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Abstract. Bi;WOe/g-C3;N4 composite materials with varying g-CsN4 weight fractions
(5%, 10%, 15% and 20%) were successfully synthesized using a combined
microwave-hydrothermal method. The structural, morphological, and optical
properties of the composites were characterized by X-ray diffraction (XRD),
scanning electron microscopy (SEM), UV-Vis absorption spectroscopy, and
photoluminescence (PL) spectroscopy. Photocatalytic performance was evaluated by
the degradation of Rhodamine B (RhB) under simulated sunlight, employing a cutoff
filter to eliminate wavelengths below 400 nm. The incorporation of g-Cs;Nj into
Bi,WOs was found to significantly modify its morphology and enhance its optical
absorption. All composite samples exhibited superior photocatalytic activity
compared to pure BiWOs, with the 10 wt% g-C3;N,4 composite achieving the highest
degradation rate, approximately seven times that of pristine Bi:WOs. This
enhancement is primarily attributed to the formation of a Z-scheme heterojunction
between Bi,WOs and g-CsN4, which promotes efficient charge separation and
suppresses electron-hole recombination via electron trap centers.

Keywords: composite materials, photocatalytic activity, hydrothermal method,
semiconductor, heterojunction.

1. Introduction

Bismuth tungstate (BioWOe) has emerged as a promising visible-light-driven
photocatalyst owing to its narrow band gap and excellent chemical stability [1]-[5]. These
properties make it a potential candidate for environmental remediation applications such as
wastewater treatment. However, its practical performance is hindered by the rapid
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recombination of photogenerated electron-hole pairs, which significantly reduces its
photocatalytic efficiency [6], [7]. To address this limitation, various strategies have been
explored to enhance the photocatalytic activity of BioWOg, including elemental doping and
composite formation [8]-[10]. Elemental doping has been achieved by substituting Bi with
metal ions such as Ag [11] or Fe [10], replacing W with Mo [12], or introducing nonmetal
dopants such as fluorine and nitrogen [13], [14]. Another effective approach involves
constructing heterojunctions by combining Bi2WOg with other semiconductors e.g., BiVOs
[15], [16], TiO: [17], [18], MoS> [19], and g-C3N4 [20], [21].

Among various semiconductors, graphitic carbon nitride (g-C3N4) stands out due to its
visible-light responsiveness, thermal stability and tunable electronic structure. When coupled
with BioWOg - an n-type semiconductor - the resulting BixWOe/g-C3N4 composite can form
a heterojunction that facilitates effective charge separation and suppresses electron—hole
recombination, thereby enhancing photocatalytic efficiency. Depending on the band
alignment and interfacial structure, this heterostructure may operate via type-II, Z-scheme, or
S-scheme mechanisms. Notably, heterojunction formation is highly sensitive to synthesis
conditions, which influence morphology, crystallinity, and interfacial contact [21]-[25].
Although both microwave-assisted and hydrothermal methods have been individually
employed in semiconductor synthesis, their combination remains underexplored. The
microwave-assisted hydrothermal method offers synergistic advantages: uniform, rapid
heating by microwaves and controlled crystal growth under hydrothermal conditions. This
dual approach has shown promise for generating nanostructures with enhanced photocatalytic
activity via improved interfacial contact and defect engineering.

In this study, Bi2WOe/g-C3N4 composites with varying g-C3N4 content (5%, 10%, 15%
and 20% by weight) were synthesized using the combined microwave-hydrothermal route.
This strategy promotes the formation of a direct Z-scheme heterojunction, which effectively
improves charge-carrier separation while retaining strong redox potentials. The pristine
Bi2WOg was also synthesized under identical conditions for comparison. The structural,
morphological, and optical characteristics of the resulting materials were systematically
analyzed, and their photocatalytic performance under simulated visible light was evaluated.
Furthermore, a comparative analysis with previous reports was conducted to demonstrate the
advantages of the adopted synthetic approach.

2. Content

2.1. Experimental methods

2.1.1. Chemicals and experimental equipment

Urea sourced from China was used as the precursor for synthesizing graphitic carbon
nitride (g-C3N4), while bismuth nitrate pentahydrate (Bi(NOs3)3-:5H>O) and sodium
tungstate dihydrate (Na2WO4-2H>0), both obtained from Sigma-Aldrich, were employed
as precursors for BioWOs synthesis. The microwave system was adapted from a
commercially available microwave oven with minor modifications to suit experimental
requirements. A Nabertherm TR240 oven was employed for the heating process during
the hydrothermal treatment.
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2.1.2. Synthesis of g-C3N4

g-C3N4 was synthesized via the thermal polymerization of urea in ambient air.
Specifically, 5.0 g of urea was placed in a covered crucible and calcined at 500 °C for 5 h
in a Nabertherm LH120 muffle furnace, using a heating rate of 10 °C min™'. The resulting
yellow powder was collected and used without further purification.

