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Abstract

In the present study, a g-C3N4-CuO-ZnO heterojunction was successfully synthesized using a cost-effective co-precipitation method and evaluated for its
photocatalytic efficiency in degrading crystal violet (CV) and methyl orange (MO) dyes under sunlight irradiation. Comprehensive characterization through
XRD, FTIR, SEM, and TGA confirmed the successful formation of the heterojunction, revealing enhanced structural, morphological, and thermal properties.
Photocatalytic performance studies showed remarkable degradation efficiencies of 99.26% for CV and 96.84% for MO within 180 min, significantly
outperforming individual g-C3N,, CuO, and ZnO catalysts. The optimized conditions—including pH, catalyst dosage, and reaction kinetics—highlighted the
robustness and adaptability of the synthesized catalyst. The superior performance is attributed to the separation and reduction in recombination of
electrons and holes, driven by an S-scheme charge transfer mechanism. These findings demonstrate the potential of g-C3N,-CuO-ZnO as an effective and
sustainable catalyst for tackling dyes in wastewater, offering a promising avenue for environmental remediation.
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Introduction

Water and air are the most essential requirements for human
survival. The industrial development and increase in population
have led to numerous environmental complications such as water
contamination, air pollution, and soil contamination due to solid
waste such as plastics, which threatens a clean and healthy environ-
ment. As a result, the deterioration of the environment is more
severe than its expectations!'-4. The industries that contribute
significantly to water pollution include paper and pulp, textile,
tannery, and pharmaceutical industries. Synthetic dyes are the main
industrial pollutants that are most difficult to eliminate from the
environment. Due to high stability, these dyes pose serious environ-
mental challenges(>©!. A wide range of protocols have been reported
for the eradication of dyes from wastewater. These techniques
include reverse osmosis, membrane separation, chemical precipita-
tion, adsorption, ion exchange, chemical and biological decompo-
sition, aerobic/anaerobic digestion, and photocatalysisl’-'9. The
photocatalytic process, a light-driven process, has recently gained
significant attention from researchers for the treatment of organic
pollutants containing wastewater due to its effectiveness in minera-
lizing pollutants. One key advantage of photocatalysis is its ability to
degrade a broad spectrum of contaminants, including those resis-
tant to other treatment methods!''l. Additionally, it is preferred over
alternative techniques for its superior performance, minimal genera-
tion of secondary pollutants, cost-effectiveness, ease of operation,
and environmental friendliness. Photocatalysis involves the genera-
tion of reactive species that contribute significantly to this process,
facilitating the conversion of toxic pollutants into harmless
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substances!'2-16], ZnO is a transition metal oxide that is used for
many applicationst’l. ZnO is widely used as a catalyst in photodegra-
dation of organic pollutants. However, despite its effectiveness as a
photocatalyst, its photocatalytic activity is not high due to relatively
wide band gap energy (3.2 eV). A desirable photocatalyst is one that
is capable of absorbing both ultraviolet and visible radiation, as solar
radiation consists of approximately 45% visible light and less than
10% ultraviolet light, along with other forms of radiation. As sunlight
is a renewable source of energy, therefore the development of solar
light-driven photocatalytic systems is highly desirablel’8-201, A
number of procedures have been reported for addressing these
limitations and boosting the photocatalytic activity of ZnOR1-251,
The development of photocatalysts by combination of different
materials is one of the techniques that enhances the catalytic activ-
ity through the improvement of light-harvesting capability of the
catalysts. The combination of ZnO with a semiconductor of narrow
bandgap energy such as CuO (band gap 1.4 eV) produces a photo-
catalyst that effectively absorbs the visible spectrum of incident
light and enables the electron transfer to ZnO. Although copper
oxide (CuO) has a narrow bandgap substance, allowing for effective
visible light absorption, its activity is not appreciable due to the
recombination of the photo-induced charges. However, the p-n
heterojunction formed by coupling a p-type CuO with an n-type
ZnO facilitates the reverse transport of carriers, reducing recombi-
nation, and extending their lifetime. However, the overall photo-
catalytic performance is still significantly limited due to poor absorp-
tion and utilization of light(2627], It has been reported that effective-
ness and stability of the catalysts can be enhanced by combining
metal oxides with C-based substances such as g-C3N,, graphene
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oxide, or CNTs. Particularly, the g-C5N, is a promising substrate for
the improvement in catalytic performance of a number of oxides.
Graphitic carbon nitride (g-C3N,), which is a polymeric substance
comprised of repeating tris-triazine units, has got significant in-
terest in the field of photocatalysis. Its relatively small bandgap
(~2.7 eV) enables a swift response in the visible light region, making
it highly effective for solar light absorption28l. With optimal band
structure, excellent stability, simple, and cost-effective synthesis
methods, and an environmentally friendly nature, g-GiN, is
regarded as a versatile material. The combination of g-C3N4 with
metal oxides increases the active sites resulting in improved
catalytic performancel29-34],

