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ABSTRACT: The widespread application of solid oxide fuel
cell technology requires the development of innovative
electrodes with high activity for oxygen reduction reaction
(ORR) at intermediate temperatures. Here, we demonstrate
that a cobalt-free parent oxide BaFeO3‑δ (BF), which lacks
long-range oxygen-ion diffusion paths, has surprisingly high
electrocatalytic activity for ORR. Both in situ high-temperature
X-ray diffraction analysis on room-temperature powder and
transmission electron microscopy on quenched powder are
applied to investigate the crystal structure of BF. Despite the
lack of long oxygen-ion diffusion paths, the easy redox of iron
cations as demonstrated by thermal gravimetric analysis (TGA) and oxygen temperature-programmed desorption and the high
oxygen vacancy concentration as supported by iodometric titration and TGA benefit the reduction of oxygen to oxygen ions.
Moreover, the electrical conductivity relaxation technique in conjunction with a transient thermogravimetric study reveals very
high surface exchange kinetics of BF oxide. At 700 °C, the area specific resistance of BF cathode, as expressed by a symmetrical
cell configuration, is only ∼0.021 Ω cm2, and the derived single fuel cell achieves high power output with a peak power density of
870 mW cm−2. It suggests that an undoped BF parent oxide can be used as a high-efficiency catalyst for ORR.
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1. INTRODUCTION

Electrochemical energy conversion has become one of the most
efficient methods for energy utilization because it surpasses the
efficiency limitation caused by the Carnot cycle in conventional
thermal power processes. As a type of high-temperature
electrochemical energy conversion devices, solid-oxide fuel
cells (SOFCs) have the additional advantage of fuel
flexibility.1,2 A combination of SOFCs technology and
renewable biofuels may provide an excellent choice for realizing
sustainable energy systems in the future.3

A typical SOFC process involves the electrochemical
reduction of molecular oxygen over the cathode (positive
electrode) to oxygen ions, the incorporation of as-formed
oxygen ions into the electrolyte bulk (assuming oxygen ions are
the conducting species), the diffusion to the anode (negative
electrode)-electrolyte interface, and the reaction of oxygen ions
with fuel over the anode surface to generate electric power as
well as heat in many cases. The power output of SOFCs is
determined by the electrode polarization resistance and by the
ohmic resistance of the electrolyte. Poor activity of the state-of-
the-art cathode for the oxygen reduction reaction (ORR) has
become the main obstacle to achieve high power density of
SOFCs with practical importance at reduced temperatures.4,5

The widespread application of SOFCs technology thus strongly
relies on the development of highly efficient electrode materials
for ORR.
During the past few decades, pure electron-conducting

La0.8Sr0.2MnO3‑δ (LSM) perovskite oxide has been mainly
applied as the cathode material of SOFCs,6,7 and it has
exhibited a negligible oxygen vacancy concentration and thus
near-zero oxygen-ion conductivity under open circuit voltage
(OCV) conditions. Under zero or small polarization con-
ditions, the active sites for ORR of fuel cells with LSM
electrode and (ZrO2)0.92(Y2O3)0.08 (YSZ) electrolyte were
mainly limited to the electrode (LSM)-electrolyte (YSZ)-gas
(air) triple phase boundary (TPB) region. Under large
polarization conditions, LSM may be partially reduced to
introduce oxygen vacancies and thus oxygen-ion conductivity
into the oxide bulk; the active reaction sites can then penetrate
to a certain degree into the oxide bulk, thereby resulting in
improved activity for ORR.8 However, LSM still showed
insufficient activity below 800 °C. It is generally believed that
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an increase in the oxygen-ion conductivity of electrode is
beneficial for improving its ORR activity because the reaction
sites can be extended into the bulk of electrode. Thus,
introducing oxygen-ion conductivity into electrode material has
become a general strategy for the development of new
electrode materials with improved performance at reduced
temperatures. One method involves the formation of a
composite electrode consisting of LSM and an oxygen-ion
conducting material such as YSZ in a mutually penetrative
way.9 Another method involves the development of a single
phase oxide with mixed oxygen-ion and electronic conductiv-
ities, and a typical example is Ba0.5Sr0.5Co0.8Fe0.2O3‑δ (BSCF)
oxide,10,11 which exhibited superior activity for ORR at reduced
temperatures (500−700 °C). Interestingly, the modification of
La0.6Sr0.4Co0.2Fe0.8O3‑δ (LSCF) surface with less oxygen-ion
conductive LSM oxide film resulted in a marked increase in
activity for ORR at intermediate temperatures.12 It implies that
the surface activity sometimes also plays an important role in
achieving high electrochemical activity of the electrode for
ORR.
In this study, we reported that a surprisingly high activity for

