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Recent advances in heteroatom substitution 
Sr2Fe1.5Mo0.5O6–δ oxide as a more promising electrode 

material for symmetrical solid-state electrochemical 
devices: A review 

 

Natalia Porotnikova a *, Denis Osinkin bc 
 
In recent years, the interest in solid state electrochemical devices has significantly increased due to the 

various cases of their use in the energy field. The first case is the solid oxide fuel cells with both oxygen-ion 

and proton-conducting membranes. The second case is the electrolysis cells for hydrogen production. As a 

rule, in both cases, electrochemical cells consist of an ion-conducting membrane and two different 

electrodes. The present review is focused on structural, physicochemical, and electrochemical properties of 

a complex oxide based on strontium ferrite with partial replacement of iron by molybdenum. This 

complex oxide has a number of unique characteristics: in particular, it is able to function effectively as an 

electrode in oxidizing and strongly reducing atmospheres, which makes it a promising material for 

electrochemical devices based on solid electrolytes with symmetrical electrodes. Doping with elements in 

A-, B- and O-sublattices and surface modification increases electro-catalytic activity of Sr2Fe1.5Mo0.5O6−δ 

porous oxide material, which increases competitiveness of the electrode material for application in solid 

oxide electrochemical devices. Mechanisms for improving electro-catalytic activity are outlined stepwise by 

doping of different sublattices of double perovskite, by level of doping, and by different types of dopants. 

In conclusion, the data on material conductivity, power densities of both symmetric and fuel cells are 

systematized, and the remaining problems and prospects for future developments and upgrades of 

Sr2Fe1.5Mo0.5O6−δ oxide electrode material are described.  

keywords: Sr2Fe1.5Mo0.5O6−δ, IT-SOFCs, anode materials, cation doping, conductivity, anion doping, 

polarization resistance, symmetrical electrode 
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1. Introduction 

Methods of production, storage, transportation, and 

use of hydrogen are among the main directions of 

science and technology development [1−3]. A good trend 

in this area is the  development  of  solid  oxide  fuel  cells 

 
 

(SOFCs) and power generation system based on them. 

SOFCs are direct converters of fuel chemical energy into 

electricity and have a series of undeniable advantages 

over traditional methods of generating electricity [4]. 

Classical SOFC is an ion-conducting membrane (solid 

zirconium oxide electrolyte) and two electrodes 

separated by this membrane, cathode is an oxygen 

electrode and anode is a fuel electrode. Traditionally, 

solid oxide fuel cell electrodes are cathode, which consists 

of oxides with mixed oxygen-electron conductivity [5−8]; 

and anode, which is a composite material based on nickel 

and ceramics (Ni cermets) [9−11]. Such fuel cells have 

proven to perform well with hydrogen as a fuel in the 

temperature range of 800–900°C. However, lower 
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operating temperatures and/or the use of gaseous 

hydrocarbons (methane, propane, etc.) and natural or 

synthesis gas in such SOFCs is difficult because of the 

increase in the ohmic resistance of the zirconium 

electrolyte and the formation of carbon on the nickel-

containing anode [12−14]. Another disadvantage of 

nickel-containing anodes is their rapid degradation in 

atmospheres with high water content [15, 16]. A new 

direction in the field of SOFC development is the 

research of electrochemical cells with identical, i.e., 

symmetrical electrodes [17–19]. Any complex oxides with 

high stability in a hydrogen atmosphere, such as 

manganites, chromites, and titanates of alkali earth 

metals and lanthanides, can theoretically be used as 

symmetric electrodes [20, 21]. However, these systems do 

not have the necessary properties for their practical 

application in the symmetrical SOFCs. 

Of particular note is strontium ferrite, which, due to 

its electronic structure, is highly stable in reducing gas 

environments, even at high temperatures [22−25]. In 

addition, strontium ferrite has a thermal expansion 

comparable to traditional electrolyte materials [22]. A 

few years ago, papers were published on the use of 

doped strontium ferrite as electrodes for symmetric 

SOFCs. For example, the partial replacement of iron ions 

by molybdenum ions allows the electrical properties to 

be significantly increased due to the formation of the 

redox couple Fe2++Mo6+→Fe3++Mo5+ and the formation 

of oxygen vacancies in the crystal lattice. Substitution of 

25% of iron ions with molybdenum leads to the 

formation of oxide Sr2Fe1.5Mo0.5O6–δ (SFM). SFM is single-

phase after synthesis in air and has a sufficient level of 

conductivity and electrochemical activity. It is chemically 

stable when in contact with the highly conductive 

lanthanum gallate-based electrolyte and can be 

considered as the main candidate for electrodes of 

symmetric electrochemical cells. 

2. Properties and modification of the oxide 

2.1. Structure and aspects of synthesis 

The structure of strontium ferrite-molybdate can be 

considered as FeO6 and MoO6 octahedra alternating 

along the three directions of the crystal, with strontium 

cations occupying the space between the octahedra. 

Depending on the ordering of iron, molybdenum atoms, 

occupied and vacant oxygen atoms, the oxide has either 

a cubic Pm-3m or tetragonal I4/mmm crystal structure 

[26, 27], Figure 1. 

The Goldschmidt tolerance factor can be useful for 

determining the stability of the perovskite phase for a 

certain array of anions  and  cations  [28].  Cations A  are  

(a) (b) 

Figure 1 Schematic structure of Sr2Fe1.5Mo0.5O6-δ presented in 

space group I4/mcm #140 (a) and Pm-3m #221 (b), where Sr 

(green), Fe/Mo (red), O (magenta) [27] Copyright ©, Springer 

Materials. 

coordinated with XII oxygen ions, and cations B and B' 

are coordinated with VI oxygen ions in the perovskite 

structure. The oxygen anions are coordinated by II 

cations of site B and IV cations of site A. For perovskites 

ABO3, the equation is as follows: 

𝑡 =
𝑅𝐴 + 𝑅𝑂

√2(𝑅𝐵 + 𝑅𝑂)
 

(1) 

where RA, RB, RO are ionic radii for ions in A, B, O sites. 

The tolerance factor for hexagonal or tetragonal 

structures has the value t>1, for cubic structure the value 

is 0.9−1, for orthorhombic or rhombohedral structures − 

0.71−0.9. When the B-cation is doped with another 

cation, the radii are substituted depending on the 

concentration of the ion in the structure. 

The tolerance factor can be used to estimate the 

stability of the perovskite phase during doping in both 

cation and anion sublattices. Often the structure can 

differ with the same group of ions, which may be due to 

the non-stoichiometric nature of the compound. This can 

be observed for Sr2Fe1.5Mo0.5O6–δ, where the oxygen 

content in the structure can vary from 5.50 to 6.0 

depending on the sintering conditions [27]. 

The ordering and occupancy of the B-sublattice in 

A2BB'O6 is controlled by the synthesis technique, and the 

occupancy has a significant influence on the material 

properties. The earliest studies of double perovskites date 

from the 1960s. Longo J. and Ward R. [29] showed that 

complex oxides can be obtained by solid-phase synthesis, 

where A = Ba, Sr, Ca, B = Fe, B'=Re. Grinded mixtures of 

simple oxide reagents were heat-treated in evacuated 

quartz capsules at 900–1000°C for 24 h. Compounds 

with barium and strontium were described by the 

tetragonal structure with cell parameters a = 5.70 Å, 

c = 8.05 Å for Ba2FeReO6–δ and a = 5.57 Å, c = 7.89 Å 

for Sr2FeReO6–δ. The calcium compound Ca2FeReO6 was 
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described by the orthorhombic structure with cell 

parameters a = 5.41 Å, b = 5.53 Å, c = 7.69 Å.  

Later, Galasso F.S. et al. [30] were first to describe 

the structure of A2FeMoO6–δ type compounds, in which 

oxygen and large metal cations were tightly packed in 

the direction (111) with iron and molybdenum ions 

alternating in octahedral coordination between the 

oxygen layers, so that Fe-O-Mo bonds were at 180° and 

represented half an edge of the unit cell. Solid solutions 

of the ordered perovskite phases Ba2FeMoO6–δ and 

Sr2FeMoO6–δ were prepared by high-temperature 

annealing (1035°C) of the milled mixture in appropriate 

amounts of SrO, BaO, CaO, Fe2O3, Mo and MoO3 

reagents. The authors claimed that the compositions 

were not single-phase at heat treatment in air. All 

compounds contained additional phases of SrMoO4 and 

BaMoO4. Ba2FeMoO6–δ oxide had the cubic cell with a 

unit cell size a = 8.0665 Å. The authors recorded 

deviations from the 180° bond angle resulting in a 

distortion of the cubic lattice; the crystal structure of 

Sr2FeMoO6–δ was described as a tetragonal unit cell. 

Nakagawa T. [31] confirmed that it was not possible to 

obtain single-phase material at ambient air, only in full 

vacuum silica capsules at temperature above 1100°C. 

Another method of producing oxides is sintering in a 

reducing atmosphere of 5%H2/95%Ar (N2) [32−35]. 

The very easy formation of SrMoO4 during processing 

should also be a key difficulty in the complete synthesis 

of this phase. In a humid atmosphere, the double oxide 

decomposes predominantly to form simple oxide FeO 

and hydroxide Sr(OH)2 and SrMoO4 [33]. Using a non-

classical solid-phase method, such as spark plasma 

sintering [36], microwave sintering [37], pulsed laser 

deposition [38], sol-gel method [39−42], and Pechini [43] 

methods, makes it possible to achieve single-phase at 

reduced temperatures in vacuum or a humid 

atmosphere. Consequently, Sr2FeMoO6–δ in air is 

thermodynamically unstable due to insufficient Mo and 

Fe solubility in SrFeO3–δ and SrMoO4, respectively. 

One of the most promising directions in the study 

of compounds with double perovskites Sr2FeMoO6–δ is 

the reduction of molybdenum in the B-sublattice, which 

makes such compositions more thermodynamically 

stable. A homogeneous solid solution of Sr2Fe2–yMoyO6–δ 

is formed at 1200°C in air with the addition of 

molybdenum to y = 0.6 in the double perovskite 

structure [33, 44]. The SrMoO4 and SrFeO3–δ phases are 

formed at high molybdenum concentrations, which are 

formed at an excess of y>0.6. The composition with 

y = 0.5 is the most popular because of its ability to be 

synthesized in air, its stability and good conductivity 

characteristics. 

