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H I G H L I G H T S  

� Mo doping of SrFeO3-δ perovskite stabilises cubic symmetry at low temperature. 
� The electronic conductivity is improved on Mo and Co doping. 
� Mo and Co co-doping of SrFeO3-δ improves oxide-ionic conductivity. 
� Excellent electrode perfomance in the IT range under anodic and cathodic bias.  
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A B S T R A C T   

The effects of Co and Mo doping on the properties of SrFeO3-δ perovskite as air electrode in reversible solid oxide 
cells have been analysed. The oxygen-ordered parent phase exhibits a high oxygen-vacancy content, which is 
partially reduced on doping, accompanied by stabilisation of cubic symmetry for SrFe0.9Mo0.1O3-δ and 
SrFe0.45Co0.45Mo0.1O3-δ phases. All compositions lose oxygen for temperatures �400–450 �C, with a concomitant 
decrease of electron-hole conductivity. Oxide-ionic conductivity determined by Faradic efficiency significantly 
improves for the Co-doped composition, reaching 0.026 S cm� 1 at 750 �C. The increase of ionic radii with 
reduction of Fe/Co þ IV species results in greater thermal expansion for T > 450 �C. Polarization resistance 
without bias lowers considerably on Co doping, from ~0.55 Ω cm2 for pure SrFeO3-δ, to ~0.2 Ω cm2 for 
SrFe0.45Co0.45Mo0.1O3-δ at 700 �C, but not on Mo doping (~0.5 Ω cm2). However, under cathodic and anodic 
polarization, a comparable, excellent performance at 650 �C of all compositions indicates their considerable 
promise as air electrodes for reversible solid oxide fuel cell-electrolyser systems, particularly for SrFe0.9Mo0.1O3-δ 
with more moderate thermal expansion.   

1. Introduction 

The drive towards achieving a fully sustainable energy sector is 
largely propelled by global alarm over the adverse and potentially 
catastrophic effects of increasing CO2 emissions, the need to decrease 
energy dependence on volatile states with undemocratic regimes and the 
anticipated peak and decline of worldwide oil supply. Hydrogen is a 
highly promising component of a sustainable energy portfolio for both 
stationary and transport power applications due to is ready trans-
portation and facile oxidation to water [1]. The conversion of hydrogen 
and low hydrocarbons can occur with high efficiency in a solid oxide fuel 

cell, made up of a ceramic electrolyte, porous ceramic cathode and 
porous cermet anode. With the use of waste heat in combined heat and 
power (CHP) applications, unrivalled efficiencies of up to 85% may be 
achieved [2]. Operation of the ceramic cells in reverse mode (solid oxide 
electrolyser cells, SOECs) achieves high temperature electrolysis 
requiring less electrical energy and higher electrolytic efficiency than 
low-temperature analogues [3,4]. Electrical energy may be both sup-
plied and extracted in a single cell giving rise to the concept of reversible 
or regenerative solid oxide cells. The energy provided from intermittent 
and discontinuous renewable energy supplies, such as solar or wind, 
coupled with waste heat from industrial or other sources may provide 

* Corresponding author. 
E-mail address: dpcoll@icv.csic.es (D. P�erez-Coll).  

Contents lists available at ScienceDirect 

Journal of Power Sources 

journal homepage: www.elsevier.com/locate/jpowsour 

https://doi.org/10.1016/j.jpowsour.2019.226895 
Received 22 May 2019; Received in revised form 11 July 2019; Accepted 15 July 2019   



Journal of Power Sources 437 (2019) 226895

2

energy for steam electrolysis. The stored hydrogen can then be con-
verted to electrical energy via reoxidation to water when power from 
renewable sources is not available. 

There is much focus on achieving good performance in both fuel-cell 
and electrolyser modes in an intermediate temperature range 

(500–800 �C) since the traditionally high operating temperatures 
(~1000 �C) lead to degradation of materials, lower lifetimes, and in-
crease the start-up and shutdown times, limiting their possible appli-
cations. An operation temperature below 600 �C has the further 
advantage that cheaper balance-of-plant materials such as stainless steel 
may be employed. 

Materials commonly used as air electrodes in SOFCs such as perov-
skites based on lanthanum manganite (LaMnO3-δ) and lanthanum 
cobaltite (LaCoO3-δ) may not be suitable in electrolysis cells (anodic 
polarization) since high local oxygen partial pressures can lower the 

Fig. 1. Experimental (red circles), calculated (continuous black line) and dif-
ference (continuous blue line at bottom of each panel) X-ray diffraction patterns 
of (a) SrFeO3� δ, (b) SrFe0.9Mo0.1O3� δ and (c) SrFe0.45Co0.45Mo0.1O3� δ. The 
position of Bragg peaks is indicated by vertical bars; peak splitting in the 
SrFeO3� δ phase is shown in the inset of (a). (For interpretation of the references 
to colour in this figure legend, the reader is referred to the Web version of 
this article.) 

