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Perovskite-based catalysts have been considered as candidate bifunctional electrocatalysts for oxygen

evolution (OER) and reduction reactions (ORR) for unitized regenerative fuel cells (URFCs), because of

their excellent catalytic activity and durability at low temperature. Furthermore, perovskite-structured

materials can be utilized as an oxygen electrode material for solid oxide fuel cells (SOFCs) at even

elevated temperatures due to their distinctive layered structure, providing great flexibility regarding the

modification of their electronic configurations. Herein, we investigate whether alkaline earth metal-

doped bismuth iron oxides (Bi0.6M0.4FeO3, M ¼ Ba, Sr, Ca, and Mg) can act as both bifunctional catalysts

for URFCs and cathode materials for SOFCs. Among these, Bi0.6Ca0.4FeO3 (BCFO) exhibits remarkable

OER and ORR catalytic performances, with better long-term stability than that of a pristine BiFeO3 (BFO)

catalyst in alkaline media at room temperature. Moreover, the DC conductivity of BCFO is more than 2

to 3 orders of magnitude higher than that of the BFO material at 500–700 �C for SOFCs. In addition,

BCFO has a aTEC value of 12.4 � 10�6 K�1 at 25–650 �C, which is near those of yttria-stabilized zirconia

and rare-earth-doped ceria electrolytes. Hence, BCFO demonstrates potential as an oxygen electrode

material for operation at room and elevated temperatures.
1. Introduction

The global climate change with over-extraction of fossil fuels is
bringing about the changeover from internal combustion
engines to clean and sustainable renewable energy systems. In
particular, electrochemical-based energy conversion and
storage devices, such as fuel cells, water-splitting cells, and
rechargeable metal–air batteries, are currently being investi-
gated as sustainable energy systems with solar and wind
systems.1–5 Among these, fuel cells are the most promising
alternative, due to their low emission, high-efficiency, and
reasonable energy density.6,7 The fuel cell is a clean electro-
chemical cell that converts the chemical energy from
a hydrogen-containing fuel into electricity through electro-
chemical reactions with an oxidizing agent. Fuel cells are clas-
sied by the type of electrolyte and operating temperature they
use.8,9 Polymer electrolyte membrane fuel cells (PEMFCs) use
polymer membranes (e.g. Naon) as an electrolyte at lower
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temperature (<100 �C). In contrast, solid oxide fuel cells (SOFCs)
use ceramic electrolytes (e.g. yttria-stabilized zirconia) at high
operating temperature (600–1000 �C). The electrolytic cell is an
electrochemical cell that when external electrical energy is
applied, produces hydrogen with oxygen.2,10–12 When electrical
energy is applied to the electrodes, the ions (oxygen or proton)
in the electrolyte are transported by redox reactions to an elec-
trode with the opposite charge. Recently, integration of the two
functionalities in a single electrochemical device, such as
unitized regenerative fuel cells (URFCs, at <100 �C) and revers-
ible solid oxide cells (RSOCs, at 600–1000 �C), has received great
attention, due to the considerable simplication of system
design, and the high power-to-weight ratio of energy conversion
and storage systems.13–16

Until now, designing highly active, cost-efficient, and
durable air-electrode materials has been an essential part of
these fuel cells (and electrolytic cells), especially for oxygen
reduction (ORR) and evolution reactions (OER), to overcome the
sluggish reaction kinetics and large overpotential associated
with the transportation of four protons/electrons.17–20 For
example, the current carbon-supported noble metal catalysts
(e.g. Pt/C, PtRu/C, and Ir/C) are not feasible for large-scale
commercialization of PEMFCs (or URFCs), due to high price
and easy degradation of noble metal-based catalysts. Hence,
one main goal of catalyst design for PEMFCs (and URFCs) is the
development of highly active ORR and OER catalysts to replace
RSC Adv., 2017, 7, 47643–47653 | 47643

http://crossmark.crossref.org/dialog/?doi=10.1039/c7ra08671g&domain=pdf&date_stamp=2017-10-10
http://orcid.org/0000-0002-7952-2885
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c7ra08671g
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA007075


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

1 
O

ct
ob

er
 2

01
7.

 D
ow

nl
oa

de
d 

on
 1

2/
4/

20
25

 9
:2

0:
42

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
and/or decrease the carbon-supported noble metal catalysts.
Alternatively, non-precious metal compounds and metal-free
catalysts, such as transitional metal (e.g. Co, Fe, and Ni)
complexes, chalcogenides, transition metal oxides or nitrides,
and macrocycles, have been found to have some catalytic
activity for the oxygen electrode reaction.17,21–24 However, the
complicated synthesis methods of catalysts are not suitable for
reliable and scalable mass production. Further, relatively fast
degradation of these catalysts was still observed during the
accelerated stability test. Recently, several breakthroughs in
activity and durability have been achieved in the eld of non-
precious metal catalysts. Suntivich et al.25,26 and Grimaud
et al.27 demonstrated that the perovskite-based oxides with
a general formula of ABO3, which show excellent oxygen ion
diffusion rate and surface exchange coefficient, can be utilized
as potential competitors to noble-based catalysts for the oxygen
electrode of URFCs, due to their excellent oxygen ion diffusion
rate and surface exchange coefficient. Furthermore, oxygen
decient perovskites and brownmillerites have even surpassed
the activity of state-of-the-art IrO2 catalysts.28–30

