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ABSTRACT: Ba,In,Oy brownmillerites in which the In site is
progressively doped with Ce exhibit excellent oxygen reduction
activity under alkaline conditions. Ce doping leads to structural
changes advantageous for the reaction. Twenty-five percent
doping retains the ordered structure of brownmillerite with
alternate layers of tetrahedra and octahedra, whereas further
increase in Ce concentration creates disorder. Structures with
disordered oxygen atoms/vacancies are found to be better
oxygen reduction reaction catalysts probably aided by isotropic
ionic conduction, and Ba,In,Ce,; ;Os,; is the most active. This

05,1,

7

Ba,In,0;mmpBa,In, Ce,0s5,5(x=
0

4

-0.8

)‘ BaCeO;

06 -04 -0.2
E/V vs Hg/HgO

0.0

enhanced activity is correlated to the more symmetric Ce site coordination environment in this compound. Stoichiometric
perovskite BaCeO; with the highest concentration of Ce shows very poor activity emphasizing the importance of oxygen
vacancies, which facilitate O, adsorption, in tandem with catalytic sites in oxygen reduction reactions.
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1. INTRODUCTION

Sluggish kinetics of oxygen reduction reaction (ORR) in the
cathode side and the consequent necessity for high
concentrations of Pt in the catalyst is the primary bottleneck
for extensive utilization of fuel cells in small domestic or
automobile applications.' ™ Hence, there is an urgent need to
limit the usage of Pt and promote low cost, non-Pt catalysts
with comparable catalytic properties.”® So far, a large variety of
materials have been explored as possible electrocatalysts for
ORR and nitrogen doped carbon nanostructures, N4-macro-
cycles, oxides such as perovskites, brownmillerites, pyrochlores,
and so on have been proposed to be alternative ORR
catalysts.”"'* Recent progress in the electrocatalyst develop-
ment for fuel cells has revealed that stable structured oxides can
open up many new avenues, especially in alkaline fuel cells. The
characteristic features that make these classes of materials as
ideal candidates for electrochemical applications are mixed
ionic and electronic conduction (MIEC), favorable micro-
structure and good chemical/thermal/mechanical stability
along with significant catalytic activity.">~"” Brownmillerite-
type compounds that exhibit MIEC property can be considered
as potential candidates in these classes of materials.
Brownmillerite with a general formula of A;,B,Oj; has alternate
layers of BOg octaherda and BO, tetrahedra, creating inherent
oxygen vacancies ordered in the tetrahedral layer.'®'® The
ordered oxygen vacancy in these materials can be distributed
randomly by either high-temperature treatments or appropriate
doping.**~** Such random distribution or disorder facilitates
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isotropic ionic conduction pathways, which is favorable for bulk
diffusion properties, thereby increasing ionic conduction.”®
Also, doping with elements displaying good redox properties
will enhance the catalytic properties in such systems.

In this context, we have developed a quasi-disordered Ce-
doped brownmillerite, Ba,InCeOys, s, which shows comparable
ORR activity with many other non-platinum systems."> In the
present study, we have selected the series of compounds with
the formula Ba,In, ,Ce,Os,s where Ce is progressively doped
in the In site and the effect of this doping on the structural
aspects (i.e., disorder, oxygen vacancy, etc.) and ORR activity
are investigated. Parent Ba,In,O; is a widely studied
brownmillerite with stable lattice structure and ions in stable
oxidation states.”**> The oxygen vacancies of Ba,In,O5 become
disordered at higher temperature (>930 °C), leading to
excellent high-temperature MIEC property, which can be
achieved at lower temperatures by doping. We chose Ce as
dopant not only to induce oxygen vacancy disorder in the
structure, but also to exploit its redox properties due to which it
can be envisaged to be more tolerant to local changes in the
oxygen concentration and may help increase ORR activity.”**
It was indeed observed that with an increase in the Ce
concentration, ORR activity increased; but, interestingly, when
In was completely replaced by Ce, making it a perfect
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Figure 1. (a) PXRD pattern of Ba,In, ,Ce,Os,s (x =0, 0.5, 1, and 1.5) and BaCeOs. (b) Enlarged portion of PXRD patterns of Ce-doped Ba,In,Os.

perovskite structure, the ORR activity became poor. These
observations support the fact that it is not only the dopant
concentration but also the local structural characteristics
pertaining to the oxygen vacancy disorder that affects the
ORR activity.