ORR can be achieved for some oxides with poor apparent
oxygen-ion conductivity but a high concentration of oxygen
vacancies in their lattice structures, which suggests that surface
oxygen vacancies are sometimes more important than bulk
oxygen-ion conductivity for ORR. Cobalt-free undoped
BaFeO3‑δ (BF), a parent oxide for many composite oxides
with diverse properties,13−15 was specifically investigated.
Under the operation conditions of SOFC cathode (550−750
°C and air atmosphere), BF exhibited oxygen nonstoichiometry
δ as large as ∼0.55, but the oxygen ion was immobilized at
temperatures up to 750 °C. However, an area specific resistance
(ASR) of 0.011 Ω cm2 and a peak power density (PPD) of
1180 mW cm−2 were reached at 750 °C when using BF as the
oxygen reduction electrode. A detailed investigation was
performed to demonstrate that the fast surface exchange
kinetics, which was strongly related to the surface oxygen
vacancy concentration, accounted for the superior performance.
It thus provides a new strategy for the development of high
performance oxygen reduction electrodes for SOFCs.

2. EXPERIMENTAL SECTION
2.1. Powder Preparation. All powders investigated were

synthesized using a combined EDTA-citrate complexing sol−gel
process. Analytic reagents of Ba(NO3)2, Sr(NO3)2, La(NO3)3·xH2O,
Fe(NO3)3·xH2O, Co(NO3)2·xH2O, and Mn(CH3COO)2·4H2O were
used as the raw materials for metal sources. As such, La(NO3)3·xH2O,
Fe(NO3)3·xH2O, and Co(NO3)2·xH2O were first prepared in aqueous
solution at concentrations of approximately 1 M, which were
determined by the standard EDTA titration method, due to the
uncertain amount of crystal water in their structures. Taking the
preparation of BF as an example, stoichiometric amounts of the metal
nitrates were mixed in deionized water and heated at 80 °C under
stirring. The molar ratio of total metal nitrates, EDTA, and citric acid
in the solution was 1:1:2. The pH of the solution was adjusted to ∼6
by adding NH3·H2O to ensure complete complexation. A transparent
gel, which was attained after the evaporation of water, was pretreated
at 250 °C in an oven to form a black solid precursor. The precursor
was then calcined at 1000 °C for 5 h in air, resulting in the desired
perovskite oxide.
2.2. Characterization. The crystal structures of the investigated

powders were determined by X-ray diffraction (XRD), which was
performed on a Rigaku Smartlab instrument using monochromator-
filtered Cu Kα radiation. The data were collected in a step-scan mode
within a range of 20−80° with intervals of 0.02°. A Philips X′Pert Pr

X-ray apparatus with an in situ heating accessory (HT-XRD) was used
to characterize the structural evolution of powders in an atmosphere of
flowing air. The temperature was varied between room temperature
and 1000 °C with a heating rate of 5 °C min−1, and the sample was
equilibrated for 15 min at the target temperature prior to each
measurement. Rietveld refinements on the XRD patterns were carried
out using General Structure Analysis System (GSAS) software.
Transmission electron microscopy (TEM) was performed at 200 kV
on a JEOL JEM-2100 field-emission instrument.

Oxygen permeation was measured in a high-temperature perme-
ation device as detailed elsewhere.16 Sintered disks, polished to 1 mm
thickness, were sealed onto alumina tubes using silver paste (DAD-87,
Shanghai, China). The feed side was fed with flow air, whereas helium
served as the sweep gas at a flow rate of 100 mL min−1. The flow rate
was regularly calibrated using a bubble flow meter. The oxygen
concentration of the outlet steam from the permeation side was
analyzed by an online gas chromatograph (Varian, Walnut Creek, CA,
CP 3800).

The oxygen nonstoichiometry (δ) and the average valence state of
iron in BF at room temperature were measured by iodometric
titration. Approximately 0.1 g of powdered sample was dissolved in an
aqueous solution of KI with the help of added HCl. Reaction with
iodide reduced iron ions, e.g., Fe4+ and/or Fe3+ to Fe3+ and/or Fe2+

with the simultaneous formation of I2, the amount of which was
quantified by titration with a standardized thiosulfate solution. The
average iron cations valence and oxygen vacancy concentration were
then calculated on the basis of the amount of I2 formed.

The variations in the weight and oxygen nonstoichiometry of BF
powder from room temperature to 1000 °C were measured by thermal
gravimetric analysis (TGA) using an apparatus (Netzsch, STA 449 F3)
with a ramping rate of 10 °C min−1 under air with a flow rate of 50 mL
min−1. For the transient TGA experiment, approximately 10 mg of the
sample was heated from room temperature to 700 °C at a rate of 10
°C min−1 under pure nitrogen flow. When held at the desired
temperature of 700 °C, the surrounding atmosphere swiftly changed to
a nitrogen−oxygen mixture (∼0.21 atm) after the weight of the sample
reached a stable state. Subsequently, a transient weight increase was
recorded in the curve of the sample, which was subjected to a change
of the surrounding gas (namely, oxygen absorption period).