Similarly, it is believed that the ORR is responsible for much
of the performance loss of SOFCs with high cathodic over-
polarization.31 In particular, SOFCs that operate in an inter-
mediate temperature (IT) range (500–700 �C) are of great
interest, due to their low degradation rates, materials cost, and
easier sealing.32–36 However, with the decrease of operating
temperature, the cathode overpotential increases signicantly,
because of the decreased values of the oxygen diffusion coeffi-
cient and oxygen surface exchange coefficient. Therefore, it is of
great importance to develop high performance cathode mate-
rials for the IT–SOFCs. Currently, considerable efforts are
devoted to cobalt-containing perovskite-type oxides, such as
Ba0.5Sr0.5Co0.8Fe0.2O3�d, La0.5Sr0.5CoO3�d, and NdBa0.5Sr0.5-
Co0.8Fe0.2O5+d, as some of the most promising cathodes for IT–
SOFCs.32,37–39 These catalysts exhibited higher electrocatalytic
activity toward ORR, with much higher electrical conductivity
than conventional La0.5Sr0.5MnO3�d cathodes. However, these
cobalt-containing cathodes have some issues, like high cost, low
phase stability, and high thermal expansion coefficients,
leading to delamination of, or cracks in the cathode layer during
the operation of SOFCs. Recently, many cobalt-free perovskite-
type materials have been reported for the cathodes of IT–
SOFCs. For example, the doped lanthanum ferrite perovskite
oxides, La0.8Sr0.2FeO3�d, Ba0.5Sr0.5Zn0.2Fe0.8O3�d, and
LaBaCuFeO5+d, have been investigated as potential IT–SOFC
cathodes.40–42

Herein we explore bismuth ferrite (BiFeO3, BFO) as a novel
cobalt-free cathode IT–SOFC, considering that ferrite-based
materials exhibit a reasonable electrochemical perfor-
mance.43,44 The cathode material should possess high electrical
conductivity for ORR with thermochemical compatibility for
electrolyte at operating temperature.45 Furthermore, we
examine the feasibility of BFO-based materials as the catalyst of
ORR and OER for PEMFCs and URFCs, since BFO is one of the
most attractive heterogeneous catalysts.46,47 The BFO-based
materials are synthesized via a co-precipitation method, and
their electrical conductivity and electrochemical performances
47644 | RSC Adv., 2017, 7, 47643–47653
are characterized in detail to investigate whether BFO performs
well at both low (PEMFCs/URFCs) and elevated temperatures
(SOFCs), expanding their practical applications. In addition, in
order to improve the electrochemical performances of BFO as
oxygen electrode materials, alkaline-earth metal ions (Mg2+,
Ca2+, Sr2+, and Ba2+) are doped into the A-site of the Bi3+ ions.
The doping of alkaline earth metal into BFO can result in the
increment of transport rates of charge species for the electro-
chemical reactions through change of the electronic structure.
2. Experimental section
2.1 Preparations of BFO and doped-BFOs

The pristine- and modied-BFO catalysts were synthesized by
a coprecipitation method. Stoichiometric amounts of bismu-
th(III) nitrate hydrate (Bi(NO3)3$xH2O, 99.999% purity, Alfa
Aesar) and iron(III) nitrate nonahydrate (Fe(NO3)3$9H2O,
99.99% purity, Duksan) were dissolved in distilled water with
glucose monohydrate (C6H12O6$H2O, Sigma-Aldrich) and
sodium bicarbonate (NaHCO3, Sigma-Aldrich). During the
precipitation, the solution was stirred continuously and heated
at 60 �C for 18 h. Magnesium nitrate hexahydrate (Mg(NO3)2-
$6H2O, 98.0% purity, Sigma-Aldrich), calcium nitrate tetrahy-
drate (Ca(NO3)2$4H2O, 99.0% purity, Sigma-Aldrich),
strontium(II) nitrate (Sr(NO3)2, 99% purity, Alfa Aesar), and
barium(II) nitrate (Ba(NO3)2, 99.95% purity, Alfa Aesar) were
added into BFO as an A-site dopant. The obtained materials
were centrifuged, and washed several times with ethanol and
distilled water to remove impurities and residues. Finally, the
precipitates were dried in an electric oven at 80 �C for 12 h, and
then calcined at 500 �C for 4 h.