2. EXPERIMENTAL SECTION

Ba,In, ,Ce,O;,5 was synthesized by solid state method. High purity
BaCOj; (99.98%, Sigma-Aldrich), In,05 (99.99%, Sigma-Aldrich), and
Ce(CH;CO,); (99.9%, Sigma-Aldrich) were used as the starting
materials. Stoichiometric amount of the starting materials were
weighed and ball milled at 300 rpm for 3 h in Fristsch Pulverisette
6 Planetary Mill for homogeneous mixing. The samples were then
calcined at 900 °C for 12 h. Subsequently, they were ground in a
mortar and again calcined at 1200 °C for 8 h at a slow heating rate.
BaCeO; was synthesized by combustion method using citric acid
(99.5%, Merck) as fuel. An appropriate amount of Ba(NO;),
(99.999%, Aldrich) and (NH,),Ce(NO;)4 (99%, Merck) was added
to citric acid solution and the pH of the solution was maintained at 7.
The solution was heated at 80 °C to obtain a gel which was later
calcined at 400 °C to remove the organic and volatile components.
The powder was ground thoroughly and calcined at 900 °C for 8 h to
obtain BaCeO;. The phase purity of Ba,In, .Ce,Os.; series of
compounds was determined by powder X-ray diffraction (PXRD) in
PANalytical X’Pert Pro dual goniometer diffractometer with Ni filtered
Cu Ka at 40 kV and 30 mA and X’celerator solid state detector with a
step size of 0.008 and time per step 45.72 s. The diffraction pattern
was obtained at room temperature in Bragg—Brentano geometry.
Lattice parameters of the samples were calculated by Rietveld
refinement method on the PXRD pattern using GSAS-EXPGUI
program.”® Raman spectra were recorded using Horiba JY LabRAM
HR 800 which has a Czerny—Turner type spectrograph with 800 mm
focal length and achromatic flat field monochromator along with
mirror-based reflective optics and charge-couple device (CCD)
detector. The scanned wavelength region was 50—1000 cm™, using
He—Ne (632.8 nm, 20 mW) laser. The surface areas of the samples
were determined by N, adsorption at the temperature of liquid
nitrogen using the Autosorb iQ Quantachrome system. The samples
were degassed at 300 °C under vacuum for 6 h prior to the analysis to
remove the adsorbed moisture on the catalyst surface. The specific
surface area was calculated using the BET model at relative pressure of
P/P, = 0.05—0.3.

The electrochemical properties of the catalyst were measured by
cyclic voltammetric (CV) and rotating disk electrode (RDE) analyses
using a Biologic electrochemical workstation (SP-300) in a conven-
tional three-electrode test cell with Hg/HgO and platinum foil as the
reference and counter electrodes, respectively, under room temper-
ature. For preparing the working electrode for CV and RDE
measurements, we first polished glassy carbon (GC) electrode using
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0.3 pm alumina and then the electrode was cleaned using deionized
water. The catalyst for RDE was prepared by ball-milling (300 rpm for
90 min) a mixture of 100 mg of Ba,In, ,Ce,Os,s with 25 mg of
Vulcon XC-72 carbon. A slurry of catalyst was made by sonicating
(BRANSON 1510) S mg of the sample-carbon composite in 1 mL 3:2
ethanol—water mixture for 1 h. A 10 uL aliquot of the catalyst slurry
was drop-coated on the electrode surface. Subsequently, 2 L of 0.01
wt % Nafion diluted with ethanol was applied on the whole surface of
the electrode to yield a uniform thin film. This electrode was then
dried in air and was used as the working electrode for all
electrochemical studies. An aqueous solution of 0.1 M KOH (Aldrich,
> 85%) was used as the electrolyte for normal CV and RDE studies.
Kinetics of oxygen reduction reactions of the catalyst were studied by
using RDE, in 0.1 M KOH using a three-electrode cell assembly at a
scan rate of S mV/s at 400, 900, 1200, 1600, 2000, and 2500 rpm at
room temperature.

