¥® ROYAL SOCIETY

Materials
PP OF CHEMISTRY

Advances

View Article Online

View Journal | View Issue

Treatment of chromium-contaminated water
using a highly efficient, novel ternary synergistic
S—-rGO-BiOBr—In,S3s heterojunction

’ '.) Check for updates ‘

Cite this: Mater. Adv., 2024,
5, 9626

*3 Prasanta Kumar Sahoo,”
2 and Prangya Ranjan Rout®

Satyanjib Sahoo,® Naresh Kumar Sahoo,
Soumya Mishra,® Arun Kumar,“ Brundabana Naik

The goal of the current study is to form a Z-scheme heterojunction between narrow band gap In,Ss
(indium sulphide) and wide band gap BiOBr (bismuth oxobromide) to minimize the photoinduced charge
carrier recombination and increase the visible light harvesting capacity of the nanocomposite for Cr(vi)
elimination from polluted water. The exfoliated and corrugated S-doped rGO (sulphur-doped graphene
oxide) were used to enhance the surface area and conductivity, encourage nucleation, and act as anchor
sites for interfacial contact between BiOBr and In,Ss to facilitate efficient charge transfer. In this work, a
BiOBr—In,S;—SrGO nanocomposite was successfully synthesized by a facile hydrothermal method. The
optical and physicochemical properties of the synthesized nanomaterials (NMs) were characterized using
XRD, FTIR, FE-SEM, EDAX, HRTEM, XPS, UV-DRS, Raman and photoluminescence spectroscopy. The

Received 25th April 2024, results reveal that almost 96.6% Cr(vi) removal was achieved from an initial Cr(v)) dose of 100 mg L™* by

Accepted 4th November 2024 the nanocomposite within 2 h under the illumination of solar light. On the other hand, the Cr(vi) reduction
was limited to 33.4% and 30.9% using the individual NMs of BiOBr and In,Ss, respectively. The reduction of

Cr(v)) follows pseudo-first-order kinetics. The calculated apparent rate constant (K,op) of the nanocompo-
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1. Introduction

Chromium (Cr(vi)) is highly toxic and bio-accumulates in the
food chain. Its presence in natural water and industrial waste-
water streams is a significant environmental and public health
risk.! Furthermore, among the hazardous environmental pol-
lutants, Cr(vi) ranked third and is released from effluents of a
number of industries; for example: electroplating, textile,
dying, tanning nuclear power, and photographic sectors.>
According to recent reports, wastewater typically contains 10-
100 mg L' of Cr(v1).> As per the World Health Organization
(WHO), the permissible limit of Cr(vi) is less than 0.05 mg L *
in drinking water.* In general, Cr(vi) penetrates the cell wall
quickly, causing cancer, and damage to the liver, kidneys, and
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site was 3 times more than the individual NMs of BiOBr and In,Ss, with an excellent recycling activity.

nerve tissue.” Several techniques have been reported to remove
Cr(vi), including ion exchange, chemical precipitation, electro-
chemical processes, membrane filtration, and adsorption
methods. These methods have many drawbacks, including
the fouling of membranes, production of carcinogenic by-
products, ineffective removal, and high cost.® One of the most
promising methods for the effective removal of Cr(vi) is the
reduction of Cr(vi) to Cr(ur) because Cr(w) is less toxic, and can
be easily precipitated and removed as Cr(OH); from contami-
nated water.” Compared with other methods, photocatalytic
reduction of Cr(vi) is more effective and low-cost, and does not
produce any hazardous by-products.® However, many chal-
lenges still exist in the photocatalytic reduction process, such
as inefficient solar light harvesting, high rate of charge carrier
recombination, and inability to remove the high-strength real
Cr(vi) wastewater samples. Thus, the photocatalytic reduction
process must be improved to meet the discharge standard.’
BiOBr is an indirect bandgap semiconductor. The unique
electronic structure of BiOBr, especially its abundance of Bi 6s
orbitals that come from the conduction band (CB) and valence
band (VB), produces a tenable electronic state and high charge
mobility that promote higher photocatalytic activity.'®"" Never-
theless, the primary issue with BiOBr as a photocatalysts is the
high band gap energy of 2.81 eV that prevents them from fully

© 2024 The Author(s). Published by the Royal Society of Chemistry
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harvesting solar irradiation, especially in the visible spectrum.
Furthermore, the low affinity between pollutants and photo-
catalysts, together with the inadequate specific surface area,
inhibit the overall photocatalytic activity.'* Similarly, In,S; is
the ideal choice to enhance the optical characteristics and
physical structure of nanomaterials (NMs) for boosting photo-
catalytic activity. Because of its excellent stability and high
photosensitivity, In,S; with a narrow band gap of 2.0-2.3 eV
has been employed extensively as a photocatalyst. However,
under visible light excitation, the photogenerated holes pro-
duced by In,S; can react with S>~ of the photocatalyst, resulting
in catalyst deactivation.'® It is also found that In,S; has a low
photocatalytic nature due to its low mass transfer and high
charge carrier recombination rate. These problems have
become a bottleneck for effectively developing and applying
sulphide-based semiconductors such as In,S;."* Hence, in this
work, a Z-scheme heterojunction has been fabricated between
BiOBr and In,S; to overcome these issues and enhance its
photocatalytic efficiency. Similarly, reduced graphene oxide
(rGO) is growing in popularity because of its remarkable
qualities, which include a high functional group density, an
enormous specific surface area (2600 m> g~ '), excellent electron
conductive properties (15000 m* V- ' s7'), high chemical and
thermal stability, and more. Therefore, it has also been
proposed that rGO is an ideal option as a promoter or catalyst
carrier. Additionally, the delocalized = electron in sp> carbon
can increase the electron mobility in rGO." Furthermore, S-
doped rGO was used in the nanocomposite to facilitate efficient
charge transfer, which encourages nucleation and acts as an
anchor site for interfacial contact between BiOBr and In,S;. In
addition, SrGO can significantly increase the structural stability
and reaction kinetics and reduce the photo-generated electron—
hole recombination ratio, thus boosting the movement of
electrons and ions, especially across the interface.'®

The present study synthesized a novel S-rGO-BiOBr-In,S; Z-
scheme heterojunction using a hydrothermal method to
remove Cr(m) from contaminated wastewater. The morpholo-
gical and structural and elemental characterizations of the NMs
were performed using XRD, FTIR, FESEM, EDX, HRTEM, XPS,
UV-DRS, photoluminescence, and Raman spectroscopy analy-
sis. The kinetics of Cr(ur) removal by the nanocomposite was
evaluated, and the Cr(vi) reduction mechanism was thoroughly
explained. In addition, the reusability capacity of the nanocom-
posite for Cr(vi) removal was investigated.