For the cathode materials in the SOFCs, the calcined
powders were ground using a mortar and pestle, and pressed
uniaxially (at 18 MPa) for 1 min. The pellets were then sintered
at 700 �C for 4 h, with heating and cooling rates of 5 �C min�1.
2.2 Characterizations of BFO-based materials

The crystalline phase of all samples was examined by X-ray
diffraction (XRD, D/MAX 2500, Rigaku) with Cu-Ka radiation
in the range of 20–80� with 0.02� step size. Rietveld renements
were performed by Fullprof soware to reveal the lattice
parameters and crystal structure. The morphology and micro-
structure of the synthesized catalysts were observed by eld
emission-scanning electron microscopy (FE-SEM, S-4700, Hita-
chi High Tech) with energy dispersive X-ray spectroscopy (EDX,
Oxford Instruments) to analyze the material composition. The
specic surface area of catalysts was analyzed by performing
nitrogen sorption measurement at 77 K on a 3Flex surface
characterization analyzer (Micromeritics, USA). The surface
area was estimated using the Brunauer–Emmett–Teller (BET)
equation, using 3Flex soware. Pore size distributions were
calculated using the Barrett–Joyner–Halenda (BJH) method
from the adsorption branch of the isotherm. The X-ray photo-
electron spectroscopy (XPS) was performed by spectrometer
(theta probe angle-resolved XPS system, Thermo Fisher Scien-
tic) with a monochromatized Al Ka (1486.6 eV) as X-ray source.
This journal is © The Royal Society of Chemistry 2017
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Fig. 1 (a) XRD patterns of calcined pristine and alkaline earth metal
oxide (MgO, CaO, SrO, and BaO)-doped BiFeO3 (BFO) powders at
500 �C, with (b) their Rietveld refinement results.

Table 1 Crystal-structural parameters of the BFO-based catalysts
from Rietveld refinement

Catalyst a-axis (Å) b-axis (Å) c-axis (Å) Chi2 (c2)
Crystallite
size (nm)

BiFeO3 5.580 5.580 13.862 0.71 4.99
Bi0.6Ba0.4FeO3 5.591 5.591 13.771 2.60 3.63
Bi0.6Sr0.4FeO3 5.608 5.608 13.830 1.93 3.56
Bi0.6Ca0.4FeO3 5.578 5.578 13.727 1.46 3.78
Bi0.6Mg0.4FeO3 5.585 5.585 13.849 3.76 3.66
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The chamber was kept as a vacuum condition, 1 � 10�10 Torr,
and the measured data were calibrated using C 1s peak
(284.6 eV) as reference. The thermal expansion coefficient (TEC)
of the sintered BFO-based sample was measured using a dila-
tometer (Tesatronic TT-80) between room temperature and
650 �C with a heating/cooling rate of 5 �C min�1 in air atmo-
sphere. The average TECs were found from the linear section of
dilatometric data.

2.3 Electrochemical analysis of BFO-based catalysts

Catalyst suspensions were prepared from 10 mg of BFO-based
catalyst, 5 mg carbon black (Vulcan XC-72R, Cabot), 5 wt%
Naon solution (Sigma-Aldrich), isopropanol (Daejung), and de-
ionized (DI) water; they were then ultrasonicated for 30 min to
make the homogeneous solution. The slurry was pipetted onto
the glassy carbon by a microsyringe (Daihan Sci.), then heated
at 60 �C to dry. 0.1 M potassium hydroxide (KOH) solution was
used as electrolyte. Electrochemical measurements were carried
out by rotating disk electrode (RDE) system (RRDE-3A, ALS) with
galvanostat/potentiostat electrochemical analyzer (SP-150, Bio-
Logic). In the three-electrode system, Hg/HgO (sat. NaOH), Pt
wire, and catalyst coated-glassy carbon were applied as refer-
ence, counter, and working electrode, respectively. The
measured potentials were converted to the reversible hydrogen
electrode (RHE) scale according to the following relation;

V (vs. RHE) ¼ V (vs. Hg/HgO) + 0.098 + 0.059pH (1)

The measured potentials were also compensated as 85% by
iR-correction method. Pre-conditioning of the materials was
conducted by cyclic voltammetry (CV) technique to clean the
surface of the materials in N2-saturated 0.1 M KOH solution
between 0.05 and 1.2 V for 50 cycles at a scan rate of 100 mV s�1.
Linear sweep voltammetry (LSV) was performed to evaluate the
OER and ORR performances, using the RDE from 1.2 to 1.7 V
(OER) and 1.1 to 0.2 V (ORR) at a scan rate of 5 mV s�1 and
a rotation of 1600 rpm in 0.1 M KOH solution. 20 wt% of Ir/C
(Premetek) and Pt/C (Johnson Matthey) were used as reference
catalysts for OER and ORR, respectively. The accelerated dura-
bility tests (ADTs) were carried out for OER (1.2–1.7 V) and ORR
(0.6–1.2 V) potential ranges, respectively, at a scan rate of
200 mV s�1 for 1500 cycles in electrolyte solution with rotation.