Table 1 
Room temperature average oxidation state (A.O.S) of Fe and (Fe,Co) cations determined by titration, and corresponding stoichiometric contents of Fe3þ, Fe4þ, (Fe, 
Co)3þ, (Fe,Co)4þ and O2� determined by electroneutrality (oxidation state of molybdenum is assumed to be þ6).  

Composition A.O.S [Fe3þ] [Fe4þ] [Mo6þ] [(Fe,Co)3þ] [(Fe,Co)4þ] [O2� ] 

SrFeO3-δ Fe: 3.52 0.47 0.53    2.76 
SrFe0.9Mo0.1O3-δ Fe: 3.60 0.37 0.53 0.1   2.92 
SrFe0.45Co0.45Mo0.1O3-δ (Fe,Co): 3.64   0.1 0.32 0.58 2.94  

Fig. 2. Oxygen content as a function of temperature, determined by titration 
and thermogravimetry in air (a), (b) and (c), and relative linear thermal 
expansion as a function of temperature of densified samples (d) of SrFeO3-δ, 
SrFe0.9Mo0.1O3-δ and SrFe0.45Co0.45Mo0.1O3-δ. 
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local oxygen-vacancy concentration and, in turn, performance [5,6]. 
However, more recent investigations reveal that other perovskites such 
as SrCo1-xMoxO3-δ exhibit high efficiency as air electrode in both elec-
trolysis and fuel-cell modes on employing a ceria-based electrolyte [7], 
but with better performance on electrolysis. This dichotomy between 

performances of ostensibly similar systems for reduction and oxidation 
reactions in fuel cells and electrolysers indicates that compositional 
factors may be critical to many currently unknown aspects of the elec-
trochemical process. 

The exceptional mixed-conducting properties of SrCoO3-δ-based 
materials provide excellent permeation [8]. However, sensitivity to 
carbonation in the presence of CO2 and high thermal expansion co-
efficients are problems for practical application as SOFC cathode. In 
addition, a number of phase transitions are encountered on heating 
related to ordering and disordering of oxygen vacancies [9]. 

Similar perovskite compositions based on SrFeO3-δ have been gain-
ing attention both as the positive and negative electrodes of symmetrical 
SOFCs [10–12]. The symmetrical configuration provides a solution to 
sulphur poisoning or coke formation on the anode during operation with 
hydrocarbons as fuel since the malignant species may be removed on 
flushing with air on reverse operation. SrFeO3-δ-based compositions 
show good mixed conductivity but, as is the case for SrCoO3-δ, the ten-
dency for vacancy ordering accompanied by a phase change to brown-
millerite limits oxygen transport with decreasing pO2 [13,14]. 

Doping strategies have been employed in both these systems 
involving replacement of Fe or Co with higher valence cations to limit 
oxygen loss and associated phase transitions, as well as mitigating the 
effects of high thermal expansion and carbonation [11,12,15,16]. Mo-
lybdenum is a good candidate for this role since the facility for pre-
senting mixed oxidation states provides good electrocatalytic activity 
and electronic properties [7,10,17,18]. Moreover, the ability to adopt 

Table 2 
Thermal expansion coefficients (TEC) for different compositions 
sintered at 1200-1250 �C.  

Composition TEC x 10� 6 (K� 1) 

SrFeO3-δ 17.7 (RT-250 �C)    

17.2 (350–650 �C)  
40.4 (650–900 �C) 

SrFe0.9Mo0.1O3-δ 14.6 (RT-650 �C)   

30.8 (650–900 �C) 
SrFe0.45Co0.45Mo0.1O3-δ 14.8 (RT-400 �C)    

24.5 (400–650 �C)  
30.8 (650–900 �C)  

Fig. 3. SEM images of a top view of SrFeO3-δ deposited over CGO-2Co elec-
trolyte (a), a cross section view of a semi-cell employed in electrochemical 
characterisation based on Pt/SrFe0.45Co0.45O3-δ/CGO-2Co (b), and EDXS map-
ping of the half-cell corresponding to Sr and Ce species (c). 

Fig. 4. (a) Arrhenius representation of total conductivity in air (squares) and 
O2 (circles) atmospheres for SrFe0.9Mo0.1O3-δ and (b) comparison of electrical 
conductivity as a function of temperature of SrFeO3-δ (triangles), SrFe0.9-

Mo0.1O3-δ (squares) and SrFe0.45Co0.45Mo0.1O3-δ (circles) under an air flux of 
50 ml/min. 

V. Zapata-Ramírez et al.                                                                                                                                                                                                                      



Journal of Power Sources 437 (2019) 226895

4

different coordination environments allows for a range of oxygen 
stoichiometries. 

Here, we explore the effects of Mo doping in SrFeO3-δ and a mixed 
Fe/Co perovskite composition (SrFe0.45Co0.45Mo0.1O3-δ) on the elec-
trical conductivity and electrochemical characteristics under both 
anodic and cathodic polarization with a view to exploiting their po-
tential for application in reversible solid oxide cells. Electronic and ionic 
transport properties were specifically determined and related to the 
electrochemical behaviour. 