This work is focused on the synthesis of g-C3N,-CuO-ZnO hetero-
junction photocatalyst for the efficient degradation of crystal violet
(CV) and methyl orange (MO) dyes in aqueous solutions.

Experimentation

Chemicals

The chemicals used include urea [NH,CONH,] (99%) purchased
from Merck, copper nitrate trihydrate [Cu(NOs),-3H,0] (99%), and
zinc nitrate hexahydrate [Zn(NO3),-6H,0] (99%) purchased from SRL,
polyvinyl alcohol [PVA] (99%) purchased from Qualigens, and
sodium hydroxide pellets [NaOH] (99%) purchased from Rankem.

Synthesis g-C;N,-CuO-ZnO

g-C3N,4-CuO-ZnO heterojunction was prepared in two steps. In the
first step, g-C3N4 was prepared by calcining the urea. Typically, 10 g
urea was put in muffle furnace and heated to 550 °C at 5°C per min.
It was kept at 550 °C for 3 h. Then it was cooled to room tempera-
ture naturally. After grinding, a yellow color g-C3N, powder was
obtained and was used for further investigation.

In the second step, g-C3N, was used for the synthesis of g-C3N,-
CuO-ZnO. Typically, 5 g g-C3N,, 4.792 g Zn(NO3),-6H,0, 0.6856 g
Cu(NO3),-3H,0, and 0.60 g PVA were added in 50 mL distilled water
and stirred continuously for 30 min. Then, T M NaOH solution was
added dropwise to the resultant suspension under continuous
stirring till pH 10. After stirring for 3 h, the obtained precipitation
was filtered and washed. After washing, it was dried at 100 °C
overnight. The obtained solid was crushed into fine powder using
mortar and pestle and calcined at 550 °C.

Characterization

The fabricated g-C3N,-CuO-ZnO was examined with XRD, FTIR,
SEM, and TGA techniques. The Bruker D8 X-ray diffractometer,
Hitachi S-4800 scanning electron microscope, Shimadzu FTIR 8400S
spectrometer, and PerkinElmer TGA 8000 Thermogravimetric
Analyzer were used for XRD, FTIR, SEM, and TGA, respectively.

Assessment of photocatalytic performance

The photocatalytic performance was assessed through the de-
gradation of crystal violet and methyl orange dyes under sunlight
irradiation using g-C3N,;-CuO-ZnO as a catalyst. In a typical proce-
dure, 50 mL of either dye solution was placed in a beaker, and 0.05 g
g-C3N,-CuO-ZnO was added to it. The adsorption-desorption equi-
librium was ensured by stirring the mixture for 30 min in the dark.
After this period, a sample was collected and analyzed. Sub-
sequently, the reaction mixture was exposed to sunlight with
continuous stirring, and samples were taken at regular intervals for
analysis with a UV-visible spectrophotometer.

