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ouble hydroxide-based ternary
nanocomposite for the effective photocatalytic
degradation of rhodamine B

Nader M. Abdelbar, *ab Mohamed A. Ahmeda and Ashraf A. Mohamed a

Photocatalytic degradation of organic pollutants is a green and effective route of wastewater treatment.

Zinc oxide was initially used for this purpose; however, calcined zinc/chromium layered double

hydroxide (ZnCr-LDO) and cadmium sulfide quantum dots (CdSQDs)-based nanocomposites proved as

superior alternatives. Herein, we report a green sonochemical method for the sol–gel fabrication of

novel CdSQDs@ZnCr-LDO/ZnO ternary nanocomposite that exhibited exceptional photocatalytic activity

for the degradation of rhodamine B dye (RhB), in wastewaters, under UV-A-irradiation. The features of

the ternary nanocomposite were investigated using various physicochemical techniques, including XRD,

SEM, TEM, EDX, XPS, BET, zeta potential, DRS, and PL measurements. The RhB dye % removal was 38.02,

40.2, and 98% using pristine ZnO, ZnCr-LDO and the ternary CdSQDs@ZnCr-LDO/ZnO-based

nanomaterials, respectively, reflecting the superior ternary nanocomposite's photocatalytic activity that

made it an excellent competitor to commonly reported photocatalysts. Additionally, an investigation was

carried out to determine the key reactive species in the photocatalytic degradation of RhB, considering

both scavenger's type and concentration. The prevailing mechanism was found to be the reductive

photodegradation pathway. Furthermore, several models were utilized to describe the kinetics of

photocatalytic performance of the ternary nanocomposite and a typical Z-scheme type-II photocatalytic

heterojunction mechanism was inferred.
1. Introduction

Organic pollutants, such as dyes, in wastewater pose a major
threat to ecosystems and aquatic life.1–4 Pharmaceutical, textile,
cosmetics, food, paint, ceramics, and pigment industries utilize
dyes to color their products.1–3 Among dye pollutants, RhB dye is
a stable xanthene dye commonly used in the laboratory as
a stain tracer to determine the direction and rate of transport.
Therefore, a suitable treatment should be established before
discharging dye effluents to the water stream. To date, various
techniques have been documented for eliminating RhB from
aqueous solutions,1–3 including advanced oxidation,5 adsorp-
tion,6 ionizing radiation,7 ion exchange,8 among other methods.
However, achieving the removal of RhB at low concentrations is
a difficult and challenging task.9 Therefore, nding an eco-
friendly, and cost-effective method is essential for treating
waste-effluents containing low levels of RhB. On the other hand,
photocatalytic degradation of organic pollutants is an effective
effluent's remediation strategy that found widespread
nce, Ain-Shams University, Abbassia,

p@sci.asu.edu.eg; nadermostafa88@nhe.

Technology and Energy, New Heliopolis,

the Royal Society of Chemistry
application.2,10 In this regard, novel, effective, recyclable, eco-
friendly and cost-effective photocatalysts are highly desirable.
Various semiconductor materials, for instance ZnO, TiO2, SnO2,
SrTiO3, and CdS exhibited promising photocatalytic activi-
ties.2,11 In practical context applications, the creation and design
of semiconductor photocatalysts powered by visible/UV-A light,
featuring appropriate band gap energies, remain crucial and
present a signicant challenge for researchers.12,13 Therefore,
extensive efforts is being exerted to assess the conversion
capacities and light harvesting of various photocatalytic nano-
materials in the visible/UV-A range of the spectrum,14 where
improved photocatalysts were acquired by structural and
compositional modication of pristine semiconductors.2,15

Recently, different metal hydroxides M-OH, especially layered
double hydroxides (LDH) and their calcined counterparts
(LDO), have been examined as adsorbents and photocatalysts
for the elimination and photo decomposition of organic
pollutants, along with H2-production purposes.1,16,17 LDH-based
materials are anionic clays, with the general formula
[M(1−x)

2+M(x)
3+(OH−)2]

x+ [(Xn−)(x/n)$mH2O]
x−, where M2+ and M3+

are divalent and trivalent metal ions, respectively, which have
been abundantly studied for their catalytic activity18 adsorption/
separation,19 biotechnology,20 biomedical,21 and other applica-
tions.1 Recent progress in LDH-based photocatalysts has led to
enhanced visible light harvesting, improved charge separation,
RSC Adv., 2024, 14, 14523–14538 | 14523

http://crossmark.crossref.org/dialog/?doi=10.1039/d4ra00685b&domain=pdf&date_stamp=2024-05-02
http://orcid.org/0000-0003-4801-5036
http://orcid.org/0000-0001-9377-2752
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra00685b
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA014021


