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Abstract Double perovskites Sr,Fe;_,Co,MoO¢ (x=0,
0.25, 0.5, 0.75 and 1) have been investigated as cathode
material for oxygen reduction reaction (ORR) in 0.5 M
NaOH at 25 °C using the rotating disk electrode. The
electrocatalytic powders were prepared by a solid-state pro-
cess and characterised by X-Ray powder diffraction, scan-
ning electron microscopy and infrared spectroscopy. The
electrochemical techniques considered are linear voltamme-
try, steady-state polarization and impedance spectroscopy.
The electrocatalysts Sr,Fe;_,Co, MoOg/C consisting of the
double perovskite oxides and carbon (Vulcan XC-72) were
mixed and spread out into a thin layer on a glassy carbon
substrate. The electrocatalytic activity was strongly influ-
enced by the Co substitution at room temperature. The
relation between catalytic performance and the degree of
Co content was examined. The Co-containing catalysts
exhibited lower activity attributed to their high resistivity,
and the highest activity toward oxygen reduction was ob-
served for Sr,CoMoOQg.
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Introduction

The electrochemical oxygen reduction reaction (ORR) is of
special importance due to its central role in many fields,
such as energy conversion (metal air batteries, alkaline fuel
cells), electrosynthesis of hydrogen peroxide and galvanic
sensor for dissolved oxygen. Oxygen reduction on
perovskite-structured oxides has attracted considerable at-
tention since the work of Meadowcroft [1]. Many research-
ers have examined O, reduction and focused their interest
on perovskite-type oxides ABO; (A = La, Ca or Sr and B =
Co, Fe or Mn) [2-5]. Mixed with high surface area carbons,
the perovskites exhibit excellent cathodic oxygen reduction
properties in alkaline electrolytes. The activity of these
oxide electrocatalysts can be correlated with either their
highly active surfaces or the ability of the B cations to adopt
different valency states, particularly when they form redox
couples at the potential of oxygen reduction or evolution [6].

A subclass of perovskite oxides presented by the general
formula A,BB'Og, known as “double perovskites”, where A
is an alkaline-earth atom such as (Sr, Ba or Ca) and B and B’
are transition-metal atoms. The ideal structure of these tran-
sition metal oxides can be viewed as a regular arrangement
of corner-sharing BO¢ and B'Og octahedra, alternating along
the directions of the crystal. This specific arrangement of
alternating different B and B’ cations can be of great interest
from the catalytic point of view since the properties of
perovskites as electrocatalysts are generally determined by
the nature, oxidation states and relative arrangement of B-
site cations [7]. In order to optimize the physical properties
of Sr,FeMoOg, such as electrical, magnetic and transport
properties, a great deal of investigations on cationic partial
substitution at Fe sites with some transition metals has been
reported [8, 9]. This substitution is associated with an in-
creased disorder in Fe/Mo sublattice of Sr,FeMoOg, leading
to a reduction of the saturation magnetization M, [10] and to
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an increase of the electrical resistivity [11]. In our previous
study [12], the ORR was investigated on Sr,MMoOg (M =
Fe and Co) double perovskites, prepared by a solid-state
reaction, in 0.5 M NaOH at 25 °C with a rotating disk
electrode (RDE). The two oxide powders (Sr,FeMoOg/C,
Sr,CoMoO/C) consisting of the double perovskite oxides
and carbon (Vulcan XC-72) showed a significantly electro-
catalytic activity for oxygen reduction. Compared to Sr,Fe-
MoOg/C, the Sr,CoMoOg/C electrocatalyst was found to
show a relatively high activity.

The purpose of this work is to extend the previous inves-
tigation in order to show the influence of Fe doping by
replacing partial Fe ions with Co ones in SrpFe;_,Co,MoQOg
(SFCMO) oxides on the ORR. Although much progress has
been made on applications related to other areas for
Sr MMoOg (M = Fe, Co), very little study has been under-
taken on electrochemical properties of double perovskite
oxides as oxygen electrode. Recently, it has been
reported that some double perovskites used as anode
[13] and cathode materials [14] displayed excellent elec-
trochemical performances for the solid oxide fuel cells
operating at high temperature. As per our knowledge,
the electrochemical activity of these compounds has not
been explored as oxygen electrode material in aqueous
environment.