3. RESULTS AND DISCUSSION

Ba,In,_,Ce, O, series of compounds with x = 0, 0.5, 1, and 1.5
was synthesized by solid state reaction while BaCeO; was
synthesized by combustion method using citric acid. The phase
purity of Ba,In, ,Ce,Os,s was analyzed by PXRD. Figure la
shows the comparison of PXRD patterns of the synthesized
compounds.

The XRD pattern of Ba,In,O; matches with the
orthorhombic alpha dibarium diindium oxide (JCPDS file
No. 01-074-2662), while that of Ce-doped Ba,In, ;CeyOs,s
matches with the tetragonal hydrated Ba,In,O; (JCPDS file No.
01-089-9079) with a very small fraction of CeO, as impurity.
The other two Ce-doped compounds also crystallize in
tetragonal system as explained later, with trace amounts of
BaCO; impurity in Ba,InCeOs,5. XRD pattern of BaCeOj;
matches with already reported structure (JCPDS file No. 01-
070-1429) with small amount of impurities of BaCO; and
Ce0,. In the outset, it can be observed that with increase in the
Ce concentration in Ba,In,O;, the 26 difference in the
tetragonal splitting decreases, as shown in Figure 1b, indicating
a gradual merger of a and ¢ parameters. In Ba,In,;Ce, ;Os,s
the splitting is not discernible in the broad peak indicating a
highly disordered structure with random distribution of O
atoms. Also, a shift toward the lower angle with increase in Ce
concentration suggests an increase in the lattice parameters.
The PXRD pattern with indexing is shown in Figures S1—-SS in
Supporting Information

Structural parameters of the compounds are determined
using Rietveld refinement of the XRD patterns using GSAS-
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Table 1. Structure Parameters Obtained from the Rietveld Refinement of Ba,In,_,Ce,O;,s and BaCeO;,

Ba,In, 05" Bazlnl.sceososﬂsb
Ve 3.154 1.967
wRp (%) 7.03 5.49
Rp (%) 4.79 3.9
space group Ima2 P4/mmm
a (A) 16.7777(2) 4.2466(0)
b (A) 6.1013(1) 4.2466(0)
¢ (A) 5.9731(1) 8.9298(1)
O1 x 0.9910 0.5
0.2832 0.5
z 0.2491 0.244
occupancy 1 0.8242
02 x 0.1424 0
y 0.0639 0.5
z 0.0540 0.5
occupancy 1 0.9831
03 x 0.25 0.3558
0.9180 0
z 0.6398 0
occupancy 1 0.5037

BaCO; (wt %)
CeO, (wt %)

BalngsCegsOy5.5° BaIno.zsceMsoz,swd BaCeO;*
3.202 3.402 4.365
6.6 6.2 8.17
4.51 4.37 5.64
P4/mmm P4/mmm Pbnm
4.2902(0) 4.3448(0) 6.2229(5)
4.2902(0) 4.3448(0) 6.2173(6)
4.4434(0) 4.3682(1) 8.7859(6)
0 0 0.071
0 0 0.487
0.5313 0.5167 0.25
0.4733 0.4949 1
0 0 —-0.274
0.5 0.5 0.278
—0.0464 0.0296 0.041
0.4238 0.4523 1
4.338 1.986

2.553

“BayIn,O5: Ba(0.1103,0.0133,0.5116), In1(0,0,0.0075), In2(0.25, 0.9420, 0.0268); “Ba,In, Cey;Os.5: Ba(0,0,0.2778), In1(0.5,0.5,0.5), In2-
(0.5,0.5,0), Ce(0.5,0.5,0.5); “BalngCeysOss.5: Ba(0.5,0.5,0.5), In(0,0,0), Ce(0,0,0); “Balng,sCeprsOss:5: Ba(0.5,0.5,0.5), In(0,0,0),Ce(0,0,0);

BaCeO3: Ba(0.001,0.023,0.25),Ce(0,0.5,0)

L.

