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ABSTRACT: Ba(Fe;;Tay;)O055 (BFTO) compounds were synthesized using a ~ 0

conventional, high-temperature solid-state ceramic reaction method by varying the g

sintering temperature (T, = 1200—1350 °C). The crystal structure, electronic E'zo

structure, and electrocatalytic activity of BFTO compounds were evaluated. The 240

processing temperature induced phase transformations and structural quality I

influences the electronic structure and electrocatalytic activity of BFTO §'6°

compounds. At T, = 1200 °C, Ba(Fe,;Ta;;)O;_s stabilizes as a mixture of the §-80

orthorhombic + rhombohedral phase (Amm2 + R3m). With increasing T, (>1250 3

°C), Ba(Fe,;Ta3)O;_s ceramics stabilize in tetragonal + rhombohedral [P4mm + -100
R3m] mixed phase with a variation in the number of respective phases. High-
resolution X-ray photoelectron spectroscopy (XPS) of constituent elements,
namely, Ba 3d, Fe 2p, Ta 4f, and O 1s levels reveals the electronic structure
changes due to changes in the chemical environment resulted from structural transformation. The XPS analyses indicate that the
processing temperature significantly influences the chemical environment of Fe and Ta cations in BFTO. The Ba 3d;,, core-level
XPS spectra indicate that the perovskite phase gradually increases with increasing sintering temperature. The presence of absorption
bands that are exclusively due to MOy stretching vibration that is connected to Ba ion as well as stretching of M—O bonds in infrared
spectroscopy data indicate the structural and chemical quality of the BFTO compounds. The electrocatalytic activity of BETO was
evaluated toward hydrogen evolution reaction (HER) and oxygen reduction reaction (ORR). Though all of the samples
demonstrated appreciable electrocatalytic properties, the best electrochemical catalytic activity was shown by BEFTO samples sintered
at 1350 °C. BFTO-1350 °C showed an onset potential of —0.690 V vs reversible hydrogen electrode (RHE) for HER and an onset
potential of 0.73 V vs RHE for ORR indicating its significant electrocatalytic performance. A general increase in activity with
sintering temperature is potentially due to the improved structural quality of the BFTO ceramics. In addition to offering the
fundamental insights into perovskite materials based on co-doped BaTiOj; for electrocatalysis, the present work may contribute to
the design and development of materials using co-doping of different chemical valence cations for other energy-related applications.
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KEYWORDS: Ba(Fe,,Ta,;)0;_s phase transformation, electronic structure, XPS, electrocatalytic activity, hydrogen evolution reaction,
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1. INTRODUCTION the piezoelectric and ferroelectric properties, which often exist
in the same perovskite oxide matrix, provide excellent means to
harvest energy from multiple sources, which include
mechanical, electrical, chemical, vibration, and optical.20 The
dominance of oxide perovskites in the electromechanical and
sensor technological applications and development is mostly
due to their superior properties, such as high Curie
temperature (T, ~ 390 °C), high dielectric constant (¢ ~

Perovskite oxides, which constitute wide range of composi-
tions, are earth-abundant and offer excellent means to realize
chemical compounds, especially in the field of catalysis, that
are economically viable and versatile in terms of technological
or industrial applications.'”” The perovskite oxides find
interesting applications in current and emerging electronics
and electro-optics,'*™" electrochemical science and technol-

gy,lo’ll’w_17 electromechanical sensors and systems,”’12 solid
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oxide fuel cell technology,”'*'® electromagnetic devices and Received:  October 16, 2020
magnetic tunnel junctions,'’”'>"” and solid-state memory Accepted: December 23, 2020
device technologies.'”~"*""~>" The perovskite oxide-based Published: January 19, 2021

piezoelectric materials are attractive for a number of
applications in micromechanics, sensors, actuators, optoelec-
troni d h . lications. >'22° Especiall

ronics, and energy-harvesting applications. specially,
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20000 at T.), low dielectric loss (tan ~ 0.004), and high
piezoelectric coefficient (ds; ~ 220 pC/N).*' =

The crystal structure of a perovskite (ABO;; Figure 1) is
named after the mineral perovskite CaTiO;. The structure of

O - Anion

B - Cation

A - Cation

Figure 1. Ideal crystal structure of perovskite oxide with a general
chemical formula of ABO;. The A-, B-, and O-ions are indicated in the
figure.

