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Abstract—In this work, a series of heterojunction composites
including MWO4 (M: Ce, Cu, Co) and tubular-shaped graphitic
carbon nitride were synthesized as efficient photocatalysts
towards degradation of tetracycline antibiotic under visible
light irradiation. The results showed that the hybridization of
materials significantly an enhanced the photocatalytic
decomposition activity in which removal rates were found as
90%, 88% and 89% for CuWO4/CN, CoWO4/CN and
CeWO4/CN compared to that of pure CN (44%) after visible
light irradiation for 2 h. Moreover, the photocatalytic hydrogen
production rates were significantly enhanced after
hybridization of the materials. The enhanced photocatalytic
activity of MWO4/CN composites was attributed to the
Z-scheme transfer mechanism, which reduced recombination
through the identical interaction among the energy bands of
materials. Both characterization and photocatalytic
performance tests demonstrated that the MWO4/CN composites
were successfully prepared with excellent activity and
recyclability.

Keywords—carbon nitride, metal
photocatalysis, antibiotic

tungstate, transition,

[. INTRODUCTION

Antibiotic contamination in water bodies has emerged as a
critical environmental issue due to its potential to cause
ecological damage and public health risks [1]. Among
various antibiotics, tetracycline is one of the most widely
used and frequently detected pollutants due to its extensive
application in healthcare and agriculture [2]. Conventional
methods for treating antibiotic-contaminated water are often
insufficient, necessitating the development of advanced and
sustainable approaches. Photocatalysis, driven by visible
light, has garnered significant attention as an efficient and
environmentally friendly method for degrading organic
pollutants, including antibiotics [3].

Heterojunction photocatalysts offer promising potential
for enhancing photocatalytic efficiency due to their ability to
facilitate charge separation and suppress electron-hole
recombination [4]. Graphitic carbon nitride (g-CsNa) has
been widely studied for its visible-light-driven photocatalytic
properties. Yet, its performance is often limited by fast
charge recombination and a narrow range of light absorption
[5]- To overcome these limitations, coupling g-CsNa. with
suitable transition metal tungstates (MWO.) to form
heterojunction composites can provide a synergistic effect
that enhances photocatalytic activity.

In this study, a series of heterojunction composites
combining tubular-shaped graphitic carbon nitride and
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transition metal tungstates (MWOQO4, M=Ce, Cu, Co) were
synthesized and evaluated as visible-light photocatalysts for
tetracycline degradation. This work highlights the significant
improvement in photocatalytic performance achieved
through material hybridization, providing insights into the
Z-scheme transfer mechanism underlying the enhanced
activity.

II. LITERATURE REVIEW

The degradation of organic pollutants using photocatalytic
systems has been a prominent area of research due to the
increasing need for sustainable and efficient water
purification technologies. Among the various materials
studied, graphitic carbon nitride (g-CsNs) has gained
significant attention because of its unique electronic
properties, stability under visible light, and environmental
friendliness. However, pristine g-CsNa often suffers from
drawbacks such as limited light absorption range, high charge
carrier recombination rates, and moderate photocatalytic
activity. To address these issues, researchers have explored
strategies to modify or couple g-CsNa with other materials to
enhance its photocatalytic efficiency.

Metal tungstates (MWOs) are another class of materials
that have been investigated for photocatalytic applications
due to their suitable bandgap structures and excellent stability
[6, 7]. Studies have shown that the hybridization of g-CsNa
with transition metal tungstates, such as CaWQOs, CoWOsa,
and CeWOu4, can form heterojunction systems with improved
charge separation and extended light absorption capabilities.
For instance, CuWO. has been reported to possess strong
absorption in the visible region [8], while CoWOs exhibits
excellent charge carrier mobility [9]. Similarly, Cex(WOa4);
has unique energy band alignments that facilitate effective
charge transfer via redox cycle features of cerium [10, 11].

