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ARTICLE INFO ABSTRACT

Keywords: Water contamination by pharmaceuticals and organic dyes requires advanced photocatalysts to degrade these
Ternary fomposjte pollutants effectively. This study used an in-situ precipitation method to synthesize a novel GO/Bi3SiOs/AgBr
Tetrzcyc'hne heterojunction photocatalyst and thoroughly analysed it for its structure, optical properties, and photocatalytic
sli;?bﬁz Hllilg}?tBirra diation performance. Characterization techniques confirmed the successful integration of GO, BiySiOs, and AgBr, with
. . e . 2 2 .
Photodegradation BET analysis showing a significant surface area increase from 20.50 m~“/g to 47.44 m“/g. Incorporating GO and

AgBr extended visible-light absorption and improved charge separation, as demonstrated by UV-Vis DRS, PL
spectra, EIS, and Mott-Schottky measurements. As a result, the photocatalyst achieved high degradation effi-
ciencies of 95.83 % for tetracycline in 60 min and 97.02 % for Rhodamine B in 30 min under visible light. This
improvement is attributed to the surface plasmon resonance (SPR) effect of Ag in AgBr and the electron-accepting
ability of GO, which enhances charge transfer. Additionally, the photocatalyst showed excellent stability and
reusability over five cycles. Quenching experiments confirmed that h* and 05" radicals were key in pollutant
degradation. This study provides a promising strategy for designing efficient, visible-light-driven photocatalysts
for sustainable water treatment.

1. Introduction

The shortage and the continuous depletion of water resources across
the globe as a result of population growth and the production of various
dangerous organic contaminants such as pharmaceuticals, personal care
products, pesticides, polyaromatic compounds, and dyes in wastewater
underscore the urgent need for efficient and effective wastewater
treatment methods [1-3]. Among the various organic contaminants,
tetracycline (TCN) ranks among the mainly employed antibiotics glob-
ally, owing to their extensive application in clinical treatment, animal
husbandry, and aquaculture [4,5]. They are also acknowledged for their
economical nature and strong bactericidal capabilities [6-8]. Due to
their toxic nature, organic dyes such as rhodamine (RhB) are one of the
major contaminants of industrial wastewater from the textile industry,
provoking adverse health problems in humans [9,10]. The presence of
these contaminants in aqueous matrices has been shown to remain in the
water and soil for extended periods, causing severe health risks to living
organisms, reducing soil fertility and the photosynthetic activity of
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aquatic plants, hence impacting the development of anoxic conditions
for marine fauna and flora within the ecosystem [11-14].
Consequently, the efficient removal and degradation mechanism of
these contaminants, such as TCN and RhB in aqueous matrices, has been
identified as a significant scientific issue that needs urgent solutions.
Various water treatment techniques such as material adsorption, mem-
brane filtration, chemical oxidation, biosurfactant method, and acti-
vated sludge process have proven inadequate in degrading them
[15-18]. Recently, photocatalytic techniques for the degradation of TCN
and RhB have received attention as they enable the oxidative degrada-
tion of organic pollutants in wastewater to produce COy and HyO at
room temperature [19,20]. As a member of the Aurivillius family,
BiySiOs semiconductors possess promising potential for degrading
organic contaminants in wastewater due to their appealing electronic
and structural properties [21,22]. This is due to the migration of
photo-induced charge carriers within the Bi»SiOs semiconductor, which
is attributed to the composition layered structure of the [Biz0,]%" layers
and [SiOs] 2 pyroxene file slabs [23,24]. However, this single
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semiconductor has a wide bandgap of 3.54 eV, low specific surface
areas, and easy recombination of photogenerated electrons and holes,
which limit its photocatalytic efficiency for the degradation of organic
contaminants under visible light irradiation [25].

The synthesis of heterojunction photocatalysts has proven to be a
valuable technique for overcoming these limitations. Therefore, many
heterojunction photocatalysts such as BiOBr/Bi»SiOs [26], TiO2/Bi2SiOs
[21], BiaSiOs/g-C3Ny4 [27], and BisSiOs/BiPO4 [28] have been synthe-
sized and reported. The synthesized heterojunction photocatalysts show
that heterojunction formation with Bi»SiOs semiconductor possesses a
superior photocatalytic activity in visible light degradation of the
selected organic pollutants compared to pristine Bi»SiOs photocatalysts.
The exceptional photocatalytic efficiency of the synthesized Bi»SiOs
heterojunction photocatalyst can be attributed to the well-aligned
straddling bandgap structures, which can promote the flow of charge
carriers via the heterojunction, extended light absorbance, and a large
specific surface area [22]. Despite this, it is still essential to filter suitable
heterojunction components for Bi»SiOs that can effectively promote the
flow of charge carriers via the heterojunction interfaces and expand the
light response range of the photocatalytic system for improved photo-
catalytic efficiency in the degradation of organic pollutants under visible
light irradiation. On the other hand, AgBr has been recognized as a
promising visible-light-triggered plasmonic photocatalyst due to its
excellent photosensitivity, hence enhancing the visible light absorption
of the photocatalysts through the surface plasmon resonance (SPR) of
the Ag nanoparticles [29].