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

2 
m

ag
gi

o 
20

24
. D

ow
nl

oa
de

d 
on

 0
4/

04
/2

02
6 

13
:5

9:
40

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
increased surface area, and better pollutant removal. This is
achieved through band structure engineering, morphological
control, and surface modications; nevertheless, more focus is
required on facile and up-scalable synthesis and suitability for
sustainable industrial applications.1–3

Herein, a novel CdSQDs@ZnCr-LDO/ZnO ternary nano-
composite was synthesized, thoroughly characterized, and
conveniently applied to the photocatalytic degradation of RhB.
The inuence of operating parameters including catalyst dose,
initial dye concentrations, contact time, temperature, and pH
on the photodegradation of RhB was evaluated. The kinetics
and mechanism of dye photodegradation were explored.

2. Experimental
2.1 Materials

All chemical substances were procured from Sigma-Aldrich (St.
Louis, MO, USA). Bi-distilled water was used throughout.

2.2 Instruments

The rate of photocatalytic degradation was monitored, in
10 mm cells, using a Shimadzu-1650-UV-visible spectropho-
tometer (Kyoto, Japan) that is controlled by UV-probe 2.5
soware.22 The pH measurements were conducted using
a calibrated Adwa pH mV−1, meter model 1000 (Szeged,
Fig. 1 Schematic diagram of synthesis method of (a) ZnONPs, (b) binary Z
LDO/ZnO nanocomposite.

14524 | RSC Adv., 2024, 14, 14523–14538
Hungary). Centrifugation was conducted using an NF815
centrifuge (Ankara, Turkey). XRD measurements were per-
formed with XRD-6100 X-ray diffractometer in a 2q range of 5–
70o using continuous scanning mode. HR-TEM JEOL 6340
electron microscope was utilized for imaging. The photo-
catalytic activity of synthesized catalyst was examined by
following the RhB photodegradation under different light
sources of Fluorescent white Lamp (2 × 15 W, 380–680 nm,
725 lm, Philips, Egypt), UV-A lamp (20 W, 368 nm, Sylvania,
Germany), and UV-C lamp (20 W, 254 nm, Philips,
Netherlands).
2.3 Fabrication of zinc oxide nanoparticles ZnO (NPs)

Zinc oxide nanoparticles were synthesized using a sol–gel
method. A 20.0 g Zn(NO3)2$6H2O were dissolved in 200 mL
distilled water (DW), a 20 mL of 5% w/v aqueous pluronic-P123
was added as a polyol surfactant solution and capping agent
under continuous stirring at 700 rpm, and the pH was adjusted
to 9.0 ± 0.2 with 2.0 M ammonium hydroxide, at room
temperature to form a milky Zn(OH)2 based-sol–gel Then, the
formed gel was allowed to age for a period of 24 hours, ltered,
Subjected to drying at 110 °C and calcination at 450 °C for 3 h,
grinded well, and sieved to give ZnO NPs as illustrated in
Fig. 1a.
nCr-LDO nanosheets, (c) CdSQDs, and (d) the ternary CdSQDs@ZnCr-

© 2024 The Author(s). Published by the Royal Society of Chemistry
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2.4 Synthesis of ZnCr-LDO nanosheets

A mixture of 5.95 g Zn(NO3)2$6H2O, and 4.0 g Cr(NO3)3$9H2O,
was dissolved in 200 mL of DW. This solution has a mole ratio
of 2 : 1. A 20 mL of 5% w/v aqueous pluronic-P123 solution was
added dropwise with stirring at 700 rpm, Fig. 1b. The pH was
adjusted to 9.0 ± 0.2 by dropwise addition of a mixture con-
taining 3.0 M NaOH and 2.5 M Na2CO3, serving as the interca-
lated anion between layers, where ZnCr-LDH was formed. The
obtained LDH is le aside for 24 h, ltered off, washed with DW,
dried, and calcined at 450 °C for 3 h to furnish the ZnCr-LDO
nanosheets (ZnCr-LDO NSs).
2.5 Synthesis of cadmium sulde quantum dots (CdSQDs)

CdSQDs was prepared as described previously.23 Briey, 0.70 g
cadmium acetate was dissolved in 200 mL water, and a 2.0 mL
thioglycolic acid was added as a thiol stabilizer and capping
agent. The mixed solution's pH was adjusted to 12.0 ± 0.2
through the addition of 1.0 M NaOH, and stirred for two hours.
Then a 0.24 g Na2S was dissolved in 200 mL water, added
dropwise with stirring to the previous solution and set aside for
two days at room temperature, Fig. 1c. The settled down
CdSQDs were separated, aerward, rinsed several times with
absolute ethanol and dried at 50 °C for 24 h.
2.6 Synthesis of novel CdSQDs@ZnCr-LDO/ZnO ternary
nanocomposite