Reaction kinetics

Heterogeneous catalytic reactions are generally described by
the Langmuir-Hinshelwood mechanism. The present study is also a
heterogeneous reaction hence it can also be described by the
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Langmuir-Hinshelwood mechanism. Accordingly, the g-C3N4-CuO-
ZnO catalyzed degradation of crystal violet/methyl orange dye
proceeds in the following steps3>-37],

1. Adsorption of MO/CY on g-C5N,-CuO-ZnO;

2. Harvesting of sunlight;

3. Degradation of dye(s) molecules.

Therefore, the rate of reaction can be expressed as:

Czlye Lo
Rate = 0 o Irradiation Cgy, )]

As the reaction mixture is continuously irradiated, therefore it
becomes independent of irradiation. Hence,

dcdve
Rate = ——— = kCyy. 2
ate a dye @
dCdve
Rate = — — =kt 3
Cdye ( )
On integration
(Caye)t dCyye t
- =k| dt 4
(Cdy@)o Cd)'e ‘[0 ( )
[Cdye]
In——=2 =kt 5
[Cdye]l ( )
Taking anti log, we get:
Cel, _ ©)
[Cdye],
[Corel _ e )
[Cdye]()
[Cayel, = [Cayel, e (®)

Results and discussion

Characterization

The phase identification and crystalline nature of fabricated
g-C3N4-CuO-ZnO was confirmed using XRD. Figure 1 displays the
XRD results. The existence of sharp peaks in the XRD pattern shows
the crystalline nature of the g-C3N4-CuO-ZnO. The occurrence of
g-C3N,4 in the synthesized sample is verified by the presence of
peaks at ~13° and 27° indicating (100) and (002) planes. The diffrac-
tion peaks at 20 ~24° and at 20 ~43° also represent the graphitic
nature of the samplel38l. The diffraction peaks observed at ~36°, 39°,
49°, 54°, 58°, 62°, and 75° correspond to (111), (111), (202), (020),
(202), (113), and (004) planes of the monoclinic structure of CuO
(JCPDS: 01-080-1268). The diffraction peaks at 26 ~32°, 34°, 36°, 48°,
57°, 63°, and 68° are characteristic peaks of wurtzite hexagonal
phase of ZnO (JCPDS: 01-089-0510). These diffraction peaks corre-
spond to (100), (002), (101), (102), (110), (103), and (112) planes,
respectively39-431, A small shift in peak positions with respect to the
standard XRD pattern is due to the doping of metal ions 41,

Functional groups were identified based on the FTIR spectrum
(Fig. 2). The spectrum is dominated by several strong bands within
the 1,060-1,700 cm~! region such as 1,235, 1,316, 1,419, 1,574,
1,634, and 1,700 cm~'. These are the representative peaks of stretch-
ing vibration of C=N and C-N functional groups associated with
aromatic heterocycles. Similarly, the peaks observed at approxi-
mately 3,256 cm~" are associated to the stretching of NH, groups or
water molecules. The presence of a peak at 439 cm~' represents the
Zn-0 linkage. Similarly, the peak at 608 cm~' indicates the Cu-O
bond. The absorption observed at 498 cm~! confirms the attach-
ment of CuO with ZnO particles*5-491, Hence, the FTIR shows that
the synthesized substance consists of g-C3N,, CuO, and ZnO.
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Fig. 1 XRD patterns of the g-C3N,-CuO-ZnO heterojunction.
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Fig.2 FTIR spectrum of the g-C3N,-CuO-ZnO heterojunction.

The morphology and microstructure of g-C3N,-CuO-ZnO were
studied by SEM. Figure 3 displays the SEM of g-C3N,-CuO-ZnO. It can
be observed that the synthesized g-C3N,-CuO-ZnO exhibits a foam-
like structure. This foam-like structure is due to the sheets of ex-
foliated g-C5N,. These sheets contribute to an enhanced surface
area of the composites. It can also be observed that the morph-
ology of synthesized g-C3N,;-CuO-ZnO is uniform. This uniform
morphology suggests the tight incorporation of CuO and ZnO in a
sheet of g-C3N,. This structure favors the absorption of light which
enhances the photocatalytic performancel38l,

Thermal characteristics of synthesized substance were investi-
gated by TGA and DTA. Figure 4 displays the mass change when the
g-C3N,-CuO-ZnO heterojunction sample was exposed to heat treat-
ment. From the TGA curve of the g-C3N,-CuO-ZnO heterojunction, a
weight loss of about 30% was observed up to 400 °C. Similarly, the
DTA shows a broad endothermic peak over the same temperature
range. This change in TGA and DTA with temperature is attributed
to the loss of adsorbed water.

