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and photoelectrochemical water splittingt
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Semiconductor-based heterogeneous photocatalysis generates highly reactive charge carriers under solar
illumination, making it a successful approach for wastewater purification and energy production
applications. Herein, a simple solvothermal approach was used to generate a promising nanocomposite
photocatalyst, reduced graphene oxide/bismuth tungstate (rGO/Bi,WOg). Various analytical tools were
utilized to characterize the as-prepared catalysts. The oxidation of methylene blue (MB) and rhodamine
B (RhB) dyes in the presence of solar light was performed to assess the photocatalytic activity of the
rGO/Bi,WOg combination. Also, photoelectrochemical (PEC) water splitting as an efficient and cost-
effective way of producing hydrogen from water using solar energy is tested. The effect of the
calcination temperature of Bi,WOg and the amounts of graphene oxide on the catalytic activity was
studied. After 30 minutes of exposure, the synthesised 10rGBW calcined at 700 °C (10rGBW-IV) showed
good photodegradation percentages of 100.0% and 87.6% for MB and RhB dyes, respectively. Also, the
larger photocurrent response intensity and lower arc radius of the electrochemical impedance of rGO/
Bi,WOg compared to Bi,WOg revealed the synergistic effect on Bi,WOg visible light responsiveness.
According to the Mott—Schottky curve, 10rGBW-IV demonstrates a larger negative shift of the Fermi
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1 Introduction

The current emphasis on sustainable, renewable energy and
clean water has increased due to the freshwater and energy
crisis. Given the rising need for water to sustain socioeconomic
progress and human health, water pollution is a major problem
for researchers. As a result, water pollution and changes in the
climate constitute major contributors to water shortages.
Various dyes are utilized for many reasons in a variety of sectors,
including cosmetics, concrete, plastic, rubber, textiles, food,
printing, medicine, and the paper industry.>* These enterprises
produce a large volume of effluent that contains carcinogenic
and poisonous dyes, contaminating the water and making it
unsuitable for human usage.* Dyes considerably damage water
quality due to their toxicity and non-biodegradability, posing
serious hazards to aquatic ecosystems and environmental
health.” According to the United Nations Organization (UNO),
contamination of drinking water by microorganisms and
chemicals threatens the health of nearly half the population in

“Department of Chemistry, Faculty of Science, Mansoura University, Al-Mansoura,
Egypt. E-mail: amr_awad@mans.edu.eg

*Department of Chemistry, Faculty of Science, Suez University, Suez, Egypt

(ESI) available. See DOI:

+ Electronic  supplementary information

https://doi.org/10.1039/d5ra04049¢

26608 | RSC Adv, 2025, 15, 26608-26622

level (FB = —0.08 V versus RHE), indicating a stronger oxidation potential for water splitting.

developing countries. Numerous traditional methods are
proven for dye removal from water, like electrochemical treat-
ment,® coagulation,” membrane filtration,® adsorption,’ and
biodegradation.’® However, the broad implementation of these
advanced water treatment systems is restricted by high opera-
tional costs, limited treatment capacity, and excessive reliance
on chemical inputs. Renewable energy has recently become
cost-competitive with fossil fuels, potentially saving trillions of
dollars, lowering greenhouse gas emissions and improving
energy security."

Since it can remove pollutants even after continuous irradi-
ation, the advanced oxidation process (AOP) utilizing hetero-
geneous photocatalysis is an effective method for removing
pollutants.*> According to several researchers, photocatalysis is
a viable and sustainable technology for wastewater treatment
because it uses visible light, an available and environmentally
safe energy source, to drive the reaction. The other wastewater
treatment methods produce secondary pollution; hence, the
photocatalytic technique of organic pollutant removal is taken
into consideration owing to its cost-effectiveness and non-
hazardous properties.”*** Photocatalysis is a chemical reac-
tion driven by absorbed light energy in the presence of a cata-
lyst, producing electron-hole (¢ /h") pairs and free radicals
which have a high ability to degrade many types of organic
contaminants.'"” Visible light photocatalyst can use a wider

© 2025 The Author(s). Published by the Royal Society of Chemistry
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spectrum of electromagnetic radiation than ultraviolet (UV)
light, which is more energy-efficient and economical. In visible
light-driven photocatalysis, charge carriers interact with water
and oxygen to produce reactive species, including superoxide
(‘0,7) and hydroxyl ("OH) radicals.”® These radicals help to
break down organic pollutants in water.

Furthermore, the demand for renewable and sustainable
energy sources has risen to limit the environmental pollution
caused by CO, emissions from the combustion of fossil fuels."*
Because of its high energy density, hydrogen is a clean and
sustainable energy source that can meet the world's energy
needs. Photoelectrochemical (PEC) water splitting is an efficient
approach for cost-effective hydrogen production from water
under solar irradiation.” The PEC efficiency can be enhanced
through several methods, including the improvement of light
absorption and the reduction of catalyst recombination.
Improving light absorption and reducing catalyst recombina-
tion are two strategies to boost PEC water-splitting efficiency.
Significant work has gone into adjusting the valence band (VB)
and conduction band (CB) edge locations of various compound
semiconductors (also known as “bandgap engineering”) to
adjust their interfacial energetics to certain photo-oxidation or
photo-reduction processes, respectively.>*** Several efforts have
been made to exploit novel and diverse light sources and
nanomaterials for organic waste removal by photodegradation.
Doping and compositing are two methods for improving the
structural characteristics and photodegradation performance of
produced nanomaterials.”*** The energy bandgap of these
materials may be changed by shifting the band edge locations,
which may then improve photocatalytic activity. A similar
change can lead to bandgap narrowing, boosting solar light
absorption while maintaining the redox potential of photo-
generated charge carriers.

