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ARTICLE INFO ABSTRACT

Keywords: Photocatalysis of water for the production of oxygen and hydrogen is one of the most important development in

Hierarchical nanocomposite the drive for clean energy, and it has received a lot of attention because it is a green and easy step to generate

g;TlOS/ NiFe204 fuels. Developing a more efficient, chemically stable, green and cost-effective catalytic devices for commercial
otocatalyst

use still remains a challenging task. In this research work, we have designed a new kind of hetero nanostructured
hierarchical electrode BaTiO3/NiFey04 composite by facile hydrothermal process. The sluggish oxygen-evolving
reaction is one of the major challenge in water technology (OER). The prepared photocatalyst exhibited excellent
photocatalytic activity towards OER. The prepared electrodes’ physicochemical behaviors have been studied
using a variety of spectroscopic techniques include powder X-ray diffraction, UV-Vis diffuse reflectance spec-
troscopy, X-ray photoelectron spectroscopy and Transmission electron microscopy. The HR-TEM results of
pristine BaTiO3 show partially agglomerated nanoparticles which are in spherical shape with size ranging from
50 to 78 nm, whereas pure NiFe;04 displays needle-like nanorods with average width and length of the needles
are around 31 nm and 1.5 pm respectively and the BaTiO3/NiFe;04 composite shows combination of nano-
particles with nanorods. XPS analysis has revealed the oxygen vacancies and composition of the materials. The
optical band gap investigation showed that the composites Eg value is in the visible region. UV-Vis diffuse
reflectance spectroscopy revealed that the hierarchical BaTiOs/NiFe,O4 composite has enhanced absorption in
the visible region. The photocatalytic activity results show that, the prepared BaTiO3/NiFe;04 composite pho-
toelectrode yields a photocurrent density of 0.34 mA/cm? at 1.6 V vs SCE reference electrode confirms their PEC
water splitting ability. These observed findings of the hetero-composite clearly make a way to employ them as
the plausible electrode for effectual oxygen evolution reaction.

Water splitting

sluggish and requires higher overpotential to produce O, with four
electron  transfer  (2H20() =0z +  4e” +  4H' (1);4H), +
4e~ -2H; (2)). Henceforth, to overcome the kinetic barrier as well as

1. Introduction

In the past few years, the demand for energy consumption and

environmental pollution issues have urged the researchers to focus on
the clean and efficient energy to replace the fossil fuels consumptions. As
an alternative to fossil fuels, hydrogen is one of the clean and renewable
energy resource. Hydrogen is a typical sustainable and clean fuel that is
produced by two electron transfer from water splitting [1-3]. The
hydrogen production by photoelectrochemical water splitting (PEC) is
considered to be an efficient and inexpensive method to meet the future
energy requirements [4,5]. However, the other half-cell reaction of
water splitting is oxygen evolution reaction (OER) which is kinetically
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sluggish kinetics at electrode-electrolyte interface, a large overpotential
is required [6,7]. In this regard, various semiconductor based photo-
catalysts such as TiO,, ZnO, ZnS, CdS have been developed as photo-
catalyst for photocatalytic water splitting in the past years [8,9].
However, these materials show disadvantages include a wide band gap
that can be active only in the UV irradiation, fast recombination of
charge carriers which are also prone to photocorrosion [10]. In order to
overcome these problems, the researchers have focused the direction
towards the development of high efficiency water splitting
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Fig. 1. Schematic diagram of facile hydrothermal processes for the preparation of BaTiO3/NiFe;04 composite electrode.

photoelectrodes in the recent years.

Recently, perovskite materials are gaining a great deal of interest in
photocatalytic application owing to their valence and vacancy control
[11]. Among the various materials studied, Barium titanate (BaTiOs3)
perovskite material has employed as the promising photoelectrode for
PEC water splitting due to their lack of photocorrosion in aqueous media
[12]. However, BaTiO3 is having certain drawbacks such as low ab-
sorption of visible light and fast recombination of electron-hole pairs. To
improve the photocatalytic activity of BaTiOs, various attempts have
been made, such as nanostructuring, surface modification, chemical
doping, and  heterojunction  construction  [13,14].  The
nanocomposite-based materials are an effective way to improve the
photo-induced charge separation and the absorption of solar light from
UV to visible light. Combination of BaTiO3 with CuO reduced the
recombination of photo generated charge carriers and enhanced the
absorption in visible light [12]. When BaTiOs was coupled with
CaFey04, that reduced the recombination of photo generated charge
carriers and enhanced the photo response [15] which in turns to
improve the photocatalytic activity of BaTiO3/CaFe;O4. In addition,
Fe304/BaTiOs and BaTiO3/C3N4 composites showed enhanced photo-
catalytic activity owing to its high absorption and the higher separation
of charge carriers [16,17].