Photocatalysis

The photocatalytic activity associated with synthesized g-C3N,-
CuO-ZnO was studied through the degradation of selected dyes in
sunlight. A 50 mL dye solution of crystal violet (CV)/methyl orange
(MO) of 100 mg/L was used as a representative pollutant. For
comparison, the degradation of both dyes was studied over indivi-
dual g-G3N,, CuO, and ZnO as well in identical experimental con-
ditions. Figure 5 displays the results of degradation of dyes with
g-C3N4-Cu0-ZnO, g-C3N,, CuO, and ZnO. It was noticed that about
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Fig.3 SEM analysis of the g-C3N,-CuO-ZnO heterojunction.
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Fig.4 TGA and DTA curves for the g-C3N,-CuO-ZnO heterojunction.
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Fig.5 Comparison of photocatalytic activities of different substances.

97%, 40%, 49%, and 42% of methyl orange degraded in the pre-
sence of g-C3N,;-CuO-ZnO, g-C3N,4, CuO, and ZnO during 180 min of
reaction duration, respectively. Similarly, about 99%, 65%, 52%, and
62% of crystal violet dye degraded in the presence of g-C3N,-CuO-
Zn0, g-C3N,, CuO, and ZnO during 180 min of reaction duration,
respectively. It is evident that synthesized g-C3N,-CuO-ZnO is more
effective in the photodegradation of methyl orange and crystal
violet dyes. Furthermore, the data given in Fig. 5 indicates that the
rate of degradation of dyes was highly accelerated at the beginning
of the reaction and then decreased with the passage of time. During
the start of the reaction, more hydroxyl radicals were produced
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because of the abundance of catalyst active sites. With the passage
of time, the catalyst active sites were occupied with different
molecules, causing a retardation effect on the rate of reaction. Addi-
tionally, the degradation of dyes produces intermediate products
that compete with the dye molecules for the degradation°l,

The kinetic Eqn (8) was applied to the degradation data given in
Fig. 5 for kinetics analyses. The exponential equation was applied to
the data using Solver of Excel software. Figure 6 shows the appli-
cation of the kinetics model to the experimental data. The close
agreement of the experimental and kinetics model predicted data
shows that photocatalytic degradation of methyl orange and crystal
violet dye follows the 15t order reaction kinetics. The 15t order rate
constants were determined and are given in Table 1.

The pH of the reaction mixture is an important parameter that
significantly affects photocatalytic activity. Therefore, the depen-
dence of photocatalytic activity on pH was also explored. For this
purpose, photodegradation of methyl orange and crystal violet dyes
was studied over g-C3N,-CuO-ZnO photocatalyst at different pH
from pH 3 to 11. A 100 mg/L dye solution was used for this study.
A 0.05g of g-C3N,-CuO-ZnO was used as catalyst dosage. The pH of
the reaction mixture was adjusted using a 0.1 M solution of HCl and
NaOH. The reaction duration was 180 min. The results obtained are
displayed in Fig. 7. The synthesized g-C3N,-CuO-ZnO showed the
best catalytic performance at pH 11. The hydroxyl radicals are
involved in the degradation of organic molecules. The higher
concentration of hydroxyl ions at high pH facilitates the production
of hydroxyl radicals, therefore, g-C3N,-CuO-ZnO exhibited the best
catalytic performance under alkaline conditions®",
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Fig. 6 Kinetics analysis of photocatalytic degradation data of dyes
according to kinetics model given in Eqn (8). The solid lines represented
the experimental data while the broken lines represent the data
calculated by kinetics Eqn (8) using Solver.

Table 1. Rate constants for degradation of crystal violet and methyl orange
dyes over different substances. These rate constants were determined by
analyzing the degradation data according to kinetics Eqn (8) using Solver.