We report in this work the results concerning the struc-
tural, magnetic and electric properties of Sr,Fe;_,Co,M0Og¢
double perovskites and investigate the electrochemical be-
haviour of such compounds prepared as cathode materials
for O, reduction reaction (ORR).

Experimental
Sample preparation

The SryFe;—,Co,M0QOg4 (x in mole % is equal to 0, 0.25, 0.5
and 1) samples have been prepared by solid-state reaction
using a high-purity SrCO3, Fe(C,04).2H,0, CoO and MoO;
as starting materials. A two-step process was adopted in order
to avoid as much as possible the formation of StMoO, [15],
phase observed when all three compounds react within at one-
step reaction [16]. First, appropriate stoichiometric amounts of
SrCO3, CoO and Fe (C,04).2H,0 were mixed, ground
together and sintered in air at 1,000 °C. In the second step,
the resulting powders (SroFe; ,C0,O31(1—y)2) were mixed
with MoOj3 and calcined at 1,150 °C during 2 h in a reduc-
ing atmosphere, a stream of N,/H, (95:5). In all cases, the
temperature increase was of 20 °C/min in order to limit the
time period during which SrMoO, can be easily formed
(between 600 and 900 °C). The samples were then slowly
cooled at 5 °C/min down to room temperature under the
reducing flow.
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Procedures

As described previously [12], all electrochemical
experiments were performed at (25+0.5 °C) using a
thermostated three-electrode cell in 0.5 M NaOH elec-
trolyte solution. The counter electrode used was a Pt
plate with a large surface area. Potentials, in this arti-
cle, are reported vs. an Hg/HgO reference electrode.
The working electrode was a glassy carbon disk with
3.0 mm diameter. Carbon (Vulcan XC-72) supported
double perovskites, and SFCMO were used as an elec-
trocatalyst for oxygen reduction. Inks of the dispersed
electrocatalysts SFCMO were made by mixing 3.4 mg
oxide powder and 8 mg carbon with 250 pL. Nafion®
solution (5 % in mixture of lower aliphatic alcohols
and water, Aldrich) and 1,250 pL ultrapure water
(18 M€cm) in an ultrasonic bath for 2 h. After polish-
ing the glassy carbon disc with alumina Al,O; powder
(5 A) and to immobilise oxide/XC-72, a 3-uL aliquot
of the (Nafion)-stabilised ink (suspension) was deposit-
ed on its surface using a micro-syringe.

Before the electrochemical measurements, the electrolyte
was deaerated by bubbling nitrogen gas for 20 min. The
electrode was subjected to 20 cycles in the 0.2 t0o—0.9-V
potential to clean the surface. Then, cathodic polarization
curves were recorded in O,-saturated 0.5 M NaOH solution
by scanning the electrode potential at 5 mVs ' and different
rotating speeds.

Characterization techniques

The morphology of oxides was examined using a JEOL
(JSM-5600LV) scanning electron microscope. Room tem-
perature X-ray diffraction patterns were collected using a
Siemens D 500 diffractometer operating with a Co K, (A=
1.7889 A) radiation.

The IR spectra were recorded between 400 and
1,400 cm ™' with a PERKIN ELMER FT-IR spectrum 1000
instrument, using the KBr pellet technique. Magnetic prop-
erties of the samples were investigated with conventional
vibrating samples magnetometer at 5 K in a maximum field
of 18 kOe.