Metal tungstates have gained high attention among the
numerous types of semiconductor photocatalysts.”* Metal
tungstates are an intriguing class of inorganic compounds that
exhibit the typical scheelite (MWO,) and wolframite (MWOg)
formula that may be distinguished by the letter M.>>>¢ Pb, Sr, Ba,
and Ca are examples of bivalent cations with large radii that
have scheelite-type tetragonal structure, whereas M = Zn, Cu,
Co, Mn, and Cd are examples of bivalent cations with smaller
radii that have wolframite type monoclinic structure.””*® For the
scheelite-type structure, each tungstate group is bound by four
oxygen atoms, but in the case of the wolframite-type structure,
each tungstate atom is bound by six oxygen atoms.* Bi-based
photocatalysts have gotten a lot of attention lately.>** Among
Bi-based semiconductors, Bi,WOs is said to be a potent pho-
tocatalyst for air and wastewater purification. Because the
octahedron of ceratoid WOy is positioned in the sandwich of
(Bi,0,)*" and may increase the separation of photo-generated
charges, Bi,WOs is also stable with high activity.*'** However,
because of its poor light absorption, quick recombination of
photo-generated e /h" pairs, and difficult migration, pure
Bi,WO, photocatalytic activity is constrained.** To boost the
photoinduced electron-hole pair separation of Bi,WO,
numerous effective techniques and technologies have been
described, including doping,* substitution,*® heterostructure
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creation with a narrow-band gap semiconductor,*” and coupling
with a carrier.®®* The bandgap of Bi,WOs, an n-type semi-
conductor with a structure made up of perovskite layers and
a member of the Aurivillius family, is around 2.75 eV.**"*> Due to
the wide band gap of Bi,WOs, it has low light absorption and
thus limits catalytic activity. Several methods can be used to
enhance the Bi,WO¢ band gap, including defect engineering,
deposition of metals and non-metals, and coupling or ion
doping with different semiconductors.****

Compared to pure oxide nanostructure, semiconductor-
based composites demonstrate improved photocatalytic
activity.*>*® Additionally, graphene has gained a lot of interest
for supporting catalytic nanoparticles due to its great thermal
stability, mechanical strength, large specific surface area,
superb electronic conductivity and excellent adsorption
capacity.*”*® The addition of graphene to composites may
provide ordinary properties that open up new possibilities for
designing and creating future catalysts.*” In recent years, the
production of metal nanoparticles on graphene via the reduc-
tion of metal precursors in the presence of suspensions of pure
or exfoliated graphene has been shown. Additionally, a lot of
composite materials were created using graphene, and the
resulting composites showed a variety of benefits and were used
in a variety of industries. Examples of modern composites that
have been made and used in many fields are TiO,/MCM-41,*
polyaniline/reduced graphene oxide, molybdophosphoric
acid/MCM-41,> ZnO doped reduced graphene (rGO-ZnO),*
FeVO,/rGO/FeVO,,** CuS/g-C3N,/rGO,* and others. These
materials have been synthesized using various methods and
used as effective photocatalysts. As rGO serves as an electron
acceptor and avoids electron-hole recombination, its addition
to semiconductors is anticipated to decrease charge carrier
recombination and boost photocatalytic efficiency.***”

In this study, rtGO-B,WO, samples were generated by mixing
B,WOg calcined at different temperatures under the hydro-
thermal method. The hydrothermal method was effectively
employed to reduce GO to rGO. Also, various samples with rGO
content on B,WO, were prepared. The synthesized nano-
composites are projected to produce several photo-generated
e /h" pairs, hence increasing the photocatalytic efficiency of
rGO-B,WO¢ hybrids. Several factors are examined in our
research to determine the efficiency of photodegradation
performance involving concentration of the photocatalysts and
organic pollutants, pH of the solution, reaction time and
calcination temperature. Moreover, the materials were used as
photocatalysts for the photoelectrochemical water splitting. We
anticipate that our study will motivate additional research into
the development of new photocatalysts for the efficient removal
of catalyst residues and other hazardous pollutants from
polluted water.

2 Experimental
2.1. Materials

Sulfuric acid H,SO, (98%), sodium nitrate (NaNO3), hydrogen
peroxide (H,O,, 30%), hydrochloric acid (HCl), sodium tung-
state 2-hydrate (Na,WO,-2H,0), zinc nitrate hexahydrate
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(Zn(NO3),-6H,0), isopropoanol, rhodamine-B (RhB), graphite
(99.95% purity), sodium sulphate (Na,SO,), benzoquinone,
ethylenediaminetetraacetic acid disodium salt, potassium
hydroxide (KOH), ethanol (C,HsOH), Nafion (5 wt%), and
methylene blue (MB) were all obtained from Sigma-Aldrich.
Without any additional processing, all reagents were of analyt-
ical quality.

2.2. Photocatalysts preparation

2.2.1. Graphene oxide (GO) preparation. Following the
modified Hummer technique,***® 50 mL of H,SO, (98%) was
added to the mixture of graphite powder (1.0 g) and NaNOj; (1.0
2) and kept under vigorous stirring for two hrs in an ice bath.
Subsequently, KMnO, (5.0 g) was added to the mixture and
stirred in an ice bath (below 10 °C) for 4 h. After that, the
mixture was removed from the ice bath and then swirled at
room temperature until the formation of brownish paste. After
stirring for 24 h, hot DI water (350 mL) was then added slowly,
followed by the addition of 650 mL of cold DI water. The colour
of the solution turned brown when the reaction temperature
was quickly raised and maintained below 98 °C. The process
was eventually stopped by the H,0, addition (30 mL), which
caused the solution to become yellow, and then the mixture was
centrifuged for 5 min. Finally, 200 mL of 10% HCI was applied
twice to the collected solid material, followed by 200 mL of
water for centrifugal separation/washing/redispersion. The
produced precipitate was oven-dried overnight at 60 °C.

2.2.2. Bismuth tungstate (Bi,WO¢) preparation. The
hydrothermal method was applied for the Bi,WOg as follows;
2.91 g (6 mmol) of (Bi(NO3);-5H,0) was dissolved in 37.5 mL of
water. Subsequently, the solution was added to 12.5 mL of
ethylene glycol containing 0.99 g (3 mmol) of Na,WO,. 2H,0.
The mixture was transferred to a 75 mL Teflon-lined stainless-
steel autoclave to be kept for 12 h at 160 °C. The resultant
precipitates were centrifuged, washed several times with water,
and dried for 12 h at 50 °C. The obtained sample was divided
into parts and calcined at 700, 600, 500, and 400 °C for 4 h in air.
The as-calcined products (BW-X) were named BW-IV, BW-III,
BW-II, and BW-1, respectively.

