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1. Introduction

Towards advanced remediation: CuS/CdS Z-
scheme heterojunction with accelerated charge-
transfer for efficient photocatalytic degradation of
trypan blue

Samina Kousar,? Mohamed Abdel Rafea,” Magdi E. A. Zaki,© M. Khairy,®
Mohamed R. El-Aassar,® Abdullah K. Alanazi, Imran Shakir,” Sidra Mubeen*9
and Muhammad Aadil @ *"

This study involves the preparation of virgin CuS and CdS for comparative analysis, followed by the synthesis of
a CuS/CdS heterojunction nanocomposite using co-precipitation and subsequent annealing. The structural and
compositional investigations (XRD, FTIR, SEM, and EDX) verified high purity and the successful production of
a heterojunction with hexagonal crystal phases. Characterization of electrical (/I-V), optical (UV-Vis), and
optoelectronic (photocurrent) properties demonstrated enhanced charge separation, a reduced band gap
(2.52 eV), and augmented visible-light absorption in the composite. In comparison to its equivalents, the CuS/
CdS exhibited significantly enhanced electrical conductivity (3.60 x 10™* S m™), facilitating reduced
recombination and accelerated charge transfer. The efficacy of the photocatalytic process was assessed using
trypan blue, a stable commercial azo dye. The dye was completely eliminated by the CuS/CdS composite in
48 minutes through photocatalytic degradation (81%) and 15 minutes through adsorption (19%). The kinetic
rate constant of 0.039 min~! was 2.79 and 1.86 times greater than that of CdS and CusS, respectively. Post-
cycle XRD analysis confirmed structural stability, and reusability studies over six cycles indicated an efficiency
decrease of only 2.3%. The scavenger experiments indicated that superoxide radicals ("O,") exhibited the
highest reactivity among the species tested. Calculations of band edge potential have verified that the Z-
scheme charge transfer mechanism facilitates efficient charge separation and the generation of reactive
oxygen species (ROS). Curiously, the pH of the heterogeneous composite was found to be correlated with its
photocatalytic activity. An examination of the pH level disclosed a PZC value of 5.39. The composite
functioned most effectively at a pH of 4. A novel CuS/CdS composite has been explored that is not only
novel but is also ecological, cost-effective, and structurally stable in mineralizing the persistent azo dyes.

textile, leather, paper, plastic, printing, cosmetic, and food
processing are major contributors to the widespread release of

Industrial growth plays a pivotal role in sustaining human
needs and economic stability. Nonetheless, industries such as
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synthetic dyes into water resources." Due to their complex
aromatic and azo structures, these dyes exhibit strong chemical
stability, rendering them non-biodegradable and long-lasting
contaminants that hinder light diffusion and limit the aquatic
productivity, particularly by affecting phytoplankton-driven
photosynthesis that maintains the oxygen-carbon dioxide
balance. Established treatment methods generally underper-
form, either by redistributing pollutants or by achieving only
partial degradation. Traditional water treatment approaches
such as adsorption, coagulation-flocculation, membrane
filtration, ion exchange, and biological oxidation have been
extensively used; however, they usually achieve only partial dye
removal and may create secondary waste streams.>* Therefore,
semiconductor photocatalysis has been recognized as a viable,
solar-powered approach for transforming such pollutants into
simpler and less toxic compounds.*”

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Transition metal sulfides, among visible-light-responsive
semiconductors, have drawn particular attention due to their
adjustable band gaps, suitable band-edge positions, and
outstanding carrier mobility.* Cadmium sulfide (CdS), an n-type
semiconductor with a band gap of around 2.4 eV,° can efficiently
utilize visible light but suffers from fast electron-hole recom-
bination and severe photocorrosion during prolonged irradia-
tion." Copper sulfide (CuS), in contrast, is a p-type
semiconductor with strong visible absorption and high hole
mobility.” The combination of CuS and CdS to form a hetero-
junction can significantly improve charge separation efficiency
and photostability through interfacial electron-hole migration.
In particular, Z-scheme or S-scheme heterojunctions have
proven superior to conventional type-II systems because they
preserve the strong redox ability of the constituent semi-
conductors while still facilitating charge separation."”>"*In a Z or
S-scheme configuration, photogenerated electrons in the
conduction band of the oxidation photocatalyst recombine with
holes in the valence band of the reduction photocatalyst,
leaving behind highly energetic electrons and holes with strong
reduction and oxidation capacities."*** This unique and co-
supportive configuration promotes the interfacial charge
transfer and hinders the unwanted back charge transfer; hence,
enhanced photocatalytic activity and stability are achieved.
Several studies recently have substantiated the advantage of Z-
scheme systems, revealing their higher visible-light degrada-
tion capability and improved structural durability relative to
type-II heterojunctions.*®*”

