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A B S T R A C T   

Optimisation of the composition or rare-earth-free perovskites is of considerable interest for their application as 
air electrodes in intermediate temperature solid oxide cells (IT-SOCs). Herein, we report the effects of Mo and Sb 
doping (5 mol %) of SrFe0.5Co0.5O3-δ (SFC) on oxygen content, thermal behaviour, electrochemical properties 
and stability. Phase-pure, XRD-cubic perovskite is achieved on sintering powder derived from Pechini synthesis 
in the range 1000-1100 ◦C for SFC, SrFe0.475Co0.475Mo0.05O3-δ (SFCM) and SrFe0.475Co0.475Sb0.05O3-δ (SFCSb). 
Oxygen content determined by redox titration is greater for the Mo- and Sb-doped phases than for SFC, although 
oxygen loss occurring at > 350 ◦C is greatest for SFCSb. The higher total oxygen content of the Mo-doped phase is 
expected to increase the electron-hole content resulting in higher conductivity (σ = 340.5 S cm− 1 at 300 ◦C in 
O2). In contrast, the greater oxygen-vacancy content with increasing temperature of the Sb-doped material is 
associated with the most competitive electrode-polarisation resistance (<0.1 Ω cm2 at 700 ◦C). The greater 
relative effect of cathodic and anodic polarisation on improving electrochemical performance at lower tem
peratures highlights the potential of the studied compositions as air electrodes in IT-SOCs.   

1. Introduction 

Solid oxide fuel cells (SOFCs) are highly efficient and versatile high- 
temperature fuel-to-power conversion devices [1,2], which are very 
attractive for application with combined technologies such as gas tur
bines and high-technology solar devices [3–5]. SOFCs operating on 
hydrogen are particularly promising for the transition to clean and green 
electricity production in the endeavour to limit greenhouse-gas emis
sions and pollution. A further advantage of these electrochemical cells is 
their reversibility, on operation as electrolysers (solid oxide electrolysis 
cell, SOEC) providing hydrogen from water and low-carbon fuels from 
CO2 [6–10]. Their principal disadvantage is the high working temper
ature, 800 – 1000 ◦C, which causes degradation and incompatibility 
issues between the ceramic components. Hence, a major goal is lowering 
the working temperature to the intermediate-temperature range (550 – 
800 ◦C) while concomitantly maintaining high efficiency and the po
tential reversibility of the system (IT-RSOC, intermediate temperature 
reversible solid oxide cell) [11–13]. 

The selection of the air electrode is particularly critical as polar
isation resistance is especially affected by the reduction of the working 

temperature [14–16]. Innovative materials for air electrodes include 
ceramic oxides with good mixed ionic-electronic conductivity in oxi
dising atmospheres, such as some families of perovskites (ABO3-δ), 
which enjoy ease of synthesis and adaptability of their properties 
through composition selection and doping [17]. Strontium-doped 
lanthanum manganite (La1-xSrxMnO3-δ, LSM) has traditionally been 
targeted for temperatures above 850 ◦C due to its high physicochemical 
stability with yttrium-stabilised zirconia (YSZ) electrolyte. However, 
LSM exhibits rather poor electrochemical properties attributable to low 
ionic conductivity [16,18].Partial or complete substitution of Mn for Co 
or Fe on the B site of LSM (Ln1-xSrxCo1-yMnyO3-δ, Ln1-xSrxCo1-yFeyO3-δ, 
where Ln is a lanthanide) favours electrochemical performance although 
stability is generally poorer [19]. Some of the most studied groups of 
perovskite materials for air electrodes in solid oxide cells, especially 
intermediate-temperature operation, include cobaltites, ferrites and 
cobaltite-ferrites, due to their high mixed oxide-ionic and electronic 
conductivities [16]. Systems which incorporate lanthanides (principally 
La, Gd, Sm, Nd and Pr) and alkaline-earths (mainly Ba, Sr and Ca) in the 
A position of the perovskite are commonly studied due to their high 
oxygen-vacancy concentrations and mixed oxidation states of the 
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transition-metal cations [15]. 
However, rare-earth elements are in much demand with crucial roles 

in many technological applications, increasing their cost [20–22]. 
Moreover, their location in geopolitically sensitive countries has a 
further negative effect on rare-earth prices. Hence, lowering production 
costs by decreasing the lanthanide content in air-electrode compositions 
will be a necessary strategy for widespread implementation of solid 
oxide cells. 