The oxygen temperature-programmed desorption (O2-TPD) test
was performed on a homemade apparatus equipped with a mass
spectrometer (MS, Hiden QIC-20). Pure argon was used as the carrier
gas with a flow rate of 15 mL min−1. A small granular 150 mg sample
was pretreated under flowing argon at room temperature until the in
situ monitored oxygen concentration reached a relatively steady state,
and the temperature was then increased from room temperature to
930 °C at a rate of 10 °C min−1.

The electrical conductivity relaxation (ECR) technique was
performed to determine the oxygen bulk diffusion coefficient
(Dchem) and the oxygen surface exchange coefficient (Kchem). After
the sintered bar-shaped samples were stabilized for a certain period of
time in a furnace at a certain temperature under a controlled
atmosphere, a sudden change in the oxygen partial pressure, e.g., from
0.1 to 0.21 atm, was introduced by abruptly switching from the initial
gas to another gas. The conductivity relaxation was measured as a
function of time based on a four-probe DC configuration using a
Keithley 2420 source meter. The test was conducted between 750 and
550 °C at an interval of 50 °C. After each change in temperature, the
bar was stabilized for at least 1 h before the data were collected.

2.3. Fabrication of Symmetric Cells. Symmetrical cells with an
electrode|Sm0.2Ce0.8O1.9 (SDC)|electrode configuration were fabri-
cated for electrochemical impedance studies. Dense SDC disks were
prepared through dry pressing with subsequent calcination at 1400 °C
for 5 h. Electrode slurries for spray deposition were prepared by
dispersing the powder into a premixed solution of isopropyl alcohol,
ethylene glycol, and glycerol, followed by milling (Fritsch, Pulverisette
6) at a rotating speed of 400 rpm for 0.5 h. The resulting slurries were
sprayed onto both surfaces of the SDC disks in a symmetric
configuration and subsequently fired at 1000−1100 °C for 2 h in air.
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2.4. Fabrication of Anode-Supported SOFCs. Single cells with
an anode-supported, thin-film dual-layer electrolyte configuration were
prepared via a tape casting process, spray deposition, and subsequent
high-temperature sintering. The details for preparing anode substrates
NiO+ YSZ through the tape casting process are available in the
literature.17 The YSZ|SDC double electrolyte layers were prepared by
wet powder spraying. The YSZ suspension was first sprayed onto the
anode substrates followed by calcination at 1400 °C for 5 h, with the
procedure subsequently repeated for the SDC suspension (buffering
layer) deposited onto the dense YSZ surface and followed by
calcination at 1350 °C for 5 h. The cathode slurries were then painted
onto the central surface of the electrolytes and fired at 1000−1100 °C
for 2 h in air.
2.5. Electrochemical Evaluation and Fuel Cell Testing. The

electrochemical impedance spectra (EIS) of the symmetrical cells were
acquired using Solartron 1287 and 1260A electrochemical work-
stations. The frequency range was 100 kHz to 0.01 Hz, and the signal
amplitude was 10 mV under open cell voltage conditions. Fuel cells
were constructed with a four-terminal configuration, and the I−V
polarization operated between 750 and 550 °C was measured using a
Keithley 2420 source meter. Hydrogen fuel was fed into the anode
chamber at a flow rate of 80 mL min−1, and ambient air served as the
oxidant gas in the cathode chamber.

3. RESULTS AND DISCUSSION
3.1. Basic Properties. SrCoO3‑δ (SC), BaCoO3‑δ (BC),

SrFeO3‑δ (SF), and BF are the parent oxides for a wide range of
perovskite oxides that possess several lattice structures,
depending on the temperature, surrounding atmosphere, and
thermal history. Shown in Figure 1 are the room-temperature

XRD patterns of four oxides synthesized from a sol−gel process
after calcination at 1000 °C in air followed by cooling down
naturally under the same atmosphere. All four samples
exhibited diffraction peaks that were very different from those
from a standard oxygen vacancy-disordered cubic perovskite
structure. Given the comparatively complicated diffraction
patterns, it was relatively difficult to refine the phase
composition using the Rietveld method.
SOFC electrodes should be operated at elevated temper-

atures and typically under an air atmosphere. The phase
structure of perovskite materials at elevated temperatures is
then more worthy to be paid attention. The ordering of oxygen
vacancies that appear at room temperature may be disturbed at
high temperatures, thereby resulting in the transformation of
the superlattice structure to an oxygen vacancy-disordered
structure, thus introducing oxygen-ion conductivity into the
oxides. The phase structure of BF was then investigated in air at

elevated temperatures by HT-XRD. As shown in Figure 2, BF
had diffraction patterns that were more similar to those of a

