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ABSTRACT: This study investigated a ternary CdS/TiO2/g-C3N4 heterojunction
for degrading synthetic dyes and hydrogen production from aqueous media through
visible light-initiated photocatalytic reactions. CdS, TiO2, and g-C3N4 were combined
in different mass ratios through a simple hydrothermal method to create CdS/TiO2/
g-C3N4 composite photocatalysts. The prepared heterojunction catalysts were
investigated by using FTIR, XRD, EDX, SEM, and UV−visible spectroscopy analysis
for their crystal structures, functional groups, elemental composition, micro-
topography, and optical properties. The rhodamine B dye was then degraded by
using fully characterized photocatalysts. The maximum dye degradation efficiency of
99.4% was noted in these experiments. The evolution rate of hydrogen from the
aqueous solution with the CdS/TiO2/g-C3N4 photocatalyst remained 2910 μmol·
h−1·g−1, which is considerably higher than those of g-C3N4, CdS, CdS/g-C3N4, and g-
C3N4/TiO2-catalyzed reactions. This study also proposes a photocatalytic activity
mechanism for the tested ternary CdS/TiO2/g-C3N4 heterojunctions.

1. INTRODUCTION
Developing renewable energy sources using solar water
splitting is crucial for producing an environmentally friendly
hydrogen fuel. Researchers have worked hard to deduce
photocatalytic methods for producing hydrogen from water
ever since the earliest attempt at water splitting by photo-
catalysis on Pt/TiO2 was performed in 1972. Many semi-
conductors, including TiO2,

1 Cu2O,2 SrTiO3,
3 ZnFe2O4,

4

CdS,5 and InVO4,
6 have been reported as photocatalysts for

hydrogen production. Since photocatalysis effectively addresses
the growing environmental concerns and energy crises,
semiconductor photocatalysts have drawn much attention in
the last few decades.7 Many semiconductor photocatalysts
were created to address environmental problems such as water
contamination. Increasing environmental pollution, especially
in aquatic atmospheres, requires new technologies and
methods for eliminating and destroying various pollutants
from subject material. In many cases, biological processes failed
in achieving the desired results because some contaminants can
withstand the natural and photocatalyzed degradation of
contaminants under certain conditions. Contaminated waste-
water treatment is essential for sustainable environment and
quality of life.8 Sun et al. discovered the light-driven redox
process for solar water splitting and N2 fixation.9 The removal
of environmental pollutants in the hydrate phase using
photocatalysts has been hailed as an extremely efficient and
eco-friendly method for wastewater remediation due to its

higher redox reactivity and use of solar irradiation as a reaction
activation source.10 However, because a high redox potential is
required when the band gap is large, the particular constraints
for each photocatalyst hamper the actual performance of
individual semiconductors. At the same time, a small band gap
is required for photocatalysts to respond to visible light.11

Binary heterojunctions can also be constructed for water
splitting and degradation to dyes. However, the electron−hole
recombination in ternary heterojunctions is relatively slower
than in binary heterojunctions, which boosts the separation of
photoinduced charges much higher than in binary hetero-
junctions. The redox and oxidation potentials in ternary
heterojunctions are also high, which is crucial for efficient
photocatalysis processes. The carbon nitride in a ternary
heterojunction carries excess electrons, which significantly
expedites the hydrogen evolution process. Thus, carbon
nitride-containing photocatalysts offer a more rapid reaction
for hydrogen evolution.

Although the underlying charge transport mechanism of S-
scheme photocatalysts is the same as that of direct Z-scheme

Received: September 6, 2023
Revised: October 17, 2023
Accepted: October 20, 2023
Published: November 2, 2023

Articlehttp://pubs.acs.org/journal/acsodf

© 2023 The Authors. Published by
American Chemical Society

43139
https://doi.org/10.1021/acsomega.3c06759

ACS Omega 2023, 8, 43139−43150

This article is licensed under CC-BY-NC-ND 4.0

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Muhammad+Shoaib"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Muhammad+Yasin+Naz"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Shazia+Shukrullah"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Muhammad+Adnan+Munir"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Muhammad+Irfan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Muhammad+Irfan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Saifur+Rahman"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Abdulnoor+Ali+Jazem+Ghanim"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsomega.3c06759&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c06759?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c06759?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c06759?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c06759?fig=abs1&ref=pdf
https://pubs.acs.org/toc/acsodf/8/45?ref=pdf
https://pubs.acs.org/toc/acsodf/8/45?ref=pdf
https://pubs.acs.org/toc/acsodf/8/45?ref=pdf
https://pubs.acs.org/toc/acsodf/8/45?ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsomega.3c06759?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://acsopenscience.org/open-access/licensing-options/
https://pubs.acs.org/page/policy/authorchoice_ccbyncnd_termsofuse.html
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/


photocatalysts, they can transcend the drawbacks of all Z-
scheme heterojunctions.12 The S-scheme heterostructures can
also override the drawbacks of unitary photocatalysts and type
II heterosystems, expand the range of light absorption, and
significantly advance the separation of charge carriers.13 Recent
research has focused on developing innovative S-scheme
heterostructure photocatalysts with enhanced optoelectronic
capabilities and a high density of redox sites for photocatalysis
applications. Some of the reported studies on S-scheme
heterosystems include Co9S8/In2O3,