For operation in the intermediate temperature range, highly per
forming air electrodes have been obtained with the SrCoO3-δ (SCO) 
family doped on the Co site. The pristine composition is characterised by 
a phase transition from cubic to hexagonal symmetry on decreasing the 
temperature below 900 ᵒC; however, the lower symmetry phase is 
associated with both a drastically reduced electrical conductivity and 
electrochemical performance [24]. The introduction of suitable cations 
in the B position, such as Nb [23], Sb [24], Ta [25], Sc [26] and Mo [27], 
stabilises the cubic phase at room temperature, improving the electro
chemical efficiency. Nevertheless, the excessive presence of Co causes 
stability problems, which is considerably improved on partial substitu
tion of the B-site cation with a higher-valence dopant [28,29]. As is the 
case for rare earths, cobalt is also a critical resource, with high demand 
in technological applications, particularly for lithium-ion batteries [30]; 
it is also associated with socioeconomic issues related to its principal 
mining source in the Democratic Republic of the Congo [31]. Conse
quently, lowering the Co content in SCO-based families on partial or 
complete substitution for Fe and high-valence cations is the focus of 
much SOFC cathode research [23–25,27,29,32–36]. 

The aim of the present work is the preparation of air-electrode ma
terials based on the SCO parent phase which are both free of rare-earth 
elements and are of lower Co content. Specifically, the effects of Mo and 
Sb doping are studied in detail for the phase SrFe0.5Co0.5O3-δ at a doping 
level of 5 at.% (SrFe0.475Co0.475Mo0.05O3-δ and SrFe0.475Co0.475Sb0.05O3- 

δ) and compared to SrFe0.5Co0.5O3-δ in an endeavour to optimise elec
trochemical performance and stability in air electrodes consisting of 
more sustainable elements. 

2. Experimental 

2.1. Synthesis, structure and microstructure 

Pechini synthesis [37] was employed to obtain SrFe0.5Co0.5O3-δ 
(SFC), SrFe0.475Co0.475Mo0.05O3-δ (SFCM) and SrFe0.475Co0.475Sb0.05O3-δ 
(SFCSb). Stoichiometric amounts of Sr(NO3)2, Fe(NO3)3⋅6H2O, Co 
(NO3)2⋅6H2O, (NH4)6Mo7O24⋅4H2O, and Sb2O3 were dissolved in 
deionised water with continuous stirring on a hotplate at 50 ◦C; disso
lution of Sb2O3 was achieved on addition of drops of HNO3. Subse
quently, citric acid and ethylene glycol were added as chelating and 
complexing agents in molar ratios of 10:1 and 40:1 regarding the total 
moles of product, respectively. Polycondensation occurred on increasing 
the temperature to 100 ◦C overnight, producing a dark and viscous mass. 
Subsequently, the samples underwent heat treatment at 350 and 600 ◦C, 
followed by grinding in an agate mortar. Final firing was performed in 
the range 1000 – 1100 ◦C to achieve phase purity, prior to milling (400 
rpm for 2 h in a Fritsch pulverisette planetary ball mill) and sieving to a 
fine powder. 

Structural characterisation was performed using X-ray diffraction 
(XRD) data collected in the range 20◦ ≤ 2θ ≤ 70◦ with a stepwidth of 
0.02◦ on a Bruker D8 high-resolution diffractometer equipped with a Ge 
monochromator providing monochromatic CuKα1 radiation (λ =

1.5406 Å) at 40 kV and 40 mA. Rietveld refinement was performed with 
the Fullprof software [38]. The microstructure and morphology of 

electrode-electrolyte half-cells sputtered with a thin gold coating was 
examined by scanning electron microscopy (SEM) with a FE-SEM Hita
chi 4700 S microscope. 

2.2. Oxygen content, oxidation states and thermal analysis 

Redox titration was carried out to determine the oxygen content and 
the oxidation states of the cations in the samples at room temperature, as 
reported previously [39–41] and described as follows. Different 
amounts of Mohr’s salt and powders of the studied crystalline phases 
were dissolved in a volumetric flask on addition of milliQ water, HCl, 
H3PO4 and the indicator ferroine ((C36H24FeN6)SO4). Argon was 
continuously bubbled through the solution to avoid the oxidising effect 
of the air atmosphere. The end point was detected by the change of 
colour of the solution from red to green. 

Thermogravimetry was performed in air using a TGA Setsys evolu
tion equipment using powders of synthesised phases in the range RT- 
900 ◦C with a heating/cooling rate of 10 ◦C⋅min− 1. For dilatometry, 
sintered bars (12 × 4 × 4 mm3) with relative densifications ~ 92-94% 
were prepared by pressing powders at 100 MPa and firing at 1200 o C for 
6 h. Linear-thermal expansion analysis was performed in the range RT – 
900 ◦C using a Netzsch DIL 402 PC instrument. 