cubic perovskite phase at elevated temperatures (within the
range from 400 to 1000 °C) than at room temperature. As
noted earlier,18 the as-prepared BF powder at room temper-
ature actually consisted of a mixture of cubic phase BaFeO3,
orthorhombic phase BaFe2O4, and monoclinic phase Ba2Fe2O5,
in which the percentage of BaFeO3 was just 41.4%. On the basis
of the in situ XRD patterns, the relative intensity of the
diffraction peaks corresponding to the BaFe2O4 and Ba2Fe2O5
phases decreased with increasing temperature. The character-
istic peaks of the Ba2Fe2O5 phase almost completely vanished at
higher temperatures, whereas the cubic BaFeO3 phase became
predominant, and its content increased with increasing
temperature, as indicated by the increasing intensity of the
related peaks. In actuality, the very small amounts of BaCO3
constituent also existed in the sample so that the orthorhombic
phase BaFe2O4 could be transformed to the cubic phase
BaFeO3 at higher temperatures. Although minute amounts of
BaCO3 or BaO indeed existed in the sample at more elevated
temperatures, the levels of BaCO3 or BaO constituent might be
too minute to be detected by the XRD technique.
Consequently, the Rietveld refinement of XRD patterns at
higher temperatures could not provide relevant information on
the BaCO3 or BaO constituent. At 700 °C, for example, the BF
powder consisted of a major BaFeO3 cubic phase (91.6(2) wt
%), which exhibited a primitive lattice in the Pm3m space group
with a lattice parameter of a = 4.122(6) Å (Figure 3a). To
obtain further structural information about the high temper-
ature phase, the sample was quenched under the same
temperature and atmosphere conditions and was subjected to
high-resolution TEM (HR-TEM). HR-TEM in conjunction
with selected area electron diffraction (SAED) also revealed
that the sample mainly contained an oxygen vacancy-disordered
perovskite oxide with cubic lattice symmetry (Figure 3b). The
minor phase (8.(3) wt %) was identified as an orthorhombic
BaFe2O4 phase with a Cmc21 space group. At higher
temperatures, e.g., 900 °C, the content of the overwhelmingly
predominant cubic BaFeO3 phase was even higher, reaching
94.4(0) wt %. It suggests that, at more elevated temperatures,
BF oxide was almost a pure cubic perovskite phase. The refined
phase composition and lattice parameters of BF oxide at higher
temperatures, as well as the obtained reliability factors of the
refinements, are listed in Table 1.

Figure 1. Room-temperature XRD patterns of BC, BF, SC, and SF
powders from the sol−gel precursor calcined at 1000 °C for 5 h in air.

Figure 2. HT-XRD patterns of BF powder between 400 and 1000 °C
under an air atmosphere.
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The results above demonstrate that, within the intermediate
temperature range and under open circuit or modest
polarization (500−750 °C, PO2

= 0.21−10−5 atm) conditions,
BF did not possess a single oxygen vacancy disordered cubic
perovskite phase structure; instead, it was a mixture of an
oxygen-ion conducting phase (cubic phase) and a non-
conductive phase (BaFe2O4). The apparent oxygen-ion
conductivity for mixed conducting oxides with overwhelming
electronic conductivity can be obtained from the oxygen
permeation flux of the corresponding membrane. At elevated
temperatures, if there is an oxygen potential gradient across a
membrane made from such mixed conducting materials, oxygen
from the oxygen rich side can permeate in the form of oxygen
ions through the membrane bulk to the oxygen lean side to
establish a steady oxygen flux. The oxygen permeation flux can
be expressed by the following equation:

· · = − · · ·− − ⎛
⎝⎜

⎞
⎠⎟J C C

Q
S

(mL cm min , [STP])
0.21
0.79

28
32O

2 1
O N2 (1)

where CO and CN are the measured gas-phase concentrations of
oxygen and nitrogen, respectively, in the sweeping gas; Q is the
flow rate (mL min−1) of the permeate stream, and S is the
effective surface area (cm2) exposed to the sweeping gas.
Assuming that bulk diffusion controls the oxygen permeation
flux, the average oxygen-ion conductivity can be calculated
using the Wagner relation, which is shown in eq 2, based on the
measured oxygen flux.

σ
=J

RT
F L

p

p16
lnO

i
2

h

l
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where R is the gas constant, T is the absolute temperature, F is
the Faraday constant, L is the thickness of the membrane, and
ph and pl are the partial oxygen pressures on the feed and
permeate sides, respectively.
Shown in Figure 4 is the temperature dependence of the

oxygen permeation fluxes for SC, BC, SF, and BF membranes

and the calculated oxygen-ion conductivities (Figure 4 inset).
For all four membranes, a near zero oxygen permeation flux
was observed at temperatures below 750 °C, suggesting the lack
of long oxygen diffusion paths in these materials at temper-
atures below 750 °C. It might be explained by the presence of

Figure 3. Crystal structure of BF at 700 °C. (a) Rietveld refinement of
in situ XRD patterns; (b) HR-TEM image of the major phase shows
cubic perovskite structure, and the inset depicts the SAED pattern.

