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Abstract

The processing of wastewater has emerged as a primary focus of research owing to the unavailability of clean
water to satisfy the current population’s needs. In this work, a ternary nano-photocatalyst, g-CsN4/ZnO/CdS
exhibiting visible light activity has been fabricated via a dual-step process that involved a pyrolytic
transformation of urea to g-CsN4 subsequently followed by the solid state mechanochemical method to
fabricate g-CsN4/ZnO/CdS. The synthesized nanomaterial underwent characterization using advanced
techniques such as XRD, FTIR, FE-SEM/EDAX and UV-DRS techniques. The decomposition of Indigo
Carmine dye was performed under the illumination of visible light, resulting in 99.6% degradation using a 50-mg
photocatalytic dosage. Kinetic studies indicate that the photodegradation process followed pseudo-first-order
where the phenomenon of adsorption adhered to the Langmuir—Hinshelwood model. This work attempted the
generation of a multi pathway of electron migration by combining more than one Type-Il heterojunction,
which can effectively delay the electron-carrier recombination.
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1 Introduction poisonous  pollutants present in freshwater

ecosystems [1]-[3]. Due to industrial expansion, a

Water pollution is a significant environmental issue
characterized by the contamination of water bodies
owing to the infusion of toxic substances. The
pollution can result in detrimental impacts on
marine habitats, human well-being and the global
ecological balance. A significant focus of the
research community is directed towards lingering

considerable quantity of organic dyes has been
released into the environment’s water bodies. Out
of which, a few of them have shown mutagenic and
carcinogenic properties. Reports indicate that the
extensive utilization of both antibiotic medications
and organic dyes poses a significant menace to the
ecosystem. Hence, the urgent need arises for the
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elimination of these contaminants from natural
water sources. The examination of various
treatment methods has revealed the partial
elimination of toxic contaminants, indicating their
incomplete removal as well as the detection of
secondary pollutants [4]-[6]. However, photocatalysis
serves as an impactful and streamlined approach for
purging organic contaminants from wastewater. The
commercially accessible TiO, photocatalyst with an
energy gap of approximately 3.2 eV exhibits
activity solely on exposure to ultraviolet rays. This
is the reason why photocatalyst exhibits limited
photoactivity when subjected to visible light. In
general, ZnO photocatalysts are only active in
ultraviolet rays, which comprise approximately 5%
of solar light [7], [8]. Normally, nanostructured
photocatalysts  exhibit  higher  photo-activity
compared to bulk materials. However, it is
generally recognized that charge-carrier
recombination constitutes a significant limitation
contributing to the reduced effectiveness of
synthesized photocatalysts [9]-[13]. As a result, the
development of photocatalysts active under visible
light holds a greater promise than the production of
traditional TiO, or ZnO photocatalysts. Several
photocatalysts driven by solar light, such as g-CsNa,
MoS; and AgsPO4 have been reported [14]-[16].

To broaden light absorption within the visible
spectrum while mitigating the challenge of
heightened recombination, metal-semiconductor or
semiconductor-semiconductor heterojunctions offer a
viable solution. A crucial aspect to contemplate in the
design of heterojunctions for enhanced photocatalytic
performance is the alignment of band edges [17]-[20].
The alignment and bending of bands can significantly
rely on the sizes of particles and their positioning
relative to one another. Vibrations based on facets
have also been noted in band bending, influencing
the movement of charges throughout interfaces of
various contacting planes and thus impacting
photocatalytic performance [21], [22]. Moreover,
band bending manifests not only at the junctions
between distinct materials or dissimilar phases of
crystal made of identical material but also between
larger and smaller particles of the identical material
possessing the similar crystal structure. In such
instances, the variance in facade band bending results
in the generation of an electric field, facilitating the
separation of charge carriers. Heterojunction
semiconductor photocatalysts such as NiO/g-C3Na,
CeOz-AgI, CdS/MOSz, g-C3N4/Bi2WOG, annzS4-

In203, INyS3/Cd, In.Ss nanotubes, Ag.O/BisOsl, g-
C3Na/ZnInySs, ZnS/g-C3N4, g-CsNa/phosphorene etc.
have been documented by different researchers [23].
However, additional improvements are still required
to augment visible light absorptivity and enhance the
segregation of charge carriers. To accomplish this
objective, researchers have explored particular
categories of heterojunctions, such as Z-schemes and
plasmonic photocatalysts to mitigate recombination
losses and harness plasmonic effects, respectively.