14 g-C3N4/TiO2,
15 MoO3/

g-C3N4,
16 and WO3/g-C3N4,

17 which showed considerable
tendency for photocatalytic H2 evolution. Some recent studies
have demonstrated that CdS is also an important component
of ternary heterojunction due to a direct correlation between
topological structure and various parameters of CdS.18 CdS
nanocrystals were produced using different techniques. The
charge transfer mechanism, band configuration, and interfacial
reactivity of CdS may change with the change in the synthesis
technique. The majority of recent studies were conducted on
photocatalytic reactions in water. The effectiveness of
photocatalysis systems for separating salt water has not been
widely reported. It is challenging to perform saltwater splitting
on a large scale, as contaminants and ionic constituents in

saltwater significantly impact the activities and stability of the
photocatalysts. The performance of the CdS material, which is
highly active and stable, is critical in finding suitable candidates
for solar saltwater splitting in the real world. Due to its
favorable semiconductor features and appropriate band gap
(2.69 eV), graphite carbon nitride material has been prepared
and explored as a revolutionary nonmetallic semiconductor
substance.19 Water splitting for the production of H2 and
removal of organic contaminants can be performed more
efficiently using g-C3N4 than other materials.20 The most
popular technique for producing g-C3N4 is thermal poly-
condensation.21 The primary precursors used to prepare g-
C3N4 are dicyandiamide,22 melamine,23 urea,24 and thiourea,25

which are less costly than the materials used to produce other
photocatalysts. Having a fast recombination rate of photo-
induced charge species, pure g-C3N4 is ineffective as a
photocatalyst. However, the catalytic efficacy of pristine g-
C3N4 is low due to quick recombination of photoinduced
charges, its small surface area, and other disadvantages. g-C3N4
is an n-type semiconductor with a conduction band (ECB) at
1.08 V vs NHE and a valence band (EVB) at 1.52 V vs NHE (Eg
= 2.06 eV). TiO2/g-C3N4 integration results in a unique
composition with a high EVB (2.93 V vs NHE) and a small ECB

Scheme 1. Schematic of the Method of Synthesizing CdS/TiO2/g-C3N4 Heterojunction
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(0.31 V vs NHE), which can suppress the recombination of
charges, increase light absorption, and boost redox potentials.
The g-C3N4 has been combined with TiO2 to build a
photocatalyst that exhibited 3.5 times greater photocatalytic
activity for H2 production due to excellent migration and
separation of charge carriers, wide optical response, and
substantial reduction capacity.16

Although TiO2 is one of the most effective photocatalytic
semiconductors when exposed to UV light, it performs poorly
when exposed to visible light.26 The large band gap issue can
be addressed by compositing TiO2 with materials with a
narrow band gap. CdS is a material with a comparatively small
bandgap that may show good absorption in visible light
spectrum. Because of this feature, CdS can harness sunlight in
visible region for photocatalytic reactions. In the case of the
CdS/TiO2 photocatalyst, both CdS and TiO2 are semi-
conductors that can harness light energy to catalyze various
reactions. This research develops visible-light-driven single,
binary and ternary photocatalysts for degrading RhB dye and
producing hydrogen through water splitting. A set of CdS, g-
C3N4, TiO2 single catalysts, CdS/g-C3N4, g-C3N4/TiO2 binary
catalysts, and ternary catalyst (CdS/TiO2/g-C3N4) was
produced and tested for photocatalytic dye degradation and
water splitting.