The formation of heterojunctions is theoretically possible since the
band positions of BipSiOs (3.54 eV) and AgBr (2.63 eV) are matched
[30]. Hence, the importance of ensuring the smooth photo-charge car-
rier migration between the neighboring photocatalyst in the binary
Bi,SiOs/AgBr heterojunction system is of paramount significance to
warrant improved photocatalytic activity with the incorporation of GO
into the heterojunction composites owing to the beneficial effect of GO
as an electron shuttle for photo-charge carrier migration across the
heterostructure interface and thus alleviating the current issues within
the binary heterostructure system [31,32]. Despite various studies on
the photocatalytic activity of BiySiOs with other semiconductors, a
systematic study on the effects of GO nanosheets as an electron sink and
Ag nanoparticle as a plasmonic factor to boost the photocatalytic ac-
tivity of BiySiOs for the degradation of pollutants like tetracycline and
rhodamine B under visible light illumination has not yet been reported.

Therefore, in this study, GO and AgBr were anchored onto Bi»SiOs by
a facile in situ co-precipitation method to provide an efficient way to
enhance the photocatalytic efficiency of Bi3SiOs as GO and AgBr have
been proven to be an electron mediator in the formation of hetero-
junction photocatalysts. The structure, morphology, photoelectric ef-
fect, and optical properties were evaluated using spectroscopy
techniques such as XRD, FTIR, SEM-EDX, XPS, BET, diffuse reflectance
spectra (DRS), photoluminescence (PL), electrochemical impedance
spectroscopy (EIS), Mott-Schottky, and photocurrent tests. At the same
time, the photocatalytic activities of the heterojunction photocatalyst
for the degradation of tetracycline and rhodamine B were investigated
and discussed. Moreover, the results were used to deduce the hetero-
junction GO/BSO/AgBr formation mechanism. This study contributes to
the understanding and investigating photocatalysts that can provide
sustainable solutions for environmental remediation.

2. Experimental section
2.1. Materials

All chemicals and reagents used were of analytical grade. Bismuth
(II) nitrate pentahydrate (Bi(NO3)3.5H20, AR), Silver nitrate (AgNOs,
AR), absolute ethanol (CoHsOH, AR), sodium bromide (NaBr, AR), so-
dium silicate nonahydrate (NaySiO3-9H0, AR), and ethylene glycol
((CH20H)2, AR), Isopropyl alcohol (IPA), benzoquinone (BQ),
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ethylenediaminetetraacetate salt (EDTA-2Na), NaOH, rhodamine B and
tetracycline ciprofloxacin were supplied by Sigma-Aldrich, South Africa.

2.2. Photocatalyst preparation

2.2.1. Synthesis of BizSiOs nanoparticles

Bi»SiOs nanoparticles were prepared using the hydrothermal
method. 2.5 mmol of Bi(NO3)3.5H20 was ultrasonically dissolved in
50 mL ethylene glycol to get a uniform solution A, while 2 mmol of
NaySiO3.9H,0 dissolved in 20 mL of distilled water was added dropwise
to solution A under vigorous stirring with the resulting mixture stirred
for 30 min at room temperature. The mixture was then transferred into a
100 mL Teflon-lined stainless-steel autoclave and heated at 180 °C for
16 hr. The precipitates formed after cooling to room temperature were
collected through centrifugation, washed several times with distilled
water-ethanol, and dried in an oven at 70 °C overnight to remove any
impurities.

2.3. Synthesis of silver bromide (AgBr) nanoparticles

One gram (1 g) of AgNO3 was dispersed in 100 mL of distilled water
and stirred in the dark for 30 min. A solution of 0.5 g NaBr dissolved in
distilled water was added dropwise, stirring the mixture for an addi-
tional 1 hr. The obtained precipitate of AgBr was washed several times
with distilled ethanol to remove unreacted chemicals before drying it in
the oven overnight.

2.4. Synthesis of GO/Bi2SiOs/AgBr nanocomposites

GO/Bi,SiO5/AgBr nanocomposites were prepared via an in-situ
precipitation process where 0.5 g of the synthesized Bi;SiOs was dis-
solved in 100 mL absolute ethanol using the ultrasonication method for
30 min. 0.22 g of NaBr and 0.38 g AgNOs solutions dispersed in 20 mL
deionized water, respectively, were added to the BiySiOs solution, while
0.05 g solution of graphene oxide GO prepared from the modified
Hummers method was added dropwise to the above-dispersed solution
while stirring and stirred for additional 2 hr in the dark. Lastly, the
obtained product was washed with ethanol and water several times
through centrifugation and dried at 60 °C overnight to get the nano-
composites denoted as GO/BSO/AgBr. The Bi»SiOs/AgBr composite was
also obtained through the same method without adding GO.

2.5. Characterization

Using a PANalytical XPert Pro powder X-ray diffractometer in 0-0
configuration and Cu-Ka radiation (A=1.789 A), the crystalline phase
composition of the synthesized nanocomposites was determined. Using
the KBr pellet technique, the FTIR spectra of the photocatalyst samples
were recorded on a PerkinElmer Spectrum One spectrometer. Bru-
nauer—-Emmett-Teller (BET) micrometrics Tristar II 3020 Version 3.02
system evaluated the nanocomposites’ specific surface area and pore
distribution. The JEOL Scanning Microscope JSM-6400, which is
equipped with EDS methods, was utilized for imaging and elemental
composition analysis while Kratos Axis supra+ coupled with a mono-
chromatic Al Ka (hv = 1486.6 eV) and running at 150 W were used to
obtain the X-ray photoelectron spectroscopy (XPS) of the nano-
composites. A UV-vis spectrophotometer (Agilent Technologies Cary 60
UV-vis, Malaysia) was used to assess the nanocomposites’ light ab-
sorption performance, and an Autolab Potentiostat (PGSTAT204,
Netherlands) workstation was used to measure the synthesized hetero-
structure composites’ electrochemical impedance spectroscopy (EIS),
Mott Schottky response, and photocurrent response.