an ideal perovskite consists of a cubic unit cell with an A-site
species located at [1/2,1/2,1/2], B-site species at [0,0,0], and
oxygen located at [1/2,0,0] resulting in the B-site species
forming a sublattice of six-coordinate, vertex-sharing octahedra
and A-site species forminsg a sublattice of 12-coordinate face-
sharing cuboctahedra®** (Figure 1). However, the ideal
perovskite cubic structure may be distorted depending on the
size of the A and B cations.'®** From a structure point of view,
the most notable feature is their versatility of accommodation.
This primarily stems from flexible or adoptable structures that
can be easily manipulated by means of doping various elements
at the A- and B-sites of the perovskite structure (ABO,).'***

The objective of the present work is to elucidate the
electronic structure, chemical valance states of various cations,
chemical bonding, and electrocatalytic activity of Fe, Ta co-
doped perovskite structured oxides, namely Ba(Fe,;_,Ta,)O;_s
compounds. The origin of these materials is primarily due to
the design and development of high-temperature operating, yet
temperature independent, chemical sensors.”*™>” Due to high
melting point and decomposition temperature, perovskite
oxides based on Sr and Ba have been studied both in the form
of bulk and thin films**~*’ for high-temperature sensors in
catalytic converters, electrode materials in fuel cells, and
photocatalysts in energy conversion technologies. In fact, the
high melting point and decomposition temperatures of these
materials generally provide unparalleled microstructural
stability, which is an important requirement for considering
them for practical applications in photo- and electrocatalysis, in
addition to high-temperature chemical sensors. Moreover, the
specific ability of doping of different cations at the A- and B-
sites allows the design and development of materials with wide
range of compositions that can facilitate tuning the electronic
structure and properties desirable for applications in the field
of catalysis."”~"**"*! For instance, Cr/Nb- and Cr/Ta-doped
SrTiO; showed higher activities and shorter induction periods
than just Cr-doped SrTiO,;**™° Based on the chemical
bonding and electronic structure analyses, it was demonstrated

1314

that the formation of Cr®" ions, which act as charge
recombination centers, was fully suppressed by co-doping of
Ta ions.*® Cr/Ta-doped SrTiO; still showed higher activity
than Cr-doped SrTiO; even when H, reduction was conducted
to reduce Cr". It is due to that the formation of oxygen defects
was also suppressed by co-doping of Ta ions since the charge
balance in the crystals was maintained by substitution of a
couple of Cr**/Ta*" for two Ti*" ions. Thus, it has been found
that Nb and Ta ions are efficient co-dopants®*~** to maintain
the charge balance when titanate-based catalysts are modified
by doping of the low valence ions such as Cr**. Based on these
considerations, Ta was chosen to work with co-doping of Fe,
while the primary reasons for Fe-based perovskites are derived
from the following considerations.

The electrocatalytic activity of Fe-based perovskites has been
explored for water electrolysis involving the oxygen evolution
reaction (OER) as documented widely in the literature.”” >’
The Sr-doped La-based perovskite oxide catalysts
(La,_,Sr,FeO,_s) have been studied by She et al’’ The
enhanced OER-specific activity of these doped compounds
compared to the parent compound (LaFeO;_;) was attributed
to the optimized surface oxygen vacancies and surface Fe
oxidation states.”” Also, a remarkable enhancement in OER
activity has been reported in Si-doped SrFeO,_;*° The
enhancement in OER activity originated from the structural
transition-driven optimized Fe oxidation state, rich oxygen
vacancies, and fast charge transfer.”® Kim et al,, studied the Fe-
doped Co-based perovskites; these compounds exhibit
extraordinary OER activities and stabilities when Co is
partially doped with Fe.*” The enhanced electrochemical
performance is attributed to Fe-induced charge stabilization of
Co in a lower oxidation state, maximization of perovskite oxide
surface, and stability of perovskite oxide structure.’”
Furthermore, in our recent work, we reported an approach
to derive electrocatalytic activity, which is otherwise not
possible, in oxide materials.”” Iron-mixed Ga-oxide demon-
strated appreciable electrocatalytic activity toward the
generation of H, through electrocatalytic water splitting.*’
The electrocatalytic activity of Fe-doped Ga-oxide compounds
is attributed to the cumulative effect of different mechanisms,
such as Fe-doping induced new catalytic centers and enhanced
conductivity due to Fe chemical states.”” In view of these
considerations, the present work was focused toward the
synthesis, electronic structure determination, and electro-
catalytic activity evaluation of Fe, Ta co-doped BFTO
compounds. From electrocatalysis point of view, the scientific
merit and significance of the present work can be further
understood as follows.