Recent studies have emphasized the role of Z-scheme
heterojunctions in enhancing photocatalytic performance
[12]. Z-scheme systems offer a mechanism that maintains the
high redox potential of both semiconductors by enabling
directional charge transfer while minimizing charge
recombination [9]. This mechanism has been widely applied
in heterojunction composites involving g-CsNa4 and metal
oxides or tungstates [13]. For example, research by Vinesh et
al. [14] demonstrated that CuWO4/g-CsNa composites
achieved a significant improvement in pollutant degradation
under visible light compared to their components. Similarly,
CoWO./g-CsNas and CeWO4/g-CsNs composites could show
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enhanced photocatalytic activity due to synergistic effects
arising from their hybrid structures.

Despite these advancements, further research is needed to
optimize the synthesis methods, understand the mechanistic
details, and evaluate the recyclability and stability of these
composites. This study builds on existing literature to
evaluate and compare the photocatalytic performances of
MWO4/g-CsNa composites, contributing valuable insights
into their photocatalytic potential in both pollutant
degradation and hydrogen evolution systems.

III. MATERIALS AND METHODS

A. Preparation of Catalysts

Pristine tubular-shaped graphitic carbon nitride (g-CsNa)
was synthesized using a hydrothermal method as described in
[15]. In this process, melamine was dissolved in 40 mL of
distilled water and stirred continuously for 30 min. The pH of
the solution was then adjusted to 1 using phosphoric acid.
The mixture was transferred into a Teflon-lined stainless
steel hydrothermal reactor and maintained at 180 °C for 12 h.
After cooling to room temperature, the resulting product was

filtered, washed multiple times with distilled water, and dried.

The sample was subsequently placed in a semi-closed
crucible and calcined at 550 °C for 4 h with a heating rate of
3 °C/min. The final product was designated as CN.

Pristine CuWOs was synthesized using a co-precipitation
method as described in [8]. A specified amount of
Na:WO04:2H20 and CuSO4-5H20 was dissolved in distilled
water while stirring vigorously for 1.5 h. The resulting
precipitate was then filtered and washed several times with
distilled water. After drying, the sample was placed in an
alumina crucible and calcined at 550 °C for 2 h in an air
atmosphere. The final product was labeled as CuWOea.
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Fig. 1. Hybridization of MWO, with CN.

Cerium tungstate (Ce2(WOa)s3) catalyst was synthesized via
a co-precipitation method followed by calcination. In this
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process, Na2WO4:2H20 and Ce(NOs)s-6H20 were dissolved
in distilled water, and the pH of the solution was adjusted to
10.0 using NH+OH. The mixture was stirred, and the resulting
suspension was then vacuum filtered, and the precipitates
were washed and dried in an oven. The white powders were
placed in a crucible and calcined at 550 °C for 4 h. The final
product was labeled as CeWO,.

Pristine CoWO.+ was synthesized using a hydrothermal
method as described in [16]. CoCl2-6H20 and Na:WO4-2H20
were separately dissolved in distilled water. The two
solutions were then combined, and the pH was adjusted to 10
using ammonia (NHs). The resulting mixture was stirred
continuously before being transferred into a stainless-steel
autoclave for hydrothermal treatment at 180 °C for 18 h.
Following the treatment, the mixture was vacuum-filtered
and rinsed thoroughly with distilled water. The product was
dried and subsequently calcined at 700 °C for 3 h to eliminate
impurities.

MWO./CN hybrid catalysts were prepared using an
ultrasound-assisted thermal impregnation method as shown
in Fig. 1.

B. Characterization

To characterize the as-synthesized photocatalysts,
different characterization techniques were applied. The
morphological properties and the elemental characterization
of synthesized samples were studied scanning electron
microscope (SEM) in conjunction with Energy Dispersive
Spectroscopy (EDS) (Philips XL30 SFEG, Netherlands).
X-Ray diffraction pattern (XRD) was obtained by Rigaku
D-Max 2200 (Japan). The spectral characteristics of
materials were investigated by UV—Vis diffuse reflectance
spectra (DRS) using UV-VIS spectrometer (Shimadzu
UV-2101, Japan). The photogenerated charge pair separation
efficiencies were examined by the photoluminescence (PL,
Varian Eclipse, USA) technique.