2.1.3. Synthesis of Bi2WOe/g-C3N4 composite

The BizWOe/g-C3N4 composites were synthesized via a combined microwave-
assisted hydrothermal method. Initially, 2.5 mmol of Na;WO4:2H,0O and 5 mmol of
Bi(NO3)3-5H20 were dissolved in 100 mL of deionized water and stirred for 30 min.
Subsequently, the desired amount of pre-synthesized g-C3Ns was added to achieve a
target weight fraction of 0%, 5%, 10%, 15% or 20% relative to BbWOs. The mixture was
ultrasonically treated for 30 min to ensure homogeneous dispersion. The suspension was
then transferred to a 150 mL round-bottom flask and irradiated with microwaves at 750 W
for 20 min. Following this step, the suspension was immediately transferred to a 100 mL
Teflon-lined autoclave and subjected to hydrothermal treatment at 160 °C for 8 h. After
cooling naturally to room temperature, the product was collected by centrifugation,
washed four times with deionized water, and dried at 70 °C. The resulting powders - each
corresponding to a specific g-C3N4 content - were labeled as listed in Table 1.

Table 1. Notation of BixWOs/g-C3N, samples synthesized with different g-CsN, fractions

Bi;WOs/ BixWOs/ Bi2WOe/ Bi2WOe/
Samoles Pristine 2-C3Ny g2-C3Ny 2-C3Ny 2-C3Ny
PIES | BiaWOs | with 5 wt% | with 10 wt% | with 15 wt% | with 20 wt%
g-C3Ny g2-C3Ny 2-C3Ny 2-C3Ny
Notation | Bi;WOg | 5% g-C3Na | 10% g-C3Ns | 15% g-C3Ns | 20% g-C3Ny

2.1.4. Material characterization methods

The crystalline phases of the synthesized materials were identified using X-ray
diffraction (XRD; Bruker D5005). The morphology of the samples was observed by
scanning electron microscopy (SEM; Hitachi S-4800). The optical absorption properties
were studied by UV-Vis diffuse reflectance spectroscopy (DRS; Jasco V-670). The
specific surface area was measured by the Brunauer-Emmett-Teller (BET) method using
a Micromeritics TriStar 3000 instrument. Photoluminescence (PL) spectra were recorded
on a Horiba FluoroMax-4 spectrofluorometer, excited by a 325 nm He—Cd laser.

2.1.5. Experimental evaluation of photocatalytic properties of the materials

Photocatalytic performance was evaluated by monitoring the degradation of
Rhodamine B (RhB) under visible-light irradiation. A 300 W xenon lamp equipped with
a cutoff filter (A < 400 nm) was used to simulate sunlight. In each experiment, 0.10 g of
photocatalyst was dispersed in 100 mL of 10> M RhB solution. The mixture was stirred
in the dark for 3 h to reach adsorption-desorption equilibrium. Upon illumination, 5 mL
aliquots were withdrawn every 30 min, centrifuged to remove catalyst particles, and
analyzed by UV-Vis spectroscopy. Photodegradation efficiency was determined by
tracking the decrease in absorbance at approximately 560 nm, corresponding to the
characteristic RhB peak.
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2.2. Results and discussion

Figure la shows the XRD patterns of pristine BioWOe, pristine g-C3N4, and
Bi2WOe/g-C3N4 composites with 5%, 10%, 15% and 20% g-C3Ns. The g-C3N4 sample
displays two characteristic diffraction peaks at 20 =27.4° and = 13°, corresponding to the
(002) and (100) planes of the graphitic carbon nitride structure, in agreement with JCPDS
87-1526 [26]. These peaks confirm the successful synthesis of g-C3Ny.

For both pristine Bi,WOg¢ and the composite samples, distinct diffraction peaks
appear at 20 = 28.3°, 32.7°, 47.1°, 55.9° and 58.2°, which can be indexed to the (131),
(200), (202), (113) and (262) planes of orthorhombic BioWOs, consistent with its known
crystal structure. The absence of additional peaks in the composite samples indicates that
the BioWOs crystal phase remains intact after compositing with g-C3N4.