Mostly Sr2Fe1.5Mo0.5O6–δ phase was synthesized by 

solid-phase method by mixing initial oxides and/or 

carbonates [27, 45−48], or by sol-gel synthesis where 

nitrate salts and complexes were used as initial reagents 

followed by dissolution in deionized water with addition 

of glycine and citric acid [45, 49−54]. The 

Sr2Fe1.5Mo0.5O6–δ oxide has a primitive cubic Pm-3m 

structure [20, 38, 49, 55, 56] after sintering in air, cubic 

face-centered Fm-3m structure [45, 52, 57−59] also after 

sintering in air, and tetragonal I4/mcm or I4/m 

structure [27, 47, 50] after treatment in hydrogen. The 

unit cell parameters, synthesis methods and conditions 

are given in Table 1. The gas environment during 

annealing significantly affects the occupancy of the 

oxygen sublattice, resulting in structural distortions and 

changes in the crystal lattice. 

The introduction of aliovalent ions into the A- 

and/or B-sublattices also leads to changes in the crystal 

structure [52, 60−62]. The increase of Ba content in  

Sr2–xBaxFe1.5Mo0.5O6–δ leads to lattice expansion due to the 

larger ion radius of Ba2+ (1.61 Å) compared to Sr2+ 

(1.44 Å). The stability of the perovskite crystal structure 

gradually worsens according to the calculations of the 

tolerance factor; the single-phase oxide is retained up to 

x = 0.8, phase separation occurs above this value, with 

the formation of BaMoO4, Fe, SrO and BaO [52, 60]. The 

reduction of Fe oxidation degree at partial heterovalent 

substitution of Sr2+ by La3+ and Fe3+ by Co2+ in  

Sr2-xLaxFe1-yCoyMo0.5O6–δ leads to the increase of 

perovskite phase stability in H2 at 1100°C; phase stability 

is kept at x = 0.4, y = 0.5 [62]. 

Substitution of A- or B-sublattice ions with other 

types of cations is a common practice to optimize the 

performance of perovskite oxide systems. To increase the 

electrocatalytic activity, it is necessary to stabilize the 

structure of strontium ferrite-molybdates and improve 

the durability of the material in redox environments. 

Several studies have been carried out by doping the 

strontium A-sublattice with cations of alkali element (K), 

alkaline-earth elements (Ca, Ba), and rare-earth elements 

(La, Sm), or by forming a deficient in the A-sublattice. 

For the same purpose the modification of the B-sublattice 

with transition metals (Co, Cu, Ni, Nb, Mn, Ti, Sc, Ga, 

Zr, Bi, Al, Mg, Sb), noble metal (Ru), or O-sublattice 

anion doping (N, Cl, F) leads to a change in crystallinity 

and in electrochemical properties of the materials. The 

effects of Sr2Fe1.5Mo0.5O6–δ doping will be described in 

more detail in the following chapters. 
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2.2. Complex oxide Sr2Fe1.5Mo0.5O6–δ 

Sr2Fe1.5Mo0.5O6–δ oxide demonstrates high electronic 

conductivity under reducing conditions due to the 

degeneration and hybridization of coexisting states 

Fe3+/Mo5+ ↔ Fe2+/Mo6+. Although the total 

concentration of Fe and Mo atoms is well controlled, it is 

much more difficult to control the distribution of Fe and 

Mo atoms in the two alternating lattices during synthesis 

[63]. In fact, all samples contain a certain amount of 

vacancy defects, where some Fe atoms exchange positions 

with Mo atoms. Usually, these defects are randomly 

distributed, and their number characterizes the degree of 

Fe/Mo ordering in the sample, which can be determined 

by X-ray diffraction [64]. The use of functional density 

theory demonstrates that a higher concentration of 

oxygen vacancies is expected in Sr2FeMoO6–δ at the 

Fe/Mo>1 ratio, the presence of vacancies should 

accelerate the diffusion of oxide ions and can also 

improve the electronic conductivity based on electron 

delocalization during vacancy formation [65]. Vacancies 

along Fe–O–Fe are preferred with respect to those along 

Mo–O–Fe or Mo–O–Mo due to weaker Fe–O bonds and 

preferential delocalization of the extra charge left after 

vacancy formation (due to the driving force to retain a 

half-filled Fe d-shell), which also acts to preserve high 

electronic conductivity in Sr2Fe1.5Mo0.5O6–δ [66]. Density 

functional theory (DFT)-based first- principles 

calculations show that hydrogen molecule exhibits weak 

physical adsorption behavior,

 

Table 1 − Synthesis conditions, type, and lattice parameters of A, B-doped Sr2Fe1.5Mo0.5O6–δ. 

Oxide Method of synthesis Conditions of 

synthesis 

Unit cell 

parameters 

Space group, 

structure 

Ref. 

Sr2Fe1.5Mo0.5O6–δ solid state reaction 1200°C, 12h in air a = 5.5548(2) Å,  

c = 7.8783(5) Å 

I4/mcm, 

tetragonal 

27 

Sr2Fe1.5Mo0.5O6–δ solid state reaction 1200°C, 12h in air, 

850°C, 4%H2/He 

a = 3.9794(1) Å Pm-3m, cubic 27 

Sr2Fe1.5Mo0.5O6–δ solid state reaction 1200°C, 12h in air a = 7.8717(1) Å Fm-3m, Cubic 45 

Sr2Fe1.6Mo0.4O6–δ solid state reaction 1200°C, 12h in air a = 3.905(1) Å Pm-3m, cubic 46 

Sr2Fe1.5Mo0.5O6–δ microwave-combustion 

method 

1200°C, 12h in air a = 3.92874(6) Å Pm-3m, cubic 49 

Sr2Fe1.5Mo0.5O6–δ sol−gel method 1250°C, 12h in air a = 5.54301(15) Å,  

c = 7.8471(4) Å 

I4/mcm, 

tetragonal 

50 

Sr2Fe1.5Mo0.5O6–δ citrate method 1100°C, 5h in air a = 3.92719 Å Pm-3m, Cubic 51 

Sr2Fe1.5Mo0.5O6–δ solution combustion 

method 

1200°C, 6h in air a = 7.8664 Å Fm-3m, Cubic 52 

Sr2–xBaxFe1.5Mo0.5O6–δ 

(x = 0.3–0.9) 

solution combustion 

method 

1200°C, 6h in air a = 7.8664 Å 

content BaO 

Fm-3m, Cubic 52 

Sr2–xBaxFe1.5Mo0.5O6–δ 

(x = 0–0.8) 

citrate combustion 

method 

1100°C, 5h in air, 

800°C, 2h in H2 

a = 7.8664– 

7.9309 Å 

Fm-3m, Cubic 60 

Sr2Fe0.75Ti0.25MoO6–δ solid state reaction 1350°C, in air a = 5.3711 Å,  

c = 11.9823 Å 

I4/m, 

tetragonal 

61 

Sr2FeCo0.5Mo0.5O6–δ sol–gel method 1100°C, 5h in air a = 7.80824(8) Å Fm-3m, Cubic 62 

Sr1.8La0.2FeCo0.5Mo0.5O6–δ sol–gel method 1100°C, 5h in air a = 7.82224(9) Å Fm-3m, Cubic 62 

 

while hydrogen atom strongly chemisorbed on SFM 

(001) surface [67, 68]. Hydrogen molecule preferably 

dissociates at surface (Fe)–Fe–(Fe) site with an activation 

barrier of 0.69 eV. Hydrogen oxidation on 

Sr2Fe1.5Mo0.5O6–δ (001) surface is favourable both in 

kinetics and thermodynamics, and the resulting 

desorption of H2O molecules requires overcoming an 

energy barrier of 0.22–0.24 eV. Diffusion of oxygen 

atoms from volume to the surface prefers to follow the 

path from sub-surface (Fe)–O–(Fe) site to outer-surface 

(Fe)–Vo–(Mo) vacancy site, which requires crossing an 

energy barrier of 0.49 eV. The rate-limiting step of 

hydrogen conversion on the  Sr2Fe1.5Mo0.5O6–δ  surface  is  

 

determined to be hydrogen dissociation at temperature 

below 775°C and the hydrogen adsorption at 

temperature above 775°C. Stochastic surface models with 

different Fe/Mo ratios and oxygen vacancies in the gas 

surface layer are described to determine the active site 

and electro-oxidation mechanism for CO and a mixture 

of CO and H2 [69]. The calculated current densities 

demonstrate that Sr2Fe1.5Mo0.5O6–δ anodes exhibit lower 

efficiency for CO compared to H2 fuel, and the surface 

with a higher concentration of Mo in the upper layer 

exhibits higher activity for both fuels. 

As described above, the iron-enriched system can be 

obtained in air at 1000°C in a cubic structure, with  
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a = 7.8447(1) Å, V = 482.759(3) Å3, and space group  

Fm-3m [70]. According to the results of photoelectron 

spectroscopy, the major oxidation states are of Sr2+, Fe2+, 

and Mo6+. However, there should be an accompanying 

small portion of Fe3+/Mo5+ [70, 71]. Therefore, the 

calculated oxygen atoms in the Sr2Fe1.5Mo0.5O6–δ lattice 

should be between 5 and 5.75. Consequently, 

Sr2Fe1.5Mo0.5O6–δ is an oxygen deficient system with 

substantial oxygen vacancies. Model calculations of 

oxygen nonstoichiometry from temperature and oxygen 

pressure are shown in Figure 2(a), as well as a model of 

vacancy formation in the structure [72]. Three surface 

models with different Fe/Mo ratios in the outer layer, 

identified by ab initio thermodynamic analysis, are used 

to investigate the H2 oxidation mechanism. A 

microkinetic analysis, which takes into account the 

influence of the anode bias potential, suggests that a 

higher Mo concentration in the surface increases the 

activity of the surface toward H2/H2O oxidation [73,74] 

and has a high tolerance to sulfur poisoning [75, 76]. 

Figure 2(b) demonstrates the temperature dependence of 

conductivity of Sr2Fe1.5Mo0.5O6–δ in hydrogen and air 

[70]. At a maximum temperature of 780°C, the 

conductivity values are 550 S/cm in air and 310 S/cm in 

hydrogen, which are high values for a mixed conductor. 