Electrical resistivity p was measured using an Auto-
lab PGSTAT30 at room temperature in air on compacted
pellets (1 cm diameter) under a pressure of 5 t for
2 min using a hydraulic press. The pellets were then
sintered at 1,150 °C during 2 h in a reducing atmo-
sphere. In order to make the electrical contacts, con-
ducting silver paints was applied on both sides of the
pellets. The electrochemical and impedance experiments
were performed using an Autolab PGSTAT. Impedance
spectra were recorded in the 10° to the 10 2-Hz range
with an ac signal of 5 mV amplitude.
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Results and discussion
XRD analysis

The purity of the samples and their crystallographic struc-
ture were investigated by X-ray diffraction (XRD). Figure 1
shows XRD patterns of the SFCMO compounds. They can
all be indexed to a tetragonal double perovskite structure,
with minor traces of impurity phases.

Results agree very well with the XRD patterns of the two
parent compounds Sr,FeMoOg (SFMO) and Sr,CoMoOgq
(SCMO) reported, respectively, in the literature [17, 18].
Indeed, detailed inspection of the XRD data reveals that
weak reflections attributed to Sr,MoQOy, Sr,FeO,_, and Fe
appear in the doped samples. As noticed, increase of Co
produce peak broadening. These broader diffraction peaks
most pronounced at large angles 26 suggest smaller grain
size for the Co-rich samples [19].

All the samples exhibit superstructure peaks (101) and
(103) arising from the ordering of Fe/Mo and Co/Mo at B/B’
sites. It is well-known that such atomic order is apt to be
disturbed, namely when Fe ions occupy the Mo site and vice
versa. This is the so-called anti-site (AS) defect which is
sensitive to substitution (x) of Fe with Co ions.

In the present case, the intensity of the superstructure
reflexion (101) decreases with increasing Co content from
x=0 to x=0.75. The degree of ordering is calculated on the
relative intensity of the superstructure reflexion (101) peak.
In the inset of Fig. 1, the depicted ratio Z(101y/[L(112)TL200)]
decreases almost linearly as x increases. This indicates that
Fe/Mo ordering is reduced and AS defect increases with
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Fig. 1 X-ray diffraction patterns for SroFe;_,Co,M0O¢ (0<x<1) sam-
ples with Co K, radiation. /nset dependence of relative intensity ratio
Tao1Y[I112)T1200)] on the level of Co content x

increasing Co content. Any variation of the ratio is almost
within the error bar of 5 %.

Figure 2 shows the field-dependent magnetization of
SFCMO for different x measured at 5 K and in a maximum
field of 18 kOe. All magnetization loops present a
ferromagnetic-like shape, with small remanence and coer-
cive field. Magnetization increases rapidly with external
fields and then saturates to the value of saturated magneti-
zation M. The magnetic moment systematically decreases
with increasing x as shown in the inset of Fig. 2.

The estimated values of M, are 3.3,2.5, 1.5, 1.2 and 1 pg/
fau. for x=0, 0.25, 0.5, 0.75 and 1, respectively. A higher M;
for SFMO indicates a greater degree of order of the Fe and
Mo atoms.

In order to calculate the anti-site defect concentration AS
in SFCMO samples, we apply the following relation: M (x,
AS)=(1-2 AS) (4+x). (1) For AS=0 (without disorder), the
M increases with increasing x, and the ideal value is 4 pg/
f.u. for x=0. However, the measured moment decreases with
increasing x. This decrease can be caused by the anti-site
defects and other effects such as the presence of oxygen
vacancies [20, 21]. In Fig. 3a, we show the obtained AS
values for each sample as a function of x. In agreement with
the trend already observed from the Z(101)/[/112)+ 1 200)] Var-
iation, the increase of Co content induces larger disorder in
the Fe/Mo sublattices and hence resulting in more anti-site
defect concentration AS. The increase of AS may lead to a
decrease of the electrical conductivity of the substituted
SFMO samples as mentioned in our previous work [22]
and as reported in literature [23].
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Fig. 2 Magnetization curves of Sr,Fe;_,Co,MoO¢ (0<x<1) at 5 K.
Inset dependence of saturation magnetization on cobalt content x for
SryFe; - ,CoMo0Og (0<x<1) at 5 K
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Fig. 3 Variation of a anti-site defect and b electrical resistivity p as a
function of the Co content x for Sr,Fe;_,Co,M0Og (0<x<0.75)