2.2.3. rGO/Bi,WOs (GBW) preparation. The Bi,WO4 and
graphene oxide act as the starting materials for the preparation
of rGO/Bi,WO, composite. 1.0 g of Bi,WOs was sonicated in
50 mL DI H,0, and the equivalent amounts of graphene oxide

&

S ‘& 00000000 © 0 155w

(X)is different T

Stirring

i

View Article Online

Paper

were suspended in DI H,O (20 mL) for 1 h, respectively. Then,
the obtained brown solution of GO was added to the as-
prepared Bi,WOs, dispersed by ultrasonication for 1 h and
stirred for 6 h. The obtained solution was transferred to a 75 mL
Teflon-lined stainless-steel autoclave to be kept at 160 °C for
12 h. The hydrothermal procedure is used for the reduction of
GO to rGO.” The resulting nanocomposites (rGBW) were
centrifuged, washed, and dried in an oven at 80 °C. Meanwhile,
certain amounts of GO were mixed with the Bi,WOg at different
calcination temperatures, and the composites (10rGBW-X) were
named 10rGBW-I, 10rGBW-II, 10rGBW-III, and 10rGBW-IV.
Then, these composites were calcined at 250 and 350 °C.
These samples were named 10rGBW-IA, 10rGBW-IIA, 10rGBW-
II1A, and 10rGBW-IVA for samples calcined at 250 °C and
10rGBW-IB, 10rGBW-IIB, 10rGBW-IIIB, and 10rGBW-IVB for
samples calcined at 350 °C. By the same procedures, the sample
(BW-1V) was loaded with 5, 10, 15, 20 and 25% of GO and
calcined at 250 °C and named 5rGBW-IVA, 10rGBW-IVA,
15rGBW-IVA, 20rGBW-IVA, and 25rGBW-IVA, respectively

(Fig. 1).

2.3. Characterization

Powder X-ray diffraction (XRD) was carried out to detect the
crystallinity of the materials utilising a Cu K radiation source, Ni
filter, and PW150 (Philips). The FT-IR spectrum was recorded
utilizing a Thermo SCIENTIFIC (NICOLET iS10) FTIR spec-
trometer after the dilution of each sample (2 mg) by 200 mg KBr.
JEOL- Japan Transmission and Scanning Electron Microscopy
with X-ray spectroscopy (EDS) were used for morphological
evaluation and sample mapping. Using Ultraviolet-visible (UV-
vis) diffuse reflectance spectroscopy, the band gaps of rGO/
Bi,WO¢ and pure Bi,WO, photocatalyst samples were calcu-
lated using the absorbance and wavelength values for the
samples. The Kubelka-Munk function, which is presented
below, may be used to calculate the energy band gap value:*

ahv = (hv — E,)" (1)

where «, Eg, and hv are the absorption coefficient, the optical
energy band gap value, and the photon energy (eV), respectively,
and n = %, 2, 3/2 and 3 are directly allowed, indirectly allowed,
directly forbidden, and indirectly forbidden transitions,
respectively. By utilizing the absorption data, the direct band
gap value was calculated using Tauc's relation by projecting the

160°C, 12 h 160°C, 12 h - Calcination
Bi(NOy), | NE— ) S —A= —
- Calcination W% rGBW.X B- 32% og Wt.% rGBW-XA
120 200 <701 =

Or Wt.% rGBW-XB
Wt.% =5, 10, 15,

20, and 25%

Fig.1 Scheme of synthesis of wt% rGBW calcined at different temperatures.

26610 | RSC Adv, 2025, 15, 26608-26622

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ra04049c

Open Access Article. Published on 25 July 2025. Downloaded on 12/22/2025 7:55:09 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

linear plot of («kv)* versus hv to the x-axis. The constant n is
established by the semiconductor, which results in a direct
band gap for n =1. APREVAC EA15 system equipped with a 180°
electrostatic hemispherical analyser (HSA) was used to detect
the X-ray photoelectron spectroscopy (XPS), applying a mono-
chromatic Al K,, radiation, which is operated at 12 kv and 25 mA
X-ray source. The concentrations of dyes were investigated
before and after the photodegradation tests through a UV-vis
absorption spectrophotometer. Finally, the electrochemical
measurements were tested using a Corrtest potentiostat/
galvanostat with a three-electrode configuration.

2.4. Photocatalytic degradation tests

The photocatalytic studies with the manufactured rGO/Bi,WOq
catalysts were carried out by evaluating the photodegradation
rate of dyes under the influence of visible light. The studies were
done under visible light irradiation (A = 420 nm) using a cut-off
filter. The light intensity was calibrated with a photometer and
constantly maintained at 100 mW c¢cm ™2 throughout the testing.
Using DI water, stock solutions of RhB and MB (100 ppm) were
prepared, and the required experimental concentrations of MB
and RhB (5-50 ppm) were achieved by sequentially diluting the
stock. The pH of MB and RhB practical solutions was changed
with drop-wise additions of 0.1 M HCl/NaOH solutions. Pollutant
solution (50.0 mL) was placed inside the photoreactor with
a capacity of 100 mL. The photocatalyst was carefully inserted
into the beaker containing the dye solution and was oriented
horizontally at the reactor's centre and bottom. Before the pho-
todegradation, the catalyst was suspended in a dye solution and
was allowed to settle for 60 min to guarantee that the catalyst and
dye solution were in equilibrium. A visible light source was
placed around 10 cm above the reactor, and the degradation
processes took place for three hours. The UV-vis spectropho-
tometer was utilized to investigate the change in pollutant
concentrations at regular intervals. The following expression [eqn
(2)], was used to determine the deterioration efficacy:>

G -G

Degradation(%) = C
0

x 100 2
where C, and C, are the dye starting concentration (ppm) and at
any given time (min), respectively.