For four-probe DC conductivity measurements, the sintered
BFO and BCFO pellets were ground into rectangular-type bars.
Four platinum wires were bound to each sample to form four
contacts and leads for DC four-probe measurements. The elec-
trical conductivity of the samples was measured by using
a potentiostat/galvanostat instrument (SP-240, Biologic). By
passing current and recording the voltage of the samples, four-
probe DC conductivity was performed as a function of temper-
ature in ambient air atmosphere.

3. Results and discussion
3.1 Characterizations of the doped-BFOs

Fig. 1 shows the XRD patterns of calcined pristine and alkaline
earth metal oxide (MgO, CaO, SrO, and BaO)-doped BiFeO3
This journal is © The Royal Society of Chemistry 2017
(BFO) powders at 500 �C. In all cases, the major phases are
consistent with a rhombohedral phase corresponding to the
crystalline structure of trigonal BFO (JCPDS #72-2035).48,49 Peaks
that relate to the impurity (Bi2Fe4O9) are observed at 28� and 30�,
as marked with the symbol in Fig. 1(a), apart from the perovskite
phase. However, the main diffraction peaks of (010), (110), (111),
(020), (120), and (121) are sharp, indicating that alkaline earth
metal dopants did not destroy the original lattice structure of
BFO. Furthermore, it could be reasonably assumed that such
a small amount of doping did not appear to inuence the elec-
trochemical performance. The average crystallite sizes of the
materials were calculated by Scherrer equation (Table 1). BFO
showed a larger crystallite size of 4.99 nm, compared to that of the
doped BFO materials. Bi0.6Ba0.4FeO3 (BBFO), Bi0.6Sr0.4FeO3
RSC Adv., 2017, 7, 47643–47653 | 47645
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Fig. 2 Crystalline structure of alkaline earth metal oxide-doped BFO
simulated by the Rietveld refinement.

Fig. 4 (a) Nitrogen adsorption–desorption isotherms, and (b) total
pore volume and pore size, obtained from adsorption branches of the
BFO-based catalysts.
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(BSFO), Bi0.6Ca0.4FeO3 (BCFO), and Bi0.6Mg0.4FeO3 (BMFO)
exhibited 3.63, 3.56, 3.78, and 3.66 nm of crystallite size, respec-
tively, indicating that doping of alkaline earth metal contributed
to decrease of the crystallite size of the BFO.21,50

To better understand the nature of the detailed structural
information of BFO-basedmaterials, the XRD patterns of overall
catalysts were further analyzed by the Rietveld renement using
the Fullprof program,51 and Fig. 1(b) shows the renement
results. The diffraction peaks of all samples were indexed as
a rhombohedral perovskite structure with space group of R3cH,
in agreement with the previous results.49,52 Fig. 2 shows that the
Fig. 3 Morphology and microstructure of the BFO-based catalysts
examined by FE-SEM; (a) BiFeO3, (b) Bi0.6Ba0.4FeO3, (c) Bi0.6Sr0.4FeO3,
(d), Bi0.6Ca0.4FeO3, and (e) Bi0.6Mg0.4FeO3.

47646 | RSC Adv., 2017, 7, 47643–47653
unit cell can be described in a hexagonal frame of reference,
with the hexagonal c-axis parallel to the diagonals of the
perovskite cube ([111]pseudocubic k [001]hexagonal). The average
hexagonal lattice parameters are ahex ¼ 5.59 Å and chex ¼
13.80 Å, and Table 1 shows the renement parameters of BFO
materials.

The chi-square (c2) values of BFO-based materials are
reasonably low (cBFO

2 ¼ 0.703, cBBFO
2 ¼ 2.60, cBSFO

2 ¼ 1.93,
cBCFO

2¼ 1.46, and cBMFO
2¼ 3.76), as the criteria for judging the

quality of the prole t. It is clear that the alkaline earth metals
are doped into the A-site of the Bi3+ to maintain the structural
stability in the ABO3 structure (considering the tolerance factor
of perovskite, t ¼ ðgA þ gOÞ=

ffiffiffi

2
p ðgB þ gOÞ), since there is a large

difference in ionic radii between A and B cations. Furthermore,
the valence of B cations should be varied by oxygen vacancies to
maintain the electroneutrality of the unit cell, because the B
cations is surrounded by octahedron of oxygen anions.53,54 In
contrast, the alkaline earth metals are non-magnetic materials
with a xed ionic valence as M2+ (e.g.Mg2+, Ca2+, Sr2+, and Ba2+).
The morphology and microstructure of the BFO catalysts were
examined by FE-SEM. Fig. 3 shows that the BFO-containing
catalysts displayed a cotton ball-like structure with agglomer-
ated features, typical of the morphology of coprecipitated
ceramic powders aer calcination. The doping strategy effec-
tively reduced the average particle size of the BFO from 84 to
40 nm, due to the interaction between dopants and surfaces (or
grain boundaries), which reduces the interfacial energy at those
regions.55 This trend was in agreement with the BET results of
This journal is © The Royal Society of Chemistry 2017
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Table 2 Characterization data of BFO-based catalysts from N2

adsorption–desorption isotherms

Catalyst
BET
(m2 g�1)