The addition of CuO, NiO makes it possible to 

significantly increase the electrical conductivity of 

Sr2Fe1.5Mo0.5O6–δ-based anode materials in moist 

hydrogen by improving the grain boundary 

conductivity [77, 78]. The introduction of Fe2O3 slightly 

changes the overall conductivity of the material, but 

significantly affects the oxygen diffusion in the near-

surface area by reducing the oxygen diffusion coefficient 

[79]. Electrical conductivity relaxation measurement 

demonstrates that the surface exchange coefficient of 

SFM is significantly improved by Ce0.8Sm0.2O1.9 

nanoparticles, from 10−5 to 10−3 cm/s at 750° [80].  

Gd0.2Ce0.8O1.9 nanoparticles were infiltrated onto the 

SFM surface to construct a composite GDC-SFM cathode 

and improve the CO2RR performance in SOEC [81]. The 

current density over the GDC infiltrated SFM cathode 

with a GDC loading of 12.8 wt% reaches 0.446 A/cm2 at 

1.6 V and 800°C, which is much higher than that over the 

SFM cathode (0.283 A/cm2). Temperature-programmed 

desorption of CO2 measurements suggest that the 

infiltration of GDC nanoparticles significantly increases 

the density of surface-active sites and three phase 

boundaries, which are beneficial for CO2 adsorption and 

subsequent conversion.  

The performance of a La0.9Sr0.1Ga0.8Mg0.2O3 

electrolyte supported symmetrical fuel cell with the 

configuration of SFM|LSGM|SFM was tested in wet H2 

(3 vol% H2O) and CH4 fuels [70]. The open circuit 

voltage (OCV) of the cell was 1.07 V at 900°C using wet 

H2, close to the value calculated from the Nernst 

equation. The OCV of the cell using wet (3 vol.% H2O) 

CH4 as fuel was 0.90 V at 900°C. The maximum power 

densities, Figure 2(c), at 900°C in wet H2 and CH4 are 

835 and 230 mW/cm2, respectively. The kinetics of 

hydrogen oxidation on Sr2Fe1.5Mo0.5O6-δ electrode in 

contact with electrolyte La0.85Sr0.15Ga0.85Mg0.15O3 was 

investigated in [82]. The hydrogen oxidation rate is 

determined by the low rate of oxygen heterogeneous 

exchange and slow dissociation of hydrogen on the 

Sr2Fe1.5Mo0.5O6–δ surface. At 800°C, the rates of these 

processes are comparable; with temperature decrease the 

rate of hydrogen oxidation is mainly limited by 

hydrogen dissociation. Decorating the Sr2Fe1.5Mo0.5O6–δ 

electrode with Ni-particles significantly increases the rate 

of hydrogen dissociation and increases the activity of the 

electrode more than two-fold.  

There is an improving technique for fabricating a 

symmetrical cell, which increases power density and cell 

performance. The technique consists of fabricating a tri-

layer porous/dense/porous LSGM structure with open 

pores, which are impregnated with a paste containing 

nanoscale particles [83−85]. The resulting symmetrical 

fuel cells produce maximum power densities of 703, 602, 

521 and 401 mW/cm2 at 800, 750, 700 and 650°C, 

respectively [84]. The subsequent impregnation of the 

electrodes with nanoscale Pr6O11 catalyst allows for an 

increase in the electrochemical performance [86]. After 

the impregnation of electrodes Pr-

SFM|GDC|YSZ|GDC|Pr-SFM in the symmetrical fuel 

cell, the polarization resistance is reduced by 47% to 

0.10 S/cm2 for the anode and by 80% to 0.021 S/cm2 for 

the cathode; the maximum power density improves by 

51% at 800°C. There is also a simple one-step co-

sintering method for making symmetrical solid oxide fuel 

cells from Sm0.2Ce0.8O1.9 electrolyte and Sr2Fe1.5Mo0.5O6–δ 

electrodes [87]. The single cell co-sintered at 1200°C 

possesses the highest peak power density of 216 mW/cm2 

at 700°C. 

Sr2Fe1.5Mo0.5O6–δ (SFM) also has good reduction-

oxidation (redox) stability [48, 49, 88−90]. Symmetrical 

electrolyzers with a cell configuration of 60wt%SFM–

40wt%Sm0.2Ce0.8O1.9|La0.8Sr0.2Ga0.8Mg0.2O3–δ are almost 

stable at a constant electrolysis current density of 

−0.060 A/cm2 in 35h testing at 800°C, when the fuel 

electrode and oxygen electrode are exposed to 

23%H2O–77%N2 and ambient air, respectively [88]. In 

[89] the electrochemical stability of Sr2Fe1.5Mo0.5O6–δ 
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(a) 

(b) (c) 

Figure 2 a) Theoretical non-stoichiometric phase diagram and presentation of oxygen vacancies in the structure of 

Sr2Fe1.5Mo0.5O6–δ [72]; b) Temperature dependencies of total conductivity of Sr2Fe1.5Mo0.5O6–δ in air and H2 [70]; c) Performance 

of a symmetrical fuel cell SFM|LSGM|SFM with wet (3 vol. % H2O) H2 or CH4 as fuel [70] Copyright © 2010 WILEY-VCH 

Verlag Gmbh & Co. KGaA, Weinheim. 

electrode was tested at 850 °C and 60 vol.% absolute 

humidity. A symmetrical cell with 

SFM|La0.9Sr0.1Ga0.8Mg0.2O3|SFM configuration was 

fabricated and operated at a constant cell voltage of 

1.2 V. The cell current was recorded to evaluate the cell 

performance stability. After reaching the steady-state 

operation condition, no notable electrode passivation 

was observed during the subsequent 90 h electrolysis 

operations, indicating that SFM is relatively stable under 

high temperature and high humidity environment. 

The regenerating characteristics of the 

SFM|LSGM|SFM symmetrical cell in H2/H2+H2S, Figure 

3(a), and H2/CH4, Figure 3(b), have been evaluated using 

cyclic tests [49]. After operation in H2 with 100 ppm H2S 

for 6 h at 800°C, a reduction of 10% in performance was 

observed, indicating slight sulfur poisoning of the anode. 

After this regeneration treatment, the operability of the 

cell was almost completely restored. The process of 

sulfur poisoning and oxidative regeneration was repeated 

5 times, and no obvious signs of permanent deactivation 

were observed. Prior to conducting the anode 

regenerative test in CH4, the fuel cell was operated using 

H2 (with 3vol% H2O) as the fuel for 15 h at 850°C, and 

the stability of the cell performance was confirmed 

under these operating conditions. After operating the 

cell using H2 as the fuel for 40 h, the anode regenerating  
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(a) 

(b) 

(c) 

(d) 

(e) 

Figure 3 a) Stability of the SFM|LSGM|SFM symmetric cell with Sr2Fe1.5Mo0.5O6–δ anode at 800°C versus the time of stream after 

10 cycles in H2/CH4 and b) after 16 cycles, in H2, air and CH4 [49] Copyright © 2011 Elsevier B.V.; Long-term tests of the 

polarization resistance of the SFM|LSGM|SFM symmetric cell at 800°C in c) H2/Ar–CO/CO2, d) CO/CO2–H2/Ar–air, e) 

H2/Ar–air [90] Copyright © 2019 Elsevier B.V. 

test was started, and the maximum power output of the 

cell did not change significantly after 16 regeneration 

cycling tests that lasted for 200 h. 

The redox cycling of the Sr2Fe1.5Mo0.5O6–δ electrode 

in contact with the LaGaO3-based electrolyte was 

performed at 800°С in air–CO/CO2–Ar/H2 [90]. A 

long-term exposure in 0.6CO+0.4CO2 did not have any 

noticeable effect on the polarization resistance of SFM 

electrode, Figure 3(c). The fast redox cycling had little 

effect on the activity of the SFM electrodes, the 

resistance values were satisfactory; after each exposure in 

air for 1h, the electrode polarization resistance increased 

slightly, whereas after an atmosphere of 0.9H2+Ar the 

polarization resistance decreased, Figure 3(d). In the case 

of 0.9H2+Ar atmospheres, Figure 3(e), a significant 

increase in polarization resistance over time was 

observed after switching the 0.9H2+Ar mixture to an 

oxidizing atmosphere. The value of polarization 

resistance decreased significantly within 1h when 

switching from air to 0.9H2+Ar and remained almost 

unchanged during long-term exposure. In [91−93], the 

analysis of electrochemical impedance spectrum and 

relaxation time distribution showed that the kinetics of 

surface/interface oxygen exchange and CO/CO2 

activation process in Sr2(Fe,Mo)2O6–δ oxide can be 

accelerated by the formation of epitaxially endogenous 

NiFe alloy nanoparticles on the surface. 

In [94], it is shown that the introduction of 500ppm 

H2S into the fuel caused degradation of Sr2Fe1.5Mo0.5O6–δ 

anode material in a symmetrical cell with 

BaZr0.8Ce0.1Y0.1O3–δ electrolyte during 137h; the anode 

material degraded by 50% of the maximum power 

density. The SFM material was reacted with H2S to form 

metal sulfides SrS, Fe3S4, Fe9S10 and MoS2. 

2.3. Modifying the A-sublattice in Sr2Fe1.5Mo0.5O6–δ 

Modification of the divalent strontium sublattice by 

single- and double-charged cations is well known, and the 

cations must be close in radius to penetrate the matrix to 
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form a stable single-phase compound. Alkali metals have 

a lower valence +1 and a smaller size than the A-

sublattice cation, which can increase the number of 

oxygen vacancies or modify the oxidation degree of the 

B-sublattice active centers due to charge compensation. 

In [95−97], theoretical calculations were carried out 

to predict the promising use of K-doped Sr2Fe1.5Mo0.5O6–δ 

as an electrode material for oxygen extraction and 

reduction reactions (ORR). The catalytic capabilities of 

Fe/Mo–O2 terminated (001) surfaces of K-doped 

Sr2Fe1.5Mo0.5O6–δ were investigated using state-of-the-art 

density functional theory calculations. The surface 

reconstruction occured after the formation of oxygen 

vacancies along the Mo–O–Fe bonds, where MoO4 

tetrahedra were formed. It was assumed that the highly 

under-coordinated Fe ions adjacent to such molecules 

had a very low over-potential for the ORR reaction. In 

this case, iron ions presented an ideal d-occupancy for 

ORR catalysis. Cowin P.I. et al. [98] synthesized a series of 

potassium substituted Sr1.6K0.4Fe1+yMo1–yO6–δ (y = 0.2, 

0.4, 0.6) to increase the formability and ionic 

conductivity of compounds. Synthesis was achieved 

above 700 °C in 5 % H2/Ar, albeit with the formation of 

some impurity phases. Phase stability upon redox cycling 

was observed for the sample Sr1.6K0.4Fe1.4Mo0.6O6–δ. Redox 

cycling demonstrated a strong dependence on high 

temperature reduction to achieve high conductivities, 

with re-reduction at lower temperatures attaining 

between 0.1 and 58.4 % of the initial conductivity 

observed after high temperature reduction. The reliance 

of these compounds on high-temperature reduction is 

expected to limit their utility as SOFC anode materials, as 

the vulnerability to oxidation can have disastrous 

consequences for fuel cell durability. 

