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Abstract

The escalating global concern over dye wastewater pollution, characterized by its harmful
effects, has sparked interest in visible light-activated photocatalysis for cost-effective
industrial wastewater treatment. The study focused on visible light-activated photocatalysts,
notably cadmium sulfide (CdS) with a 2.4 eV band gap energy and tungsten trioxide (WOs)
known for its resilience to photo degradation, durability across various pH conditions, and a
2.7 eV band gap energy. However, CdS is susceptible to photo anodic corrosion, while WOs
exhibits low photocatalytic degradation performance due to rapid recombination between
excited electrons and electron holes from low-energy visible light. The Z-scheme electrons
transfer photocatalyst (WO3-CdS) was designed to extend recombination time and maintain
WOs stability. This visible light-activated composite was synthesized through a simple and
cost-effective precipitation method. CdS were kept constant while mass of WOs were varied
for 3 g, 5 g, 10g. Structural and morphological analyses were conducted using various
techniques, including field emission scanning electron microscopy (FE-SEM), energy
dispersion of X-ray (EDX), Fourier transform infrared (FTIR), X-ray diffraction (XRD), and UV-
Vis-NIR spectrophotometer to analyze various properties. The synthesized composite of
WOs-CdS successfully lowered the band gap energy to 2.28 eV and shifted the photon
absorption more towards the visible spectrum. When applied to the photo degradation of
reactive orange 16 (RO16) under visible light for 300 minutes, the WOs3-CdS composite
exhibited a remarkable 64.45 % degradation rate, surpassing pure CdS and WO:s rates of only
around 1.18 % each. The Z-scheme electron transfer process between CdS and WOs
significantly enhanced catalytic efficiency. This achievement holds promise for sustainable
wastewater remediation, marking a notable advancement in the field.
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1.0 INTRODUCTION

At the outset of 1856, the world of dye industries experienced
a momentous transformation that would forever alter the
landscape of color. It was in this era that WH Perkin's
remarkable discovery of mauve opened the door to the

production of modern synthetic dyes [1]. Over the course of
the following century, this breakthrough would lead to the
synthesis of an astonishing array of hues, with millions of
distinct colored compounds coming into existence. Among
these, an astounding 15,000 colorants would go on to be
produced at an industrial scale, coloring our world in ways
previously unimaginable [2].
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Owing to high degree of photolysis and chemical stability, along
with their high ability to bind with textile fibers via the covalent
bonds, reactive orange (RO16) dye (Colour Index Number:
17757, Molecular Formula: CyH17N3011S3:Na, Molecular
weight: 617.53 g/mol) is extensively used as colorant. The
chemical structure and its absorption maxima (Amax ) are given in
Table 1. This characteristic ensure long lasting colour being
preserved and making it hard to be removed from washing
process as strong adhesion between reactive dye and fiber is
formed [3].

Table 1 Chemical structure and absorbance maxima of dye

Amax

Name Chemical Structure
(nm)

O

Reactive OO
Orange 16 /@ JJ\ 494 [4]
oi o) ~s

/,\\

Even though reactive dyes have good interaction with the
fabric, it wastewater poses numerous undesirable impacts on
environment and human being. The wastewater from dyeing
stage usually presents as toxic, mutagenic and carcinogenic
effect on aquatic life [5].

To overcome the ever increasing dye wastewater problem,
an extensive range of wastewater treatment has been studied.
Current  treatments include coagulation flocculation
sedimentation, adsorption, biological, electrochemical,
membrane separation or filtration and chemical oxidation [6].
Photocatalytic dye degradation is considered as an attractive
and versatile method due to low cost material, biodegradable,
reusable, low energy consumption and most importantly highly
effective. The widespread utilization of photocatalytic methods
for eliminating diverse organic and inorganic dyes from
contaminated water has prompted researchers to enhance
their explorations into the feasibility of photocatalytic
technology as an effective solution for dye elimination in
wastewater treatment.

However, most of earlier study revolves around metal oxide
such as titanium oxide, chromium oxide and zinc oxide [7].
These metal oxides are ultraviolet (UV) activated light which
only cover around 5 % of our solar spectrum that reach surface
of the earth [8]. This makes the photocatalytic activity is not
fully utilized, instead lots of solar energy being wasted.
Moreover, UV light has been proved to be hazardous to human
and other living organisms. It has been reported that UV is
directly associates with both melanoma and non-melanoma
skin cancer, as well as a variety of other dermatological
conditions and mutation to expose skin [9].

The solution to this challenge becomes clear when we set
our sights on the intriguing task of reducing the band gap of
photocatalysts, making them more receptive to the visible light
territory. To achieve this objective, several methods have been
used, for instance by using narrow band gap energy
photocatalysts. Alternatively, modification of photocatalysts
with  non-metal doping, metal deposition, composite
photocatalysts, defect induced visible light active (VLA)
photocatalysis, dye sensitization in photocatalysis and oxygen
rich TiO; modification are considered feasible to narrower the
band gap energy [10].

Some of narrow band gap materials are cadmium sulfide (CdS),
iron (lll) oxide (Fe;03), and bismuth based material such as
bismuth vanadate (BiO4V) [10]. CdS, with its band gap
measuring 2.4 electronvolts (eV), corresponds to a wavelength
of approximately 516.6 nm in the electromagnetic spectrum.
This specific band gap places CdS in a favourable position for
absorbing visible light efficiently. In practical terms, this means
that when CdS is exposed to visible light, it readily captures and
utilizes the energy from this light, which is vital for various
photocatalytic processes.

The inherent characteristic of CdS renders it a highly
favorable option for harnessing its photocatalytic potential,
particularly when it comes to being activated by visible light.
The presence of visible light, which constitutes a significant
portion of both natural sunlight and artificial lighting, endows
CdS with versatility, rendering it suitable for a diverse array of
applications. These applications encompass environmental
remediation, water purification, and the conversion of solar
energy.

Nevertheless, it's important to note that CdS does have a
significant drawback, particularly in aqueous environments.
When exposed to water and light, CdS can be vulnerable to a
phenomenon known as photoanodic corrosion. In this process,
the CdS material can undergo degradation due to the
simultaneous presence of water and light. This degradation
may lead to the discharge of toxic cadmium ions into the
nearby surroundings, posing environmental and health concern
[10].