Interestingly, no diffraction peaks attributable to g-C3N4 are observed in the
composites. This is likely due to the weak and broad nature of the g-C3N4 signals, which
are overshadowed by the more intense BioWOgs peaks, particularly at low g-C3Na
loadings. Similar observations have been reported previously, where low g-C3N4 content
renders its diffraction signals undetectable in composite XRD patterns [27].

A detailed analysis of the diffraction peaks at specific 26 angles, particularly the peak
at 28.30° (Figure 1b), reveals no observable shift. This indicates that incorporation of
g-C3N4 does not significantly affect the crystal structure of the BixWOg host material.
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Figure 1. XRD patterns of pristine BiWOs, BiWOs/g-C3N4 composites with 5%,

10%, 15%, 20% g-Cs3N4, and pure g-C3N, (a); enlarged view of the (131) peak

at 28.30° for the composites with varying g-C3N, contents (b)

Figure 2 presents SEM images of (a) pristine Bi2WOQOs, (b) a Bi2WOe/g-C3N4
composite containing 10 wt% g-C3Na, and (c) pure g-C3Ns. The SEM image of g-C3N4
(Figure 2c) reveals its characteristic porous, layered morphology, typical of graphitic
carbon nitride. In contrast, the pristine Bi2WO¢ sample (Figure 2a) consists of plate-like
crystallites aggregated into flower-like microscale structures, with clusters several
micrometers in size. For the Bi,WOe/g-C3N4 composite with 10 wt% g-C3N4 (Figure 2b),
the morphology changes significantly: the Bi2WOs plates are smaller, more randomly
oriented, and less aggregated, resulting in the absence of the distinct flower-like structure
observed in pristine Bi2WOe.
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These morphological differences can be attributed to the presence of g-C3N4 during
synthesis. As Bi2WOg nucleates and grows, the g-CsNy sheets provide a scaffold that
hinders the self-assembly of Bi;WOs into tightly packed clusters. Instead, the BioWOs
crystallites distribute more uniformly across the g-C3Nj layers, leading to a more open,
porous structure. In addition to morphological analysis, the specific surface area of the
samples was measured by the BET method. As summarized in Table 2, pure g-C3N4
exhibits the highest surface area, while pristine BioWOg shows the lowest. Notably, the
surface area of the composites increases with g-C3N4 content. This enhancement in
surface area is beneficial for photocatalysis, as it provides more active sites and improves
interactions between the photocatalyst and pollutant molecules, thereby enhancing
photocatalytic performance.

Figure 2. SEM images of (a) pristine Bi:WOs, (b) Bi:WOs«/g-C3N4 composite
with 10% g-C3N4, and (c) pure g-C3Ny

Figure 3a shows the UV-Vis diffuse reflectance spectra of pristine Bi2WOe,
BixWOe/g-C3N4 composites with varying g-C3N4 contents (5%, 10%, 15% and 20%), and
pure g-CsNa. The pristine Bi2WOs sample has an absorption edge around 430 nm,
characteristic of its visible-light absorption. In contrast, pure g-C3N4 shows a red-shifted
absorption edge near 500 nm. Notably, the Bi2WOe/g-C3N4 composites display absorption
edges that gradually shift toward longer wavelengths with increasing g-C3Ns content,
indicating a narrowing of the effective bandgap as the material’s optical response
approaches that of g-C3Ns. Additionally, an enhanced baseline absorption in the
500 - 800 nm range is observed for the composites but is absent in pristine Bi,WQOs. This
broader absorption suggests improved light-harvesting capabilities due to synergistic
interactions between the two components. To quantify the optical bandgap, the Kubelka-
Munk transformation was applied to the reflectance spectra (Figure 3b). The extracted
bandgap values are summarized in Table 2. The data clearly indicate that the optical band
gaps of the Bi2WOe/g-C3N4 composites are significantly reduced compared to those of
the individual materials, confirming enhanced visible-light absorption. The observation
that the composites display a single red-shifted absorption edge, rather than a simple
overlay of the spectra of BioWOg and g-C3N4, suggests the formation of a well-integrated
heterojunction. This interfacial coupling likely facilitates efficient charge transfer and
separation, thereby improving photocatalytic performance.
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Figure 3. (a) UV-Vis diffuse reflectance spectra and (b) corresponding Kubelka-
Munk plots for pristine Bi2WQOs, pure g-C3Ny, and Bi:WOg¢/g-C3N4 composites
containing 5%, 10%, 15%, and 20% g-C3N4 by weight