2. Experimental 

2.1. Synthesis, structural and microstructural characterisation 

Compositions of SrFeO3-δ (SF), SrFe0.9Mo0.1O3-δ (SFM) and SrFe0.45-

Co0.45Mo0.1O3-δ (SFCM) were prepared by a citrate-nitrate process based 
on the Pechini method [19]. Stoichiometric contents of Sr(NO3)2, Fe 
(NO3)3⋅xH2O, Co(NO3)2⋅xH2O and (NH4)6Mo7O24⋅xH2O were dissolved 
in distilled water with continuous stirring on a hotplate at 50 �C. Sub-
sequently, citric acid, in a molar ratio of 10:1 with respect to the final 
product, and ethylene glycol, in a molar ratio of 40:1, were added while 
temperature was increased to 60–80 �C for 2 h and then to >90 �C for 4 h 
and overnight at > 100 �C. This produced a dark-brown polymerised 
complex which was heated at 350 �C for 4 h to achieve pyrolysis, then at 
600 �C for 4 h to remove any residual organic component. The resultant 
fine powder was ground in a mortar and pestle and subsequently heated 
at 1000 �C for 4 h followed by attrition milling at 400 rpm for 2 h in a 
Fritsch pulverisette planetary ball mill. 

Structural characterisation of the compounds was performed by X- 
ray diffraction (XRD) using a Bruker D8 high-resolution diffractometer 
with a germanium monochromator providing monochromatic Cu Kα1 
radiation (λ ¼ 1.5406 Å). Rietveld refinements were performed with the 
Fullprof program [20] on diffraction data collected in the range 
20� � 2θ � 70� employing a stepwidth of 0.02 and a step counting time 
of 2 s. 

Microstructure and morphology of the samples were studied by 
scanning electron microscopy (SEM) using a FE-SEM Hitachi 4700 S 
coupled with Energy-dispersive X-ray spectroscopy (EDS-Noran). 

2.2. Oxygen content, oxidation states and thermal analysis 

The iron oxidation state of the as-prepared SrFeO3-δ and SrFe0.9-

Mo0.1O3-δ phases, the mixture of iron and cobalt oxidation state of 
SrFe0.45Co0.45Mo0.1O3-δ and the oxygen content (assuming charge 
neutrality) of all compositions were determined by redox titration as 
described earlier [21]. 

Thermogravimetric analysis (TGA) was employed to study the effect 
of temperature on the oxygen content using a Netzsch STA-409 PC-Luxx 
apparatus working in air in the range 25–1000 �C with heating/cooling 
rates of 5 �C/min. 

Dilatometry was performed on rectangular bars with approximate 
dimensions of 11 � 4 � 4 mm3, previously sintered at 1200–1250 �C for 
6 h, using an Adamel Lhomargy DI-24 thermomechanical equipment in 
the temperature range 25–900 �C with a heating ramp rate of 5 �C/min. 

2.3. Total and partial components of conductivity 

Total conductivity was determined by a four-probe direct current (d. 
c.) current-voltage measurement. Rectangular bars were prepared by 
pressing the powders and sintering at 1200 �C for 6 h. One pair of Pt- 
wire electrodes was attached to the external Pt-covered surfaces to 
produce a direct current flux through the length of the bars in galva-
nostatic mode. Another pair of Pt wires was internally located on the 
bars to determine the voltage difference arising between parallel planes. 
A potentiostat/galvanostat (Autolab PGSTAT302 N) was employed to 
register the current-voltage curves in galvanostatic mode between 0 and 
0.1 A in steps of 0.01 A. Electrical conductivity was determined in the 
temperature interval 150–900 �C under atmospheres of O2 and air on 
cooling at 5 �C/min in steps of 50 �C. Equilibrium was assured by 
maintaining the samples under the corresponding atmospheres at 900 �C 
for 5 h before the electrical procedure. 

Oxide-ionic conductivity was determined by combination of the re-
sults of total electrical conductivity and ionic transport number, deter-
mined by Faradic Efficiency following the methodology reported 
elsewhere [22]. Highly densified cylindrical pellets prepared by sinter-
ing the powders at 1250–1300 �C for 6 h were attached to Pt wires by 
means of circular Pt electrodes on both surfaces and hermetically sealed 
to a home-made electrochemical cell. The cell comprises an oxygen 
electrochemical pump and a pO2 sensor, based on YSZ components. The 
oxygen is pumped into the cell by a d.c. source connected to the sample 
with the external electrode in cathodic polarization. The oxygen is 
pumped out through the YSZ pellet using another independent d.c. 
source with the internal electrode cathodically polarized. On reaching 
the steady-state situation, in which the oxygen flux through the 
mixed-conducting sample corresponds to the oxygen flux through the 
YSZ, the relation between electrical currents is expressed as [22]: 

tO ¼
Iout

Iin
(1)  

where tO is the oxide ionic transport number and Iout and Iin correspond 
to the electrical current through the YSZ and the mixed-conducting 