To tackle the challenge of photoanodic corrosion and
enhance the overall performance of CdS photocatalysts,
researchers frequently adopt a strategy that involves
integrating CdS with other types of photocatalysts. Two
commonly used co-catalysts for this purpose are titanium
dioxide (TiO;) and zinc oxide (ZnO) [11]. This composite
combination able to enhance the durability of photocatalysts
and expand photocatalytic performance. Presently, there is a
growing focus on studying composite combinations that
enhance performance by collectively increasing various factors,
including crystallinity, charge carrier mobility, porosity, active
facets, and surface area [12].

Tungsten trioxide (WOs), sometimes known as tungsten (VI)
oxide, is a material characterized by its narrow band gap which
is 2.7 eV, that equivalent to a wavelength of 459.2 nm. WO3
demonstrates its capacity to serve as a photocatalyst when
stimulated by visible light. WO3 has showcased remarkable
effectiveness in breaking down organic substances. This narrow
band gap enables WOs3 to harvest almost 30 % of sunlight which
is stark different compare to TiO;, that only utilize 5 % of the
sunlight [13]. Additionally, WO3 exhibits a range of fascinating
properties, including high photosensitivity, resistance to photo
degradation, non-toxicity, and robust stability in various
conditions, even in environments with a pH below 8 and acidic
conditions. These distinctive properties position it as a highly
desirable option for a wide array of wastewater treatment
applications. It shines particularly in the elimination of
challenging substances, for instance, fabric dyes, microbial
agents, and specific organic substances. In the realm of textile
wastewater treatment, WOs3 exceptional photocatalytic
prowess comes to the forefront, efficiently breaking down
complex dye molecules and rendering the water clear and safe.
Furthermore, its bactericidal properties make it a valuable tool
for disinfecting water contaminated with  harmful



123 Mohd Izzat Igbal Mohd Zahar et al. /| ASEAN Engineering Journal 14:4 (2024) 121-134

microorganisms. Beyond that, it exhibits remarkable efficiency
in degrading various organic contaminants, contributing
significantly to the purification of water resources. In essence,
the versatility and effectiveness of WO3; make it a robust and
sustainable solution for addressing the diverse and pressing
challenges of wastewater treatment [14].

The process of synthesizing composites to create
heterostructures, has demonstrated to be a highly effective
approach for boosting the performance of photocatalysis.
Some examples of composite photocatalysts include ZnO-TiO,,
CdS-TiO;, and BixS3-TiO,. These combinations leverage the
unique properties of different materials to improve their
overall photocatalytic efficiency [10]. One of the main factor
that contributes to increase in the recombination time of
composite photocatalyst is due to Z-scheme formation
between the two catalysts [11]. A significant number of
photocatalysts that are activated by visible light owe their
remarkable efficiency to possessing a low band gap energy. This
is a crucial attribute as it dictates the quantity of energy
needed to stimulate electrons (e’) from the valence band to the
conduction band within the photocatalyst material. This energy
transition simultaneously generates a vacant space known as a
hole (h*) in the valence band.

Advantages of having a low band gap energy becomes
evident for photocatalysis where it means that relatively low-
energy photons from the visible light spectrum can be
employed to trigger this electron transition. In other words,
visible light, which encompasses a considerable percentage of
the sunlight spectrum, carries enough energy to promote
electrons from the valence band to the conduction band.
Concurrently, this progression produce a hole in the valence
band [15].

Hence, these photocatalysts were able to utilize full
spectrum of visible light irradiation. However, this attribute
come at a cost, low band gap energy means the excited
electrons have smaller kinetic energy. This will result in quick
recombination between excited electrons and hole, making it
hard for it to be consume in oxidation or reduction process
with the pollutant [16]. As a result, most of visible light
photocatalysts has minimal efficiency of pollutant degradation
[17].

Several studies have demonstrated that composite
photocatalysts can considerably improve photocatalytic
effectiveness by extending the recombination time of
photocatalyst electron and hole pairs compared to
conventional photocatalyst structures. An example of this
improvement can be percieved in the event of CuS-WOs3
composite photocatalysts [18]. These composites structure has
the ability to further reduce a wide band gap towards visible
light active photocatalysts such as composite of TiO,-CdS [19].
Additionally, they compensate each other shortcomings as
individual photocatalysts and induce collective effect such as an
improvement of photo stability and efficient charge separation
as can be seen on ZnO-CdS composite [11].

In this investigation, CdS was chosen as the foundational
material for the CdS-WO; composite due to its possessing a low
band gap energy. The incorporation of WO3 was intended to
facilitate the establishment of a Z-scheme configuration
between the two photocatalysts. This composite structure
effectively extended the duration during which electrons and
holes recombined, resulting in a boost to photocatalytic
effectiveness whilst exposed to visible light. Furthermore, the

introduction of WO; addressed a notable drawback of CdS
photocatalysts, namely their susceptibility to photo
degradation in aqueous solutions, thereby bolstering their
stability. The preparation of pure CdS and WO3-CdS composite
involved a one-step precipitation method, and various
spectroscopic and analytical techniques were employed to
scrutinize pure CdS, WOs, and the WO3-CdS composite. In
addition, the photocatalytic prowess of each photocatalyst was
meticulously assessed in the context of its ability to degrade
RO16 dye when exposed to visible light. It is worth highlighting
that this study has introduced a groundbreaking Z-scheme
photocatalytic mechanism, showcasing the remarkable
improvement of photocatalytic effectiveness in the
degradation of RO16 through the synergistic interaction
between WO; and CdS.

2.0 METHODOLOGY

2.1 Materials

All the chemicals utilized in the production of the composite
photocatalyst for visible light were procured from Sigma-
Aldrich, USA, and were employed without any additional
cleansing. We employed deionized (DI) water and ultra-pure
(UP) water throughout our experiments. The materials used,
including cadmium nitrate (Cd(NOs),) (with a purity of 98.0 %)
and tungsten (VI) oxide (WOs3) (with a particle size below 100
nm), were of analytical reagent grade. Additionally, sodium
sulfide hydrate (Na,S) (with a purity of 60 %) was employed in
the synthesis process.