A formation of ternary Type—Il heterojunctions
based on Z-scheme photocatalysis is considered
advantageous once compared with traditional Z-
scheme photocatalysts. A ternary system means three
components are working together. In this case, three
different semiconductors are combined into a Type-II
heterojunction configuration. The ternary structure
provides more pathways for charge transfer and
separation, enhancing the ability to utilize light
energy efficiently. The third material can help to
extend the absorption range into the visible light
spectrum, improves charge separation, or acts as a
bridge between the other two materials, facilitating
better electron flow and further reducing
recombination. The strategic combination of
materials in a ternary system can result in a more
stable photocatalyst compared to some traditional Z-
scheme structures, which might degrade faster under
light [24], [25]. There is an intriguing opportunity to
leverage the distinct band potentials of these single
semiconductor counterparts to facilitate charge
separation by creating heterostructures between
them. This approach aims to significantly enhance
the performance of photocatalytic activity (PCA) in
these heterostructures [26].

This work reports the successful design of
ternary  Type-Il  heterojunctions  using g-
CN/ZnO/CdS nanophotocatalysts via a two-step
synthesis strategy to investigate its efficiency in the
breakdown of Indigo Carmine dye (IC). IC dye is a
synthetic dye that finds widespread application as a
food colorant, pH indicator in chemical laboratories,
medical diagnosis procedures, and textile industries,
etc. At high concentrations, IC dye proves to be toxic
to aquatic life potentially leading to a decrease in
biodiversity. It can lead to a reduction in the amount
of dissolved oxygen in water bodies, which is in turn
crucial for the survival of aquatic life. Hence,
degradation of IC dye using visible light mediated
photocatalysis is highly relevant.
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2 Materials and Techniques
2.1 Materials

The subsequent chemicals have been used for this
study and they are employed as purchased without
further purification. Urea (CH4N:0), zinc chloride
(ZnClL.), thiourea (CHsN2S) and cadmium nitrate
(Cd(NOs3)2.4H,0 have been purchased from Sigma
Aldrich. Indigo carmine, hydrochloric acid (HCI) and
sodium hydroxide (NaOH) have been purchased
from Sisco Research Laboratories.

2.2 Techniques/Methods
2.2.1 Fabrication of graphitic carbon nitride

The graphitic carbon nitride (g-CsN4) was obtained
by the pyrolysis of extra pure urea in the muffle
furnace for three hours and heated at the rate of 2 °C
min?! and maintained at 500 °C under air tight
conditions. The obtained samples were allowed to
reach room temperature. The synthesized product
was ground well into fine powder and weighed.

2.2.2 Fabrication of g-C3N4/ZnO /CdS composite

The prepared g-CsN4 was weighed and 5 g of this
sample was transferred into a mortar. Along with g-
C3N4, 1 g of zinc chloride (ZnCly), 1 g of cadmium
nitrate tetrahydrate (CdN20s.4H,0) and 1 g of
thiourea were mixed together using the mortar and
pestle until a fine powder is obtained. The obtained
product was transferred into a silica crucible and
heated in a high temperature furnace maintained at
300 °C for 4 h. The obtained product was cooled to
room temperature. The desired composite of yellow-
colored g-C3N4/ZnO /CdS was obtained.

2.2.3 Dye degradation studies

A freshly prepared 5 ppm dye solution (100 mL) was
transferred into a clean 250 mL beaker. The initial
absorbance of the solution was recorded using a
Shimadzu UV-VIS 1800 spectrophotometer. Subsequently,
25 mg of the g-CsN4/ZnO/CdS composite catalyst
was introduced into the dye solution, and the mixture
was stirred for 10 min in the dark to ensure the
proper adsorption. The dye concentration was then
measured at 15-min intervals during light irradiation
using a UV-visible spectrophotometer, following the

removal of the catalyst by centrifugation. The same
procedure was followed for different catalytic dosages.

3 Results and Discussion
3.1 Characterisation of the photocatalyst

The PXRD of g-C3Ns and g-C3N4/ZnO/CdS are
depicted in Figure 1. The characteristic peaks of
(274) (345) (452) (544) and the corresponding
diffraction peaks were observed at these 20 values
20.04°, 22.66°, 26.61°, 26.61° and 30.01° values are
observed that have a good agreement with the data of
g-CsN. as per the previous reports [27], [28].
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Figure 1: XRD pattern obtained for g-C3Na.

The result obtained for the XRD studies of the
photocatalyst, g-C3sN4/ZnO/CdS clearly shows a few
additional peaks when compared with the XRD
pattern  obtained for g-CsNi. The peaks
corresponding to 29.85° and 34.62° corresponds to
the (491) and (669) planes, respectively, of wurtzite
phase of ZnO. Also, the peaks obtained at 28.05° and
36.72° indicates the presence of (101) and (110)
planes of CdS hexagonal wurtzite phase [29]. The
sharp peak indicate the crystalline nature of the
synthesised photocatalyst and confirms the formation
of g-C3N4/ZnO/CdS [30].