2. EXPERIMENTAL PROCEDURES
2.1. Fabrication of Ternary CdS/TiO2/g-C3N4. In the

first step, CdS was manufactured via a hydrothermal method.
Typically, 2.5 mmol of cadmium acetate and 1.5 mmol of
thiourea were mixed in 50 mL of DI water. Later, the prepared
solution was continuously agitated for 50 min, and the
acquired precursor was provided at 180 °C for 12 h in a 100
mL autoclave. The resulting yellow precipitate was then
centrifuged four times and washed by utilizing ethanol and
then by using DI water. After washing, the residue was dried
for 10 h at 90 °C. The second step of Scheme 1 illustrates the
catalyst synthesis method and associated steps. The method
used to prepare g-C3N4 is described in the literature.27

Melamine was treated at 550 °C for 2 h in a crucible. After the
final product was cooled, it was crushed into yellow g-C3N4
powder. It was then exfoliated in 50 mL deionized water using
an ultrasonic generator for 3 h to produce g-C3N4 nanosheets
for other processes. Then, the TiCl4 solution was combined
with deionized water and stirred for 3 h using a magnetic
stirrer. NH4OH was added to the mixture while being stirred
until it turned white. The residue was then dried for 30 min at
90 °C.

Step 3 of Scheme 1 shows the preparation of the TiO2
nanoparticles. In the last step, the CdS/TiO2/g-C3N4 ternary
composite was fabricated by adopting the technique reported
by Hashem et al.28 First, the exact amounts of TiO2 and g-
C3N4 were distributed cooperatively in deionized water via
ultrasonication for 1 h. After that, the powder was removed
and repeatedly cleaned by using deionized water. g-C3N4/TiO2
filter powder was obtained after drying at 100 °C. A typical
process includes dissolving 0.003 g of CdS in 200 mL of DI
water, adding 2.4 g of TiO2/g-C3N4 to the mixture, and
ultrasonically processing it for 60 min. The final CdS/TiO2/g-
C3N4 product was washed and heat treated 60 °C for 24 h. A
similar procedure is followed to produce CdS/g-C3N4 and
TiO2/g-C3N4 photoactive catalysts.
2.2. Characterization of Catalysts. XRD analysis was

utilized to deduce the structural characteristics of the

fabricated specimens. A 2θ range of 20°−70° was used to
obtain XRD spectra using Cu−K radiation (= 0.15418 nm).
The functional groups on the photocatalyst surface were
examined through FTIR spectroscopy by using a PerkinElmer
Frontier spectrophotometer. Morphological and structural
characterization of materials was achieved via SEM (Nova
nano SEM 450). To obtain UV−vis spectra, a UV−vis
spectrometer fitted with an integrating sphere was utilized,
along with a typical model. Elemental analysis was conducted
via X-ray energy-dispersive spectroscopy.
2.3. Photocatalytic Experiments. As nanocatalysts were

developed, photocatalytic performance was calculated using
visible irradiation exposure to eliminate Rhodamine B. The
solutions were prepared by adding 50 mL of Rhodamine B (25
mg/L) in 10 mg of catalyst. The obtained solution was then
continuously stirred for 1 h while being kept in the dark to
achieve the equilibrium between adsorption and desorption.
Using a 50 W LED lamp, samples were tested for their
photocatalytic activity. The degradation rate was then
examined by using UV−vis spectra, and any changes to the
absorption spectra were noted. The RhB degradation was
determined using Equation 1.

= ×H
C C

C
100%t0

0 (1)

where C0 depicts the initial amount of RhB and Ct is the
amount after an interval of time t. UV−vis investigation of RhB
solution was executed to capture changes in the absorption
spectra. A photocatalytic test system was employed to check
hydrogen evolution from water splitting by using synthesized
materials. The visible light source, used in this experiment,
comprised a 300 Xe lamp. In a typical test, 100 mL of a
solution containing a sacrificial agent (ethanol) was mixed with
10 mg of the photocatalyst and irradiated with a 300 Xe lamp.
A gas analyzer was used to analyze the gaseous product from
photocatalytic water splitting.

3. RESULTS AND DISCUSSION
3.1. Structural Investigation. A comparative examination

of the X-ray diffraction spectra of CdS, g-C3N4, TiO2, and
hybrid CdS/g-C3N4, TiO2/g-C3N4, and CdS/TiO2/g-C3N4
composites is presented in Figure 1. XRD peaks of CdS
matched well with JCPDS No. 10−0454. In this spectrum,
(110), (111), and (112) crystallographic planes are assigned to
peaks at 2θ values of 26.70°, 43.71°, and 52.20°.29 At 2θ value
of 27.4°, a sharp diffraction peak of (0 0 2) plane is linked to
the interplanar stacking of aromatic compounds (JCPDS No.
87−1526).30 The major anatase TiO2 diffraction peaks well
matched to (101), (004), (200), (105), and (204) crystal
planes at 2θ values of 25.4°5, 37.99°, 48.06°, 53.03°, and
63.02° (JCPDS No. 21−1272). It was evident from the XRD
pattern of the CdS/TiO2/g-C3N4 nanocomposite that
diffraction peaks of g-C3N4, CdS, and TiO2 are presented in
the spectrum. It confirms that CdS and TiO2 have successfully
embedded into the g-C3N4 and TiO2 composite as the
interlayer periodic stowing of g-C3N4 declines after mixing
with CdS.31 The diffraction peaks for CdS, g-C3N4 and TiO2
confirmed the creation of heterostructure amalgamations in the
nanocomposite.
3.2. Morphology and Elemental Composition of