2.2 Synthesis of Visible Light Photocatalysts: Tungsten (VI)
Oxide — Cadmium Sulfide (W0O3-CdS) Composite

Synthesis of visible light photocatalysts with optimum RO16
degradation was conducted using tailored Jin’s single step
precipitation method [20]. To begin, different quantities of
WOs3 nanopowder particles were evenly distributed in
deionized (DI) water with a volume of 60 ml and agitated for a
period of 10 minutes using a magnetic stirring apparatus. The
various masses of WOs which were 3 g, 5 g, and 10 g were
labelled with W3, W5 and W10 respectively, while pure WOs3,
was labelled as W100. Furthermore, pure CdS was synthesized
without WOs3 and labelled as CdS. In contrast, volume used to
precipitate CdS were kept constant and the weight percentages
of the composite photocatalyst calculated from theoretical
stoichiometry is shown in Table 2. The selection of specific
amounts of W03 was strategically determined to analyze the
impact of its concentration on the performance of WO3-CdS
photocatalyst. Lower and higher amounts, 3 g and 10 g
respectively, were chosen to represent the extremes of the
concentration range, while the intermediate amount of 5 g
provides a midpoint for comparative purpose. This deliberate
variation aims to capture potential concentration-dependent
effects on photocatalytic activity, ensuring thorough
examination of the material’s behaviour across different
loading levels.

Table 2 Shows comparison between weight percentages of WOs and
CdS calculated from theoretical stoichiometry and atomic percentages
obtained from EDX analysis
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Weight % Atomic %
Sample
Name
WOs Cds w (o} cd S
Cds 0 100.0 0 0 85.2 14.8
W3 341 65.9 11.3 157 56.6 16.4
W5 46.3 53.7 33.8 248 315 9.9
w10 96.4 3.6 50.7 25.8 19.4 4.1
W100 100.0 0 68.0 32.0 0 0

Afterwards, 25 ml of both Cd(NOs), and Na,S was prepared in
separate beaker. Both of this solution have 0.1 mol of solute in
one litre solution. The Cd(NOs), the solution was carefully
dispensed in a gradual manner, with stirring, to the previously
dispersed WQOs. This solution was then continuously stirred for
30 minutes at room temperature. Afterward, Na,S was added
using the same method employed for Cd(NOs),. Following the
precipitation process, all samples underwent centrifugation
and were subsequently rinsed with UP water five times before
undergoing another round of centrifugation. Then, the samples
were exposed to a 24-hour drying period in a vacuum oven at
temperature of 50 °C and stored in Schott bottles fully wrapped
in aluminum foil to protect them from any light source. Figure 1
illustrates the precipitation method employed in this process.

Stirred for 30 minutes.

WO, + DI water (60 ml)
. Cd(NO;),
(mass of WO;: (0.2,0.5,1,3,5)g e 25mlof0.1 M

e :
Na,S
0 25mlof0.1M
Co
Dried at 50 °C
Centrifuge + wash with UP ‘
water )

Stirred for 30 minutes.

Figure 1 Precepitation method of WOs3-CdS composite preparations
2.3 Characterization of WO3-CdS Photocatalysts

The analysis involved the investigation of surface
characteristics. Qualitative assessments of the prepared
WOs-CdS photocatalysts were conducted using a field emission
scanning electron microscope (FE-SEM; Model: SU2080,
Hitachi) at an accelerated voltage of 2000 V. To assess the
existence and distribution of elements, including W, O, Cd, and
S in the WOs3-CdS photocatalysts within the composite
powders, energy dispersion X-ray line scan spectrum (EDX;
Model: X-MaxN 51-XMX1011, Oxford Instrument) was
employed. This method assesses the proportional occurrence
of released X-rays in relation to their energy levels.

For chemical structure analysis, varying weight percentages
of WOs3-CdS photocatalysts undergo scrutiny through Fourier
Transform Infrared (FTIR) spectroscopy using a Perkin Elmer
FT-IR instrument. These photocatalysts were subjected to an
infrared beam spanning wavelengths from 650cm? to
4,000 cm™. The resulting FTIR spectra provided absorbance

data, revealing peaks at specific frequencies that corresponded
to the vibrational modes of chemical bonds within the samples.
To confirm the chemical database and subsequently have
better understanding on photocatalyst structure and
composition, the collected FTIR data was compared with
spectral databased. The positions and intensities of these
peaks, the types of chemical bonds present, including those
from WO3 and CdS were analyzed and identified.

Shifting to crystallinity analysis, an advanced X-Ray
Diffractometer (SIEMENS D5000 model) conducts
comprehensive X-ray Diffraction (XRD) analysis. Operating at
40,000 V and 40 mA with copper K-a radiation, this
examination covers an angular range of 26 from 20° to 80°,
providing insights into the complex arrangement and phase
formation of the WOs-CdS composite.

Concluding with optical property analysis, a Ultra-Violet,
Visible, and Near Infra-Red (UV-Vis-NIR) spectrophotometer
(UV-3101PC model, manufactured by Shimadzu) analyzes
wavelengths from 200 nm to 800 nm. The KBr approach was
employed for accurate spectral measurements, this
investigation  offers in-depth  understanding of the
photocatalysts optical attributes and absorption spectrum
across the UV-Vis-NIR range.

2.4 Performance of Visible Light Activated Photocatalysts on
RO16 Dye

During the initial phase of photocatalysis with a RO16 solution,
the prepared WO3-CdS photocatalysts are expected to undergo
an adsorption-desorption process. To determine the
concentration and the time required for this process to reach
equilibrium, 0.25 g of the prepared WOs3-CdS photocatalyst was
mixed with 250 ml of RO16 with a content of 10 milligrams per
liter (mg/L). The solution was stirred in the dark until it reached
adsorption-desorption equilibrium.