2.3. Electrical conductivity 

Dense bars, obtained in a similar manner to those used in dilatom
etry, were used to study the electrical conductivity by a 4-probe meth
odology on attaching one pair of platinum wires to the external Pt- 
covered surfaces, for electrical current flow, and another pair was 
internally attached to read the voltage. Pt paint (Heraeus) was used to 
connect Pt wires to the bars and cover the external rectangular surfaces, 
prior to firing the bars at 950 ◦C for 1h to ensure good contact. A Met
rohm Autolab PGSTAT302 N potentiostat/galvanostat with GPES soft
ware was employed to collect I-V curves on applying direct current in 
galvanostatic mode in the range 0 - 100 mA. The measurements were 
performed under steady-state conditions in flowing air, oxygen and ni
trogen atmospheres at a rate of 50 ml/min on cooling in the range 150 - 
900 ◦C, with intervals of 50 ◦C and with heating/cooling rates of 5 

◦

C/ 
min. 

2.4. Electrochemical analysis 

Electrode-electrolyte half-cells were analysed by impedance spec
troscopy to study the electrode polarisation resistance. Co(NO3)2⋅6H2O 
(2 mol %) was added as sintering agent to Ce0.9Gd0.1O2-δ (CGO) elec
trolyte powder (Rhodia) and the mixture heat treated at 650 ◦C for 1h 
[42]. The powder was subsequently uniaxially pressed and sintered at 
1100 ◦C for 6h to obtain disks of ~1 mm thickness and ~15 mm 
diameter. The electrode under study was mixed with a commercial 
liquid organic agent (Decoflux) to form an ink and brushed on both sides 
of the electrolyte through a mask of diameter 6 mm. The 
electrode-electrolyte assemblies were then fired at 1000 ◦C for 2h. For 
3-probe electrode polarisation measurements, a reference Pt electrode 
was attached to the outer circumference of one side of the electrolyte 
membrane using Pt paint and wire [43]. Impedance spectroscopy was 
performed with a Metrohm Autolab PGSTAT302 N, applying a potential 
amplitude of 50 mV in a frequency range of 0.1 - 106 Hz and temperature 
range of 600 - 900 ◦C. The effect of current on the electrochemical 
performance was evaluated by impedance spectroscopy in the same 
frequency range with a signal amplitude of 1 mA and simultaneous 
direct currents between 0 and 400 mA cm− 2, under both cathodic and 
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anodic polarisation. The analysis of impedance spectra and corre
sponding equivalent circuit fitting were performed by means of the 
Zview software (Scribner Associates). 

2.5. Stability 

Electrochemical stability of the half cells was evaluated both on 
performing impedance spectroscopy at 700 ◦C for 100 h, in steps of 3 h, 
and on cycling the temperature (10 heating-cooling cycles) between 300 
and 800 ◦C. 

3. Results 

3.1. Structural and microstructural characterisation 

Room temperature XRD patterns of SFC and SFCM with final firing 
temperature of 1000 ◦C, and SFCSb with firing temperature of 1100 ◦C, 
are shown in Fig. 1. At the resolution of XRD, single-phase perovskite 
with cubic symmetry (space group Pm 3 m) is confirmed for the three 
samples. These results agree well with previous reports confirming that 
the SrFe1-xCoxO3-δ family adopts tetragonal symmetry for 0 ≤ x ≤ 0.2 
[44,45] and cubic symmetry for 0.3 ≤ x ≤ 0.7 [45,46]. Mo and Sb are 
also effective dopants for stabilisation of the cubic phase in both 
SrCoO3-δ and SrFeO3-δ systems [24,27,44,47,48]. Combination of 
Fe-Co-Sb/Mo on the B-site of the perovskite employed in the current 
work retains cubic symmetry at low temperature. Substituting the B site 
of the perovskite with 5% Mo reduces the lattice parameter from a =
3.8675(2) Å (corresponding to SFC) to 3.8612(2) Å, whereas it increases 
on introduction of Sb to a = 3.8740(5) Å. 

The lattice parameters of all samples are in the expected range for 
similar compositions, e.g. 3.866 Å for SrFe0.6Co0.4O3-δ [46], 3.865 Å for 
SrFe0.5Co0.5O3-δ [45], 3.864 Å for SrFe0.4Co0.6O3-δ [49] or 3.869 Å for 
SrFe0.45Co0.45Mo0.1O3-δ [50]. 

