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1. Introduction

A novel GO hoisted ShO,—-BiOBr bifunctional
catalyst for the remediation of organic dyes under
illumination by visible light and electrocatalytic
water splitting¥

Manshu Dhillon,? Abhishek Naskar,? Neha Kaushal,”¢ Shekhar Bhansali,®
Avishek Saha (22 <€ and Aviru Kumar Basu (2 *@

It is imperative to develop affordable multi-functional catalysts based on transition metals for various appli-
cations, such as dye degradation or the production of green energy. For the first time, we propose a simple
chemical bath method to create a SnO,-BiOBr-rGO heterojunction with remarkable photocatalytic and
electrocatalytic activities. After introducing graphene oxide (GO) into the SnO,—-BiOBr nanocomposite, the
charge separation, electron mobility, surface area, and electrochemical properties were significantly improved.
The X-ray diffraction results show the successful integration of GO into the SnO,-BiOBr nanocomposite.
Systematic material characterization by scanning and transmission electron microscopy showed that the
photocatalysts are composed of uniformly distributed SnO, nanoparticles (~11 nm) on the regular nanosheets
of BIiOBr (~94 nm) and rGO. The SnO,-BiOBr-rGO photocatalyst has outstanding photocatalytic activity
when it comes to reducing a variety of organic dyes like rhodamine B (RhB) and methylene blue (MB). Within
90 minutes of visible light illumination, degradation of a maximum of 99% for MB and 99.8% for RhB was
noted. The oxygen evolution reaction (OER) and hydrogen evolution reaction (HER) performance was also
tested for the ternary nanocomposite, and significantly lower overpotential values of 0.34 and —0.11 V (vs.
RHE) at 10 mA cm™2 were observed for the OER and HER, respectively. Furthermore, the Tafel slope values
are 34 and 39 mV dec™? for the OER and HER, respectively. The catalytic degradation of dyes with visible light
and efficient OER and HER performance offer this work a broad spectrum of potential applications.

ments and using the resultant water as a source for reactions that
evolve oxygen (O,) and hydrogen (H,) are becoming more and

The energy research program has been redirected towards advan-
cing environmentally friendly and sustainable energy sources to
address the challenges posed by climate change and global
warming." Therefore, it is essential to switch to renewable energy
sources like sunlight, wind, tides, and water. The expansion of
industry has contaminated wastewater with organic dyes and
other chemicals that cause cancer.” Degrading the organic pig-
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more significant. Traditional methods of dye removal from waste-
water, including adsorption, biological treatment, and physical
separation, can often be inefficient, costly, or environmentally det-
rimental.’ To this end, photocatalytic water treatment utilizing
solar light has attracted a lot of interest. Photocatalysis, which
uses sunlight to break down organic pollutants into harmless
chemicals, has become a viable approach to clean contaminated
water.” Due to its potential for environmental remediation, photo-
catalytic degradation of organic pollutants, such as RhB, MB, etc.,
in wastewater has attracted much interest.® The wide use of
organic dyes from various industries, including textile, printing,
paper, and leather, is one of the most common problems. These
dyes pose severe dangers to the environment and human health
because of their resistance, toxicity, and ability to disrupt aquatic
ecosystems.” On the other hand, water splitting is gaining much
attention for hydrogen and oxygen evolution by using electrocata-
lysts and/or photocatalysts. Electrocatalysts made from noble
metals are crucial in electrochemical energy conversion processes.
However, their widespread use is hindered by their high cost and
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limited natural availability. Therefore, there is a pressing need to
develop durable and efficient electrocatalysts using affordable
elements abundant in the Earth’s crust.® This necessity extends to
catalytic reactions beyond the oxygen evolution reaction (OER) and
hydrogen evolution reaction (HER), such as dye degradation.
Consequently, extensive research has been devoted to crafting ver-
satile catalysts encompassing hydroxides, carbon-based sub-
stances, transition metal compounds, and various carbon
materials.” To this end, TiO, has emerged as the foremost choice
for photocatalytic applications due to its non-toxic nature, afford-
ability, notable activity, and durability."® Yet, its large band gap
limits its activity only under ultraviolet irradiation, constituting
approximately 4% of the solar spectrum. On the other hand,
visible light comprises 40% of the solar spectrum. Therefore,
designing a photocatalyst and/or electrocatalyst that shows its
degradation activity in the visible region and significant oxygen
and hydrogen evolution performance is the need of the hour.'
Recently, bismuth oxyhalides have attracted much interest due
to their distinct layered structures and superior photocatalytic
capabilities’® towards photocatalytic water splitting."* BiOBr
stands out because of its optimal band gap (~2.57 eV)."
Different morphologies of BiOBr, ranging from nanoflakes and
nanospheres to 3-D designs like nanoflowers, have been docu-
mented.” To decrease the recombination rate of photogenerated
electron and hole pairs in pure BiOBr, researchers have explored
numerous heterojunctions, with BiPO,-BiOBr, Cu,S-BiOBr,
BiOBr/C, and Bi,O5-BiOBr being notable examples.'®*® To this
end, the potential application of BiOBr in the photocatalytic
degradation of dyes, water splitting, antibiotics, phenols, etc., has
been widely reported.”® On another front, tin dioxide (Sn0,) is
frequently utilized in photodetection and photoelectrochemistry
due to its non-toxic nature, stable performance, and exceptional
optoelectronic properties.”’ Yet, its wider energy gap (Eg = 3.06
eV) combined with a greater likelihood of electron-hole pair
recombination limits its use in photocatalysis.>* Tin dioxide
(Sn0,) and bismuth oxybromide (BiOBr) have each proved their
potential as photocatalysts in the degradation of organic dyes
among other photocatalysts.>> While SnO, possesses excellent
electronic properties and relatively high electron mobility, BiOBr
stands out because of its suitable band gap and stability under
visible light irradiation. However, like many semiconductor
materials, they have some restrictions, such as insufficient light
absorption and fast photogenerated electron and hole pair recom-
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bination.”* Therefore, new strategies have been adopted to over-
come this problem, such as doping with a metal or non-metal,
heterostructure formation, etc.