2.6. Electrochemical characterization
The photoelectrochemical

properties of the synthesized
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photocatalysts * were assessed using a conventional three-electrode cell
with the anode containing the semiconductor, platinum wire, and Ag/
AgCl (3.0 M KCl) serving as the working, counter, and reference elec-
trodes, respectively. The working electrode was fabricated by coating a
1.5 cm by 1.5 cm geometric area of fluorine-doped tin oxide (FTO)
substrate with 30 mg of the synthesized materials, 5 mg PVDF, and
100 pL NMP as a binder. For the study of the electrochemical impedance
spectroscopic analysis, 5 mM [Fe(CN)6]3’/ [Fe(CN)6]4’ in 0.1 M KCl was
used. The acquired data was analyzed using the Randle circuit model. In
0.1 M NaySOy, the photocurrent density was measured, and 5 mM [Fe
(CN)6]3*/ [Fe(CN)6]4’ solution in a 0.1 M KCl electrolyte was used for
the Mott-Schottky experiments, which were carried out in the dark with
an applied bias potential of 1.5 V relative to the Ag/AgCl reference
electrode.

2.7. Reactor set-up for photocatalytic experiment

The reactor setup was previously described by Ichipi, Tichapondwa
[33]. The experimental set-up consists of a wooden box with four Philips
18 W fluorescent daylight lamps to emit visible light irradiation, each
emitting a luminous flux of 1200 Im. The inner side of the wooden box
was lined with aluminum foil paper to allow for even distribution and
reflection of light. Three magnetic stirrers were placed inside the box to
about 10 cm from the lamps to continuously stir three batches of the
slurry solution. The wattage of the fluorescent lamps and the distance
between the reactor and the lamp were used to calculate the light in-
tensity in the photocatalytic reaction to give 142.86 W/m?. In contrast,
the temperature of the reaction set-up was monitored using a ther-
mometer placed inside the wooden box to read a temperature of 30 oC
(£5).

For the degradation of the organic pollutants, 50 mg of the synthe-
sized photocatalyst of BSO, AgBr, and GO/BSO/AgBr was dispersed in a
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solution of tetracycline (100 mL, 30 mg/L, pH 5.5), and Rhodamine B
(100 mL, 5 mg/L, pH 5.7) and illuminated using a commercial fluores-
cent lamp at room temperature, about 5 mL aliquots of the illuminated
photocatalyst-pollutant suspension. Mixtures were withdrawn at
10 min, 5 min intervals for 60 min, and 30 min reaction times to eval-
uate tetracycline and Rhodamine degradation, respectively. The with-
drawn aliquots were centrifuged to remove the composite
photocatalysts from the treated solutions, filtered through a 0.45 pm
membrane filter to remove residual catalyst particulates, and analyzed
on UV-vis spectrophotometer (Biochrom, Cambridge, UK) to determine
the degradation concentration of the pollutants. A Shimadzu TOC-V
analyzer was used to quantitatively assess the extent of TCN and RhB
mineralization before and after the photocatalytic reaction.

The photocatalyst’s photocatalytic efficiency for the degradation of
pollutants was calculated using the following equation:
Removal efficiency = % x 100% 0

0

CO stands for the concentration of the pollutants at the time (tg)
(initial time) before treatment, while C is the concentration value at the
final time after treatment.

3. Results and discussion

As shown in Fig. 1(a), the X-ray diffraction (XRD) patterns of BSO,
AgBr, BSO/AgBr, GO, and GO/BSO/AgBr heterostructure photocatalysts
are provided to reveal the crystallinity and phase structures of the
synthesized materials. It can be seen that the prominent diffraction
peaks at 20 values of 13.53 °, 27.85 °, 33.85 °, 38.61 °, 41.40 °, 44.19 °,
48.44 °, 56.14 °, 57.97 °, 63.45 °, 67.28 °, 71.07 °, 72.04 °, 76.71 °,
93.22 ° and 97.31° were in good accordance with miller indices (hkl)
(200), (310), (311), (020), (002), (600), (511), (420), (402), (022),

(})__M

|—— GO/BSO/AgBr

Transmittance(%)

L L T T T T
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber(cm™)

Fig. 1. (a) XRD patterns and (b) FTIR spectral of pristine BSO, AgBr, BSO/AgBr, GO and GO/BSO/AgBr heterojunctions.
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(620), (621), (330), (331), (313), and (911) crystal planes of ortho-
rhombic Bi3SiOs (JCPDS No. 36-0287) [25]. The diffraction peaks at 20
values of 31.16 °, 35.92 °, 52.19 °, 64.87 °, 76.56 °, 87.90 ° and 98.68 °
were indexed to the hkl plane (111), (200), (220), (311), (222), (400),
and (422) which are in are in good concurrence with standard data of
cubic phase AgBr (JCPDS No. 08-0473) [34]. The existence of the
diffraction patterns of Bi»SiOs and AgBr were found in the XRD pattern
of BSO/AgBr and GO/BSO/AgBr heterojunction photocatalysts, and this
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indicates that the BSO/AgBr and GO/BSO/AgBr heterojunction photo-
catalysts are obtained through the in-situ transformation of GO and
Bi,SiOs into AgBr due to the oriented diffusion of Br™ and the subsequent
reaction with Ag" on the surface of Bi,SiOs [35]. Moreover, it can be
seen that no diffraction peaks of GO are observed in the patterns of
GO/BSO/AgBr, which could be due to the intense peaks of BSO, AgBr
and a low amount of GO concentration in the GO/BSO/AgBr composites.