2.5. PEC water splitting measurements

The photoelectrochemical tests were performed at room
temperature on a Corrtest potentiostat equipped with a three-
electrode system including a reference electrode (Ag/AgCl),
counter electrode (Pt wire), and working electrode (indium tin
oxide (ITO) glass substrate). According to the Nernst equation,
the measured potentials were converted to the RHE scale as
follows:

Erup = EAgACI) + E(AgAgC) (0.197 V)
+0.059 x pH 3)

The photocatalyst electrodes were prepared by dispersing
2 mg of each catalyst in 450 pL ethanol and 10 pL Nafion

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(5.0 wt%) as a binder under vigorous sonication for 1 h till
complete homogeneity. After that, 40 pL of the homogenous
dispersion was dropped on a well-cleaned ITO glass substrate
(1 ecm x 1 cm). Linear sweep voltammetry (LSV) was conducted
in 1.0 M KOH electrolyte solutions with a scan rate of 5 mv s *
under dark and light conditions. The photoresponse of the
photocatalysts was measured in 1.0 M Na,SO, solution under
dark and light conditions. The electrochemical impedance
spectroscopy (EIS) technique was applied from 100 kHz to
0.01 Hz.

3 Results and discussion

3.1. Structural characterization

The phase structure of the produced catalysts was investigated
by XRD analysis. Fig. S1at depicts the XRD patterns for Bi,WOg
at different calinations. The orthorhombic phase of Bi,WOs is
characterized by several diffraction peaks at 260 = 28.3, 32.7,
47.1, 55.8, 58.5, 68.7, 75.9, and 78.3° which are connected to the
crystal planes of (131), (200), (202), (133), (262), (333), and (391),
respectively.®>** The crystal structure of Bi,WO, was verified by
observing narrow diffraction patterns when the calcination
temperature was raised. The XRD patterns of the 10rGBW-IA,
10rGBW-IIA, 10rGBW-IIIA, and 10rGBW-IVA are shown in
Fig. 2a, while Fig. S1bt displays the XRD patterns of rtGBW-IVA
with various amounts of rGO (5, 10, and 25%). The similar
appearance of the diffraction peaks of Bi,WOs and rGO/Bi,WOg
composites indicates the strong contact between the Bi,WOg
particles and rGO, which formed an interconnected structure.
As rGO concentration rose, the diffraction peaks of Bi,WO¢ were
retained in the rGO/Bi,WOg heterojunction, while their inten-
sity eventually diminished. The average crystallite size can be
calculated from the Debye-Scherrer formula using the peak
with the highest intensity (26 = 28.3°).

D =0.94 A3 cos 6 (4)

where 6 is Bragg's angle, A is the X-ray radiation wavelength, D is
the average crystallite size, and ( is the diffraction line widening
as measured at the full-width half-maximum value (FWHM).

The crystallite size of Bi,WOs increased from 20.5 to 49.9 nm
with an increase in calcination temperature from 400 to 700 °C
according to the Table 1. Likewise, rGO/Bi,WOs composite
demonstrates an increase in crystallite sizes when compared to
pure Bi,WO, formed at the same combustion temperature. It
shows that after combining with reduced graphene oxide, the
development of Bi,WO, nanoparticles was constrained, which
may be attributed to the confinement effect of rGO sheets.
When Bi,WOj particles are intercalated into stacked rGO layers,
the stacking disorder causes the rGO diffraction peak to
disappear in rGO/Bi,WOg hybrids.

The FT-IR spectra of BW and BW-I (Fig. 2b) show the main
absorption bands, which are related to the W-O-W bridging
stretching, Bi-O, W-O, and W-O-C stretching modes at 900-
400 cm™.® Bi,WOg and rGO in the composite are chemically
interconnected, which is confirmed by W-O-C stretching
vibrations.®*** The stretching of Bi-O was ascribed to the FTIR

RSC Adv, 2025, 15, 26608-26622 | 26611
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Fig. 2 (a) XRD patterns of rGO doped Bi,WQ, at different calcination temperatures, and (b) FTIR spectra of BW, BW-1, 10rGBW-IA, 10rGBW-IIA,

10rGBW-IIIA and 10rGBW-IVA.

Table 1 The crystal sizes and band gaps of Bi,WOg and rGO/Bi,WOg
samples

Crystallite Band gap Band gap Crystallite

Catalyst size (nm) (eV) Catalyst (eV) size (nm)
BW-I 20.5 2.65 10rGBW-IA 2.63 27.4
BW-II 25.3 2.59 10rGBW-TIA  2.54 31.5
BW-III 36.9 2.37 10rGBW-IITIA  2.29 45.1
BW-IV 49.9 1.72 10rGBW-IVA 1.41 61.2
— — — S5rGBW-IVA  — 54.6
— — 25rGBW-IVA 69.5

spectra obtained at 451 cm™*, while the peak at 554 cm™* is

ascribed to Bi-O polyhedral bending vibration and WO
bending vibration and stretching.” The absorption peaks at
815-860 cm ™" are due to the bridge stretching vibration of W-O
in WO octahedral, whereas the peaks at 734 cm ™" are related to
the stretching vibration of WOg in Bi,WOe."” The typical FTIR
spectra of rGO/Bi,WOs display distinctive bands of the different
types of carbon-oxygen interaction, including C-O alkoxy
(1036 cm™'), C-O epoxy (1222 cm '), C-O stretching
(1378 ecm™'), and C=0 carbonyl (1640 cm™'). At 3434 cm ™,
a wide band appeared, which is indicative of the -OH group.®>*®
Conversely, the oxygen-containing vibrational bands in the
spectra of the rGO/Bi,WO, composite were dramatically
decreased with high calcination temperatures, confirming
a considerable reduction of GO during hydrothermal treatment.
Once the composite was developed, the wide band at 3430 cm ™
corresponding to the stretching and bending vibration of -OH
and that of C=0 carbonyl at 1640 cm ' were much diminished
and nearly eliminated. The results presented here confirm that
GO was successfully reduced to rGO and that the rGO/Bi,WOs
composite was formed.