Doping semiconductors with metal or non-metal elements
has become an effective strategy for the modulation of their
electronic structure and, consequently, to expand their absorp-
tion of light to the visible spectrum. A graphene derivative, GO,
which has a layered structure in two dimensions, has received
much interest lately due to its capacity to boost photocatalytic
and electrocatalytic performance.”®> GO offers several advan-
tages, such as increased light absorption, effective charge separ-
ation,®® and improved electron transfer.?® As per eatlier reports,
Sn0,-BiOX (X = Br,”” 1>*) has also been used for photocatalysis,
but there are no results for MB dye degradation. One of the sig-
nificant challenges faced by SnO,-BiOBr is that it has a high
recombination rate for the photogenerated holes and electrons.
This rapid recombination process reduces photocatalytic
efficiency, as fewer charge carriers are available to participate in
the photocatalytic reactions.”® The limited surface area of SnO,-
BiOBr can be a drawback as it provides fewer active sites for
photocatalytic and electrocatalytic reactions.”” As a result,
doping GO into semiconductors like SnO, and BiOBr may get
over their inherent constraints and increase their photocatalytic
performance and water splitting in concerted ways."**°

In this study, we present a simple chemical bath method
for a GO-doped SnO,-BiOBr nanocomposite, and this novel
nanocomposite shows excellent photocatalytic and electro-
catalytic performance. The distinct synthesis method allows
SnO, nanoparticles to be evenly distributed and integrated on
the surface of the rGO and BiOBr matrix, creating a clearly
defined heterojunction structure for visible spectrum acti-
vation. First, the nanocomposite is used as a photocatalyst to
degrade RhB and MB dyes. Compared to the earlier reports, as
shown in Table 1 our nanocomposite exhibits improved degra-
dation performance for MB and RhB dyes under 90 minutes of
visible light illumination. The combination of SnO,-BiOBr
with GO has been proved, by many characterization studies, to
increase the transient photocurrent response approximately
ten times as compared to the SnO,-BiOBr heterojunction23
and also increase photogenerated charge carrier separation
and their transportation, which lead to improved photo- and
electrocatalytic efficiencies®® and extend their light absorption
to the visible region. Finally, the nanocomposite was used as a

Table 1 A table for comparing various earlier reported photocatalytic performances of SnO,, BiOBr, and GO-based composites for the photode-

gradation of MB dye

Photocatalyst amount MB concentration

Dye degradation

Irradiation time

Photocatalyst (mg ml™?) (ppm) (%) (min) Light source

This study 0.4 20 99 90 Xenon lamp (>420 nm)

Sno, 0.3 10 90 30 uv*e

EDA-SnO, 0.1 20 96.3 90 250 W Hg lamp (400-700 nm)*°
GO/BiOBr 0.5 10 98 30 Xenon lamp®°

Sn0,-rGO 0.4 10 93 50 Xenon lamp (>420 nm)>*
ZnO-BiOBr 1 10 80 30 Xenon lamp®

SnO,-MoS, 0.2 100 58.4 120 85 W CFL*>®
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photoelectrocatalyst, which enhanced its OER and HER per-
formance with significantly lower overpotential and Tafel slope
values in the presence of visible light. To our knowledge, there
is no report on photocatalysis and photoelectrocatalysis using
the SnO,-BiOBr-rGO nanocomposite and no other material
shows all the properties together with this much enhancement
in photo- and electrocatalytic properties.

2. Materials used and synthesis route
2.1. Materials used

Potassium bromide (KBr) was obtained from Finar Chemicals.
Stannic chloride pentahydrate extra pure (SnCl,-5H,0, >98%),
sulphuric acid (98%), and rhodamine B (RhB) dye were pur-
chased from Loba Chemie, and bismuth nitrate pentahydrate
extra pure (Bi(NOj3);-5H,0, >98%), ammonium oxalate (AO)
(99%), isopropyl alcohol (IPA) (99%) and methylene blue (MB)
dye were purchased from SRL Chemicals. p-Benzoquinone
(p-BQ) was purchased from TCI. De-ionized water (15 MQ
cm ') was used for all the solutions, and ethylene glycol was
purchased from EMPARTA with 99% purity.

