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ARTICLE INFO ABSTRACT

Keywords: Visible light-driven photocatalysts with less charge transfer resistance and large separation are considered
Photocatalyst promising materials to address the challenges of environmental contamination. In this study, a nanocomposite of
LaFe;03/Sb,03

lanthanum ferrite and antimony oxide heterojunction (LaFe203/Sb203) was synthesized by facile hydrothermal
method for photocatalytic degradation of malachite green (MG) dye under the irradiation of visible light. The
synthesized nanocomposite was characterized by various analytical techniques including Fourier Transform
Infrared Spectroscopy (FTIR) for functional group analysis, X-ray Diffraction (XRD) for phase purity and crys-
tallinity, Scanning electron microscopy (SEM) for surface structure analysis, and energy dispersive spectroscopy
(EDS) for surface composition. Moreover, the surface areas of the prepared samples were determined by the
electrochemical double-layer capacitance (EDLC) using cyclic voltammetry. Impedance studies demonstrated
lower charge transfer resistance for the heterojunction as compared to lanthanum ferrite and antimony oxide.
The photocatalytic activity of the samples was checked for the decolorization of malachite green. It was observed
that the nanocomposite showed maximum response with 98% degradation of MG in 88 minutes. Scavenging
experiments established the involvement of hydroxyl radicals (OH) in the photodegradation mechanism of
malachite green, while recycling experiments demonstrated its reliability and long-term use as a photocatalyst.
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1. Introduction and bisphenol A (BPA) in the environment has resulted in serious health

problems [6-8]. Researchers across the globe are devoting their

Environmental contamination due to the rise in greenhouse gases,
the release of recalcitrant pollutants, and rapid industrialization is a
staggering problem of global concern. Environmental pollution is
enlisted among the top ten prioritized issues of the world, which we are
confronting in every facet of the biosphere [1,2]. Rapid industrialization
has resulted in dumping a vast number of recalcitrant pollutants into the
water bodies, thereby posing a serious threat to the quality and
composition of these water bodies. Various pollutants such as textile
dyes, phenols, volatile organic compounds, pesticides, fungicides, and
phthalates have been added to the environmental media and have
deteriorated their quality and standard [3-5]. In addition to pollutants,
the addition of several endocrine disruptors, such as 17-f-estradiol,
polybrominated biphenyls (BBPs), polychlorinated biphenyls (PCBs),
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persistent efforts to developing effective technologies to remediate and
mitigate the harmful effects of these contaminants. To date, several
techniques have been developed like adsorption method, coagulation,
flocculation, microfiltration, and precipitation [9,10]. But due to their
time-consuming nature, they face several drawbacks in the complete
degradation of pollutants. Photocatalysis using metal oxide nano-
materials is considered a sustainable technique to degrade organic and
inorganic pollutants [11-13]. Although, photocatalysis is considered a
signature technology for degrading pollutants, but its application is
limited because of the photocatalysts possessing wide band gaps.
Metal oxide nanostructures are being increasingly researched and
receiving considerable attention in photocatalytic and electrocatalytic
activities, because of their functional morphologies and peculiar
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Fig. 1. Synthetic Route for LaFe,03/Sb,03 (LaSb) nanocomposite.

properties [14,15]. The peculiar features of metal oxide-based photo-
catalysts are remarkably utilized for the reclamation and remediation of
contaminated environments. However, these metal oxide nano-
structures suffer serious drawbacks in light absorption and surface redox
properties, limiting their activities [16]. To overcome that, two different
metal oxides have been coupled to form a binary metal oxide, which can
improve the absorption as well as redox properties of the system.
Amongst all binary metal oxide nanostructures, perovskite oxides hav-
ing a composition of ABO3 are the most significant functional materials
due to their rich physical properties such as dielectric, ferromagnetism,
multiferroic properties, etc. Recent curiosity in nano techniques and
nanostructured materials has led to prodigious efforts directed at the
fabrication of low-dimensional perovskite oxide-based nanostructured
materials to improve and understand their innovative characteristics at
the nanoscale [17]. Usually, in the ABO3 perovskite structure, A-site is
engaged by alkaline earth metals or rare-earth metals, and B-site is
engaged by transition metal ions. Different rare earth perovskite man-
ganites have been explored to demonstrate a strong coupling between
their magnetic and structural order parameters. For example, a
magnetically induced structural phase transition has been observed in
Lag.g3Srg.17MnOs, indicating strong coupling between the local mag-
netic spin moments and the lattice structure. Furthermore, low-
dimensional perovskite oxides nanostructures such as nanowires,
nanorods, nanotubes, and nanofibers, show a significant character in
developing the next generation of metal oxide-based nanostructures. In
the past few years, much effort has been made in the synthesis of
perovskite oxide nanostructures by various methodologies. The func-
tional applications of perovskite oxide nanostructures are also explored
in the fields of wastewater remediation, energy harvesting, and solar
energy conversion [18,19].