Fig. 5. Temperature dependence of the ionic transport number (a) and Arrhenius representation of ionic conductivity, of SrFeO3-δ (triangles), SrFe0.9Mo0.1O3-δ 

(squares) and SrFe0.45Co0.45Mo0.1O3-δ (circles). The ionic conductivity of Ce0.9Gd0.1O2-δ þ 2 mol% Co (CGO-2Co) is also represented in (b) for comparison. 
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sample, respectively. The experiments were performed on maintaining 
the atmospheric pO2 � 0.21 atm in the feed and the inner sides of the 
cell, such that the voltage difference in the YSZ pO2 sensor was E0 ¼ 0, in 
the range 650–900 �C. The ionic conductivity was determined from the 
results of total conductivity and ionic transport number, according to: 

σO ¼ σtottO (2)  

2.4. Electrochemical analysis 

The electrochemical properties of the Sr(Fe,Co,Mo)O3-δ system as air 
electrode with ceria-based electrolytes were studied by impedance 
spectroscopy in air in the temperature range 650–900 �C. For this pur-
pose, electrolyte materials were prepared by pressing powders of 

Ce0.9Gd0.1O2-δ (CGO, Rhodia) in cylindrical pellets of 20 mm in diameter 
followed by sintering at 1500 �C for 6 h. Modified electrolytes were 
prepared by addition of 2 mol% Co to the CGO powders (CGO-2Co) 
following the methodology reported elsewhere [23]. Highly densified 
CGO-2Co electrolytes were obtained after sintering similarly prepared 
cylindrical pellets at 1100 �C for 6 h. Electrode materials were mixed 
with a binder (Decoflux™, WB41, Zschimmer and Schwartz), deposited 
on opposite faces of CGO and CGO-2Co electrolytes and sintered at 
1000 �C for 1 h. Impedance spectroscopy was performed using a 3-probe 
configuration with circular working and counter electrodes of 5.5 mm in 
diameter and an external Pt ring located around the working electrode, 
acting as a reference electrode [24]. Impedance spectroscopy was con-
ducted with an Autolab PGSTAT302 N instrument with a FRA2 module, 
applying a signal amplitude of 50 mV in the frequency range 0.1–106 Hz. 

The effect of current on the electrode performance was analysed by 
imposing a d.c. bias during the impedance measurements in air. Values 
of direct currents were varied in the range ~ 0–400 mA⋅cm-2 in both 
directions of cathodic and anodic polarization in order to analyse the 
performance of the air electrode as cathode in fuel-cell mode and anode 
in electrolyser mode, respectively. 

3. Results 

3.1. Structural characterisation, stoichiometry, thermal behaviour and 
microstructural analysis 

The X-ray powder diffraction patterns of the three studied phases 
indicated phase-pure material with the perovskite structure. 
SrFe0.9Mo0.1O3� δ and SrFe0.45Co0.45Mo0.1O3� δ were cubic at the reso-

lution of XRD and were refined accordingly in space group Pm3
‾

m, 
giving lattice parameters of a ¼ 3.8818(2) and 3.8692(2) Å, respec-
tively. The XRD pattern of the SrFeO3� δ phase, however, indicated 
greater structural complexity with readily observed peak splitting 
indicating lower symmetry than the simple cubic structure. A neutron 
powder diffraction study by Hodges et al. [13] indicated that in the 
SrFeOx system of composition range 2.5 � x � 3.0 with brownmillerite 

(Sr2Fe2O5, Icmm) and cubic (SrFeO3, Pm3
‾

m) end members, the varying 
oxygen content gives rise to two further distinct structures with ordered 
oxygen vacancies: Sr4Fe4O11 (orthorhombic, Cmmm) and Sr8Fe8O23 
(tetragonal, I4/mcm). Refinement of the SrFeO3-δ phase with fixed 
thermal vibration parameters indicated a slightly better fit with the 
orthorhombic model (χ2 ¼ 1.33; RB ¼ 1.61) compared with tetragonal 
symmetry (χ2 ¼ 1.42; RB ¼ 1.88), with final lattice parameters 
a ¼ 10.9405(8), b ¼ 7.6975(5) and c ¼ 5.4581(4) Å. Similar symmetry 
and lattice parameters were previously reported for the same composi-
tion [12]. Nevertheless, the symmetry is highly dependent on oxygen 
content and thermal history with the resolution of XRD likely to provide 
only an indication of the correct space group. The observed and calcu-
lated XRD patterns and their difference for the three compositions are 
shown in Fig. 1, with peak splitting of the SrFeO3-δ phase shown in the 
inset of Fig. 1a. 