Figure 2. Polyhedral representation of the disordered structure obtained after the refinement for (a) Ba,In; sCesOs,s (b) Ba,InCeOs,s and (c)
Ba,In,sCe; sOs, 5

EXPGUI The detailed results of Rietveld refinement of
Ba,In, ,Ce,Oq,5 (x = 0, 0.5, 1, and 1.5) and BaCeO; are
given in Table 1. The Rietveld refinement plots of the samples
are shown in Figures S6—S10 in Supporting Information.
Rietveld refinement of Ba,In,O; was carried out using the
structural parameter of alpha dibarium diindium oxide reported
by Fischer et al.>’ Refinement of the XRD pattern with these
parameters proceeded smoothly. The compound has a
brownmillerite structure with alternative layers of In—O
octahedra and tetrahedra. However, attempts to refine the
structure of Ce-doped Ba,In, ;Ce, O, with the orthorhombic
structural parameters of the parent alpha Ba,In,O; were not
fruitful. So, we proceeded with the cell parameters of the
hydrated Ba,In,Os; the refinement proceeded smoothly, and
the XRD pattern fitted to tetragonal P4/mmm space group.>’
During the refinement, all the Ce atoms were manually
assigned to the octahedral site because ionic size considerations
prevent it from assuming tetrahedral geometry. In the case of

Ba,InCeOyq, 5 and Ba,In;Ce, ;O;,swith an increase in the Ce
concentration, our attempt to refine the pattern with structural
parameters of the hydrated one also was not successful. Hence,
a new unit cell was arrived at with ¢~ ¢/2 of the hydrated
Ba,In, O, and atomic coordinates were modified accordingly.13
Rietveld refinement with these parameters proceeded smoothly.
BaCeOj structural parameters could be refined on the basis of
those reported by Jacobson et al.>’ BaCeO; being a perfect
perovskite is expected to show an ideal cubic structure, but it
deviates from the expected structure with ¢ axis doubling due to
octahedral tilting. It can be seen that the effective occupancy of
O1 atom, which is along the ¢ direction, increases gradually.
This can be attributed to the fact that as Ce dopant
concentration increases, the brownmillerite structure trans-
forms to perovskite-like structure, leading to a disorder in the
axial oxygen site. Finally, when it reaches a perfect perovskite
structure, this disorder in oxygen site is absent. Similarly, the
oxygen occupancy of the equatorial oxygen atom (O2)

DOI: 10.1021/am5087837
ACS Appl. Mater. Interfaces 2015, 7, 3041-3049


http://dx.doi.org/10.1021/am5087837

ACS Applied Materials & Interfaces

Research Article

increases from Ba)InCeOs,s to Ba,Iny;Ce,Os,5 The poly-
hedral representations of Ba,In; sCe;sOs,5 Ba,InCeOs,s and
Ba,In;sCe, sOs, s are shown in Figure 2. The disorder in the O
positions is easily seen from the figure, and a detailed discussion
on this is given later.

The pseudocubic cell parameters of the samples were
calculated and are plotted in Figure 3 (calculation details
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Figure 3. Pseudocubic cell parameters and pseudocubic cell volume of
Ba,In,_,Ce,Oq,s as a function of substitution of x; for BaCeO3, & = 2.

given in Supporting Information). It can be observed that with
increase in Ce concentration, the a and ¢ cell length values
move close to each other, eventually shifting toward an ideal
cubic structure. The gradual increase in the value of a and b
axes can be ascribed to the larger crystal radius of Ce (1.15 and
1.01 A for +3 and +4 oxidation state in octahedral
coordination) than that of In (0.76 and 0.96 A for octahedra
and tetrahedral coordination).>* But along the ¢ direction, the
lattice constant shoots up initially on 25% Ce substitution in In
site and then decreases slowly. This may be because, in the case
of Ba,In; ;Ce(sOs,s the brownmillerite structure with octahe-
dral and tetrahedral layers is retained, and because the bigger
Ce atom replaces the In in the octahedral site, it leads to an
overall increase in the Ce/In—O bond distances. But with
further increase in Ce concentration, the brownmillerite
structure collapses, and disorder in O1 and O2 atoms along ¢
aixs is observed (Figure 2). The distortion, as evident from
distance between two equivalent O atoms along the c¢ axis,
decreases with further increase in the Ce concentration,
resulting in gradual decrease in the lattice parameter along
the ¢ direction. Similarly, the gradual increase in the
pseudocubic cell volume with increase in the Ce doping is
due to larger crystal radius of Ce when compared with In
(Figure 3). Interestingly, the extent of variation is very small in
the substituted samples, indicating that other factors such as
distortions and oxygen vacancies play a crucial role.