Metal oxide-based materials have also shown excellent applications
in degradation processes due to large specific surface area, excellent
redox properties, good thermal stability, and fast electron transfer.
Various metal oxide and their composites have been utilized as photo-
catalysts like LaFeOs/g-C3Ny4, NiO, CuO, AgoS@NiO-ZnO, etc. Metal
oxide nanostructures have recently emerged as promising materials for a
variety of applications, including electrochemical trace pollutant
detection, photodegradation of textile dyes, immunosensing, tissue en-
gineering, energy storage, catalysis, and food packaging [20-23].
Among various metal oxide nanostructures, lanthanum-based nano-
structures have shown good catalytic properties, because of their high
thermal stability, electrical conductivity, and tunable properties
[24-26]. Although they are prone to oxidation, yet they have shown
excellent redox behavior, efficient catalytic activity, and increased
specific surface area. Moreover, these photocatalysts have shown low
band gaps and increased light absorption, which has made them po-
tential catalysts for photodegradation processes [27,28].

In the present study, we report the synthesis of lanthanum ferrite and
antimony oxide by sol-gel and hydrothermal methods, respectively.
Then the synthesis of binary LaFe;03/SboO3 heterojunction nano-
composite was done by hydrothermal method The synthesized nano-
structures were used as photocatalysts for the degradation of textile dye,
Malachite green which is a triphenylmethane dye generally used as a
fungicide, in paper coluring productions and also used in fabric

manufacturing industries. It is a cationic water-soluble dye that is a
probable cause of carcinogenesis, mutagenesis, chromosomal disorders,
and blockage of respiratory tract [29]. In the present work, the degra-
dation of malachite green dye under visible light irradiation was carried
out using LaFe;03/Sbo03 heterojunction nanocomposite as a catalyst.
The fabrication of binary metal oxide nanocomposite has an advantage
over individual counterparts in light absorption, redox activity, and
interfacial charge transfer.

2. Experimental section
2.1. Materials and chemicals

All chemicals used in the study were of analytical grade and free from
impurities. Ferric nitrate (Fe(NOs)3-9H20), Lanthanum Nitrate, (La
(NO3)3-6H20), antimony trichloride (SbCls), and ammonia solution
were purchased from Sigma Aldrich. Malachite green, Isopropyl alcohol,
benzoquinone, and sodium nitrate were purchased from Alfa Aesar.

2.2. Synthesis of Lanthanum Ferrite (LaFe203) nanostructure

Lanthanum Ferrite was synthesized by sol-gel method using citric
acid as a complexing agent [30]. The procedure involved the dissolution
of 5 mmol each of La(NO3)3-6H;0 and Fe(NO3)3-9H50 in 30 mL of
deionized (DI) water . After that, 10 mmol of citric acid was added, and
the mixture was magnetically stirred for 18 h at 80 °C. The gel obtained
after stirring was dried in an oven at 80 °C until an amorphous sample
was obtained. The amorphous mass was first calcined at 400 °C for 4 h
and then at 650 °C for 3 h. The compound was then cooled at room
temperature, and crushed in mortar and pestle to get a finely powdered
sample.

2.3. Synthesis of antimony oxide (Sb203) nanostructure

Antimony oxide was synthesized by hydrothermal method [23]. The
procedure involved the dissolution of 0.05 mol of antimony trichloride
(SbCl3) in 50 mL of deionized water at room temperature. Under
continuous stirring, the formation of a white insoluble precipitate took
place. After that, the pH was maintained at 10 with the addition of an
appropriate amount of ammonia (NHs3-H20) solution. The mixture was
vigorously stirred for about 30 min and then transferred into an 80 mL
Teflon-lined stainless autoclave. The autoclave was sealed and main-
tained at 120-180 °C for 10 h. After the reaction was complete, the
resulting white solid product was filtered and washed with water and
absolute alcohol several times. After drying in a vacuum at 60 °C for 3 h,
the white powder was obtained.