The average oxidation state, determined by redox titration, and ox-
ygen content, assuming electroneutrality with molybdenum in a 6 þ
oxidation state, are presented in Table 1. The low oxygen content per 
formula unit of 2.76 determined for undoped SrFeO3-δ, corresponds to 
an average oxidation state of 3.52 for Fe, and is likely to be responsible 
for the lowering of symmetry to orthorhombic, as determined by the 
Rietveld refinement of XRD patterns at room temperature. The presence 
of Mo in the solid solution SrFe0.9Mo0.1O3� δ produces an increase in 
both the oxygen content (to 2.92 per formula unit) and symmetry. The 
average oxidation state of Fe increases slightly to 3.60, such that the 
Fe3þ content per formula decreases from 0.47 (for undoped SrFeO3-δ) to 
0.37 (for SrFe0.9Mo0.1O3� δ), whereas the Fe4þ content per formula re-
mains practically identical (Table 1). 

Fig. 6. Arrhenius representation of area-specific resistance of the oxygen 
electrochemical process for the three studied samples without dc bias (a), and 
impedance spectra obtained at 700 �C under different dc cathodic currents for 
SrFeO3-δ (b), SrFe0.9Mo0.1O3-δ (c) and SrFe0.45Co0.45Mo0.1O3-δ (d). Note that the 
spectra represented in b-d are displaced to the origin of the x axes for a clearer 
comparison of the electrode-electrolyte electrochemical process. 
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These results suggest that the incorporation of Mo6þ in the SrFeO3-δ 
lattice is electrically balanced by the preferential substitution of Fe3þ

and the incorporation of oxygen (Table 1). 
Substitution of Fe for Co in the solid solution SrFe0.45Co0.45Mo0.1O3-δ 

leads to a slight increase of both the oxygen content and the (Fe,Co) 
average oxidation state to 2.94 and 3.64, respectively (Table 1). Co thus 
promotes an increment of the oxygen content, directly related to the 
oxidation states of the (Fe,Co) species, increasing the content of 4 þ
cations from 0.53 in SrFe0.9Mo0.1O3� δ, to 0.58 in SrFe0.45Co0.45Mo0.1O3- 

δ. 
The oxygen nonstoichiometry of the three phases determined by 

thermogravimetry as a function of temperature, taking into account the 
oxygen content at room temperature, is presented in Fig. 2a–c. All 
samples present an initial mass loss between 100 and 300 �C of about 

~0.1–0.3% (not shown in the graph) corresponding to the loss of 
adsorbed water. As temperature rises, an abrupt mass loss occurs at 
~450 �C corresponding to loss of oxygen and the concomitant reduction 
of Fe and Co cations. Relative linear thermal expansion of the sintered 
samples is presented in Fig. 2d in the range 100–900 �C. For SrFeO3-δ, an 
abrupt increase in the relative linear expansion is observed at 
~250–300 �C with rising temperature, producing a shoulder. Very 
similar behaviour was previously reported [17] and attributed to a 
phase transition. All compositions exhibit an increase of the slope in the 
high-temperature range, typical of Co- and Fe-based perovskites [7,17, 
25], which is associated to oxygen release and the corresponding 
reduction of B-site cations to larger species, increasing the thermal 
expansion coefficient (TEC) (Table 2). Interestingly, the introduction of 
Mo in the SrFeO3-δ network decreases the linear thermal expansion, in 

Fig. 7. Effect of dc current on the area-specific resistance of the oxygen electrochemical process in cathodic polarization (a,c,e) and anodic polarization (b,d,f) for 
SrFeO3-δ (a,b), SrFe0.9Mo0.1O3-δ (c,d) and SrFe0.45Co0.45Mo0.1O3-δ (e,f). 
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good agreement with previous results [17], due to the lower content of 
the larger 3 þ ions, which are mainly substituted by Mo6þ. Moreover, 
the stronger Mo–O bond in comparison to that of Fe–O is expected to 
lower thermal expansion. On the other hand, for the Co-containing 
composition, SrFe0.45Co0.45Mo0.1O3-δ, the transition from the lower to 
higher TEC regime occurs at a lower temperature compared to 
SrFe0.9Mo0.1O3-δ. Partial substitution of Fe for Co is expected to facilitate 
reduction to 3 þ and 2 þ cation species, due to the weaker Co–O bond in 
comparison to Fe–O bond, thus increasing the thermal expansion in the 
intermediate temperature range (~400–650 �C). 

SEM images of electrode materials deposited on CGO-2Co electrolyte 
are shown in Fig. 3. The top view of SrFeO3-δ (Fig. 3a) reveals high 
porosity and homogeneity of the material after deposition and sintering 
at 1000 �C, favouring diffusion of oxygen to the electrochemically active 
sites. Good adhesion between air electrode and electrolyte was 
observed, as shown in the cross-sectional view of SrFe0.45Co0.45Mo0.1O3- 

δ deposited on CGO-2Co, Fig. 3b. Moreover, the Pt-current collector, air 
electrode and electrolyte layers are well defined, as confirmed by EDXS 
analysis shown in Fig. 3c, indicating that they are chemically compatible 
with insignificant interdiffusion of species occurring between layers. 