2. Materials and methods

2.1. Materials

Analytical grade Bi (NOs);-5H,0, hydrazine hydrate, H;PO,,
and 1,5-diphenylcarbazide (DPC) were purchased from
Merck, India. Graphite powder, Na,S-9H,0, was purchased
from LOBA chemicals, India, and In,03-5H,0 from Burgoyne
India. All other chemicals and reagents were of laboratory and
analytical grade.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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2.2. Methods

2.2.1. Synthesis of BiOBr. BiOBr was prepared as reported
in the literature."” Solution A was prepared by dissolving 2.43 g
of Bi (NO3);-5H,0 and 0.24 g of citric acid in 20 mL of deionized
water. Solution B was prepared by dissolving 0.6 g of KBr in
20 ml of ethanol. Then, solution B was dripped into solution A,
which was then stirred for 30 min. The resulting solution was
kept at 180 °C for 24 h in a hydrothermal autoclave lined with
Teflon. The resulting mixture was centrifuged at 10 000 rpm for
10 min. The residue was rinsed with deionised water to remove
any potential ionic species, and then dried overnight at 60 °C to
obtain the final product.

2.2.2. Synthesis of In,S;. In,S; was produced by hydrother-
mal methods, as reported in the literature.'® Solution A was
made by dissolving 0.333 g of In,05-5H,0 in 40 mL distilled
water. In another beaker, 0.720 g Na,S-9H,0 was dissolved in
40 ml distilled water, named solution B. After being fully
dissolved, solution B was added dropwise to solution A. The
pH of the resultant reaction mixture was adjusted to 2.8 by
adding diluted HNOj;. The resulting solution was then kept at
180 °C for 24 h in an autoclave lined with Teflon. Then, the
acquired orange precipitate was frequently rinsed with deio-
nized water and ethanol. It was then dried for 12h at 90 °Cina
vacuum oven to obtain the final In,S; NMs.

2.2.3. Synthesis of SrGO. Graphite oxide was prepared
using a modified Hummers’ process.'® In an ice bath, 80 mL
of cold, concentrated H,SO, was mixed with 2 g of graphite
powder. Then 4 g of NaNO; and 8 g of KMnO, were added
slowly under continuous stirring for 4 h at 10 °C. The mixture
temperature was then retained at 35 °C for 4 h. Furthermore,
the resultant slurry was diluted with 200 mL of deionized water
and stirred for another 1 h. 15 mL of 30% H,O, solution was
added to stop the reaction. The resulting GO mixture was
centrifuged at 10000 rpm for 10 min and rinsed a number of
times with water and 100% ethanol. The obtained product was
then dried in a vacuum oven at 50 °C for 24 h. The SrGO was
synthesized according to Tian et al.*® 1 g of earlier prepared GO
was dissolved in 300 mL distilled water and sonicated for
20 min. After that the solution was purged with nitrogen gas
for 10 min. Then, 0.5 mL of hydrazine hydrate was mixed with
the solution and sonicated for another 10 min. Then, 3 g of
Na,S was added to the solution. The obtained solution was
refluxed at 80 °C for 8 h. Then, the acquired residue was
repetitively rinsed with deionised water and ethanol and dried
at 65 °C in a vacuum oven.

2.2.4. Synthesis of the BiOBr/In,S;/SrGO nanocomposite.
A BiOBr-In,S;-SrGO heterostructure was prepared using the
hydrothermal technique. Solution A was prepared by taking
0.333 g In,03-5H,0 in 40 mL of distilled water. Solution B was
prepared by dissolving 0.720 g Na,S-9H,0 in 40 mL distilled
water. After being fully dissolved, solution B was added drop-
wise to solution A. 330 mg of BiOBr and 500 mg of SrGO were
added to the sample. The pH of the solution was retained at 2.8
using diluted nitric acid and then sonicated for 15 min. The
resulting solution was then kept at 180 °C for 24 h in an
autoclave lined with Teflon. The obtained product was
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centrifuged at 10000 rpm for 15 min. The residue was col-
lected, repetitively rinsed with deionised water and ethanol,
and then dried for 12 h at 90 °C in a vacuum oven to obtain the
final nanocomposite.

2.2.5. Experimental set up. The Cr(vi) removal activity of
the synthesised NMs was assessed under the irradiation of
solar light. 5 separate 25 mL conical flasks were filled with 25,
50, 100, 150, and 200 mg L' Cr(vi) solutions. To eliminate
dissolved oxygen, from each flask N, gas was sparged for 5 min.
Then, 1 g L™, i.e. 25 mg of BiOBr-In,S;-SrGO nanocomposite,
was supplemented to each flask containing 25 ml of solution.
In another conical flask, a 100 mg L™ Cr(vi) solution was taken
without adding nanocomposite and labelled as a control
solution. All the conical flasks containing Cr(vi) solution were
kept in dark conditions for 15 min. After that, the photocata-
lytic experiment was conducted with continuous stirring under
solar irradiation. Sample solutions from each flask were col-
lected at regular intervals and centrifuged at 10 000 rpm for 15
min. The collected supernatants were employed to measure the
remaining Cr(vi) concentration.

2.2.6. Analytical method. In order to validate the precise
synthesis of the NMs, an X-ray powder diffractometer with a
CuKa (2 = 1.5405 A) radiation source was used to perform XRD
analysis across a wide range of Bragg’s angles (20° < 20 < 80°)
(Model: Rikagu Ultima Japan). The Miller indices, unit cell
parameters, and crystal structure of the NMs were all computed
employing the X'Pert Highscore Plus software. The molecular
vibration and functional groups of the synthesized NMs were
investigated by FTIR analysis (Jasco FT/IR-4600 LE, Varian
spectrophotometer). The prepared NMs structural configu-
ration and vibrational modes were studied using a Raman
microscope equipped with a green 532 nm laser (Renishaw
Invia). Using photoluminescence (PL) spectra, the recombina-
tion of photo-generated charge carriers was investigated
(Edinburgh FLS 1000) at 488 nm, 532 nm, 633 nm, and
785 nm excitation wavelengths. The NM morphology, size,
and distribution were examined using FE-SEM Gemini SEM
450 equipment with LaB6 and tungsten as the filament source.
The energy dispersive X-ray spectroscopy (EDAX) equipment
(FESEM - ZEISS Company, Oxford Instruments) connected to
the FESEM was used to carry out the elemental analysis of
the synthesized NMs. The investigation was carried out with a
10 kV electron beam in plain view mode. For each nanomaterial,
the values of La and Ka energies were specified. The morphology
of the prepared NMs was studied utilising transmission electron
microscopy (TEM) with a Tecnai G2 20 S-TWIN [FEI] electron
microscope running at 200 kV. The apparatus has a 0.14 nm
line resolution, 0.24 nm point resolution, and 1.0 nm STEM
resolution. The surface composition of the nanoparticles was
examined using X-ray photoelectron spectroscopy (XPS) using a
Thermo VG Scientific MULTILAB instrument with AlKa radiation
as a monochromator. Employing Shirley-type background and
Lorentzian-Gaussian functions, the XPX peaks 41 software
deconvoluted the XPS peaks. For electrochemical Mott-Schottky
measurement, 0.1 M Na,SO, electrolytic solution was employed.
The data were recorded by a 3 electrode system employing a
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Multi Autolab/M,0, electrochemical workstation (Netherlands,
Metrohm Autolab B.V.), where, Ag/AgCl (3 M KCl), platinum
wire, and photocatalyst coated over graphite sheet were applied
as the reference, counter, and working electrode, respectively.
Before the initiation of the electrochemical experiments, Ar gas
was purged for 20 min to eliminate oxygen or any other gas
adsorbed on the surface of the sample. For the Mott-Schottky
analysis, the samples were scanned varying from —1 V to +1 V
(vs. Ag/AgCl and then transformed to potential vs. NHE). The
NMs optical absorbance and band gaps were estimated using a
UV-visible diffuse reflectance spectrophotometer (UV-Vis DRS;
JASCO, Japan). The bandgap energy of the prepared NMs was
calculated using Tauc’s equation as follows:

ahv = A(hv — Ey) (1)
where,
1240
Ey(eV) == )
G

In which A is a constant, E, represents the band gap energy,
v is the photon frequency, and % is the Planck constant. The S
factor, equal to 1/2 or 2 for the indirect and direct and
transition band gaps, respectively, depends on the kind of
electron transfer.”® A colorimetric method was used to assess
residual Cr(vi) concentration as depicted by APHA.>!

3. Results and discussion

3.1. Nanomaterial characterization

3.1.1. XRD analysis. The XRD analysis of the BiOBr, In,S;,
SrGO, and BiOBr-In,S;-SrGO nanocomposites is shown in
Fig. 1. Fig. 1(a) demonstrates the XRD spectra of BiOBr. The
prominent diffraction peaks at 26 values of 10.9°, 21.9° 25.1°,
31.6° 32.2° 39.3° 46.2° 50.6°, and 57.1° were indexed to the
(001), (002), (101), (102), (110), (112), (200), (104), and (212)
planes, respectively, indicating the tetragonal phase of BiOBr
(JCPDS card number 09-0393). Similar observations were also
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Fig. 1 X-ray diffraction patterns of (a) BiOBr, (b) In;Ss, (c) SrGO, and (d) the
BiOBr—In,Sz—SrGO nanocomposite.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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reported in the literature.”>** Furthermore, the XRD patterns
showed an apparent propensity to grow along the (102) and (110)
directions, as shown in Fig. 1(a).>* Diffraction peaks at 20 values
0f 13.9°, 23.7°, 25.0°, 27.5°, 28.7°, 31.4°, 33.3°, 35.4°, 43.7°, 47.9°,
51.0°, 56.1° and 59.6° in Fig. 1(b) were indexed to the (111), (220),
(300), (311), (222), (410), (400), (411), (511), (440), (600), (533) and
(444) planes, respectively. This observation matches JCPDS card

no. JCPDS-32-0456, 05-0722, which assured the cubic structure of

In,S3.>>*° Fig. 1(c) shows the XRD spectra of SrGO. The primary
diffraction peaks at 20 values of 26.4° and 43.2° were indexed to
the (002) and (102) planes, respectively. The appearance of a
maximum intensity peak at a 20 value of ~26.4°, which corre-
sponds to the characteristic (002) reflection, reveals the occur-
rence of parallel graphene layers in SrGO. The literature has
reported a similar observation.”” In Fig. 1(d), peaks of both
BiOBr and In,S; phases can be seen, which indicates the
successful formation of the BiOBr-In,S;-SrGO nanocomposite.
Nevertheless, no clear distinctive peaks of SrGO are seen in the
BiOBr-In,S;-SrGO nanocomposite; this could be because the S—

rGO sheets are not aggregating to the same extent.”®
The average crystalline sizes and lattice strains of the
synthesized NMs were calculated using the Williamson and
Hall (W-H) equation as shown in eqn (3).
fcos 0 = 4sin 0 + KA/D,

(3)

Here, 0 stands for the angle of diffraction, FWHM
(full width at half maximum), D stands for average crystal size,
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K represents the constant with a value of 0.89, and 4 denotes
wavelength with a value of 0.154 nm. With 4sin § on the X-axis
and cos 6 on the Y-axis, a plot is therefore created. The average
crystalline size is represented by the Y-intercept, whereas the
slope of the curve indicates lattice strain. In this work, the
average crystalline size of the BiOBr, In,S;, SrGO, and BiOBr-
In,S;-SrGO nanocomposites is 0.02 nm, 0.188 nm, 2.39 nm,
and 0.017 nm, respectively.

3.1.2. FTIR Analysis. Fig. 2 displays the FTIR spectra of
pure BiOBr, In,S;, StGO, and BiOBr-In,S;-SrGO nanocomposites.
As seen in Fig. 2(a), the appearance of a peak below 1000 cm ™'
designates the existence of Bi-O bonds, whereas the Bi-Br band
appears at absorption peaks between 1000 and 1500 cm™'. The
peak centered at 1613 cm ' represents the flexural vibration
mode of O-H in free water molecules.” Fig. 2(b) shows the FTIR
spectra of In,S;. The peak at 1600 cm ™' corresponds to the C=0
stretching vibration of the atmospheric CO, absorbed in the
sample.*® The peaks from 3200 to 3750 cm ™" show a vibrational
stretching mode of the OH group, which can be attributed to
water absorption on the sample.*" Prominent absorption bands at
around 1300 to 1600 cm™ ' and 574 cm ™' could be attributed to
In-S, which is consistent with the XRD patterns.*” FTIR spectra of
SrGO are displayed in Fig. 2(c). The O—C—0 starching revealing
the occurrence of oxygen in the S-rGO specimen is demonstrated
by the strong peak at 2359.48, and the C—C stretching vibration is
indicated by the peak at 1697.05. The occurrence of the OH group
is shown by the peaks at 3564.77 and 3819.33.">* Fig. 2(d)
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Fig. 2 FTIR spectra of the synthesized NMs (a) BiOBr, (b) In,Ss, (c) SrGO,
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Mater. Adv., 2024, 5, 9626-9640 | 9629


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ma00431k

Open Access Article. Published on 09 November 2024. Downloaded on 4/11/2026 11:39:33 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Materials Advances

illustrates the FTIR spectra of the BiOBr-In,S;-SrGO nanocompo-
sites. The absorption peaks at 574.8 and 813.07 cm ' of the
nanocomposite are ascribed to the Bi-O bonds, whereas those
between 1000 and 1500 cm ' are attributed to the Bi-Br band.
Similarly, the peaks between 3200-3700 cm ™" and 1644 cm ™' are
caused by the O-H stretch vibration of water and the C—=O
stretching vibration of carbon dioxide, absorbed on the nano-
composite, respectively. In addition, a prominent peak at 2359
em™ ' (O—=C=O stretching) is due to the occurrence of oxygen in
the SrGO. These results have authenticated that the BiOBr-In,S;—
SrGO hetero-structure has been successfully prepared.