To confirm equilibrium, 10 ml samples of the suspension
were taken every 15 minutes and filtered through a 0.45 pm
polyamide syringe filter to subtract any surplus photocatalyst
prior to evaluation. Afterwards, variation in absorbance of the
exposed RO16 sample over time in the experiment was
assessed employing a UV-Vis Spectrometer (HACH, DR5000) at
494 nm and was contrasted with a control sample (RO16
solution in the absence of photocatalyst). This process was
repeated until the concentration of RO16 became stable and
this stable point is considered as the initial concentration (C,).

The photocatalytic efficiency of the produced WO3-CdS
composites was assessed using an RO16 dye suspension under
visible light irradiation. A commercial high-purity WO3; sample
was employed as a control experiment, used as purchased,
with no further purification. Subsequently, the suspension was
exposed to visible light from a 100 Watt White LED floodlight
while being stirred. The high intensity of the visible light source
was chosen to maximize the efficiency of the photocatalytic
process. An air diffuser was used to ensure an adequate supply
of oxygen (0) for the reaction. The experimental setup is
depicted in Figure 2. Using the previously described collection
method, suspensions were gathered at regular time intervals
(C).
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Photocatalyst
+

RO16

0, =

Figure 2 Experimental setup during measurement of photocatalytic
activity on RO16 by WOs-CdS photocatalysis under visible light

The optical assessment of all photocatalyst samples, both
prior to and following irradiation was employed to determine
the degradation efficiency of RO16, which is expressed through
the following equation:

DR016:%><100

o

In this equation, DR0O16% represents the percentage
degradation of RO16, C, is the commencing concentration
when time is t = 0, just before the suspension is irradiated with
visible light, C; is the concentration time t is at 15, 30, 45, 60,
75, 90, 105, 135, 165, 195, 225, 255, 285 and 300 minutes after
irradiation. Both C; and C, in Equations 1 and 2 are in mol/L.
These values will be determined using Beer — Lambert Law
from absorbance values obtained using UV-Vis spectrescopy.
Additionally, the rate of WO5-CdS degradation reaction (k) at a
particular point in time will be measured employing the
subsequent formula:

3.0 RESULTS AND DISCUSSION
3.1 Morphologies of (WOs-CdS) Composite Photocatalyst

Comprehensive exploration for morphological characteristics of
the prepared CdS, W03, and WO3-CdS composites, each with
varying weight percentages, was carried out employing FE-SEM,
and the resulting micrographs are thoughtfully depicted in
Figure 3 (a-e). This microscopic analysis unveiled intriguing
insights into the surface features and particle distributions of
these materials. Notably, the micrographs (Figure 3a and 3e)
vividly portray the distinct surface topographies of CdS and
WO; particles. CdS particles exhibited a notable tendency
towards rounded edges, a characteristic that was distinctly
different from the WOjs particles, which exhibited sharper and
more defined edges.

The most intriguing aspect, however, emerges when focusing
on the composite WO3-CdS photocatalysts with varying weight

percentages, denoted as W3, W5, and W10. As revealed in the
particle size distribution graph (Figure 3b, 3c, and 3d), both CdS
and WO3 particles coexist, showing non-uniform sizes that
contribute to the composite's heterogeneity. This unique blend
of particles with different sizes and properties is crucial in
manipulating the photocatalytic behaviour and material
functionality.

Moreover, to quantify the average particle size for each of
these composite samples, a meticulous approach was taken.
The estimation method employed, known as Paswan's method,
involves matching the histogram of particle size distribution to
a log-normal distribution [21]. The function is expressed as
follows:

10)=| e

202

)

In the context of our analysis, D represents the average particle
size, and op denotes the standard deviation. The outcomes of
this particle size examination have been meticulously visualized
in Figure 4, providing a graphical representation of the
estimated average particle sizes based on a sample size of 100
particles. This thorough analysis has yielded intriguing insights
into how variations in material composition have impacted
particle size.

While focusing on WOs particles size change, a distinct trend
becomes evident. When the weight percentages of WOs;,
transitioning from sample W3 to W5 and W10 increases, there
is an evident reduction in the average particle size. In contrast,
pure WOs3, designated as W100, exhibits the smallest average
particle size among all the samples, measuring at 100 nm. The
probable explanation for this reduction in particle average size
is due to increase in mass of WOs. This will lead to a higher
solvent concentration and will intensify the solvent viscosity. As
a result, diffusion of solvent molecules becomes more
challenging due to reduce molecular mobility and subsequently
increased in precipitation time. This, in turn, will result in
decrease of particle size [22].

On the other hand, the analysis of CdS particles exposes a
contrasting pattern. As the WOs load increases, generally, the
average size of CdS particles would generally increases, as can
be observed in samples CdS, W3, and W5, with mean
dimensions of 11 nm, 25 nm, and 31 nm respectively. However,
the W10 sample deviates from this trend, where it obtained an
average CdS particle size of 11 nm. This unique observation
might be due to complex interactions between the two
materials within the composite, which could have influenced
the growth of CdS particles differently [23, 24].

Furthermore, in the framework of particle growth, several
factors come into play. When WOs; particles were hosted into
the composite at higher concentrations, it may lead to
increased interactions at the molecular level. This has potential
to affect the nucleation and growth of CdS particles. The
presence of WOs3; could serve as nucleation sites for CdS
particles to form, potentially resulting in smaller CdS particles.
Alternative explanation for this phenome is the solubility of CdS
in the solvent might impacting its precipitation behaviour and
leading to smaller particle sizes. Besides that, the intricate
interplay of forces, for instance, electrostatic forces, Van der
Waals forces, and steric effects between the two constituents,



126 Mohd Izzat Igbal Mohd Zahar et al. /| ASEAN Engineering Journal 14:4 (2024) 121-134

can influence their aggregation and growth. These interactions
can vary depending on the concentration of WO3 and the
overall composition of the composite, leading to variations in
CdS particle size.

Overall, this detailed analysis of particle sizes elucidated the
intricate relationship between material composition and
particle size variations. It underscored the importance of
solvent characteristics and mass concentration in shaping
particle sizes.