The vibrational spectroscopic (FTIR) studies of
the g-CsN4/ZnO/CdS photocatalyst (Figure 2) show
the typical Zn-O vibrational band at 500 cm™ while a
medium absorption band around 650 cm™
corresponding to the presence of Cd-S bonds. The
multiple bands dominated around 1100-1700 cm
corresponds to the bands originating from g-CsNa
owing to the characteristic vibrations of aromatic — CN
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heterocycles [31]. To accomplish the optical
characteristic evaluation of g-CsN4and the synthesized
photocatalyst, UV-visible diffuse reflectance spectroscopic
analysis is carried out and the obtained spectrum is
shown in Figures 3 and 4, respectively. The broad
spectrum as seen in Figure 4 suggested the enhanced
visible range absorptivity of the synthesized g-
C3N4/ZnO/CdS as compared with the limited UV-
visible absorption range exhibited by g-CsNa.
Scanning electron microscopy was employed
for the examination of surface morphology of g-
CsN4/ZnO/CdS. The monodispersed spherical-like
morphology of g-CsN4/ZnO/CdS is evident (Figure 5).
Additionally, the elemental composition of the
sample acquired from EDAX confirms the presence
of elements such as C, N, O, Cd, S and Zn. This in
turn supports the generation of g-CsN4/ZnO/CdS
nanocomposite (Figure 6 and Table 1).
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Figure 2: FTIR spectra obtained for g-CsN. and g-
CsN4/ZnO/CdS.
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Figure 3: UV-DRS spectrum obtained for g-CsNa.
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Figure 4: UV-DRS spectrum obtained for g-
CsN4/ZnO/CdS.
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Figure 5: SEM image spectra of g-C3N4/ZnO/CdS.
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Figure 6: EDAX spectrum of g-CsN4/ZnO/CdS.
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Table 1: Consolidated elemental composition from

EDAX spectrum.
Element Weight % Atomic %
C 15.46 28.03
N 24.20 37.62
(¢} 14.54 19.79
S 9.11 6.19
Cd 27.57 5.34
Zn 9.13 3.04

3.2 Visible light assisted photocatalytic breakdown
of indigo carmine dye

The degradation studies using 100 mL of Indigo
Carmine (IC) as a model pollutant at a concentration
of 5 ppm was assessed using the g-CsN4/ZnO/CdS
photocatalyst under neutral conditions in the absence
and the presence of the photocatalyst under visible
light (Figures 7 and 8). It was noted that the
decomposition of IC dye under neutral conditions is
found to be 99.6 % after the irradiation of light for
105 min for 50 mg catalytic dosage of g-
CsN4/ZnO/CdS  (Figure 7). This  enhanced
degradation could be owing to the delayed charge-
carrier recombination owing to the type-Il
heterojunction fabricated using the semiconductors of
varying band edge positions.

On the other side in the absence of the catalyst,
the degradation was found to be less efficient in
achieving the degradation of IC dye after 80 min of
irradiation of visible light (Figure 8). In order to
know the optimum catalytic dosage of the ternary
photocatalyst in the degradation process, the same
experiment was conducted using 25 mg, 75 mg and
100 mg of the g-CsN4/ZnO/CdS dosage. Both the 25
mg and 75 mg dosages have resulted in slightly less
photocatalytic degradation efficiency when compared
with the 50 mg dosage. This result confirms it as the
optimum catalytic dosage for 100 mL of 5 ppm dye
concentration (Figure 9).

An investigation has been carried out using
different radical scavengers namely benzoquinone,
ammonium oxalate and isopropyl alcohol of 1 mmolL™
concentration to reveal the active moieties involved
in the light assisted catalytic process. The scavengers
have been added along with the photocatalyst under
the optimized conditions and the findings are
consolidated in Figure 10. It has been noted that the
addition of ammonium oxalate has considerably
reduced the degradation efficiency which implies that
the superoxide anion radical executes a significant
function in the degradation procedure than the
hydroxyl radicals and the holes [32], [33].
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Figure 7: Degradation of IC dye using 50 mg of g-
C3N4/ZnOJ/CdS in neutral conditions.
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against various catalytic dosages.
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Figure 10: Results of radical trapping experiment.
3.3 Study on the kinetics of the degradation process

The chemical kinetics involved in the photocatalytic
reaction; the decomposition of Indigo carmine dye
using  g-C3N4/ZnO/CdS  photocatalyst,  were
examined to gain an understanding of the
photodegradation mechanism and to evaluate the
practicality and effectiveness of utilizing this method
for dye treatment. The pseudo-first-order reaction can
be expressed by the subsequent Equation (1):

In (%) = —Kapp t 1)
where Kgpp is the degradation rate constant and t is
the time of irradiation [34]-[36].