2.2. Synthesis route

2.2.1 Synthesis route of SnO,. 2.5 millimolar (mM)
SnCl,-5H,0 and 2.5 mM NaOH were combined with 12.5 ml of
DI and 12.5 ml of ethanol. After magnetic stirring for 1 hour,
the mixture was then placed on a hydrothermal system for
12 hours at 180 °C. To remove unreacted precursors, the
obtained product was centrifuged and then washed repeatedly
with DL.>*

2.2.2 Synthesis of BiOBr. 2.4 mM KBr and 2.4 mM Bi
(NO3)3-5H,0 were used. Both were added to a mixture contain-
ing 6 ml of DI and 14 ml of ethylene glycol.*® It was put on
magnetic stirring for about an hour. The solution mixture was
then dried in a hot air oven at 40 °C overnight to achieve a
certain concentration. Then the resulting BiOBr powder
sample was scrapped out from the Petri dish.
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2.2.3 Modified Hummers’ method for GO. Modified
Hummers’ method was used for the synthesis of GO. 1.5 ml of
H,SO, and 1 g of graphite powder were mixed, and then 0.5 g
of both K,S,05 and P,Os were added to the solution.*' This
mixture was put on stirring and, after that, left overnight to dry
to get a pre-oxidized graphite powder. 0.5 g of pre-oxidized
graphite powder was taken, to which 13 ml of H,SO, and 1.5 g
of solid KMnO, were added, giving a dark green color. Milli-Q
water was added under slow stirring until the mixture changed
from green to a chocolate brown color. Afterward, 2.5 ml of
H,0, solution was added so that the solution attained a bright
yellow color. The bright yellow settled-down mixture was
washed with 10% HCI and then with DI for pH control. The
resultant dark green mixture was the obtained GO solution
with a concentration of 15 mg ml™".

2.2.4 Nanocomposite preparation. 140.23 mg of SnO, and
36 mg of GO (15 mg ml™') were taken along with 4.8 ml of
BiOBr (25 mg ml ™). The mixture of GO and BiOBr was put on
magnetic stirring for 30 minutes. Then, this solution of GO
and BiOBr was added drop by drop to the SnO, solution under
magnetic stirring and left in that state for 45 minutes. After
that, the solution was mixed properly and put on overnight
heating at 40 °C to get a powder form of the proposed nano-
composite (Scheme 1).

2.3. Catalyst characterization

X-ray diffraction (XRD) analysis was performed by utilizing a
Bruker D8 Advance diffractometer equipment with a scan rate
of 3° min™" to assess the crystallinity of the produced nano-
particles and composites. Field emission scanning electron
microscopy (FESEM) (JEOL JSM 7610FPlus) was used to study
the morphology. Surface analysis was performed by X-ray
photoelectron spectroscopy (XPS) using a K-Alpha plus XPS
(Thermo Fisher Scientific) and Al-K, radiation (1486.6 eV).
High-resolution transmission electron microscopy (HRTEM)
imaging was conducted using a JEOL JEM2100 transmission
electron microscope at 200 kV accelerating voltage. Diffuse
reflectance spectroscopy (DRS) was recorded using an Agilent

=
+

e

Dried overnight in Hot
AirOven

Sn0,+BiOBr+rGO

-

Sn0,-BiOBr-rGO

Scheme 1 Schematic showing the proposed synthesis route of the ternary nanocomposite.
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Cary 100 UV-Vis spectrophotometer with a 200-800 nm wave-
length range. The electrochemical measurements were per-
formed on an electrochemical workstation (Metrohm-Autolab
PGSTAT302N) and a 350 W xenon lamp (ORIEL
INSTRUMENTS, OPS-A1000). A similar light source is used for
photocatalytic experiments with a 420 nm cut-off filter. The
absorbance spectra were monitored with a Cary 4000 UV-Vis
spectrophotometer.

2.4. Photocatalytic degradation of dyes

MB and RhB dyes were chosen as the model organic pollutants
for degradation. The total amount of solution was 16 mL, and
the concentrations for MB and RhB were 20 and 10 ppm,
respectively. A xenon lamp with a 420 nm cut-off filter was
used as the light source. The concentration of the photocata-
lysts was 0.4 mg ml™". Initially, the solution was stirred for
30 minutes in the dark, followed by light illumination under
ambient conditions. 0.5 ml aliquots were taken out after con-
stant intervals and evaluated using a UV-vis spectrophoto-
meter. The absorbance maxima of MB and RhB were noted at
664 and 554 nm, respectively. The dye degradation percentage
(%) was calculated using eqn (1)

Ay — A

0

% degradation = (1)
where A, represents the initial absorbance, and 4, is that at
time ¢.

2.5. Photoelectrochemical study

The photoelectrochemical characterization of the synthesized
catalyst SnO,-BiOBr-rGO involved testing the hydrogen evol-
ution reaction (HER) and oxygen evolution reaction (OER)
using a three-electrode quartz cell setup in a Metrohm-Autolab
PGSTAT302N electrochemical analyzer with a visible light
source. A saturated calomel electrode (SCE), platinum wire,
and prepared sample were used as reference, counter, and
working electrodes, respectively. The electrolyte solution used
for the measurements was 0.5 M H,SO,. 5 mg of the catalyst
powder was dispersed in 1 mL of IPA and 5 puL of Nafion
(1 wt%), followed by ultrasonication. After that, 10 uL from the
prepared solution was dropcast on the conducting side of the
ITO substrate within a 1 cm” area. Electrodes were dried in a
vacuum oven overnight at 40 °C. The linear sweep voltammetry
(LSV) curves were taken at a 50 mV s~' scan rate in the pres-
ence of visible light.