D=116mm

Figure 3 FE-SEM images of WOs-CdS were captured at various loadings
of: a) CdS, b) W3, c) W5, d) W10 and e) W100. Each image includes an
inset showing the particle size distribution, which has been matched
with a log-normal distribution function for each respective sample.
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Figure 4 Mean particle size dispersion of CdS and WOs calculated with a
log normal distribution function for CdS, W3, W5, W10 and W100

Figure 5 shows results of EDX analysis for comparison
between (a) pure WO3 and (b) WO3-CdS composite. Figure 5 (c),
(d), (e) and (f) shows the mapping of W5 for each element of
Cd, S, W and O. The EDX analysis conducted on the WO3-CdS
composite reveals a compelling insight into the distribution of
elements within the material. The results showcase a
remarkably even distribution of all constituent elements
throughout the composite structure. This uniform distribution
pattern strongly implies the effectiveness of the precipitation
method employed in CdS onto the surface of WOs. The
meticulous blending and interaction between WO;3; and CdS
during the synthesis process have led to this homogeneous
dispersion.

The close proximity and interaction between WOj3 and CdS, as
illustrated in Figure 5 (b), are especially remarkable. This
proximity suggests a high degree of interfacial contact between
the two materials, setting the stage for intriguing possibilities.
One of these possibilities is the potential for electron transfer
to occur between WO; and CdS during photoexcitation events,
a phenomenon that aligns with the well-established concept of
Z-scheme electron transfer [25]. Where it involves the
sequential transfer of electrons from one material to another,
typically from a material with a lower energy level to a material
with a higher energy level.

In this case, the observed close interaction between WOs;,
which is known to have suitable energy levels for water
oxidation, and CdS, which can facilitate the reduction of water,
suggests a conducive environment for efficient electron
transfer during photocatalytic reactions. This structure provides
an extended separation between charges that will increase the
duration for electron-hole recombination. As a result, the
photocatalyst will possess this generates a substantial growth
in the photocatalytic activity of the photocatalysts [26]. The
EDX analysis not only confirms the even distribution of
elements within the WOs3-CdS composite but also hints at the
exciting potential for electron transfer processes between W03
and CdS, supporting the concept of Z-scheme electron transfer,
which can significantly impact the photocatalytic capabilities of
this composite material.
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O[]

Figure 5 (a) EDX mapping of W100, and (b) W5 samples. (c) EDX
mapping for W5 of Cd, (d) EDX mapping for W5 of S, (e) EDX mapping
for W5 of W, (f) EDX mapping for W5 of O

Figure 6 presents the EDX analyses of two key samples: (a)
W5 and (b) W100, each representing different weight
percentages of the composite's constituent elements. The
peaks were labelled with corresponding elements. For those
unlabelled peaks, these peaks arisen due to impurities of the
sample, which originated from the carbon tapes or coating
involved during the EDX analysis [27]. Nevertheless, for the
purpose of this comparison, considering EDX sample
preparation as the source, these impurities have been
disregarded and only the primary elements of interest have
been considered.

A comprehensive summary of the atomic percentages,
derived from the EDX analysis, is thoughtfully presented in
Table 2. This meticulous comparison involves assessing the
atomic percentages against the initially calculated theoretical
stoichiometry weight percentages. The close correspondence
observed between the WO; and CdS and their respective
theoretical values is particularly noteworthy.

The findings from both FESEM and EDX analyses provide
strong evidence about how the WO3-CdS composite
photocatalyst is structured. It becomes clear that when it's
made, the WOj5 particles act as a sturdy base that supports the
smaller CdS particles. This complex arrangement is visually
portrayed in Figure 7, where it becomes evident that the
smaller CdS particles form on the surfaces of the larger WO3
particles [28]. This structural configuration holds significant
promise for enhancing the photocatalytic efficiency of the
composite. It enables close interparticle interactions and
facilitates efficient charge transfer processes between the
materials.
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Figure 6 EDX analysis of (a) W5 and (b) W100 sample. Inset diagram
shows the weight percentages of each elements.
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Figure 7 lllustration on formation of WO3-CdS photocatalyst

3.2 Chemical Structure Analysis of (WOs-CdS) Composite
Photocatalysts

Analysis of the FTIR spectrograph, as shown in Figure 8 (a),
offers valuable insights into the molecular vibrations and
chemical bonds present in the examined materials, namely CdS,
W03, and the WO03-CdS composites. When examining the FTIR
spectrum of CdS, several notable features come into focus. First
and foremost, a broad absorption peak spanning from 525 cm-!
to 880 cm! is observed. This broad peak indicates the presence
of multiple vibrational modes involving chemical bonds within
the CdS material. Additionally, a distinctive and sharp
absorption peak appears at 1038 cmL. This particular peak is
assigned to a specific type of molecular vibration known as the
Cd-S stretching mode [29, 30].
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The Cd-S stretching mode is a characteristic vibrational pattern
that arises due to the interactions between cadmium and sulfur
atoms within the CdS compound. It signifies the stretching and
contraction of the chemical bonds between these atoms. The
presence of this peak in the FTIR spectrum provides clear
evidence of the Cd-S bonds within the CdS material.

For the W3, W5 and W100, weaker band appears at
1008 cm™! that is associated with stretching of W=0 bond,
indicating the presence of double bonds between tungsten and
oxygen atoms on the surface of the composite materials [31].
Further analysis reveals distinct peaks at 1386 cm?® and
1624 cm which can be assigned to stretching and bending
vibration of W-0O bonds [32].

For the WOs-CdS composites, specifically W3 and WS5,
several distinct absorption features become evident. One of
the most prominent absorptions occurs at 835 cm™. This peak
relates to the stretching vibration modes of O-W-O bonds
within the composite structure [33].

Figure 8 (b) shows FTIR transmittance peak located at
3434 cm region that can be relate to the stretching modes of
O-H groups in water or hydroxyl (OH) groups [34]. These
features suggest the existence of water or hydroxyl groups on
the surface or within the composite material. A much broader
and almost imperceptible peak at for CdS indicates greater
extent of water absorption.

Upon thorough examination of the consistent pattern
observed in the samples labelled as W3 and WS5, it becomes
apparent that they exhibit similar spectral characteristics.
These similarities imply that a comparable spectrum for the
W10 sample. Consequently, there was a decision to omit
presenting the results for the W10 sample, as it was expected
to follow the same trend as W3 and WS5.