The plot of the negative natural logarithm of
(AJAo) against time, t for the reaction in the neutral
medium is shown in Figure 11. A linearity between -
In (A/JAo) and t was established for the optimized
value of 50 mg photocatalyst backing the inference
that the photo-degradation process adheres to the
kinetics of pseudo-first-order for the concerning
concentration of the organic dye. The values for Kapp
were computed from the slopes of In (A/Ao) against
the time plot and were found to be —0.0015 min-* and
R2=0.78931. The -In(A/A) versus t plot for 100 mg
of the photocatalytic loading in a neutral medium is
shown in Figure 12.

An acquired linear association between - In(A/Ag)
and t reinforces the inference that the
photodegradation process adheres to pseudo-first-
order kinetics concerning the concentration of dye.
The values for Kyp were computed from the
graphical slopes of -In(A/Ag) vs. time plot. Kapp value
was found to be —0.01306 min™ and R? = 0.88681
(Table 2).
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Figure 11:. Pseudo-first-order plot for a neutral
medium of dye solution using 50 mg catalytic dosage
of g-C3N4/ZnO /CdS.
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Figure 12: Pseudo-first-order plot for a neutral
medium of dye solution using 100 mg catalyst
loading of g-C3N4/ZnQO /CdS.

Table 2: Kqp value and R-Square values for 50 mg
and 100 mg catalyst.

Catalyst dosage Kpp values R? values
(mg) (min™)
50 —0.0015 0.7893
100 —0.0136 0.8868

The suggested photocatalytic behavior of g-
C3N4/ZnO/CdS through multi-routes enhances the
possibility of the ejection of electrons towards
conduction bands rather than the recombination as
depicted in Figure 13. Considering the lower
conduction band edge positions, the band of
conduction for g-CsNa is rich in electrons when
compared with their other counterparts. At the same
time, the valence band of CdS is considered to have
more holes owing to its higher energy level position
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[37]. Hence, it can be assumed that the electron
abundant conduction band of g-CsN. acts as the
central platform for the pathway of reductive
degradation whereas the valence band of the CdS
entity behaves as the oxidative pathway of
degradation. Overall enhancement in the degradation
efficiency is owing to the synergistic effect of the
Type-1l  heterojunctions combined here, which
already persists in the individual binary composites.

There were many attempts employed to enhance
the photocatalytic characteristics of g-CsNs-based
photocatalysts through the investigation of the
fabrication of numerous g-CsN4 based photocatalytic
heterostructures such as CdS/g-CsNs, CdS/ZnO,
Sn02/g-CsNa, which all finally resulted in the slightly
enhanced  photodegradation  based on the
characteristic synergetic photocatalytic mechanism of
the binary composite [38]-[40]. The current work
stands unique as the enhanced degradation of indigo
carmine was achieved via the formation of a unique
ternary composite that showed promising and
competing results when compared to those reported
in the literature.
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Figure 13: Suggested mechanism for the
photocatalytic degradation of Indigo carmine dye
using g-CsN4/ZnO/CdS photocatalyst.

4 Conclusions

This study reports the generation of g-C3;Ny4 by the
pyrolytic treatment of urea at 500 °C followed by the
fabrication of g-C3;N4/ZnO/CdS nanoparticles by the
calcination of the mixture of the calculated quantities
of g-C3N4, ZnCl, and CdNO;.4H,0O in presence of
thiourea at 300 °C for 4 h. The structural
configuration and morphological form of these
nanoparticles were investigated using XRD, FTIR,

UV-DRS and SEM-EDX analysis. The composite
photocatalysts (g-C3N4/ZnO/CdS) exhibited
enhanced photocatalytic activity of 99.6% under the
visible light irradiation and the highest degree of
degradation for indigo carmine dye was observed
under 50 mg catalytic dosage. The complete
breakdown of indigo carmine dye in a neutral
medium was achieved after 105 min of visible light
irradiation. The photocatalytic dye degradation was
observed to follow pseudo-first-order kinetics.
Therefore, the nanoparticle, g-C3N4/ZnO/CdS
demonstrates its effectiveness as a photocatalyst in
purifying industrial wastewater by removing organic
pollutants, thereby mitigating significant
environmental hazards. This work elucidates the
construction of multiple Type-II-based hetero-
junctions in a single component which proves as a
key strategy for the enhancement of the resultant
photocatalytic performance.
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