It should be mentioned that comparison between results from 
different literature sources should be performed with care, given that the 
lattice parameters are influenced, not only by the respective content of 
cations, but also by their oxidation states, which are dependent on 
preparation route, thermal treatment and thermal history. In the current 
work, the modification of the dimensions of the unit cell on doping 
correlate very well with the relations between the ionic radii of the 
dopants and the contents of respectively larger and smaller 3+ and 4+
host species, as will be discussed later. 

Scanning electron micrographs (Fig. 2) reveal homogenous samples 
free of secondary phases after deposition and sintering at 1000 ᵒC. 
Although the three compositions present a similar morphology, a 
slightly larger grain size is inferred for SFCSb as a consequence of its 
higher firing temperature. All samples show good porosity and improved 
intergranular connectivity compared to similar SrFeO3-δ-based materials 
obtained by the same synthesis method [44,51], which is expected to 
enhance oxygen diffusion across the electrode surface for the 
oxygen-reduction and oxidation reactions in each case. The samples 
present good adhesion between the electrode and the electrolyte, 
without apparent cracks or delamination. A homogeneous air-electrode 
thickness of ~30-40 μm was obtained for the different compositions. 

3.2. Oxygen content, oxidation states and thermal analysis 

The average oxidation state of (Fe,Co) and the oxygen content at 
room temperature for the three studied materials are collected in 
Table 1. We note that the oxidation state of molybdenum and antimony 
were considered as +6 and +5, respectively, as is typically assumed for 
similar systems [24,27,47,48,50,52,53]. In this regard, it was previously 
reported that molybdenum species reside as Mo6+ in the Sr2Fe2-xMoxO6-δ 
system under air, limiting the molybdenum solubility, and that the only 
way to increase solubility and produce Mo5+ species is by decreasing the 

Fig. 1. Experimental (red circles), calculated (continuous black line) and dif
ference (continuous blue line at bottom of each panel) XRD patterns of (a) 
SrFe0.5Co0.5O3-δ, (b) SrFe0.475Co0.475Mo0.05O3-δ and (c) SrFe0.475

Co0.475Sb0.05O3-δ. The positions of Bragg peaks are indicated by vertical bars. 
(For interpretation of the references to colour in this figure legend, the reader is 
referred to the Web version of this article.) 
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oxygen partial pressure [54]. Doping with both Mo and Sb increases the 
oxygen content, more significantly for Mo6+. Moreover, the clear 
decrease of the content of larger trivalent cations (Fe,Co)3+ on Mo 
doping is consistent with the slight contraction of the cell observed 
above. In contrast, Sb5+ species mainly replace the smaller (Fe,Co)4+

cations; nevertheless, a similar trivalent cation content to the parent 
phase SrFe0.5Co0.5O3-δ is retained. This is expected to produce cell 
expansion, as indicated by the higher lattice parameter of the Sb 
composition. Similar tendencies have been previously reported in the 
literature [50,55]. Compared to SrFeO3-δ, cobalt on the B-site increases 
the presence of the tetravalent state, associated with greater oxygen 
content and stabilisation of cubic symmetry at room temperature [44, 
48]. The presence of 5 mol% Mo on the B site of the SrFe0.5Co0.5O3-δ 
parent phase leads to a gain of oxygen content from 2.79 to 2.88, 
whereas our previous work showed that a higher Mo content of 10 mol% 
leads to a further increase of oxygen content to 2.94 [50]. In both cases 
Mo principally replaces Fe and Co in the trivalent state, increasing the 
average oxidation state of (Fe,Co). 

The evolution of the oxygen content with temperature was obtained 
by thermogravimetry based on the RT data obtained from redox titration 
(Fig. 3). The behaviour of the three materials is similar, with no sig
nificant mass loss to ~300 ◦C, followed by a monotonous decrease due 
to thermal reduction of the B-site and the release of oxygen: 

O×
0 + 2B•

B ↔
1
2

O2 + v••0 + 2B×
B (1)  

where O0
X is an oxygen ion in its lattice site, BB

• and BB
× are B4+ and B3+

cations in the B position of the perovskite and vo
•• refers to the oxygen 

vacancy (Kröger-Vink notation). This response is typical of similar 
perovskite compositions [56–58]. The oxygen contents at 900 ◦C are 
2.61, 2.71 and 2.59 for SFC, SFCM and SFCSb, respectively, indicating a 
more significant oxygen loss for SFCSb (Δδ = 0.23 in the range 
RT-900 ◦C, compared to 0.18 and 0.17 for SFC and SFCM, respectively). 