Herein, we design a new category of nanocomposite electrode that
comprising of BaTiO3/NiFe;04 through facile hydrothermal process and
studied their photo electrochemical activity in 1 M KOH medium. The
prepared composite electrodes were characterized by different physi-
cochemical and PEC water-splitting analyses. Further, it exhibited the
maximum photocurrent density of 0.35 mA/cm? at an over potential of
1.6 V vs SCE reference electrode.

2. Experimental procedure
2.1. Materials

Barium acetate ((C4HgBaO4), My, = 255.43), nickel nitrate ((Ni
(NO3)2-6H20, M,, = 290.81), iron chloride (FeCl3-6H>0, M,, = 270.30)
and potassium hydroxide were obtained from Sigma Aldrich and used as
such. Titanium(IV) n-butoxide ((C;6H3604)Ti, My, =340.35) was pur-
chased from Fisher Scientific. Ethanol (CoHsOH, M,, = 46.07) was ob-
tained from Sigma Aldrich and used without distillation.

2.2. Preparation of BaTiO3/NiFe;04 photocatalyst

Pure BaTiOs, NiFe;O4 and BaTiO3/NiFep,O4 composites were pre-
pared by the hydrothermal method [18]. Their corresponding schematic
representation is provided in Fig. 1. Initially, a required 0.06 M amount
of nickel nitrate and iron chloride were prepared using deionized water
and mixed together through mechanical agitation. Then, titanium (IV)
n-butoxide (0.04 M) was dissolved in ethanol, and then 0.04 M barium
acetate was added into it. Then, both solutions were mixed and stirred
well for 2 h until a homogeneous solution was obtained. The pH was
maintained at 13 by adding the KOH solution (0.1 M). The resultant
solution was then transferred into Teflon lined steel autoclave at a
temperature of 180 °C for 32 h. Finally, the precipitate thus obtained
was washed with distilled water and ethanol and then dried at 80 °C for
6 h.

2.3. Characterization methods
Transmission electron microscopy (TEM, Phillips CM 12) was used to

analyze the surface morphology of the prepared electrode samples. The
various chemical states and composition of different elements on the
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Fig. 2. X-ray diffraction pattern of (a) pure BaTiO3, (b) NiFe,O4 and (c) BaTiO3/NiFe,04 composite compared with JCPDS data of NiFe,O4 (JCPDS No: 22-1086) and

BaTiO3 (JCPDS No: 05-0626).

electrode’s surface were evaluated by X-ray photoelectron spectroscopy
using (Kratos AXIS Ultra DLA). X-ray powder diffraction (XRD) patterns
for the composite powders were recorded using Empyrean, Panalytical,
UK to determine the samples crystalline nature. Biocrom Libra S 70
spectrophotometer was used to record UV-vis absorbance spectra to
study the absorption behavior and band gap of the prepared electrode
samples.

2.4. Photoelectrochemical characterization

Preparation of electrodes: 5 mg of photocatalyst was dispersed in
mixed solution that contained 475 pL of isopropyl alcohol and 25 pL
Nafion solution under ultra-sonication process. 4 pL of the slurry was
spread on the polished glassy carbon electrode using micro pipette and
the electrode was allowed to dry at room temperature.

Photoelectrochemical measurements: A three-electrode cell
configuration was used for photo electrochemical measurements, with a
saturated calomel electrode (SCE) as the reference electrode and
graphite rod as the counter electrode. The prepared BaTiOs/NiFeyO4
composite was acted as a working electrode and the electrolyte used for
photo electrochemical water splitting was 1 M KOH.