The substitution of strontium for alkaline-earth 

elements in the double perovskite oxide has been 

investigated. In [99−102], Sr2–xCaxFe1.5Mo0.5O6–δ 

compounds were investigated by characterizing the 

structural properties, electrical properties, 

electrochemical characteristics. The limit of formation of 

single-phase solid solution was determined by no more 

than x = 1.0 per formula unit of the compound. Qiao J. 

et al. [80] recorded the onset of SrMoO4 impurity 

formation starting with calcium doping exceeding x>0.8. 

The Ca substitution caused a 32.4° [99] and 67.5° [101] 

peak-shift towards higher angles. This implies that the 

unit cell shrinks due to the smaller ionic radius of Ca2+ 

(0.99 Å) compared to Sr2+ (1.18 Å), and Pnma space 

group does not change. Xu Z. et al. [100] showed that the 

single-phase nature of the materials was preserved at 

x ≤ 0.75 under oxidizing conditions, and the SrMoO4 

and Ca2Fe2O5 phases were detected with increasing 

calcium concentration. Under reducing conditions at 

temperature above 800 °C starting from the base, the 

compound formed a small impurity of metallic iron up 

to x = 0.5 and recorded phases SrMoO4, SrFe2O5 and Fe 

with increasing strontium concentration [100, 102]. The 

space group was identified as Pm-3m in both oxidizing 

and reducing environments. CaFeO2 could be formed in 

a hydrogen atmosphere from x = 0.2 [101]. Thermal 

expansion coefficients (TECs) were found to decrease 

from 16.33×10–6 K–1 to 15.08×10–6 K–1 when the Ca-doping 

increased from 0 to 0.6 [99]. Total conductivity 

increased as the dopant concentration increased with a 

maximum value of about 33 S/cm for 

Sr1.85Ca0.15Fe1.5Mo0.5O6–δ at 800°C in humid (3% H2O) 

hydrogen.  With further increase in calcium 

concentration, a slight decrease in conductivity was 

observed [102]. The authors [99] also reported a 

nonlinear dependence of Sr2–xCaxFe1.5Mo0.5O6–δ 

conductivity with increasing calcium content, but only in 

an oxidizing atmosphere. The maximum conductivity in 

an oxidizing atmosphere was obtained for a doping level 

x=0.4; the conductivity reached 18.9 S/cm at 550°C, 

which was considerably higher than that of SFM (11.1 

S/cm). These results may be explained by the changes 

observed in the redox couples proportion by the 

conductivity being influenced by the electronic 

conductivity via the Fe3++Mo5+=Fe2++Mo6+ process. Fuel 

cell of the symmetrical Sr2–xCaxFe1.5Mo0.5O6–δ electrode 

performances were measured both in humidified 

hydrogen fuels and dry air oxidants at a flow rate [101].  

Figure 4(a) summarized the maximum power 

densities for all symmetrical fuel cells with different Ca2+ 

substitutions at 650–800°C. The samples with x = 0.6 

exhibited the highest power densities at all temperatures, 

in agreement with the observed total polarization 

impedance. In [99], the Sr1.6Ca0.4Fe1.5Mo0.5O6–δ sample 

showed the lowest interface polarization, the highest 

conductivity, and a maximum power density of 

1.26 W/cm2 at 800°C. Figure 4(b) presents the power 

density and voltage as a function of the current density 

for NiO–YSZ|YSZ anode-supported cells with a SDC 

interlayer and a Sr1.6Ca0.4Fe1.5Mo0.5O6–δ cathode. 

The solubility threshold of barium is x = 0.6, so the 

formation of SrMoO4 and BaO impurities is found at 

x = 0.8 [103]. Replacing the A position with Ba leads to a 

change in the crystal lattice parameters, so that the 32.4°  
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(a)      (b) 

(c)      (d) 

Figure 4 a) Maximum power densities of the symmetrical Sr2-xCaxFe1.5Mo0.5O6–δ electrode cells at different Ca2+ substitutions [101], 

b) Cross-section SEM image of the LSGM|Sr2–xCaxFe1.5Mo0.5O6–δ interface [101] Copyright © 2019 Editorial Board of Journal of 

Inorganic Materials; c) I–V and I–P curves of the single cell with Sr1.6Ca0.4Fe1.5Mo0.5O6–δ cathode at 650–800°C [99], d) Cross-

section SEM image of the NiO-YSZ|YSZ|SDC|Sr1.6Ca0.4Fe1.5Mo0.5O6–δ interface [99] Copyright © 2016 Elsevier B.V. 

peak is shifted to a smaller angle due to the increase of 

ionic radius Ba2+ (1.35 Å) by Sr2+ (1.18 Å). The 

conductivity of Sr2–xBaxFe1.5Mo0.5O6–δ ceramics reaches its 

maximum at ~450°C, and the conductivity decreases 

with the increasing temperature due to oxygen evolving 

out of the lattice with the formation of oxygen vacancies 

[52]. The conductivity for x = 0.3–0.7 is approximately 

comparable, the maximum value is 18.5 S/cm at 

450°C for x = 0.7. For Sr1.1Ba0.9Fe1.5Mo0.5O6–δ, the 

conductivity decreases, and the maximum is 12 S/cm 

at 400°C. The Ba-doping is observed to significantly 

reduce the oxygen vacancy formation energy of the 

host perovskite while increasing the active reaction 

sites, which leads to a significant decrease in 

polarization resistance [60]. The anode demonstrates 

the best catalytic activity when the Ba-doping attains 

x = 0.6. By constructing the BaCe0.7Zr0.1Y0.2O3–δ–

supported single cells with the configuration 

Sr1.4Ba0.6Fe1.5Mo0.5O6–δ|BCZY|La0.58Sr0.4Co0.2Fe0.8O3–

δ+Sm0.2Ce0.8O2–δ, the power densities in hydrogen 

and ethane atmosphere can achieve 205 and 

138 mW/cm2 at 750°C, respectively, Figure 5. At the 

same time, the conversion rate of ethane reaches 

38.4% while maintaining the selectivity of ethylene 

at 95%. Three-electrode half-cell with 

Ba0.2Sr1.8Fe1.5Mo0.5O6–δ oxide was used to evaluate its 

electrochemical performance under various steam 

contents in hydrogen atmosphere both under fuel 

cell mode and electrolysis mode in [104]. Polarization 

study showed the monotonously decreased current 

density in SOFC mode with the increase in the steam 

content, however, it displayed the opposite trend in 

the current density in SOEC mode with the suitable 

steam content at 20%. 

When replacing strontium with alkaline-earth 

elements, it can be concluded that introduction of Ca 

leads to a reduction of unit cell volume (240.73 Å3 to 

237.09 Å3 from x = 0 to 0.6, accordingly); and 

introduction of Ba has the opposite effect (60.54 Å3 

to 62.44 Å3 from x = 0 to 0.6, accordingly), which is 

connected to the difference in radii of elements in a 

row Ca–Sr–Ba. 

The solubility limit does not exceed x = 0.8 

regardless  of  the  acceptor   impurity.   Introduction   of  



Electrochem. Mater. Technol. 1 (2022) 20221003                                                                                                                                                                                             REVIEW 

 

 

 

10 

 

(a) (b)  

Figure 5 I–V curves and corresponding I–P curves a) in pure hydrogen and b) in dry ethane of the BCZY-supported single cells 

with the configuration Ba0.6SFM/BCZY/LSCF-SDC [60] Copyright © 2022 The American Ceramic Society. 

Table 2 − Total conductivity of A–doped Sr2–xAxFe1.5Mo0.5O6–δ oxides at 800°C. 

Oxide σ, S/cm Ref. 

Sr2–xCaxFe1.5Mo0.5O6‒δ  x = 0.2; 0.4; 0.6 in air 11; 13; 10.5 99 

Sr2–xBaxFe1.5Mo0.5O6‒δ  x = 0.3; 0.5; 0.7; 0.9 in air 11.5; 10.2; 9; 5.5 52 

Sr2–xLaxFe1.5Mo0.5O6‒δ x = 0; 0.05; 0.1 in CO-CO2 12; 11; 8 106 

Sr2‒xLaxFeCo0.5Mo0.5O6–δ, x = 0; 0.2; 0.4 in air 3.62; 3.60; 3.59 62 

Sr2‒xLaxFeCo0.5Mo0.5O6–δ, x = 0; 0.2; 0.4 in H2/Ar 3.57; 3.57; 3.59 62 

Sr2‒xSmxFe1.5Mo0.5O6–δ, x = 0; 0.1; 0.2; 0.3; 0.4 in H2 15.9; 22.8; 23.6; 21.7; 21.4 47 

Sr2‒xFe1.5Mo0.5O6‒δ  x = 0; 0.025; 0.05; 0.075; 0.1 in air 11; 13; 25; 16; 7.5 111 

Sr2‒xFe1.4Ni0.1Mo0.5O6‒δ  x = 0.025; 0.05; 0.075; 0.1 in 

5%H2/Ar 

25; 26.5; 23.5; 21 113 

calcium leads to an increase of total conductivity; 

maximum is reached at x = 0.4, and maximum 

conductivity for barium is at x = 0.3 at temperature 

800°С (Table 2). 

The A–substitution of Sr2Fe1.5Mo0.5O6–δ by rare-

earth elements such as La, Pr and  Sm  has  been 

reportedin [47, 62, 105−108]. Sun et al. [106] declared 

single-phase compositions with La at substitution levels of 

x = 0.05 and 0.1 in the Sr2–xLaxFe1.5Mo0.5O6–δ structure. 