3.1.3. Raman analysis. Raman spectroscopy investigation
is used to determine the structure and defects of NMs. Fig. 3(a)
represents the Raman spectra of BiOBr NMs. There are 2 A,
Big, and E, Raman active modes, as shown in Fig. 3(a). The
bands for BiOBr are designated to the A,, internal Bi-Br
stretching mode at 57.0, 91.7, and 112.1 cm ™. The Eig Bi-Br
stretching mode is attributed to the band at 160.7 cm *.**
The firm peaks confirm the excellent crystallinity structure of
the BiOBr NMs. Fig. 3(b) illustrates the Raman spectrum of
In,S; NMs. From Fig. 3 (b), distinct Raman peaks are observed
at about 274, 309, and 369 cm '. The A;; mode can be
attributed to the highly polarized Raman peak at 369 cm ™,
the F,, mode at 309 cm ', and the E, mode at 274 cm ">
These Raman peaks show a strong correlation with the pre-
viously reported In,S; NMs’ active mode in the cubic phase.*®?”
Fig. 3(c) illustrates the Raman spectra of SrGO. As seen in

View Article Online

Paper

Fig. 3(c), all of the peaks show a slight red shift (bands appeared
at 1351 and 1588 cm™ ') and narrowed, which might be due to
the reorganization of the structure during the reduction and
sulfonation process. When comparing SrGO (2.12) to pure GO, a
slight drop in the ID/IG ratio was observed. This suggests that
during SrGO’s reduction and sulfonation processes, a small
number of sp® defects associated to the oxygenation groups were
diminished.*®*° Fig. 3(d) shows the Raman spectra of the
nanocomposite (BiOBr-In,S;-SrGO). The peaks at 57.02, 69.67,
91.7, 112.1, 160.7, 222.5, and 267.5 cm™! represent the Raman
spectra of the nanocomposite. The bands at 57.02, 69.67, 91.7,
and 112.1 cm™ " are designated to the A, internal Bi-Br stretch-
ing mode. The band at 160.7 cm™" is attributed to the E,, Bi-Br
stretching mode. The appearance of a peak at about 267.5 cm™*
represents the in-plane E; vibration mode of In,S;. The above
peaks indicate the cubit structure of the BiOBr-In,S;-SrGO
nanocomposite. In summary, the findings of the Raman analysis
on the structure of BiOBr, In,S;, and the BiOBr-In,S;-SrGO
nanocomposite corroborate with the findings of the XRD study.

3.1.4. PL spectra analysis. The recombination rate of the
photoinduced charge carrier can be predicted using the photo-
luminescence spectral analysis. Lower photoluminescence inten-
sity denotes a minimum recombination rate of photoexcited
electron and hole pairs. Whereas greater photoluminescence
intensity indicates a high recombination rate of photogenerated
charge.” Fig. 4(a) shows the photoluminescence emission spectra
of the BiOBr, In,S;, StGO, and BiOBr-In,S;-SrGO nanocomposite.
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Fig. 3 Raman shift versus intensity of the synthesized NMs (a) BiOBr, (b) In,Ss, (c) SrGO, and (d) the BiOBr—In,Sz—SrGO nanocomposite.

9630 | Mater. Adv,, 2024, 5, 9626-9640

© 2024 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ma00431k

Open Access Article. Published on 09 November 2024. Downloaded on 4/11/2026 11:39:33 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

Paper Materials Advances
" 1.50
225000{ BIOBr —5e0 —BiOBr
In S, 80000 (763nm) 1.25 (b) —1In2S3
—|3ioar-|n253-5r<3oim1 91 — SrGo
1800004 H — BiOBr-In283-SrGO Nanocomposite
= (a) ! 531.00-
3' 25000 o N
3135000— §
65 00 750 | O _
% (470nm)  “eeesnin 2 b
s 6
2 @
£ 90000 2 0.50 4
(470nm) <
0.25 4
45000+ (465nm)
0.00 ; T T T — T
: . 200 300 400 500 600 700 800
=0 Wavelength (nm) 480 Wavenumber (nm)
18{[—inzs;
12 4
(c) (d)
14 4
5 91 .
© 3
= SETY
<o £
3
6 -
3 -
0- Eg=23ten i Eg = 2.35ev
4 6 1 2 3 4 5 6 7
Eg(ev) Eg (hv)
- ——BiOBr-In83-SrGO Nanocomposite
15
3
< 10
>
=
3
5
0 Eg = 1.25ev
7 1 2 3 4 5 6 7
Eg(hv) Eg (hv)
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NMs, and Willliamson-hall plots of (c) BiOBr, (d) In,Ss, (e) SrGO, and (f) the BiOBr—In,Ss—SrGO nanocomposite.

The PL spectra of BiOBr, In,S;, and BiOBr-In,S;-SrGO NMs were
obtained in the 400-600 nm emission peak range. The bare BiOBr
and In,S; have the highest emission peak, centered at 470 nm.***>
PL spectra of StGO were obtained in the emission peak range of
650 to 800 nm, and the emission peak centered at 763 nm, which
is in good agreement with the reported literature.*®> On the other
hand, the composite has the lowest emission peak at 465 nm. It is
evident from the figure that the photoluminescence intensity of
these NMs diminishes and reaches its lowest value in the synthe-
sized nanocomposite. This phenomenon indicated that the recom-
bination rate of photoinduced charge -carriers significantly
decreases in the nanocomposite. This observation is likely due
to the formation of the Z-scheme heterostructure between the
BiOBr and In,S; that improves the efficiency of photoinduced
charge transfer with high redox ability.**

© 2024 The Author(s). Published by the Royal Society of Chemistry

3.1.5. UV DRS analysis. In general, the light absorption
property heavily relies on the band structure of the semiconduc-
tor materials, severely constraining the photocatalytic activity.
Thus, UV-VIS DRS was used to compute the light absorption
characteristic of NMs.*” Fig. 4(b) shows the bathochromic
shift of the BiOBr-In,S;-SrGO nanocomposite with respect to
the individual NMs. The edges of In,S3, StGO, BiOBr, and BiOBr-
In,S;-SrGO have been redshifted (bathochromic shift) to
311.5 nm, 319.5 nm, 359 nm, and 462 nm, respectively, showing
that the formation of the nanocomposite improves the respon-
siveness to visible light. The band gaps of the produced
nanocomposite were determined using Tauc plots, as shown in
Fig. 4(c). The computed band gap energy (E,) of BiOBr is 2.81 eV,
which is well supported by many documents in the

literature.">"” The calculated E, value of In,S; is 2.35 eV, as
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shown in Fig. 4(d), which is well correlated by many reports in
the literature.”®* Fig. 4(e) shows the E, value of SrGO, which
increased slowly from 0.95 eV to 1.37 eV, implying that the
chemical modification of rGO with sulphate groups changed its
optical characteristics, almost identical to the reported
literature.”® The calculated Ey value of the BiOBr-In,S;-SrGO
nanocomposite is 1.25 eV, as shown in Fig. 4(f). As can be seen
from Fig. 4(f), BiOBr has a slightly low bandgap energy of
2.81 eV, which suggests that it has moderately visible light
absorption efficiency. After forming the nanocomposite, the E,
value was further reduced to 1.25 eV, and thus, the visible light
harvesting ability was effectively increased. This shows the
unique and productive interaction among the BiOBr, In,S;,
and SrGO in the nanocomposite.