3. Results and discussion
The powder X-ray diffraction patterns of pure BaTiOs, NiFe;O4 and
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BaTiO3/NiFe,04 composite are shown in Fig. 2(a—c). The diffraction
peaks of BaTiO3 that appeared at 20 = 22.0°, 24.1°, 31.4°, 38.8°, 41.9°,
45.0°, 50.8° and 56.1° corresponds to the crystalline planes of (001),
(103), (101), (111), (203), (200), (102)/(201) and (112/211) respec-
tively, of tetragonal BaTiOs, which are in concurrent with the standard
data (JCPDS 05-0626). For NiFe;O4 sample, the diffraction peaks
located at 20 =18.5°, 30.2°, 35.8°, 36.6°, 43.4°, 53.7°,57.3° and 63.0°
corresponds to the (111), (220), (311), (222), (400), (422), (511) and
(533), crystalline planes of cubic-spinel structure NiFe;O4 (JCPDS
22-1086). The XRD pattern of BaTiO3/NiFe;O4 composite shows the
distinct peaks for both BaTiO3 and NiFe;O4, which confirms the for-
mation of the composite structure. Further, in the XRD pattern, no other
impurities or minor peaks were observed, which indicates the purity of
the composite composed by the BaTiO3 and NiFesO4 through the hy-
drothermal method.

The presence of sharp diffraction peaks indicating that the prepared
samples have a good crystalline nature.

SEM images and EDX spectra of the Pure BaTiOs3, NiFe;O4 and
BaTiO3/NiFe;04 composites are presented in Fig. 3(a-f). Fig. 3a shows
the pure BaTiO3 sample, it consists of spherical nanoparticles. From
Fig. 3b, we can see that NiFe;O4 are nanorod like structure. Fig. 3c,
indicate that the BaTiO3/NiFe,O4 composite is formed by the BaTiO3
and NiFeyO4. The results of EDX analysis in Fig. 3d-f confirmed the
elemental compositions of Ba, Ni, Fe, Ti and O without any impurity in
the BaTiO3/NiFe;04 composite. The EDX peaks of pure BaTiO3 and
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Fig. 3. SEM images and EDX spectrum of (a, d) pure BaTiOs, (b, ) NiFe;O4 and (c, f) BaTiO3/NiFe;O4 composite.

Fig. 4. TEM images of (a) BaTiOs, (b) NiFe,O4 and (c) BaTiO3/NiFe,04 (inset: their corresponding SAED pattern).

NiFe;O4 samples are attributed to Ba, Ti, Ni, Fe and O elements (Fig. 3d,
e).

To further investigate the morphologies of the prepared samples,
transmission electron microscopy (TEM) analysis has been carried out
and the results are depicted in Fig. 4(a—c). Fig. 4a shows the pure BaTiO3
sample, it consists of partially agglomerated spherical nanoparticles
with the size ranging from 50 to 78 nm. The inset of Fig. 4a shows the
selected area diffraction pattern (SAED) and it can be indexed to
tetragonal structure of BaTiO3 nanoparticles. Fig. 4b shows the pure
NiFe;0y4, it displays well organized nanorods and its width and length of
the rods are found to be 31 nm and 1.5 pm respectively. Their corre-
sponding SAED pattern belongs to the cubic spinel structure. Fig. 4c
shows the TEM image of BaTiO3/NiFe;O4 composite which shows
combination of nanoparticles with nanorods in which the dark section
corresponds to BaTiO3 particles and light grey sections are attributed to
NiFe;04 nanorods. The relevant SAED pattern is provided and their
corresponding planes of BaTiO3 and NiFep04 are indexed in the inset of
Fig. 4c. In the diffraction pattern, the various colors dots indicate the
planes of NiFepO4 and the diffraction rings correspond to BaTiO3
nanoparticles.

The surface chemical composition and valence charge states of the
synthesized BaTiOs, NiFe;O4 samples are identified using XPS mea-
surements. The detailed XPS analysis is shown in Fig. 5. Fig. 5a shows
the XPS survey spectra for BaTiOs/NiFe;O4, confirming Ba, Ti, Ni, Fe
and O presence in as prepared BaTiO3/NiFe;O4 composites. The
deconvolution of Ba 3d spectrum (Fig. 5b) indicates a perfect fit to four
peaks located at the binding energies of 777.1 eV, 778.5 eV, 793.9 eV
and 792.5 eV. The peaks located at the BE of 777.1 and 793.9 eV
attributed to the Ba 3ds, and Ba 3ds,», respectively, 3d core level of Ba
ions. The other two represent their respective shoulder peaks. These four
peaks attributed to the existence of Ba%>* and Ba** valence state of Ba.