Table 2 shows the bond angles along the ¢ direction (In/
Ce—01-In/Ce) and ab plane (In/Ce—02—In/Ce) for Ce-

doped Ba,In,Oj systems. It can be noticed that the bond angle,
In/Ce—02—In/Ce initially decreases to 169° and then
increases to 173.17° with increase in Ce concentration while
the angle, In/Ce—O1—In/Ce along ¢ direction remains same.
The change in angle along ab plane can be attributed to
distortion to a larger extent for Ba,InCeOjs, 5 when compared to
Ba,In,Ce, ;Os,s5 The same can be correlated with the disorder
in the O1 and O2 position as shown in Figure 2 and the
decrease in the lattice parameter along the ¢ direction. The
distance between the two equivalent positions for O1 atom is
0.279 A and that for O2 atom is 0.413 A for Ba,InCeOs,,
whereas in Ba,Iny;Ce, Oy, it is 0.147 A for O1 and 0.259 A
for O2 site. Also from Figure 2, it can be observed that in
Ba,In, ;Cey5Os,s there is a disorder in the O3 oxygen site in
the ab plane. The structure is similar to that of hydrated
Ba,In, 0, in which the same disorder in O3 site is observed
leading to an anisotropic two-dimensional layered structure
with alternate layers of tetrahedra and octahedra.

The octahedral distortion, Ad for the Ce-doped systems was
calculated to better understand this effect.> Ad was calculated
according to the following equation

Ad = (1/6) Y [(d, — d)/d]’

n=1,6

where d is the mean In/Ce—O bond distance, and d, is the
individual In/Ce—O bond distance of the compound. Table 3
shows the bond distance of the In/Ce—O and Ad calculated for
the corresponding systems.

Table 3. In/Ce—O distance and bond Ad for
Ba,In, ;Ce5Os,5 Ba,InCeOs, 5 and Ba,In, sCe; 05,5

Ba,In, sCeqsOs4s Ba,InCeOs, 5 Ba,IngsCe; 05,5
In/Ce—0O1 2.287 2.082 2.111
In/Ce—-0O1 2.361 2.257
In/Ce—02 2.125 2.185 2.176
Ad 0.001244 0.001576 0.000377

It can be observed that the Ad value for Ba,In;Ce, ;Oq,s is
lower than that for the other two systems. This suggests that a
more symmetric environment is present around the In/Ce
atom in Ba,InyCe; sOs,s.

In addition to the PXRD, Raman spectroscopy analysis was
performed to get inputs on the structure. The Raman spectra of
Ba,In, ,Ce,O;,5 and BaCeOj; is shown in Figure 4.

Raman spectra of Ba,In,O4 and BaCeO; match with already
reported patterns in literature.>**> The bands in the low-
frequency region, below 300 cm™, can be related to the
vibrations mainly involving Ba®* ions, which are the heaviest
atoms in these compounds and hence are expected to vibrate at
lower wavelengths. The appearance of peaks around 300—375
cm™! is associated with the stretching vibration mode of CeOy
octahedra. With an increase in the Ce concentration, intensities
of these peaks increase, which is a clear indication of the
enhanced presence of Ce in the octahedral site. In addition to

Table 2. Variation in the In/Ce—O—In/Ce Bond Angle along the ab Plane and ¢ Direction