Precious metals like platinum (Pt) are typically used to
catalyze sluggish electrochemical reactions that are critical to
renewable energy technologies, such as oxygen reduction
reaction (ORR) and hydrogen evolution reaction (HER).
However, the high price and low abundance of Pt limit its
extensive use. Therefore, a viable alternate low-cost electro-
catalyst for HER as well as for ORR has attracted increasing
interest in renewable energy research. In this direction,
perovskite oxides of transition metals are considered as
promising alternatives in this regard and hence activating and
optimizing non-noble metals for HER is an alternative way for
low-cost hydrogen production.”*>**~** Non-precious-metal-
based electrocatalysts also attracted intense attention as a
suitable electrocatalyst toward ORR due to its high activity and
better stability.**~** Therefore, in the present work, in addition

https://dx.doi.org/10.1021/acsaem.0c02548
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to evaluating the structure and electronic properties of Fe, Ta
co-doped oxide, we performed studies to evaluate the
electrocatalytic activity toward HER and ORR.

2. EXPERIMENTAL DETAILS

2.1. Synthesis of BFTO Compounds. Ba(Fe,,Ta;;)0;.4
[BFTO30] compounds were synthesized using the conventional
high-temperature solid-state chemical reaction method. High-purity
precursor materials, namely, BaCO; (99.9%, Sigma-Aldrich), Fe,O5
(99.9%, Sigma-Aldrich), and Ta,O; (99.9%, Sigma-Aldrich) were
weighed in stoichiometric proportion to achieve a desired
composition. Stoichiometrically weighed precursors were homoge-
neously grounded in an agate mortar using acetone as wetting media.
Then, the grounded powders were calcined at different temperatures
(1000, 1050, 1100, and 1150 °C) with intermediate grinding to
achieve phase purity. The calcination time was 8 h, which was
maintained constant for all of the samples. The calcined powders were
regrounded to decrease the particle size, and the fine powder was
pelletized using a die and uniaxial hydraulic press by applying a load
of 1.5 ton in the form of a circular disc (diameter—8 mm and
thickness—1 mm). The pellets were sintered in a muffle furnace at
different sintering temperatures (T) 1200, 1250, 1300, and 1350 °C.
The sintering time was set to 8 h, which was again maintained
constant for all of the BFTO samples. All of the sintered BFTO
samples were further characterized using X-ray diffraction, X-ray
photoelectron spectroscopy, Fourier transform infrared spectroscopy,
and electrocatalytic studies.

2.2. Characterization. 2.2.1. X-ray Diffraction (XRD). The X-ray
diffraction (XRD) measurements were made using Rigaku X-ray
diffractometer [Mini Flex II]. Both calcined and sintered samples
were analyzed at room temperature. The XRD parameters employed
were: 10—80° (20 range), step size—0.02°, and scan rate—0.6°/min.

2.2.2. X-ray Photoelectron Spectroscopy (XPS). X-ray photo-
electron spectroscopy (XPS) was used to probe the electronic
structure and chemical bonding information in BFTO compounds.
BFTO samples sintered at various temperatures were analyzed using
XPS measurements, which include survey scans as well as high-
resolution, detailed core-level scans of respective elements and/or
cation in BFTO. A calibrated Kratos Axis Ultra DLD spectrometer
(Kratos Analytical, Manchester, U.K.) which has a high-performance
Al Ka (1486.7 eV) spherical mirror analyzer is used in this study to
analyze the BFTO samples. Prior to taking the samples into the XPS
chamber, they were mounted on a Cu stub using a double-sided Cu
tape. A charge neutralizer was used to compensate for the remnant
surface charging effects. The Cu tape attached to the sample surface
connecting the stub is useful to avoid issues associated with charging.
The survey and high-resolution (HR) spectra of selected constituent
elements were collected at a pass energy of 160, 40 eV, respectively.
The XPS scanning parameters include binding energy (BE) range
scans—1400 eV — (=5) eV, step size of survey scan—0.5 eV, and the
step size for HR scans 0.1 eV. The HR scans for Ba 3d, Fe 2p, Ta 4f,
and O 1s core-level XPS data were collected. At least 16 sweeps were
recorded to obtain well-resolved HR spectral lines. All of the XPS
spectra (survey and HR) were collected under ultrahigh vacuum
(UHV—4 X 107 torr) conditions. The C s peak positioned at 285
eV was used for the charge reference. The CasaXPS V2.3.16 software
package was used to analyze the XPS data collected. The Gaussian/
Lorentzian (GL(30)) line shape and Shirley background subtraction
were used to deconvolute the HR spectra.*>*’