Recently, Huang et al. [24] and Retuerto et al. [25]
reported that pure ordered Sr,FeMoOg double perovskite
have been obtained using encapsulation technique under
very low oxygen partial pressures and wet-chemistry tech-
nique, respectively. The homogeneous morphology and the
high degree of Fe/Mo ordering are a consequence of the
uniform mixing of starting reactants in an atomic scale.
More recently, similar features have been also observed for
Sr,FeMoOg powders prepared by the polyacrylamide gel
combustion synthesis [26] where a perfect cationic mixing
at atomic level was promoted. Thus, the structural, transport,
magnetic and electrochemical properties are strongly depen-
dent on the synthesis procedure undertaken to prepare such
compounds.

Electrical properties
The composition dependence of electrical resistivity p

for the samples Sr,Fe;_,Co,M0oO¢/C (0<x<0.75) is
shown in Fig. 3b. The value of p for the sample with
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x=0 (SFMO) is close to that reported by Zhang et al.
[27] for the same composition prepared through a solid-
state reaction. In substituted compounds, p increases
notably by increasing the Co content x from x=0 to
x=0.75. This is because of anti-site defects that increase
the disorder (see Fig. 3a) leading to localization of the
charge carriers, thus resulting in an increase in the
electrical resistivity [28].

Oxide morphology and IR spectroscopy

In order to have some insight into the grain morphology of
the oxides, SEM of two samples x=0 and x=0.25 are shown
in Fig. 4. The x=0.25 sample exhibits relatively spherical
and smaller grains with an average grain size of about 1.5—
2 um diameter (Fig. 4b), while the x=0 sample (SFMO) has
grains that are much larger and connected to each other and
with no well-defined shape (Fig. 4a). Addition of cobalt
seems to act as a nucleation centre for the growth of the

Fig. 4 SEM micrographs of Srp,Fe;_,Co,MoOg¢ (a) x=0 and (b) x=
0.25 double perovskites sintered at 1,100 °C for 2 h in a stream of Hy/
N, (5:95 %)
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perovskite crystalline grains. As a Co amount is added to
SFMO oxide, the number of such nucleation centres
increases, which effectively raises the number of grains with
small sizes.

Figure 5 displays the infrared spectra for Sr,Fe;_,Co,.
MoO, (x=0, 0.25, 0.5 and 0.75) oxides. All spectra are
rather similar showing two absorption bands around 600
and 820 cm ' and a weak band around 400 cm ', The weak
band centred at about 600 cm ' is attributed to Mo—O
antisymmetric stretching mode of MoOg octahedra, and
the relatively strong band at about 820 cm ™ is ascribed to
Mo-O symmetric stretching mode [29]. The absorption
band around 400 cm ™ is ascribed to Fe—O vibration mode
of FeOg octahedra [30].

Oxygen reduction on SFCMO electrocatalysts
Linear voltammetry

To study the effect of rotation on catalytic activity, the
current—potential curves recorded for oxygen reduction
on thin layers of SCMO/C powder at five rotation rates
(between 400 and 2,500 rpm) with a 5-mVs ' scan rate
are presented in Fig. 6. The cathodic currents corre-
spond to ORR because no current was observed under
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Fig. 5 Typical FT-IR spectra of the investigated Sr,Fe;-,Co,Mo0Og¢
compounds. From bottom to top, x=0, 0.25, 0.50 and 0.75
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Fig. 6 Linear voltammetry curves for oxygen reduction on SCMO/C
electrocatalyst. Inset Levich plot at —0.5 V/Hg-HgO collected on
SCMO/C electrocatalyst in O,_saturated 0.5 M NaOH solution at
different rotation rates. Disk area, 0.07 cm?

a nitrogen atmosphere. The ORR current density starts
at about —0.15 V/Hg-HgO and shows one limiting cur-
rent plateau at —0.4 V/Hg-HgO. The limiting current
density iy, increases markedly with increasing angular
frequency w.