Table 1. Two-Phase Rietveld Refinement Results for BF: Phases A and Ba

700 °C 800 °C 900 °C

A B A B A B

a (Å) 4.122(6) 8.60(4) 4.131(7) 8.72(0) 4.140(5) 8.72(4)
b (Å) 19.2(9) 18.9(1) 18.9(8)
c (Å) 5.47(1) 5.50(6) 5.45(4)
weight ratio (wt %) 91.6(2) 8.(3) 92.9(7) 7.(0) 94.4(0) 5.6(0)
χ2 0.9093 0.9450 1.032
Rp (%) 10.75 10.96 11.52
Rwp (%) 13.5 13.83 14.46

aPhase A, cubic BaFeO3 in the Pm3m space group; phase B, orthorhombic BaFe2O4 in the Cmc21 space group.

Figure 4. Temperature dependence of oxygen permeation fluxes for
BF, SF, BC, and SC membranes. The inset is the temperature
dependence of calculated oxygen-ion conductivities for BF, SF, BC,
and SC materials based on the measured oxygen permeation fluxes.
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an oxygen-ion insulating phase (such as BaFe2O4 in BF sample)
that mixed with the oxygen-ion conducting phase (cubic
BaFeO3 in BF sample) to block the long-range diffusion of
oxygen ions within the oxide bulk. Similar conclusions were
also reached for SC, BC, and SF oxides. Only at adequate
temperatures could the insulating phase in these undoped
parent oxides be transformed by degrees into an oxygen
vacancy-disordered cubic phase to then make the oxides
conductive for oxygen ions at long range.
The TGA profile (in air) and the corresponding O2-TPD

curve (under flowing helium) of BF are shown in Figure 5a,b,

respectively. In the TGA profile, an initial weight loss at
temperatures below 100 °C (∼−0.07%) and a gradual weight
loss starting from 100 °C up to 300 °C (∼−0.10%) with an
accelerated weight loss at temperatures above 200 °C were
observed. Interestingly, a weight gain was observed from
approximately 300 °C until approximately 420 °C (∼+0.08%).
From 420 °C on, a steady decrease in weight was observed
(∼−0.79%). From the O2-TPD curve, it can be clearly observed
that the loss of lattice oxygen (under helium atmosphere)
started at a temperature of approximately 400 °C. It suggests
the weight loss in air at temperatures below 300 °C in the TGA
profile was due to the release of weakly and strongly surface
adsorbed water. The weight gain between 300 and 420 °C
suggests that the as-obtained BF was oxidized by air within this
temperature range. At temperatures above 420 °C, the BF
started to be thermally reduced.
Because the A-site of the perovskite oxides were totally

replaced by either Ba2+ or Sr2+ with a low valence state (2+),

such oxides usually possess very high oxygen vacancy
concentrations; in actuality, the as-reported oxygen non-
stoichiometry (δ) of the above four oxides in the literature
has varied from 0.0 to 1.0, depending on the synthetic
conditions.19−22 It is generally believed that a high oxygen
vacancy concentration within the temperature range of cell
operation is beneficial for oxygen-ion conduction since it is the
oxygen-ion charge carrier, thus contributing to the superior
electrochemical performance at intermediate temperatures.
Thus, the oxygen nonstoichiometry values concentrated over
the intermediate-temperature range between 500 and 800 °C
need to be specifically investigated since it is the working
temperature of the electrode material. Nevertheless, the phase
composition in BF sample varies from minute to minute with
the increasing temperature and it is hardly refined using the
Rietveld method at each elevated temperature point. Therefore,
the oxygen nonstoichiometry values can barely be available as a
continuous function of temperature during the cell operation.
The temperatures within the range of 500−800 °C at intervals
of 100 °C are selected as experimental points. After refining the
phase compositions of the HT-XRD patterns for BF sample, on
the basis of the TGA data and the nonstoichiometry at room
temperature, the high-temperature oxygen nonstoichiometry of
the sample was obtained by applying the principle of average
valence state and unchanged molar weight of iron ions in BF
sample with the results also shown in Figure 5a. The oxygen
vacancy concentration (δ) became as high as 0.50−0.60 under
the fuel cell operating conditions.

3.2. Electrochemical Activity. The electrochemical
activity of BF for ORR was first tested by applying symmetric
cells with SDC as the electrolyte. Shown in Figure 6a are the
typical EIS of the BF in a Nyquist plot. It shows suppressed
semi arcs, which can be fitted by an equivalent circuit as shown
in the Figure 6a inset. Typically, an arc at high frequency is
related to the charge transfer process, an arc at intermediate
frequency is associated with the surface diffusion process, and
an arc at low frequency is caused by concentration polar-
ization.23 In this study, such a low frequency arc did not appear,
suggesting the absence of gas diffusion polarization. It suggests
that the as-fabricated BF electrode possessed sufficient porosity
to ensure free gas diffusion. The charge transfer polarization
resistance overwhelmed the diffusion polarization resistance,
indicating that the charge transfer process was the main rate
limiting step for ORR over BF electrode. Anyway, it is very
surprising to find that BF electrode possessed a low overall
polarization resistance. For example, it was only 0.011 Ω cm2 at
750 °C and 0.43 Ω cm2 at 550 °C. Such values were highly
encouraging by considering the cobalt-free nature and the poor
apparent oxygen-ion conductivity inside the oxide bulk within
such a temperature range. The temperature dependences of
ASRs over BF, SC, BF, and SF electrodes are shown in Figure
6b; by comparison, the ASRs of the benchmark BSCF electrode
with high oxygen-ion conductivity and the conventional LSM
and LaFeO3‑δ (LF) electrode were also presented. Even at
temperatures as low as 500 °C, an ASR of 1.89 Ω cm2 was still
achieved for the BF electrode. Compared to that of the
benchmark BSCF electrode, the ASRs obtained from SC, BC,
SF, and BF electrodes were still highly attractive and were only
modestly larger at corresponding temperatures. However, for
the LSM, which had both negligible oxygen-ion conductivity
and zero oxygen vacancy concentration, very large ASRs were
observed; for example, a value of ∼76.5 Ω cm2 was reached
even at 700 °C, which was approximately 3000 times that of BF