2.2.3. Fourier Transform Infrared Spectroscopy (FTIR). The
infrared transmission measurements were carried out between 400
and 4000 cm™" with a vacuum-based Bruker IFS 66v spectrometer,
equipped with deuterated triglycine sulfate (DTGS) detectors, a Ge-
coated mylar beam splitter for data acquisition in the far-IR region,
and a KBr beam splitter for the mid-IR region. The samples for these
studies were prepared in the form of pellets by embedding the
material in a polycrystalline CsI matrix. Accumulations of 256 scans at
a resolution of 4 cm™' were performed for each spectrum. The data
were normalized at each frequency to a vacuum throughput spectrum.
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2.2.4. Electrocatalytic Activity Studies. The electrocatalytic
activity of BFTO toward the hydrogen evolution reaction and oxygen
reduction reaction was evaluated using a three-electrode system.
Linear sweep voltammetry (CHI 6273E potentiostat) with a scan rate
of 10 mV s~ was conducted using Ag/AgCl reference electrode and
graphite as the counter electrode. To prepare the working electrode, a
homogeneous mixture of the sample (2 mg/mL) in 1:1 ratio of water
and ethanol was prepared. Further, 80 uL of 5 wt % Nafion 117
solution (Sigma-Aldrich) was mixed with the above solution and
sonicated well. Twenty microliters of the homogeneous mixture was
then drop casted onto a freshly polished glassy carbon working
electrode with 3 mm diameter. In the case of HER, the redox
properties were studied in the voltage ranging from 0 to —1 V using
0.5 M H,SO, aq. electrolyte. Prior to the HER measurements, the
electrolyte solution was purged with argon gas for 20 min. The
catalytic activity, determined by ORR, was explored in the solution of
an oxygen-rich 0.1 M KOH. The cyclic voltammetry (CV)
measurements were carried out in O, saturated 0.1 M KOH solution
with a scan rate of 10 mV s™". The potential was converted into RHE
scale using the following equation

E(RHE) = Eyy/ugc1 + 0.059pH + Eoyy/ac

(1)

where Eopg/agcr = 0.1976 V and Ejg/anq is the working potential. All
of the experiments were performed at room temperature if not stated
otherwise.

3. RESULTS AND DISCUSSION

3.1. Electronic Structure and Chemical Valence—X-
ray Photoelectron Spectroscopy (XPS). X-ray diffraction
analyses revealed the evidence of structural transformations
with increasing sintering temperature. The crystal structure
details of BETO compounds have been reported elsewhere.*®
Briefly and for clarity of purpose, the XRD patterns indicate
that the samples are stabilized in the perovskite phase without
any phase separation even at high temperature. The average
crystallite size increases with increasing sintering temperature
from ~24 nm (1200 °C) to ~80 nm (1350 °C). At 1200 °C,
BFTO compounds stabilize in a mixed phase of orthorhombic
(Amm2) and rhombohedral (R3m) components. Structural
analyses confirm the stabilization of tetragonal (P4mm) and
rhombohedral (R3m) mixed phase in BFTO compounds with
increasing sintering temperature to 1250—1350 °C. As the
sintering temperature increases, the fraction of the tetragonal
phase gradually decreases whereas that of the rhombohedral
phase gradually increases.”® Electron microscopy data further
confirm that the estimated d-spacing values are very well
correspond with the constituent phases of the respective
BFTO compound.