The i}, for SCMO/C electrocatalyst, measured at
—0.5 V/Hg-HgO, was plotted as a function of w'? (inset
of Fig. 6). A straight line was obtained, indicating that
ORR is diffusion controlled [31]. From the slope of
Levich plot, the diffusion coefficient of O, in 0.5 M
NaOH and 25 °C was calculated according to the fol-
lowing relation:

B = 0.620FCo,Do,2/3v/5, (2)

where n is the number of electrons transferred per
oxygen molecule, assumed to be 4, F is the Faraday
constant (96,500 Cmolfl); Co, is the concentration of
oxygen in 0.5 M NaOH (0.843 x10 ®molcm?s™"); Dy, is
the diffusion coefficient of oxygen and v is the kine-
matic viscosity of 0.5 M NaOH solution (9.784x1073
em?s™!) [32].

Avalue of 1.75x10~* Acm?s 2 for the slope is obtained
giving Do, at 0.25x107° cm®s ' which is in the same order
of magnitude as that of literature (1.43x10 °cm?s™'),
reported in [33], thus providing evidence that the oxygen
reduction occurs via a direct pathway of four-electron re-
duction to OH .
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It is worth mentioning that the voltammograms for the
SryFe;-,Co,MoOg/C (0<x<1) electrocatalysts shown in
Fig. 7 display different shapes. The compounds with x=0,
0.5 and 0.75 exhibit likely two plateaus due to the parallel
occurrence of two- and four-electron oxygen reduction path-
ways while compounds with x=0.25 and x=1 show only
one plateau. Determination of limiting current densities 7,
according to Levich relation for the four-electron and two-
electron reduction processes is estimated to be 3.15 and
1.8 mA/cm?, respectively. Comparison between the calcu-
lated and measured ij;,, plateaus values reveals that they are
close and indicates apparently a reduction of O, to HO, "
and O, to OH on the first and second compound series,
respectively. In the —0.4- to —0.8-V potential range, the
dependence of the current density on the substitution degree
x is also observed. Indeed, the higher the x, the lower the
performance, i.e., observed small current densities. The
SCMO/C compound (x=1) exhibits the best performance
with the highest catalytic activity towards oxygen reduction,
most of which is due to the direct four-electron reduction
rather than the two-electron reduction to peroxide as dem-
onstrated previously [12].

Figure 8 shows two Tafel slopes for SrFe; —,Co,MoO4/C
(0<x<1) electrocatalysts, the first one at low overpotentials
(ca. —0.10 to —0.23 V/Hg-HgO), and the Tafel slope value is

0,0

i/ mA.cm?

x=0.75

[ x=0.25

-3,2x=1.00
x = 0.50
[ x =0.00

_4 | L | | L | ' |

1,0 -08 '-o,s 0,4 -0,2 ' 0,0
E/V (Hg-HgO)

Fig. 7 Linear voltammetry curves for oxygen reduction on SrFe;_
+Co0M00Og/C (0<x<1) in O, saturated 0.5 M NaOH solution at
2,500 rpm. Disk area, 0.07 cm?
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Fig. 8 Tafel plots of oxygen reduction on SryFe;_,Co,MoO4/C
(0<x<1) electrocatalysts in 0.5 M NaOH, sweep rate 5 mVs !, RDE
at 2,500 rpm

about —0.056 Vdec ', while at high overpotentials (ca. <
—0.30 V/Hg-HgO), it is about —0.20 Vdec'. According to
reported Tafel behaviour for oxygen reduction, a similar
transition occurring with Pt [34] and Ru [35] electrodes
from —0.06 and —0.08 to —0.20 and —0.18 Vdec ™', respec-
tively, is reasonably well-understood. Also a value of
—0.047 Vdec ™' at lower overpotentials was obtained on
La;_,Sr,MnOj; perovskites [36].