The ternary CdSQDs@ZnCr-LDO/ZnO was synthesized in
a mass ratio of 1 : 9 : 90 for CdSQDs: ZnCr-LDO NSs: ZnO NPs.
Typically, a 0.18 g ZnCr-LDO and 1.80 g ZnO were dispersed
together in 200 mL water in an ultrasonic bath for 3 h. Aer
that, the powder was gathered through ltration, dried at 100 °
C for a period of 3 h and denoted as the binary ZnCr-LDO/ZnO.
Then, 0.02 g CdSQDs was dispersed over the surfaces of the
binary ZnCr-LDO/ZnO by ultrasound irradiation, in 200 mL
water, at room-temperature for 3 h. The formed powdered
CdSQDs@ZnCr-LDO/ZnO ternary nanocomposite was
collected by ltration and dried at 80 °C overnight, as depicted
in Fig. 1.
2.7 Photocatalytic measurements

To evaluate the photocatalytic efficiency of the ternary
CdSQDs@ZnCr-LDO/ZnO nanocomposite, aqueous RhB was
employed as a typically highly stable model organic dye
pollutant, under UV-A light irradiation. RhB has a maximum
visible light absorption at 554 nm. Photocatalytic experiments
were conducted in a homemade closed box with a 20 W, UV-A
lamp as a source of UV-A light (368 nm), at room tempera-
ture. A 100 mL solution of 1.0 mg L−1 aqueous RhB dye was
mixed with 10.0 mg of the ternary CdSQD@ZnCr-LDO/ZnO
nanocomposite photocatalyst and stirred with the magnetic
stirrer, for 1 h in the dark to allow attainment of adsorption
equilibrium between the ternary nanocomposite photocatalyst
and the adsorbate RhB dye, aer that the UV-A lamp was turned
on for 212 h. At pre-selected time intervals, 5.0 mL sample
aliquots were withdrawn centrifuged, and the supernatant
© 2024 The Author(s). Published by the Royal Society of Chemistry
solution was transferred to a 10 mm spectrophotometric cell to
record the RhB dye absorption spectrum against water as
a reference.
3. Results and discussion

The current work describes a facile, straightforward, easily
scalable, and cost-effective synthesis of CdSQDs/ZnCr-LDH/ZnO
ternary nanocomposite photocatalyst and its precursors. ZnO
nanoparticles were synthesized using a sol–gel method that
provides control over nanoparticle size and morphology while
being an environmentally benign method. ZnCr-LDH nano-
sheets were synthesized utilizing a simple co-precipitation
method in the presence of CO32− as an intercalating anion
between the LDH layers. The sonochemical perturbation yiel-
ded smaller sized CdSQDs with a huge surface area, uniform
dispersion and deposition, and anchoring onto the ZnCr-LDH
nanosheets and ZnO NPs. Furthermore, ultrasound irradia-
tion generates acoustic cavitation, which allows for the homo-
geneous distribution and strong binding of CdSQDs to LDH and
ZnO NPs, resulting in synergistic effects that boost the overall
photocatalytic activity.
3.1 Fourier-transform infrared spectroscopy (FTIR)

FTIR is a widely used technique to characterize the structural
and bonding properties of materials by probing the modes of
chemical bonds. The typical FTIR spectra of ZnO NPs shows
a broad absorption band around 3400–3500 cm−1 correspond-
ing to the stretching vibrations of O–H groups, indicating the
presence of surface-adsorbed water or hydroxyl groups. The
band around 1620 cm−1 is attributed to the bending vibrations
of adsorbed water molecules. Bands in the ngerprint region
(500–1300 cm−1) is associated with the Zn–O stretching and
bending vibrations, characteristics of the ZnO lattice, as shown
in Fig. 2a, c and d. The FTIR spectra CdSQDs, Fig. 2b and d,
exhibited bands related to the stretching and bending vibra-
tions of functional groups of the capping agent, thioglycolic
acid, such as O–H (3375.4 cm−1), –CH3 (2912.9 cm−1), C]O
(1629.5 cm−1), and S–H bonds (2550 cm−1, strongly weakened
due to bonding with metal ions). Bands associated with the Cd–
S stretching vibrations (778.7 cm−1), although these may be less
prominent due to the small size of the QDs Fig. 2b. Moreover,
the FTIR spectra ZnCr-LDO NSs, Fig. 2c and d, showed bands at
799 and 952 cm−1 related to the vibrations of metal–oxygen
bonds (Zn–O, Cr–O) in the layered structure. The wideness of
the band indicates the existence of hydrogen bonds. The weak
peak at 1635.7 cm−1 is attributed to the deformation vibration
of interlayer water. Bands corresponding to the interlayer
anions or guest species present between the LDO layers, e.g.
carbonates. Furthermore, the ternary nanocomposite FTIR
spectrum exhibited characteristic bands related to the indi-
vidual components CdSQDs, ZnCr-LDO, and ZnO; however,
with slight shis or changes in the positions and intensities of
these characteristic bands, indicating potential interactions or
chemical modications between the individual components, as
shown in Fig. 2d.
RSC Adv., 2024, 14, 14523–14538 | 14525
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Fig. 2 FTIR spectra for (a) ZnO NPs, (b) CdSQDs, (c) ZnCr-LDO NSs and, (d) CdSQDs@ZnCr-LDO/ZnO ternary nanocomposite.
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3.2 Crystallite properties