Total pore volume
[p/p0 ¼ 0.990] (cm3 g�1)

Mean pore
diameter (nm)

BiFeO3 2.8 0.012 17.4
Bi0.6Ba0.4FeO3 4.8 0.031 25.7
Bi0.6Sr0.4FeO3 7.4 0.056 30.7
Bi0.6Ca0.4FeO3 9.4 0.053 22.5
Bi0.6Mg0.4FeO3 15.1 0.130 34.6
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catalysts. The BET surface area of catalysts was analyzed by
nitrogen adsorption–desorption isotherms as shown in Fig. 4(a),
and was determined to be 2.8, 4.8, 7.4, 9.4, and 15.1 m2 g�1 for
the BFO, BBFO, BSFO, BCFO, and BMFO, respectively. That is, the
doping of alkaline earth metal into BFO effectively increased the
surface area of the catalysts. Fig. 4(b) shows the total pore volume
and pore size, which were obtained from the adsorption branches
by using the BJHmethod. The formed pore volume and diameter
of the pristine BFOwere also increased by the addition of alkaline
earth metal, and the mean pore diameter was 17.4, 25.7, 30.7,
22.5, and 34.6 nm for the BFO, BBFO, BSFO, BCFO, and BMFO,
respectively. Table 2 lists all of the detailed data for the BET
surface area, pore size, and pore volume of the BFO-based
catalysts.
3.2 Electrocatalytic activity and stability of the BFO-based
catalysts for OER and ORR at room temperature

The electrocatalytic activity of the BFO-based catalysts was
investigated with the Hg/HgO reference electrode using RRDE
Fig. 5 Electrochemical performances of BFO-based catalysts. (a) ORR
curves and (d) corresponding Tafel plots of the BFO-based catalysts.

This journal is © The Royal Society of Chemistry 2017
measurements in an O2-saturated 0.1 M KOH solution at
a rotation speed of 1600 rpm. BFO-based particles were mixed
with carbon black for the ORR activity measurements, to over-
come the electronic conductivity limitations. Fig. 5(a) shows the
ORR polarization curves of the catalysts.

The electrochemical performances of carbon black, Pt/C
(20 wt% Pt, Johnson Matthey), and Ir/C (20 wt%, Premetek)
were measured and plotted for comparison purpose. It is clearly
observed that doping of alkaline earth metal into BFO makes
a remarkable improvement to the ORR activity. In particular,
Ca-doped BFO (BCFO) shows the best catalytic behavior for ORR
among these catalysts. The onset (honset) and half-wave potential
(hhalf-wave at �3 mA cm�2) of BCFO are 0.705 and 0.619 V,
respectively, as the crucial parameter to determine the level of
intrinsic ORR activity, while those of BFO are 0.633 and 0.480 V.
The kinetics of the BFO-based catalysts were investigated from
their Tafel plots using the Tafel equation (h ¼ a + b log j, where
h and j are the overpotential and current density, respectively) in
Fig. 5(b). The measured Tafel slopes of BFO, BBFO, BSFO,
BCFO, and BMFO catalysts are �99, �88, �92, �76, and
�96 mV dec�1, respectively. Moreover, the doped BFOmaterials
show an increment in the exchange current density (j0) from
3.23 � 10�9 (pristine BFO) to 5.17 � 10�8 mA cm�2 (BCFO).
Table 3 shows the values of the ORR polarization curves.

The oxygen evolution activities of pristine and doped BFOs
were also measured in a 0.1 M KOH solution at room temper-
ature by rotating disk electrode (RDE) system. Fig. 5(c)
demonstrates the linear sweep voltammetry (LSV) curves from
1.3 to 1.7 V vs. RHE at a scan rate of 5 mV s�1 to minimize the
capacitive current. It is evident that the BCFO is the most highly
active for the OER, compared to those of BFO, BBFO, BSFO, and
polarization curves (b) corresponding Tafel plots, (c) OER polarization
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BMFO catalysts. The current density for OER (jOER) of BCFO
shows a signicantly high value of 6.93 mA cm�2, at a xed
overpotential of 0.42 V (1.65 V vs. RHE), which is approximately
2 times higher than that of the other catalysts. Fig. 5(d) also
shows corresponding Tafel plots for OER, and the catalysts
showed Tafel slopes ranging from 128 to 300mV dec�1. The BCFO
catalyst exhibits the lowest Tafel slope of 128 mV dec�1 with high
j0 (3.24 � 10�1 mA cm�2), while BFO shows 263 mV dec�1

and 9.24 � 10�2 mA cm�2 for OER. Detailed
electrochemical parameters of the BFO catalysts were tabulated in
Table 3.