Ba,In, sCepsOs.5

In/Ce—01—In/Ce (deg)” 180
In/Ce—02-In/Ce (deg)® 180

“Along ¢ direction. “In ab plane.
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Ba,InCeOs, 5 Ba,In, sCe; sOs. 5
180 180
169 173.17
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Figure 4. Raman spectra of Ba,In,_,Ce,Os,5 (x = 0, 0.5, 1, and 1.5)
and BaCeO;.

the appearance of the peaks corresponding to CeOy octahedra,
there is a drastic reduction in the intensity of the In—O bands
that appear around 600 cm™, which is due to the disorder in
the oxygen sublattice, as seen with other dopants.** The BET
surface area of each sample was measured using N, adsorption
study, and these values are reported in Table 4. The surface
area obtained for the samples are very low, which can be
attributed to their synthesis procedure.

Table 4. BET Surface Area of Ba,In, .Ce Os,s (x =0, 0.5, 1,
and 1.5) and BaCeO; Calculated from N, Adsorption Study

sample BET surface area (m?/g)
Ba,In, 04 5.393
Ba,In, <CeysOs.s 2.589
Ba,InCeOs, ;5 6.009
Ba,IngsCe; s05.5 3.781
BaCeO, 6.218

Next, we carried out detailed electrochemical studies of these
compounds for ORR activity in alkaline conditions using CV
and RDE methods. For this, a slurry made by the mixture of the
samples and Vulcon XC-72 carbon was coated on glassy carbon
electrode. All the experiments were performed in 0.1 M KOH
solution under room temperature. In our earlier study, any
effect of carbon on the ORR activity of such oxides was ruled
out."”® Cyclic voltammograms of the samples under O,
saturated solution at a sweep rate of S0 mV s™' is shown in
Figure S.

From Figure 5, it is evident that with increase in the amount
of Ce dopant in Ba,In,Os, the current at an applied potential
increases indicating an enhanced ORR activity. More cyclic
voltammograms, generated during a detailed investigation of
each sample in N, and O, saturated 0.1 M KOH solution, are
given in the Supporting Information (Figures S11—S15), in
which the increase in the current after O, purging indicates the
ORR activity of the samples. Figure 6 shows the linear sweep
voltammograms (LSV) of Ba,In, ,Ce,Os,s (x = 0, 0.5, 1, and
1.5) and BaCeOj, recorded at an electrode rotating speed of
2000 rpm in O, saturated 0.1 M KOH solution.

From Figure 6, it is clear that the onset potential of Ce-
doped Ba,In,O; has a positive shift when compared to the two
extreme compounds (i.e., Ba,In,0O5 and BaCeO;). The onset
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Figure S. Cyclic voltammograms of Ba,In, ,Ce,Os,s (x = 0, 0.5, 1,
and 1.5) and BaCeOj in O, saturated 0.1 M KOH at a sweep rate of
50 mV s~ with Hg/HgO as the reference electrode and Pt foil as the
counter electrode.

0.0
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Figure 6. Hydrodynamic voltammograms obtained at an electrode
rotating speed of 2000 rpm with a rotating disk electrode for the ORR
on Ba,In, .CeOs,s (x = 0, 0.5, 1, and 1.5) and BaCeOj;. The
experiments were performed in O,-saturated 0.1 M KOH at a sweep
rate of 5 mV s7! using Hg/HgO as the reference electrode.

potential for all the Ce-doped samples is around —0.06 V Vs
Hg/HgO, which is around 0.06 V more positive from the
parent compounds. Apart from this, the geometrical limiting
current density, which is a measure of the availability of active
sites, increases with an increase in Ce concentration in
Ba,In,O . However, it decreases again in the case of BaCeO;
where there is no disorder in the axial and equatorial oxygen
atoms. Figure 7 shows the LSVs of Ba,In,_,Ce,Os,s (x = 0, 0.5,
1, and 1.5) and BaCeO; at various electrode rotation rates in
O, saturated 0.1 M KOH solution. It is evident from Figure 7
that the limiting current density increases with the increase in
the rate of rotation of the working electrode. This is a clear
indication of the availability of the ORR active sites in the
system. Also, a close analysis of the LSV profiles of the different
systems reveals that at any constant rotation rate, the limiting
current density increases with increase in the Ce concentration
in Ba,In,Oq, and it eventually decreases in BaCeO; where Ce
completely replaces In and enters into the perfect perovskite
structure with no disorder in oxygen sites. It is important to