Despite the extensive reporting of sulfide-based hetero-
junctions, the resolution of their underlying mechanisms is still
incomplete. Most existing works employ cationic dyes such as
methylene blue and rhodamine B,'® whereas anionic azo dyes
like trypan blue (TB) have received comparatively little atten-
tion. In several studies, the term “removal efficiency” is used
ambiguously, with little distinction between dye adsorption and
genuine photocatalytic mineralization, thereby complicating
performance interpretation. Surface electrostatics, such as the
point of zero charge (PZC) and pH-dependent surface potential,
are frequently neglected, although they play a decisive role in
controlling interfacial charge transfer and adsorption-reaction
behavior.” Moreover, improvements in charge separation
within photocatalytic systems are often inferred indirectly from
enhanced degradation performance or spectral shifts, rather
than substantiated through quantitative methods such as
current-voltage (I-V) and photocurrent analyses that directly
assess carrier transport behaviour. Lastly, in addition, the
mechanistic interpretation of these composites remains
unsettled, with inconsistent labelling as type-II or Z-scheme
systems often made without rigorous validation from band-
edge or scavenger-based experiments.”® Aforementioned
research gaps form the basis for this study, which aims to
synthesized the CuS/CdS direct Z-scheme p-n heterojunction
with experimentally corroborated mechanistic insight.

Herein, a well-coupled CuS/CdS heterostructure with Z-
scheme-mediated interfacial synergy was prepared using
a straightforward co-precipitation approach followed by mild
annealing at low temperature. The resulting material showed

© 2025 The Author(s). Published by the Royal Society of Chemistry
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enhanced photon capture and charge mobility and was applied
to the visible-light degradation of trypan blue as a model
contaminant. Structural, optical, and electrochemical charac-
terizations confirmed the formation of a stable Z-scheme
heterojunction capable of efficient charge separation and
retention of strong redox potentials. The present study provides
several distinctive contributions. Firstly, the CuS/CdS p-n
heterostructure was deliberately engineered to promote effi-
cient charge separation and suppress recombination, address-
ing a long-standing limitation of single-component sulfide
photocatalysts. Secondly, trypan blue, a challenging anionic azo
dye, was selected as a model pollutant to evaluate photocatalytic
activity, with electrostatic pH and PZC analyses distinguishing
adsorption from actual degradation. Thirdly, electrical
conductivity and transient photocurrent tests quantitatively
verified faster charge transfer across the CuS/CdS interface,
demonstrating efficient carrier mobility. Fourthly, the direct Z-
scheme charge-transfer mechanism was supported by solid
mechanistic evidence from band-edge potential measurement
and radical scavenger analysis. In this mechanism, CdS elec-
trons and CuS holes operate in synergy to facilitate the redox
reaction. Finally, the photocatalyst exhibited outstanding
stability and reproducible activity upon multiple runs, demon-
strating its potential in sustainable wastewater treatment. In
summary, this study sets up the CuS/CdS heterostructure in the
modern context of interfacially engineered photocatalysts
where charge-transfer channels are optimized and experimen-
tally confirmed. Directly addressing photocorrosion and
recombination problems, it moves closer to the development of
stable sulfide-based Z-scheme photocatalysts for environmen-
tally benign applications.

2. Experimental section

2.1. Chemicals

All chemicals used were of analytical grade and utilized without
further purification. Cadmium nitrate tetrahydrate (Cd(NO3),-
-4H,0), copper(n) acetate monohydrate (Cu(CH3;COO),-H,0),
thiourea ((NH,),CS), and potassium hydroxide (KOH) were
purchased from Sigma-Aldrich. Deionized water was used
throughout the experiment for solution preparation, washing,
and dilution processes.