In the Tiy, XPS spectrum shows two strong signals at the binding
energies of 454.5 eV and 460.2 eV which corresponds to the Ti 2ps,, and
Ti 2p; 2 respectively as displayed in Fig. 5c [19]. The fitted Tizp spec-
trum confirms the existence of Ti in +3 and + 4 oxidation state. More-
over, the BE of Tiyy, is located at 454.5 eV, which is smaller than that
reported for BaTiO3 bulks. This downshift of the BE indicates that the
oxidation state of Ti in BaTiOs. These result indicate that there are some
structural defects in the sample and these are due to local oxygen va-
cancies in the synthesized materials [20]. As shown in Fig. 5d, the
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Fig. 5. (a) XPS survey spectrum and XPS core level for (b) Ba 3d, (c) Ti 2p, (d) Ni 2p, (e) Fe 2p and (f) deconvolution spectrum of O 1s of composite NiFe,04/BaTiO3.

ultra-high signals at binding energies of 854.5 and 871.9 eV can be
attributed to Ni 2ps,2 and Ni 2p; /5, indicating the presence of Ni**. The
other two deconvoluted peaks represent their respective shoulder peaks.
Similarly, the Fe 2p (Fig. 5e) also shows the existence of mixed valence
of Fe in +2 and + 3 form. [21]. The O 1s spectrum (Figure 5f) is further
deconvoluted into three peaks at 530.1, 528.1 and 527.0 eV. These
characteristic peaks are assigned to the lattice oxygen in the metal oxide
structure and the presence of H,0 adsorbed on the particle surface [22].

The light absorption properties of the materials are one of the sig-
nificant key parameters for acieving high efficiency in solar water
splitting. UV-Vis diffuse reflectance spectar (DRS) is used to analyze the
optical absorption properties of pure BaTiOs, NiFepO4 and BaTiOs3/
NiFe;O4 composite and it is shown in Fig. 6. The optical absorption

spectra is represented in Fig. 6a. Pure NiFe;O4 and BaTiO3 have showed
the absorption bands at aorund 300 and 277 nm in the UV region. The
UV-vis absorption spectra of the composite shows stronger and broder
peaks in the region from 300 to 500 nm, compared with the pure BaTiO3
and NiFe;04 which may owing to the electrostatic interaction and ox-
ygen deficiency in the composite crystal structure [23]. Further, the
absorption edge of composite sample has expanded into visible region
and shows a red shift compared with pure BaTiO3 and NiFe;04 samples.

The optical band gap energy (Eg) of the composite is determined
using the following equation.

(ahw)" =A(hv — E,) @

Where h is the Planck’s constant and A is the characteristics parameter
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Fig. 6. (a) UV-vis absorption spectra and Tauc’s plot of (b) BaTiOs, (c) NiFe,O4, (d) BaTiO3/NiFe;04 composite.
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Fig. 7. (a) LSV polarization curve and (b, c) EIS spectrum of BaTiOs3, NiFe;O4 and BaTiO3/NiFe;04.
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Table 1
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Impedance Fitting values of Ry, Ry and R, of BaTiO3-NiFeO3; and BaTiO3-NiFeO3; composite.

Materials Rs R Ry Rt Goodness to fit
BaTiOs 17.52 17.52x10° 20 172.1x10° 1.92x10°3
NiFeO3 10.68 10.96x10° 300.7 160x10° 3.291x1073
BaTiO3-NiFe,04 13.47 120.1 65.75x10° 106.3x10° 789.9x107°

for this transition. The exponent ‘n’ characterizes the value % for the
allowed indirect transition and 2 for the allowed direct transition. Tauc’s
plots is used to calculate the band gap of the prepared samples as shown
in Fig. 6(b-d). The optical energy bandgap (Eg) value is estimated by
extrapolating the linear part on the X-axis. The calculated energy band
gap values for pure BaTiO3, NiF2eO4 and BaTiO3/NiFe;04 are found to
be 2.32 eV, 1.81 eV and 1.62 eV. It can be seen that the composite has a
slightly lower narrow band gap than the pure samples. These values
demonstrated that the obtained samples exhibit a srong absorption in
both UV and visible light regions.