Photocatalysts. Figure 2 reveals the surface morphologies
from the SEM micrographs of synthesized CdS, g-C3N4, TiO2,
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and CdS/TiO2/g-C3N4 composites. Figure 2a shows nano-
particles of pure CdS tightly aggregated into irregularly shaped
particles. SEM micrographs of g-C3N4 demonstrate sheet-like
layered structures. The significant aggregation and larger
particles with some curled structures in g-C3N4 are visible in
Figure 2b. The manufactured particles have a spherical shape
with a good dispersion. Less accumulation of nanoparticles was
seen in Figure 2c, which may result from primary TiO2
particles aggregating only at high calcination temperatures,
which is essential to accelerate the crystal development of
titanium dioxide in Figure 2c.32 Adding g-C3N4 reduced the
binary composite structure’s sharp corners and edges, and as g-
C3N4 surrounded the TiO2/CdS composite, the nanoparticles
were more concentrated on one another in Figure 2d.

The EDX technique was also employed to identify the
elemental composition of the tested photocatalysts. Figure 3
shows EDX spectra of the individual and composite catalysts.
This characterization method provides information about the
elements present in each sample. Figure 3 shows the presence
of Cd and S in the EDX spectrum of pure CdS. There were
only two peaks showing nitrogen and carbon in the EDX
spectrum of g-C3N4. Figure 3 also presents EDX spectrum of
the CdS/TiO2/g-C3N4 nanocomposite framework, demon-
strating that the prepared nanocomposite comprises Cd, C, O,
S, and Ti. The weight percentage of each sample in CdS, g-
C3N4, TiO2, and CdS/TiO2/g-C3N4 is given in Table 1.
3.3. FTIR Analysis of Photocatalysts. FTIR patterns of

the synthesized specimens are displayed in Figure 4. Four
distinctive FTIR peaks for pure CdS were observed at 3355,
1630, 1407, and 1195 cm−1. Moreover, the large absorption
bands at wavenumbers of 3355 and 1630 cm−1 are assigned to
stretching molecular vibrations of O−H bond of H2O. Cd−S

bonds exhibit stretching vibrations due to a broad absorbance
peak at 1195 cm−1.33 Three different absorption regions can be
witnessed in pure g-C3N4, each at a wavenumber range of
3290−3063, 1627−1214, and 785 cm−1. A broad absorbance
band at 3290−3063 cm−1 is credited to stretching vibrations
generated by NH2 and N−H groups.34 There are absorption
peaks at 1627, 1576, 1400, 1309, and 1214 cm−1 in the FTIR
spectrum of the g-C3N4 structure. These peaks are mostly
generated by stretching vibrations of C−N heterocycles.35 A
clear, sharp peak corresponding to the g-C3N4 triazine unit
stretching mode is seen at nearly 785 cm−1.19

3.4. UV−vis DRS Study. Figure 5 reveals UV−vis patterns
of CdS, g-C3N4, and TiO2, as well as synthesized composite
photocatalysts, including CdS/g-C3N4, TiO2/g-C3N4, and
CdS/TiO2/g-C3N4. A semiconductor band structure is
connected to its absorption area.34 The pure CdS showed a
shift in absorption wavelength toward longer wavelengths. Pure
TiO2 exhibits a basal absorption peak well below 370 nm,
whereas g-C3N4 exhibits an absorption peak at around 460 nm.
Using the relation described by Kubelka−Munk, the band gap
of the specimens is estimated using Equation 2:

=hv A h E( )g
2

(2)

where A is a constant, h represents Planck’s constant, ν denotes
the frequency of light, d indicates the absorption coefficient,
and Eg is the energy band gap. Since h is Planck’s constant, ν
represents the light frequency, and d is the absorption
coefficient,36 Eg values of 3.24, 2.6, 2.1, 2.68, 2.42, and 2.31
eV have been calculated for TiO2, g-C3N4, CdS, CdS/g-
C3N4,g-C3N4/TiO2, and CdS/TiO2/g-C3N4. A stronger photo-
catalytic activity is expected from the synthesized composite
compared with pure semiconductors because of the improved
optical response of the composite. The potential of VB edge
(EVB) and CB edge (ECB) were measured using Equations 3
and (4):

= +E E E0.5VB
c

g (3)