One of the significant pattern that can be observed, is the
evolution of the peaks matching to WOs3 as the weight
percentages of W03 in the composite increase. This evolution is
strikingly evident in the W100 sample, where these peaks
become more well-defined and pronounced. Essentially, as the
concentration of WOs increases, the spectral signals associated
with WO3 become sharper and clearer. This phenomenon is a
valuable indicator of the increasing dominance of W03 within
the composite.
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Figure 8 FTIR spectrums of CdS, W3, W5 and W100

3.3 Physical Structure Analysis of (WOs-CdS) Composite
Photocatalysts

To gain insights into structural characteristics, of WOs;,
synthesized CdS, and WOs-CdS composites, their crystal
structure and purity was examined. The results were analysed
using XRD, and the patterns obtained are illustrated in Figure 9.

In the case of CdS, the XRD pattern exhibited distinct and
well-defined reflection peaks corresponding to specific
crystallographic planes, namely (002), (110), and (112). These
peaks were observed at angles of 26.53°, 43.81°, and 51.89°,
respectively. These angles are indicative of the hexagonal
structure of CdS. The presence of such well-defined peaks
suggests the high crystallinity of the CdS material.

Conversely, when examining the WOs-CdS composites,
labelled as W3 and W5, a different pattern emerged. These
composites displayed a combination of peaks attributed to
both CdS and WOs. Importantly, these peaks were notably
strong and sharp, indicative of high-quality diffraction patterns.
The presence of WO3 peaks was particularly striking, appearing
at various angles, including 22.9°, 23.4°, 24.1°, 26.4°, 32.8°,
33.1°, 33.9°, 41.6°, 49.82°, and 50.43°. These angles
corresponded to different crystallographic planes, such as
(002), (020), (200), (120), (022), (202), (220), (222), (232), and
(114), consistent with the monoclinic configuration of WOs.

The presence of these well-defined peaks in the XRD spectra
strongly signifies the successful synthesis of the WO3-CdS
composites using the precipitation method. It is worth noting
that similar XRD patterns were expected for W10, and
therefore, those specific results have not been included here.
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Figure 9  XRD analysis for CdS, W3, W5 and W100 photocatalysts

3.4 Optical Structure Analysis of (WOs-CdS) Composite
Photocatalysts

In this study, the transmittance spectrogram of the
photocatalysts are illustrated in Figure 10, and the apparent
band gap of the photocatalyst powders was determined. This
determination was achieved using a method known as the
Kubelka-Munk approximation, which involves constructing Tauc
plots of ahv/2 against hv.

The attained apparent band gap values are compiled in
Table 2, and for reference, the values of pure CdS and WO;,
labelled as W100, from previous studies are also included.
Values for CdS is 2.4 eV while value for W100 range from 2.5 eV
to 2.8 eV [34, 35, 36]. One of significant discovery is that the
composites of WO;-CdS exhibit lower band gap energy values
compared to both pure CdS and pure WOs. Specifically, the W3
and W5 composites have achieved band gap energies of
approximately 2.285 eV and 2.287 eV, respectively, whereas
the W10 composite displays a slightly lower band gap energy of
2.238 eV.

This decrease in band gap energy observed in the W3 and W5
composite is attributed to the increases in the size of the CdS
particles within the composite. Band gap energy of a
semiconductor like CdS is generally determined by its size, with
smaller particles having a larger band gap and larger particles
having a smaller band gap. This behavior is a consequence of
quantum confinement effects in nanomaterials where
confinement of charge carriers (electrons and holes) within the
small size of the particle results in discrete energy levels [38].
Essentially, larger CdS particles have a lower band gap energy
because they experience reduced quantum confinement
effects compared to smaller nanoparticles.

However, it's noteworthy that despite CdS particle size is
considerably smaller for W10 compared to CdS particles in W3
and WS5, the band gap energy value is even lower. This
intriguing observation may be attributed to the synergistic
effects that arise when WO; is incorporated into the
composite.

WOs is esteemed for its remarkable proficiency in efficiently
segregating charge carriers, primarily attributed to three
pivotal characteristics. Firstly, WO3; showcases a notable
electron mobility, facilitating the effortless traversal of
electrons through the material. This heightened mobility

expedites the rapid dispersion of electrons from their
origination points, thus diminishing the probability of
recombination with holes.

Moreover, W03 boasts the capacity to adeptly capture and
immobilize holes, thwarting their migration and subsequent
recombination with electrons. These confined holes tend to
localize within specific sectors of the material, establishing a
concentration gradient that further propels electron migration
away from these localized zones.

Furthermore, the energy band structure of WO; forges a
potential barrier, effectively serving as a partition separating
electrons from holes. This barrier hinders the recombination
process, as electrons require a specific level of energy to
surmount it and combine with holes. This efficient charge
separation mechanism contributes to a reduced effective band
gap for initiating photocatalytic reactions, ultimately improving
the composite photocatalytic activity.

This observation is significant because it supports the concept
of a Z-scheme electron transfer mechanism. In this mechanism,
the reduction in the band gap energy acts akin to a linchpin in
prolonging the recombination time between electrons and
holes, which are produced during photocatalytic reactions. By
minimizing the recombination of these charge carriers, the
photocatalyst overall performance is significantly enhanced,
making it more efficient at harnessing light energy for chemical
reactions.

20 22 2.4 26 2.8
hv (eV)

Figure 10 UV-vis spectra of ahv'/? against hv

Table 2 Band gap of CdS, WOs-CdS and WOs photocatalysts

Photocatalyst Band Gap Energy (eV)

Cds 2.4* [35]

W3 2.285

W5 2.287
W10 2.238
W100 2.5-2.8*[36]

3.5 Performance of (W0O3-CdS) Composite Photocatalysts

To examine the photocatalytic potential of the synthesized
WO3-CdS catalysts, photocatalytic degradation of reactive
orange 16 (RO16) solution has been performed under visible
light irradiation. To ensure that adsorption did not occur during
the photocatalytic degradation and potentially affect its
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performance, we evaluated the adsorption capacity of the
prepared WO3-CdS catalysts through a prior photocatalyst
adsorption test of RO16 in an aqueous solution.