FTIR spectroscopy was used to evaluate the molecular structures of
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photocatalysts. For pristine BisSiOs, the peaks located at around 485,
856, 945, and 1235 cm ™! are assigned to the stretching vibration mode
of Bi—O bonds, Bi—0O-Si bonds, the isolated (5105)6’ groups, and the
Si—O bonds, respectively [36]. For the AgBr composites, prominent
peaks at 3450, 1630, and 1382 cm~! are related to the O-H stretching,
H-O-H bending, and OH deformation modes due to the adsorbed water
molecules on the surface of the samples, while the infrared spectrum at
around 578 cm ! is ascribed to Ag-Br vibration [37]. The BSO/AgBr and
GO/BSO/AgBr composite sample shows the characteristic absorption
peaks of both BiSiOs, AgBr, and GO, thereby confirming the existence
of BiySiOs, AgBr, and GO in the synthesized heterostructure
photocatalyst.

Fig. 2 shows N2 adsorption/desorption isotherms, BJH pore volume,
and size distribution of BSO, AgBr, BSOAgBr, GO, and GO/BSO/AgBr
photocatalyst composites. It can be seen from Fig. 2 that all isotherms
exhibit type IV physical adsorption isotherms with H3 hysteresis rings,
which can be attributed to mesoporous materials [38].

Table 1 shows the synthesized photocatalyst materials’ specific sur-
face areas, pore volume, and diameter.

The BET analysis unveiled that the specific surface area, volume, and
pore diameter of BSO measured at was 20.50 m?/ g,0.00027 em®/ g, and
38.34 nm while that of AgBr is measured at 0.40 m?/g, 0.0000037 cm>/
g, and 40.23 nm with a slight improvement in the surface area of BSO
when doped with AgBr (21.46 m?/g). However, the heterostructure
composites of GO/BSO/AgBr possess a superior surface area, volume,
and pore diameter of 47.44 mz/g, 0.00050 cm3/g, and 45.04 nm,
respectively. This shows that the heterostructure composites of GO/
BSO/AgBr will generate more surface-active sites during the photo-
catalytic process for the degradation of organic pollutants.

The surface morphologies of BSO, AgBr, BSO/AgBr, GO, and GO/
BSO/AgBr heterostructure composites were analyzed by scanning elec-
tron microscopy (SEM); the results are shown in Fig. 3. As shown in
Fig. 3a, BSO displayed a sheet-like morphology with disordered irreg-
ular particles while the AgBr nanoparticle shown in Fig. 3b exhibited an
irregular spherical structure associated with aggregated particles. It can
be seen that the particles of BSO appeared to agglomerate on the surface
of the AgBr to form nanosheets. The layer stack of graphene oxide sheets
is seen to be indexed within the BSO/AgBr composites, which serves as a
matrix for the effective adsorption of the semiconductor composites.
EDS analysis (Fig. 3f) shows the distribution of elements attributable to
Bi, Si, Br, Ag, C, and O, indicating that the synthesized are made up of
BSO, AgBr, and GO components.

The distribution of the elements of the synthesized materials was
carried out using energy-dispersive spectrometer (EDS) mapping. The
results showed that there was the presence of six elements, Bi, Si, Br, Ag,
C, and O, which were evenly distributed in GO/BSO/AgBr hetero-
structure photocatalysts (Fig. 4), which further illustrated the unifor-
mity of the materials.

XPS evaluation of the synthesized composites of GO/BSO/AgBr were
conducted to examine its surface chemical compositions and chemical
states were provided and demonstrated in Fig. 5. The full survey spec-
trum of the composites (Fig. 5a) depicts the presence of the following
elements Bi, Si, Br, Ag, C and O with binding energies around 166 eV,
104 eV, 183 eV, 369 eV, 286 eV and 534 eV which matches with the
EDS analysis confirms the formation of heterojunction within the

Table 1
BET surface areas, pore volumes, and pore size diameter of the materials.

Material Surface area (m2 Pore Volume (cm3 Pore Diameter
g™ g™ (nm)

BSO 20.50 0.00027 38.34

AgBr 0.40 0.0000037 40.23

GO 298.30 0.30 57.62

BSO/AgBr 21.46 0.00032 41.38

GO/BSO/ 47.44 0.00050 45.04

AgBr
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composites. The Bi 4 f spectrum (Fig. 5b) is made up of three peaks
centered at 159.3 eV (Bi 4 f;,5) and 164.6 eV (Bi 4 f5,2), which is
indicative of the presence of Bi>" in the synthesized composites while
the peak at 154.3 eV (Bi 4 f;,3) can be linked to reduced bismuth ions
[21,39]. The Si 2p spectrum in Fig showed a strong peak at 103.3 eV,
characteristic of Si**. As shown in Fig. 5c, the peak at the binding energy
of 68.5 eV is generated by Br 3d, which indicates the presence of Br in
the composites. The two distinct peaks at the binding energy of 367.9 eV
and 373.9 eV are associated with Ag" 3ds,, and Ag+ 3ds/p [40,41]
respectively, which proves the existence of Ag in the form of Ag" in the
synthesized composites of GO/BSO/AgBr. The spectrum of C 1 s shows
peaks at the binding energy of 284.8, 286.4, and 289.3 eV, which are
attributed to the C-C, C-O, and C—=0 bonds, while O 1 s spectrum in
Fig. 5g with peaks located at a binding energy of around 530.1 and
532.8 eV attributed to the lattice oxygen and adsorbed surface oxygen
[27,42,43].