Figure 5. (a) The thermal analysis and oxygen nonstoichiometry (in
air) of BF as a function of temperature; (b) the corresponding O2-
TPD curve (under flowing helium) of BF.
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electrode at the same temperature. The ASRs of LF were also
much higher than that of BF but somewhat lower than that of
LSM.
The electrode performance of BF was further investigated in

complete cells. A single cell was fabricated with NiO+ YSZ
anode, thin-film YSZ electrolyte (∼15 μm), SDC buffer layer
(∼5 μm), and BF cathode. For performance testing, the anode
chamber was fed with hydrogen while the cathode side was
exposed to ambient air. To allow for comparison, similar cells
with LSM and LF cathodes were also fabricated and tested.
Shown in Figure 7 are the typical I−V and I−P polarization
curves of the various cells with different cathodes. Maximum
power densities of 1180, 870, 546, 293, and 139 mW cm−2 were
achieved at 750, 700, 650, 600, and 550 °C, respectively, for the
cell with BF cathode, which are highly attractive and
comparable to similar cells with other high-performance
cobalt-free cathodes.24−26 For comparison, a similar cell with
LSM electrode exhibited PPDs of 256, 172, 103, 53, and 24
mW cm−2 at the same corresponding temperatures above, while
the values were 206, 138, 81, 44, and 22 mW cm−2 for a similar
cell with the LF electrode. These results further demonstrate

the high performance of the BF electrode for ORR, even in real
fuel cells.

3.3. Origin of High Activity. Oxygen reduction over an
electrode involves several substeps, including gas phase
diffusion, surface adsorption, oxygen dissociation, charge
transfer, surface diffusion of adsorbed molecular oxygen,
dissociated atomic oxygen or any charged oxygen species,
incorporation of oxygen ions into the electrolyte or electrode,
diffusion of oxygen ions within the electrode bulk (assuming
that the electrode material has oxygen-ion conductivity), and/
or diffusion of oxygen ions through the electrode|electrolyte
interface.27 Except for gas phase diffusion, all other steps are
closely related to the composition of electrode. For simplicity,
the ORR can be separated into the surface diffusion process
(e.g., surface adsorption, surface dissociation, and surface
diffusion) and the charge transfer process. The beneficial effect
of introducing oxygen-ion conductivity into the electrode

Figure 6. (a) The typical Nyquist impedance plot for the symmetric
cell BF|SDC|BF measured at 750 °C. The insets are testing
temperature dependence of the ASR for BF between 500 and 750
°C and the equivalent circuit adopted for fitting the EIS data. (b) The
temperature dependences of the ASRs over BF, SF, BC, SC,
benchmark BSCF, and conventional LSM and LF electrodes.

Figure 7. Typical I−V and I−P polarization curves of the various cells
with different cathodes: (a) BF; (b) LSM; (c) LF.
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material is to increase the active reaction sites for charge
transfer and to effectively shorten the distance for surface
diffusion.
The catalytic activity of perovskite oxides for oxygen