The photocatalytic performance of the prepared samples was evaluated by monitoring
the degradation of Rhodamine B (RhB) under visible-light irradiation (A > 400 nm). As shown
in Figure 4a, the RhB concentration determined by measuring the absorbance at 550 nm
decreases progressively with irradiation time in the presence of both BioWOs/g-C3Ny
composites and pristine BioWOg. While all samples exhibit photocatalytic activity under
visible light, the composites demonstrate markedly enhanced performance compared to
pristine BioWOg. The degradation efficiency depends on the g-C3Ns content: among the
tested compositions, the sample containing 10 wt % g-C3N4 shows the most efficient
behavior, achieving nearly complete degradation of a 10 ppm RhB solution within 60
min. In contrast, pristine Bi2WOg displays significantly lower degradation under identical
conditions. These results highlight the beneficial role of g-Cs;Ns in enhancing the
photocatalytic activity of the BioWOs-based composites under visible-light illumination.
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Figure 4. (a) Decolorization of RhB (decrease in 550 nm peak intensity) as a function
of irradiation time for BixWO¢/g-C3N4 composites under visible light;
(b) Corresponding first-order kinetic plots for RhB degradation with each sample
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To gain deeper insight into the degradation process, the reaction kinetics were
analyzed using the Langmuir-Hinshelwood model. The RhB degradation was fitted to a
pseudo-first-order kinetic equation: In(C/Co) = k't, where Co is the initial dye
concentration, C; is the concentration at time ¢, and k£’ is the apparent first-order rate
constant. Figure 4b presents the linearized kinetic plots for each sample, and the
corresponding k' values are listed in Table 2. Among all the samples, the Bi2WOs/g-C3N4
composite with 10% g-C3N4 exhibits the highest rate constant, approximately seven times
greater than that of pristine BioWOQOe. Interestingly, this composite does not possess the
highest specific surface area, indicating that the enhanced activity is not solely due to
increased surface area. Instead, the significant improvement can be attributed to the
formation of an effective heterojunction between Bi2WOg and g-C3N4, which facilitates
charge separation and transfer. Additionally, the incorporation of g-C3N4 may introduce
surface defects, such as oxygen vacancies, which further enhance photocatalytic
performance by suppressing charge recombination and improving visible-light
absorption.

Table 2. Band gap, specific area and RhB degradation rate constants

Jor BixWO¢/g-C3N, composites with various g-C3N, contents

Samoles Pristine 5% 10% 15% 20% CaN
P Bi2WOgs g-C3N4 g-C3Ny g-C3Ny g-C3N4 BT
Bandgap |, ¢ 2.85 2.70 2.70 267 | 256
(eV)
Specific
surface area 15.37 16.01 18.14 20.06 21.76 83.08
(m?/g)
RhB
degrzat‘git}on 0.0074 | 0.0297 | 0.0479 | 0.0305 | 0.0250 | 0.0096
(min")

Figure 5 shows the photoluminescence (PL) spectra of pristine Bi,WOg, pure g-C3Na,
and Bi2WOe/g-CsNa composites with 5%, 10%, 15%, and 20% g-C3Ns. The results
indicate that pristine Bi2WOs exhibits a strong emission peak around 544 nm, which is
attributed to the radiative transition from the Bi 6s/O 2p hybrid orbitals in the valence
band to the W 5d orbital in the conduction band of the [WOs]*” complex [25]. In contrast,
all Bi2WOe/g-C3N4 composites show significantly reduced PL intensity compared to
pristine Bi2WOQes, indicating a lower recombination rate of photoexcited electron-hole
pairs. Since PL emission arises from the recombination of these charge carriers, a lower
PL intensity reflects more efficient charge separation. Among the composites, the 10%
g-C3N4 sample exhibits the weakest PL signal, which corresponds well with its superior
photocatalytic performance. This correlation supports the conclusion that suppressed
electron-hole recombination, evidenced by lower PL emission, is a key factor
contributing to the enhanced photocatalytic activity in Bi,WOe/g-C3N4 composites.
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Figure 5. Photoluminescence (PL) spectra of pure g-C3N4, BiWO¢/g-C3N4 composites
with 5%, 10%, 15%, 20% g-C3N4, and pristine Bi:2WOs
To elucidate the mechanism underlying the enhanced photocatalytic performance, we
compared the photocatalytic activities and fabrication methods of various BizWOe/g-C3Ns-
based composites, as summarized in Table 3.