3.1.6. FESEM micrographs. FE-SEM analysis was carried
out to observe the morphological features, distribution and size
of the prepared NMs. Fig. 5(a) shows a clear, heterogeneous,
rectangular 3D nanoplatelet structure of BiOBr with an average
scale of 200 nm. The formation of a nanoplatelet structure
offers a high surface area and improves the visible light
absorption ability. Further formation of the nanoplatelet geo-
metry with a high surface area enhances the contact area with
SrGO, facilitating the photogenerated charge transfer efficiency
and increasing the photocatalytic properties. A similar sheet-
shaped structure with a clear and smooth surface of BiOBr NMs
has been documented in the literature.>" Fig. 5(b) shows the FE-
SEM image of In,S; NMs. The FE-SEM image reveals a homo-
geneously distributed spherical and granular structure of In,S;
with an average scale of 300-400 nm.>” It is seen that the
particles are dense without pinholes.”® The FESEM image of
SrGO is demonstrated in Fig. 5(c), which reveals that the SrGO
surface displayed an interconnected 3D porous, corrugated,
and exfoliated structure. The conversion of GO to rGO is
accountable for this corrugated configuration. Further removal
of oxygen-carrying groups from the GO surface while converting
to rGO induces the formation of aggregated structures. The n-n

Fig. 5 FE-SEM micrographs of (a) BiOBr, (b) InySs, (c) SrGO, and (d) the
BiOBr-In,S3—SrGO nanocomposite.
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stacking phenomena of GO most likely causes the formation of
this aggregated structure."® Fig. 5(d) shows the high dispersion
and uniformity of the individual constituents of the BiOBr-
In,S;-SrGO nanocomposite. It is evident from Fig. 5(d) that a
bunch of uniformly distributed rectangular 3D nanoplatelets of
BiOBr and dense nanospheres of In,S; anchored on the corru-
gated, exfoliated, and 3D porous interconnected configuration
of S-rGO.

3.1.7. EDAX spectra analysis. The elemental compositions
of BiOBr, In,S;, SrGO, and the BiOBr-In,S;-SrGO nanocompo-
site were analyzed using EDAX spectroscopy. Fig. 6(a) demon-
strates the EDAX spectrum for the BiOBr, which revealed the
occurrence of a stoichiometric ratio of Bi, O, and Br in the NMs.
Based on the EDAX peaks, the amounts of O,, Bi, and Br
present in the BiOBr NMs are 51.8, 30.4, and 17.8%, respec-
tively. Fig. 6(b) displays the EDAX spectra of the synthesized
In,S; NMs. The In,S; is composed of indium at 90.1 weight%,
which is larger than sulfur at 9.9 weight%. The existence of a
stoichiometric ratio of In and S elements confirmed that the
In,S; NMs were well synthesized. In Fig. 6(c), the EDAX data of
SrGO confirm the occurrence of carbon (C), oxygen (O) and
sulphur elements in the NMs. According to the EDAX spectra,
the quantity of C in S-rGO is 81.9 weight%, much more than O,
which is 17 weight%. As sulfur was applied as a doping agent
only, the existence of S in the compound is very small, which is
1.1 weight%. Fig. 6(d) exhibits the EDAX spectra of the synthe-
sized BiOBr-In,S;-SrGO nanocomposite. Fig. 6(d) confirms the
presence of Bi, O, Br, In, S, and C in the BiOBr-In,S;-SrGO
nanocomposite. The nanocomposite has a larger weight per-
centage of carbon (46.4), bismuth (18.1), and indium (15)
compared to other elements present in it.

3.1.8. HRTEM micrographs. The heterostructure of the
BiOBr-In,S;-SrGO ternary nanocomposite was investigated by
HRTEM through morphological study. As shown in Fig. 7(a),
In,S; was found to consist of a spherical structure with average
sizes of 50 nm, whereas BiOBr was a 3D-nanoplatelet structure
with an irregular size and shape of average 400 nm, both of
which were decorated on the surface of sheet-like SrGO. The
HRTEM image that corresponded to the selected area in the
inset of Fig. 7(a) displayed lattice fringes with spacings of 0.324
and 0.284 nm. These fringes could be attributed to the In,S;
crystal plane (311), and the BiOBr crystal plane (102)
respectively.>® This aligns well with the XRD results.

3.1.9. Mott-Schottky plot analysis. In order to ascertain the
variations in the electrical characteristics of the BiOBr
photocatalyst, Mott-Schottky (MS) measurements were exe-
cuted by means of the impedance technique.’® Fig. 7(b)
shows the M-S curves of the n-type characteristics of BiOBr
and In,S;, respectively, due to the positive slope.’® The flat
potentials of BiOBr and In,S; are measured to be —0.30 V and
—0.95 V (vs. SCE), which are —0.06 V and —0.71 V (vs. NHE).
Furthermore, the slope of In,S; was significantly smaller
compared to BiOBr, revealing the generation of more
electrons in the In,S; and therefore comprising a higher
charge density for efficient Cr(vi) reduction in the Z-scheme
photocatalyst.”” Since the conduction band energy (Ecg)

© 2024 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ma00431k

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Open Access Article. Published on 09 November 2024. Downloaded on 4/11/2026 11:39:33 PM.

(cc)

Paper
15 ‘OKa1
ol
1.2 | BiMa
rLat
0.9 BiliB
0.6 .
| BrKa1
0.3 1 Bk
{ BiLG‘lBiLBZ
\':0_0 /T —_—
e 1.0 2.6 5.2 7.8 10.4 13.0
)
= K
g 40 CKa1
O
329
24
1.6 ¢
SKa1
0.0 |,
00 2.6 5.2 7.8 10.4 13.0

View Article Online

Materials Advances

25 | InLaA
20 °
1.5 |
10 || SKe
InMa
0.5
0.0
0.0 2.6 5.2 7.8 10.4 13.0
BrKa1
BiKpB1
BiLatgjLg2
- ey
0.0 2.6 5.2 7.8 10.4 13.0

Energy (KeV)
Fig. 6 Energy dispersive X-rays spectrum (EDX) of (a) BiOBr, (b) In,Ss, (c) SrGO, and (d) the BiOBr—In,Sz—SrGO nanocomposite.

0.8 A%, ----IBiC;Br
... .'. XX Y] n2 3
s (b) &
LL 0.6- B .
“i .0 ......
o .‘. .o. '..
- 0.41 : K
N :
| (/)] e B
Q2]
=
ool (095 Vi /(0.30 V)

40 05 00 05 10
Potential (V vs SCE)

Fig. 7 (a) TEM image of the BiOBr—In,Ss—SrGO ternary nanocomposite (Inset: HRTEM image of BiOBr—In,Ss—SrGO ternary nanocomposite). (b) Mott—

Schottky plot of BiOBr and In,Ss nanomaterials.

position is about 0.10 V above the flat-band potential, in the
present study the Ecp positions of BiOBr and In,S; were
calculated at about —0.16 V and —0.81 V, respectively, which
is well supported with the reported literature.*®*° By deducting
E, (bandgap energy) from the position of the CB minimum, one
can determine the VB maximum position®® and thus, in the
present study, the calculated VB of BiOBr and In,S; are 2.65 V
and 1.54 V, respectively.