The optical properties of the synthesized composites were evaluated
using UV-Vis DRS spectroscopy, while the band gap energy was calcu-
lated using the Kubelka-Munk formula. BSO exhibited suitable adsorp-
tion properties at the ultraviolet spectrum of the spectroscopy, while
AgBr showed good adsorption at the visible light spectrum. The ab-
sorption edges are 377 nm, 424 nm, 463 nm, and 534 nm for BSO, AgBr,
BSO/AgBr, and GO/BSO/AgBr, respectively. The absorption edge of the
heterostructure GO/BSO/AgBr is observed to be a redshift to 534 nm.
This can be associated with the addition of owing to its strong visible-
light absorption [44].

The band gap of photocatalysts was then calculated according to the
formula given below [45]:

ohv = A(vh—Eg)"? )

Therefore, it can be seen from Fig. 6b that the bandgap energies of
BSO, AgBr, BSO/AgBr, and GO/BSO/AgBr are estimated to be 3.54 eV,
2.84 eV, 2.38 eV, and 2.11 eV, respectively. However, the energy band
gap of GO/BSO/AgBr (2.11 eV) is slightly smaller than that of BSO/AgBr
(2.38 eV) when GO is introduced in the heterostructure, which is
consistent with the trend of light absorption capacity.

The PL spectra of BSO, AgBr, BSO/AgBr, and GO/BSO/AgBr were
also evaluated to reveal the recombination rate of the photogenerated
carriers of prepared photocatalysts. As shown in Fig. 7a, the BSO has a
strong and wide PL emission peak centered at 467 nm, which indicates
the highest recombination of the photogenerated charge carriers on the
pristine BSO, which will definitely result in poor photocatalytic per-
formance[46]. With the introduction of AgBr into BSO, the PL emission
intensity of the composites becomes much lower than that of BSO and
AgBr, which is indicative that the introduction of AgBr into BSO inhibits
the recombination of photogenerated charge carriers. The GO/B-
SO/AgBr heterostructure shows the least peak intensity, indicating the
highest separation efficiency of electron-hole pairs, revealing that the
introduction of GO into the heterostructure composite results in more
effective charge separation of the photocatalysts with enhanced photo-
catalytic performance [47].

The photogenerated carrier transfer efficiency and impedance of the
synthesized photocatalysts were evaluated using electrochemical
impedance spectroscopy (EIS), where the arc radius is proportional to
the charge transfer resistance[48,49]. As seen in Fig. 7b, the hetero-
structure composite of GO/BSO/AgBr shows the smallest arc radius,
proving that the introduction of GO and AgBr into BSO enhances its
photogenerated carrier separation efficiency of composite materials.

In addition, Mott-Schottky (MS) plots were used to assess the flat
band potentials (Eg,) of BSO and AgBr (Eg,). As seen in Fig. 8, the positive
slopes of the BSO and AgBr MS curves are explained by the property of n-
type semiconductors [50]. The Eg, of BSO and AgBr were estimated to be
—0.29V and —0.68 V (vs. Ag/AgCl), respectively, while applying the
Nernst equation given as Exye = Eag/agcl + 0.197 (pH) [51], the elec-
trode potential of the exact flat band potentials of BSO and AgBr were
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Fig. 3. SEM micrographs of (a) BSO, (b) AgBr, (c) BSO/AgBr, (d) GO, (e) GO/BSO/AgBr and EDS micrograph of GO/BSO/AgBr.
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Fig. 4. EDS mapping of the heterojunction GO/BSO/AgBr photocatalyst.

calculated to be —0.09 eV, and —0.48 eV (versus Normal Hydrogen
Electrode). Therefore, the conduction band potential (Ecp) values of BSO
and AgBr are calculated to be —0.11 and —0.28 eV, respectively, since
the conduction band potentials (Ecg) of n-type semiconductors are
approximately 0.2 V more negative than the Eg, [52,53]. Finally, when
combined with the value from the ultraviolet-visible diffuse reflectance
spectroscopy analysis with the band formula given as Eyp = Eg + Ecp
[54], the valence band (VB) positions of BSO and AgBr were calculated
to be near 3.31 eV and 2.56 eV (vs. NHE), respectively.

Fig. 9 shows the transient photocurrent response that was carried out
to evaluate the effectiveness of photoelectron migration and separation
under on-off light irradiation, as the efficiency of electron and hole
separation is used to determine the photocurrent’s intensity [55,56].
The results clearly indicate that GO/BSO/AgBr exhibits a higher
photocurrent intensity than BSO, AgBr, and BSO/AgBr. Additionally, the

heterojunction photocatalyst demonstrates an enhanced photocurrent
signal that has not decayed when compared to other materials, indi-
cating lower electron-hole recombination.