The XPS survey spectra of BETO30 compounds are shown
in Figure 2. The data shown are for BFTO compounds
sintered at different temperatures along with the calcined
BFTO sample (1150 °C, see Figure 2a). The XPS survey scans
indicate the respective photoemission peaks due to constituent
elements (Ba, Fe, Ta, and O) and Auger peaks of Ba and O
(Ba MNN & O KLL). The C 1s resulted due to adventitious
hydrocarbons on the surface of sample; these hydrocarbons are
commonly formed on the surface of the sample when exposed
to air while handling. Also, the survey scans confirm that there
are no additional peaks and/or no considerable changes in the
spectra with increasing sintering temperature. The electronic
structure and chemical composition information is further
probed by means of the detailed, high-resolution core-level
XPS scans of Ba, Fe, Ta, and O. Being a surface-sensitive
characterization technique, XPS allowed us to understand the
surface chemistry of BFTO compounds and the chemical

https://dx.doi.org/10.1021/acsaem.0c02548
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Figure 2. XPS survey scans of BETO samples. For comparison, the
XPS data of BFTO sintered samples (1200, 1250, 1300, and 1350 °C)
are shown along with that of the BFTO sample calcined at 1150 °C.
The data shown are for BFTO samples processed at temperatures of:
(a) 1150, (b) 1200, (c) 1250, (d) 1300, and (e) 1350 °C.

valence state(s) of the constituent elements as discussed
below.

The deconvoluted high-resolution XPS spectra of Ba 3d;, in
BFTO compounds is shown in Figure 3. The Ba 3d exhibits

Non-Perovskite phase Ba 3d5/2
_——
1350 °C \ Perovskite phase
1300 °C m
3
s
[72] (o]
® 1250 °c
o
1200 °C A
Non-Perovskite phase
\ Perovskite phase
1150 °C -~

789 786 783 780 777 774 771
B.E. (eV)

Figure 3. High-resolution core-level XPS data of Ba 3d in BFTO
compounds.

two XPS components, which correspond to Ba 3d;/, and Ba
3d;, associated with spin—orbit coupling, located at lower and
higher binding energies, res,pectively.49_31 The high-resolution
XPS line of Ba 3d;,, (Figure 3) reveals the presence of two
clearly visible components, and the deconvolution of peaks
using the Gaussian function are also shown in Figure 3. These
clearly visible components are fitted mainly with two peaks
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positioned at 779.50 eV (red) and 778.38 eV (green). These
two peaks of Ba 3d;/, commonly reported in the literature at
lower and hisgzher binding energies, denoted as « and S phases,
respectively.”” The peak at lower binding energy resulted due
to Ba atoms in the perovskite phase,”® whereas the peak at
higher binding energy—due to nonperovskite environment
such as carbonates, oxides, and oxygen vacancies.”*™*® From
the Ba 3dy/, spectra, it is evident that the intensity of the
perovskite phase gradually increases with increasing sintering
temperature, and the intensity reversal of the perovskite and
nonperovskite phase is observed at 1350 °C. Such a gradual
increase in the intensity of the perovskite phase is due to
change in the Ba environment, which is a consequence of
structural phase transformation with sintering temperature.
Moreover, the decrease in intensity (1350 °C) of the
nonperovskite phase with increasing sintering temperature
might be due to reduced oxygen vacancies resulted from
structural rearrangements.

High-resolution XPS spectra of the Fe 2p region are
represented in Figure 4. The high-resolution XPS scan of the

1350 °C Fe 2p

CPS (a.u.)

720 715
B.E. (eV)

730 725

Figure 4. High-resolution core-level XPS data of Fe 2p in BFTO
compounds.

Fe 2p region (Figure 4) presents interesting features revealing
the characteristic Fe bonding and chemical state in BFTO
compounds synthesized at different sintering temperatures.
The presence of the characteristic doublet of Fe 2p, i.e., Fe
2ps, and Fe 2p,,, peaks, due to spin—orbit splitting*>*" >’
can be seen for all of the BFTO compounds. However, their
evolution, in terms of peak shape, etc, is different and
interesting to learn about the chemical state and bonding
environment of Fe in BFTO. The BE positions of Fe 2p;/, and
Fe 2p,/, peaks are presented in Table 1. It can be noted that
the Fe 2p XPS peak exhibits doublet characteristics, which
corresponds to Fe 2p,;,, (~723 €V) and Fe 2p;,, (~710 eV),
separated by 13.025 eV. The deconvoluted spectra of Fe 2p, /,
and Fe 2p;,, reveal two peaks positioned at ~723, ~725 eV for
Fe 2p,/, and ~712, ~710 eV for Fe 2p;,,. These features
manifest the coexistence of several valance states’”>® of Fe, the
lower binding energy peaks (723, 710 €V) resulted from Fe®”,

https://dx.doi.org/10.1021/acsaem.0c02548
ACS Appl. Energy Mater. 2021, 4, 1313—1322
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Table 1. XPS Data of Representative Peaks in BFTO Compounds