1 —— ¢ o ————

0 5 10 15 20 25 30 35 40
Time (min)

Figure 11 The adsorption of normalize C/Co of RO16 concentration with
respect to time without irradiation of light for WOs-CdS catalyst

Figure 11 illustrates the adsorption activity of RO16 on
WOs-CdS without visible light irradiation, a process that was
carried out for 40 minutes. The graph reveals that initially, in
the first 25 minutes, there are adsorption and desorption
effects, as indicated by slight variations in the C/C, ratio.
However, after 30 minutes, the adsorption capacity of the
prepared WO3-CdS reached equilibrium, as there were no
significant decreases observed beyond this point. Besides that,
other studies have reported that 30 minutes to be long enough
for adsorption of the WO;3; and CdS photocatalysts to attain
equilibrium [38, 39, 40].

The observed lack of significant adsorption when there is no
illumination, as reported in former studies and akin to the
behaviour noted for WOs3 photocatalysts [42], where
photocatalysts, like WOs, typically do not exhibit strong
adsorption capabilities in the dark. Adsorption and subsequent
photocatalytic reactions are initiated when the photocatalyst
absorbs photons and generates electron-hole pairs.

Additionally, there are other conceivable factors that must be
taken into account. One possible explanation for this
phenomenon could be attributed to suboptimal experimental
conditions. The equilibrium  adsorption capacity of
photocatalysts can be influenced by various factors, including
temperature, solution pH, initial dye concentration, and the
quantity of photocatalyst employed [42, 43].

Low adsorption levels may occur when the experimental
conditions are not precisely tailored to the specific adsorbent-
adsorbate system under investigation. For instance, the
temperature may not be within the optimal range, potentially
being either too high or too low. Likewise, the initial
concentration of the adsorbate may not reach a level that
ensures efficient adsorption. Consequently, in this
experimental setup, each sample was subjected to visible light
irradiation after a 30minute period to standardize the
experiment.
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Figure 12 The ratio of normalize degradation (C/Co) of RO16
concentration

To analyzed the performance of CdS, W3, W5, W10 and
W100, the photocatalysts were tested against degradation of
RO16 when illuminated with visible light. After the catalysts
and RO16 solution underwent adsorption for 30 minutes,
reaching equilibrium, the visible light source was activated, and
readings were recorded continuously for a duration of up to
300 minutes. Figure 12 shows both pure CdS and W100 does
not show any significant degradation of RO16 which is less than
1.18 % of degradation. The findings for CdS are consistent with
another study, indicating that CdS is susceptible to light-
induced corrosion when exposed to water-based surroundings
on its own [10]. On the other hand, W100 exhibits ineffective
photocatalyst performance due to rapid photoelectron and
hole recombination, a finding similar to that reported in
another study [45]. This characteristic renders both CdS and
WOj3 unsuitable for use as photocatalysts on their own.

Moreover, Figure 11 shows that that the best degradation
rate can be up to 64.45 % in 300 minutes for W5 photocatalyst.
In contrast, higher weight percentages of WO3; (W10) showed
less photocatalytic activities due to couple of possibilities. One
potential explanation for the observed phenomenon can be
attributed to the presence of an excessive amount of WOs3
content within the photocatalytic system. This surplus WOs3
may inadvertently coat or obscure the active sites on the
surface of CdS particles. When these active sites become
obstructed by excess WOs, it can hinder the accessibility of
photons to the CdS particles. Consequently, this reduction in
the availability of active sites for photon absorption can
hamper the performance of charge separation, a critical stage
in the photocatalytic process. Another possibility to consider is
a reduction in the sizes of the CdS particles in the system. In
photocatalysis, smaller particles generally exhibit superior
photocatalytic properties owing to their greater surface area
relative to volume, providing more active sites for reactions.
However, if the CdS particles have diminished in size beyond an
optimal range, it can significantly compromise their
photocatalytic efficiency. Smaller particles may have fewer
available active sites for photon absorption and electron-hole
pair generation, instigating the observed decline in overall
photocatalytic activity.

Furthermore, the degradation of RO16 from WOs-CdS
photocatalyst under visible light irradiation is matched to
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pseudo first order kinetics equation, ln(C/ CO ) =kt where
k is the rate constant and t is irradiation time. A linear
relationship between ln(C/ Ca) and t is shown in Figure 13

where it illustrates that among WO3-CdS photocatalysts
composite, W5 exhibits the highest photocatalytic performance
with highest rate constant k value of 0.0034. This conclude that
WS5 to be the best combination of WO3-CdS composite due to
high recombination time following the proposed Z-scheme
photocatalytic mechanism.
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Figure 13 The normalized -In C/Co of RO16 concentration against visible

light irradiation time for WO3-CdS

Reduction
product

-02

Oxidation
«OH product

Dye + «OH — degradation product

Figure 14 Diagrammatic representation of the Z-scheme formation in
WOs-CdS composites, tailored to promote electron transfer and
lengthen the time before electrons and holes recombine

The remarkable improvement in photocatalytic activity
detected in all the WOs-CdS photocatalysts in comparison to
pure W03 and CdS might be credited to the proposed Z-scheme
electron transfer mechanism. This mechanism performs a vital
task in enhancing the overall performance of the composite
photocatalyst. As depicted in Figure 14, the schematic diagram
illustrates the configuration of a Z-scheme that facilitates

proficient electron transfer from WO; to CdS, effectively
extending the recombination time of electrons and holes.

The creation of the Z-scheme diagram is formed on the band
energy alignment of the two composite photocatalysts. It is
essential for the valence energy of one photocatalyst (CdS) to
occupy the energy level between the valence and conduction
bands of the other photocatalyst (WOs3) [46]. In this particular
proposed Z-scheme electron transfer process, the strategic
arrangement of the two photocatalysts, WO3 and CdS, plays a
crucial role. More specifically, it directs its attention towards
the conduct of stimulated electrons situated within the lower
conduction band of WOs.

When electrons, nestled within a substance, assimilate
energy from incoming photons, a profound metamorphosis
unfolds within their energy state. Ordinarily, these electrons
inhabit what is termed the valence band, symbolizing the
material's  steadfast  and low-energy  arrangement.
Nevertheless, upon absorbing energy from photons, frequently
as a consequence of exposure to light, they experience a
marked and consequential alteration. This infusion of energy
propels them into a higher energy level termed the conduction
band.