C. Photocatalytic Tests

Photocatalytic performances of the as-synthesized
materials were assessed by the photocatalytic decomposition
of tetracycline as a target antibiotic contaminant under visible
light irradiation. Two halogen lamps (with a wavelength of
400-700 nm) were used as a source of visible light. In a
typical experiment, a specific dosage (0.05 g) of
photocatalyst sample was dispersed into 30 ml of antibiotic
solution (initial concentration of 10 mg/l) at an initial pH of
6.5 and then stirred in the dark for 30 min (to reach
adsorption—desorption state). After switching the light on, the
remaining antibiotic solution samples were taken from the
reaction solution at time intervals to calculate the final
concentration of tetracycline using a UV spectrophotometer.

Photocatalytic hydrogen evolution experiments were
carried out using a quartz glass reactor. In each experiment,
100 mg of the catalyst was added to a solution of
triethanolamine (TEOA, 1 g/L). The mixture was kept in a
dark  environment for 30 min to establish
adsorption-desorption equilibrium before being exposed to
visible light for 5 h to facilitate hydrogen production. The
evolved hydrogen was quantified using gas chromatography
equipped with a Carboxen column, a Thermal Conductivity
Detector (TCD), and nitrogen as the carrier gas.
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IV. RESULTS AND DISCUSSION

A. Characterization

The micromorphology and microstructure of the
as-synthesized materials were examined using SEM analysis,
with the resulting images displayed in Fig. 2. The g-CsNa
catalyst exhibited a morphology of hollow tubular structure.
Upon constructing the CuWO4/HTCN heterostructure, the
SEM images revealed that the CuWOs particles were closely
adhered to the tubular surface of CN, establishing intimate
surface contact. In contrast, the micrograph of the
CeWO4/CN heterostructure catalyst revealed that the
spherical cerium tungstate nanoparticles were evenly
distributed across the surface of the carbon nitride layers. The
image of the CoWO4/CN composite revealed that the cobalt
tungstate perovskite particles were successfully anchored
onto the surface of the tubular carbon nitride, highlighting the
presence of strong interfacial interactions between the two
components. This configuration may facilitate efficient
charge transfer between the components due to the observed
intimate physical contact; however, further confirmation of
strong interfacial interactions would require additional
analysis such as high-resolution TEM or XPS.

Fig. 2. SEM images of (a) bare CN, (b) CeWO./CN, (c) CuWO./CN (d)
CoWO4/CN.

The crystal structure and phase purity of as-fabricated
catalysts were investigated by XRD analysis, and the
diffraction patterns of each sample are demonstrated in Fig. 3.
In the pattern of bare CN (Fig. 3(a)), the characteristic peak at
27.8° (002) was observed revealing its successful synthesis.
Moreover, the strong and sharp peaks observed in all patterns
indicate the high crystalline nature of as-synthesized
composites (Fig. 3(b)). The crystallinity of CoWO4/CN,
CoWO4/CN, and CeWO.,/CN was determined as 97.7%,
94.3%, and 60.2%, respectively. The dense peak pattern in
the CuWO./CN XRD profile is due to the triclinic symmetry
of CuWO4 (JCPDS No: 01-070-1732), which results in
multiple diffraction planes [17]. No extra peaks
corresponding to impurities were detected, indicating phase
purity after hybridization. Meanwhile, the wolframite
monoclinic structure of CoWO,4 was observed in the hybrid
structure (JCPDS card no: 00-15-0867) [18].

On the other hand, the major diffraction peaks in the XRD
pattern of CeWO./CN revealed the monoclinic structure of
cerium tungstate (JCPDS card no: 00-31-0340) [19].

Moreover, it is also worth noting that pristine g-C3;N4has only
one major characteristic peak located at 27.8° corresponding
to (002) (JCPDS card no: 50-1512) plane due to interplane
stacking of the conjugated aromatic system of g-C3Ny [18].
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Fig. 3. XRD patterns of (a) bare CN and (b) hybrid samples.