3. Results and discussion

3.1. Characterization of photocatalysts

The crystalline nature of BiOBr, SnO,, GO, SnO,-BiOBr, and
the SnO,-BiOBr-rGO nanocomposite was examined using a
powder X-ray diffraction pattern. For the SnO,-BiOBr-rGO
sample, peaks of individual constituents, including BiOBr,
SnO,, and rGO can be observed with their corresponding
planes.
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The XRD analysis was performed in the 26 range between
10° and 70°. BiOBr (JCPDS no. 01-078-0348)*” is confirmed as
a pure crystalline material with sharp diffraction peaks in the
X-ray diffractometry spectra. Diffraction peaks present at 26 =
25.2°, 31.7°, 32.2°, 34.1°, 39.3°, 46.2°, 46.9°, 56.1°, and 57.1°
corresponded to the (101), (102), (110), (003), (112), (200),
(113), (114) and (212) Miller indices of BiOBr, which is attribu-
ted to the tetragonal structure of BiOBr. And GO shows diffrac-
tion peaks at 20 = 11.02° corresponding to the (001) plane.*?
All XRD peaks of SnO, (JCPDS no. 01-070-6995) correspond to
tetragonal SnO,. Pure SnO, has three peaks, at 260 = 26.6°,
33.9°, and 51.8°, for the diffraction planes (110), (101), and
(211), respectively. For the final ternary composite, as shown
in Fig. 1, the (002) plane corresponds to rGO,* and (110),
(101), (211) correspond to SnO,, and (102), (110), (200), (212)
to BiOBr respectively. From the XRD analysis, we can also
comment on the crystallinity of the samples. The more crystal-
line the sample, the less the value of the full width at half
maximum (FWHM). As the final nanocomposite shows a lower
value for FWHM as compared to the pristine samples as
shown in Fig. S1, it is more crystalline. As per earlier reports,
the photocatalytic activity increases with the increase in the
crystallinity of the sample.** Also, the peak broadening may be
due to the crystallite size; crystallite size refers to the size of
the individual crystalline domains within a material. When
crystallite size decreases, the peaks in the XRD pattern become
broader. For SnO, the size of the particles is very small due to
which it has a broad peak as compared to BiOBr.

By looking at the functional groups present on the surface
of the photocatalysts using FTIR analysis in the range of
550-4000 cm ™, it was possible to analyze further the chemical
structures of pure SnO,, BiOBr, SnO,-BiOBr, and the SnO,-
BiOBr-rGO nanocomposite. The spectra are shown in Fig. 2.

The distinctive peak of the pure BiOBr sample is at 1372 cm ™",

and the absorption bands between 550 and 1000 cm™' are
related to the stretching vibration of the Bi-O bond, while

those between 1000 and 1500 cm™' are related to the Bi-Br

e
—~ = = )
2 e g § ©
—_ ] S$n0,-BiOBr-rGO
g N
Es Sno,
[72]
| =
£
- . ﬂ , A BiOBr
JCPDS no. 01-070-6995
JCPDS no. 01-078-0348 | || | I I
20 0 50 60

40
20 (degree)

Fig. 1 Powder X-ray diffraction pattern of BiOBr, GO, SnO,, SnO,-
BiOBr, and SnO,-BiOBr-rGO.
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Fig. 2 FTIR spectra for BiOBr, SnO,, SnO,-BiOBr, and SnO,-BiOBr—
rGO.
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band.*® The O-Sn-O stretching vibrations are represented by a
broad peak at 663 cm ' in the SnO, nanoparticles FTIR
spectra.>® The successful synthesis of the SnO,~BiOBr compo-
site was supported by the stretching vibration of O-Sn-O
present at 663 cm'. SnO,-BiOBr exhibits similar spectra to
those of BiOBr. The vibrations of O-H of -COOH in GO are
shown by the peaks centering at 3397 cm™" and 1635 cm™,
respectively.’” SnO,-BiOBr materials with GO doping had con-
siderably fewer GO functional groups. It is evident from this
spectrum that the peak intensities of the GO-doped SnO,-
BiOBr sample are comparable to those of the SnO,-BiOBr
sample. The FTIR results demonstrate a potentially strong
chemical interaction between rGO and SnO,-BiOBr, which
may result from the novel synthesis process.

SEM imaging was carried out to identify typical surface
morphologies. In Fig. 3(a), the SEM image of the SnO, nano-
particles is shown, and we can calculate the particle size from
this SEM image, which is around 11 nm, as depicted in the
histogram in Fig. 3(a). Because of their small size, SnO, par-

Fig. 3 FESEM images of (a) SnO,, (b) BiOBr (c) SnO,—BiOBr, (d) SnO,—-BiOBr—rGO.