activation is usually determined by the B-site cations.28 On
the basis of the investigations above, it is clear that iron and
cobalt exhibited better catalytic activity for ORR than did
manganese. However, the much better performance of BF than
LSM cannot simply be explained by a difference in the B-site
cations because both LF and BF contained iron in the B-site of
their perovskite lattices, but a much better performance for
ORR was observed for BF than for LF. In the past, considerable
efforts have been made to stabilize the oxygen vacancy
disordered cubic lattice structure by doping the A-site, B-site,
or both sites of these parent oxides with the proper
cations.18,29,30 For example, we have recently demonstrated
the slight doping of the A-site of BF with La3+ to form
Ba0.95La0.05FeO3‑δ, which can effectively stabilize the cubic
structure down to room temperature; the oxide possessed very
high oxygen permeation flux to perform as a ceramic membrane
and high activity for ORR to act as an electrode.18 However,
because the oxygen ions in BF were immobilized over a long-
range at intermediate temperatures due to the presence of a
nonconductive phase inside the oxide, the much better activity
of BF than LF and LSM could not be explained by the oxygen-
ion conductivity. Actually, the high performance of cation-
ordered double perovskite oxides with the general formula of
LnBaCo2O5+δ for ORR strongly suggests that high oxygen-ion
conductivity is sometimes not the most critical point for
achieving high electrochemical activity for ORR.31−33 LnBa-
Co2O5+δ oxides are a special type of conducting oxides with
two-dimensional oxygen diffusion paths, which exhibited very
high oxygen diffusivity at the a−b planes of approximately
several orders of magnitude greater than in the direction
perpendicular to the a−b planes (c plane) as well as very high
oxygen surface exchange kinetics.34 These materials usually
possess a polycrystalline structure, and their actual apparent
oxygen-ion conductivities could be much lower than that
measured from single crystals. Indeed, under similar conditions
(e.g., membrane thickness, oxygen gradient, and oxygen partial
pressures at both membrane sizes), by using such polycrystal-
line oxides as dense oxygen-permeating membranes, the oxygen
fluxes were much lower than that through the BSCF
membrane, which had a cubic lattice perovskite structure that
allowed for free oxygen diffusion in all three dimensions.31

Interestingly, by using such double perovskite oxides, in
particular PrBaCo2O5+δ, as the electrode, a similar electrode
activity for ORR compared to BSCF electrode was achieved at
intermediate temperatures.35 It suggests that, once the surface
exchange kinetics is fast enough, the oxygen bulk diffusion
could have less effect on the activity of the electrode material
for ORR.
To obtain information about the oxygen surface exchange

kinetics of BF electrode, we tried to use the ECR technique;
LSM and LF samples were also measured for comparison. By
suddenly changing the surrounding atmosphere of the sample
bar with an oxygen partial pressure of PO2

′ to another

atmosphere with an oxygen partial pressure of PO2
″, a new

equilibrium of the oxygen vacancy concentration inside the
oxide lattice is progressively established. A change in the oxygen
vacancy concentration inside the oxide lattice will be
accompanied by a change in the electrical conductivity of the

sample. The information about the surface exchange and bulk
diffusion could then be determined from the ECR data. Shown
in Figure 8 are the ECR curves of BF at various temperatures.

The Dchem and Kchem of LF and LSM at 750 °C were measured
and are listed in Table 2; the results from the literature for

BSCF are also presented for comparison.36 The insensitivity of
the conductivity of LSM with respect to an abrupt change in
the oxygen partial pressure of the surrounding atmosphere
resulted in failure in obtaining Dchem and Kchem values via the
ECR measurements. Anyway, it is predictable that LSM
exhibited both very slow oxygen bulk diffusion rate and very
sluggish oxygen surface exchange kinetics. The electrical
conductivity of LF exhibited greater sensitivity toward the
change in the oxygen partial pressure of the surrounding
atmosphere than that of LSM. The derived Dchem and Kchem
values of LF from the ECR curve reached 6.8 × 10−6 cm2 s−1

and 5.6 × 10−5 cm s−1, respectively, at 750 °C. Compared to
the values of BSCF, the corresponding values of LF are
approximately 2 orders of magnitude lower. Surprisingly, it only
took approximately 50 s for the electrical conductivity of BF to
reach a new equilibrium after a sudden change in the oxygen
partial pressure of the surrounding atmosphere from 0.1 to 0.21
atm. It indicates that BF had very fast surface exchange kinetics
to allow for quick buildup of a new equilibrium in the new
environment. However, it is difficult to obtain Dchem and Kchem
values accurately derived from the ECR curves due to their
large difference. It has been suggested that a large error could
be obtained under the condition of the ratio of Dchem to Kchem
being markedly different from the smallest dimension of the
bar-shaped sample.37

To obtain more information about the surface exchange
kinetics of BF electrode, TG analysis was also performed by
suddenly changing the oxygen partial pressure of the
surrounding atmosphere at a fixed temperature. The TGA

Figure 8. ECR response curves of BF at various temperatures after a
sudden change in the oxygen partial pressure from 0.1 to 0.21 atm.

Table 2. Oxygen Bulk Diffusion Coefficient Dchem and
Surface Exchange Coefficient Kchem of LF, LSM, and BSCF at
750 °C Measured by the ECR Technique

LF LSM BSCF

Dchem (cm2 s−1) 6.8 × 10−6 2.3 × 10−4 36

Kchem (cm s−1) 5.6 × 10−5 2.4 × 10−3 36
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profile of BF, which is shown in Figure 9, was first heated up to
700 °C at a rate of 10 °C min−1 and maintained at this