X-ray diffraction (XRD) is an effective tool that is customarily
utilized in the characterization of nanomaterials to evaluate its
crystallite features, including the crystal structure, average
Fig. 3 XRD spectra of (a) ZnCr-LDO, (b) CdSQDs, (c) ZnO NPs, and (d) C

14526 | RSC Adv., 2024, 14, 14523–14538
crystallite size, crystalline phases, and lattice parameters. Fig. 3
illustrates the XRD patterns of the prepared ZnCr-LDO,
CdSQDs, ZnO, and CdSQDs@ZnCr-LDO/ZnO nanocomposite.
The XRD pattern of the as-fabricated ZnCr-LDO, illustrated in
dSQDs@ZnCr-LDO/ZnO nanocomposite.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3a, conrmed its layered structure, as specied by diffrac-
tion peaks at 30.5°, 35.89°, 37.44°, 43.69°, 54.23° and 57.55°
that are in harmony with JCPDS Card No. 00-019-1456.The
fabricated CdSQDs exhibited broad XRD peaks at 2q = 26.7°,
44° and 51.5°, as shown in Fig. 3b, corresponding to the crys-
talline planes 111, 200, and 311, respectively, with average size
of 3.7 nm indicating a face centered cubic pattern (JCPDS Card
No. 00-010-0454).

Moreover, the hexagonal wurtzite structure of the fabricated
ZnO nanoparticles with space group P63mc and crystallographic
parameters a = 3.253 Å, b = 3.253 Å and c = 5.213 Å is in
harmony with JCPDS Card No. 01-089-1397. These results
demonstrated a high purity level of ZnO NPs fabrication pos-
sessing an average crystallite size of 40 nanometers. Further-
more, the XRD pattern of the as-fabricated CdSQDs@ZnCr-LDO/
ZnO ternary nanocomposite, shown in Fig. 3d, exhibited all
characteristic peaks of its individual components and showed an
average crystal size of 36.6 nm, as calculated by Scherrer's
equation and is in harmony with high resolution transmission
electron microscopy (HR-TEM) ndings, vide infra.
3.3 Morphological properties

The eld emission scanning electron microscopic (FESEM) images
of CdSQDs@ZnCr-LDO/ZnO nanocomposite are shown in Fig. 4.
The SEM images (Fig. 4a and b) reect the homogeneous deposi-
tion of CdSQDs onto ZnCr-LDO sheets and ZnO NPs surfaces. This
uniform deposition demonstrated the effectiveness of the
ultrasonic-assisted agitation in producing the ternary nano-
composite, CdSQDs@ZnCr-LDO/ZnO, where CdSQDs were
Fig. 4 Scanning electron microscopic images of (a) CdSQDs@ZnCr-LDO
ZnO nanocomposite (c and d) elemental overlay for CdSQDs@ZnCr-LDO
in CdSQDs@ZnCr-LDO/ZnO.

© 2024 The Author(s). Published by the Royal Society of Chemistry
uniformly dispersed throughout the structure of the hexagonal
wurtzite conguration of ZnO nanoparticles and ZnCr-LDO nano-
sheets. Furthermore, the EDX, elemental overlay and mapping
spectra for CdSQDs@ZnCr-LDO/ZnO nanocomposite comprised
ve primary components, including: O, S, Cd, Cr and Zn, with wt%
12.54, 0.29, 0.68, 1.11 and 85.37%, as shown in Fig. 4c–i, which
revealed the uniform distribution of O, S, Cd, Cr and Zn in the
synthesized CdSQDs@ZnCr-LDO/ZnO nanocomposite, thereby
increasing the number of available adsorption.24