2.4. Synthesis of LaFe;03/ Sb203 heterojunction nanocomposite

The synthesis of LaFe,O3/ SboO3 heterojunction nanocomposite was
done by hydrothermal method. In a typical procedure, 2.0 mmol each of
La(NO3)3-6H0 and Fe(NO3)3-9H0 were dissolved in 60 mL of deion-
ized water. To this solution, 5 mmol of SbCl3 was added on continuous
magnetic stirring. After that, an appropriate amount of ammonia
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Fig. 2. FTIR spectra of LaFe,O3, SbyO3 and LaFe,O3 /SbyO3; (LaSb) nano-
structured materials.

solution was added and the mixture was magnetically stirred for 6 h.
After vigorous stirring, the mixture was transferred into a Teflon-line
stainless autoclave and heated at 180 °C for 16 h. The resulting pre-
cipitate was filtered, washed several times with DI water followed by
ethanol, and then dried at 80 °C to get the dark-colored LaFe;03/Sby03
heterojunction powder. Fig. 1, depicts the fabrication route of LaFe;03/
Sb,03 (LaSb) Nanocomposite.

2.5. Material characterizations

The functional group analysis was carried out by Perkin Elmer
spectrum-2 Fourier Transform Infrared Spectrometer. Phase purity,
lattice size, and morphology of the nanostructures were evaluated by
Schimadzu-6100 X-ray diffractometer of 40 Kv tube voltage and Cu Ka
radiations of wavelength 1.5418 A. The optical studies and band gap
analysis were done with a Perkin Elmer UV-vis NIR spectrometer. Sur-
face structure and elemental composition were investigated by scanning
electron microscope (JSM 6510 LV JEOL Japan) fitted with a 15 KeV
energy dispersive X-ray detector (EDS). Topography and selected area
diffraction was studied by Transmission electron microscope (JOEL-JSM
6360, Japan).

2.6. Cyclic voltammetry

Cyclic voltammetry was performed using three electrode system
PGSTAT204-Autolab instrument, with Ag/AgCl as the reference elec-
trode, glassy carbon as the working electrode, and platinum rod as the
counter electrode. All voltammetric experiments were carried out in 0.1
M Phosphate buffer at room temperature. Electrochemical Impedance
studies were carried out at an open potential of 10 mV using 1.0 mM
K3[Fe(CN)g] in 0.1 M KOH as a redox probe.

2.7. Photocatalytic test procedure

The photocatalytic reaction was performed in a Pyrex glass jacketed
photoreactor with outer and inner chambers with continuous water
circulation to maintain temperature. The irradiating lamp (halogen
lamp, 500 W, 9500 lm) was placed in the inner chamber and the dye
solution was fed into the outer chamber having an opening for molecular
oxygen. The Malachite green dye solution and the appropriate amount
of catalyst (1 mM with 1 mg L) were magnetically stirred for 30 min
before irradiation.

The photoreaction occurred in the outer chamber after the irradi-
ating lamp was turned on and the dye aliquots were taken after regular
intervals of time. These aliquots were centrifuged and then analyzed in a
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Fig. 3. XRD spectra of LaFe;O3, SbyO3 and LaFe;O3/Sb,O3 (LaSb) nano-
structured materials.

UV-vis spectrophotometer to measure maximum absorbance. From the
absorbance values, the degradation efficiency was deduced by Eq. (1).

Degradation efficiency = Cy — C,/Cy*100 (@D)]

where C is the initial concentration of dye and C; is the concentration
after the time (t).

3. Results and discussion
3.1. Fourier Transform Infrared spectroscopy (FTIR) analysis

FTIR was carried out to study the functional groups present in the
synthesized nanomaterials. The FTIR spectra of LaFe;Os, SboO3, and
LaFe;03/Sby03 are shown in Fig. 2. The peaks around 3200-3400 em!
corresponded to the O—H stretching vibrations of physisorbed water on
the surface. The peaks around 400-600 cm™! were attributed to M—O
and O—M—O peaks (M = La, Sb, Fe, etc.) [31]. In the spectrum of
LaFeOg, The peaks at 434 cm™! and 584 cm™! were credited to the vi-
brations of the Fe—O bond and La—O, The complexation process be-
tween citric acid and metal ions was established by transmission bands
at 1456 cm™!. Peak obtained at 2956 cm™! was attributed to the C—H
stretching. Bands allocated at 1738, 1356 cm ™! were ascribed to the
C=0, H—0O—H/carboxylate, bending vibrations of the water molecules
and nitrate groups respectively [32]. In the case of SbyO3 the absorption
bands at 452 cm ™, 556 cm ™!, 588 cm ™" and 694 cm™! were attributed
to the stretching frequencies of Sb—O, oxide bridge functional group
(0—Sb—O0) and symmetric and asymmetric vibration of SboO3 [33].