XPS peak (BE) position for respective elements in BFTO compounds

sintering ) Ba 3dy, (a- Ba 3d;/, (8- Fe 2g+3{2 Fe 2& 2 Fe 2 12 Fe 2§)+1/2 O 1s O'ls
temperature (°C) phase) phase (Fe (Fe (Fe*") (Fe’) Ta 4f,;, Ta 4f;;, (carbonate) (oxide)
1200 778.00 779.52 712.69 710.25 725.73 723.29 25.00 26.90 531.10 528.67
1250 778.19 779.57 712.48 710.31 725.54 723.44 25.06 26.95 531.13 528.82
1300 77823 779.66 712.16 710.26 725.29 723.33 24.89 26.82 530.85 528.84
1350 778.28 780.12 712.41 710.35 725.48 723.41 25.06 26.98 531.03 529.07
and higher binding energy peaks (725, 712 €V) resulted from O1s
Fe¥*. Moreover, the formation of Fe?" states in Fe sublattice is 1350 OC
an evident for oxygen vacancy in Fe-containing compounds.
There is no change in the characteristic features of Fe 2p
spectra with increasing sintering temperature, and mixed
valance state is persistent over the range of studied sintering 1300 °C
temperatures. Also, shake-up satellite peak noticed around 718
eV is due to Fe** in a—Fe,0,.°%"% -
The high-resolution XPS spectra of Ta 4f are displayed in :‘;
Figure 5. The spectra reveal two clearly visible components o | 1250°C M
a 2L
Ta 4f
1350 °C
1200 °C
= BaCO3
1300 °C z i
: o 540 536 532 528 524
— | 1250 °C B.E. (eV)
2 [ =11
© Figure 6. Detailed XPS spectra of O 1Is core level in BFTO
compounds.
distinct peak (blue) at ~529 eV corresponds to oxygen in the
— Taz0s metal oxide framework of the perovskite lattice.”® The intensity
1150 °C of this peak gradually increases with increasing sintering
temperature, and the increment in intensity is attributed to
N ) . ) : change in the chemical environment due to structural
32 30 28 26 24 22 20 transformation. Another peak located at ~531 eV (red)
B.E. (eV) corresponds to metal carbonate; the intensity of metal

Figure S. High-resolution core-level XPS data of Ta 4f in BFTO
compounds.

corresponding to Ta 4f;/, and Ta 4f;, positioned at ~25.2 and
27.0 eV, respectively. The BE positions of respective peaks are
presented in Table 1. The asymmetry and broadening of XPS
lines evident for Ta atoms are surrounded by different
chemical environments.”” The deconvoluted spectra show
complex Ta 4f;/, and Ta 4f;,, peaks containing four additional
peaks, two located at lower binding energies with respect to Ta
4f,/, and other two located at lower binding energies with
respect to Ta 4f;/,. The main components are the resultant of
Ta atoms in the perovskite phase with Ta®* state."*°* The
additional peaks correspond to tantalum suboxide.®>**

The high-resolution XPS spectra of O 1s core level are
presented in Figure 6. At very first glance, the spectra indicate
two clearly visible peaks and a shoulder at higher binding
energy. The deconvoluted spectra exhibit multiple peaks
positioned (Table 1) at ~529 eV (blue), ~530 eV (green),
~531 eV (red), ~532 eV (orange), and ~533 eV (violet). A
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carbonate gradually decreases with increasing sintering
temperature. The peaks located at 530 eV (green), ~532
eV(orange), and ~533 eV (violet) are attributed to oxygen
bonded to carbon and surface hydroxyl groups.®”®°