Furthermore, the high-resolution transmission electron
microscopic (HR-TEM) images and selective area electron
diffraction (SAED) patterns of ZnO NPs, CdSQDs, ZnCr-LDO
NSs, and CdSQDs@ZnCr-LDO/ZnO nanocomposite are shown
in Fig. 5a–h. The diffraction fringes of (111) and (220) planes of
crystalline ZnO NPs can be clearly observed, as shown in Fig. 5b,
with interplanar line spacings of 0.30 and 0.33 nm, respectively.
Furthermore, Fig. 5c and d suggests the successful synthesis of
polycrystalline CdSQDs with noticeable particle size of 3–10 nm.
In addition, the well-dispersion and anchoring of CdSQDs onto
ZnCr-LDO NPs in the ternary nanocomposite is apparent across
all corners and layers of the created sheets of ZnCr-LDO matrix
over ZnO NPs surfaces, as illustrated in Fig. 5g. Additionally, the
average particle size of the ternary nanocomposite was about
37 nm in harmony with the XRD ndings.
3.4 Structural properties

To conduct a more in-depth evaluation of the surface chemical
composition and elemental oxidation states of the as-fabricated
CdSQDs@ZnCr-LDO/ZnO nanocomposite, X-ray photoelectron
/ZnO nanocomposite and (b) EDX mapping for CdSQDs@ZnCr-LDO/
/ZnO nanocomposite and (e–i) the spectral mapping of each element

RSC Adv., 2024, 14, 14523–14538 | 14527
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Fig. 5 The HR-TEM images and the corresponding SAED patterns of (a and b) ZnONPs, (c and d) CdSQDs, (e and f) ZnCr-LDO nanosheet, and (g
and h) CdSQDs@ZnCr-LDO/ZnO ternary nanocomposite.
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spectroscopy (XPS) was used, as shown in Fig. 6a–f. The ob-
tained spectra revealed the presence of Cd, S, Cr, Zn, and O
elements on the surfaces of the prepared ternary nano-
composite, with corresponding peaks around 412.28, 161.88,
586.18, 1045.28 and 530.78 eV, respectively. Moreover, the full
survey narrow-scan spectrum of the individual elements are
Fig. 6 (a) Sample survey XPS spectrum of CdSQDs@ZnCr-LDO/ZnO, Hi
and (f) Cr (2p).

14528 | RSC Adv., 2024, 14, 14523–14538
displayed in Fig. 6a. Two main strong peaks of Cd positioned at
405.58 eV and 412.28 are referring to the binding energies (BE)
of Cd 3d5/2 and Cd 3d3/2, as demonstrated in Fig. 6b, in harmony
with previously reported data.25 Furthermore, the O (1s) spec-
trum, shown in Fig. 6e, exhibited three BE components
congruous low binding energy (LBE), middle binding energy
gh resolution XPS spectra of (b) Cd (3d), (c) S (2p), (d) Zn (2p), (e) O (1s),

© 2024 The Author(s). Published by the Royal Society of Chemistry
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(Mid-BE), and high binding energy (HBE), corresponding to
529.38, 530.78, and 532.08 eV peaks, respectively, similar to
previously reported data.15 The LBE was ascribed to O2− ions at
the essential sites of bonding between Zn2+ ions and O2− ions in
the hexagonal ZnO structure and theMid-BE was ascribed to the
O2− ions in the imperfect oxygen region. While the HBE emis-
sion spectrum was attributed to the chemisorbed oxygen
vacancies.9,26 Moreover, the peak proles of Zn spectrum was
deconvoluted into 2 main peaks, as illustrated in Fig. 6d, at
1022.08 eV and 1045.28 eV that are associated with Zn 2p3/2 and
Zn 2p1/2, respectively, with peaks matched to Zn atom at the
disciplinarian lattice sites in ZnO NPs.27 Furthermore, the
disparity in binding energies (BE) between the Zn 2p3/2 and Zn
2p1/2 peaks was determined to be 23.2 eV, indicative of the
characteristic value for the hexagonal Wurtzite ZnO NPs struc-
ture.24 Compared with ZnCr-LDO, the binding energies (BE) of
Cr 2p and Zn 2p in CdSQDs@ZnCr-LDO/ZnO show an obviously
negative shi. Conversely, the binding energies (BE) of Cd 3d3/2,
Cd 3d5/2 and S 2p in CdSQDs@ZnCr-LDO/ZnO display explicit
shi to high energy values, compared with native pecursors.
These obvious shis are characteristic of the bonding and
hybridization between the ZnCr-LDO nanosheets and the
CdSQDs, which involves the electron transfer from CdSQDs to
ZnCr-LDO. The results reveals the existence of strong electronic
interaction between the CdSQDs and ZnCr-LDO nanosheets
over ZnO surfaces in such a heterostructure, that is valuable to
diminish the photoinduced charges and carriers recombination
throughout the photocatalytic process.