DOI: 10.1021/am5087837
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Figure 7. LSVs at different electrode rotation rates (black, blank; red, 400 rpm; blue, 900 rpm; green, 1200 rpm; pink, 1600 rpm; violet, 2000 rpm;
and brown, 2500 rpm) for oxygen reduction reaction using (a) Ba,In,O;, (b) Ba,In; sCeysOs,s5 (c) Ba,InCeOs,s (d) BayIngsCe;sOs,s and (e)
BaCeO;. The experiments were performed in O,-saturated 0.1 M KOH at a sweep rate of 5 mV s™' using Hg/HgO as the reference electrode.

note that as Ce concentration increases, ORR activity
concomitantly increases, which can be expected because Ce is
an excellent redox center. However, BaCeO;, a stoichiometric
perovskite without any oxygen vacancies and hence O,
adsorption sites, exhibits very poor activity, and this proves
that the mere presence of Ce is not enough for the material to
be ORR active. Among the Ce-doped compounds,
Ba,In, ;Ce(5Os, s with ordered tetrahedral and octahedral layers
shows the least activity, whereas activity increases with an
increase in disorder. This observation can be correlated with
the fact that in Ba,In,; Ce( 5O, the layered structure will favor
only anisotropic conduction, whereas disordered structures
such as Ba,InCeOq, 5 and Ba,In;Ce; sOs, s will have enhanced
isotropic conduction. Also, we observe that among
Ba,InCeOq,s and Ba,In;;Ce; Os,s the latter has the least
distorted octahedral environment around the In/Ce site. Such
highly symmetric B site geometries are reported to play an
active role in enhancing ionic conduction in doped BaCeO;
compounds.*® Hence, a synergistic influence of highly
disordered yet symmetric Ce catalytic sites adjacent to oxygen
vacancies can be deemed to be the important factor affecting
the ORR activity of such oxides. This also suggests that it is not
only the Ce which is enhancing the ORR activity, but the
peculiar structural features like extent of disorder, B site
symmetry, and so on also seem to have some effect.
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The kinetic parameters such as electron transfer number,
kinetic current density, and so on of samples is determined
from the Koutecky—Levich (K—L) equation,

1 1

= +
j  nFkCo

1
0.62nFCq, D0 ™" w'/?

where j is the disk electrode current density, k is the reaction
rate constant, n (mol™") is the number of electrons exchanged
per O, molecule, F is the Faraday constant (96 500 C mol™'), A
is the electrode geometric area (0.196 cm®), Co, is the bulk

oxygen concentration (1.2 X 107 mol L), Dy, is the diffusion

coefficient of molecular oxygen in 0.1 mol L™! KOH solution
(1.9 X 107 cm? s7'), v is the kinematic viscosity of the
electrolyte (0.01 cm? s™') and @ is the electrode rotation speed
in radians per second (= 2zf = 27 rpm/60). A plot of the
inverse of current (i™') as a function of the inverse of the square
root of the rotation rate (@~'/2), which is known as K—L plot,
is a useful method to analyze the ORR kinetic parameters of an
electro catalyst.*” A comparison of the K—L plot of the various
samples at —0.49 V is shown in Figure 8.

A clear change in the slope for Ba,In, ,Ce,Os.5 (x = 0.5, 1,
and 1.5) from that of Ba,In,O5 and BaCeOy; is visible in Figure
8. This suggests that the ORR mechanism which can be either
two-electron or four-electron mechanism are different for the
two sets. With the information from the K—L plots, the number
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Figure 8. K—L plot of ORR on Ba,In,_,Ce,Os,5 (x =0, 0.5, 1,and 1.5)
and BaCeO; at a constant potential of —0.49 V in O, saturated 0.1 M
KOH at a sweep rate of S mV s™' using Hg/HgO as the reference
electrode.

of electrons involved in the ORR mechanism is calculated.
Figure 9 demonstrates the dependence of the applied potential
on the electron transfer number in these samples.
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Figure 9. Dependence of the electron transfer number of
Ba,In,_,Ce,Os,5 (x = 0, 0.5, 1, and 1.5) and BaCeO; on various
applied potential in O, saturated 0.1 M KOH at a sweep rate of S mV

st using Hg/HgO as the reference electrode.

