𝑜𝑥 

minimum was observed at x = 0.05 [67]. When moving 

into atmospheres with a reduced partial pressure of 

oxygen (air → Ar → Ar + 5 vol. % H2), the conductivity 

decreases and severity of the maximum on the curves of 

the dependence of conductivity on temperature naturally 

becomes smoother [53], turning into approximately linear 

dependence in wet H2 in the temperature range of 

550−900 °C, which was demonstrated in this work 

(Figure 2). The values of conductivity obtained for PSCFN 

in reducing atmospheres usually do not exceed 10 S · cm–1, 

which agrees well with those for other oxide anode 

materials (Table 1), except for the materials that 

demonstrated higher conductivity due to the presence of 

exsolved Fe [68] and Fe-Ni alloy [69] particles. 
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Figure 2 Electrical conductivity of PSCFN obtained in this study 

(shown by red color) and other oxides under reduction 

condition. 

Table 1 – Conductivity of the electrode materials promising for the symmetrical SOFC application ion oxidizing (𝜎𝑜𝑥) and reducing 

(𝜎𝑟𝑒𝑑) atmospheres ("–" shows that there were no data available).

Electrode material T, ° C 
𝝈𝒐𝒙, 

S · cm–1 

𝑬𝒂𝒐𝒙, eV 

(T range, ° C) 
𝝈𝒓𝒆𝒅, S · cm–1 

𝑬𝒂𝒓𝒆𝒅, eV 

(T range, ° C) 
Ref. 

Pr0.4Sr0.6(Co0.3Fe0.6)1–xNbxO3–δ 

(x = 0.05, 0.1, 0.2) 

800 170 

110 

70 

0.117 

0.107 

0.104 

(100−𝑇𝑚𝑎𝑥) 

– – [64] 

Pr0.4Sr0.6Co0.2Fe0.75Mo0.05O3–σ 

Pr0.4Sr0.6Co0.2Fe0.7Mo0.1O3–σ 

Pr0.4Sr0.6Co0.2Fe0.6Mo0.2O3–σ 

900 105 

70 

40 

0.093 

0.123 

0.157 

(200−𝑇𝑚𝑎𝑥) 

– – [67] 

Pr0.8Sr1.2(Co,Fe)0.8Nb0.2O4+δ + 

+ Co-Fe alloy 

(Pr0.4Sr0.6Co0.2Fe0.7Nb0.1O3–σ 

reduced in H2 at 900 °C) 

850 – – 18 (H2) – [68] 

Pr0.4Sr0.6Co0.2Fe0.7Nb0.1O3−σ 900 107 – 25 (Ar) 

10 (Ar + H2) 

– [53] 

Pr0.4Sr0.6Co0.2Fe0.7Nb0.1O3−δ 800 

700 

600 

– – 7.0 (wet H2) 

5.6 (wet H2) 

3.9 (wet H2) 

0.24 

(300−900) 

 

This 

study 

Pr0.4Sr0.6Fe0.875Mo0.125O3–δ 800 71 – 3.8 

(wet H2) 

– [70] 

Ba0.95La0.05Fe0.9Nb0.1O3−δ 750 5 – 1.6 – [71] 

Sm0.5Sr0.5FeO3–δ 750 160 – 0.19 (H2) – [72] 

SrFe0.8Cu0.1Nb0.1O3–δ 415 63 – 60 (Ar + H2) – [68] 

Sr1.95Fe1.4Ni0.1Mo0.5O6–δ 800 9 – 17 (pumped 

air 10–20 atm) 

75 (wet H2) 

0.24 

(600−800) 

– 

[69] 

Sr2Ni0.75Mg0.25MoO6 800 33.22 0.46 

(400–800) 

33 (pumped 

air 10–18 atm) 

– [73] 

PrBaMn1.5Fe0.5O5+δ 800 112.2 – 7.4 (Ar + H2) – [74] 

(La0.6Sr0.4)0.9Co0.2Fe0.6Nb0.2O3–δ 800 2.67 – 0.59 – [75] 

La0.75Sr0.25Cr0.5Mn0.5O3–δ 900 38 0.24 (300−900) 

0.18 (20−300) 

1.7 (Ar + H2) 0.56 

(300−900) 

[76] 



Electrochem. Mater. Technol. 3 (2024) 20243039                                                                                                                                                                                                                                    ARTICLE 

 

 

 

6 

 

3.3. Electrochemical study 

For an electrochemical device to operate efficiently, 

it is essential that electrode reactions, including the 

hydrogen oxidation reaction at the fuel electrode, occur 

at the highest possible rates. For this purpose, it is 

important that the electrodes exhibit high electrochemical 

activity. The electrochemical activity of the PSCFN 

electrodes in this study was examined in the symmetric 

cells with LSGM as the supporting electrolyte in a wet 

hydrogen atmosphere using impedance spectroscopy. 