The thermal expansion curves of the materials studied in the range 
RT - 900 ◦C in air exhibit two regimes, with a lower slope in the lower 
temperature range followed by greater expansion rate in the higher 
temperature range (Fig. 4). 

For SFCSb, the inflexion between the regimes is observed at ~385 ◦C, 
while for SFCM and SFC the change in regime occurs at ~550 and 
650 ◦C, respectively. This leads to a higher value of thermal expansion 
coefficient (TEC) for the intermediate and high temperature range for 
the Sb-doped sample, as observed in Table 2. SFCM presents the most 
favourable thermal behaviour, maintaining a TEC of 14.9 × 10− 6 K− 1 up 
to ~550 ◦C, which is compatible with common electrolytes such as CGO 
[59]. The three materials show comparable TEC values over the studied 
temperature range to those previously reported in the literature for 
parent compositions, as shown in Table 2. It is noteworthy that some 
dispersion of the TEC values is reported in the literature, probably 
because the lattice parameter and the thermal expansion may be 
affected by the oxygen stoichiometry and oxidation state of the cations, 
which are dependent on the processing route and thermal history. 

The greater expansion of SFCSb is consistent with literature reports 
which show the impact of increasing the Sb content on the increase of 
TEC [24,62], whereas substitution with Mo leads to more moderate 
expansion [27,48,50]. The transition from the lower-slope to the 
higher-slope thermal regimes is also observed for parent compositions 
presented in Table 2 and is consistent with the mass loss observed in the 
TGA curves associated with the release of oxygen from the structure [58, 
63,64], which increases both the degree of cation reduction and cell 
parameter as temperature rises. The greater oxygen release and corre
sponding TEC values may be more significant in Sb-doped compared to 
Mo-doped samples due to relatively weaker Sb-O bonds in comparison to 
Mo-O [65]. 

Fig. 2. SEM top-view images of (a) SrFe0.5Co0.5O3-δ, (b) SrFe0.475Co0.475

Mo0.05O3-δ and (c) SrFe0.475Co0.475Sb0.05O3-δ, and (d) cross-section view of 
SrFe0.475Co0.475Sb0.05O3-δ deposited over CGO electrolyte. 
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3.3. Electrical conductivity 

The electrical conductivity as a function of temperature is greater in 
oxygen than in air (Fig. 5) and a total conductivity maximum is observed 
in both atmospheres, characteristic of thermally activated electron-hole 
transport and variable carrier concentration. For temperatures lower 
than the maximum, conductivity increases as temperatures rises, due to 
a higher mobility of the electron-hole charge carriers, whereas, at higher 
temperature, oxygen is released (Fig. 3) [58,66], with loss of holes (Eq. 
(1)) and a corresponding decrease in conductivity. 

The order of conductivity σSFCSb < σSFC < σSFCM is mostly retained in 
the studied atmospheres and temperature range. The greater values of 
the Mo-containing sample are due to an increase in the proportion of 
electron holes residing as B4+ cations compared to the other composi
tions (Table 1), increasing the proportion of B3+ - O2− - B4+ - O2− - B3+

electronic conduction channels. The formation of such channels is less 
extensive in the case of Sb doping, with lower B4+ cation concentration 
and resultant lower conductivity, in agreement with literature reports 
[50,55]. In this regard, it has been reported that a low content of Sb 
doping (x = 0.05) is sufficient to stabilise the cubic perovskite phase in 
SrCo1-xSbxO3-δ [24], thus increasing the electrical conductivity; how
ever, the increase of Sb content is detrimental to electrical transport. It is 
noteworthy that the total conductivity of SFCM presents maximum 
values of σMAX.~278 and 340 S cm− 1 in air and oxygen, respectively, 
which are similar to those of similar compositions such as 
SrFe0.4Co0.6O3-δ or SrFe0.6Co0.4O3-δ, which have peak conductivities of 
about 345 and 290 S cm− 1 in air, respectively [46]. We note that the 

Table 1 
Room-temperature average oxidation state (A.O.S) of (Fe,Co) cations determined by redox titration, and corresponding stoichiometric contents of (Fe, Co)3+, (Fe,Co)4+

and O2− determined by electroneutrality (the oxidation state of molybdenum and antimony are assumed to be +6 and + 5, respectively).  