2.2. Synthesis of CuS/CdS heterojunction

For the synthesis of the CuS/CdS heterostructure, 50 mL of
0.05 M aqueous solution of Cd(NOj3), was heated to 70 °C under
stirring. Then 50 mL of 0.05 M aqueous solution of Cu(CH,-
CO0O0), was added to obtain an equimolar Cd**/Cu** mixture
(Cu:Cd = 1:1). After 30 min, an aqueous thiourea solution (in
excess; e.g., =2 equiv. vs. total metal ions) was introduced
dropwise. The solution colour shifted from blue to dirty green
(Cu”*-thiourea complex formation). While maintaining 70 °C
and vigorous stirring, 1 M KOH was added dropwise to adjust
pH to 10-11. At this pH, thiourea decomposes to supply S>~,
and a dark brown-black precipitate of CuS/CdS is formed. The
suspension was aged 60 min at temperature. The solid was
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allowed to settle, the supernatant decanted, and the precipitate
washed repeatedly with deionized water (to neutral pH) and
ethanol, then vacuum-filtered and dried at 80 °C for 10 h. The
dry powder (~1 g) was annealed under N, (preferred) at 400 °C
for 3 h (ramp 2-5 °C min ') to enhance crystallinity and
interfacial contact, then cooled naturally to room temperature.
For comparison, pristine CdS and CuS were synthesized under
identical conditions using only the respective metal precursor
with thiourea and KOH, keeping all other parameters
unchanged. The schematic illustration given in Fig. 1 visually
summarizes the step-by-step procedure for the synthesis of CuS/
CdS composite photocatalysts, highlighting the key stages
involved in the preparation process.

2.3. Photocatalytic experiment

The photocatalytic performance of pristine CuS, CdS, and their
composite CuS/CdS was assessed against the trypan blue dye.
20 mg of each catalyst was added into the 50 mL aqueous
solution (15 ppm) of trypan blue separately. The obtained
catalyst-dye solutions were stirred in the dark for 120 minutes/
2 h to reach adsorption-desorption equilibrium. The initial
absorbance of the catalyst-dye mixture was measured at 607 nm
using a UV-Vis spectrophotometer to assess the amount of dye
removal by physical adsorption onto the photocatalyst surface.
Next, catalyst-dye suspensions were exposed to a visible-light
tungsten lamp (LS-150/cm?) installed at a distance of 10 cm
from the photoreactor. Throughout the 48 minute light irradi-
ation period, 5 mL aliquots of the catalyst-dye mixture were
extracted at 6 minute intervals and centrifuged. The dye
concentration was monitored over time by analyzing the resul-
tant supernatants with a double-beam UV-visible spectropho-
tometer at 607 nm. The percentage degradation of the TBD in
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the case of each catalyst was determined using the following
equations.*

G -G

0

Removal (%) = x 100 (1)
‘Co’ and ‘C/ in this equation stand for the dye's starting
concentration and the concentration measured at time ‘¢,
respectively.

3. Results and discussion

3.1. Structural study

XRD analysis was conducted to investigate the phase composi-
tion and chemical purity of CuS, CdS, and the synthesised CuS/
CdS nanocomposite. Fig. 2a depicts the XRD patterns for Cus,
CdS, and CuS/CdS.

The XRD pattern of virgin CuS shows strong peaks at 26
values of 27.0°, 27.7°, 29.3°, 31.7°, 33.1°, 38.6°, 48.0°, 52.8°, and
59.3°, which correspond to the (100), (101), (102), (103), (006),
(105), (110), (108), and (116) planes, respectively. These peaks
are consistent with JCPDS card no. 79-2321, demonstrating the
hexagonal crystalline phase of CuS.””> The XRD pattern of CdS
shows strong peaks at 26 values of 26.8°, 30.6°, 43.9°, 52.1°, and
64.0°, which match the (111), (200), (220), (311), and (400)
planes, confirming the hexagonal wurtzite phase according to
JCPDS card no. 75-1546.* No unexpected peaks were observed
in the XRD spectra of CuS and CdS, indicating pure phase
formation without any secondary products.> The XRD pattern
of the CuS/CdS composite exhibits distinct diffraction peaks for
both CuS and CdS, hence affirming the effective integration and
retention of their respective crystalline structures.>® At the same
time, minor changes in peak positions may be ascribed to
physical interactions at the CuS-CdS interface.*