Figure 3 illustrates the impedance spectra of the PSCFN 

electrode as an example. As can be observed, the spectra 

at 800 and 700 °C exhibit a relatively simple 

configuration, manifesting as a single half-circle. 

At 600 °C, the impedance spectrum clearly shows two 

half-circles. The DRT method was employed to analyze the 

spectra, which revealed that there was no significant shift 

in the frequency of the main peak, registered in the region 

of 10 Hz, within the temperature range of 600–800 °C. 

This suggests that the nature of the primary rate-

determining stage of hydrogen oxidation at the PSCFN 

electrode remains unchanged across the entire 

temperature range. As observed in other strontium 

ferrite-based electrodes, the nature of this stage is likely 

associated with the low rate of dissociative adsorption of 

hydrogen on the electrode surface [22, 77]. 

The polarization resistances calculated from 

impedance spectra at different temperatures are shown in 

Figure 4. It can be seen that the temperature dependence 

in Arrhenius coordinates was linear. The calculated 

activation energy, determined from the slope of the 

dependence, was approximately 1 eV, which is consistent 

with the typical values observed for strontium ferrite-

based electrodes in reducing atmospheres [22]. The 

obtained values of polarization resistance were high, 

reaching approximately 1 Ω · cm2 at 800 °C, which is 

suboptimal for an oxide fuel electrode (see Table 2). 

One of the most effective and widespread methods of 

increasing electrochemical activity of electrodes is their 

impregnation with solutions of electroactive metals or 

oxides [78–80]. In the case of fuel electrodes, ceria has 

demonstrated efficacy in enhancing the activity of 

conventional nickel-based fuel electrodes by a factor of 

over tenfold [81, 82]. As illustrated in Figure 4, the 

introduction    of    ceria    into    the    electrode    allowed 

Table 2 – Electrode performance in symmetrical cells with an LSGM electrolyte exposed in air or wet H2. 

("–" shows that there were no data available). 

Electrode material 𝑹𝜼𝒂𝒊𝒓, Ω · cm2 𝑹𝜼𝑯𝟐
, Ω · cm2 T, ° C Ref. 

PSCFN – 1.09 

3.37 

800 

700 

This study 

CeO2 infiltrated PSCFN – 0.43 

1.12 

800 

700 

This study 

Pr0.4Sr0.6Co0.3Fe0.6Nb0.1O3–σ 0.028 0.077 900 [54] 

Pr0.4Sr0.6Co0.19Fe0.76Mo0.05O3–σ 0.06  700 [59] 

Pr0.8Sr1.2(Co,Fe)0.8Nb0.2O4+δ + Co-Fe alloy 

(Pr0.4Sr0.6Co0.2Fe0.7Nb0.1O3–σ reduced in H2 at 900 °C) 

– 0.44 800 [52] 

(Pr0.4)1.05Sr0.6Co0.2Fe0.7Nb0.1O3–σ 0.012 0.135 

0.15 

0.20 

900 

850 

800 

[53] 

Pr0.4Sr0.6Fe0.875Mo0.125O3–σ 1.02 

1.79 

2.99 

1.60 

2.78 

5.30 

800 

750 

700 

[70] 

PrBaMn1.5Fe0.5O5+δ 0.22 0.68 800 [74] 

Ba0.95La0.05Fe0.9Nb0.1O3–σ 0.055 0.148 750 [71] 

Ba0.5Sr0.5 Mo0.1Fe0.9O3–σ 0.007 0.047 800 [83] 

Sr1.95Fe1.4Ni0.1Mo0.5O6–σ 0.10 

0.42 

0.08 

0.12 

800 

700 

[69] 

La0.4Sr0.6Co0.2Fe0.7Nb0.1O3–σ 0.075 

0.10 

0.16 

0.22 

 

 

850 

800 

750 

[84] 

(La0.6Sr0.4)0.9Co0.2Fe0.6Nb0.2O3–σ 0.098 

0.164 

0.300 

0.355 

0.382 

0.464 

850 

800 

700 

[75] 
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electrode activity, reaching the value of approximately 

0.4 Ω · cm2 at 800 °C, which is deemed satisfactory for 

practical applications. It is noteworthy that the 

incorporation of ceria into PSCFN did not result in a 

modification of the activation energy (Figure 4), which 

suggests that the underlying mechanism of the electrode 

reaction remained unaltered. This behavior is rather 

unusual, as in the case of nickel-ceramic fuel electrodes, 

the introduction of ceria into them dramatically changes 

both the activation energy of the polarization resistance 

and the kinetics of the electrode reaction [63]. To gain 

insight into this phenomenon, the impedance spectra and 

DRT function of PSCFN after impregnation were 

examined in detail. 