3.2. Chemical Bonding—Fourier Transform Infrared
Spectroscopy (FTIR). To validate structural transformations
and chemical bonding and also to follow relative changes as a
function of sintering temperature, detailed FTIR analysis was
performed on BFTO samples synthesized at different T,. The
FTIR spectra of BETO compounds are shown in Figure 7. For
comparison, the FTIR data of precursor materials are also
shown in Figure 7b. The FTIR spectra of BFTO compounds
(Figure 7a) can be conveniently discussed by comparing the
data with that of intrinsic BaTiO; (BT) perovskite. It has been
reported widely in the literature that, for intrinsic BT
compound, the FTIR sopectra exhibit two strong peaks around
554 and 520 cm™.%77% The former is usually ascribed to TiOg
stretching vibration that is connected to Ba ion, while the latter
is due to TiO stretching vibration along the polar axis of
spontaneous polarization in tetragonal BT. 798 Similarly, a Ti—
O bond or TiO, tetrahedral band appears at around 630—700
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Figure 7. FTIR spectra of BFTO samples sintered at different
temperatures. (a) BFTO samples sintered at T = 1200—1350 °C; (b)
FTIR data of precursor oxides.

cm™! in the FTIR spectra.”*®” Thus, the FTIR absorption
band observed at 553 cm™" for BETO samples can be ascribed
to MOy stretching vibration that is connected to Ba ion. The
presence of this band can be noted for BETO samples sintered
at variable temperatures. This observation indicates that the
chemical bonding environment of MOy octahedra in these
doped BFTO samples is well maintained, and it is as expected
for BT-based perovskite compounds. The absorption band
located at 620 cm™" can be ascribed to the stretching mode of
M-0 (Ta—0) bond vibration. However, this absorption band
is located at 605 cm™ in pure BT and is associated with the
stretching mode of Ti—O bond vibration.””””® The absorption
band appeared at a slightly higher wavenumber in the BFTO
compound reflects the effect of Ta doping. Note that, when Ta
is doped to form a BETO compound, Ta®* ions replace the
position of Ti** resulting in the absorption band shift to higher
wavenumber due to a smaller radius of Ta>" ion. Therefore, Ta
doping induces slight distortion in the lattice parameter and
chemical bonding. In this case, the positive shift of the
absorption band indicates the reduction in bond energy, i.e, a
difference in the Ti—O versus Ta—O chemical bonds. Such
variation in bond energy or strength and associated absorption
band shift in FTIR is reported in Ta-doped PZT. It was
reported that, when Ta is added, Ta’" ions affect the Coulomb
interaction among the ions leading to a positive shift in the
absorption band. Furthermore, the magnitude of the positive
shift was shown to directly correlate with the Ta content or the
amount of Ta’* ions replacing for Zr*" or Ti*" ions. The
observed FTIR absorption bands and the implications are
corroborated with the XRD data reported elsewhere."”

The chemical quality of the BETO compounds synthesized
can be understood if we consider the absorption bands in the
higher wavelength (>1000 cm™") region. It has been widely
reported for intrinsic and doped BT compounds that the broad
absorption bands in the range of bands 1220—1760 cm™" are
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typically present in the FTIR spectra due to the presence of
carbon (C) bonded with hydrogen (H) or oxygen (O) or
nitrogen (N).**~7° Such bands are fully absent in these BFTO
compounds except the band at 1445 cm™ in BFTO sintered at
a lower temperature (1200 °C). This may be due to the
presence of carbonates originated in the solid-phase formation
and incomplete digestion of the respective chemicals used to
prepare BETO materials.”® On the other hand, the absorption
bands located at about ~2900—3000 cm™' and related to
hydroxyl groups are not at all seen in any of the BFTO
materials synthesized at variable T,. This observation is an
indication of the fact that such molecules that are usually
present in intrinsic or doped BT materials synthesized by wet
chemical methods are not present in these BFTO samples,
which is primarily due to the effect of processing at higher
temperatures.