This journal is © The Royal Society of Chemistry 2024
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ticles are aggregated. Fig. 3(b) depicts BiOBr nanosheets, with
these sheets having a size distribution of around 94 nm, as
shown in the histogram in Fig. 3(b). As displayed in Fig. 3(c),
SnO, nanoparticles are uniformly present on the BiOBr sheets,
and more sheets are present in the background when SnO, is
added to BiOBr. So, in the SnO,-BiOBr nanocomposite, the
aggregation of SnO, nanoparticles was less than that in pure
SnO,. Still, we need more separation of charges, and for this,
we add GO as Fig. 3(d) shows the final nanocomposite con-
tains SnO,-BiOBr-rGO. The uniform distribution of SnO, par-
ticles on the sheets of BiOBr and rGO prevents the aggregation
of SnO,, causing the formation of efficient heterojunctions,
which further facilitates charge separation under photo-
catalytic conditions.

By HRTEM imaging of SnO,-BiOBr-rGO, as shown in
Fig. 4(a), three sets are seen at the interfaces for various lattice
images. The (110) crystal facets of SnO,, (110) of BiOBr, and
(002) of rGO, respectively, were consistent with the lattice
fringes of 0.35, 0.27, and 0.33 nm. SnO, nanoparticles have an
average diameter of around 11 nm and can be verified as dis-
tributed on the sheets of BiOBr and rGO sheets as shown in
Fig. 4(b). Fig. 4(c) shows the SAED pattern of SnO,-BiOBr-
rGO, which confirms the presence of (001), (110), (110), and
(211) lattice planes of GO, SnO,, BiOBr, and SnO,, respectively,
in the ternary nanocomposite SnO,-BiOBr-rGO. EDS analysis
was also carried out to confirm the chemical composition of
all the elements in SnO,-BiOBr-rGO quantitatively to be C
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(67.18%), O (5.21%), Br (4.33%), and Sn (8.89%), Bi (14.39%)
weight percentage as shown in Fig. 4(d).

3.2. Optical characterization

In Fig. 5(a), SnO, has an absorption edge at 365 nm wave-
length. Also, BiOBr shows its absorption in the visible spec-
trum because its absorption edge is around 450 nm, and for
SnO,-BiOBr and SnO,-BiOBr-rGO it is in the visible range.
Fig. 5(b) shows the optical band edge calculated with the help
of the Tauc equation: ahv = A(hv — E,)"?, where A is a constant;
@, h, v, and E, are the absorption coefficient, Planck’s constant,
energy of a photon, and band gap energy, respectively; and n
stands for optical transitions and can be equal to 1 and 4 for
direct and indirect transition of a semiconductor respectively.

From the literature, SnO,, BiOBr, and GO have n = 1. As
shown in Fig. 5(b), the band gaps of SnO,, BiOBr, SnO,-BiOBr,
and SnO,-BiOBr-rGO are 3.06,°% 2.57,>® 2.96, and 2.87 eV,
respectively. By using Planck’s equation for the energy (E) and
wavelength (1) relation, we can cross-verify that for the band
gap of SnO,-BiOBr-rGO, the wavelength lies in the visible
region as given below, where ¢ is the speed of light and # is
Planck’s constant:

E = hc/] gives
2.87 (eV) = 1242/4 (nm) and then the value is

A (nm) = 432.75.

Fig. 4 (a) HRTEM image, and (b) TEM image (c) selected area electron diffraction (SAED) and (d) EDS spectrum of SnO,—-BiOBr—rGO.
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Fig. 5 (a) UV-visible-diffuse reflectance spectra for SnO,, BiOBr, SnO,—-BiOBr, and SnO,—-BiOBr—rGO. (b) Tauc plot of (ahv)™ vs. hv (eV) for SnO,,

BiOBr, SnO,-BiOBr, and SnO,-BiOBr-rGO.

The recombination rate must be restricted, and photogene-
rated electron and hole pairs must be separated for better
photocatalytic performance. Photoluminescence (PL) depends
on the recombination rate; if it is low, then the intensity of the
PL spectra is also decreased, which means it can be a promis-
ing photocatalyst.>® The results of the PL spectra were collected
at the excitation wavelength 350 nm, as shown in Fig. 6. SnO,—
BiOBr-rGO shows the highest charge separation efficiency as it
has the lowest PL intensity.*°

3.3. Elemental analysis

XPS analysis was conducted further to examine the chemical
environment of the SnO,-BiOBr-rGO nanocomposite. Sn, Bi,
C, O, and Br are all present in the SnO,-BiOBr-rGO ternary
nanocomposite, as illustrated in Fig. 7(a), demonstrating that
SnO, was integrated with BiOBr and rGO sheets. The maxima
peak of Sn 3ds/, and Sn 3d3/, at 487.08 and 495.38 eV confirms
the Sn*" oxidation state in the nanocomposite*' and it shows a

SnoO,

BiOBr
Sn0,-BiOBr
Sn0,-BiOBr-rGO

6.0x10*

5 4.0x104

Intensity (a.u.)