3.1. Degradation of organic pollutants

Tetracycline (TCN) and Rhodamine B (RhB) were selected as the
target pollutants to evaluate the adsorptive and photocatalytic activity
of the as-synthesized photocatalyst under visible irradiation. First, the
adsorptive performance of the synthesized photocatalysts was assessed
through TCN and RhB removal experiments in the dark for 30 and
60 min, respectively. The TCN removal efficiency of GO, BSO AgBr,
BSO/AgBr, and GO/BSO/AgBr were approximately 25.13 %, 7.65 %,
2.91 %, 10.25 % and 19.03 % in 60 min, while RhB removal efficiency
of GO, BSO AgBr, BSO/AgBr and GO/BSO/AgBr achieved 29.03 %,
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Fig. 5. (a) XPS survey of the GO/BSO/AgBr composite, (b) Bi 4f, (c) Si 4 f, (d) Br 3d (e) Ag 3d, (f) C 1 s and (g) O 1 s, for the synthesized composites of GO/

BSO/AgBr.

11.96 %, 4.07 %, 13.32 % and 21.24 % in 30 min. The obtained results
demonstrated that GO has the highest adsorption potential when
compared with the other prepared photocatalysts, which can be attrib-
uted to the GO’s high specific surface area with improved active sites
(Table 1).

For the photocatalytic efficiency of the synthesized composites, a
dark reaction was carried out for the pollutants. The results show little or
no degradation by the photocatalyst in the solution, indicating the

establishment of an equilibrium between the contaminants and the
photocatalysts. Meanwhile, during the visible light irradiation, the BSO
and AgBr photocatalyst composites exhibited a relatively low degrada-
tion efficiency of 39.95 % and 58.03 %, 29.23 % and 43.40 % for the
removal of TCN and RhB from simulated water, respectively. The low
removal efficiency of BSO and AgBr could be due to their low visible
light utilization and quantum efficiency, while the composites of BSO/
AgBr achieved an improved degradation efficiency of 81.16 % and
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70.19 % for the degradation of TCN and RhB. There was a substantial
improvement in the removal of TCN and RhB after the introduction of
GO into the surface of the BSO/AgBr composite up to 95.83 % and
97.02 % under identical conditions as shown in Fig. 11. The synergistic
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Fig. 6. (a) UV-DRS spectra and Tauc plot for BSO, AgBr, BSO/AgBr, and GO/BSO/AgBr, respectively.
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effects between the surface of GO and the BSO/AgBr composites via
combined adsorption and photocatalysis under visible light irradiation
could be the reason for the improvement in their degradation efficiency.
This is possible due to the ability of the synthesized composites of BSO/
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AgBr to enhance its quantum efficiency and improve light harvesting
efficiency by promoting rapid oxidative reactions of TCN and RhB
through the formation of e¢OH. At the same time, the GO provides spe-
cific surface areas that function as active sites for adsorption purposes
before irradiation of visible light [57,58].

As shown in Fig. 11b and d, the degradation kinetics of TCN and RhB
aligned with the pseudo-first-order reaction kinetics formula as given
below:

I(Co/C) = kept

Where k,, represents the apparent pseudo-first-order rate constant, Co is
the initial concentration, and C is the pollutant’s concentration after
light irradiation.

From the calculated results, the reaction rate constant k of the GO/
BSO/AgBr shows the fastest reaction time value of 0.03526 min~! and
0.03528 min " for TCN and RhB, respectively. These results explain that
the construction of GO/BSO/AgBr heterojunction photocatalyst with
improved morphology could offer convenience in enhancing the pho-
tocatalytic efficiency of a single BSO.

Additionally, TOC analysis was used to evaluate the mineralization
efficiency of the GO/BSO/AgBr heterojunction photocatalyst for TCN
and RhB pollutants (Fig. 12). The results demonstrated the remarkable
photocatalytic performance and mineralization potential of the GO/

30

(@)

Adsorption efficiency(%)

AgBr BSO/AgBr

GO/BSO/AgBr

Catalysts
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BSO/AgBr heterojunction photocatalyst, showing that 65.95 % and
61.40 % of TOC was removed upon exposure to visible light for TCN and
RhB respectively.

In order to evaluate the photocatalytic performance of the synthe-
sized composites of GO/BSO/AgBr heterojunction photocatalyst in this
study on TCN and RhB, we collected literature on photocatalytic
degradation of TCN and RhB as presented Tables 3 and 4. In comparison,
the photocatalytic degradation effect of the synthesized photocatalyst
composites in this study is better than other photocatalysts for the
degradation of TCN and RhB respectively.

3.2. Effect of initial pH on TCN and RhB degradation by GO/BSO/AgBr

The effect of pH is one of the critical factors considered in water
treatment applications as it affects the extent of the target pollutant’s
degradation by the surface of a photocatalyst as their active sites are
dependent on the concentration of H" or OH™ in aqueous solutions [69].
The optimum pH for TCN and RhB degradation by the GO/BSO/AgBr
composites was determined by varying the solution pH from 3 to 11 and
3-11 with hydrochloric acid and sodium hydroxide, respectively.

As shown in Fig. 13a, the degradation efficiency of GO/BSO/AgBr at
pH =3-11 was 46.76 %, 81.78 %, 96.11 %, 76.18 %, and 57.90 % for
the removal of TCN in water. These results can be attributed to the
difference between the TCN charges (TCN3*, TCN*, TCN™) and the
active site of the photocatalyst. The reduction in the degradation effi-
ciency at an acidic medium can be attributed to the positive charge of
TCN3" in the solution, which will compete with H' in the solution for
the active site on the catalyst surface, while the degradation efficiency of
TCN was the highest at pH seven which is due to the inhibition of OH
and O, evolution reaction as a result of the formation of electrostatic
force which leads to the acceleration of reaction rate under neutral
condition [70,71]. Under alkaline conditions, the degradation efficiency
gradually decreases, possibly due to the lack of electrostatic interaction
between TCN and the photocatalyst.