Material (ABO3-δ) A. O. S [(Fe, Co)3+] [(Fe, Co)4+] [Mo6+] [Sb5+] [O2− ] 

SrFe0.5Co0.5O3-δ 3.57 0.43 0.57 - - 2.79 
SrFe0.475Co0.475Mo0.05O3-δ 3.65 0.34 0.61 0.05 - 2.88 
SrFe0.475Co0.475Sb0.05O3-δ 3.56 0.42 0.53 - 0.05 2.82  

Fig. 3. Oxygen content as a function of temperature (RT - 900 ◦C) obtained by 
redox titration and thermogravimetry in air for (a) SrFe0.5Co0.5O3-δ, (b) 
SrFe0.475Co0.475Mo0.05O3-δ and (c) SrFe0.475Co0.475Sb0.05O3-δ. 

Fig. 4. Relative linear thermal expansion as a function of temperature of 
densified bars of SrFe0.5Co0.5O3-δ, SrFe0.475Co0.475Mo0.05O3-δ and SrFe0.475

Co0.475Sb0.05O3-δ. 
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current results are also comparable or even higher than those previously 
reported for perovskites with significantly higher Co contents, such as 
~300 S cm− 1 for SrCo0.9Sb0.1O3-δ [24] or ~ 286 and ~170 S cm− 1 for 
SrCo0.95Mo0.05O3-δ and SrCo0.9Mo0.1O3-δ, respectively [67]. 

3.4. Electrochemical analysis 

Fig. 6(a) presents a comparison of typical impedance spectra in air of 
the three electrodes over CGO electrolyte in half-cell configuration at 
700 ◦C. The electrode area-specific resistance (ASR) for SFC, SFCM and 
SFCSb are 0.38, 0.28 and 0.10 Ω cm2 at 700 ◦C, respectively. These 
results confirm that the presence of cobalt in SrFeO3-δ–based systems 
improves the electrochemical performance in comparison to the Co-free 
composition, prepared in a similar way [50], with a value of ASR ~ 0.55 
Ω cm2 at 700 ◦C. Fig. 6(b) shows the corresponding Arrhenius plots in 
the range 600-900 ◦C, where Mo- and Sb-doping improves the electro
chemical reaction in the order ASRSFC > ASRSFCM > ASRSFCSb. The 
Sb-doped electrode response is particularly promising, with comparable 
ASR values to perovskite materials with significantly more cobalt con
tent on the B site, such as SrCo0.95Sb0.05O3-δ with an ASR ~0.06 Ω cm2 

[24], SrCo0.9Mo0.1O3-δ with ASR ~ 0.16 Ω cm2 [27], SrCo0.95Ti0.05O3-δ 
with ASR ~ 0.18 Ω cm2 [64], and SrCo0.9Nb0.1O3− δ with ASR ~ 0.083 Ω 
cm2 [68], at 700 ◦C, or with the presence of a rare-earth cation on the A 
site, such as Sr0.7Y0.3CoO3− δ, La0.6Sr0.4Co0.2Fe0.8O3− δ or 
Nd0.75Sr0.25Co0.8Fe0.2O3− δ, with respective ASR values of ~1, 0.3 and 
0.2 Ω cm2 at 700 ᵒC [69–71]. It should be mentioned that the literature 
data report a wide range of dispersion among similar families of com
pounds and comparisons should be made with care, given that the 

air-electrode electrochemical performance is highly dependent on the 
processing route and thermal history, which not only affects the 
oxidation states of the cations but also the microstructure and stability of 
the air electrodes. 

Impedance spectra were fitted to equivalent circuits composed of 
several series components, typically L-Rs-(RQ)HF-(RQ)LF, where L is 
introduced to account for the autoinductive process of the experimental 
setup, Rs accounts for the ohmic contribution, and each (RQ)i term 
corresponds to a resistance and a pseudocapacitance connected in par
allel, introduced to fit the high-frequency ((RQ)HF) and low-frequency 
((RQ)LF) electrochemical processes. Fig. 7 shows the results obtained 
at 800 o C for the compositions studied in the current work. Although the 
fitting of the spectra according to the equivalent circuits is mathemati
cally accurate, the analysis should be performed with care, given that 
the oxygen electrochemical processes overlap considerably. The results 
indicate that the high-frequency process, which is associated to diffusion 
of oxide ions in the bulk phase [72], is characterised by capacitances of 
the order of 10− 3-10− 2 F, whereas the low-frequency processes, associ
ated to the oxygen surface interchange, exhibit capacitances of 10− 1-100 