2.0x10*

0.0

450 500 550 600
Wavelength (nm)

400
Fig. 6 Photoluminescence spectra of SnO,, BiOBr, SnO,-BiOBr, and

SnO,-BiOBr-rGO.
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slight peak shift towards lower binding energy as compared to
pristine SnO, as shown in Fig. S1.}

Two intense peaks present at 164.7 and 159.2 eV in the Bi
4f XPS spectrum of Fig. 7(c) are assigned for the Bi 4f;,, and Bi
4f,, states, respectively, for BiOBr in the SnO,-BiOBr-rGO
nanocomposite, showing that Bi was in the +3 state. In
addition, when we compare it to BiOBr, the characteristic peak
for Bi** moved somewhat (by about 0.3 eV) to higher energy
locations,** probably due to significant interactions among
SnO, and BiOBr. Br 3d and O 1s high-resolution spectra both
showed similar binding-energy shifts.*> The C=C bond is
present in the composite as shown in Fig. 7(d), where the peak
of C 1s is positioned at 284.38 eV.** As shown in Fig. 7(e), the
spectra of O 1s have two peaks that correspond to the Bi-O
and Sn-O bonds, which is further confirmed by the image
shown in Fig. S2.1 The intensity peak at 530.88 eV is due to
the Bi—-O bond, while the one at 532.38 eV is caused by the Sn-
0 bond.***® Fig. 7(f) shows intensity peaks at 68.69, and 69.38
eV for Br 3ds/, and Br 3d;,, respectively, for the Br 3d state in
the nanocomposite with a shifting of approx. 0.4 eV towards a
higher binding energy.>**”

3.4. Photocatalysis for organic dye degradation

Two model organic dyes MB and RhB were selected to evaluate
the photocatalytic performance of SnO,, BiOBr, SnO,-BiOBr,
and the SnO,-BiOBr-rGO nanocomposite under visible light
irradiation. At first, the solution was put on a magnetic stirrer
for 30 minutes under dark conditions to attain the adsorption
and desorption equilibrium. The changes in MB absorbance
values and for RhB are shown in Fig. 8(a) and (b), respectively.
Also, the reaction kinetics for the photodegradation of MB and
RhB dyes are shown in ESI Fig. S3 and S4t respectively. As
shown, SnO,-BiOBr-rGO has the highest degradation
efficiency compared to others; for MB the degradation is
~99%, and for RhB, it is ~99.8% in 90 minutes. Hence, hetero-
junction formation has been proved to increase charge separ-
ation and hinder recombination.
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A photolysis experiment was also performed to check the
self-degradation of dye under the same conditions as photoca-
talysis, which showed that no such self-degradation was
observed. A repeatability experiment was also performed for
MB and RhB dyes to test the reusability of the photocatalyst, as
shown in Fig. 8(c). No noticeable change in the degradation
rate was observed in the second run compared to the first run.
To find the active species involved in the photocatalytic mecha-
nism, scavenger experiments were performed. Three different
radical scavengers, including 1,4-benzoquinone (p-BQ),
ammonium oxalate (AO), and isopropyl alcohol (IPA) were
used in the MB and RhB dye degradation process, and these
are the scavengers of superoxide radicals (‘0,7), holes (h"), and
hydroxyl radicals ("OH), respectively.®® Fig. 8(d) shows the per-
centage decline after adding different scavengers in the order
IPA > AO > p-BQ. All three scavengers show a decrease in the
degradation efficiency, which indicates that ‘0,~, h*, and "OH
have roles in the degradation process. However, IPA shows the
most significant decrease in the degradation rate compared to
AO and p-BQ, suggesting that "OH is a more active species
than h* and after that "0,".

Table 1 shows the MB degradation efficiencies from pub-
lished research publications using various photocatalysts. The
photocatalysts listed in the table have removed a smaller per-
centage of pollutants, as observed. Under visible light, only a
modest concentration of contaminants, like 10 ppm, was
degraded. Therefore, our newly synthesized SnO,-BiOBr-rGO
nanocomposite outperformed previously reported photocata-
lysts considering its facile synthesis process: 99% degradation
for MB and 99.8% for RhB under visible light irradiation.

3.5. Possible mechanism for the degradation process

The energy band structure of photocatalysts offered a potential
method for photoinduced electrons across heterogeneous
interfaces. BiOBr-SnO, shows type II heterostructure, which
integrates many functional components in the nanoscale and
significantly enhances photocatalytic performance.”® At the
interface of SnO,-BiOBr, there is a banding effect due to the
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Fig. 9 Mott—-Schottky plots for (a) SnO, and (b) BiOBr.
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difference in chemical potential. This leads to band bending,
which creates a built-in field that promotes the movement of
photoinduced charge carriers in opposite directions, resulting
in their spatial separation. Thus, type II heterostructure facili-
tates the charge separation and transfer efficiency of electron
and hole pairs generated during light activation. Mott-
Schottky’s results can be used to identify the n- or p-type semi-
conductor nanomaterial and find the flat band potential.*
The positive slope confirms the n-type semiconductor of SnO,
and BiOBr for the 1/C,> potential curve as shown in Fig. 9.
According to the conversion eqn (3),

Ep (vs. NHE) = Ey (vs. SCE) + 0.242 eV (3)

the flat band potentials for SnO, and BiOBr were 0.16 and
—0.37 eV in SCE, respectively, and 0.402 and —0.128 eV in
NHE.>® The value of flat band potential for the n-type is nearly
0.1 eV lower than that of the conduction band (CB) minima,
and for the p-type, it is 0.1 eV higher than that of the valence
band (VB) maxima.>® So, the conduction band potential (Ecg)
of SnO, and BiOBr is equal to 0.502 eV and —0.028 eV. The
valence band potential (Eyg) of SnO, and BiOBr can be calcu-
lated using eqn (4):

EVB = ECB + Eg (4)

where E, is the band gap energy. From the equation, Evg
values are found to be 3.562 eV and 2.542 eV for SnO, and
BiOBr, respectively as shown in ESI Fig. S51 vs. NHE.