3.1. Photoelectrochemical (PEC) properties

The PEC water splitting of the pristine as well as BaTiO3/NiFe304
composite samples have been investigated by using linear sweep vol-
tammetry (LSV) under simulated sunlight irradiation. Fig. 7a shows the
LSV of the BaTiOs, NiFe;04 and BaTiO3/NiFe;04 composite. The com-
posite based photoanode yields a photocurrent density of 0.34 mA/cm?
at 1.6 V vs SCE reference electrode, while the photocurrent of pure
BaTiO3 (0.28 mA em™2) and NiFey04 (0.22 mA cm™2). The increased
photocurrent density of the composite based sample can be ascribed to
the increasing of active area and light absorption. The separation of
photo induced electron-hole pairs and enhanced visible light absorption
at the photoanode and electrolyte interface are the reasons for an
enhancement of photocurrent density. The composite sample can
enhance the light absorption in visible region due to its narrow band gap
compared to BaTiO3 and NiFe;O4 samples.

The surface defect such as oxygen vacancy play a significant role on
the PEC performance of the samples [24] which can be acted as a trap
center for the excited electrons. In our case, the surface oxygen vacancy
and narrowing band gap have showed an impact on the photo-
electrochemical properties which in turn corroborate with the results
obtained by XPS and UV-Vis analyses. .

The electrochemical impedance spectroscopy (EIS) measurement is
an effective method to study electrochemical behavior, especially
charge transfer phenomena at the electrode-electrolyte interface. Fig. 7b
shows the Nyquist impedance curve of the BaTiO3-NiFe;O4 composite in
1 M KOH solution under dark and simulated in sunlight irradiation in the
frequency range of 100 kHz-100 MHz. From the figure, it is observed
that the Nyquist curve semi-circle under light has comparatively smaller
diameter than that in the dark, indicating improved separation of the
charge carrier under light irradiation [25]. Fig. 7c shows the Nyquist
curve for BaTiOs, NiFe;O4 and BaTiO3-NiFe;O4 composite under
simulated sunlight irradiation. It can be observed from the figure that
the semi-circle of the Nyquist curve of BaTiO3-NiFeO3 composite is
much smaller than BaTiO3 and NiFe;O4 alone. This decrease in diameter
increases the efficiency of the transfer and separation of photo-created
electrons and holes, enabling the photocatalyst’s improved efficiency
[26].

The inset in Fig. 7c shows the equivalent circuit (three RC circuit) use
to simulate the impedance response of BaTiOs3, NiFe,O4 and
BaTiO3-NiFeyO4 composite to evaluate the charge transfer resistance
(Re) by fitting the Nyquist curve of BaTiOs, NiFeyO4 and
BaTiO3-NiFey04 composite and it is shown in Table 1. The R of BaTiOs3,
NiFe;04, and BaTiO3-NiFe,O4 composite are computed to be 172.1
x10%, 160x10%, and 106.3 x10%, Q respectively. The various electro-
chemical parameter fitting values are shown in Table 1. The decrease in
charge transfer resistance of BaTiO3-NiFe;04 composite increases the

charge transfer rate at the electrode and electrolyte surface. The
mechanism of charge transfer in BaTiO3-NiFe;O4 composite minimizes
the recombination rate of electron-hole pairs; as a result, the availability
of hole and electron increased the photocatalytic reaction [16].

4. Conclusion

In the present investigation, a series of photoelectrodes such as
BaTiOs3, NiFe304 and BaTiO3-NiFe;04 composite have been prepared by
facile hydrothermal approach and employed them as the promising
electrodes for PEC water splitting. The morphological features of the
composite sample has revealed that it consisted of hierarchical combi-
nation of nanoparticles along with nanorods. As compared to bare
BaTiOs, and NiFe,O4 samples, the composite sample has exhibited
narrow band gap which indicates its srong absorption properties in both
UV and visible light regions. The composite photoanode yields a
photocurrent density of 0.34 mA/cm? at 1.6 V, while the photocurrent of
pure BaTiO3 (0.28 mA cm-2) and NiFe304 (0.22 mA cm-2) which in
turns to suggest it as an alternative promising photoanode for PEC water
splitting and clean Hj energy production.
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