3.2. X-Ray Diffraction (XRD) analysis

The phase purity, crystallinity, and surface composition were
analyzed by X-ray diffraction (XRD) analysis. The XRD spectra of
LaFey0O3, Sby03, and LaFey03/SbyO3; Nanostructure materials are
depicted in (Fig. 3). In LaFey03, the peaks were centered at 22.51°,
32.12°,39.56°,46.15°, 57.32°, and 67.42° corresponding to 26 values of
(101),(121), (220), (202), (240), and (24 2) and matched well with
the JCPDS file PDF 00-037-1493 [34]. While in the case of orthorhombic
Sb,03, the peaks were well consistent with JCPDS card No. 11-0689
[35]. The peaks corresponded to 26 values of 19.36°, 25.44°, 28.38°,
31.98°, 32.9°, 33.86°, 36.52°, 44.36°, 47.04°, 50.48°, 54.72°, 59.12°,
60.98°, and 66.9° which corresponded to (110), (111), (121), (131),
(002), (012), (200), (042), (240), (161), (170), (242), (072), and
(271) planes. The average crystallite size of the prepared nanostructures
and the corresponding nanocomposite were elucidated by using the
Debye-Scherer formula (Eq. (2)) using the full width at half maximum
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Fig. 4. (a) UV-DRS spectra and (b) Tauc’s plots of LaFe,03, Sb,O3 and LaFe;O3 /Sby03 (LaSb) nanostructured materials.
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Fig. 5. SEM micrographs of (a) Sby03, (b) LaFe;Os, (¢ and d) LaFe;03/Sb,03 nanostructured materials at different resolution.

(FWHM) value of the main intense peak.

b kA
"~ pCos6

(2)

where ‘D’ is the average crystallite size of the nanostructures, f is the
FWHM value of the most intense peak, A is the wavelength k is constant
and 0 is Braggs angle. From Eq. (2), the average crystallite size of Sb2O3,
LaFey03, and LaFe;03 /Sby03 nanostructured materials was calculated
to be 33 nm, 54 nm, and 21 nm respectively which is in line with the
previous literature [34,36].

3.3. Optical properties

The optical properties were studied by Ultra-Violet diffuse reflec-
tance (UV-DRS) spectroscopy. The DRS spectra of LaFe;03, SboO3, and
LaFeyO3 /SbyO3 nanostructures are shown in Fig. 4a. The optical
absorbance of LaFe,O3 and Sb,03 nanostructured materials lied around
350 nm in the UV region while the optical absorbance of LaFe;03/Sby03
nanocomposite lied around 420 nm in the visible region. The shift in the
absorption towards the longer wavelength (red shift) can be due to the
formation of the interface at the junction of two different nanoparticles
which resulted in increased absorption in the visible region.

The optical band gaps were calculated from Tauc’s plots using Eq.

3):

hv.a = (Ahv —E,)"? ®3)

The above equation can be transformed to Kulbeka-Munk function
form in Eq. (4):

hv.F(R) = (Ahv — ;)" 4

where Eg is the optical band gap, F(R) is the K-M function, v is the fre-
quency of light and A is a constant. From the plot of (F(R) x hv)l/ 2 versus
hv (Fig. 4b), the optical band gaps of LaFe;0O3, SbyOs, and LaFey03/
Sb,03 Nanostructured materials were calculated to be 3.3 eV, 3.2 eV,
and 2.4 eV, respectively. The lower band gap of the composite LaFe;03/
Sby03 can be attributed to the better absorption in the visible region
which may increase its catalytic activity in the visible region.