3.5 Textural analysis

Brunauer–Emmett–Teller (BET) surface area analysis and Bar-
rett–Joyner–Halenda (BJH) pore size and volume analysis were
conducted to study the textural characteristics of the
Fig. 7 (a) Nitrogen adsorption/desorption isotherm of CdSQDs@ZnCr-
analysis.

© 2024 The Author(s). Published by the Royal Society of Chemistry
CdSQDs@ZnCr-LDO/ZnO nanocomposite, as illustrated in
Fig. 7a. The N2 adsorption–desorption isotherms at 77 K,
Fig. 7a, is categorized as type IV with an H3 hysteresis loop
following IUPAC classications (observed within the pressure
range of 0.85–0.95 P/P0), and that is characteristic for slits-like
pores structure.26 The determined specic surface area of the
synthesized CdSQDs@ZnCr-LDO/ZnO ternary nanocomposite
was 90.90 m2 g−1, with an average diameter of 48 nm. The
nanocomposite exhibited a consistent pore size distribution,
indicating the existence of a monomodal meso-porosity
(Fig. 7b). The obtained BET surface area of the as-synthesized
ternary nanocomposite exceeds those previously reported for
pure ZnO nanoparticles (64.2 m2 g−1) and CdS/ZnO composite
(23.76 m2 g−1).25 The greater surface area, in this work, is likely
due to the 2D layered structure of the ZnCr-LDO NSs and the
uniform dispersion of ultra-small CdSQDs throughout the
nanocomposite structure.

The high surface area of 90.9 m2 g−1 provided more active
sites for both dye molecules adsorption and active radicals
generation. Moreover, the large surface area led to faster
diffusion and mass transfer of reactive species, causing
improved photocatalytic reaction kinetics. Also, more dye
molecules adsorption likely occurred on the high surface area
nanostructure before and during irradiation. Overall, the large
surface area of the as-prepared ternary nanocomposite
contributed signicantly to its excellent performance in RhB
dye removal.

3.6 Zeta potential measurements

Zeta potential, serving as a measurable indicator of electrostatic
interactions among particles, plays a crucial role in evaluating
the stability of nanoparticles. Precise assessments of zeta
potential provide valuable insights into the determinants of
LDO/ZnO nanocomposite (b) pore size distribution according to BJH

RSC Adv., 2024, 14, 14523–14538 | 14529
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particle dispersion, aggregation, and clumping. This enables
the renement of formulations for dispersions, emulsions, and
suspensions. In the specic case of the CdSQDs@ZnCr-LDO/
ZnO nanocomposite, the scattering of 0.10 g of the nano-
composite in 10 mL of distilled water yielded a positive zeta
potential of 0.128 mV, indicative of electrostatic stability. This
observation aligns with the determined pHpzc (point of zero
charge) of the CdSQDs@ZnCr-LDO/ZnO nanocomposite,
recorded at 6.50. Understanding the interplay between solution
pH, the pHpzc, and the pKa of RhB is essential for compre-
hending the catalytic process. Rhodamine B has a pKa of about
4.2 corresponding to the dissociation of the aromatic carboxylic
group. When the solution pH falls between 4.20 and 6.50, the
Fig. 8 (a) DRS spectra, (b) Tauc plots, and (c) PL spectra of the as-
fabricated nanomaterials (ZnO NPs, ZnCr-LDO, CdSQDs@ZnCr-LDO/
ZnO).

Table 1 The estimated band-gap energies (Eg), average crystallite size (D
and its precursors for RhB dye removal

Catalyst D (nm) Eg (eV)

RhB rem
0.10 g L−

(Dak)

ZnO 40 3.2 11.0
CdSQDs 3.7 2.2 —
ZnCr-LDO 40.8 2.7 17.0
CdSQDs@ZnCr-LDO/ZnO 58 3.1 15.8

14530 | RSC Adv., 2024, 14, 14523–14538
ternary nanocomposite catalyst has positively charged surfaces
that enhance the adsorption of the negatively charged carbox-
ylate moieties of RhB molecules, potentially improving the
catalytic performance. Conversely, at pH levels surpassing 6.50,
the pHpzc, the negatively charged catalyst surface may inuence
interactions with RhB, potentially diminishing its catalytic
efficiency. The consideration of pH in relation to the pKa of RhB
is crucial, since it inuences the charge status of the dye
molecules, thereby diminishing their interaction with the
catalyst.13
3.7 Optical properties