=E E ECB VB g (4)

where Χ is the Mulliken electronegativity of the photocatalyst
(5.81 eV for TiO2, 5.18 eV for CdS, and 4.72 eV for g-C3N4),
Ec is the free electron energy (4.5 eV vs NHE), and Eg is the
band gap energy. The EVB values of 2.93, 1.73, and 1.52 eV and
ECB values of −0.31, −0.37, and −1.08 eV were found for
TiO2, CdS, and g-C3N4 semiconductors, respectively.
3.5. Photocatalytic Efficiency Analysis. The dye

solutions were irradiated with visible light to quantify the
activity of the CdS, g-C3N4, TiO2, and CdS/TiO2/g-C3N4
samples. A UV−vis investigation was combined with a
photocatalytic degradation reaction, including all catalysts, to
examine the molecular modifications made to RhB dyes during
the early phases of photocatalytic activity.37 Figure 6 depicts
the importance of the catalyst and light in the degradation
process, where photolysis and catalysis demonstrated the
lowest efficiency for RhB degradation. Within 180 min of
visible light, the breakdown rate of RhB utilizing a TiO2
catalyst reached 10%, but the photoactivity of CdS was
insignificant.38 This result demonstrated that CdS was inactive
upon exposure to visible light. It was also hampered by the fast
annihilation efficiency of the photoexcited charge carriers. The
enhanced photodegradation performance of 99% within 180
min with CdS/TiO2/g-C3N4 composite could be assigned to

Figure 1. Diffraction spectra of CdS, g-C3N4, TiO2, CdS/g-C3N4,
TiO2/g-C3N4, and CdS/TiO2/g-C3N4.
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TiO2 acting as a conductive bridge between CdS and g-C3N4
and suppressing recombination of photoexcited charge
carrier.39 RhB has an initial concentration (C0) at time 0 and
final concentration (C) at time t of irradiation. Control
experiments were conducted using RhB photodegradation
without a catalyst. CdS/TiO2/g-C3N4 completely degraded
RhB after 180 min of UV irradiation. A kinetic curve of (C/C0)
against irradiation time (min) displays the degradation of the
RhB dye using as-prepared catalysts. Equation 5 describes the

reaction rate of RhB removal and the first order kinetics
scheme fit to the experimental findings.

=C C ktln( / )0 (5)

where k is a rate constant and C0 and C represent the starting
and final concentrations of RhB, respectively. According to
Figure 7, photocatalysts were tested for pseudo-first-order
kinetics to determine the RhB removal rate. Figure 7a shows
the elimination of RhB using different photocatalysts, while
Figure 7b shows a first-order kinetic model for RhB
degradation.

The percentage degradation of RhB using different catalysts
is shown in Figure 7(c). The maximum kinetic rate constant of
0.02701 min−1 was calculated for CdS/TiO2/g-C3N4 compo-
site catalyst, as showin in Figure 7(d). As demonstrated in
Figure 7, pure CdS has a rate constant of 0.013 min−1, TiO2
has a rate constant of 0.0004 min−1, and g-C3N4 has a rate
constant of 0.0087 min−1. The current study revealed that
CdS/TiO2/g-C3N4 k-value is by far the highest (0.0271
min−1), which is almost 5.8 times, 3.1 times, and 2.1 times the
rate constant of CdS, g-C3N4, and TiO2, respectively.40 The
degradation rates for TiO2, CdS, g-C3N4, CdS/g-C3N4 and g-

Figure 2. SEM micrographs of (a) CdS, (b) g-C3N4, (C) TiO2, and (d) the CdS/TiO2/g-C3N4 composite.

Table 1. Weight Percent of Constituent Elements of the
Prepared Samples

element
CdS (wt

%)
g-C3N4 (wt

%)
TiO2 (wt

%)
CdS/TiO2/g-C3N4 (wt

%)

C 60.05 30.60
Cd 82.11 21.10
S 17.89 11.85
N 39.95 18.42
Ti 91.03 8.53
O 8.97 9.77
total % 100 100 100 100
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C3N4/TiO2 were calculated as 2%, 50.5%, 35.5%, 70.1%,
85.2%, and 99.4%, respectively.
3.6. Photocatalytic Hydrogen Production. The effi-

ciency of the synthesized catalysts was probed by observing the
evolution of H2 from solution under light exposure. Figure 8a,b
shows that H2 yield after 5 h of exposure time reaches 300,
400, 600, 893, 1193, 1719, 2683, and 2910 μmol·h−1·g−1 over
P-25, CdS standard CdS, TiO2, g-C3N4, CdS/g-C3N4, TiO2/g-
C3N4, and CdS/TiO2/g-C3N4, respectively. The CdS/g-C3N4
and TiO2/g-C3N4-initiated reactions yielded hydrogen pro-