3.4. Morphological and topographical studies

The surface morphology, topography, and surface composition of the
prepared composites can be studied by electron microscopy. The typical
SEM micrographs of LaFe;Os, Sb2Os, and LaFep03/SbyOs nano-
structures are shown in Fig. 5a-d. As seen in Fig. 5a, the SboO3, nano-
structures exhibited rough sphere-shaped morphology with porous
nature which is related to the catalytic activity. While the LaFe;Os,
nanostructure possessed rod-shaped morphology (Fig. 5b) with little
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Fig. 6. (a and b) TEM micrographs of LaFe,03/SbyOsnanocomposite at different magnifications, (¢) SAED pattern of LaFe;O3 /Sb,03 nanocomposite (d) EDS spectra
of LaFe;03/Sb,03 nanocomposite.
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Fig. 8. UV-Visible absorption spectra of Malachite Green in presence of (a) LaFe;O3, (b) Sby0O3 and (c) LaFe;O3/Sb,03 nanostructured materials under visible light
irradiation. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

agglomeration. The composite had irregular morphology with the Sb,O3
nanostructure being adhered to the surface of the LaFe;O3 nanostructure
(Fig. 5¢). The overall morphology of the nanocomposite depicted the
random distribution of Sb,Osz nanostructures over LaFe,;Os, nano-
structures which have led to increased reactive sites and probably may
have resulted in an increased surface area.

Further insight into the morphological structure of composite can be
gained from Transmission electron microscopy (TEM). Fig. 6a-b depict
the TEM images of LaFe;03/Sby0O3 nanocomposite at two different res-
olution powers. The TEM images clearly showed the heterojunction
formation between the Sb,O3 nanostructure and LaFe,O3 nanostructure,
the particles were irregularly distributed on one another with different
morphologies particularly the spherical morphology of SbyOs and
perovskite morphology of LaFe;O3 nanostructure. SAED patterns
(Fig. 6¢) depicted bright spots with concentric diffraction rings which
can be assigned to different crystal planes in a composite, suggesting a
polycrystalline behavior of the nanocomposite with crystal planes of
different nanostructured materials. Surface composition was determined
by energy dispersive spectroscopy (EDS) and from the EDS spectra of
LaFey03 /Sby03 nanocomposite, lanthanum, antimony, iron, and oxy-
gen were detected, as shown in Fig. 6d. The absence of any other
element demonstrated that no impurity was present in the synthesized
nanocomposite and no contamination occurred during the composite
formation.

3.5. Effective surface area measurement

The active surface areas of the prepared samples were determined by
the electrochemical double-layer capacitance (EDLC), by performing
cyclic voltammetry in a non-faradic range at different scan rates [37,38].
The cyclic voltammograms at different scan rates (20100 mVsec ™) are
shown in Fig. 7a. The electroactive surface area was calculated from the
slope of scan rate vs capacitive current (Fig. 7b), which was approxi-
mately equivalent to twice the double-layer capacitance (Cq)). From the
slope, the electroactive surface area of SbyOs3, LaFeyO3, and LaFe,03/
Sb,03 nanostructured materials were calculated to be 22 mF cm ™2, 30

mF cm™2 and 54 mF cm ™2 respectively. The increase in the surface area
of composite nanomaterial can be attributed to the effective hetero-
junction formation which may lead to an increase in surface active sites
and enhanced catalytic activity.

3.6. Electrochemical Impedance studies

Electrochemical impedance studies are performed to investigate the
electrode kinetics and interfacial interactions across the interfaces of
electrode reactions [39,40]. The EIS plots, also called as Nyquist plots
are used for determining the charge transfer resistances across the in-
terfaces. The EIS plots of LaFe;O3, SbyO3, and LaFe;O3/SbyO3 nano-
structured materials are depicted in Fig. 7c. From the spectra, it can be
seen that the A of SboO3 nanostructured material had maximum valu,
followed by LaFeyOs; nanostructured material and LaFe;O3/SboO3
nanocomposite. The lowest value was seen for LaFe;03/SbyO3 nano-
composite which can be due to fast electron transfer across the interface.
The formation of binary nanocomposite may have facilitated efficient
electron transfer and resulted in lower impedance which can prove
beneficial for the catalytic activity of composite.