Table 1. Band gap energy values of samples

Catalyst Band gap energy (eV)
CN 2.70
CuWO, 235
CuWO,/CN 2.70
CoWO, 2.60
CoWO4,/CN 2.90
Cex(WOs); 3.15
Cey(WO,)5/CN 3.05

The UV-DRS results provide insights into the optical
properties of the catalysts by determining their band gap
energies, which influence their light absorption capabilities.
The calculated band gap energies are shown in Table 1. The
pristine graphitic Carbon Nitride (CN) exhibited a band gap
of 2.70 eV, enabling it to absorb visible light effectively,
while the bare CuWOs has a smaller band gap (2.35 eV)
compared to CN, making it more suitable for harvesting
visible light. This lower band gap facilitated improved charge
carrier generation under visible light irradiation. After
hybridization, the composite of CuWOa. and CN retains the
band gap of CN as 2.70 eV, indicating that while the visible
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light absorption capability of CN is preserved, the synergistic
effect between CuWO4 and CN enhances charge transfer
efficiency, boosting photocatalytic activity. On the other
hand, the pristine CoWOs has a band gap (2.60 eV) slightly
narrower than CN, allowing it to absorb light in a similar
range but with improved separation of charge carriers due to
its unique electronic structure. After hybridization, the band
gap of the CoWO4/CN composite (2.90 eV) was slightly
larger than that of CN and CoWOa.. This increase suggested
enhanced structural interactions that may improve
photoinduced electron-hole pair separation, despite a slight
reduction in visible light absorption. In case of cerium-based
catalysts, Ce2(WOa4); had the largest band gap (3.15 eV)
among the catalysts, restricting its absorption to the UV
region and limiting its visible light utilization. The
incorporation of CN into Ce2(WOQa4)s reduced the band gap
slightly (3.05 eV), extending light absorption into the
near-visible range and improving its photocatalytic potential.
The optical results demonstrated the tunability of the band
gap energy by forming composites with CN, which can
enhance the photocatalytic activity through better charge
separation and light absorption, depending on the
composition and interaction of the materials.

B. Photocatalytic Removal Tests

The catalytic activities of pristine materials and
as-fabricated binary composites were evaluated for visible
light-driven tetracycline degradation. As shown in Fig. 4, the
bare CN, Cex(WOy);, CuWO4, and CoWOs achieved
degradation efficiencies of 41%, 54.8%, 54.7%, and 53.5%,
respectively. However, the incorporation of metal tungstate
catalysts with tubular-shaped carbon nitride significantly
enhanced the decomposition performance. The removal
efficiency increased to 89.9%, 90.2%, and 88.5% for
CeWO4/CN, CuWO4/CN, and CoWO./CN, respectively. The
hybridization with carbon nitride could enhance the
functional active sites, tune the band-gap structure, and
suppress charge recombination, resulting in improved
catalytic activity. It is important to note that photocatalytic
activity is not governed solely by band gap energy. Despite
CeWO./CN having a larger band gap (3.05 eV), its superior
degradation performance can be attributed to improved redox
potential and effective charge separation due to the Z-scheme
heterostructure. This underscores the synergistic effects of
interfacial charge transfer, surface properties, and optical
features beyond mere band gap considerations.
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Fig. 4. Photocatalytic degradation performances of the samples.
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The influence of the peroxymonosulfate (PMS) as Fenton
agent on the tetracycline degradation was investigated and
the results are shown in Fig. 5. Apparently, the degradation
rate of TC increased with the addition of PMS and the
removal rates of CeWO+/CN, CuWO4/CN, and CoWO./CN
were observed as 98.8%, 93.7% and 92.3%, respectively. The
enhanced performance was attributed to the generation of
highly reactive sulfate and hydroxyl radicals through the
activation of PMS, which accelerated the breakdown of
tetracycline molecules. These findings indicated that PMS
acts as an effective co-catalyst, boosting the catalytic activity
of the composites by promoting reactive oxygen species
formation and facilitating the degradation process.
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The effect of hydrogen peroxide (H20:) as a Fenton agent
on tetracycline degradation was examined, and the results are
shown in Fig. 5. The addition of H2O: significantly enhanced
the degradation rate, achieving removal efficiencies of 90.4%,
92.0%, and 89.6% for CeWO./CN, CuWO./CN, and
CoWO./CN, respectively. This improvement is attributed to
the generation of highly reactive hydroxyl radicals via H-0O2
activation, which accelerated the breakdown of tetracycline
molecules. These results highlight the role of H.O: as an
effective co-catalyst, improving the catalytic performance of
the composites by boosting the formation of reactive oxygen
species and facilitating the degradation process.
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Fig. 6. Effect of H,O, on the TC removal efficiencies.