The linear relation of (ahv)* versus (hv) for Bi,WOg calcined at
400, 500, 600, and 700 °C is shown in Fig. S2a,} and that for BW-
IV, 10rGBW-IA, 10rGBW-IIA, 10rGBW-IIIA, and 10rGBW-IIVA
nanocomposites are illustrated in Fig. S2b.t Table 1 findings

26612 | RSC Adv, 2025, 15, 26608-26622

demonstrated that the band gaps of rtGBW-IVA and BW-IV had
the lowest band gap energy values. The absorbance has there-
fore moved from the ultraviolet to the visible range as a result of
the band gap being decreased. More photogenerated e /h"
couples at the redshift suggest that photons with lower energy
may ignite them, improving photocatalytic degradation effi-
ciency in the visible spectrum.”> The synthesized xrGBW-IVA
nanocomposites were shown to have a smaller band gap in all
cases, confirming a potential improvement in photocatalytic
activity. Table 1 further shows that the band gap values decrease
as the crystallite size of the produced samples increases. The
reduced bandgap is beneficial for increasing the adsorption of
light for rGO/BiWO, composites, resulting in improved photo-
catalytic activity.®”

From TEM images of 10rGBW-VIA (Fig. 3a and b), the as-
prepared Bi,WOg are depicted as roughly spherical particles
with a small average size of 30 nm, which are dispersed on the
rGO surface. Additionally, the Bi,WOs particles can be seen to
be equally scattered across the graphene sheets and to be sha-
ped like elongated, uneven flakes.'®*® The TEM examination
further showed that the overlapping of rGO sheets on the
Bi,WOs particles created a three-dimensional lattice structure
that facilitated quicker electron mobilization in visible light.
Moreover, the SEM morphology of the produced 10rGBW-VIA
sample is shown in Fig. 3c-e. The figure showed that the
particle sizes of Bi,WOs are transformed into a significant
number of spherical-like and pseudo-tetragonal particles that
are evenly dispersed across graphene.®® According to the data
above, the connection between Bi,WOg and rGO particles was
enhanced by the calcination procedure. Also, Fig. 3f shows the
SEM image of the 10rGBW-VIA composite used for EDX
elemental mapping. The illustration shows a very homogeneous
and aggregated surface structure, which is appropriate for
elemental analysis. Fig. 3g—k shows the elemental distribution
of the synthesised rGO/Bi,WO, composite analysed using EDX
mapping. The mapping image (Fig. 3g) confirms that all key

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3

elements present in the composite are uniformly distributed.
Fig. 3h displays the carbon (C) signal, which originates from the
reduced graphene oxide (rGO) sheets, proving their homoge-
neous incorporation throughout the sample. The consistent
dispersion of oxygen (O) (Fig. 3i), bismuth (Bi) (Fig. 3j), and
tungsten (W) (Fig. 3k) indicates the even distribution of Bi,WOs
nanoparticles on the rGO matrix. The absence of element
clustering or segregation indicates good mixing and robust
interfacial contact between rGO and Bi,WOs, which is crucial
for efficient charge transfer and separation. Besides, the
chemical composition of the 10rGBW-VIA nanoparticles was
investigated using EDX analysis, as shown in Fig. S3.f The
sample components were identified via EDX analysis, which
revealed the presence of C, W, Bi, and O. As a result, the rGO/
Bi,WO, nanocomposite was successfully synthesized, as shown
by the SEM and EDX mapping.

XPS analysis was applied to identify the chemical composi-
tion on the surface of —tGBW-IVA. Fig. 4a and b shows the atomic
percentage of each component and the overall XPS survey. Four
peaks in the whole XPS spectrum are seen at 533, 285, 159, and
38 eV. These are ascribed to O 1s, C 1s, Bi 4f, and W 4f, in that
order. It was found that the atomic percentages of O 1s, C 1s, Bi
4f, and W 4f were, in order, 29.72, 50.44, 9.90, and 9.94%. Four
Gaussian peaks are identified with binding energies of 284.4,
286.1, 288.2, and 289.5 eV in the XPS spectra of C 1s (Fig. 4c).
For the non-oxygenated carbon of C-C/C-H in the rGO struc-
ture, the characteristic peak appeared at 284.4 eV. Moreover, the
Gaussian peak at 286.1 eV represented the hydroxyl or epoxide
(C-OH/C-0) functional groups. The carbon functionalized in

© 2025 The Author(s). Published by the Royal Society of Chemistry

(@ and b) TEM images, (c—e) SEM images, and (f and g) EDX mapping of 10rGBW-IVA, and mapping images of (h) C, (i) O, (j) Bi, and (k) W.

the carbonyl group appeared at 288.2 eV. Moreover, the low
peak intensity at 289.5 eV, which is related to the carboxylic
group, confirmed the reduction of the GO to rGO.”*”* Compa-
rably, three Gaussian peaks can be seen in the XPS spectrum of
O 1s (Fig. 4d). The peak appearing at 529.8 eV is characteristic of
lattice oxygen in Bi,WO,. While the peaks at 531.2 and 533.0 eV
are assigned to C-OH and C=0, respectively.”>”* Additionally,
two Gaussian peaks are observed in the Bi 4f spectrum (Fig. 4e)
at 164.4 and 159.1 eV, which are related to Bi 4f;;, and Bi 4f,),
spin-orbital splitting photoelectrons in anatase Bi,O3, respec-
tively. These results reveal the presence of trivalent oxidation
state for bismuth (Bi**) as it occurs in the Bi,WOg hollow
structure.” Ultimately, oxidized W ions are related to the W 4f;,
and W 4f,, spin-orbital splitting in WO3, which are situated at
37.5 and 35.2 eV, respectively, confirming a hexavalent oxida-
tion state of tungsten (W°®").”

Fig. S4at depicts a nitrogen adsorption-desorption isotherm
of 10rGBW-IVA with a Type IV profile and a significant hyster-
esis loop, indicating mesoporous materials according to the
IUPAC classification. The nitrogen adsorption gradually
increases with rising relative pressure (P/P°), followed by a sharp
surge around P/P° = 1.0, due to capillary condensation within
mesopores.” Moreover, the H;-type hysteresis loop in the curve
indicates the presence of slit-like pores or the formation of
plate-like particles. Fig. S4bt depicts the pore size distribution
obtained using the BJH (Barrett-Joyner-Halenda) method,
which displays a prominent pore size in the range of 2-5 nm,
confirming the mesoporous nature of 10rGBW-IVA. These
findings collectively confirm the formation of ultra-thin
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nanosheet structures, increasing the material's BET surface
area and creating more active sites for photocatalytic activity.