3.1.10. XPS analysis. XPS measurements were carried out
to examine the valence states and chemical composition of
several components in the BiOBr-In,S;-SrGO ternary nano-
composite (Fig. 8). As shown in Fig. 8(a), bare In,S; shows
two distinct peaks located at 445.3 and 453.1 eV that were

© 2024 The Author(s). Published by the Royal Society of Chemistry

attributed to In 3ds,, and 3ds, of In*", respectively.®* Further-
more, the Bi 4f spectrum of bare BiOBr in Fig. 8(b) shows
characteristic peaks Bi 4f;, and 4fs5/, appearing at a binding
energy of 158.6 and 163.5 eV that were assigned to Bi*",
respectively.®”> Similarly, the binding energies of 468.6 and
469.8 eV in bare BiOBr in Fig. 8(c) correspond to characteristic
peaks of Br 3d (Br 3ds, and Br 3d;,).°* In contrast, when
comparing the BiOBr-In,S;-SrGO ternary nanocomposite in
Fig. 8(a—c) to bare samples, the In 3d states shifted to higher
energies, whereas the Bi 4f and Br 3d states shifted to lower
energies. Fig. 8(d) demonstrates the high resolution S 2p
spectra of bare In,S;. The two fitted peaks at 162.2 and
164.2 eV were attributed to S(2ps/,) and S (2p1,) of bare In,Ss,

Mater. Adv,, 2024, 5, 9626-9640 | 9633


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ma00431k

Open Access Article. Published on 09 November 2024. Downloaded on 4/11/2026 11:39:33 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Materials Advances

View Article Online

Paper

In 3d

(@) (b)

Intensity (a.u)
Intensity (a.u)

In,S3 BiOBr

—_
(@)
N—

Br3d

BiOBr-In,S -SrGO
) 1

Intensity (a.u)

Binding Energy (eV)

T T T T T T
460 455 450 445 440 170 168 166 164

Binding Energy (eV)

" Bind7i0ng En“ergy (gV)

T T T T
162 160 158 156 154 74 64

(e)

BiOBr-In S -SrGO

I
BiOBr-InISJ-SrGO 1

-OH

Intensity (a.u)

|
S |
Pin |

Intensity (a.u)

WA

BiOBr

! C-C/C=C

Intensity (a.u)

T T T
162 1 160 540

Binding E;;ergy (eV)

5;6 51’52 5;8
Binding Energy (eV)

T T T T T T
524 294 292 290 288 286 284 282

Binding Energy (eV)

Fig. 8 High-resolution XPS spectra of (a) In 3d, (b) Bi 4f, (c) Br 3d, (d) S 2p, (e) O 1s, and (f) C1s from the bare In,S3, BiOBr and BiOBr—In,Ss—SrGO ternary

nanocomposites.

respectively.®’ On the other hand, the two S 2p peaks of the
BiOBr-In,S;-SrGO ternary nanocomposite were shifted to a
higher binding energy of 161.4 and 160.2 eV, respectively,
and two more doublet peaks were observed at 164.7 and
163.1 eV, respectively. These were ascribed to the S 2p 3/2
and 1/2 peaks of the S-O bonds, which is well supported
with the reported literature.®® Two peaks, representing Bi-O
(530.2 eV) and -OH (531.8 eV), respectively, were seen in the
fitted O 1s spectra of BiOBr in Fig. 8(e).®® However, the BiOBr-
In,S;-SrGO ternary nanocomposite shows a new peak at
531.6 eV; however, it may be attributed to the S-O/C-O/C=0
bonds in S-rGO.°*°” In Fig. §(f), the deconvoluted C 1s core
level spectrum of the BiOBr-In,S;-SrGO ternary nanocompo-
site reveals four distinct peaks at 284.4, 285.7, 287.1, and
288.6 eV, which are attributed to C-C/C—C, C-O/C-S, C=0,
and O-C—=0, respectively.®® In comparison with the C 1s core
level spectrum of GO, the prominent peaks at C—=C and the
minor peaks at O-C=—O indicate that the GO was effectively
reduced during the synthesis process, confirming the presence
of reduced graphene oxide (rGO) in the BiOBr-In,S;-SrGO
ternary nanocomposite. Additionally, the peak at 285.7 eV
(C-0/C-S) demonstrated that the sulfur ion in the BiOBr-
In,S;-SrGO ternary nanocomposite was doped in the carbon
lattice to create SrGO rather than physically adsorbed on the
graphene sheets. Taking everything into account, it was evident

9634 | Mater. Adv, 2024, 5, 9626-9640

that, as seen in Fig. 8(a-f), each element’s binding energy state
in the BiOBr-In,S;-SrGO ternary nanocomposite had shifted
somewhat when compared to the pure samples. This suggested
that photo-excited electrons were moving from BiOBr to In,S;3
in the heterostructure through the S-doped rGO.>**° Because
the VB of In,S; is larger compared to BiOBr and due to the
outstanding electrical conductivity and storage ability of S-rGO,
the S-rGO can offer interfaces for photoinduced electrons in
the CB of BiOBr to combine with the holes of the VB of In,S;
in the composite photocatalysts, which may improve the hole-
electron pair separation efficiency. Therefore, a Z-scheme
model might describe the charge transfer pattern in this study.

3.2. Cr(vi) removal profile of the BiOBr-In,S;-SrGO
nanocomposite

The Cr(vi) removal profile under dark and visible light illumi-
nation conditions is shown in Fig. 9(a). From the figure, it can
be seen that when the heterojunction was kept under dark
conditions for 120 min, it exhibits no noteworthy Cr(vi) removal
(22%) at an initial 100 mg L' Cr(vi). Upon visible light
illumination for 120 min, Cr(vi) removal was increased to
96.6%. When exposed to visible light, the individual NMs of
BiOBr and In,S; had the lowest photo-reduction activity of 30.9
and 33.4%, respectively. On the other hand, the photo-
reduction of Cr(vi) is considerably enhanced to 96.6% using