3.3. Electrocatalytic Activity. The presence of Fe and Ba
with documented ability as electrocatalysts encouraged us to
evaluate its electrocatalytic efficacy toward HER and ORR.
The electrocatalytic water splitting, especially HER perform-
ance of the as-synthesized BFTO samples, was evaluated using
linear sweep voltammetry (Figure 8a,b). Though all of the
samples demonstrated appreciable electrocatalytic properties
(as illustrated by the significant current densities), a general
decrease in activity (increase in onset potential) was observed
as the sintering temperature is decreased. For example, BETO-
1350 °C showed an onset potential of —0.690 V and an
overpotential of —0.790 V (at j = 20 mA cm™?) indicating its
significant electrocatalytic performance toward HER. However,
samples prepared at 1250 °C (BFTO-1250 °C) and 1200 °C
(BFTO-1200 °C) illustrated comparable (but slightly lower)
activity with an onset potential of —0.705 V (an overpotential
of —0.800 V at j = 20 mA cm™?) and —0.728 V (an
overpotential of —0.900 V at j = 20 mA cm™?), respectively.
The Tafel slope of the amperometry response for a catalyst-
modified electrode is an inherent property indicative of the
rate-limiting step for HER. The linear portions of the Tafel
plots are fitted to the Tafel equation (17 = blogj + a, where j is
the current density and b is the Tafel slope) to obtain a slope
of 117 mV dec™! for BFTO-1350 °C, 135 mV dec”! for
BFTO-1250 °C, and 160 mV dec™! for BETO-1200 °C. From
Butler—Volmer kinetics, it can be deduced that the discharge
reaction is the rate-limiting step in the case of BFT0-1350 °C.
The lower onset potential and Tafel slope, in combination with
a higher current density, indicate the superiority of BFTO
samples treated at higher temperature toward HER.

Electrochemical oxygen reduction reaction plays an
important role in sustainable energy conversion and storage
devices such as fuel cells and metal—air batteries. The
composites from nonprecious metal catalysts such as Ba, Fe,
and Ta attracted broad research interest in recent years
because of their relatively high ORR activity.”' "> Hence, we
investigated the ORR activity of the as-synthesized Fe, Ta co-
doped perovskite structured oxides (Figure 8c,d). Similar to
HER, the highest activity was shown by BFTO-1350 °C with
an onset potential of 0.73 V vs RHE. The tilted plateau
between 0.2 and 0.4 V shown by the BFTO samples could be
because of the transition of control from kinetics to diffusion.
The cyclic voltammogram shown in Figure 8d reveals the
substantial reduction process at about 0.7 V in the presence of
oxygen, whereas no obvious response is observed at the same
potential range under nitrogen, confirming the catalytic activity
of BFTO-1350 °C toward ORR. Hence, our study indicates
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the potential bifunctional catalytic activity of BETO-1350 °C
toward HER and ORR. The observed enhancement in
electrochemical activity for HER and ORR with an increase
in sintering temperature is attributed to the improved
structural quality resulting in higher electrochemical active
centers.

4. SUMMARY AND CONCLUSIONS

Detailed studies were performed to understand the electronic
structure and electrocatalytic activity of Ba(Fey;Ta,3)O0;_s
(BFTO) compounds synthesized by the conventional high-
temperature solid-state ceramic reaction method. The chemical
environment of Fe and Ta cations in BFTO is strongly
influenced by the sintering temperature and resulting structural
quality of the compounds. A deeper analysis of Ba 3d, Fe 2p,
Ta 4f, and O 1s core-level XPS data reveal the local structure,
electronic charge distribution, and chemical bonding environ-
ment of Ba, Fe, Ta cations and their chemical valence states in
the BFTO compounds. The chemical bonding analysis made
using FTIR spectroscopy indicates the presence of absorption
bands that are exclusively due to MO stretching vibration that
is connected to Ba ion as well as stretching of M—O bonds in
BFTO compounds. The presence of only these absorption
bands and the absence of any of those absorption bands related
to C—H, C—0, and C—N bonds that are typically present in
compounds synthesized by wet chemical methods clearly
indicate the chemical quality of BFTO materials. The resultant
BFTO catalysts exhibited significant electrocatalytic activities
for both hydrogen evolution and oxygen reduction reactions.
BFTO sintered at 1350 °C showed the best electrochemical
catalytic activity for HER with an onset potential of —0.690 V
vs RHE and an overpotential of —0.790 V vs RHE (at j = 20
mA cm?), indicating its significant electrocatalytic perform-
ance toward HER. In the case of ORR, the highest activity was
shown by BFTO-1350 °C with an onset potential of 0.73 V vs
RHE. The electrocatalytic activity enhancement noted in
BFTO compounds with increasing sintering temperature is
attributed to the improved structural quality and electronic
structure. The present work may contribute to the design and
development of Ba(Fe,,Tag3)O;_s materials for high-temper-
ature oxygen sensors and electrocatalytic converters.
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