Copper
Acetate

Cadmium
Nitrate

30 min

Ty

80C/10h

Thiourea

Fig. 1 Schematic representation of the synthesis procedure for CuS/CdS composite photocatalysts.
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Fig. 2 Structural study: (@) XRD and (b) FTIR spectra of CusS, CdS, and

The bonding properties and functional groups in the pure
CusS, pristine CdS, and their composite CuS/CdS were investi-
gated using FTIR spectroscopy. Fig. 2b presents the FTIR
spectra of the synthesized materials recorded in the wave-
number range of 4000-500 cm™". CuS spectra showed a broad
absorption band at 3509 cm ™ * and a peak at 1605 cm !, indi-
cating the presence of surface-adsorbed water molecules.””?
The transmittance at 2239 cm™ ' is attributed to adsorbed
ambient CO,.”* The absorption bands at 2953 cm ™'
1302 cm™' represent C-H vibrational modes and NO;~
stretching vibrations, respectively, showing the existence of
residual organic molecules and nitrate species.***> The FTIR of
CdS, apart from the characteristics bands of sorbed and
residual chemical moieties, exhibits a prominent band at
559 cm~ ' that corresponds to the Cu-S bond vibrations.* The
FTIR spectrum of the CuS/CdS composite exhibits all charac-
teristic peaks of both CuS and CdS, confirming the successful
incorporation of both phases. The absence of significant peak
shifts and the lack of additional peaks suggest that the struc-
tural integrity and purity of the CuS/CdS composite were
preserved, in agreement with XRD results.

and

3.2. Morphological and elemental analyses

TEM characterization offered crucial insights into the micro-
structural arrangement and phase interaction of the CuS/CdS
sample. As seen in the low-magnification TEM image (Fig. 3a),
the sample consists of densely packed nanoparticles varying
from 40 to 70 nm, forming a tightly interconnected network.
The darker regions, marked with red-line, correspond to CdS

© 2025 The Author(s). Published by the Royal Society of Chemistry

the CuS/CdS.

domains, which appear darker because of their higher atomic
number and greater electron-scattering ability. In contrast, the
brighter areas, marked with blue-line, represent CuS domains.
The high-magnification image (Fig. 3b) reveals coherent particle
boundaries and intimate contact, indicative of strong interfacial
bonding across the heterojunction. Fig. 3c and d illustrate
sharp CuS-CdS boundaries, visually proving nanoscale hetero-
junction formation that ensures efficient electron transfer along
the Z-scheme pathway.

The elemental composition of the CuS/CdS composite was
analyzed using EDX. The EDX spectrum (Fig. 4a) of the CuS/CdS
composite verified the existence of Cu, Cd, and S elements, with
three peaks at 0.9 keV, 8 keV, and 8.9 keV attributed to copper.
The distinct peaks at around 3.1 keV and 3.3 keV indicate the
presence of cadmium. The peak at 2.31 keV validated the exis-
tence of the S element.*** The quantitative data in the EDX
spectrum inset revealed atomic percentages of 26.59% for Cu,
24.58% for Cd, and 48.83% for sulfur. The findings, aligning
with stoichiometric predictions, validated the effective
synthesis of the composite with a 1:1 ratio of CuS to CdS.
Furthermore, the lack of any further peak confirmed the purity
of the synthesized composite.*

SEM-EDX mapping (Fig. 4b-d) was employed to further
investigate the compositional homogeneity and interfacial
distribution of elements within the CuS/CdS heterojunction.
The overlay image (Fig. 4b) distinctly displays the coexistence of
Cu (blue), Cd (green), and S (magenta), indicating uniform
elemental intermixing and intimate interfacial contact between
both sulfide phases. The individual Cu and Cd elemental maps

RSC Adv, 2025, 15, 39180-39192 | 39183
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Fig. 3 TEM images of the CuS/CdS: (a) low-magnification view;

junctions highlighting distinct CuS—CdS boundaries.