© 2024 The Author(s). Published by the Royal Society of Chemistry
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the BiOBr-In,S;-SrGO nanocomposite. Table 1 provides a
comparative analysis of different photocatalytic systems
reported in the literature for Cr(vi) reduction under visible light
illumination. Compared to literature reports, the BiOBr-In,S;—
SrGO nanocomposite distinctively exhibits superior Cr(vi)
reduction activity compared to all other catalysts, as shown in
Table 1. The improved photocatalytic activity of the nanocom-
posite might be due to bathochromic shift and narrowing of the
bandgap energy with respect to the individual NMs, as dis-
cussed earlier in the UV-DRS analysis shown in Fig. 4(c-f). This
is also well supported by the lower photoluminescence inten-
sity of the nanocomposite than individual NMs, as shown in
Fig. 4(a). This result suggests that the recombination rate of
photogenerated charge carriers is inhibited, which in turn
increases the activity of photocatalytic Cr(vi) reduction. The
photocatalytic reduction of Cr(vi) was improved further by the
addition of S-doped rGO in the nanocomposite because it
enhanced the surface area, encouraged nucleation, and pro-
vided anchor sites for interfacial contact between BiOBr and
In,S;. Thus, the efficiency of electron flow increases, particu-
larly at the interface, which is further accelerated by delocalized
n electrons in the sp> carbon of rGO.">'® Additionally, S doped
r-GO prevents the rate of photo-excited charge carrier recombi-
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In,S;-SrGO nanocomposite at varying initial Cr(vi) doses. The
solutions having 25 mg L™" and 50 mg L' initial Cr(vi) doses
exhibit 100% reduction within 30 and 60 min, respectively.
Meanwhile, 96.6% of the Cr(vi) reduction was achieved by the
nanocomposite at 100 mg L™ of the initial Cr(vi) dose within
120 min. Whereas, Fig. 9b.1 shows the comparison between the
reduction efficiency of the BiOBr-In,S;-SrGO nanocomposite
under dark and visible light conditions at 100 mg L™ initial Cr
concentration. When the heterojunction was rendered to dark
reaction for 120 min, it revealed no substantial Cr(vi) reduction,
i.e., about 22% removal at an initial 100 mg L™" Cr(vi), which
was taken as a control. But when irradiated with visible light for
120 min, Cr(vi) removal was boosted, i.e., up to 96.6%.

3.3. Reduction profile of chromium at different pH

The Cr(vi) reduction experiment by the nanocomposite was
conducted with different pHs of 2, 4, 6, and 8 at 100 mg L™
initial Cr(vi) concentration and achieved almost 96.6%, 85.3%,
53%, and 47% removal, respectively. In this study, using a
BiOBr-In,S; Z-scheme heterojunction, the Cr(vi) elimination
efficacy was 96.6% at pH 2, while at pH 8, it was only 47% under
illumination of visible light within 120 min. Typically, Cr,0,>~
is the primary component under acidic conditions, while

nation. Fig. 9(b) shows the Cr(vi) reduction profile of the BiOBr- CrO,*>” in alkaline conditions.”” In an acidic environment,
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Fig. 9 (a) Demonstration of the Cr(vi) removal profiles by different individual nanomaterials and the nanocomposite at an initial dose of 100 mg L. (b)
Cr(vi) removal profiles by the nanocomposite at varying initial Cr(v)) doses (b.1) Cr(vi) removal profiles by the nanocomposite under visible light and dark
conditions. (c) Pseudo first order Cr(vi) removal kinetics at varying doses of Cr(vi). (d) Variation of the reciprocal of apparent rate constant profile at varying

initial Cr(vi) dose.
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Table 1 Comparative analysis of the BiOBr—In,Sz—SrGO nanocomposite’s Cr(vi) removal performance with that of other catalysts documented in the

literature

Experimental Initial pollutant
SL. no. Photocatalyst Synthesis method condition conc. (mg L") Cr(v1) reduction efficiency Ref.
1 MgCr,0,/WO;3 Sol-gel process Visible light 30 100% in 120 min 70
2 Cu,0/g-C3N, In situ wet chemistry Visible light 20 77.7% in 120 min 71
3 NiFe,0,/MOF-808 Mechanochemical Visible light 20 100% in 60 min 72
4 MnFe,0, and UiO-66-NH, Solvothermal Visible light 10 100% in 75 min 73
5 BiVO,/rGO Hydrothermal Visible light 10 97.6% in 30 min 74
6 FeVO,/Bi,O5;Br,/BiOBr One-step microwave irradiation Visible light 30 72.3% in 120 min at PH=6 75
7 BiVO,/FeVO,@rGO Hydrothermal Visible light 20 90.9% in 90 min 76
8 rGO-Sm,MoO;-TiO, Hydrothermal Visible light 10 96% in 70 min 77
9 ZnO-Bi,S; Solvothermal Visible light 20 95% in 120 min 78
10 BiOBr-In,S;-SrGO Hydrothermal Visible light 100 96.6% in 120 min This work

the photocatalyst surface was likely positively charged by the H"
ion, which aided in photoelectron migration and enhanced the
photocatalytic reduction of Cr,0,”~ to less hazardous 2Cr(m),
as shown in eqn (4).%° Additionally, the conversion of Cr(vi) to
Cr(m) may be facilitated by the high redox potential of Cr,0,>~
at very acidic environments.

14H" + Cr,0,° + 6e~ —2Cr(m) + 7H,O(acid)  (4)

Moreover, the zeta potential of the NMs is increased at lower
PH values, which also lessens the repulsive force of the NMs
against Cr,0,%> and boosts the Cr(vi) elimination rate. Despite
rGO having fewer hydroxyl (OH) and carboxyl (COOH) func-
tional groups than GO at low pH, these functional groups were
protonated to be positively charged and captured negatively
charged Cr(vi) ions (HCrO, ) via electrostatic attraction, lead-
ing to a comparatively high Cr(vi) adsorption.®’ Because the
Cr(v1) ions adsorbed on GO could readily absorb photoinduced
electrons, the photoreduction rate of Cr(vi) increases with the
number of Cr(vi) ions adsorbed on GO. Conversely, as the pH
increases, the OH and COOH groups on GO deprotonated to
exhibit a significant quantity of negative charge, thus causing
substantial electrostatic repulsion between Cr(vi) ions (CrO, >7)
and the rGO, which decreased the Cr(vi) adsorption.®" Never-
theless, Cr(v1) ions occurred in the form of chromate (Cr0,>"),
under alkaline environments, whose reduction products readily
converted to Cr(OH); and precipitated, as shown in eqn (5).

CrO4>~ +4H,0 + 3e~ — Cr(OH); + 50H (base)  (5)

This further weakened the photocatalytic reduction efficiency.*
As a result, the removal efficiency clearly declined at higher pH.

3.4. Kinetics of Cr(vi) removal using the BiOBr-In,S;-SrGO
nanocomposite

The photocatalytic process at liquid-solid interfaces can be
efficiently assessed by employing the Langmuir-Hinshelwood
kinetic model (LR model) as shown below:

de  CKk,
dt  1+KC

(6)

where K stands for the LR adsorption equilibrium constant
(1 mg™"), and r (—dC/d¢) represents the rate of Cr(vi) reduction
[mg L' min']. The ¢ stands for the period of light

9636 | Mater. Adv, 2024, 5, 9626-9640

illumination in min. The photocatalytic reduction rate constant
is denoted by k. (mg L™ '.min), and C is the dose of Cr(vi)
(mg L™Y). Eqn (6) can be simplified as follows by integrating it
at the Cr(vi) dose (C;) and light irradiation period ¢.

t= (Kik) In <%(:) +(Co — C1) [k (7)

where, the starting and equilibrium dose of Cr(vi) at time ¢ is
represented by C, and C,, respectively. When the values of C,
are very small, K. can be ignored, the above eqn (7) can be
simplified as follows:

In (%) = kKt = Kappt (8)
where the apparent first-order rate constant for Cr(vi) reduction
is denoted by K,,, (1/min). The pseudo-first-order kinetics
curve for the photoreduction of Cr(vi) by the nano catalyst is
depicted in Fig. 9(c). The slope of the plot between In Cy/C, vs. ¢
(time) was used to determine the rate constant (K,pp). The LR
kinetic model can be further simplified as shown below.®

1 1 Co

Kop &K e ©)

Fig. 9(d) displays the plot of 1/K,p;, against the initial Cr(vi)
concentration (Co). The higher correlation coefficient value
(R* = 0.97) indicates that the experimental data is well-fitted
with this LH model. The intercept and slope of the straight line
shown in Fig. 9(c) are used to estimate the values of the
photocatalysis rate constant (k;) and Langmuir-Hinshelwood
adsorption equilibrium constant (K). In this work, the k. and K
values are determined to be 0.818 min ' and —0.059 mg L™,
respectively. This shows that the rate of adsorption by the
nanocomposite is zero, while the rate of Cr(vi) reduction is
very high.

3.5. Regeneration and recycling of the BiOBr-In,S;-SrGO
nanocomposite

The regeneration and recycling capacities of the BiOBr-In,S;—
SrGO nanocomposite were tested, as reported in the
literature.®® Following the photocatalytic reaction, the BiOBr-
In,S;-SrGO nanocomposite was immersed in a 10% HNO;
solution for 1 h. It was then repeatedly rinsed with deionized

© 2024 The Author(s). Published by the Royal Society of Chemistry
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water and dried in a vacuum oven. The reborn BiOBr-In,S;-
SrGO nanocomposite was re-examined for its Cr(vi) removal
ability using a fresh Cr(vi) solution in the identical experimental
setup as discussed earlier. The Cr(vi) removal efficiencies in the
1st, 2nd, and 3rd cycles were 96%, 87%, and 81%, respectively,
at an initial dose of 100 mg L™ ". This finding indicates that
recycling the BiOBr-In,S;-SrGO catalyst is both convenient and
cost-effective.

3.6. Mechanism of Cr(vi) removal using the
BiOBr-In,S;-S-rGO nanocomposite

Upon visible light irradiation, the electrons exited from the VB
to their respective CB of both In,S; and BiOBr, forming a hole
in the VB. The work functions of BiOBr, SrGO, and In,S; are
6.25 eV,** 5.1 eV, and 3.95 eV®® respectively. The Fermi level of
a semiconductor can be estimated using the following formula:
E¢ = Eya.. — Wy, Where, Eg: represents the Fermi level, E,,. stands
for the vacuum level, and Wg: denotes the work function.?%7-58
Generally, the Fermi level is more negative the greater the work
function.®?"°* Hence, the Fermi level of BiOBr is more negative
compared to SrGO. Similarly, the Fermi level of SrGO is more
negative compared to In,S;. So, the photo-induced electrons
from the CB of BiOBr can straightforwardly migrate to the S—
rGO NMs through the Schottky barrier. In the meantime, the
electron from S-doped rGO NMs also transfers to the VB of
In,S;, due to the more negative Fermi energy of S-rGO com-
pared to the VB level of In,S;. Furthermore, in the present
study, this observation has been validated by Mott-Schottky
analysis. Applying Mott-Schottky analysis, the Ecg positions of
BiOBr and In,S; were calculated at —0.16 V and —0.81 V,
respectively. Similarly, Eyg positions of BiOBr and In,S; were
calculated at about 2.65 V and 1.54 V, respectively. This
observation clearly indicated that the movement of the e~
follows the Z-scheme pattern from the CB of BiOBr (—0.16 V)
towards S-rGO (E; 1.4 V) and then moves to the VB of In,S;
(1.54 V) and finally recombines with the holes of In,S; as shown
in Scheme 1. Thus, VB holes of In,S; and CB electrons of BiOBr
were annihilated efficiently preventing the photoexcited charge

Cr(VI)

2.0 A
Y~
A >

wl

Cr(II)

1.0

2.0—

3.0—

4.0

BiOBr

5.0 =t

Scheme 1 Mechanism of Cr(v)) reduction using the BiOBr—In,Ss—SrGO
nanocomposite.
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carrier’s recombination and consequently improving interfacial
charge transmission. Moreover, the S-rGO offers a larger
surface as well as SP*> hybridization and n-n conjugation,
considerably enhancing the mobility of photoinduced charge
carriers between BiOBr and In,Ss;. Finally, the electrons from
the CB of In,S; are used to reduce Cr(vi), as shown in Scheme 1.
Furthermore, the Ecg of In,S; (—0.81 eV)'™>* is substantially
more negative than the Cr(vi) reduction potential (1.33 eV versus
NHE'®), thus, the photoinduced electrons at the CB of In,S; can
efficiently reduce Cr(vi) ions to Cr(m) ion. Similarly, the Eyg of
BiOBr (2.65 eV)* is more positive than the reduction potential
of 0,/H,0 (1.23 eV against NHE),** thus, the photoinduced
holes at the VB of BiOBr can effectively oxidize 2H,0 to O, and
2H" simultaneously. The steps of the chemical reaction are
presented as follows.

In,S3/BiOBr + Av (visible) — In,S; (ecg”) + BiOBr (Ayg')
(10)
2H,0 + BiOBr (4hyg') - O, + 4H" (11)
Cr,0,° + 14H" + In,S; (6ecp ) — 2Cr(m) + 7H,O  (12)

4. Conclusion

A novel BiOBr-In,S;-SrGO Z-scheme photocatalyst was pre-
pared by a facile hydrothermal method. The XRD, FTIR,
Raman, UV-Vis DRS, FE-SEM, HRTEM, EDAX, XPS and PL
analysis verified that the nanocomposite was well prepared.
The results reveal that at an initial 100 mg L™" Cr(vi), almost
96.6% removal was achieved by the nanocomposite within 2 h
under the illumination of solar light. Furthermore, the esti-
mated apparent rate constant (K,pp) of the nanocomposite for
Cr(v1) reduction was found to be 3 times more than the indivi-
dual NMs. This might be due to the efficient inhibition of
electron-hole pair recombination, superior charge transfer by
formation of a z scheme heterojunction, and application of S-
doped rGO. FE-SEM of the nanocomposite proves the uniform
distribution of rectangular 3D nanoplatelets of BiOBr and dense
nanospheres of In,S; anchored on the interconnected 3D porous
S-rGO. The 3D nanoplatelet structure offers a greater surface
area, while the exfoliated and corrugated S-rGO structure facil-
itates charge transfer and thus enhances photocatalytic activity.
Furthermore, the BiOBr-In,S;-SrGO reveals outstanding stabi-
lity and can be reused for several consecutive cycles. Therefore,
this work offers a novel method for creating an effective Z-
scheme photocatalyst system for treating Cr(vi)}-contaminated
wastewater and provides an excellent prospect for application
in environmental and aquatic ecosystems.
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