F. In mixed-conducting cathodes, the electrochemical reaction is domi
nated by the bulk pathway [73], and a high performance requires fast 
oxygen exchange reactions and fast bulk chemical diffusion [74–76]. 
Oxygen vacancies often play the dominant role in the surface exchange 
process; however, they also play a key role in the oxygen bulk diffusion, 
because high ionic (and electronic) conductivity is required for efficient 
oxygen transport. Fig. 7(d) shows that although Mo doping has a minor 
influence on the electrode performance, Sb doping reduces considerably 
the area-specific resistance corresponding to both the high-frequency 

Table 2 
Thermal expansion coefficients (TEC) of the compositions studied in the current 
work (c.w.) compared to selected results of parent compounds reported in the 
literature.  

Phase (ABO3-δ) Atmosphere TEC (x 
10− 6 K− 1) 

T range 
(oC) 

Reference 

SrFe0.5Co0.5O3-δ air 19.6 RT – 650 c.w. 
26.7 650 – 

900 
SrFe0.475Co0.475Mo0.05O3- 

δ 

air 14.9 RT – 550 c.w. 
25.9 550 – 

900 
SrFe0.475Co0.475Sb0.05O3-δ air 15.3 RT – 400 c.w. 

28.7 400 – 
900 

SrFe0.5Co0.5O3-δ argon 24.3 27 – 427 [60] 
53.0 427-627 

SrFe0.1Co0.9O3-δ oxygen 28.4 50-850 [28] 
SrFe0.4Co0.6O3-δ air 23.8 RT-600 [49] 
SrFe0.45Co0.45Mo0.1O3-δ air 14.8 RT – 400 [50]  

24.5 400 – 
650 

SrFe0.5Co0.4Nb0.1O3-δ air 16.1 RT – 450 [61] 
24.4 450 – 

900 
SrCo0.95Sb0.05O3-δ air 15.2 200 – 

400 
[24] 

19.35 400 – 
1000 

SrCo0.95Mo0.05O3-δ air 17.2 RT – 450 [27] 
26.1 450 – 

1000 
SrFe0.8Mo0.2O3-δ air 25 800 [48] 
SrFe0.9Mo0.1O3-δ air 14.0 RT – 450 [44] 

29.3 500 – 
900 

SrFe0.95Sb0.05O3-δ air 10.6 27 – 582 [47] 
34.5 582 – 

1000 
SrFe0.8Ta0.2O3-δ air 14.5 RT – 400 [36] 

21.6 400 – 
1000  

Fig. 5. Electrical conductivity as a function of temperature for SrFe0.5Co0.5O3-δ 

(circles), SrFe0.475Co0.475Mo0.05O3-δ (triangles) and SrFe0.475Co0.475Sb0.05O3-δ 

(squares) under (a) air and (b) oxygen. 
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and the low-frequency electrochemical processes. It is likely that a 
greater oxygen-vacancy content with temperature for the Sb-doped 
sample in comparison to the Mo-doped electrode is beneficial for the 
oxygen exchange reaction and oxygen-ion diffusion, although other 
factors such as hole and oxide-ion mobility, hole content and cation 
segregation at the surface may come into play in the observed order. 

The effect of dc bias on the normalised electrode polarisation resis
tance is shown in Fig. 8. The results show analogous behaviour to that 
previously reported for similar compositions [25,44,50]. As a general 
trend, the electrode polarisation resistance is not substantially affected 
by the magnitude of the direct current at high temperature, but de
creases considerably as the direct current increases at lower tempera
ture. The oxygen reduction/oxidation reactions in mixed conducting air 
electrodes are affected by oxygen surface exchange and oxide-ion bulk 
diffusion [74,75]. The oxygen bulk diffusion and oxygen surface ex
change in cathodic polarisation are dominated by oxygen vacancies 
[75], whereas oxygen surface exchange in anodic polarisation should be 
dominated by concentration of oxide ions at surface reaction sites, 
which are required to evolve oxygen. In the high temperature range, 

both the oxygen surface exchange and the oxygen bulk diffusion are 
faster, and only minor further modification of oxygen vacancies and 
oxide ions at reaction sites occur as the direct current is increased. 
However, for lower temperatures, the oxygen surface exchange and the 
oxygen bulk diffusion decrease considerably such that the 
oxygen-vacancy content and oxide ions at reaction sites are affected 
more considerably for high cathodic and anodic currents, respectively, 
decreasing the electrode polarisation resistance. The three materials 
generally show a better response under anodic polarisation, as observed 
previously for similar systems [25,50,77], most likely because oxygen 
exchange limitation is expected to have a greater effect on the electro
chemical performance for oxygen adsorption under cathodic polar
isation, in comparison to oxygen evolution under anodic polarisation 
[50,78,79]. 