As shown in Fig. 13b, the degradation rate of RhB was 54.45 %,
69.89 %, 98.71 %, 91.27 %, and 80.97 % at the pH values of 3, 5, 7, 9,
and 11 after 30 min. These results show that the carboxyl group of RhB
deprotonates and exists in the cation form (RhB™"), repelling the pho-
tocatalyst’s cationic surface when the pH is in an acidic medium.
However, when the pH of the RhB is in the alkaline medium, the surface
of the photocatalyst possesses a negative charge, causing repulsion be-
tween the anionic form of (RhB™) and the anionic surface of the pho-
tocatalyst with a reduced degradation activity [72,73].

Adsorption efficiency(%)

AgBr BSO/AgBr

GO/BSO/AgBr

Catalysts

Fig. 10. Adsorption efficiency of TCN(a) and RhB(b) using the synthesized photocatalyst.
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Fig. 11. (a) photocatalytic degradation of TCN, (b) kinetics plot of TCN degradation, (c) photocatalytic degradation of RhB, and (d) kinetics plot of RhB using the

synthesized photocatalysts.

Table 2
The photodegradation efficiency and reaction rate constant k for TCN and RhB of
all as-prepared photocatalyst.

Photocatalyst TCN RhB

Degradation rate k™! Degradation rate k™!

(%) (%)
BSO 39.95 0.00655 29.23 0.00343
AgBr 58.03 0.00963 43.40 0.00665
BSO/AgBr 81.16 0.01923 70.19 0.01203
GO/BSO/AgBr 97.02 0.03526 95.83 0.03528

3.3. Dosage of the photocatalyst

The GO/BSO/AgBr dosage that affects the degradation of TCN and
RhB under visible light was investigated. Five doses of the photocatalyst
at 10 mg, 30 mg, 50 mg, 70 mg, and 90 mg were applied to degrade
TCN and RhB. As shown in Fig. 14, under the same photocatalytic
conditions, the TCN and RhB achieved 74.36 %, 83.10 %, 95.82 %,
90.78 %, 69.97 %, and 83.12 %, 92.12 %, 97.08 %, 90.06 %, 85.88 %
degradation efficiencies. The degradation rate increases with an in-
crease in the catalyst dosage, which is attributable to generating more
free radicals and active sites on the catalyst surface [73,74]. The
decrease in degradation efficiency above dosages of 70 mg and 90 mg
can be linked to the aggregation between the photocatalyst and the
pollutants, reducing its active surface area.

The stability of the GO/BSO/AgBr composites was conducted to
confirm the sustainability of the photocatalytic process for practical

10

applications. From Fig. 15a, it can be seen that the GO/BSO/AgBr
composite catalyst still possesses a high photocatalytic activity for the
degradation of tetracycline after being recycled five times with a
degradation efficiency of 86.47 %. The morphology of the GO/BSO/
AgBr composite catalyst, after being recycled five times, exhibits
negligible deviations from its initial state, while the XRD pattern of the
composite catalyst after five repeated uses shows no significant change
in the characteristic peak, suggesting the preserved structural phase of
the composites when compared to the initial catalyst. The findings show
that the composite catalyst exhibits remarkable stability and reusability,
offering a practical wastewater treatment approach.

The quenching experiment was carried out to evaluate the main
active substances generated during the degradation process. Substances
such as isopropanol (IPA), ethylenediaminetetraacetic acid (EDTA), and
benzoquinone (BQ) were added into the solution as scavengers for *OH,
h*, *0O3 respectively [75,76]. The degradation efficiency reached
82.94 % with the addition of IPA, which shows that the photocatalytic
activity is not significantly inhibited during the photocatalytic process,
indicating that *OH plays a minor role. The addition of EDTA and BQ
remarkably inhibited tetracycline degradation to 36.05 % and 27.71 %,
with the resulting showing that h+ and eO3 contributed majorly to the
photocatalytic degradation of tetracycline for the GO/BSO/AgBr pho-
tocatalyst under visible light irradiation.

3.4. Proposed mechanism

The photosensitization of organic pollutants occurs when synergistic
effects are created between a pollutant and photocatalysts under visible
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Table 3
Comparison table for degradation of TCN with different synthesized photocatalyst.
Photocatalyst Light source Dosage Amount/mg/L Photocatalytic efficiency Reference
g-C3Ny/STI-6 500 W xenon lamp 2g/L 30 86.8 % in 4 hr [59]
Ag/g-C3N4@CL Simulated solar light 1.0g/L 15 87.2% in 3 hr [60]
Ag>CO3/TiOy/ SiC 300 W xenon lamp 0.2 g/L 10 95.9 % in 30 min [61]
Sn0,/g-C3Ny 250 W xenon lamp 50 mg/L 30 95.9 % in 2 hr [48]
C0304/8-C3Ny 350 W xenon lamp 20 mg/L 15 85.3 % in 2 hr [62]
Lag 7Sr0.3Mn03/g-C3Ny 350 W xenon lamp 0.05¢g 50 95.0 % in 3.5 hr
La-FeCo-Doped SrTiO3/TiO, Mercury lamp 1.6 mg 20 99.1 % in 2 hr [63]
GO/BSO/AgBr 72 W fluorescent daylight lamps 50 mg 30 97.02% in 1 hr This study
Table 4
Comparison table for degradation of RhB with different synthesized photocatalyst.
Photocatalyst Light source Dosage Amount/mg/L Photocatalytic efficiency Reference
Ag/GO/g-C3Ny 500 W xenon lamp 50 mg/L 10 99.5 % in 2 hr [64]
8-C3Ny/ZrOy natural sunlight irradiation 50 mg/L 10 94.1 % in 1.5 hr [65]
TiO,-GO-AgNs 150 W xenon lamp 50 mg/L 10 93.0 % in 5 hr [66]
SnIngSg/SmVO,4 300 W halogen lamp 0.8 g/L 8 97.6 % in 45 min [67]1
BiySiOs/Ag/AgBr 500 W xenon lamp 20 mg/L 10 96.6 % in 30 min [30]
AgVO3/BiOI 250 W tungsten halogen lamp 75 mg/L 10 91.0 % in 1.5 hr [68]
GO/BSO/AgBr 72 W fluorescent daylight lamps 50 mg/L 5 95.83 % in 30 min This study
4
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Fig. 13. Degradation curves of TCN and RhB at different pH.