(b) higher magnification revealing coherent interfaces; (c and d) enlarged

Element Atomic % Weight %
Cu 26.59% 28.08%
Ca 2458% 45.91%

S 48.83% 26.01%
Towl |  10000% | 100.00%

T T T

Energy (keV)

2 um

2 pm

Fig. 4 SEM-EDX analysis of the CuS/CdS: (a) EDX spectrum confirming the presence of Cu, Cd, and S with corresponding elemental ratios; (b)
elemental overlay map; and (c and d) individual Cu and Cd maps.
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(Fig. 4c and d) reveal smooth and even dispersion across the
matrix, confirming strong interfacial coupling and the
successful formation of the CuS/CdS heterojunction. Since
sulfur is common to both sulfides and uniformly distributed, its
mapping was not shown separately.

3.3. Current-voltage study

To understand how well charges, move in our materials, we
studied the electrical conductivity of CuS, CdS, and their
composite (CuS/CdS) using current-voltage (I-V) measurements
across a voltage range of —5 V to +5 V (Fig. 5a).

Among the three, CdS showed a curved I-V line with a very
gentle slope, which points to weak charge mobility and poor
electrical contact—both of which can limit its performance as
a standalone photocatalyst. CuS, on the other hand, showed
a more linear response and a steeper slope, indicating better
electrical conductivity and charge transport.®” Interestingly, the
CusS/CdS composite displayed the most linear -V curve and the
highest slope, clearly reflecting a major improvement in
conductivity. The absolute electrical conductivity (AEC) values
for all three samples were precisely calculated using following
relation.®®

w x slope

AEC =
A

(2)
Here, ‘w’ and ‘A’ are the sample pellet's thickness and area
respectively. Fig. 5b presents the computed AEC values for CdS,
Cus, and CuS/CdS as 4.45 x 10 °Sm™*,1.91 x 10 *Sm %, and
3.60 x 10°* S m™ 7, respectively. Due to the fact that rapid and
efficient charge transfer causes the reaction to occur more
quickly, the greater AEC of CuS/CdS is considered to be essen-
tial for photocatalytic applications.* It is quite probable that the
combination of CuS and CdS will perform more effectively in
photocatalytic degradation processes, which makes it an
excellent candidate for use in the process of cleaning up the
environment.
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3.4. Optical and opto-electronic study

UV-visible spectroscopy was utilized to evaluate the optical
absorption properties of pure CuS, CdS, and their composite
CuS/CdS. Fig. 6a illustrates the UV-Vis absorption spectra and
the corresponding Tauc graphs for all three synthesized mate-
rials. The absorption spectrum of CuS exhibited strong
absorption in the UV region and minimal absorption in the
visible region up to 480 nm. Similarly, CdS revealed strong
absorption in the UV region, with the absorption edge extended
up to 500 nm in the visible region. The CuS/CdS composite
exhibited improved and broadened absorption in the visible
region, thereby enhancing its visible light harvesting ability.
Synergistic interaction and effective heterojunction formation
between CuS and CdS are responsible for this red shift in
absorption. The optical band gap values of the produced
nanocatalysts were ascertained using Tauc plot analysis
utilizing the subsequent relation:**

(ahv)* = K(hv — Ey) (3)
where ‘o’ indicates the absorption coefficient, ‘4’ photon
energy, ‘E,’ band gap energy, ‘K’ constant, and n = 1/2 direct
allowed transition. The estimated band gap energies were
determined to be 2.76 €V, 2.9 eV, and 2.52 eV for CuS, CdS, and
the CuS/CdS composite, respectively, as illustrated in the insets
of Fig. 6a. In brief, the reduced band gap of the composite
compared to its pristine components results in enhanced
visible-light absorption, thereby boosting its photocatalytic
efficiency.

Photocurrent analysis was utilized to investigate the
photoelectrochemical behaviour and charge separation effi-
ciency of the synthesized catalysts under visible light illumi-
nation.** The photocurrent response to 60-light-on/off cycles is
shown in Fig. 6b. Pristine CuS, CdS, and their composite CuS/
CdS showed a rapid photocurrent density spike upon light
illumination that lasted 60 seconds before decreasing quickly to
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Fig. 5 (a) /I-V plots and (b) AEC of CuS, CdS and CuS/CdS.
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Fig. 6

zero when the light was turned off. Peak photocurrent density
values were 20 pA cm ™2 for CuS/CdS, 13 pA cm ™2 for CusS, and 9
wA cm~? for CdS. The improved and consistent photocurrent
density response of CuS/CdS is attributed to the establishment
of a Z-type heterojunction, which facilitates charge separa-
tion.*>** The synergistic interaction between CuS and CdS also
amplifies visible light absorption. Moreover, the uniformity in
photocurrent density during several light-on-off switching
cycles validates the photostability and durability of the CuS/CdS
heterostructure.*