Crystal violet dye Methyl orange dye

Catalyst

k (min~") R2 k (min~") R2
9-C3N, 0.00637 0.988 0.00252 0.986
CuO 0.00418 0.986 0.00349 0.987
ZnO 0.00568 0.988 0.00290 0.988
g-C5N4-CuO-ZnO 0.01978 0.947 0.03994 0.928
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The dependence of catalytic activity on catalyst dosage was also
explored by performing degradation experiments using 0.13, 0.05,
0.1, and 0.15 g of catalyst dosages. The optimum catalyst dosage
was found to be 0.05 g of g-C3N,-CuO-ZnO. Similarly, the effect of
hydrogen peroxide on the activity of g-C3N,-CuO-ZnO was also
explored. It did not affect significantly the catalytic performance of
synthesized g-C3N,-CuO-ZnO.

Photocatalytic mechanism

The exceptional performance of synthesized ternary g-C3N,-CuO-
ZnO in the degradation of selected dyes is due to two reasons: (1) its
ability of light harvesting; and (2) its ability to transfer the charges.
The conduction band potential (on normalized hydrogen electrode
(NHE)) of g-C3N, CuO, and ZnO are -1.13, 0.65, and —0.30 eV,
respectively. Similarly, the valence band potential of g-C3N,, CuO,
and ZnO are 1.57, 1.97, and 2.88 eV, respectivelyl>253l, Hence, an S-
scheme photocatalytic mechanism can be established for charge
separation on the basis of this information. Figure 8 explains the
formation of the equilibrium of Fermi levels on g-C3N,-CuO-ZnO
heterostructure. The absorption of photons excites the photocata-
lyst and generates e~/h* pairs in the CB and VB of photocatalyst>4.
The CB of g-C3N, is more negative than that of CuO and ZnO. There-
fore, the photo-generated e~ in CB of g-C3N, transfers to the CB of
CuO. Meanwhile, the e~ induced in the CB of ZnO also moves into
the CB of CuO. Furthermore, these electrons may also flow to the VB
of g-C3N, and ZnO, based on the S-schemel®>6], The CuO in g-C3N,-
CuO-ZnO heterostructure serves as locations for recombination of
photo generated e~ that decreases the migration of photo-gener-
ated e~. Hence, the CuO in g-C3N,-CuO-ZnO serves as an electron
acceptor from both g-CsN, and ZnO resulting in the inhibition of
recombination of e/h* pairs. As a result, the S-scheme enhances the
separation of e~/h* and preserves its high photo-redox

100
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_ 80 —
S
5 60
=
=}
s 40
&h
]
a

20

_pH 3 pHS pH7 pHY9 pHI11

Fig. 7 Effect of initial pH on g-C3N,-CuO-ZnO catalyzed photodegra-
dation of methyl orange and crystal violet dye.

Fig.8 Proposed mechanism of the photocatalytic process.
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capability®7-591, Similarly, has a higher valence band potential than
g-G3N, and a lower valence band potential of ZnO, therefore the
photogenerated e is inclined to combination with h* in the valence
band of CuO. Overall, the synthesized g-C3N,-CuO-ZnO exhibits
enhanced photocatalytic performance due to reduced electron-hole
recombination and improved charge separation[60-62],

Conclusions

The present study successfully synthesized and characterized a
g-C3N,-CuO-ZnO heterojunction, demonstrating remarkable photo-
catalytic efficiency in degrading methyl orange (MO) and crystal
violet (CV) dyes under sunlight irradiation. The integration of g-C3N,
with CuO and ZnO significantly enhanced the photocatalytic
activity due to improved charge separation and light-harvesting
ability. The heterojunction achieved degradation efficiencies of
96.84% for MO and 99.26% for CV within 180 min, outperforming
the individual components. The investigation into various para-
meters, including pH, catalyst dosage, oxidant presence, and recy-
cling of catalyst further highlighted the robustness and adaptability
of the synthesized photocatalyst across diverse conditions. The
proposed S-scheme mechanism underscores the role of CuO as an
electron mediator, effectively reducing electron-hole recombina-
tion, and enhancing redox reactions. These findings pave the way
for the development of effective and affordable photocatalysts for
wastewater treatment, addressing environmental pollution through
sustainable means. Future research could focus on scaling up the
synthesis process and exploring the degradation of complex
industrial effluents to broaden the application scope of this hetero-
junction.
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