light irradiation to generate electron-hole pairs. The generated electron-
hole pairs can react with water molecules to form reactive species like
hydroxyl (¢OH) and superoxide (eO3) radicals that can oxidize pollut-
ants like TCN and RhB, breaking them into harmless products. There-
fore, based on the result obtained from UV-Vis spectroscopy and the
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Mott—Schottky plot method, the calculated band gaps of BSO and AgBr
were 3.42 eV and 2.63 eV. From the Mott-Schottky analysis, the energy
positions of the conduction band (CB) and valence band (VB) of BSO are
calculated to be —0.11 eV and + 3.31 eV, and that for AgBr is calculated
to be —0.28 eV and 2.56 eV, respectively. Upon irradiation, electrons
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Fig. 16. Free radical capture experiment for the degradation of TCN using GO/
BSO/AgBr.

and holes are generated by the transfer of electrons to the GO sheets on
the GO/BSO/AgBr heterojunction. This produces a low recombination
rate and is thermodynamically favorable, allowing the adsorption of the
pollutant molecules (TCN and RhB) on a better platform and separating
photo-generated e /h™ pairs [77,78]. The photoexcited electrons in the
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CB of AgBr will prefer to be transferred to the CB of BSO. In contrast, the
photoexcited holes will prefer to be transferred from the VB of BSO to
the VB of AgBr due to the potential difference caused by their different
energy band levels. As a result, the AgBr SPR feature allows photo-
generated electrons to be transferred to the TCN and RhB solution
through the GO’s surface, effectively separating the photoexcited charge
carriers and improving their photocatalytic activity.

Moreover, the CB potential of BSO (-0.11 eV vs. NHE) and CB po-
tential of AgBr (-0.28 eV vs. NHE) is more positive than the standard
potential of O5/°03 (-0.33 eV vs. NHE), which is indicative that O, could
not be easily reduced to *O3 by the photoexcited electrons while the
quenching experiment provided that h™ and *O3 are the active species in
the photocatalytic system. Therefore, the addition of GO will improve
the visible light absorption of the binary composites of BSO/AgBr and
create additional active sites that engage with organic pollutants.
Furthermore, due to its high conductivity, it will serve as an electron
transport channel between BSO and AgBr, resulting in an increased
electron transfer rate. This enhancement will extend free electrons’
lifespan, which boosts superoxide generation, thereby offering more
chances for their participation in degradation processes [79,80]. The
photogenerated h+ in the VB of BSO and AgBr could directly degrade
TCN and RhB molecules and react with H,0 to produce ¢OH because the
VB edge potential of BSO (+3.31 eV vs NHE) and VB edge potential of
AgBr (+2.56 eV vs NHE) is more positive than the potential HoO/eOH
(+1.99 eV vs NHE) [81,82]. This proposed mechanism aligned with the
scavenging experiment, which proves that h™ and *03 are the main
active species in the photodegradation of TCN and RhB over the syn-
thesized GO/BSO/AgBr heterojunctions.
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Fig. 17. A proposed photocatalytic mechanism for the degradation of TCN and RhB over GO/BSO/AgBr heterojunction photocatalyst.

4. Conclusion

In summary, a novel GO/BSO/AgBr photocatalyst was successfully
prepared via the modification of Bi»SiOs with GO and AgBr using the co-
precipitation method. Under visible light irradiation, GO/BSO/AgBr
photocatalyst heterojunction degradation rate on TCN and RhB reached
95.83 and 97.02 % in 60 and 30 min, respectively. It was observed that
the photocatalytic performance of the BSO improved due to its func-
tionalization by the AgBr nanoparticles due to its SPR properties and the
electron sink properties of the GO. In addition, the light absorption
range of GO/BSO/AgBr heterojunction photocatalyst increased when
compared with BSO, BSO/AgBr, which led to the extension of light
adsorption into the visible range, the reduction of the electron-hole
recombination rate, coupled with an increase in its specific surface
area, provides more active sites for photocatalytic degradation of TCN
and RhB. TCN and RhB were more rapidly broken down into small
molecules due to photogenerated electron-hole pairs’ improved sepa-
ration and transfer efficiency with the formation of h+ and 0%~ with
intense oxidation. The stability of the photocatalyst composites was
confirmed as the catalytic activity still reached 86.47 % after a 5-cycle
treatment run, proving that the synthesized photocatalyst can serve as
a promising material for environmental remediation.
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