Fig. 9 shows that the cathodic and anodic overpotentials are lower 
for the Sb-doped sample in comparison to the Mo-doped and undoped 
compositions, in good agreement with the lower electrode polarisation 
resistance of the former (Fig. 6). On the other hand, differences are 
lower in the high current range, due to the marked improvement of the 

Fig. 6. (a) Impedance spectra obtained without dc polarisation at 700 ◦C and (b) Arrhenius representation of area-specific resistance of the oxygen electrochemical 
process in air for SrFe0.5Co0.5O3-δ (circles), SrFe0.475Co0.475Mo0.05O3-δ (triangles) and SrFe0.475Co0.475Sb0.05O3-δ (squares) in a half-cell based on CGO electrolyte. Note 
that the spectra represented in (a) are displaced to the origin of the real axis for a clearer comparison of the electrode-electrolyte electrochemical process. 

Fig. 7. (a), (b) and (c) Representation of experimental impedance spectra (open circles) and corresponding fittings (continuous lines), according to the equivalent 
circuits, at 800 ᵒC; (d) results of area-specific resistances at 800 ᵒC associated to the high-frequency (HF), low-frequency (LF) and overall oxygen electro
chemical processes. 
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electrochemical performance for SFC and SFCM. 

3.5. Stability 

The electrochemical stability of the electrode-electrolyte half-cell 
assemblies was evaluated o thermal cycling (Fig. 10), showing good 
stability of the ASR for Sb- and Mo-doped samples but a greater increase 
for the undoped SFC composition. The more pronounced deterioration 
of the electrochemical response of the SFC sample on cycling with 
temperature may be attributable to a greater thermal expansion at in
termediate temperature (Table 2) and degradation at the electrode- 
electrolyte interface [80]. 

However, in terms of relative degradation after 10 thermal cycles, 
the SFCSb electrode presents the highest relative increase of electrode 
polarisation resistance (~36%) in comparison to the SFC (~29%) and 
SFCM (~14%) electrodes. Further optimisation of these promising 
electrodes is warranted to improve component compatibility and limit 
degradation associated with expansion. Attention may be paid to 
microstructural modification with alternative synthesis routes such as 
spray pyrolysis, allowing a lower synthesis temperature and smaller 
grain size [44], and the deposition of intermediate layers between the 
electrode and electrolyte [81,82]. 

Fig. 8. Modification of ASR by direct current in cathodic polarisation (a, c, e) and anodic polarisation (b, d, f) for SrFe0.5Co0.5O3-δ (a, b), SrFe0.475Co0.475Mo0.05O3-δ 

(c, d) and SrFe0.475Co0.475Sb0.05O3-δ (e, f). 
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4. Conclusions 

Substitution on the perovskite B site of the intermediate-temperature 
solid oxide cell air electrode material SrFe0.5Co0.5O3-δ with minor 
amounts (5 mol%) of either Mo or Sb has significant and differing in
fluences on oxygen content, thermal behaviour and electrochemical 
properties. 

The introduction of molybdenum with a final firing temperature of 
1000 ◦C increases both stoichiometric oxygen and the concentration of 
electron holes localised as B4+ cations, resulting in higher conductivity 
(340 S cm− 1 at 300 ◦C in O2). In addition, the stability of the electro
chemical response of half cells of the Mo-doped electrodes and CGO 
electrolyte on thermal cycling improves in comparison to half cells with 
the SrFe0.5Co0.5O3-δ parent phase, most probably related to a more 
moderate TEC value at intermediate temperature, with better compati
bility with the CGO electrolyte. 

Doping with 5 mol % Sb requires a synthesis temperature of 1100 ◦C 
to achieve phase-pure perovskite. The Sb-containing phase exhibits a 
greater oxygen-vacancy content than the Mo-doped phase at room 
temperature, and also greater oxygen loss with increasing temperature. 
The more significant oxygen-vacancy content is associated with a lower 
electron-hole charge-carrier concentration, leading to a lower conduc
tivity than the other studied compositions. However, the high oxygen- 
vacancy content significantly improves the electrochemical perfor
mance, and ASR values comparable with perovskites of much higher 
cobalt content are achieved. All three studied materials are competitive 
as air electrodes for intermediate temperature solid oxide cells, 

warranting further study targeted on improving microstructure and 
component compatibility. 
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