In order to grasp the pathway for ORR, the Koutecky–Levich
(K–L) plots of the BFOs materials are obtained from ORR
polarization curves. The kinetic parameters can be determined
by the following Koutecky–Levich equations;56–59

1/j ¼ 1/jL + 1/jK ¼ 1/(Bu1/2) + 1/jK (2)

B ¼ 0.62nFC0(D0)
3/2n�1/6 (3)

jK ¼ nFkC0 (4)

where j is the measured current density, jL and jK are the
diffusion-limiting and kinetic current density, u is the angular
velocity of the rotating disk (rad s�1), n is the number of elec-
trons in ORR, F is Faraday constant (96 485C mol�1), C0 and D0

are the saturation concentration (1.26 � 10�6 mol cm�3) and
diffusion coefficient (1.93 � 10�5 cm2 s�1) of oxygen gas,
respectively, n is the kinematic viscosity of the electrolyte
(0.1 M KOH, 1.09 � 10�2 cm2 s�1), and k is the electron transfer
rate constant, respectively. The K–L plots shows a linear shape
in Fig. 6 and the number of electrons (n) are calculated from
their slopes as 2.6 (BFO), 3.4 (BMFO), 3.5 (BBFO and BSFO), 3.7
(BCFO) at 0.5 V, respectively, indicating that the dopants (Ba, Sr,
Ca, and Mg) contribute to signicantly improve the intrinsic
ORR activity of BFO. This result may be due to the enhanced
oxygen catalytic activity through modication of the electrical
properties of catalysts by doping of alkaline earth metal oxides.

In order to ascertain the chemical state (electronic state) for
the individual elements, the XPS spectra are carried out (Fig. 7).
It is observed that the spectra of Bi 4f and Fe 2p are almost
similar for all BFO-based materials. The peaks in O 1s spectra at
530.4 and 529.15 eV are associated with the Bi2–(O 1s)3 and Fe2–
(O 1s)3 bonds, respectively.60,61 The Bi2–(O 1s)3 peaks were
shied in BBFO and BSFO to higher binding energy, while to
lower binding energy in BMFO. This indicates that the binding
energy between Bi and lattice oxygen can be varied by the
dopant ions (that is, higher binding energy for larger ions and
lower for smaller ions). Ca-doped BFO shows negligible change
in the O 1s spectra due to the similar ionic size of Bi3+ and Ca2+

(Bi3+ ¼ 1.17 Å, Ca2+ ¼ 1.14 Å), which is consistent with the
results of previous studies.62–64 That is, small difference of ionic
radii between Bi3+ and Ca2+ decreases the crystallite size with
structural stability including the improved ORR and OER
activities.65–67 The excellent performance of BCFO for OER and
ORR is also due to the rapid charge-transport property of the
BCFO catalyst. The doping of CaO into BFO can result in the
This journal is © The Royal Society of Chemistry 2017
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Fig. 6 Koutecky–Levich plots of alkaline earth metal-doped BFOs with the number of electrons at various ORR potentials; (a) 0.45 V, (b) 0.5 V,
and (c) 0.55 V.
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increment of transport rates of charge species for the electro-
chemical reactions through the change of electronic structure.
In order to conrm this explanation, electrochemical imped-
ance spectroscopy (EIS) was performed in a 0.1 M KOH elec-
trolyte at room temperature. Fig. 8(a) shows the complex-plane
Nyquist plots of the BFO-based catalyst at a potential of 1.65 V
vs. RHE. The charge transfer (Rct, as determined from the
diameter of the semicircle of the Nyquist plot at a high
frequency region) and mass transfer resistances (Rmt, at a low
frequency region) were obtained from the tted equivalent
circuit using EC-Lab soware, and are shown in Fig. 8(b). It is
clear that the doping of CaO resulted in signicant decrease of
the Rct of the BFO. Rct of the BCFO decreased from 0.73 (BFO) to
0.61 ohm cm2 (BCFO), while the Rmt showed negligible change.
This nding is concordant with the results of the oxygen
activities (OER and ORR) of the BFO-based catalysts presented
in Fig. 5. Ineffective change of Rct of the BBFO, BSFO, and BMFO
with oxygen activity needs to more understanding as future
works.

Fig. 9 shows the effect of CaO content of the BFO on the
oxygen activity. The performances of Ca-doped BFO displayed
Fig. 7 XPS spectra of BFO-based catalysts. (a) Bi 4f, (b) Fe 2p, (c) O 1s, a

This journal is © The Royal Society of Chemistry 2017
with Pt/C and Ir/C for ORR and OER, respectively. In Fig. 9(a),
the ORR activity of BCFO catalysts was investigated in a 0.1 M
KOH solution at a rotation speed of 1600 rpm (RRDE). With
increasing CaO content at room temperature, the ORR activity
(in hhalf-wave at �3 mA cm�2) increased until 40 mol%. Further
increases in the CaO content resulted in decreased ORR activity
of the BCFO catalysts. The hhalf-wave of BCFO was 0.610, 0.611,
0.616, 0.619, and 0.616 V for 10, 20, 30, 40, and 50 mol% CaO
doping, respectively. For the OER activity, 40 mol% CaO doped
BFO showed the lowest overpotential at a xed current density
of 5 mA cm�2, as shown in the LSV curves of Fig. 9(b). The jOER
of BCFO was 5.09, 5.58, 5.19, 6.92, and 4.22 mA cm�2, at a xed
overpotential of 0.42 V (1.65 V vs. RHE).