3.7. Evaluation of photocatalytic degradation of dye and mechanistic
approach

The photocatalytic activity of the prepared nanostructured materials
was investigated for degradation and decolorization of malachite green
in aqueous media under visible light illumination. For the comparative
study of the photodegradation of the selected dye, the same amount of
each sample was utilized. A dye solution with an initial concentration of
Co was prepared, and 0.3 mg of LaFe;0O3, SboO3 and LaFe;03/Sby03
nanostructured materials were added to it in separate beakers. Before
irradiation, the samples were agitated for 20 min in dark to check the
adsorption/desorption equilibrium. In all the settings in dark, the dye
concentration does not change, suggesting very little or insignificant
adsorption. Then, the reaction chamber was irradiated with visible light
to form photoexcited charge carriers (electron (e7) and hole (h™), with a
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Table 1
Comparative study of the % degradation of Malachite green by various
nanocomposite.

Catalyst Degradation Time Light Catalysts Literature

system (%) duration used dosage

Fe doped 81 30 h Visible 19 mg/mL [47]
TiO2

Zn-Mn 93 2h uv 25 ppm [48]

ZnVFeO, 90.1 25h Visible 1.0 g/L [49]

ZnO/CNT 79 1h Visible 0.1 g/L [50]

Chitosan/ 80 1h Visible 0.2 g/L [51]
Ce-ZnO

LaFe;03/ 98 88 min Visible 1 mg/mL Present
Sbo03 study

125 W medium pressure mercury lamp (Philips) with an intensity of
UV-visible light ranging from 1.92 to 1.98 m W/em? [41]. After irra-
diation, aliquots at regular intervals were taken from the reaction
mixture and their corresponding concentration was determined by Beer-
Lamberts law using a UV visible spectrophotometer after centrifugation.
The UV-vis spectra of LaFeyOs, SboOs3, and LaFe;O3/SboO3 nano-
structured materials are depicted in Fig. 8a-c. The comparative activity
of the catalysts was examined and is depicted in Fig. 9a. It is evident
from Fig. 9a, that without the addition of the catalysts; the concentration
of the dye almost remained the same after 88 min, suggesting the
importance of photocatalysts in the photodegradation reaction. It is also
clear , that the degradation efficiency increased on forming hetero-
junction between LaFe;Os and SbyOs. The degradation efficiency of
Sb,03, LaFe,03, and LaFe,03/SbyO3 nanostructured material was found
to be 80%, 82%, and 98% respectively (Fig. 9b). The increase in pho-
tocatalytic activity can be due to an increase in reactive site, charge
transfer across the interfaces, and efficient absorption of visible light.
The increase in photocatalytic activity is well supported by a decrease in
charge transfer resistance in EIS studies and an increase in surface area

as shown in EDLC studies. The primary variables affecting dye degra-
dation are electrostatic interactions between anionic dye and the
cationic surface of the nanocatalyst, large surface area, and the presence
of reactive functionalities present on the surface of LaFe;O3/SbyO3
nanocomposites. The results were compared with already reported
literature and it was found that the LaFe;03/Sbo0O3 nanocomposites as
photocatalysts were much more efficient in both activity and execution.
The comparative results have been depicted in Table 1.

The kinetics of photodegradation were also studied using the
Langmuir-Hinshelwood first-order model (Eq. (5)) [42]:

C[]

In H Kyt ®)

where Cj and C; represent the dye concentrations at the time 0’ and ’t’
respectively, and "Kapp’ represents the apparent pseudo-first-order rate
constant. The rate constants calculated for LaFe;O3, SboO3 and LaFe,O3/
Sb,03 nanostructured materials were 0.00399 min~!, 0.00359 min~},
and 0.00523 min ! respectively. The kinetics of photodegradation is

represented in Fig. 9c.

3.7.1. Mechanism of photodegradation

The valence and conduction band edge potentials of the pure nano-
catalysts were used to investigate the photocatalytic mechanism, The
Eyp can be estimated using the following Eq. (6) [43]:

Eyy =X —E°+0.5E, (6)
where X denotes the electronegativity of the constituent atoms, E, de-
notes the band gap energy, and E® denotes the energy of free electrons (i.

e. 4.5 eV).
Whereas the catalyst’s Ecg was determined using Eq. (7) [44]:

Ecg = Evp — Eg @)

When a photon with hv energy from a visible light source collides
with the surface of NPs, an electron (e) in the valence band (VB)
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Fig. 10. Plausible Mechanism of Malachite green dye degradation on LaFe;O3/
Sb,03 nanocomposite heterojunction. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of
this article.)