Table 3. Comparison of the photocatalytic performance and fabrication methods
of Bi:WOs/g-C3Nys-based composites

Band | Surf Enhancement
Composite A urtace Preparation activity Photocatalytic
. gap area . Reference
materials V) (m?/g) method compared to mechanism
g pure Bi2WOs
C3Nyg Hydrotherma S
/Bia WO, 2.63 42.2 | method 2.7 Heterojunction [28]
BixWOe/g- Hydrotherma o
C5Ns 2.6 - | method 1.94 Hetorojunction [29]
CsNy Hydrotherma
/B, WOe 2.54 - | method 8.4 Z scheme [30]
CdS
QDs/Bi,W Hydrotherma
Oo/g-CsNs 2.56 60.4 | method 8 Z scheme [31]
Bi;WOs/ g-
2.62 Hydrotherma
C3Ny - | method 6 Z-scheme [32]
BixWOg/g- Hydrotherma S-scheme
C3N4 25 ) 1 method 3 [33]
Microwave
Bi,WOe/g- assisted and .
CsNs 2.7 20.6 Hydrotherma 7 Z-scheme This work
1 method
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The results indicate that the composite containing 10 wt % g-C3Ns-synthesized via a
microwave-assisted hydrothermal method exhibits a degradation rate approximately
seven times higher than that of pristine BixWOQOe. This enhancement is comparable to or
exceeds the performance reported for other Z-scheme systems. In addition, PL
measurements reveal significant suppression of PL emission intensity in this sample,
suggesting more effective separation of photogenerated electron—hole pairs. These
findings provide strong evidence supporting the formation of a Z-scheme heterojunction
as the dominant charge-transfer pathway in our composite system.

The mechanism of photocatalytic enhancement can be interpreted based on possible
charge-transfer models. Under visible-light irradiation, both BiWOg and g-C3N4 absorb
photons and generate electron-hole pairs via excitation from their valence bands (VB) to
their conduction bands (CB). One commonly proposed mechanism is the type-II
heterojunction, in which photoexcited electrons in the CB of g-C3N4 migrate to the CB of
Bi2WOs, while holes in the VB of BixWOg transfer to the VB of g-CsNa. This
configuration facilitates charge separation but compromises the strong redox potentials
of the individual components, typically leading to only moderate photocatalytic
enhancement-approximately twofold relative to pure BioWOQOs [28], [29]. In contrast, the
Z-scheme heterojunction, illustrated in Figure 6, provides a more favorable charge-
transfer pathway. In this configuration, electrons in the CB of Bi2WOs recombine with
holes in the VB of g-C3Nj4 at the interface, thereby retaining the high-energy electrons in
the CB of g-C3N4 and the strongly oxidative holes in the VB of Bi2WOs. This selective
recombination not only maintains the high redox potentials of both semiconductors but
also effectively suppresses charge recombination. As a result, the Z-scheme architecture
significantly boosts photocatalytic activity. Consistent with our findings, previous reports
have shown that Z-scheme systems can achieve more than a sixfold enhancement in
photocatalytic performance compared to pristine Bi2WOs [30]-[33].

"0, 4= Reduction l Vﬁible' light
2 - 0, g-CN, / r

-1.05eV. e e e e e

0,*0,=-0.046 eV

Oxidation H,0

Figure 6. Proposed photocatalytic mechanism over the Bi;WO¢/g-C3N4 composite
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3. Conclusions

In this study, Bi2WOe/g-C3N4 composites with varying g-C3Ns contents were
synthesized via a microwave-assisted hydrothermal method and systematically
characterized. The incorporation of g-C3Nj4 significantly altered the morphology, optical
absorption, and electronic structure of BioWOs, leading to an enhanced visible-light
response and a reduced band-gap energy. Photoluminescence and photocatalytic analyses
revealed that the composites exhibited suppressed electron-hole recombination and
markedly improved RhB degradation compared with pristine Bi;WOs. Among the
composites, the 10 % g-C3N4 sample demonstrated the highest activity, degrading RhB
almost completely within 60 min-approximately seven times faster than pure BioWOe.
The enhanced performance is attributed to the formation of a direct Z-scheme
heterojunction between BioWOg and g-C3Na4, which promotes efficient charge separation
while maintaining strong redox potentials. These findings highlight the potential of
Bi2WOe/g-C3N4  composites as effective visible-light-driven photocatalysts for
environmental remediation.
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