temperature for 1 h under a nitrogen atmosphere (PO2
= 10−5

atm) to balance the weight, and then, the atmosphere was
suddenly changed to a nitrogen−oxygen gas mixture with an
oxygen partial pressure of 0.21 atm. After the sudden change in
atmosphere, a quick weight gain was observed in the TG
profile, suggesting the fast oxidation of BF by the surrounding
atmosphere had occurred. Actually, it only took approximately
3 min for the weight to reach a new balance, which is much
shorter than the time required for many other perovskite
materials, as reported in the literature.38,39 Similar to ORR over
an electrode, the oxidation of BF involves surface adsorption of
molecular oxygen, dissociation, charge transfer, diffusion of
oxygen into the oxide bulk, and simultaneous oxidation of iron
in the oxide lattice to a higher oxidation state. The fast
establishment of a new equilibrium weight after the sudden
change in the surrounding atmosphere suggests that BF had
very fast oxygen surface exchange kinetics and that the
oxidation state of iron is very easily changed.
The reaction for the reduction of oxygen to oxygen ions over

an iron-containing electrode can be written as (1/2)O2 + VO
•• +

2Fex+ → O2− + 2Fe(x+1)+, which indicates that the ORR
requires both oxygen vacancies and redox capability of iron.
The main difference between BF and LF is their oxygen
vacancy concentrations. Although both LF and BF had a similar
oxidation state of ∼3.0 for iron, LF had almost no oxygen
vacancies in the bulk at both room and elevated temperatures,
whereas the oxygen vacancy concentration (δ) in BF became as
high as 0.58 at 700 °C. The low oxygen vacancy concentration
thus significantly limited the ORR over the LF electrode. As for
LSM, it has been reported that the oxygen nonstoichiometry
was still near zero for oxygen partial pressures ranging from
0.21 to 10−5 atm,40 indicating that it is difficult to change the
oxidation state of manganese in LSM. The lack of oxygen
vacancies and the poor redox of manganese in LSM resulted in
poor activity of LSM for ORR. Regarding BF, although there
was also a lack of long oxygen diffusion paths inside the oxide
bulk, the high oxygen vacancy concentration as demonstrated
by iodometric titration and TGA, as well as the easy redox of
iron cations as supported by TGA and O2-TPD, facilitated the
reduction of oxygen to oxygen ions. As a result, the charge
transfer polarization resistance over BF electrode was relatively
low, as demonstrated by EIS. The high oxygen vacancy

concentration may also favor oxygen surface adsorption and
dissociation because oxygen vacancies can provide active sites,
while the interaction between oxygen and oxygen vacancies can
weaken the O−O bond and thus promote breakage of the O−
O bond. Consequently, a relatively low surface diffusion
polarization resistance was also observed. The combination of
high charge transfer and oxygen surface diffusion then led to
favorable activity of BF for ORR, although there were few long-
range bulk diffusion paths for oxygen.
On the basis of the analysis above, a probable mechanism for

the high activity of BF for ORR was proposed and is
schematically shown in Figure 10. Additionally, the presence

of the two phase BaFeO3/BaFe2O4 domains in the BF sample
was revealed through the HR-TEM analysis (Figure S1,
Supporting Information). At intermediate operating temper-
atures, BF was actually composed of a highly conducting
oxygen-ion BaFeO3 phase and a nonionic conductive BaFe2O4
phase. Although the amount of BaFe2O4 in the sample was
relatively small, it significantly blocked oxygen ions transport
from one BaFeO3 grain to another; as a result, the material
exhibited poor apparent oxygen-ion conductivity at intermedi-
ate temperatures. However, the high oxygen vacancy
concentration and fast surface exchange kinetics of the cubic
BaFeO3 phase resulted in very high activity for oxygen
activation. The BaFeO3 phase in BF electrode thus provided
the main active sites for the activation of oxygen with the
formation of charged or noncharged oxygen species, which then
might diffuse through the BaFeO3−BaFe2O4 grain boundary or
the BaFe2O4 surface to an adjacent BaFeO3 grain and finally to
the electrolyte surface. Charge transfer over the cubic BaFeO3
phase was relatively easy because of its high oxygen vacancy
concentration and the ease with which the iron ions changed
oxidation states, whereas the nonconductive BaFe2O4 phase
might perform for surface oxygen diffusion; as a result, the
electrode exhibited favorably low polarization resistance for
both charge transfer and surface diffusion processes.

Figure 9. Thermal analysis of BF as a function of temperature and
time after a sudden change in the oxygen partial pressure from 10−5 to
0.21 atm.

Figure 10. Schematic diagram of the oxygen surface diffusion and
charge transfer processes for BF electrode.
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4. CONCLUSIONS
In summary, we have presented the surprisingly high
performance for ORR of a parent oxide BF that lacks long-
range oxygen-ion diffusion paths. The results presented herein
show that superior electrocatalytic activity can be achieved in
BF-derived SOFCs due to the easy redox of iron cations and
the very fast oxygen surface exchange kinetics (strongly
correlated with the surface oxygen vacancy concentration) of
the BF oxide, although it had no long-range bulk oxygen
diffusion paths. A probable mechanism was proposed and was
used to illustrate the high electrocatalytic activity of BF for
ORR. The novel characteristics of the oxide catalyst provide a
new promising strategy for the development of high-perform-
ance oxygen reduction electrodes for SOFCs.
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