3.5. Photocatalytic activity

The trypan blue dye-targeted photocatalytic degradation effi-
ciency of pure CuS, CdS, and CuS/CdS was examined under
visible light irradiation. After preparing a 15 ppm aqueous
solution of trypan blue, each photocatalyst was dispersed into
the dye solution separately, and the resulting catalyst-dye
suspensions were stirred in darkness for 120 minutes/2 h for the
establishment of adsorption-desorption equilibrium. Once the
catalyst-dye solutions achieved adsorption-desorption equi-
librium, UV-Vis spectra were captured in the 200-800 nm range.
The elimination of trypan blue dye was assessed by tracking the
drop-in absorbance at 607 nm. Fig. 7a-c presents the photo-
degradation activity of the nanocatalysts against the trypan blue
dye.

CuS exhibited an adsorption of 13.6%, CdS reached an
adsorption efficiency of 10.2%, while the CuS/CdS composite
achieved an adsorption potential of 19%. The superior dye
adsorption capacity of CuS/CdS compared to its pristine
components is attributed to its improved surface-to-volume
ratio and interfacial synergy between CuS and CdS. After that,
catalyst-dye suspensions were kept on constant stirring under
visible light irradiation for 48 minutes. The UV-Vis absorption
spectra of small aliquots taken from the catalyst-dye suspen-
sion was recorded at regular intervals of 6 minutes. The incre-
mental decrease in absorbance at 600 nm over the 48 minute

39186 | RSC Adv, 2025, 15, 39180-39192

(a) UV-Vis spectra, Tauc plot (inset) and (b) transient photocurrent response for CusS, CdS, and CuS/CdS.

cumulative irradiation period indicated the gradual degrada-
tion of trypan blue dye. CuS and CdS exhibited dye degradation
efficiencies of 61.3% and 46.3%, respectively, but the CuS/CdS
composite achieved an 81% degradation after 48 minutes of
exposure to visible light. The composite's improved photo-
catalytic effectiveness results from its extended visible light
absorption and the establishment of a Z-type heterojunction
between CuS and CdS, which effectively mitigates charge carrier
recombination.*

The overall TBD dye removal efficiencies for CuS, CdS, and
CuS/CdS nanocatalysts are presented in the bar chart (Fig. 7d),
providing a clear comparison of their adsorption and photo-
catalytic performances. CuS removed 74.9% of the dye (13.6%
adsorption and 61.3% photodegradation), CdS removed 56.5%
(10.2% adsorption and 46.3% photodegradation), and the CuS/
CdS composite removed all of it (100%), with 19% adsorption
and 81% photodegradation. These results demonstrate the
superior photocatalytic efficiency of the CuS/CdS composite.

Fig. 8a shows TBD dye concentration (C,/C,) fluctuations
with irradiation duration for the control (no catalyst), CuS, CdS,
and CuS/CdS photocatalysts. The TBD dye is highly photostable,
as shown by its 2.3% decolorization in visible light for 48
minutes without a catalyst. CuS/CdS composite had the best
photocatalytic performance, followed by pure CdS and CusS.
Various kinetic models were employed to evaluate the kinetics
of trypan blue degradation under visible light irradiation using
CusS, CdS, and CuS/CdS nanocatalysts.

The pseudo-first-order model was the most effective in fitting
the degradation data, as evidenced by a high adjusted R” value
of 0.99 for all three catalysts. The following equation represents
the pseudo-first-order kinetic model:*

kz‘:An9

a @

The rate constant values for each catalyst were determined
by the slope obtained from the linear fitting of the —In C,/C,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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vs. time (min) plot. The observed rate constant for the CuS/CdS
composite (0.039 min~') was 2.79 times greater than that of CdS
(0.014 min™') and 1.86 times more than that of CuS
(0.021 min™"), as seen in Fig. 8b.