The unit parameter increases from 7.8446 Å for 

Sr2Fe1.5Mo0.5O6–δ to 7.8546 Å for Sr1.9La0.1Fe1.5Mo0.5O6-δ, 

implying that the substitution of Sr with La increases the 

unit parameter. However, shrinkage of unit volume 

should be expected in terms of the ionic size effect, 

because the radius of La3+ is slightly smaller than that of 

Sr2+ (1.36 Å and 1.44 Å, respectively). The content of 

Fe2+/Mo5+ might increase after La3+ doping at Sr-

substitution, leading to expansion of unit parameters, 

because the radius of Fe2+/Mo5+ is higher than that of 

Fe3+/Mo6+. Lanthanum- and nickel- substituted LaxSr2–

3x/2Fe1.5Ni0.1Mo0.4O6–δ (LaxSFNM) at x = 0, 0.1, 0.2, 0.3, 

0.4 are single perovskite structure with cubic symmetry 

[105]. Both XRD and SEM observations confirm the 

dissolution  of  nanosized  FeNi3  particles  on   the  oxide  

 

surface after thermal treatment in H2. Increasing the La3+ 

content increases the structural stability of these oxides 

and prevents the dissolution of FeNi3 nanoparticles. Co-

doping of lanthanum and cobalt in the structure of 

double perovskite Sr2–xLaxFeCo0.5Mo0.5O6–δ, x = 0.0, 0.2, 

and 0.4 results in the formation of stable single-phase 

solutions in Fm-3m space group; the sample with x = 0.4 

contains a small amount of an impurity phase, which 

crystallizes in the orthorhombically distorted perovskite-

type structure. The single-phase sintering of 

Sr1.5La0.5Fe1.5Mo0.5O6–δ in air, 5%H2-95%N2 and N2 has 

been analyzed [109]. In the N2 environment, the powder 

is single-phase with Pm-3m space group and 

a = 3.93584(2) Å; in 5%H2-95%N2, the synthesized 

material is far from the perovskite structure. According 

to the XRD data analysis, the powder after 5%H2-95%N2 

is composed of pure metal iron Fe, LaSrFeO4, Sr3Fe2O6 

and SrMoO3. The crystal structure of the powder 

calcined in air showed more similarity to a cubic 

perovskite structure, except for several impurity peaks 

corresponding to SrMoO4 and LaFeO3. 

Doping with lanthanum [106] slightly reduces the 

conductivity at 800°C in a 30%CO–CO2 atmosphere 

from 12 S/cm for Sr2Fe1.5Mo0.5O6–δ to 8 S/cm 
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Sr1.9La0.1Fe1.5Mo0.5O6–δ (Table 2). La-doping 

Sr2Fe1.5Mo0.5O6–δ significantly increases the surface 

oxygen exchange rate (k) and the bulk diffusion 

coefficient (D) in CO–CO2 mixture. Thus, at 700°C, the 

k values for Sr2-xLaxFe1.5Mo0.5O6–δ x = 0, 0.05 and 0.1 are 

9.71·10-6, 2.03·10-5 and 3.39·10-5 cm/s, respectively; and 

the D values are 6.66·10-7, 7.87·10-7 and 1.18·10-5 cm2/s, 

respectively. Perovskite oxides LaxSr2–xFe1.5Ni0.1Mo0.4O6–δ 

(LaxSFNM, x = 0.1, 0.2, 0.3 and 0.4) are prepared and 

evaluated as symmetrical electrodes in solid oxide 

electrolysis cells for electrochemical reduction of pure 

CO2 in [110]. The polarization resistances are 0.07 S∙cm2 

in air and 0.62 S∙cm2 in 50% CO-50% CO2 for 

La0.3SFNM electrode at 800°C. An electrolysis current 

density of 1.17 A/cm2 under 800°C at 1.5 V is achieved 

for the symmetrical SOECs in pure CO2. 

The temperature dependence of the total 

conductivity of Sr2–xLaxFeCo0.5Mo0.5O6–δ, x = 0.0; 0.2; 

0.4 ceramic samples in air and in the reducing 

atmosphere Ar/H2 (8%) is presented in Table 2 [71]. It is 

observed that the conductivity in air decreases with 

increasing La3+ content. In a reducing atmosphere the 

conductivity x = 0.0 and 0.2 of the oxides is similar and 

lower than that observed in air, which is due to the 

significantly lower concentration of charge carriers 

(Fe4+) under these conditions. The highest catalytic 

activity of Sr1.7La0.3Fe1.5Mo0.4Ni0.1O6–δ (La0.3SFNM) toward 

electro-oxidation of hydrogen fuels could be ascribed to 

the synergy between the exsolved FeNi3 alloy 

nanoparticulates and the supporting LaxSFNM oxides, 

Figure 6(a) and 6(b) [105]. The cell consisting of thin 

La0.9Sr0.1Ga0.8Mg0.2O3 (LSGM) electrolyte with La0.3SFNM 

anode and SmBa0.5Sr0.5Co2O6–δ (SBSC) + LSGM cathode 

exhibit the highest power densities, 1.26, 0.90 and 

0.52 W/cm2 at 750, 650 and 550°C, respectively. 

Modifying Sr2Fe1.5Mo0.5O6–δ structure with 

samarium leads to a reduction of the unit cell parameters 

with 7.843 Å for Sr2Fe1.5Mo0.5O6–δ to 7.796 Å for 

Sr1.6Sm0.4Fe1.5Mo0.5O6–δ [47]; and a 32.2° peak shift on the 

XRD patterns, Figure 6(c). The sample without Sm 

displays a pure perovskite structure with no detectable 

impurity peaks, while for samples doped with different 

contents of Sm, peaks of impurity SrMoO4 are observed, 

and the intensities of impurity peaks become stronger 

with the increase of Sm content. The conductivity of 

Sr2–xSmxFe1.5Mo0.5O6–δ (0≤x≤0.4) measured in hydrogen 

environment passes through a maximum at x = 0.2, 

Table 2, demonstrates the conductivity data at 800°C. 

The maximum value of 25 S/cm is reached at x = 0.2 at 

850°C. The XPS data show that the Fe2+/Mo5+ 

concentration increases for Sr1.8Sm0.2Fe1.5Mo0.5O6–δ. EIS 

analysis proves that Sm-doping into Sr2Fe1.5Mo0.5O6–δ 

helps improve the catalytic activity. The single cell with 

Sr1.8Sm0.2Fe1.5Mo0.5O6–δ as the anode demonstrates a 

performance of 459, 594, and 742 mW/cm2 at 750, 800, 

and 850°C, respectively, which is better than that of 

Sr2Fe1.5Mo0.5O6–δ as the anode, Figure 6(d).  

Yang et al. [111] obtained a single-phase series of  

Sr2–xFe1.5Mo0.5O6–δ solid solutions x = 0, 0.025, 0.05, 

0.075, 0.1. Creation of deficit in the strontium sublattice 

led to a positive effect on the total conductivity of the 

oxides, Table 2. The maximum conductivity was 

observed for Sr1.95Fe1.5Mo0.5O6–δ (Sr1.95FM) in the 

temperature range 300–850°C, so the maximum was 

33 S/cm at 550°C, which was twice higher than for the 

deficit-free oxide. More vacancies occured as Sr-site 

deficiency increased in the Sr2–xFe1.5Mo0.5O6–δ 

materials, which enhanced the oxygen ion 

conductivity at some extent. However, the excess 

oxygen vacancies would produce the association with 

B-site cations, which could result in the decrease of 

conductivity. The maximum power densities of a 

single cell S1.95FM|SDC|ScSZ|SDC|S1.95FM at 800°C 

increased from 896 to 1083 mW/cm2 in H2, Figure 

7(a), and the area specific resistance value with 

Sr1.95Fe1.5Mo0.5O6–δ cathode was 0.17 S/cm2 at 800°C. 

Polarization resistance of Sr2Fe1.5Mo0.5O6–δ electrode 

was higher than that of S 1.95FM in temperature range 

700–900°C, Figure 7(b). However, a higher value of 

the effective activation energy was observed for the 

deficient oxide [112], approximately 150 kJ/mol 

against 111 kJ/mol for the basic composition. This 

indicates that the creation of a strontium deficit leads 

either to a change in the mechanism of the oxygen 

reduction reaction and/or to a redistribution of the 

contributions of stages of the electrode reaction. 

A-site deficient Sr2–xFe1.4Ni0.1Mo0.5O6–δ (x = 0–0.1) 

perovskites have been synthesized and characterized as 

anode materials for solid oxide fuel cells [113]. With 

increasing Sr deficiency, the conductivity in 5% H2/Ar 

increases significantly, reaching a peak value of 

26.6 S/cm at x = 0.05, while further increasing of x 

reduces the conductivity by affecting the mobility of 

electronic charge carriers. The La0.9Sr0.1Ga0.8Mg0.2O3 

electrolyte-supported cell with La0.6Sr0.4Fe0.8Co0.2O3–δ 

cathode and Sr1.95Fe1.4Ni0.1Mo0.5O6–δ anode demonstrates 

a maximum power density of 606 mW/cm2 at 800°C 

operating in H2. 
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(a)            (b) 

(c)  (d) 

Figure 6 a) Peak power densities at different temperatures for single cells with varied LaxSFNM anodes in 97vol% H2–3vol% H2O 

[105], b) High magnification view of  Sr1.7La0.3FeCo0.5Mo0.5O6–δ anode impregnated Fe-Ni alloy nanoparticles [105] Copyright © 

2020 Editorial Board of Journal of Inorganic Materials; c) Angle shift on XRD patterns for Sr2–xSmxFe1.5Mo0.5O6–δ with the 

increasing Sm content [47], d) Sr1.8Sm0.2Fe1.5Mo0.5O6–δ|LSGM|BSCF cell voltage and power density as functions of current density 

[47] Copyright © 2014 John Wiley & Sons, Inc. 