becomes excited and jumps to the conduction band (CB), leaving a hole
(h™) in the valence band. Holes react with the hydroxyl groups of water
(H20) to produce hydroxyl radicals (OH®) in a very short time. The redox
potential of "OH/'OH and 03/03 is 2.38 V and —0.33 V (vs NHE)
respectively [45,46]. The valence band potential of LaFep,O3 was
calculated to be 2.43 V, which is more positive than the redox potential
of "OH/'OH and is sufficient to oxidize OH™ to ‘OH radical. However, the
conduction band potential of LaFe;O3 was calculated to be —0.02 eV and
that of SbyOs is 0.03 eV, which was much more positive than the redox
potential of 05/07, therefore, there is the least chance for the generation
of O3 radical, but the CB potential was sufficient for the formation of
peroxide radical (O2/H202, 0.685 eV vs NHE), which in turn can
generate "OH. These radicals may act upon the photocatalyst and
degrade them.

The electrons accumulated in the conduction band then combine
with dissolved oxygen molecules to generate peroxide radicals. As a
result, the generated reactive species ', h™, 03, ‘OH, H,0, react with the
pollutant for further degradation [47]. The plausible mechanism of dye
degradation over the surface of composite nanomaterial has been
depicted in Fig. 10.

Egs. (8)-(12) are the probable reactions for excitation and dye
removal mechanisms. LaSb + hv — LaSb (e ¢z + h™ vp) (8)

2H" + e ¢cp + O— Hz03 (9)

Hy05 + h' — «00H + H' (10)

H30 + ¢OOH — ¢OH + H30 + O3 (11)

Reactive species (¢OH, h™/ Hy0,/€") + Dye (organic pollutant)—
Degradation products (12)

(a) 0.006

Rate constant (min™")
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3.7.2. Role of reactive species

During the photodegradation reactions, various reactive oxygen
species (e, h', 03, *OH, H,0,) are generated, which play a crucial role
in the degradation of organic dyes and pollutants [52]. To investigate
the mechanism of photodegradation and to determine the dominant role
of reactive species in the degradation pathway, scavenging experiments
are been carried out. In scavenging experiments, various scavengers are
used and their effect was elucidated in terms of a decrease in the first-
order rate constant. The scavengers like isopropyl alcohol (IPA), ben-
zoquinone (BZ), sodium nitrate (SN), and ammonium oxalate (AO) were
added to the reaction mixture to quench different reactive and the
corresponding effect was examined in terms of a decrease in the rate
constant. As shown in Fig. 11a, the addition of scavengers had a pro-
nounced effect on photodegradation and had shown a decrease in the
first-order rate constant [53]. The decrease in rate constant was
maximum for IPA followed by BZ, SN, and AO. These results depicted
the involvement of all reactive species in the photodegradation process
but the major species were found to be hydroxyl radicals ("OH).

3.7.3. Recycling experiments

For a good catalyst, the first and foremost requirement is its recy-
clability and long-term storage. In our case, this property was checked
by carrying out recycling experiments. The recycling experiments were
carried out in the same manner as photocatalytic reactions carried above
and after each cycle, the catalyst was recovered through filtration, fol-
lowed by centrifugion and was dried and used in another cycle. The
same process was continued up to four consecutive cycles. It was
observed from Fig. 11b, that the catalytic activity was not much
decreased and was maintained at 86% after four recycling runs. The
slight decrease in the catalytic activity of the LaFeyO3/SboO3 nano-
composite after four runs may be due to the errors in retrieving the
ctatlyst or weight loss during the recovery. Thus, recycling experiments
demonstrated the recyclability and long-term storage of the prepared
nanocomposite.

4. Conclusion

In summary, the hydrothermal method successfully synthesized a
binary nanocomposite and utilized as a photocatalyst for the photo-
degradation of malachite green dye under visible light. The photo-
catalytic results demonstrate good redox behaviour and efficient charge
transfer kinetics across the heterojunction interface. The lower charge
transfer resistance and higher surface area of binary nanocomposite
have resulted in efficient degradation of organic dye in a short period.
The mechanistic details suggest major involvement of hydroxyl radicals
in the degradation pathway. The catalyst was seen to be recyclable with
almost the same efficiency after various recycling cycles.

(b) Fresh 1st Cycle nd e 3rd Cycle
-
)
]
>
o

\\ \

T
No Scavenger AO SN IPA BQ

Time (min)

Fig. 11. (a) Scavenging experiments for elucidation of degradation mechanism. (b) Recycling experiments to check the reliability and durability of the catalyst.
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