duction rate of 1719 and 2683 μmol·h−1·g−1, respectively,
which are much higher than those of pristine g-C3N4 and pure
CdS. As anticipated, an outstanding hydrogen yield of 2910
μmol·h−1·g−1 was possible with CdS/TiO2/g-C3N4. As
reported in Table 2, CdS/TiO2/g-C3N4 produced hydrogen
in a similar way to reported in previous research.41−43 The
apparent quantum yield (AQY) was checked at 420 and 480
nm wavelengths. The AQY of the CdS/TiO2/g-C3N4 catalyst
was relatively higher at 420 nm than 480 nm. At 420 nm, the
AQY was 20%, which was reduced to 12% at 480 nm. Cao et
al.41 produced g-C3N4/CdS through the solvothermal rout and
used for photocatalytic hydrogen production. They produced
37.45 μmol·h−1·g−1 hydrogen under visible light irradiation.
Similarly, Zhong et al.42 used the hydrothermal method to
produce g-C3N4/TiO2 catalyst for hydrogen production
experiments. They reported 126.4 μmol·h−1·g−1 hydrogen in
their work. Tonda et al.43 used a facile wet-chemical route to
produce g-C3N4(2D)/CdS (1D)/rGO dual-interface photo-
catalyst for hydrogen production under visible light. They

Figure 3. EDX analysis of (a) CdS; (b) g-C3N4; (c) TiO2;; and (d)
CdS/TiO2/g-C3N4.

Figure 4. FTIR patterns of CdS, g-C3N4, CdS/g-C3N4, g-C3N4/TiO2,
and CdS/TiO2/g-C3N4.

Figure 5. UV−vis profiles of CdS; g-C3N4; TiO2; CdS/g-C3N4; g-
C3N4/TiO2, and CdS/TiO2/g-C3N4.

Figure 6. Photolysis and photocatalyst driven photodegradation of
RhB.
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Figure 7. (a) Removal of RhB using different catalysts, (b) first-order kinetic model for RhB degradation, (c) degradation of RhB using (i) TiO2,
(ii) g-C3N4, (iii) CdS, (iv) CdS/g-C3N4, (v) g-C3N4/TiO2 and (vi) TiO2/CdS/g-C3N4, and (d) degradation rate constants of (i) TiO2, (ii) g-
C3N4, (iii) CdS, (iv) CdS/g-C3N4, (v) g-C3N4/TiO2, and (vi) TiO2/CdS/g-C3N4.

Figure 8. (a) Hydrogen evolution rate over time and (b) maximum hydrogen evolution over different catalysts.
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reported a relatively higher hydrogen evolution of 1982.7
μmol·h−1·g−1 under visible light exposure. Belakehal et al.44

tested CdS/g-C3N4/ZnFe2O4 to produce hydrogen and
reported a maximum evolution rate of 1315.2 μmol·h−1·g−1.
Yao et al.45 used a hydrothermal method to produce CdS/
ZnFe2O4/Cu2O photocatalyst. They replaced Cu2O with g-
C3N4 in the formulation reported by Belakehal et al.44 and
found a significant increase in the hydrogen evolution under
similar conditions (877.3 μmol·h−1·g−1). In the current study, a
common hydrothermal method was used to produce the CdS/
TiO2/g-C3N4 composite photocatalyst. This photocatalyst
resulted in a high hydrogen evolution rate of 2910.1 μmol·
h−1·g−1 among the above-reported works.
3.7. CdS/TiO2/g-C3N4 Photocatalysis Mechanism. The

hydrogen evolution rate also varies with sacrificial reagent
systems.46 The photocatalytic processes employing pure water
are usually inefficient. Pure water undergoes reduction and
oxidation reactions simultaneously, which is a difficult
multistep process requiring four electrons to complete the
reaction.47 Utilizing scavenger molecules as electron donors
can dramatically boost H2 generation, since they scavenge
holes and significantly lower charge carrier recombination.
Since O2 is not produced, a subsequent gas separation stage is
also avoided, which also inhibits the reverse reaction that
would normally produce water and boosts the H2 output. The
hydrogen production rate in the Na2S/Na2SO3 combination is
more significant than in systems using lactic acid, triethanol-
amine (TEOA), and ethanol as sacrificial agents. It is ascribed
to the capability of Na2S/Na2SO3 to consume holes and
safeguard CdS rapidly.48 The amount of photocatalysts utilized
in the hydrogen evolution test is also a significant component
that influences the hydrogen evolution rate, and 10 mg is the
ideal amount for this work. CdS/TiO2/g-C3N4 hydrogen
evolution at an optimal rate of 2910 μmol·g−1·h−1, is much
higher than the evolution rate over CdS. Effectively consuming
the photogenerated holes, the sacrificial agent also prevents
CdS from oxidizing. The most often utilized sacrificial agents
for CdS-based photocatalytic processes are mixed aqueous
solutions of S2− and SO3