Steady-state polarization

The ORR on carbon supported SFCMO compounds in
0.5 M NaOH solution was also investigated by plotting
current—potential curves in the steady-state regime. The time
taken for the current to reach a steady state was found to
vary with the applied potential: It was about 5 min at high
over-potentials and about 10 min at low overpotentials.
Figure 9 shows the steady-state polarization plots for the
SFCMO/C electrocatalysts, Carbon (Vulcan XC-72). For
comparison, the behaviour under the same conditions of a
Pt foil is also included. The small currents observed for the
GC substrate indicate that it is a relatively inactive material.
The polarization curves reveal that the electrocatalytic ac-
tivity decreases with increasing x from 0 to 0.75 and that the
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highest activity towards oxygen reduction was observed for
Sr,CoMoOg/C and Sr,Feq 75C0¢..sM0Og for which this ac-
tivity is ascribed, as mentioned above, to the four-electron
reduction pathway providing higher limiting currents. As
there is parallel evolution established for the electrochemical
activity and the electrical resistivity [36], the decrease of the
cathodic current densities, expressing this activity, with
increasing cobalt content x may be attributed to the in-
creased disorder in Fe/Mo sub-lattice and therefore to the
increased resistivity as shown above. In addition, the tiny
amount of StMoOQ, visible in the XRD data (Fig. 1), which
is induced to appear at the grain boundaries of the com-
pounds as insulating impurity phase [37], could also be
responsible for the decrease of the resistivity, with a conse-
quential drop in the electrochemical activity.

Electrochemical impedance study

To provide evidence of O, diffusion process occurring at the
interface, using electrochemical impedance spectroscopy
technique, Nyquist diagrams obtained potentiostatically
with RDE system for O, reduction on SCMO/C at —0.6 V/
Hg-HgO and different rotation rates were plotted (Fig. 10).
According to the result reported previously [12], the dia-
grams show a large capacitive loop consisting of two over-
lapping loops. The first masked loop in the high-frequency
range is due to charge transfer process of oxygen reduction
at the electrode/electrolyte interface. It is noteworthy that
while the first loop remains constant, the diffusion loop size
over the whole rotation rates w range investigated shows a
clear decrease with the increase of w. This suggests that
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Fig. 9 Steady state polarization plots of oxygen reduction on Sr,Fe;
+C0,M0Og4/C (0<x<1) electrocatalysts in O,-saturated 0.5 M NaOH
solution at 2,500 rpm. Disk area, 0.07 cm?
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Fig. 10 Nyquist plots for O, reduction on SCMO/C in O,-satured
0.5 M NaOH solution at 400, 900, 1,600 and 2,500 rpm at —0.6 V/Hg-
HgO and 25 °C

ORR is limited by the diffusion of molecular oxygen from
the bulk of the electrolyte to the electrode surface. In the
inset of Fig. 10, an electrolyte resistance of about 1.5 Qcm?
was determined for different rotation rates.

The characterization of the ORR on the Sr,Fe;_.Co,.
MoO /C electrocatalysts was carried out at —0.6 V/Hg-
HgO on a RDE at 2,500 rpm. The Nyquist diagrams plotted
in Fig. 11 showing the same shape for all compositions x
correspond mainly to diffusion limitation for the ORR. In
accordance with the limiting current evolution observed on
the polarization curves for the Sr,Fe;_,Co,M00O¢/C (0<x<
0.75), the diffusion loop size increases strongly with in-
creasing the Co content x, confirming the decrease of the
electrochemical performance of the substituted samples.
This behaviour may be understood based once again on
the increase of the anti-site concentration, i.e. increased
disorder in Fe/Mo sub-lattice shown above.

1400
-O- SrpFeMoOg
-@-SraFeq 75C00 25M0Og
1200 - ~*-SraFeq 50C0.50Mo0g
—K-SraFeq 25Cog.75M00g
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NE 800 [
Q
S 600t
£
N
)

T L
0 200 400 600 800 1000 1200 1400
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Fig. 11 Nyquist plots for O, reduction on SryFe;_,Co,MoO4/C
(0<x<1)in 0.5 M NaOH at —0.6 V/Hg-HgO and 2,500 rpm
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