This transition from the valence band to the conduction
band, driven by the absorption of energy, is often described as
the electrons becoming "excited." In their excited state, these
electrons carry an excess of energy. However, in the absence of
any mechanisms to facilitate their movement, these excited
electrons can lose their kinetic energy over time and return to
the valence band, a process known as recombination.

Within the scope of this Z-scheme, what is significant is that
these excited electrons are directed to transfer to CdS instead
of recombining with holes within their own photocatalyst
(WO3). This redirection of electrons is enabled by the band
energy alignment discussed earlier. CdS, with its specific band
structure, provides a favourable energetic pathway for these
electrons to move toward it, preventing their recombination
with holes in WOs.

In light of this directed electron transferral, the existence of
electron vacancies (holes) within the valence band of WOs is
prolonged. These holes are highly reactive and have the
potential to engage in oxidation reactions with pollutant
molecules present in the surrounding environment. This
extended existence of holes in the valence band boost the
potential of these oxidation reactions occurring, ultimately
leading to the degradation of pollutants.

In essence, the Z-scheme mechanism ensures that the excited
electrons, which carry the potential for driving reduction
reactions, are efficiently transferred to CdS, allowing WOs to
maintain a pool of reactive holes. This concerted action
enhances the photocatalytic activity of the composite, making
it highly effective in degrading pollutants through both
oxidation and reduction processes.

Moreover, both photocatalysts in this composite are
responsive to visible light, further enhancing the Z-scheme's
effectiveness. The higher conduction band energy of CdS allows
it to absorb visible light energy and excite its own electrons
[47]. As these holes are filled by electrons from WQOs, CdS
electrons linger in the conduction band, increasing the
probability of reduction reactions with pollutants. This
Z-scheme formation significantly extends the recombination
time of charge carriers, ensuing in a marked enhancement in
the photocatalytic degradation performance [17].
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To provide a clear overview of these findings, a comparison
table (Table 3) was created to compare the outcomes of this
study with those of other pertinent literature sources. This
table serves as a valuable reference to showcase the superior
photocatalytic activity achieved through the Z-scheme electron
transfer mechanism in WOs3-CdS composite photocatalysts.

Table 3 Comparison of present work with other recent literatures

Degradati- .
Reaction
Sample Dye used .o.n time References
efficiency R
%) (min)
Ag WO3 Acid Red 88 ~29 120 [48]
Ag/CuO/WO0s Acid Red 88 ~62 120 [48]
WO03/g-CsNg4 Rhodamine B 62 90 [49]
CdS/TiO, Rhodamine B 60 120 [50]
Cds/lareo,  Methvlene 46 180 [51]
blue
Cds RO16 1.18 300 This study
WOs3 RO16 1.48 300 This study
WOs-CdS RO16 64.45 300 This study

4.0 CONCLUSION

Pure CdS and WOs3-CdS composite were prepared as
photocatalysts using precipitation method for photocatalytic
degradation of RO16. FESEM inspections revealed the uniform
distribution of WO3 and CdS while FTIR, XRD analysis supported
the formation WOs3-CdS composite. Band gap energy analysis
shows that WO3-CdS composite have lower band gap energy
compared to pure W100 which is 2.28 eV. The research findings
indicate that the WO3-CdS composite demonstrates notably
superior photocatalytic performance in comparison to both
pure CdS and W100. When exposed to visible light, the most
efficient blend was determined to be W5, which accomplished
a degradation rate of 64.45 % within a 300-minute timeframe,
with a degradation reaction rate constant (k) value of 0.0034.

The results obtained in this study serve to emphasize and
reinforce the significance of the proposed Z-scheme electron
transfer mechanism. This mechanism is a fundamental aspect
of the composite photocatalyst operation, and it Assumes a
pivotal role in markedly enhancing its photocatalytic efficacy.

To elaborate further, the Z-scheme electron transfer
mechanism is a sophisticated process that ensures the effectual
utilization of photons in the photocatalytic system. When
visible light irradiates the WO3-CdS composite photocatalyst,
the Z-scheme helps the seamless transfer of excited electrons
from one photocatalyst component to another. This process
will significantly extend the lifespan of these charge carriers, by
preventing their premature recombination. As consequences,
the composite photocatalyst able maximizes its capability to
initiate chemical reactions, which are vital for the degradation
of pollutants.

While it has been established that, dye wastewater
habitually contains complex and persistent organic pollutants
that can be difficult to be remove through conventional
treatment methods, WOs3-CdS composite photocatalyst
transpires to be an ideal candidate for addressing this
environmental challenges, due to its remarkable effectiveness
to harness visible light for photocatalytic activity.

The potential of this composite photocatalyst is not only limited
to laboratory setting, in fact, it holds potential for practical
industrial applications such as integrating the photocatalyst
into a dual-layer hollow fiber membrane system. The dual-layer
hollow fiber membrane, combined with the photocatalytic
properties of the composite and its reusability, can efficiently
remove contaminants from water sources for water
purification and wastewater treatment. This will provide an
interesting alternative solution to industries concerned with
environmental protection and enhancement.

Additionally, the versatility of WO3-CdS photocatalyst opens
the door to further advancements. Example of its versatility is
that this photocatalyst functionality can be extended through
additional precipitation methods to incorporate with
compatible materials. This expansion enables the formation of
novel double Z-scheme electron transfer systems where these
systems have the potential to revolutionize energy storage
photocatalysts, enabling the efficient conversion and storage of
energy from light sources. This innovation holds considerable
significance for the development of sustainable and clean
energy solutions, as it harnesses the power of photocatalysis to
contribute to energy generation and storage technologies.

In summary, the composite photocatalyst showcased in this
study not only has immediate applications in industrial
processes like membrane technology but also presents exciting
opportunities for advancing energy storage technologies. Its
adaptability and performance make it a versatile tool with the
potential to address critical challenges in both environmental
and energy-related fields, aligning with the growing emphasis
on sustainability and clean energy solutions.
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