3.7.1 UV-vis DRS analysis and band structure determina-
tion. The UV–vis diffuse reectance spectroscopy (DRS) was
utilized to examine the optical properties, and the BE of the as-
fabricated CdSQDs@ZnCr-LDO/ZnO, as shown in Fig. 8a. The
distinct absorptions are observed at 544, 405, and 485 nm for
CdSQDs, ZnO NPs, and ZnCr-LDO individual samples, respec-
tively. The existence of the absorption maximum at 395 nm
conrms the development of the hexagonal wurtzite phase in
the structure of ZnO NPs, showcasing a well-dened crystalline
lattice nature.28 The DRS data and Kubelka–Munk (K–M)
model29,30 has been employed to evaluate the bandgap energy
(BE) of the as-fabricated samples from their spectral data,
Fig. 8b. The estimated bandgap energy values, listed in Table 1,
were 2.2, 2.7, 3.2 and 3.1 eV for CdSQDs, ZnCr-LDO, ZnO and
CdSQDs@ZnCr-LDO/ZnO samples, respectively, which were in
harmony with previously reported values.31

These results revealed that the as-fabricated nanocomposite
sample absorbs extra photo energy (visible/UV-A light) than its
individual components indicating its efficacy in solar light har-
vesting. The similarity in the UV-vis absorption spectra between
ZnO NPs and the CdSQDs@ZnCr-LDO/ZnO nanocomposite can
be attributed to the high weight percentage (90%) and strong
absorption characteristics of the ZnO NPs present in the ternary
nanocomposite. Additionally, the presence of CdSQDs (1 wt%)
and ZnCr-LDO nanosheets (9 wt%) in the ternary composite does
not signicantly alter the overall absorption spectrum, which is
still dominated by the ZnO NPs 90% fraction.

3.7.2 Photoluminescence spectral analysis. Room
temperature-photoluminescence (PL) spectral measurements
were conducted to investigate the luminescence characteristics
and evaluate the electron–hole (e–h) pair recombination
) of the prepared ternary CdSQDs@ZnCr-LDO/ZnO nanocomposites

oval% (pH = 6.0, 1 × 10−5 mol L−1 RhB,
1 catalyst, 150 min)

Photocatalysis
rate constant, k min−1

(2 Fluorescent
white lamps) (UV-A lamp)

34.1 38.02 0.002041
— — —
30.6 40.2 0.00147
50.4 98.03 0.02158

© 2024 The Author(s). Published by the Royal Society of Chemistry
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behavior of the as-prepared samples, Fig. 8c, where broad
emission peaks were obtained in the wavelength range of 455–
480 nm with maximum originated at 467 nm for the pristine
ZnO NPs sample. These emission peaks are due to the recom-
bination of photoinduced electrons in CB with corresponding
photoinduced holes in VB.2,32 The as-fabricated ZnO NPs peak
photoluminescence intensity signies an exceptionally rapid
electron–hole recombination rate. Aer incorporation of
CdSQDs and ZnCr-LDO onto the surfaces of ZnO NPs, the
exhibited quenching of PL intensity was attributed to its slight
shi in the main emission peaks. The as-fabricated ternary
nanocomposite CdSQDs@ZnCr-LDO/ZnO sample, however,
had the lowest electron–hole recombination rate when
compared to the as-fabricated ZnO sample. This can be attrib-
uted to the contribution of free electrons from CdSQDs (donor)
to ZnO NPs (acceptor), which entails the quick generation of
photogenerated electron–holes as well as the low rate of
recombination. This provided the as-fabricated CdSQDs@ZnCr-
LDO/ZnO nanocomposite with superior photocatalytic perfor-
mance as compared to its individual precursor photocatalysts,
which is useful for increasing the efficiency of solar (visible/UV-
A) light harvesting.
4. Catalytic performance of
CdSQDs@ZnCr-LDO/ZnO in RhB
degradation

The RhB photocatalytic degradation was monitored under UV-A
irradiation while using the as-fabricated CdSQDs@ZnCr-LDO/
ZnO nanocomposite as a promising catalyst. Changes in the
RhB concentration C/Co were obtained at maximum absorbance
(A/Ao, l = 554 nm). Fig. 9a shows the excellent efficacy of the
synthesized CdSQDs@ZnCr-LDO/ZnO nanocomposite in RhB
dye photocatalytic degradation under UV-A light source where
exceptional discoloration was acquired in 150 min. The discol-
oration of RhB dye was accompanied by a progressive hyp-
sochromic effect, as seen by a decrease in bands intensities at
262, 293, 312, and 355 nm in the UV region (not shown for
Fig. 9 Time-dependent progress of RhB photodegradation using the
irradiation, and (b) fluorescent white light; ([catalyst] = 0.10 g L−1, init
temperature of 25 °C).