(a)   
(b) 

Figure 7 a) I–V and I–P curves of the single cells with Sr1.95FM cathode [111] Copyright © 2016 Elsevier B.V.; b) Temperature 

(squares, at pO2 = 0.21 atm) and concentration (circuits, at 800°C) dependencies of the polarization resistance for 

Sr2Fe1.5Mo0.5O6‒δ (S2FM) and Sr1.95Fe1.5Mo0.5O6‒δ (Sr1.95FM) electrodes [112] Copyright © 2022 Elsevier B.V.
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2.4. Modifying the B-sublattice in Sr2Fe1.5Mo0.5O6–δ 

The incorporation of cobalt into the iron sublattice 

is possible in a large concentration range because of the 

proximity of the ionic radii and the nature of the 

elements. Pan X. et al. [114] obtained single-phase 

solutions of Sr2Fe1.5–yCoyMo0.5O6–δ at doping y = 0, 0.5, 1 

by the citrate-nitrate method. However, the introduction 

of dopant increased the thermal expansion coefficient 

from 15.8∙10-6 to 19.8∙10-6 K-1. The total conductivity 

continuously increased to the maximum value at a 

temperature range 450−650°C and then decreased when 

the temperature was increased further. The maximum 

conductivity was determined for the Sr2Fe0.5СоMo0.5O6–δ 

composition of 120 S/cm at 450°C. The trend of a linear 

threefold increase in conductivity at 800°C is shown in 

Table 3. The conductivity increase may be due to Co/Fe 

mixed valence, which was analyzed by XPS method. This 

means that the small polaron hopping conductivity 

mechanism exists in Sr2Fe1.5–yCoyMo0.5O6–δ materials. 

In-situ exsolved CoFe nanoparticles on perovskite 

matrixes with abundant defects are developed as 

bifunctional fuel electrocatalysts for reversible solid 

oxide cells from the Sr2FeMo1–xCoxO6–δ [115, 116]. 

Increase of Co doping promotes CoFe alloy 

exsolution and the formation of more defects in the 

remaining perovskite matrix under reducing 

atmosphere at high temperatures. Consequently, 

increasing Co dopant content significantly enhance 

both the electrocatalytic activity towards CO2 

electrolysis and the hydrogen fuel oxidation for the 

reduced Sr2FeMo1–xCoxO6–δ. 

Solid solutions with copper 

Sr2Fe1.5–yCuyMo0.5O6–δ y = 0, 0.05, 0.1, 0.2, 0.3 were 

obtained in [117−119]. The 32.5° diffraction peaks 

shifted slightly towards a smaller angle as the Cu 

content increased. This was due to the difference in 

ionic radius between Cu2+ (0.73 Å) and Fe3+ 

(0.645 Å). Therefore, the unit cell of the material 

expands with increasing amount of Cu doping. The 

conductivity of Sr2Fe1.5–yCuyMo0.5O6–δ first increases 

and then decreases with the increasing Cu doping, 

and it reaches the maximum value of 49.3 S/cm at 

450°C for Sr2Fe1.4Cu0.1Mo0.5O6–δ. The trend of the 

conductivity as a function of the copper content at 

800°C is shown in Table 3. It is evident that the value 

increases by a factor of five at y = 0.1. Hu Ch. et al. 

[117] showed that the introduction of copper 

Sr2Fe1.3Сu0.2Mo0.5O6–δ increased the amount of 

oxygen vacancies, which significantly improved the 

chemical adsorption capacity of carbon dioxide at 

750°C and its long-term stability, Figure 8. The increased 

concentration of oxygen vacancies gave additional space 

for CO2 adsorption and enhanced the interaction 

between CO2 molecules and oxygen vacancies. The 

higher CO2 adsorption capacity and desorption 

temperature improved the high-temperature electrolysis 

process in SOECs remarkably. The impedance analysis 

confirmed that the interfacial polarization resistance of 

the Sr2Fe1.3Cu0.2Mo0.5O6–δ electrode was significantly 

lower than that of the SFM electrode, which implies that 

the intermediate-frequency ion diffusion process has 

been optimized and has led to improved CO2 reduction 

 

Table 3 − Total conductivity of B-doped Sr2Fe1.5–yAyMo0.5O6–δ oxides at 800°C. 

Oxide σ, S/cm Ref. 

Sr2Fe1.5–yCoyMo0.5O6–δ  y = 0; 0.5; 1 in air 18; 32; 56 114 

Sr2Fe1.5–yCuyMo0.5O6–δ  y = 0; 0.05; 0.1; 0.2; 0.3 in air 5; 7; 25; 23; 10 118 

Sr2Fe1.5Mo0.5–yCuyO6–δ  y = 0; 0.1; 0.2; 0.3; 0.4; 0.5 in air 23.4; 34.7; 41.7; 45.7; 71.6; 70.8 119 

Sr2Fe1.5–yNiyMo0.5O6–δ  y = 0; 0.05; 0.1; 0.2; 0.4 in air 11; 16; 32; 31; 20 120 

Sr2Fe1.5–yNiyMo0.5O6–δ  y = 0; 0.05; 0.1; 0.2; 0.3 in H2 15.9; 16.4; 20.4; 15.2; 11 121 

Sr2Fe1.5–yNbyMo0.5O6–δ  y = 0; 0.1 in air 10.3; 22.5 57 

Sr2Fe1.5–yNbyMo0.5O6–δ  y = 0; 0.1 in H2 16; 25 57 

Sr2Fe1.5Mo0.5–yNbyO6–δ y = 0; 0.05, 0.10, 0.15, 0.20 15;18; 20; 13.5; 14 130 

Sr2Fe1.5–yScyMo0.5O6–δ  y = 0; 0.05; 0.1 in air 12; 22; 9 131 

Sr2Fe1.4Bi0.1Mo0.5O6–δ  in 5%H2/Ar 38 134 

Sr2Fe1.4Al0.1Mo0.5O6–δ  in 5%H2/Ar 17 134 

Sr2Fe1.4Mg0.1Mo0.5O6–δ  in 5%H2/Ar 10 134 

Sr2Fe1–yTiMoyO6–δ y = 0.1; 0.2  in air 0.92; 0.75 138 

Sr2Fe1–yTiMoyO6–δ y = 0.1; 0.2  in H2 0.4; 2.2 138 

Sr2Fe1.5–yMnyMo0.5O6–δ y = 0; 0.5 in 5%H2/Ar 63; 10 141 

Sr2Fe1.5–yMnyMo0.5O6–δ y = 0; 0.5 in air 10; 3 141 

   



Electrochem. Mater. Technol. 1 (2022) 20221003                                                                                                                                                                                             REVIEW 

 

 

 

14 

 

kinetics of the Sr2Fe1.3Cu0.2Mo0.5O6–δ electrode. 

Dissolution of nickel in the iron sublattice  

Sr2Fe1.5–yNiyMo0.5O6–δ (SFNM) y = 0; 0.05; 0.1; 0.2; 0.4 

leads to the formation of a single-phase solid solution in 

a cubic structure with the space group Pm3m after 

sintering at 950°C in air [120]. Minor amounts of 

secondary NiO phases are formed when the Ni content 

reaches 0.5 in air [121]. When the nickel content exceeds 

y = 0.2 in a reducing atmosphere in 3 vol% H2O 

humidified hydrogen at 800°C, the secondary phases 

Sr3FeMoO6.5 and Ni are formed. The Fe3+/Mo5+ ion pair 

achieves the maximum value at y = 0.1, which promotes 

electron transfer between two ion pairs and improves the 

reduction/oxidization reaction rate. However, Dai et al. 

[120] note a linear decrease in the Fe2+/Mo6+ ion pair in 

the range of nickel concentrations from 0 to 0.4 in the 

double perovskite structure. The equilibrium reaction 

between Fe3+/Mo5+ and Fe2+/Mo6+ is disturbed by 

nickel, which directly affects the conductivity of  

Sr2Fe1.5–yNiyMo0.5O6–δ materials. The conductivity of 

oxides both in air and in hydrogen environment has the 

same tendency, namely, it increases with introduction of 

nickel, and maximum conductivity is reached at the 

introduction of y = 0.1 nickel into Fe-sublattice [120, 121]. 

A further increase in Ni concentration leads to a 

decrease in conductivity, Table 3, and the conductivity 

of Sr2Fe1.4Ni0.1Mo0.5O6–δ (SFN0.1M), which is more than 

twice the conductivity of Sr2Fe1.5Mo0.5O6–δ. Namely, the 

conductivity of Sr2Fe1.4Ni0.1Mo0.5O6–δ at 800°C is 32 and 

20.4 S/cm in air and hydrogen environment, 

respectively. 

The introduction of nickel y = 0.1 and the formation 

of a strontium deficiency further increases the 

conductivity of the Sr1.9Fe1.4Ni0.1Mo0.5O6–δ [122]. In an air 

atmosphere, the maximum conductivity is 30 S/cm at 

550°C. Further increases in temperature result in a 

reduction of the conductivity to 18 S/cm at 800°C. In a 

hydrogen atmosphere, the conductivity increases 

linearly in the temperature range 400–800°C, the 

maximum conductivity is 30 S/cm at 800°C. Since Ni-

doping and Sr deficiency can be considered as p-type 

doping for Sr2Fe1.5Mo0.5O6–δ, the improvement in 

conductivity of Sr1.9Fe1.4Ni0.1Mo0.5O6–δ is observed below 

500°C, when the doping is mainly compensated by 

electron holes; at higher temperatures, ionic charge 

compensation by oxygen vacancies starts to take effect. 

Sr1.95Fe1.4Ni0.1Mo0.5O6–δ phase is not stable in the reducing 

atmosphere [123]. At 800°C, after 10 hours in 5%vol. 

(a) (b) 

(c) (d) 

Figure 8 I–V curves of CO2 electrolysis for (a) Sr2Fe1.3Cu0.2Mo0.5O6‒δ and (b) Sr2Fe1.5Mo0.5O6‒δ electrodes; (c) short-term stability 

80 h of CO2 electrolysis at 750°C; and (d) long-term stability 100 h of CO2 electrolysis cell with Sr2Fe1.3Cu0.2Mo0.5O6‒δ cathode at 

1.5 V, 750 °C [117] Copyright © 2019 Royal Society of Chemistry.  
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a small amount of Fe in the structure. The Fe-Ni alloy 

and the Sr3FeMoO6.5 phase were detected on X-ray in a 

humid H2 atmosphere after 10 hours of exposure. 

Power density data are available for 

Sr2Fe1.4Ni0.1Mo0.5O6–δ as cathode and anode material [120, 

121, 124, 125]. The maximum single cell power density of 

SFN0.1M|SDC|YSZ|NiO–YSZ is 0.92 and 1.27 W/cm2 at 

700 and 750°C, respectively [120], where SFN0.1M is the 

cathode material, Figure 9(a). The maximum power 

densities of single cells SFNM|LSGM|SFN0.1M are 

demonstrated in Figure 9(b), with SFNM (y = 0–0.2) 

anodes and Sr2Fe1.4Ni0.1Mo0.5O6–δ cathode [121]. 