It is evident from Figure 9 that for Ba,In,O5 and BaCeOj,
the number of electrons involved in the ORR is around 2
throughout the applied potential range, indicating that the
reduction of oxygen occurs through peroxide intermediate. But
in the other three samples, the electron transfer number for
ORR is found to be ~2 at lower negative potential and ~4 at
higher negative potential. In the intermediate region, the
electron transfer number is found to be ~3. The electron
transfer number of 3 may be due to a parallel pathway involving
both two- and four-electron mechanism.>® This indicates that
the applied potential has a significant role in deciding the
kinetics of ORR reaction. The observed value of ~4.5 at higher
potentials in case of Ba,In;;Ce,Os,s, which is above the
theoretical value of 4, is due to parasitic current generated as a
consequence of side reactions and chain reactions. The
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structural features mentioned above can be understood to
play an important role in deciding the reaction pathway. Here
also, the end members show different behavior to the doped
compounds, and the number of electrons involved in the
reaction increases with increase in the Ce dopant concen-
tration. All the Ce doped Ba,In,O5 with disorder in the O site
shows appreciable ORR property with onset potential better
than other oxide systems reported (Table S1, Supporting
Information). We have also compared the activity with that of
40 wt % Pt/C standard catalyst, and found that the onset
potential of the Ba,In,_,Ce, O, s oxides is only 0.05—0.1 V less
than that of Pt/C. (Figure S16 in Supporting Information).
This activity can also be further increased by fine-tuning the
particle size and by improving the conductivity which will
present a highly cost-effective electrode compared to the
prohibitive Pt.

4. CONCLUSION

In summary, Ba,In,O5 brownmillerites progressively Ce-doped
in In site are tested for oxygen reduction activity in alkaline
conditions. An interesting structural correlation emerged with
respect to activity and disorder. The end members Ba,In,O4
brownmillerite and BaCeOj; perovskite are found to have poor
activity for ORR. Ba,In,Og has an anisotropic structure in
which In occupies alternate layers of tetrahedral and octahedral
consequently giving rise to oxygen vacancies ordered in the
tetrahedral layer. On the contrary, BaCeOj is a stoichiometric
perovskite without any oxygen vacancies or disorder but with
full occupancy of Ce in B site. Apparently, these features
separately do not lead to good activity, but when combined,
they affect the oxygen disorder, B site symmetry, and so on
advantageously to present enhanced ORR activity in the doped
compounds. On Ce(IV) doping in In(IIl) sites, oxygen
vacancies are envisaged to be reduced but with enhanced
disorder. The disorder occurs when the ordered layer structure
collapses into 3D octahedral network as in the case of
perovskites; now the structure has random oxygen vacancies in
all three directions. Such disordered structures with isotropic
conduction pathways are known to be better oxide ion
conductors. Another parameter of interest is B site symmetry
which measures the degree of distortion from an ideal
octahedron, vis-a-vis bond lengths and bond angles. It is
known that least distorted or most symmetric B sites enhance
O, adsorption and oxide conduction. We observe an increase in
B site symmetry as well, on increasing Ce dopant
concentration. Hence, overall disorder and B site symmetry is
enhanced by Ce doping leading to the ideal structure type,
which presents catalytically active sites in the vicinity of
adsorption sites, namely, oxygen vacancies. Such a confluence
of all structural parameters is found in the 75% Ce-doped
compound, which exhibits maximum limiting current com-
parable to standard catalysts with large concentrations of Pt.
Moreover, these structural parameters also are found to have an
impact on the reaction pathway through the number of
electrons (four or two) involved in ORR which decides
whether the reaction proceeds through the peroxide
intermediate (two electrons). In the Ce-doped compounds,
we observe a four-electron transfer at higher potential,
indicating direct reduction of oxygen to hydroxide, which is
more efficient and desirable.
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