3.6. Measurement of PZC and effect of pH

The zeta potential analysis was used to determine the point of
zero charge (PZC) for the CuS/CdS composite. PZC of the CuS/
CdS composite was found to be 5.39, as shown in Fig. 9a. It
means the catalyst carries a positive charge surface below PZC
and a negative charge surface above this pH. The impact of pH
on the rate constant of photocatalytic degradation efficiency of
TBD is shown in Fig. 9b. The highest rate constant value of
0.039 min~' was recorded at pH 4, due to the strong electro-
static attraction between the positively charged photocatalyst
and anionic dye molecules, facilitating dye absorption and
degradation. The rate constant value decreased above PZC and
reached a minimum value of 0.007 min~" at pH 7, which can be
attributed to the repulsive forces between the negatively
charged catalyst surface and the anionic dye, thereby reducing
dye adsorption ability. On the other hand, under strongly acidic
conditions (pH < 4), a decline in the rate constant value was
observed, which can be attributed to the presence of excessive
H' ions that saturate adsorption sites by protonating active
sites, thereby reducing dye absorption.

3.7. Reusability and stability

The efficacy of photocatalysts is attributed to their reusability
and photostability; hence, these characteristics of the CuS/CdS
composite were examined through the photodegradation of
trypan blue (15 ppm) in visible light. The photodegradation of
trypan blue dye was examined during six cycles, each lasting 48
minutes. The catalyst obtained by centrifugation after each
cycle was employed in the subsequent cycle with an identical
concentration of dye solution. Fig. 10a displays the photo-
degradation findings for all cycles.

View Article Online
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The effectiveness of photocatalytic degradation decreased
from 98.99% to 96.7% over six cycles, attributed to the partial
obstruction of active sites by intermediate intermediates. The
little decline of 2.31% after six cycles demonstrates the excep-
tional reusability and photostability of the CuS/CdS photo-
catalyst. X-ray diffraction analysis was utilized to assess the
structural integrity of the CuS/CdS heterostructure prior to and
during its photocatalytic activity. Fig. 10b displays the XRD
spectra for CuS/CdS before and after activity. Following five
consecutive photocatalytic cycles, the photocatalyst retained all
its unique X-ray diffraction peaks, indicating exceptional
structural integrity and stability."”

3.8. Scavenging experiments and associated mechanism

Photocatalytic degradation experiments against the trypan blue
were conducted in the presence of various scavengers to inves-
tigate the contribution of different reactive oxygen species in
dye degradation. Fig. 11a presents the effect of scavengers like
isopropanol ("OH quencher), sodium nitrate (e~ quencher),
ethylenediaminetetraacetic acid (h" quencher), p-benzoquinone
(‘O,~ quencher) on the degradation rate constant.

The degradation rate constant without any scavenger was
found to be 0.039 min~'. The dye degradation rate constant
decreased from 0.039 min~' to 0.019 min~', 0.022 min?,
0.028 min~" and 0.011 min~" in the presence of isopropanol,
sodium nitrate, ethylenediaminetetraacetic acid (EDTA) and p-
benzoquinone (PBQ) respectively. Hence, electrons and holes
can be classified as minor contributors, and the hydroxyl radical
('OH) is moderate contributor. Conversely, the superoxide
radical ('O, ") is the principal agent responsible for dye degra-
dation activity. The photoactivity of the CuS/CdS heterojunction
is principally governed by the positions of the VB and CB, which
regulate the mobility of holes and electrons as well as the
formation of reactive oxygen species during the photoreaction.
The edge potentials of the conduction and valence bands (Ecg;
Eyg) were calculated using the subsequent equations:*®
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(a) Point of zero charge for CuS/CdS composite; (b) effect of pH on the dye degradation efficiency of CuS/CdS composite.
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ECB =X — Ee — OSEg (5)

(6)