In [126], a stoichiometric double perovskite 

Sr2Fe1.5Mo0.5O6–δ with metal nanoparticles dissolved in 

situ on the surface without reducing phase transition 

treatment was investigated with the aim of using it as a 

SOEC cathode for CO2 reduction reaction (CO2RR). 

Nickel was introduced into the B-sublattice during 

synthesis to obtain a stoichiometric 

Sr2Fe1.35Mo0.45Ni0.2O6–δ. The FeNi3 alloy nanoparticles 

were exsolved in situ and homogeneously fixed on the 

 

perovskite surface via a high-temperature reduction 

treatment. The interface between the in situ dissolved 

FeNi3 nanoparticles and the Sr2Fe1.35Mo0.45Ni0.2O6–δ 

substrate with many oxygen vacancies not only 

chemically accommodated the CO2 molecules, but also 

improved the CO2RR efficiency. Cells with the Ni 

modified ceramic anodes demonstrated relatively good 

stability in short-term operations when using CH4 as the 

fuel [101, 127, 128]. The YSZ-supported electrolyte with 

(NiFe+SFM)–SDC fuel electrode and LSM–YSZ oxygen 

electrode showed a significant increase in performance 

compared to SFM–SDC and other conventional fuel 

electrodes for direct CO2 electrolysis [129]. The 

improvement of the cell performance in direct CO2 

electrolysis could be attributed to the favourable 

conditions for the chemical adsorption and surface 

kinetics of CO2 on the (NiFe+SFM)–SDC fuel electrode. 

The Faraday efficiency was close to 100%, indicating a 

high selectivity of CO2 reduction to CO, Figure 9(c). 

SOEC achieved a long-term stability of 500 hours of 

high current operation due to the excellent sintering and  

(a) (b) 

(c)  (d) 

Figure 9 a) I–V and I–P curves of the single cell with the Sr2Fe1.4Ni0.1Mo0.5O6‒δ cathode at 650–800°C [120] Copyright © 2013 

Royal Society of Chemistry; b) Peak power densities of single cells with SFNM|LSGM|Sr2Fe1.4Ni0.1Mo0.5O6‒δ configuration as a 

function of Ni content in a SFM anode [121] Copyright © 2014 Royal Society of Chemistry; c) Long-term stability test of 

(NiFe+SFM)–SDC fuel electrode during 500 h for CO2 electrolysis at 800°C [129] Copyright © 2017 Royal Society of Chemistry; 

d) I–V and I–P curves of the single cell with the Sr2Fe1.5Mo0.4Nb0.10O6‒δ cathode at 650–800°C [130] Copyright © 2014 

Elsevier B.V.  
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coking resistance of the (NiFe+SFM) fuel electrode. 

Nb-doped double perovskite oxide 

Sr2Fe1.4Nb0.1Mo0.5O6–δ had a stable cubic phase with 

Fm-3m space group and unit parameter a = 7.86(2) Å in 

air and 7.87(5) Å in hydrogen atmospheres [57]. Good 

conductivity values were demonstrated in both air 

(22.5 S/cm) and wet H2 atmospheres (25 S/cm), Table 3. 

The maximum power density of a symmetrical cell with 

La0.8Sr0.2Ga0.83Mg0.17O3 electrolyte was estimated to be 

531.5 mW/cm2 at 800°C in H2.  

More importantly, the symmetrical cell based on 

Sr2Fe1.4Nb0.1Mo0.5O6–δ exhibited superior redox stability 

compared to the Sr2Fe1.5Mo0.5O6–δ material. Among the 

series of Sr2Fe1.5Mo0.5–yNbyO6–δ (y = 0.05, 0.10, 0.15, 

0.20) samples [130], Sr2Fe1.5Mo0.4Nb0.1O6–δ (SFMNb0.10) 

exhibited the highest conductivity value of 30 S/cm at 

550°C, and the lowest area specific resistance of 

0.068 S/cm2 at 800°C. Figure 9(d) shows that the anode-

supported single cell with Sr2Fe1.5Mo0.4Nb0.1O6–δ cathode 

presented a maximum power density of 1102 mW/cm2 at 

800°C. 

Sr2Fe1.5–yScyMo0.5O6–δ (SFScM) solid solutions, where 

y = 0, 0.05 and 0.10, were obtained by a glycine-nitrate 

combustion method [131, 132]. The formation of 

scandium oxide impurity phase was found at y = 0.2. 

Scandium doping changed the Fe2+/Fe3+ and Mo6+/Mo5+ 

ratio, which caused a shift in the chemical equilibrium 

and led to an increase in the electrical conductivity. The 

electrical conductivity was maximum for 

Sr2Fe1.45Sc0.05Mo0.5O6–δ and amounted to 22 S/cm at 

800°C in air, which was twice as high as the undoped 

oxide, Table 3. Analysis of the impedance spectra in [131] 

shows that the dissociation of adsorbed oxygen at high 

frequency and the migration of oxygen ions into the TPB 

at low frequency are the rate limiting stages in the 

oxygen reduction reaction using SFSc0.05M cathodes. The 

power density obtained in a single cell with SFSc0.05M 

cathode (SFSc0.05M|SDC|YSZ|NiO–YSZ) is found to be 

1.23 W/cm2 at 800°C, which significantly exceeds the 

value of 0.91 W/cm2 for Sr2Fe1.5Mo0.5O6–δ cathode with 

the same cell design [131], Figure 10(a). The theoretical 

calculation results, which are supported by 

(a) (b) 

(c) (d) 

Figure 10 I–V and I–P curves of a) the single cells with the Sr2Fe1.45Sc0.05Mo0.5O6–δ cathode [131] Copyright © 2017 Elsevier B.V.; b) 

Sr2Fe1.25Sc0.05Mo0.5O6–δ cathode [132] Copyright © 2022 Springer Nature Switzerland AG.; c) Sr2Fe1.5Mo0.4Zr0.1O6–δ cathode [133] 

Copyright © 2020 American Chemical Society; d) Sr2Fe1.4Bi0.1Mo0.5O6–δ (SFBM), Sr2Fe1.4Al0.1Mo0.5O6–δ (SFAM), and 

Sr2Fe1.4Mg0.1Mo0.5O6–δ (SFMM) anodes [134] Copyright © 2017 Elsevier B.V. 
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experimental studies, demonstrate that the 

Sr2Fe1.25Sc0.25Mo0.5O6–δ (SFSc0.25M) cathode has a higher 

proton diffusion rate and a lower polarization resistance 

than the Sc-free cathode [132]. To evaluate the 

effectiveness of SFSc0.25M as a cathode for H-SOFCs, 

BaCe0.7Zr0.1Y0.2O3–δ (BCZY) anode-supported half-cells 

were fabricated using a NiO-BCZY composite anode and 

BCZY electrolyte. The high performance of the SFSc0.25M 

cell was demonstrated, Figure 10(b), with maximum 

power densities of 545, 966 and 1258 mW/cm2 at 600, 

650 and 700°C, respectively. 

Zr4+ doped Sr2Fe1.5Mo0.5O6–δ is considered as a 

promising cathode material for proton conducting fuel 

cells, as it can absorb H2O. It has been reported [133] that 

co-regulation of the concentration and basicity of 

oxygen vacancies can lead to fast proton transport. 

Sr2Fe1.5Mo0.4Zr0.1O6–δ (SFMZ) has a large concentration of 

oxygen vacancies and a strong hydration capacity, which 

can stimulate the formation of proton defects. SFMZ 

exhibits improved proton diffusion kinetics, with a value 

of 8.71×10-7 cm2/s at 700°C, comparable to that of the 

widely used proton electrolyte BaZr0.1Ce0.7Y0.1Yb0.1O3 

1.84×10-6 cm2/s. A low polarization resistance of 

0.169 S/cm2 and a peak power density, Figure 10(c), of 

1.35 W/cm2 were achieved at 800°C with the 

Sr2Fe1.5Mo0.4Zr0.1O6–δ cathode. 

Sr2Fe1.4X0.1Mo0.5O6–δ (SFXM, X = Bi, Al and Mg) are 

considered as anode materials for direct carbon hybrid 

fuel cells [134]. SFXM powders synthesized by the nitrate 

combustion method in air at 1050°C are single-phase 

after 5 hours of exposure. After treatment in 5% H2/Ar 

at 800°C for 20 h, the pure SFXM perovskite phase is 

transformed into Sr3FeMoO6.5, followed by an emission 

of metallic Fe. X-doping significantly changes the 

Fe3+/Fe2+ and Mo6+/Mo5+ ratio towards an increase in 

Fe3+ and Mo5+, which favours the intrinsic conductivity 

of SFXM, Table 3. The conductivity, catalytic activity, 

and electrochemical characteristics obey the order 

Sr2Fe1.4Bi0.1Mo0.5O6–δ > Sr2Fe1.4Al0.1Mo0.5O6–δ > 

Sr2Fe1.4Mg0.1Mo0.5O6–δ. Figure 10(d) demonstrates the 

dynamic curves for current density versus voltage and 

current density versus power of a  

SFXM|LSGM|La0.6Sr0.4Fe0.8Co0.2O3–δ cell with SFXM 

anodes at 800°C. The maximum power densities of the 

La0.8Sr0.2Ga0.8Mg0.2O3 electrolyte supported single cell 

with Sr2Fe1.4Bi0.1Mo0.5O6–δ as the anode reach 399, 287 

and 141 mW/cm2 at 800°C, 750°C and 700°C, 

respectively. According to experimental investigations 

and density functional theory calculations [135], Bi-

doping could effectively increase the physicochemical 

properties for CO2RR, including oxygen vacancy 

concentration, CO2 adsorption capacity, conductivities 

in CO–CO2 atmospheres, oxygen bulk diffusion 

coefficient, as well as surface exchange coefficient. Du et 

al. [136] showed that during doping, the Mg and Mo 

cations are located separately in two different positions B 

(B and B' in A2BB'O6), whereas Fe occupies both positions 

B and B ', forming a lattice structure with the form of 

Sr2(Mg1/3Fe2/3)(Mo2/3Fe1/3)O6–δ. Doping with the inactive 

element Mg not only gives the material excellent redox 

structural stability, but also causes the creation of anti-

nodule defects in the crystal lattice, which give the 

material excellent electrochemical activity. 