C. Hydrogen Production Performances

The photocatalytic hydrogen production performances of
CuWO./CN and CoWO./CN composites were evaluated
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under visible light irradiation (Fig. 7). The CeWO./CN
composite was not tested for hydrogen evolution due to the
relatively positive conduction band position of Ce2(WOa)s,
which limits its ability to participate in photocatalytic
hydrogen generation, even under visible light excitation. The
bare carbon nitride exhibited a low hydrogen production
performance of 4,909 pumol/gcat. Both materials
demonstrated notable hydrogen evolution rates due to their
efficient charge separation and strong light-harvesting
capabilities. CuWO4/CN exhibited higher activity as 12,688
pumol/gcat, than the bare CuWOs (5,741 pmol/geat), which
was attributed to the synergistic interaction between CuWOa4
and carbon nitride, which facilitated enhanced electron
transfer and reduced recombination of photogenerated charge
carriers. Similarly, CoWO4/CN showed superior hydrogen
production performance as 9,984 umol/gcat, benefiting from
the improved catalytic properties of CoWOs and the optical
and structural advantages of carbon nitride. The results
indicate that these composites effectively utilize solar energy
for hydrogen generation, showcasing their potential as
sustainable photocatalysts for clean energy applications.
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Fig. 7. Photocatalytic hydrogen evolution performances.

D. Photocatalytic Reaction Mechanism

Considering the characterization and experimental results,
possible photocatalytic reaction mechanism was proposed as:
Upon visible light irradiation, both g-CsNa and MWO4
(M=Cu, Co) semiconductors absorb photons, leading to the
excitation of electrons from the Valence Band (VB) to the
Conduction Band (CB), and consequently generating
electron—hole (e /h*) pairs. Due to the construction of a direct
Z-scheme heterojunction between the two components, the
photogenerated electrons in the conduction band of MWO4
preferentially recombine with the holes in the valence band of
g-C:sN. at the interface. This charge transfer pathway differs
fundamentally from traditional Type-II heterojunctions. In
the Z-scheme system, the remaining electrons in the CB of
g-CsNa retain strong reducing power (with a CB position
more negative than 0 V vs. NHE), while the holes in the VB
of MWOs maintain high oxidation potential. These separated
charge carriers participate in subsequent redox reactions,
enabling photocatalysis.

For pollutant degradation, the oxidative holes on MWO4
can directly oxidize tetracycline molecules or react with
H>O/OH" to form hydroxyl radicals (*OH), which are highly
reactive species capable of breaking down organic
contaminants. Simultaneously, the photogenerated electrons
in g-CsNs reduce molecular oxygen (O:) into superoxide
radicals (*O2"), further contributing to oxidative degradation

336

through a synergistic mechanism.

For hydrogen evolution, the retained photogenerated
electrons on the CB of g-CsNs are energetic enough to reduce
protons (H*) in aqueous triethanolamine (TEOA) solution to
generate molecular hydrogen (H:). This is feasible only when
the CB potential of the semiconductor lies above the H*/H-
reduction potential (0 V vs. NHE), as is the case for CN and
(Cu/Co)WOs-based systems.

V. CONCLUSION

In this study, a series of heterojunction composites
combining tubular-shaped graphitic carbon nitride (g-CsNa)
with transition metal tungstates (MWO., M = Ce, Cu, Co)
was successfully synthesized and evaluated as visible-light
photocatalysts for the degradation of tetracycline antibiotic.
The results demonstrated a significant enhancement in
photocatalytic performance compared to pure g-CsNa. The
enhanced activity of these composites was attributed to the
Z-scheme charge transfer mechanism, which effectively
reduced charge recombination and maintained high redox
potentials. Comprehensive characterization and performance
tests confirmed the successful synthesis of the MWO4/g-CsNa
composites, showcasing their excellent stability, recyclability,
and potential for practical environmental applications.

This work highlights the potential of MWO4/g-CsNa
heterojunctions as efficient and sustainable photocatalysts for
water purification, paving the way for further advancements
in the development of innovative materials for environmental
remediation. Future studies should focus on fine-tuning the
material properties and exploring their applications in
broader pollutant degradation scenarios.
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