2−. The holes in the valence band of
Na2S/Na2SO3 sacrificial agent oxidize S2− and SO3

2− to yield
S2

2− and SO4
2−, respectively.48 The sacrificial agent would not

be completely consumed before the holes would begin to
oxidize the CdS. The SO3

2− ion in the solution will first
interact with the S2

2− ion to create S2− and S2O3
2−, even

though the ensuing S2
2− will prevent the photocatalyst from

absorbing light. The S2− ions prevent defects from forming on
CdS, although the colorless S2O3

2− has no adverse effects on
the light absorption activity of CdS. Under the protection of an
S2− and SO3

2− mixed solution, CdS can remain reasonably
stable during H2 generation. The sacrificial agents S2− and
SO3

2− entirely transform into S2O3
2− as the reaction

progresses. When CdS can no longer be protected, its ability
to produce H2 starts to deteriorate.

tert-Butanol (TBA), 1,4-benzoquinone (BQ), and Trietha-
nolamine (TEOA) were evaluated as different trapping
reagents in radical trapping research of the photodegradation
activities over CdS/TiO2/g-C3N4 for eliminating h+, · OH, and
·O2

−, as shown in Figure 9. Trapping tests revealed that TBA

was not the primary scavenger in the photodegradation,
demonstrating that hydroxyl ions were not the primary active
charge carriers in photocatalytic activity.49 A significant
decrease in the photocatalytic efficiency occurs when TEOA
is used as an acceptor. This indicates that h+ is crucial to the
photocatalytic process. When BQ is added to RhB aqueous
solution, containing CdS/TiO2/g-C3N4, significant reductions
are observed in its photodegradation performance. In the
aqueous phase, illuminated by visible light, O2− and h+ seem to
be the major species that participate in the photocatalytic
degradation of RhB.50

The band gaps of CdS, TiO2, and g-C3N4 were 2.1, 3.24, and
2.60 eV, respectively. Under visible light, the holes and
electrons were produced in their respective VB and CB. The
CdS, TiO2, and g-C3N4 possessed ECB potentials of −0.37,
−0.31, and −1.08 eV, respectively. Similarly, the EVB potential
was measured as 1.73, 2.93, and 1.62 eV, respectively, as shown
in Figure 10. The potential of the band edges of the three
components reveals that the possible charge transfer
mechanism over CdS/TiO2/g-C3N4 is the S-scheme. The CB
potential of g-C3N4 was the most favorable for the reduction
reaction, whereas the VB potential of TiO2 was more probable
for the oxidation reaction. As a consequence of suitable band
arrangements in CdS, TiO2, and g-C3N4, the photogenerated
electrons at the CB of TiO2 with the relatively weakest
reduction potential could easily recombine and annihilate with

Table 2. Comparison of Hydrogen Production Rates over Previously Reported Photocatalysts

photocatalyst light source preparation Method H2 (μmol·h−1·g−1) sacrificial agent ref.

g-C3N4/CdS 300 W xenon lamp, visible light solvothermal 37.45 C3H8O3 41
g-C3N4/TiO2 300 W xenon lamp, UV-light hydrothermal 126.4 Na2S/NaSO3 42
g-C3N4/CdS/Rgo 300 W Xe arc lamp, visible light facile wet-chemical 1982.7 Na2S/NaSO3 43
CdS/g-C3N4/ZnFe2O4 300 W Xe lamp, visible light ultrasonically assisted synthesis 1315.2 TEOA 44
CdS/ZnFe2O4/Cu2O 300 W Xe lamp, visible light hydrothermal 1877.3 C3H8O3 45
CdS/TiO2/g-C3N4 300 W Xe lamp, visible light hydrothermal 2910.1 Na2S/NaSO3 this study

Figure 9. Radical capturing by the CdS/TiO2/g-C3N4 composite.
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photogenerated holes having relatively low oxidation potentials
at the VB of CdS and g-C3N4 through closely connected
interfaces.51

As a result, the photogenerated electrons of strong reduction
potential survived at the CB of CdS and g-C3N4, and
photoexcited holes of powerful oxidation potential remained
unutilized at the VB of TiO2.