For sustainable use for bifunctional OER and ORR catalysts,
long-term stability is one of the important factor.21,47,68 The
durability of BFO and BCFO was examined by the potential
cyclingmethod from 1.25 to 1.65 V (for OER) and 0.6 to 1.0 V (for
ORR) for 1500 cycles in 0.1 M KOH solution. Fig. 10(a) shows the
polarization curves of the OER stability tests for BFO and BCFO.
Aer potential cycling, the OER activities of BCFO decreased
from 6.98 to 5.22 mA cm�2 at 1.65 V, resulting in a 24% loss of
nd (d) dopants (Ba 3d, Sr 3d, Ca 2p, and Mg 1s).

RSC Adv., 2017, 7, 47643–47653 | 47649
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activity; whereas, BFO underwent a more severe degradation of
95.1% (from 3.57 to 0.172 mA cm�2) (Fig. 10(a) and (c)).
Fig. 10(b) and (c) show the ORR polarization curves of BFO and
BCFO before and aer potential cycling, and in comparison
with that of the BFO catalyst. The potential decrease for ORR
clearly reveals that the durability of BCFO is greater than that of
the BFO. The potential of the BCFO decreased 20 mV at
hhalf-wave, whereas that of BFO decreased substantially by 34 mV
aer 1500 cycles. The better durability of BCFO for bifunctional
oxygen reactions was mainly due to the robust crystal structure
of BCFO by doped Ca2+ ions, which could inhibit the agglom-
eration and amorphization of particles during the water
oxidation and reduction reactions. Many researchers reported
that the surface oxidation and amorphization of oxide and
agglomeration of nanoparticles are responsible as the main
degradation mechanisms of OER and ORR activities during the
long-term electrochemical reactions associated with
oxygen.21,51,69–71
3.3 Thermomechanical and electrical properties of BFO and
BCFO at high temperature

A major technical challenge in SOFC research is to develop
cathode materials of similar thermal expansion coefficient
(TEC) to those of other cell components (anode, electrolyte, and
contact functional layers) to mitigate thermomechanical
stresses, especially during thermal cycling.7,39,72–75 The TEC
(aTEC) commonly describes how a compound changes unit cell
parameter in response to temperature, and is dened as;
Fig. 8 (a) Complex-planeNyquist electrochemical impedance plots, and
(b) the charge transfer resistance (Rct) andmass transfer resistance (Rmt) of
catalysts in a 0.1 M KOH electrolyte at the potential of 1.65 V vs. RHE.

47650 | RSC Adv., 2017, 7, 47643–47653
aTEC ¼ 1

Lo

DLk � DLo

Tk � To

(5)

where Lo, DLo, and DLk are the length of the specimen at To
(room temperature), the change in length at To, and the corre-
sponding length change at temperature Tk. Fig. 11 shows the
dilatometric measurement results of sintered BCFO ceramics.
The typical linear thermal expansions (DL/Lo) can be observed
without any phase transformation for BCFO samples in the
temperature range of room temperature to 650 �C. BCFO has
a aTEC value of 12.4 � 10�6 K�1 at between room temperature
and 650 �C, and this value is very near those of the conven-
tionally used yttria-stabilized zirconia (YSZ) (aTEC z 11.0 �
10�6 K�1) and rare-earth-doped ceria (CeO2) electrolytes (aTEC
z 11.9–13.5 � 10�6 K�1).76–79

Therefore, it would be benecial to use BCFO as a cathode
material with conventional electrolytes for IT–SOFCs, because
cracking and delamination of the cell can be greatly reduced at
high operating temperatures, through the relieving of thermal
stress at the interface.

The electrical properties of the BFO and BCFO compounds
were studied by four-probe DC technique between 500 and
700 �C. Fig. 12 compares the total conductivity of the BFO and
BCFO cathodes in air conditions. The DC conductivity data of
the BCFO were more than 2–3 orders of magnitude higher than
that of the BFO material in all the measured temperature range
(particularly at intermediate temperature). This indicates that
the doping of CaO contributes to signicantly increase of the
conductivity of BFO, in agreement with the results of ORR and
Fig. 9 (a) ORR polarization curves and (b) OER polarization curves of
the Bi1�xCaxFeO3 (x ¼ 0.1, 0.2, 0.3, 0.4, and 0.5).