Figure 5 shows the electrochemical impedance 

spectra of the PSCFN electrodes impregnated with ceria at 

different temperatures. A comparison of the data from 

Figure 3 and Figure 5 reveals that the introduction of 

ceria does not lead to a change in the impedance spectra 

shape. Furthermore, a comparison of the DRT functions 

for the original electrode and that after impregnation 

reveals that the appearance of the function did not change 

at all investigated temperatures. The characteristic 

relaxation frequencies of the maxima also remained 

unchanged. The introduction of ceria affected only the 

polarization resistance of the electrode (Figure 4). Given 

that ceria in a hydrogen atmosphere is partially reduced 

and becomes a mixed ion-electron conductor [85], it can 

be concluded that its introduction into PSCFN merely 

expands of the zone (area) of the electrochemical reaction 

of hydrogen oxidation without altering its mechanism. 

To determine the stability of the electrochemical 

activity of PSCFN electrode impregnated with ceria, long-

term tests were performed in a wet hydrogen at 800 °C 

for about 220 h. The time dependence of the polarization 

resistance is shown in Figure 6. As can be seen, the 

polarization resistance varies slightly during the 

investigated time. Small changes in the values have a 

random behavior without clear trends. Apparently, this 

can be attributed to the insignificant change in the partial 

pressure of water in the gas mixture. In general, the 

activity of the electrode remains almost unchanged. 

Attention should be drawn to the shift of the whole 

impedance spectrum to the lower impedance region with 

time (Figure 6), which is a non-typical behavior for 

electrochemical systems. 

This behavior is most likely caused by changes in the 

electrode/electrolyte interface layer due to the formation 

of Co-Fe alloy (Figure 1), rather than in the electrode itself, 

since its activity remains almost unchanged. The stability 

of the electrode performance is also shown by the DRT 

functions calculated from the impedance spectra before 

and  after  long-term  tests  (Figure 6).  It can  be  seen  that 
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Figure 3 Impedance spectra and DRT functions for PSCFN 

electrode in wet hydrogen. 
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Figure 4 Polarization resistances of the PSCFN electrode before 

and after impregnation with ceria under wet hydrogen. 
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Figure 5 Impedance spectra and DRT functions for the PSCFN 

electrode impregnated with ceria in wet hydrogen. 
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Figure 6 Time dependences of the polarization resistance, 

impedance spectra and DRT function for the PSCFN electrode 

impregnated with ceria at 800 °C in a wet hydrogen. 

the functions did not undergo any significant changes 

during the experiment, which indicates the stability of the 

electrode behavior over time. 

4. Conclusion 

This study presents the study of structural stability 

and features of electrical and electrochemical behavior of 

Pr0.4Sr0.6Co0.2Fe0.7Nb0.1O3–δ (PSCFN) material, potential 

for use in symmetrical solid oxide fuel cells, under 

reducing conditions. The PSCNF material, obtained via 

the solid-state reaction method in air with ta final sintering 

temperature increased up to 1150 °C, was single-phase and 

exhibited an orthorhombic structure. The oxide retained 

satisfactory structural stability at 800 °C in the 

atmosphere of 5 % H2 + Ar. The electrical conductivity 

of PSCFN in wet hydrogen exhibited a linear 

semiconductor-type behavior with a conductivity value of 

7 S · cm–1 at 800 °C with an activation energy of 0.24 eV, 

close to those reported in the literature for similar 

materials. The polarization resistance of the electrode in 

wet hydrogen atmosphere was 1.09 and 3.37 Ω · cm2 at 

800 and 700 °C, respectively, which is quite high for the 

electrodes of electrochemical devices. The introduction of 

ceria into the electrode allowed approximately threefold 

enhancement in the PSCFN electrode activity, reaching 

the value of approximately 0.43 and 1.12 Ω · cm2 at 800 

and 700 °C, respectively. A comprehensive DRT analysis 

of the spectra obtained demonstrated that the observed 

decrease in the polarization resistance occurred without 

changing the mechanism of hydrogen oxidation and was 

merely due to the expansion of the area of the 

electrochemical reaction. The activated PSCFN electrode 

demonstrated satisfactory stability of the electrochemical 

activity being tested during 220 h at 800 °C in a wet 

hydrogen atmosphere. Summarizing, the findings of this 

study revealed that PSCFN material obtained at an 

increased synthesis temperature demonstrates enhanced 

stability in hydrogen. When utilized as an electrode, it 

requires activation to demonstrate electrochemical 

activity that is satisfactory of the LSGM-based 

electrochemical devices operating in the intermediate 

temperature range. 
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