52 Hence, the CB of TiO2 can
immediately transfer electrons to the VB of CdS and g-C3N4 in
the heterojunctions through closely connected interfaces, and
the photogenerated electrons at the CB of CdS and g-C3N4
and holes at the VB of TiO2 are utilized in the redox reactions.
The photoexcited electrons can interact with the O2 in CBs of
g-C3N4 and CdS to produce •O2, whereas photogenerated
holes at the VB of TiO2 possessed sufficient oxidation potential
to oxidize OH− to •OH. Subsequently, these redox species
(•OH, •O2) degraded the pollutants. For H2 evolution, the
photoexcited electrons at the CB of CdS and g-C3N4 reduce
the H+ ions to produce H2, whereas the sacrificial reagent
scavenged the holes at the VB of TiO2.

In summary, the photocatalytic mechanism of the CdS/
TiO2/g-C3N4 heterostructure involves the synergy of multiple
semiconductors to enhance the photocatalytic activity. The

Figure 10. Schematic of photocatalytic mechanism of CdS/TiO2/
g-3N4 heterojunction.

Figure 11. Cycle performance of CdS/TiO2/g-C3N4 for the production of hydrogen: (a) photodegradation of RhB, (b) spectrographs of the CdS/
TiO2/g-C3N4 photocatalyst after 3 cycles of RhB degradation, (c) XRD of the before and after photocatalytic experiments, and (d) UV−vis
absorption before and after photocatalytic experiments.
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electrons in the CB of CdS migrate to the CB of TiO2 by
creating a flow of electrons. The electron transfer process
causes the formation of superoxide radicals due to the
reduction of TiO2. The hole left behind in the VB of CdS
simultaneously migrates to the VB of g-C3N4 due to the
alignment of their energy levels. The flow of holes contributes
to the oxidation of water or organic pollutants. The superoxide
radical TiO2 surface and the holes on g-C3N4 react with water
or organic pollutants adsorbed on the photocatalyst surface.
These reactions lead to the formation of hydroxyl radicals and
other reactive oxygen species (ROS), which are highly
oxidative toward the degradation of pollutants. The photo-
generated hydroxyl radicals and ROS attack and oxidize
organic molecules into less harmful compounds. Under certain
conditions, electron−hole pairs reduce protons from water into
molecular hydrogen.
3.8. Recyclability Examination. The recyclability of any

photocatalyst is an important factor in determining its practical
application. The CdS/TiO2/g-C3N4 displayed good photo-
catalytic H2 evolution and RhB degradation efficiencies, as
shown in Figure 11a,b. The photocatalytic activity of this
catalyst remained sustained after three irradiation cycles. This
demonstrates that the ternary composite material can be used
repeatedly without losing photocatalytic effectiveness. In
addition, a synergistic effect between CdS, g-C3N4, and TiO2
leads to the excellent photocorrosion resistance of g-C3N4.
Furthermore, g-C3N4 performs an essential function as a shield,
protecting inorganic semiconductor components and sacrificial
agents from attack by excess hydroxyl groups, thus allowing for
longer utilization times of semiconductors. Using XRD and
UV−vis absorption tests, characterization tests of CdS/TiO2/
g-C3N4 were conducted after three cycles and compared with
the designs before irradiation, as illustrated in Figure 11c,d.
The CdS/TiO2/g-C3N4 photocatalyst showed a very high level
of stability. It was found that there was no significant difference
between the catalyst structure before and after use in terms of
its structure.

4. CONCLUSIONS
The photocatalytic effectiveness of the synthesized materials
was checked by tracking the evolution of hydrogen from
solution under exposure to light. The hydrogen production
reached 300, 400, 600, 893, 1193, 1719, 2683, and 2910 μmol·
h−1·g−1 over P-25, CdS standard CdS, TiO2, g-C3N4, CdS/g-
C3N4, TiO2/g-C3N4, and CdS/TiO2/g-C3N4, respectively. A
high hydrogen yield of 2910 μmol·h−1·g−1 was possible with
the CdS/TiO2/g-C3N4 photocatalyst. Experimental findings
demonstrated photocatalytic degradation efficiency for Rhod-
amine B up to 99.4%, which is much higher than all other
tested composites. The maximum kinetic rate constant value of
0.02701 min−1 was discovered for the CdS/TiO2/g-C3N4
composite catalyst. The pure CdS has a rate constant of
0.013 min−1, TiO2 has a rate constant of 0.0004 min−1, and g-
C3N4 has a rate constant of 0.0087 min−1. The hydrogen
production rate in the Na2S/Na2SO3 combination was more
effective than that in systems using lactic acid, triethanolamine,
and ethanol as sacrificial agents. It is ascribed to the capability
of Na2S/Na2SO3 to consume holes and safeguard CdS rapidly.
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