This journal is © The Royal Society of Chemistry 2017
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Fig. 10 (a) ORR, and (b) OER polarization curves of BFO and BCFO catalysts before (solid line), and after (dotted line), potential cycling. (c) ORR
potential decrease at �3 mA cm�2, and OER activity losses at 1.65 V (vs. RHE) of catalysts after potential cycling.
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OER at room temperature. In addition, the conductivity of
BCFO increased with increase of operation temperature, indi-
cating the semiconducting behavior of BCFO. In order to
examine the long-term stability of materials, the electrical
conductivity of BCFO was also measured as a function of time
under air at 550 �C, as shown in Fig. 13. Aer long-term oper-
ation for 115 h, the change in the conductivity of BCFO was
negligible, indicating the robustness and stability of the BCFO.
That is, the BCFO showed promise for SOFCs as a cathode
material.
Fig. 11 Thermal expansion coefficient of BCFO at between room
temperature and 650 �C.

This journal is © The Royal Society of Chemistry 2017
4. Conclusions

We explored, for the rst time, the use of bismuth ferrite (BFO)-
based materials as a novel cobalt-free oxygen electrode catalyst
at both low and high temperatures. Among these, CaO-doped
BFO (BCFO) showed good catalytic activity and high stability
for OER and ORR in URFCs and SOFCs. The onset and half-wave
potentials at �3 mA cm�2 of BCFO were 0.705 and 0.619 V,
respectively for ORR, while those of BFO were 0.633 and 0.480 V.
The measured Tafel slopes of BFO and BCFO catalysts were�99
Fig. 12 DC conductivity of BFO and BCFO as a function of
temperature.
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Fig. 13 Area specific resistances of the BCFO as a function of time at
650 �C for the stability test.
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and�76 mV dec�1, respectively, for ORR. The current density for
OER of BCFO showed a signicantly high value of 6.93 mA cm�2,
at a xed overpotential of 0.42 V (1.65 V vs. RHE), which was
approximately 2 times higher than that of other BFO-based
catalysts. The excellent performance of BCFO for OER and ORR
was because the doping of CaO into BFO resulted in the incre-
ment of the transport rates of charge species for the electro-
chemical reactions through the change of electronic structure,
which was conrmed by EIS measurements. BCFO also recorded
outstandingly lesser performance decay ratios aer the cycling
tests for OER and ORR than that of the pristine BFO in an alka-
line medium. For further improvement of the activity and
stability, BFO-based electrocatalyst would be hybridized with the
nitrogen doped reduced graphene oxide, heteroatom doped
carbon nanotubes (or carbon nanober), and conducting poly-
meric materials (such as polyaniline) as future works. We also
investigated the electrical conductivity of BCFO at elevated
temperatures, and BCFO exhibited 2–3 orders higher values at
500�700 �C than did BFO. In summary, the feasibility of BCFO
was demonstrated as the oxygen electrode material for ORR and
OER at both room temperature and elevated temperatures.
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and J. T. S. Irvine, RSC Adv., 2011, 1, 1403.

74 K. T. Lee and A. Manthiram, J. Electrochem. Soc., 2006, 153,
A794.

75 J. H. Kim and J. T. S. Irvine, Int. J. Hydrogen Energy, 2012, 37,
5920.

76 L. Zhao, J. Shen, B. He, F. Chen and C. Xia, Int. J. Hydrogen
Energy, 2011, 36, 3658.

77 Y. Huang, K. Ahn, J. M. Vohs and R. J. Gorte, J. Electrochem.
Soc., 2004, 151, A1592.

78 G. Kim, N. Lee, K.-B. Kim, B.-K. Kim, H. Chang, S.-J. Song
and J.-Y. Park, Int. J. Hydrogen Energy, 2013, 38, 1571.

79 C. Kwak, D. W. Jung, D.-H. Yeon, J. S. Kim, H. J. Park,
S.-J. Ahn, S. Seo and S. M. Lee, RSC Adv., 2013, 3, 10669.
RSC Adv., 2017, 7, 47643–47653 | 47653

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c7ra08671g

	Oxygen electrode reactions of doped BiFeO3 materials for low and elevated temperature fuel cell applications
	Oxygen electrode reactions of doped BiFeO3 materials for low and elevated temperature fuel cell applications
	Oxygen electrode reactions of doped BiFeO3 materials for low and elevated temperature fuel cell applications
	Oxygen electrode reactions of doped BiFeO3 materials for low and elevated temperature fuel cell applications
	Oxygen electrode reactions of doped BiFeO3 materials for low and elevated temperature fuel cell applications
	Oxygen electrode reactions of doped BiFeO3 materials for low and elevated temperature fuel cell applications

	Oxygen electrode reactions of doped BiFeO3 materials for low and elevated temperature fuel cell applications
	Oxygen electrode reactions of doped BiFeO3 materials for low and elevated temperature fuel cell applications
	Oxygen electrode reactions of doped BiFeO3 materials for low and elevated temperature fuel cell applications
	Oxygen electrode reactions of doped BiFeO3 materials for low and elevated temperature fuel cell applications

	Oxygen electrode reactions of doped BiFeO3 materials for low and elevated temperature fuel cell applications
	Oxygen electrode reactions of doped BiFeO3 materials for low and elevated temperature fuel cell applications
	Oxygen electrode reactions of doped BiFeO3 materials for low and elevated temperature fuel cell applications