3.2. Electronic and ionic conductivity 

The temperature dependence of total conductivity of 
SrFe0.9Mo0.1O3� δ in air and O2 atmospheres is shown in Fig. 4a; analo-
gous results were obtained for the three different compositions. An 
enhancement of conductivity is observed in the more oxidising atmo-
sphere, confirming the predominant p-type electronic character of 
transport associated to the creation of electron holes according to: 

1
2

O2þ v⋅⋅
O ↔ OX

O þ 2h⋅ (3) 

Fig. 4a shows an increase of conductivity with temperature between 
150 and 300 �C, with activation energies as low as 0.14 and 0.1 eV, for 
air and oxygen, respectively; for higher temperatures, conductivity 
decreases. 

The effect of temperature on conductivity in air for the title phases is 
shown in Fig. 4b, where maxima between 300 and 400 �C occur due to a 
pronounced decrease of conductivity for higher temperatures. This drop 
correlates well with the sudden decrease of oxygen content determined 
by TG measurements in the same temperature range (Fig. 2a–c), indi-
cating that it is attributable to the creation of oxygen vacancies and the 
elimination of electron holes as temperature rises. The introduction of 
Mo in the SrFe0.9Mo0.1O3-δ network increases the electronic conductivity 
several times in comparison to the undoped composition. Moreover, the 
simultaneous introduction of Mo and Co in the Fe position (SrFe0.45-

Co0.45Mo0.1O3-δ) enhances the conductivity by a factor of 3 at low 
temperature with respect to SrFe0.9Mo0.1O3-δ. The maximum values of 

conductivity are 36, 136 and 298 Scm-1 for SrFeO3-δ, SrFe0.9Mo0.1O3-δ 
and SrFe0.45Co0.45Mo0.1O3-δ, respectively. The lower conductivity ob-
tained for the undoped SrFeO3-δ phase is mainly associated with the low 
oxygen content, as determined from the titration and TG measurements 
(Fig. 2), and the greater tendency for vacancy ordering which is man-
ifested at room temperature by adoption of lower symmetry. From the 
analysis of the oxidation states of the Fe–Co cations (Table 1), it follows 
that the Fe4þ content remained practically constant on introduction of 
Mo in the Fe position, resulting in a similar concentration of electron 
holes. However, the higher oxygen content favours higher symmetry 
and also conduction channels along the Fe4þ� O2� � Fe3þ [17,26] 
network, leading to greater electronic conductivity in SrFe0.9Mo0.1O3-δ 
compared to SrFeO3-δ. It is expected that if the Mo content increases 
beyond a certain point, these chains would be disrupted, leading to 
lower electronic conductivity [26]. The simultaneous presence of Co and 
Mo on the B sites in SrFe0.45Co0.45Mo0.1O3-δ, brings about an increase of 
the oxygen content and concentration of 4 þ Fe/Co species (Table 1). 
The corresponding increase in electron-hole concentration and the 
lower bond strength of Co–O in comparison to Fe–O are both likely to be 
responsible for the considerable enhancement of electronic conductivity 
[27]. As temperature rises, some oxygen disordering is expected in 
SrFeO3-δ, which contributes to decreasing the differences in conductivity 
between the samples above 600 �C, Fig. 4b. 

Ionic transport numbers for the different compositions determined 
by Faradic Efficiency under air are shown in Fig. 5a. It is expected that 
the total conductivity is essentially electronic under oxidising condi-
tions; hence, the oxide-ionic contribution to the electrical transport is 
several orders of magnitude lower than the electronic contribution in the 
intermediate temperature range. Notably, the oxide-ionic component 
increases progressively as temperature rises, leading to values of tO 
>10� 3 at 900 �C. The main reason for this is the loss of oxygen and the 
concomitant increment of oxygen vacancies and decrease of electron 
holes (eq. (3) goes to the left). Nevertheless, distinct ionic transport 
properties are observed for the three compositions, as shown from their 
Arrhenius dependence of ionic conductivity in air, Fig. 5b. It is apparent 
that SrFe0.45Co0.45Mo0.1O3-δ presents values of ionic conductivity in the 
high temperature range (800–900 �C) which are comparable to those of 
the CGO-2Co electrolyte (indicated in the figure). 

However, as temperature decreases, the ionic conductivity of the 
electrode material decreases at a greater rate than the CGO-2Co elec-
trolyte. On cooling, the increasing oxygen content and decreasing 
oxygen-vacancy concentration (Fig. 2a), leads to a difference in con-
ductivity between the two compositions of about one order of magni-
tude at 700 �C. In contrast, SrFeO3-δ and SrFe0.9Mo0.1O3-δ exhibit similar 
ionic conductivities, approximately an order of magnitude lower than 
the SrFe0.45Co0.45Mo0.1O3-δ composition. As is the case with electronic 
conductivity, doping with cobalt also improves the mobility of the ox-
ygen vacancies due to the lower strength of the Co–O bond in 

Fig. 8. Effect of current density and direction on the overpotential at the working electrode for the title compositions. Negative (a) and positive (b) currents 
correspond to cathodic and anodic polarization of the working electrode, respectively. 
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comparison to Fe–O. Such a result is consistent with the expectation that 
the oxygen migration barrier lowers as the strength of oxygen-cation 
bonds decreases [28], leading to a higher oxide-ionic conductivity. 