3.2. The photocatalytic degradation of dyes

3.2.1. Effects of calcination temperatures and GO content.
Under visible light irradiation, the influence of the calcination
temperature of BW and GBW on photocatalytic degradation of
MB and RhB was performed to detect the optimum conditions.
For pure BW, the experiments revealed that the increase in
calcination temperature from 400 to 700 °C increased the
photodegradation. The percentage degradation after 240 min
was about 10.3, 19.4, 14.9, 16.6, and 19.4% (Fig. 5a and S5at) for
MB and 13.7, 22.3, 25.2, 29.2, and 30.3% for RhB (Fig. 5b and
S5bt) using BW, BW-I, BW-1I, BW-III, and BW-IV, respectively.
These results indicated that BW-IV is the best photocatalyst
from all samples. In Fig. 5a, b, S6a and b, a noticeable
improvement in the degradation of dyes was observed after the
addition of GO. After 240 min, MB degradation was about 19.3,
21.6, 23.9, 28.5, and 33.2% and RhB was 9.1, 18.9, 21.8, 24.7,
and 28.4% for GBW, GBW-I, GBW-II, GBW-III, and GBW-IV,
respectively. The highest value of MB and RhB dyes was
observed by the usage of GBW-IV. This value may be due to the
low band gap related to the rise in the temperature of calcina-
tion and the presence of GO. On the other hand, the photo-
catalysts of GBW-A, GBW-IA, GBW-IIA, GBW-IIIA, and GBW-IVA
in Fig. 5a, b, S7a and b7 exhibited higher photodegradation due
to the calcination effect. After 60 min, the percentage removal of
MB and RhB reached up to 97.1 and 91.1%, respectively, using
the GBW-IVA catalyst. Also, Fig. 5a, b, S8a and bf show

26614 | RSC Adv, 2025, 15, 26608-26622

a significant decrease in the photocatalytic degradation of MB
(89.3%) and RhB (72.1%) by the GBW-IVB catalyst. The results
indicated that the sample BW-IV (calcination at 700 °C) is the
most suitable temperature for the calcination of Bi,WOs. It
reached the maximum, maybe because of the complete crys-
tallization of Bi,WOs at this temperature. Furthermore, the
calcination of GBW-IVA causes the deoxygenation of the GO
sheets, which leads to the complete reduction of GO to rGO with
a low band gap and conductivity. The conductivity leads to high
performance in anti-recombination and high-performance
charge separation during the photocatalytic process. Also, gra-
phene can play a serious role in inhibiting the aggregation of
Bi,WOg particles during thermal treatment. More information
on the photodegradation of MB and RhB is listed in the Table
S1,T respectively.

On the other hand, the amount of graphene is a crucial
parameter in determining the photocatalytic activity of GBW-
IVA nanocomposites. Fig. 5¢ and d show the effect of photo-
degradation of MB and RhB under visible light using GBW-IVA
with different GO amounts as photocatalysts. After 30 min, the
photocatalytic degradation increased with increasing the
amount of GO, reaching up to 10 wt% GO in Bi,WOg (Fig. S9T)
and decreased with further increase of GO content. It has been
concluded that the GO addition boosted the photocatalytic
activities of Bi,WOg because GO can promote the separation of
electron holes and increase surface area during the reaction.
The further concentration of graphene oxide increased the
scattering and absorbance of photons, thus weakening the
ability of photon absorption.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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3.2.2. Effect of pH on MB and RhB photodegradation. The
point of zero charge (PZC) is the pH value at which the net
charge of the sample surface is zero. Understanding the PZC
value is crucial to comprehending the interactions that arise at
the surface when pH varies. To compute the PZC, four bottles
containing 50 millilitre solutions at pH values of 2.0, 4.0, 6.0,
and 10.0 were created using 0.1 M HCI and 0.1 M NaOH. At
room temperature, each solution was mixed with 100 mg of
10GBW-IVA and the mixture was shaken for 48 hours. Plotting
the final pH against the initial pH (2.0, 4.0, 6.0, and 10.0), as
shown in Fig. 6a, reveals that the PZC is at pH = 5.2, where the
photocatalyst surface is almost neutral. Hydrogen ions are
adsorbed on the catalyst active sites and become positively
charged when the pH falls below 5.2. When the pH value
increases up to 5.2, the catalyst surface will have more
hydroxide ions and progressively transition to a negatively
charged state.””

The pH of the MB and RhB solutions was changed from 4.0
to 12.0 to optimize the parameters of the reaction. The test was
performed with a catalyst dose of 75 mg, a degradation time of
40 min, and an initial dye concentration of 10 ppm. As illus-
trated in Fig. 6b and c, the breakdown efficiency of MB rose
from 44.5% at pH 4.0 to 54.4% at pH 6.0, eventually reaching

© 2025 The Author(s). Published by the Royal Society of Chemistry

100% at pH 8.0. Similarly, RhB degradation increased from
30.1% to 87.6% within the same pH range. However, subse-
quent pH increases to 10.0 and 12.0 resulted in a decrease in
breakdown efficiency (Fig. 6d). This behaviour is due to elec-
trostatic interactions between the dye molecules and the pho-
tocatalyst.”® At moderately basic pH, the rtGBW surface becomes
negatively charged, which promotes cationic dye adsorption
(MB and RhB) via electrostatic attraction. Although "OH radical
formation increases at high pH levels, the degradation rate
reduces, which could be due to radical quenching or dye
desorption. In contrast, under acidic circumstances, the posi-
tively charged photocatalyst surface repels cationic dyes,
reducing their adsorption and degradation.”