Eyp = E; + Ecp

© 2025 The Author(s). Published by the Royal Society of Chemistry

‘X’ is the semiconductor's electronegativity, ‘E.’ the free electron
energy (4.5 €V vs. NHE), and ‘E, the bandgap energy. The
conduction and valence band potentials were found to be —0.77 eV
and +2.13 eV for CdS, and —0.61 eV and +2.15 eV for Cus,
respectively (Fig. 11b). When exposed to visible light, both semi-
conductors can absorb photons and generate electron-hole pairs.
The favourable band alignment and interfacial internal electric
field of the heterojunction facilitate the transport of electrons from
the CB of CusS to the VB of CdS, resulting in recombination with
photogenerated holes. The efficient separation of charge carriers is
facilitated by the Z-scheme charge transfer mechanism, which
leads to the accumulation of electrons in the CB of CdS and holes
in the VB of CuS. The conduction band of CdS (—0.77 eV) is more
negative than the reduction potential of molecular oxygen to
superoxide radicals ("0, ", E° = —0.33 eV).* In contrast, the VB of
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Fig.12 Normalized TOC vs. time for trypan blue (15 mg L™%) over CuS/
CdS under visible light.
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CuS (+2.15 eV) is situated above the potential required for
hydroxide ion oxidation (OH /"OH, +1.99 eV), hence enabling the
generation of hydroxyl radicals ("OH).*® The valence band is
somewhat below the potential for direct water oxidation (+2.38 eV)
to hydroxyl radicals, rendering it unfeasible.

Furthermore, the internal electric field produced by the p-n
junction at the interface can enhance the directional mobility of
charge carriers, impede recombination, and promote the
formation of reactive oxygen species (ROS). The resulting
superoxide radicals and hydroxyl radicals are responsible for
the reductive and oxidative degradation of TBD, respectively.
The photodegradation products of TBD are simple, harmless
molecules of water and carbon dioxide.

The possible reactions involved in the dye degradation are
written below:*

CuS/CdS + hy — CdS [ecg | + CuS [hyg]
CdS[ecg ]+ 0, —» 'Oy~
CuS [hyg]+ OH™ — "OH

‘OH/'O;,™ + trypan blue — degradation intermediates —
CO, + H,O

3.9. TOC validation of mineralization

To unambiguously distinguish apparent decolorization from
genuine mineralization, we performed time-resolved TOC
measurements on trypan blue solutions photocatalyzed by CuS/
CdS under visible-light irradiation. As evident form Fig. 12, the
normalized TOC declined monotonically, reaching 78.2%
removal at 48 min, closely paralleling the 81% trypan blue
decolorization measured under identical conditions. The small
TOC-absorbance offset indicates that chromophore cleavage
slightly precedes complete mineralization; the residual TOC
most likely reflects short-lived, partially oxidized fragments and
minor surface-retained species rather than adsorption artifacts
(samples were dark-equilibrated before irradiation). Collec-
tively, the TOC kinetics substantiate genuine mineralization in
the CuS/CdS system and align with a two-stage pathway—rapid
de-azo cleavage followed by slower ring-opening and stepwise
oxidation to CO,/H,0—supported by efficient charge separa-
tion in the direct Z-scheme heterojunction.

4. Conclusion

In summary, a CuS/CdS heterojunction was synthesized via
a straightforward co-precipitation approach followed by
annealing for photodegradation of toxic dyes and other pollut-
ants in the water systems. The characterization techniques,
such as XRD, EDX, SEM, FTIR, UV-Vis, transient photocurrent,
and -V measurements, were used for investigating structural,
compositional, morphological, functional, optical, and elec-
trical features of fabricated samples. In the application study,
the photocatalytic performance of the CuS/CdS composite was
evaluated for the degradation of trypan blue dye. The CuS/CdS

39190 | RSC Adv, 2025, 15, 39180-39192
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composite exhibited 100% dye removal (with 19% sorption
and 81% photodegradation) within the irradiation period of 48
minutes. At the same time, the pristine CuS and CdS demon-
strated only 74.9% and 56.5% dye removal for 48 minutes under
the same reaction conditions. The observed rate constant for
the CuS/CdS composite (0.039 min ') was 2.79 times greater
than that of CdS (0.014 min ") and 1.86 times more than that of
CuS (0.021 min~"). The improved surface area, reduced band
gap, and formation of a p-n junction between CuS and CdS
enhance dye absorption maximize visible light utilization, and
suppress charge recombination, thereby contributing to the
superior performance of the composite compared to its pristine
components. The results revealed the CuS/CdS composite to be
an effective, long-lasting photocatalyst with great promise for
real-world environmental remediation applications.
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