3.3. Electrochemical properties 

The electrochemical performance of the electrode materials depos-
ited on CGO-2Co electrolytes was analysed by impedance spectroscopy 
in 3-probe electrochemical cells with a reference electrode [24]. Fig. 6a 
shows the Arrhenius representation of the area-specific resistance (ASR) 
of the electrode-electrolyte electrochemical process without application 
of dc bias for the three electrode compositions. It is observed that 
SrFeO3-δ and SrFe0.9Mo0.1O3-δ present very similar values, with an 
activation energy of 1.34 eV, whereas the dual presence of Mo and Co, in 
SrFe0.45Co0.45Mo0.1O3-δ, enhances the electrochemical performance 
considerably, decreasing the activation energy to 1.15 eV. The overall 
oxygen electrochemical reaction in mixed conducting electrodes in-
volves reaction at the surface, oxygen incorporation into the network 
and corresponding diffusion through the bulk [29]. The transformation 
of oxygen to oxide ions and incorporation into the lattice involves 
electron- and ion-transfer steps, whereas chemical diffusion includes the 
transport of ionic and electronic defects. Electron-hole conductivity, 
Fig. 4b, was clearly lower for SrFeO3-δ compared to that observed for Mo 
and Mo/Co doped compositions; this difference is mainly attributable to 
oxygen ordering in SrFeO3-δ, especially at lower temperature, and low 
oxygen content, as mentioned above. On the other hand, Fig. 5 revealed 
that SrFeO3-δ and SrFe0.9Mo0.1O3-δ present similar ionic conductivities, 
whereas that of SrFe0.45Co0.45Mo0.1O3-δ is considerably greater. 
Although apparent differences in electronic conductivity are observed in 
the intermediate-high temperature range, the bulk transport path of 
oxygen ions seems to be determinant for the overall electrochemical 
process, as discussed below. 

Fig. 6 b-d show typical impedance spectra for the series as a function 
of dc cathodic bias at 700 �C. It is apparent that the magnitude of the 
cathodic current density has a determining influence on the electrode- 
polarization resistance, although the different compositions are 
affected to different degrees according to their catalytic and mixed- 
transport properties. Interestingly, the cathode performance is much 
more influenced by dc bias in the lower temperature range than at 
higher temperature (Fig. 7 a, c and e). Moreover, the temperature in-
terval which is affected depends on composition. For SrFeO3-δ and 
SrFe0.9Mo0.1O3-δ, the cathodic performance is practically independent of 
current between 750 and 900 �C, whereas a monotonous decrease of 
ASR is apparent at 650–700 �C for current densities higher than 
~50 mA⋅cm-2, Fig. 7 a, c. 

The ASR of SrFe0.45Co0.45Mo0.1O3-δ is essentially current indepen-
dent between 700 and 900 �C, showing a progressive decrease for cur-
rent densities higher than ~125 mA⋅cm-2 at 650 �C, Fig. 7e. Although 
approximately similar effects of current density on the electrode per-
formance were obtained under anodic polarization in air (Fig. 7 b, d and 
f), the area-specific resistance is lower under anodic in comparison to 
cathodic bias, with this difference greater with higher current, con-
firming the better electrode performance for the oxygen evolution re-
action (OER) in comparison to the oxygen reduction reaction (ORR). 
Although SrFe0.45Co0.45Mo0.1O3-δ also performs better under anodic 
polarization, the effect is less apparent and only becomes significant in 
the higher range of currents at lower temperatures. 

As mentioned above, the electrochemical process involving gaseous 
O2 and the mixed-conducting oxide comprises the surface-exchange 
process from O2 to oxide ions and the bulk diffusion of oxide ions in 
the bulk [30,31]. In this regard, Merkle et al. [30] noted that oxygen 
vacancies play the dominant role in bulk diffusion, but also in the 
surface-exchange process for “electron-rich” materials (including p-type 
electronic conductors) since the surface reaction involves not only an 
electron transfer but also an ion-site exchange. Furthermore, it was 
confirmed that the oxygen-migration energy is governed by the strength 

of the oxygen-cation bonds, which, in turn, is reported to play the 
dominant role in the electrochemical performance of perovskite-based 
cathodes [28]. The relative weakness of the Co–O bonds thus pro-
motes higher oxide-ionic conductivity and the better electrochemical 
performance associated with the oxygen electrochemical kinetics 
observed in the present study. 