3.2.3. Effect of initial concentrations and catalyst dosage.
The impacts of starting concentrations of dyes on the photo-
catalytic performance were examined. The initial concentra-
tions = ranged from 5 to 50 ppm with 75 mg of 10rGBW-IVA and
solution pH = 8. The degradation efficiencies of dyes decrease
as the concentration of dye increases, as seen in Fig. S10(a—c).f
This could be because active areas on rGBW-IVA are more
accessible at lower dye concentrations, which improves
adsorption, promotes dye excitation, and intersystem crossover.
At greater dye concentrations, degradation slows, possibly due

RSC Adv, 2025, 15, 26608-26622 | 26615
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(a) Point of zero charges (PZC) measurements of MB dye with and without 10rGBW-IVA, irradiation time for (b) MB and (c) RhB at different

pH values, and (d) percentage of dye degradation after 40 min of light irradiation at various pH values.

to active site blocking by excess dye molecules, which inhibits
"OH radical production and increases light shielding.

On the other hand, the influence of the catalyst dosage on
the MB and RhB photodegradation was investigated using
different amounts of 10rGBW-IVA (Fig. S10d+t). Because of the
presence of more active sites on the surface of the 10rGBW-IVA,
the increasing catalyst dosage boosted photocatalytic activity.
However, photodegradation of the catalyst was reduced when
the catalyst dose surpassed 75 mg. This leads to increased
production of "OH and O, radicals, which improve pollutant
breakdown. However, efficiency decreases after an optimal
catalyst dose due to increased turbidity and light scattering,
which limit radiation penetration. Furthermore, particle
agglomeration at high concentrations decreases the active
surface area available for photocatalysis.

3.2.4. Kinetic studies, reusability of catalyst and mecha-
nism of photodegradation. Kinetic tests on the MB and RhB
photodegradation were performed to validate the kinetic model
and calculate the reaction rate constant values. The study was
performed at pH = 8.0 under visible light irradiation utilizing
xrtGBW-IVA photocatalysts. The entire photodegradation
kinetics is governed by a pseudo-first-order of the Langmuir-
Hinshelwood (L-H) mechanism, which has been demonstrated
for photocatalysis at low initial concentrations of MB and RhB
dyes. The following is the pertinent equation (eqn (5)):

Ln(C, — C) = kapp t (5)

26616 | RSC Adv, 2025, 15, 26608-26622

while (C, — C,) represents the decrease in dye initial concen-
trations after different time intervals, and the first-order rate
constant (s™') is denoted by kapp. The kup, values are now
calculated using the plot of In(C, — C;) as a function of time. The
linear relationship of pseudo-first-order kinetics is observed in
Fig. 7a and b. Also, Table S2t displays the pseudo-first-order
rate constant and R*> values when rGO content and dye
concentration are altered. The results show that the pseudo-
first-order rate kinetics are suitable for dye degradation. The
rise in rGO content causes an increase in the rate constant
values, reaching the maximum value using 10rGBW-IVA. Using
15rGBW-IVA, the photodegradation of MB and RhB at various
initial concentrations followed pseudo-first-order Kkinetics
under visible light, which was consistent with the observed
activity data. Table S2} further shows that when the initial dye
concentrations grow, the k., decreases.

The reusability of the photocatalyst is necessary to evaluate
the long-term stability of the rGOBWIV nanocomposite. The
catalyst was subjected to 6 cycles of degradation efficiency
assessment of MB, as shown in Fig. 7c. The results indicated
that the 10rGBW-IVA catalyst could preserve an average degra-
dation efficiency of 97.1% and 84.7% for MB and RhB, respec-
tively. These results indicated the potential reusability of the
samples. The trivial lowering of the activity may be due to
powder loss during recycling.

When the photocatalyst is irradiated, the formation of ROS,
such as superoxide or hydroxyl radicals, is the key factor in the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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photomineralization of organic dyes. Photocatalytic perfor-
mance under visible light can be attributed to defect production
and the narrowing of the energy bandgap caused by the
formation of the rGO/Bi,WOs heterostructures. Fig. 7d shows
the photocatalytic mechanism of MB and RhB using the GO-
based Bi,WOg catalyst. When Bi,WOs is exposed to UV and
visible light, electrons (e”) from the VB are excited to the CB and
leave holes (h") in the VB, as explained in (6). Since the work
function of rGO is less than that of the CB of the Bi,WOg, the
e (CB) can easily transfer to the GO surface (7). These electrons
can react with oxygen to generate superoxide radicals and
hydroxyl radicals (8). Moreover, the holes in VB can react with
hydroxide ions (9) and water (10) to form hydroxyl radicals.
Finally, the photogenerated radicals can oxidize organic dyes
(11) in an oxidation process, resulting in the formation of H,O
and CO,. The Fermi level shift and conduction band potential
drop caused by the charge equilibration and electronic contact
between graphene and Bi,WOg have a significant impact on the
process of photocatalytic conversion.

rGO/Bi,WOq + hv — rGO/Bi,WOq (h* (VB) + ¢~ (CB)) (6)

rGO/Bi,WOq (h* + ¢) — rGO(e) + BLbWOg (h*)  (7)
rGO(e”) + H,0— 0, + OH™ +rGO (8)

© 2025 The Author(s). Published by the Royal Society of Chemistry

Bi,WOy (h*) + OH™ — Bi,WO, + "OH (9)
Bi,WO; (h*) + H,O — Bi,WOs + H* + "OH (10)
MB or RhB + ROS — CO, +H,0 (11)

On the other hand, scavenger studies with specific quench-
ing agents were carried out to examine the underlying photo-
catalytic mechanism and determine the major reactive species.
Scavengers such as isopropyl alcohol (IPA), benzoquinone (BQ),
and disodium ethylenediaminetetraacetate (EDTA-2Na) were
utilized to trap HO’, O,, and holes produced during photo-
oxidation, respectively. Fig. S111 shows that after the addition
of EDTA, the photocatalytic reaction capacity of 10 rGBW-IVA
towards MB dye was significantly reduced by 17.39% when
compared to the composite without scavenger. When BQ and
IPA were introduced to the reaction system, the MB degradation
efficiency was lowered by 47.08% and 51.87%, indicating that
these species were actively involved in the MB photo-
degradation process.

3.3. Photoelectrochemical water splitting

The as-prepared photocatalysts were tested in the PEC water
splitting to investigate their photoelectrochemical properties.