Based on these values, a band structure is proposed demon-
strating the photocatalytic mechanism of the ternary nano-
composite in Fig. 10 vs. vacuum. For BiOBr, the positions of
CB are at —4.48 eV and VB at —7.04 eV, respectively. The CB
and VB of SnO, are —5.53 eV and —8.59 eV, respectively.
Electrons move from BiOBr to SnO, until they reach an equili-
brium state.®” As a result, there is an excess of electrons on the
SnO, side which leads to the accumulation of a positive charge
on the BiOBr side. This creates a gradient in the distribution
of charges and ultimately results in the generation of an elec-
tric field at the interface between the two materials.”® This
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under visible light by the ternary nanocomposite (SnO,—-BiOBr—rGO).

internal electric field extends the migration of charges at the
interface of the junction as a result of band bending.”® This
bending causes a shift in the band edges, illustrated in Fig. 10
relative to the vacuum level, and the built-in potential is deter-
mined to be 0.53 eV. In between the composite materials, rGO
serves as a charge transporter.® Its high electron absorption
capacity and wide specific surface area allow it to transfer
photogenerated electrons from BiOBr to rGO and subsequently
to SnO,, improving charge separation and strengthening the
inherent stability of both SnO, and BiOBr. Furthermore, it aids
in preventing photogenerated carrier recombination. Under
irradiation, electrons move from the CB of BiOBr to the CB of
SnO,, which are subsequently captured by rGO due to its good
electron transfer ability and conductivity.>>”® Here, electrons
are present on the rGO sheets, which can convert O, to ‘O,~ by
reacting with them; these free radicals can be used to oxidize
h' ions to HO,™ active radical and subsequently produce the
‘OH radicals.

Furthermore, photogenerated holes in SnO, are transferred
to the BiOBr valence band, where they have the potential to
convert OH™ or H,O to "OH. This efficiently separates the elec-
tron-hole pairs, demonstrating that the heterostructure
accepts rGO; otherwise, there is a strong likelihood that the
holes and electrons will recombine. Therefore, by including
GO, we may increase photocatalytic effectiveness and speed up
dye molecule adsorption. To increase reactivity, the electrons
on rGO sheets can be transported for dye degradation in the
presence of light.®® Additionally, molecules of RhB can attach
to aromatic areas on rGO sheets through n-r interactions.”®
Further, h* can break down pollutants into smaller molecules
(such as turning RhB into CO, and H,0) to have the impact of

12454 | Nanoscale, 2024, 16, 12445-12458

removing contaminants from the environment.** Charge trans-
fer in type II staggered heterojunction structures of SnO,-
BiOBr with rGO produced a high electron-hole pair separation
efficiency and increased photocurrent generation based on the
energy band structure, as shown later. So, the photocatalytic
activity of the ternary composite SnO,-BiOBr-rGO that was
created has been significantly enhanced.

3.6. Elemental verification after photocatalysis

The XPS survey spectra revealed no noticeable shift in the
photocatalyst ionic state even after the photocatalysis reaction,
as illustrated in Fig. 11. Sn 3d high-resolution spectra exhibit a
slight change from 487.08 and 495.38 eV to 486.53 and 494.98
eV, and Bi 4f high-resolution spectra show two peaks at 164.67
and 159.2 eV displaced to 164.2 and 158.9 eV. Br 3d peak
energy also changes, going from 68.69 and 69.38 eV to 67.88
and 68.92 eV, respectively.®® These results indicated that Sn,
Bi, and Br oxidation states did not change. These findings also
showed that SnO,-BiOBr-rGO is highly stable and recyclable
during the photocatalysis reaction.

3.7. Photoelectrochemical oxygen and hydrogen evaluation
study

The performance of the synthesized SnO,-BiOBr-rGO sample
was assessed for the oxygen evolution reaction (OER) and the
hydrogen evolution reaction (HER) using a three-electrode
quartz cell setup with 0.5 M H,SO, as the electrolyte in the
presence of light. The potential results, presented in Fig. 12,
were measured against the reversible hydrogen -electrode
(RHE).®" The catalyst loading was 50 pg on the conducting side
of an ITO substrate with a surface area of 1 cm” from a 5 mg