Although oxygen vacancies at the surface play a key role in oxygen 
incorporation, a high diffusivity of vacancies in the bulk is also required 
for facilitating filling of the oxygen-vacancy site at the surface [32]. It 
follows, therefore, that the current density should impact the electro-
chemical performance, as it plays a role in accumulating or removing 
oxygen vacancies at the reaction sites. 

The electrochemical performance under external dc polarization in 
air has previously been analysed for several electrode compositions such 
as LSM-based materials [33–35], Lnnþ1NinO3nþ1 [24,36], Ca3Co4O9 
[37], SrCo0.9Ta0.1O3-δ [38] La0.3Sr0.7Fe0.7Cr0.3O3-δ [39], 
SrCo0.9Mo0.1O3-δ [7] and even in metallic-Pt electrodes [24]. 

The manner in which the nature of the electrode material and the 
corresponding electrical transport properties affect the polarization 
behaviour of Lanþ1NinO3nþ1-based compositions was previously ana-
lysed in detail by P�erez-Coll et al. [24]. Current density was reported to 
have a strong influence on the electrochemical performance of 
La2NiO4þδ and La3Ni2O7þδ electrodes, attributable to modification of 
the oxygen vacancies at reaction sites. It was also confirmed that 
improvement of the ionic conductivity of the cathode on addition of 
Ce0.8Sm0.2O2-δ to form a composite considerably improved the ASR 
without a dc bias but, interestingly, the electrode process was less 
affected by the dc current density. It may be the case that, as oxide-ion 
diffusion becomes faster, the concentration of oxygen vacancies at active 
reaction sites is less affected by the current density. This hypothesis is 
supported by the low current-dependence of ASR observed in materials 
with high oxide-ionic conductivity, such as SrCo0.9Ta0.1O3-δ [38], 
SrCo0.9Mo0.1O3-δ [7], and the materials studied in the present work. 

In this regard, Küngas et al. [40] studied the effect of current density 
on the electrochemical performance of LSF-YSZ composites and found 
an improvement in the low-frequency process of impedance spectra at 
higher currents for composites sintered at higher temperature. The au-
thors concluded that this effect was associated with the oxygen 
adsorption rate at the surface, since dc polarization affects the 
oxygen-vacancy concentration. Modification of the microstructural 
properties of the composites, by sintering at lower temperature, led to 
practically invariant ASRs with current density, as expected for mate-
rials with a high oxide-ion diffusivity. 

Fig. 8 shows the electrode overpotential for the title compositions as 
a function of the cathodic and anodic dc polarization. Notably, the 
studied compositions present lower overpotential curves under anodic 
bias. A similar improvement has previously been observed in several air- 
electrode materials with different mixed-conduction properties, such as 
La2NiO4 [24], La0.3Sr0.7Fe0.7Cr0.3O3-δ [39], SrCo0.9Mo0.1O3-δ [7] and 
SrCo0.9Ta0.1O3-δ [38]. Under cathodic polarization, it is expected that 
both oxygen transport and oxygen adsorption limit the reduction reac-
tion. However, under anodic polarization, bulk diffusion should be the 
principal influence in the electrochemical process, given that neither 
electron transfer in the oxygen evolution reaction nor desorption from 
the surface are expected to be rate limiting [41]. This conclusion high-
lights both the potential use of many SOFC cathode materials as pro-
spective anodes in SOEC and of the feasibility of reversible SOFC-SOEC 
systems. 

4. Conclusions 

The substitution of Fe for Mo or Mo/Co in the cationic network of the 
oxygen-ordered SrFeO3-δ perovskite stabilises the cubic phase at room 
temperature for compositions SrFe0.9Mo0.1O3-δ and SrFe0.45Co0.45-

Mo0.1O3-δ and considerably improves electron-hole conductivity. The 
significant mass loss which occurs for all studied compositions at 
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temperatures higher than ~400–450 �C decreases the electronic con-
ductivity and increases oxide ionic conductivity as temperature rises, as 
confirmed by Faradaic efficiency measurements of transport number. 
The lower bond strength of Co–O is reflected in a higher mobility of both 
electron holes and oxide ions, in addition to causing a higher thermal 
expansion coefficient for the Co-doped composition. The electro-
chemical behaviour is affected not only by the concentration of oxygen 
vacancies at reaction sites but also by oxide-ion diffusion through the 
bulk of the mixed-conducting phases. Although the polarization resis-
tance is significantly lower for the Co-doped compound under condi-
tions of no bias, the differences in performance between the studied 
phases diminish under dc bias at higher current densities in the inter-
mediate temperature range. Slightly lower polarization resistances are 
obtained under anodic in comparison to cathodic bias. However, the 
excellent performance in both modes indicates the considerable poten-
tial of the studied system as air electrodes for reversible solid oxide fuel 
cell-electrolyser devices. In particular, the combination of lower thermal 
expansion, high electronic and ionic conductivity and low electrode 
polarization resistance under operating conditions offered by SrFe0.9-

Mo0.1O3-δ renders this phase a highly promising reversible electrode. 
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