RSC Adv, 2025, 15, 26608-26622 | 26617
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The photocatalysts with different amounts of rGO were tested
on the PEC oxygen and hydrogen evolution from water splitting.
These experiments were conducted by employing a three-
electrode configuration system in 1 M KOH (pH = 13.22)
under both dark and illuminated conditions, using a simulated
solar spectrum (100 mW cm?) as the light source. Fig. 8a
represents the LSV of all samples against electrochemical
hydrogen evolution reaction (HER) under dark and light
conditions. Compared to the bare BW, the LSV curves of the
calcined BW and rGO composites exhibited improved HER
performance. Moreover, the activities of these samples further
increased under illuminated conditions compared to those
observed in the dark. At 10 mA cm > current density, the
10rGBW-IVA electrode exhibited an overpotential of 290 mV,
surpassing those of other electrodes in the dark or under light.
On the other hand, Fig. 8b represents the LSV of all samples
against electrochemical oxygen evolution reaction (OER) under
dark and light conditions. The figure shows that the onset
potential of the OER shifted to more negative potentials after
the calcination and combination of BW with rGO. It was
observed that 10rGBW-IVA showed more negative onset poten-
tials and higher current density under dark conditions due to its
low band gap. On the other hand, all samples showed more
negative onset potentials and high current densities under solar
illumination compared to dark conditions. The onset potential
was higher in dark conditions compared to light conditions,
suggesting an enhancement in performance when transitioning
from dark to light. Achieving low onset potential requires
materials with suitable surface features that facilitate the effi-
cient transfer of charges. This surface characteristic has an

View Article Online
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important role in investigating the catalytic performance of
a material.** The 10rGBW-IVA catalyst showed an onset poten-
tial of 1.53 V vs. RHE with a high current density of 35 mA cm ™.

Furthermore, the chronoamperometric technique (I-¢ curve),
with three cycles of a 50-s interval light on or off, was also
applied to investigate the photoresponse of different materials.
Fig. 8c confirms the high photoresponse of the 10rGBW-IVA
electrode (~1.4 pA cm™?) and the high stability and repeat-
ability of the as-synthesised photoanodes. The observed results
show a considerable performance improvement when
compared to similar photocatalytic materials described in the
literature (Table S31). The improved photoresponse is due to
a synergistic interaction between graphene oxide (GO) and
bismuth tungstate, which allows for more effective separation
and transmission of photogenerated electron-hole pairs.
Fig. 8d displays the photoelectrochemical impedance spectra
produced during the experiment, as well as the fitted equivalent
circuit model used to interpret the data. This model gives
information about the charge transfer processes and resis-
tances in the system. EIS results were obtained using an AC
voltage (0 V) amplitude of 20 mV and a frequency sweep from
0.1 to 10° Hz, under both dark and illuminated conditions. The
EIS measurements are used to generate the Nyquist plot, which
provides insight into the reaction rate at the surface of the
electrode through the radius of the semicircle observed in the
plot. The Nyquist plot suggests that the 10rGBW-IVA photo-
catalyst exhibits a smaller arc radius in both dark and light
conditions, confirming a lower resistance of charge transfer and
potentially improved performance. The narrower arc radius of
the Nyquist plot indicated the lower charge transfer resistance,
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which leads to increased conductivity and better separation of
photogenerated e /h* pairs at the electrode/electrolyte inter-
face, hence increasing photocatalytic efficiency.

The Bode plot of the EIS technique was used to calculate the
relaxation time of photogenerated electrons. As observed in
Fig. 8e, the lifetime (7) of photoelectrons was estimated from
the maximum peak (fi,ax) of the Bod plot using the following
equation:*"*

T = V(2T finax) (12)

The highest peak in the low-frequency band correlates with
the photoelectrons' lifetime. The corresponding lifetime of
electrons is found to be 6.01, 1.86, and 2.61 ms for 5rGBW-IVA,
10rGBW-IVA, and 20rGBW-IVA, respectively. This extended
lifetime suggests that the photocatalyst facilitates photo-
generated electron transfer, thereby mitigating electron-hole
recombination. Moreover, the flat band (FB) potentials were
evaluated for the as-prepared photoanodes from the Mott-
Schottky analysis. Taken from the interruption of the plot with
X-axis (Fig. 8f), the potentials of FB are found to be —0.59,
—0.62, —0.68, and —0.64 V vs. Ag/AgCl (0.01, —0.02, —0.08, and
—0.04 V vs. RHE) at pH = 7 for BW, BW-IV, 10rGBW-IVA, and
20rGBW-IVA, respectively. The positive slopes of the curves
suggested that all synthesised catalysts were n-type semi-
conductors, which have FB approximately close to their Fermi
level. The stronger negative shift in the Fermi level for BW-
based materials indicates a larger water-splitting oxidation
potential, which is consistent with previous research.*

4 Conclusion

In summary, we effectively produced rGO/Bi,WO, composites
using a straightforward method that did not need any surface
modification of the Bi,WOg nanoparticles. Many analytical and
spectroscopic approaches were used to characterise the syn-
thesised solar light-driven nanocomposites. The resultant rGO/
Bi,WO, composites had improved photocatalytic activity and
visible light absorption. The photocatalytic efficiency of 10%
rGO/Bi,WO¢ composites for the breakdown of MB and RhB is
nearly 5 times that of pure Bi,WOs. The quick photo-generated
rGO/Bi,WO¢ photocatalytic activity can be attributed to the
improved photocatalytic performance. In addition, the effects of
catalyst loading, starting substrate concentration, rGO content,
and reaction pH were investigated. Electrochemical impedance
spectroscopy (EIS) and chronoamperometry techniques were
used to evaluate the electrochemical characteristics of the syn-
thesised materials. According to the findings, 10rGBW-IVA has
the lowest charge-transfer resistance and the largest photo-
response. The improved photocatalytic activity of 10rGBW-IVA
is due to the synergistic action between rGO and Bi,WOs that
induces the separation of photo-generated charge carriers.
Based on these observations, a viable degradation pathway for
MB and RhB dyes was proposed. The as-prepared GBW-based
catalysts exhibit high catalytic activity for photo-
electrochemical water splitting in alkaline aqueous.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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