This journal is © The Royal Society of Chemistry 2024
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ml™" solution. A platinum rod was used as the counter elec-
trode, and a saturated calomel electrode (SCE) was used as the
reference electrode. Linear sweep voltammetry (LSV) polariz-
ation curves were obtained for the OER in the potential range
of 0.8 V to 1.9 V (vs. RHE) and for the HER in the potential
range of —0.7 V to 0.1 V (vs. RHE) at a sweep rate of 50 mV s™*
under illumination by visible light. The polarization curves for
both reactions showed that the SnO,-BiOBr-rGO sample
exhibited significant enhancement in current density at the
cathodic and anodic potentials, indicating high OER and HER
activities®® as compared to the SnO,, BiOBr, SnO,-BiOBr.
Therefore, the LSV plots demonstrated the remarkable OER
and HER performance of the SnO,-BiOBr-rGO catalyst.®* The
ternary nanocomposite SnO,-BiOBr-rGO exhibited an overpo-
tential of about 0.34 V (vs. RHE) at 10 mA cm ™ for the oxygen
evolution reaction (OER). The high catalytic activity of this
nanocomposite was further supported by analyzing the Tafel
slope, which shows an inherent property of active electrocata-
lyst materials correlated with the reaction kinetics at the elec-
trode surface. The Tafel slope value of 34 mV dec™', as
depicted in Fig. 12(b), indicated favorable kinetics for the
electrochemical OER, attributed to the high surface area and
good electrical conductivity of the nanocomposite. For the
hydrogen evolution reaction (HER), the nanocomposite
showed an overpotential of about —0.11 V (vs. RHE) at 10 mA
cm 2. The Tafel plot revealed a slope value of 39 mV dec™", as
shown in Fig. 12(d). These results indicate that the synthesized

This journal is © The Royal Society of Chemistry 2024
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(a) After photocatalytic treatment the survey scan of SnO,—-BiOBr—rGO and high-resolution XPS spectrum of (b) Sn 3d, (c) Bi 4f, (d) C 1s, (e)

SnO,-BiOBr-rGO nanocomposite exhibits promising OER and
HER catalytic activity with high stability in acidic media®* as
compared to pristine SnO,, BiOBr, SnO,-BiOBr.

3.8. Photoelectrochemical measurements

The charge separation efficiency can be determined from the
photocurrent density vs. time curve. Fig. 13(a) shows the
photocurrent response curves of pure SnO,, BiOBr, SnO,—
BiOBr, and the SnO,-BiOBr-rGO nanocomposite at a constant
onset potential 0.6 V for four continuous cycles under dark
and light conditions. As shown in Fig. 13(a), the photocurrent
density of the SnO,-BiOBr-rGO and SnO,-BiOBr composites is
higher under the illumination of light than that of SnO,
(28.9 pA ecm™?) and BiOBr (0.42 pA cm ?). When the light
source is turned on, the maximum photocurrent density of
SnO,-BiOBr-rGO is approx. 70.3 pA cm > as shown in the
photocurrent response curves, much higher than that of pris-
tine Sn0,, BiOBr, and SnO,-BiOBr.*’

The electric field can justify at the interface between BiOBr
and SnO,, the rGO, which helps in the charge separation of
electrons and holes, and increases the photocurrent density.
Photocurrent response studies reveal that a type II heterojunc-
tion exists between SnO,-BiOBr and GO, which helps to separ-
ate the photogenerated charge carriers and to enhance the
degradation. It is well-known that GO can capture electrons
due to its high conductivity. The photocurrent results also con-
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firmed that the electron-hole pair recombination was prohib-
ited due to junction formation. Furthermore, EIS measure-
ment was also used to find the charge separation efficiency. It
is well known that greater charge transfer efficiency is corre-
lated with a smaller semicircle radius. Fig. 13(b) shows the EIS

12456 | Nanoscale, 2024, 16, 12445-12458

Nyquist plots of SnO,, BiOBr, SnO,-BiOBr, and SnO,-BiOBr-
rGO. As SnO,-BiOBr-rGO shows the lowest electron transfer re-
sistance, it has the lowest recombination of photogenerated
carriers, which results in higher photocurrent response and
photodegradation activity.
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4. Conclusion

In conclusion, a visible light active ternary nanocomposite
SnO,-BiOBr-rGO was synthesized using a facile non-hydro-
thermal procedure as a highly efficient catalyst with dual pro-
perties: one is the photocatalytic degradation of RhB and MB
dyes and the second is the photoelectrocatalytic hydrogen and
oxygen evolution. The uniform particle size of SnO, makes its
even distribution possible on the sheets of BiOBr which pro-
vides very high electron mobility but the recombination rate is
high for the photogenerated carriers. The unique property of
rGO is that it may readily collect photoelectrons and prevent
the recombination of photogenerated charge carriers because
it functions as an electron capture agent and converter and
also provides more surface area to the active sites for photoca-
talysis and electrocatalysis. Therefore, when exposed to visible
light, the SnO,-BiOBr-rGO composites showed enhanced
photocatalytic performance and stability for the photodegrada-
tion of MB (99%) and RhB (99.8%). SnO,-BiOBr-rGO also
shows a very low overpotential value of 0.34 and —0.11 V (vs.
RHE) at 10 mA cm™? for the OER and HER, respectively, and
the Tafel slope values are 34 and 39 mV dec™" for the OER and
HER, respectively. Furthermore, EIS Nyquist and transient
photocurrent response studies suggest that the SnO,-BiOBr-
rGO composite has a substantially greater photoinduced
charge separation efficiency. This work provides useful
insights into the formation of heterostructures, as well as ways
to tune the band gap for visible light activation and band
alignment to efficiently perform the water splitting process. It
opens up multiple avenues for multifunctional catalysts, such
as in energy conversion, dye degradation, and storage, among
other areas.
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