There are several papers [61, 137−140] on Ti-

substituted double perovskites. Sr2Fe0.75Ti0.25MoO6–δ has 

a tetragonal symmetry in the I4/m space group with cell 

parameters a = 5.3711 Å, c = 11.9823 Å [61]. The electrical 

conductivity was found to be 3.78×10-5 S/cm at 800°C 

with activation energy of 0.142 eV. Increasing the 

concentration of titanium leads to a change of the space 

group from I4/m to Pm3m. Sr2FeTi0.75Mo0.25O6–δ has a 

cubic perovskite structure with space group Pm3m and 

cell parameters a = 3.913(1) Å, V = 59.923(0) Å3 [139]. 

The electrical conductivity Sr2FeTi0.75Mo0.25O6–δ passes 

through a maximum of 2.31 S/cm at 500°C. The 

polarization resistance of a Sr2FeTi0.75Mo0.25O6–δ cathode 

on a SDC electrolyte reaches a value of 0.14 V∙cm2 at 

800°C, and peak power density of the electrolyte 

supported cell with the configuration as NiO–

SDC|SDC|SFTM reaches 394 mW/cm2 at 800°C. 

Sr2FeMn0.5Mo0.5O6–δ material possesses cubic lattice 

[141], B-site cation-disordered Pm-3m structure with unit 

cell parameters a = 3.9127(1) Å in air up to high 

temperatures, and transforms to a B-site cation-ordered 

structure after reduction in 5 vol%H2/Ar at 1100°C. The 

conductivity dependence on the oxygen partial pressure 

pO2 shows that oxide has p-type conductivity in air and 

n-type conductivity under reducing conditions. The Mn-

modified oxide shows lower conductivity values than the 

unmodified compound, thus the conductivity in air and 

in a hydrogen environment decreases at 800°C, Table 3. 

In [142], the effectiveness of perovskite-structured 

Sr2Fe1.4Mn0.1Mo0.5O6–δ for use as cathode material for 

CO2 electrolysis has been investigated. The faster CO2 

reduction kinetics, which is observed for 

Sr2Fe1.4Mn0.1Mo0.5O6−δ relative to SFM, is reflected in a 

lower polarization resistance when both materials are 

used as single-phase electrodes in symmetrical cells. The 

polarization resistance in 50% CO/CO2 at 800°C 

decreases from 1.15 S∙cm2 for SFM to 0.60 S∙cm2 for 

Sr2Fe1.4Mn0.1Mo0.5O6−δ. 

SFM-based   perovskite   materials   are   also    being  
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studied as cathode materials in solid oxide electrolytic 

cells for direct electrolysis of CO2, rendering splendid 

chemical stability under CO2 atmosphere. A new mixed 

ionic conductor based on a double perovskite 

Sr2Fe1.3Ga0.2Mo0.5O6–δ is considered as cathode material 

tolerant to CO2 atmosphere due to its excellent CO2 

adsorption resistance [143]. The maximum power density 

of Sr2Fe1.3Ga0.2Mo0.5O6–δ cathode with anode-supported 

flat-tube (NiO–YSZ) was analyzed in the temperature 

range 650–800°C, where the anode and cathode were 

supplied with humidified H2 (97% H2+3% H2O) and air, 

respectively. At 750°C, the maximum power density of 

Sr2Fe1.3Ga0.2Mo0.5O6–δ cathodes reached 482.4 mW/cm2. 

In [144, 145], it is demonstrated that the in situ grown 

RuFe alloy nanoparticles on the Sr2Fe1.4Ru0.1Mo0.5O6–δ 

surface collectively show high and stable electrochemical 

activity for CO2 electrolysis in a solid oxide electrolyzer 

cell. 

Sb-doping in SFM improves the anode performance 

through decreasing the area specific interfacial 

polarization resistance from 0.184 to 0.075 S∙cm2 at 

800°C [146]. Sb doping greatly improves fuel cell 

performance, such as increasing the peak power density 

from 681 to 920 mW/cm2 at 800°C with H2 as the fuel. 

Meanwhile, improvement is also achieved with syngas 

and ethanol fuels, generating peak power densities of 765 

and 557 mW/cm2, respectively. 

2.5. Modifying the O-sublattice in Sr2Fe1.5Mo0.5O6–δ 

Recent research [147–149] has shown that non-

metallic elements can be incorporated into the 

Sr2Fe1.5Mo0.5O6−δ perovskite lattice to modify the surface 

properties and electronic/phase structure, which is seen 

as a promising approach to improve the catalytic activity 

of perovskite-based catalysts. Gao J. et al. [147] show the 

synthesis of N-doped Sr2Fe1.5Mo0.5O6–δ (SFMON) by 

ammonolysis, i.e. heat treatment in a continuous 

ammonia flow of initial SFM powder. By varying the 

temperature of the powder treatment, it was possible to 

achieve a nitrogen saturation of up to 11.61 atom% at 

550°C, as confirmed by photoelectron spectroscopy. The 

introduction of N3- into the perovskite lattice due to 

charge compensation led to an increase in oxygen 

vacancies and iron concentration in the Fe3+/Fe4+ high 

valence state, which enhanced the catalytic activity, 

Figure 11(a) and 11(b). The content of adsorbed H2O and 

hydroxyl groups/adsorbed oxygen was significantly 

increased in SFMON samples compared to SFM, 

indicating an improved hydrophilic nature, which may 

contribute to the adsorption of H2O and OH- groups on 

the catalyst surface.  

Zhang Y. et al. [148] synthesized chlorine doped 

oxide Sr2Fe1.5Mo0.5O6−x−δClx (SFMClx, x = 0, 0.1, 0.2, 0.3, 

0.4). Cl-doping led to an expansion of the crystal lattice 

(a = 7.8267 Å for SFM and a = 7.8549 Å for SFMCl0.4), 

weakened the Coulomb force between metal ions and 

oxygen ions and increased the oxygen mobility of the 

lattice, thereby improving the electrochemical 

performance. SFMCl0.2 oxide exhibited the best 

electrochemical performance with the lowest polarization 

resistance value. The conductivity of SFM and SFMCl0.2 

oxides was 24 and 15 S/cm at 800°C, respectively. The 

conductivity of SFMCl0.2 was lower than SFM oxide; the 

introduction of Cl weakened the Fe–O bonds, resulting 

in an increase in electron localization and a decrease in 

conductivity. The peak power density of a single cell 

fabricated with SFMCl0.2 cathode increased from 

231.5 mW/cm2 to 342.2 mW/cm2 at 800°C, Figure 11(c). 

These results show that Cl-doping in SFM is an effective 

strategy of modifying the electrochemical properties. 

Zhang L. et al. [149] investigated the F-doped 

Sr2Fe1.5Mo0.5O6–x–δFx (SFMFx, x = 0, 0.1, 0.2, 0.3, 0.4). The 

introduction of x = 0.2 fluorine enhanced the symmetry 

of the crystal structure; consequently, the bulk oxygen 

diffusion and surface oxygen exchange characteristics of 

the SFM cathode were improved. Electrochemical 

impedance spectroscopy confirmed that the polarization 

resistance of the SFM cathode was significantly reduced 

by F-doping from 0.246 to 0.107 S/cm2, respectively. F-

doping weakened the bonding between metal cations and 

oxygen anions, promoting the diffusion process and 

surface adsorption of oxygen on the cathode. 

Consequently, the reaction kinetics at the limiting stages 

was significantly improved. The open-circuit voltage of 

both single-cells was found to be 1.09 V at 800°C. The 

peak power density of SFM- and SFMF0.2-based single-

cells was found to be 534 and 418 mW/cm2, respectively, 

Figure 11(d). Hence, F-doping significantly enhanced the 

electrochemical performance of SFM-based cathodes for 

IT-SOFCs. F-doping and Ni–Fe exsolution enhance CO2 

adsorption and increase the surface reaction rate 

constant for CO2RR from 6.79∙10–5 to 18.1∙10–5 cm/s, as 

well as the oxygen chemical bulk diffusion coefficient 

from 9.42∙10–6 to 19.1∙10–6 cm2/s at 800°C [150]. 

Meanwhile, the interfacial polarization resistance 

decreases by 52%, from 0.64 to 0.31 S∙cm2.  At 800°C 

and 1.5 V, an extremely high current density of 

2.66 A/cm2 and a stability test over 140 h are achieved 

for the direct CO2 electrolysis in the SOEC. Li Y. et al. 

[151] also confirm a twofold decrease in polarization 

resistance when the O-sublattice of Sr2Fe1.5Mo0.5O6–δF0.1 is 

doped with fluorine. 
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(a)   (b) 

(c) (d) 

Figure 11 a) High-resolution XPS spectra of Fe 2p and b) N 1s, Mo 3p for Sr2Fe1.5Mo0.5O6–δ and N-doped Sr2Fe1.5Mo0.5O6–δ at 450°C 

[147] Copyright © 2021 Elsevier B.V.; c) I–V and I–P curves of the SFM|LSGM|SFMClx single cell with the SFMClx cathode at 

800°C [148] Copyright © 2020 Elsevier B.V.; d) the NiO-GDC|GDC|LSGM|GDC|SFMFx single cell with the SFMFx cathode at 

800°C [149] Copyright © 2020 Royal Society of Chemistry. 

3. Conclusions 

The review describes transport properties of double 

perovskite as a promising material for symmetrical solid 

state electrochemical devices. Sr2Fe1.5Mo0.5O6–δ oxide has 

a good combination of properties, including electrical 

conductivity, stability, and catalytic activity in oxidizing 

and reducing atmospheres. The effect of elemental 

doping in the A-, B- and O-sublattices on the crystal 

lattice, conductivity, electrochemical properties, and 

stability of the materials is considered. Elemental co-

doping leads to changes in the valence of iron and 

molybdenum, thereby increasing catalytic performance 

and stability and decreasing the thermal expansion 

coefficient. Today, the knowledge on the nature of the 

materials based on Sr2Fe1.5Mo0.5O6–δ has been obtained, 

which confirmed their great potential as promising 

oxides for the fabrication of symmetric solid oxide cell 

electrodes. Further development and research in this 

direction could be useful for the improvement of 

electrodes, their stability, and stability in different 

atmospheres of solid oxide fuel cell operation. 
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