© 2024 The Author(s). Published by the Royal Society of Chemistry
simplicity), until all visible and UV peaks vanished aer 150
minutes of UV-A exposure. These ndings conrm the photo-
degradation of chromogenic centers as well as disintegration of
the aromatic rings of RhB dye structure and signify the conver-
sion of RhB dye into H2O and CO2 through mineralization13,33

It is important to note that aer 150 minutes, the RhB dye
removal% increased from 15.8 in the dark to 50.4% under two
uorescent white lamps, but to 98% under the used UV-A lamp,
as shown in Fig. 9a, b and Table 1.
4.1 The kinetics of RhB photodegradation

The photodegradation process encompasses chemical reactions
occurring under UV-A irradiation. Thus, kinetics becomes
essential to evaluate the efficiency of the fabricated
CdSQDs@ZnCr-LDO/ZnO nanocomposite in RhB photo-
degradation, hence the order of reaction (n) and rate constant
(k) were evaluated.

Fig. 10a–c represent the zero-, pseudo-rst (PFO) and second-
order kinetic plots, respectively. The PFO kinetic plot exhibited
better tting to a linear relationship with absolute correlation
coefficient (R2) of 0.99936 indicating that the photocatalytic
performance of the prepared CdSQDs@ZnCr-LDO/ZnO obeys
the pseudo-rst-order kinetics. The non-linear nature of
Fig. 10a and c plots indicates that the current photocatalytic
reaction does not follow zero or second-order kinetics.
Furthermore, by employing the differential method, the R2 of
the depicted plot in Fig. 10d was determined to be 0.9999,
signifying that the photocatalytic reaction obeys rst-order
kinetics. Besides, the curve's slope in Fig. 10e is found to be
zero, indicating that the reaction conforms to pseudo-rst-order
kinetics. All these observations collectively suggest that the
photodegradation of RhB facilitated by the CdSQDs@ZnCr-
LDO/ZnO nanocomposite obeys rst-order kinetics.
4.2 Factors affecting RhB dye photocatalytic degradation
efficiency using CdSQDs@ZnCr-LDO/ZnO nanocomposite

The RhB photocatalytic degradation was optimized by studying
various experimental parameters including the as-fabricated
CdSQDs@ZnCr-LDO/ZnO ternary nanocomposites under (a) UV-A
ial RhB concentration [RhB]o = 1 × 10−5 M, and pH = 6.0 at room

RSC Adv., 2024, 14, 14523–14538 | 14531
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Fig. 10 Graphical representation to obtain the order of the RhB degradation using the as-synthesized ternary CdSQDs@ZnCr-LDO/ZnO
nanocomposites using (a) the graphical method, (b) the differential method, and (c) the t0.5 method [RhB] = 1 × 10−5 M, [catalyst] = 0.10 g L−1,
and the pH value = 6.0.
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CdSQDs@ZnCr-LDO/ZnO wt% composition, medium pH (2.0–
10.0), UV-A irradiation time (0–150 min), catalyst dose (0.05–
0.17 g L−1), and the initial RhB dye concentration (0.5–1.5 ×

10−5 mol L−1), as shown in Fig. 11a–c.
4.2.1 Effect of irradiation time. Contact time is regarded as

one of the most crucial parameters that obviously affect the
photodegradation efficiency of a dye. Thus, the RhB dye pho-
todegradation catalyzed by CdSQDs@ZnCr-LDO/ZnO ternary
nanocomposite was investigated under UV-A irradiation for 0–
150 min. A 100 mL of 5.0 mg L−1 aqueous RhB dye solution
containing 0.10 g L−1 catalyst was adjusted to a pH of 6.0. The
reacting mixture was stirred at 700 rpm in a dark box for 60 min
to allow adsorption/desorption equilibrium, before switching
on the UV-A lamp. As shown in Fig. 9a and b when RhB solution
was stirred with the CdSQDs@ZnCr-LDO/ZnO ternary nano-
composite (in the dark), there was a 15.8% decline in RhB color
within the rst 60 minutes, but there was no further decline for
the next 2 hours of stirring, indicating the occurrence of the
adsorption/desorption equilibrium. Aer that time, it is
apparent that RhB dye photocatalytic degradation's rate raised
regularly with increasing the UV-A radiation time, where
a maximum RhB dye removal was achieved aer 150 min,
during which the incident UV-A light energy on the photo-
catalyst's surfaces increased the chances of producing photo-
excited species, thereby increasing the photocatalytic efficiency.

4.2.2 Effect of CdSQDs@ZnCr-LDO/ZnO photocatalyst
dose. The effect of catalyst dose (0.05 to 0.17 g L−1) on the
photodegradation of 1 × 10−5 mol L−1 RhB at pH 6.0 was
14532 | RSC Adv., 2024, 14, 14523–14538
investigated, as shown in Fig. 11a and Table 2. The RhB
photodegradation% rose upon increasing the photocatalyst
dose from 0.05 to 0.10 g L−1, due to the abundance of the
photocatalyst's active sites relative to the constant concentra-
tion of [RhB]o. However, increasing the photocatalyst dose from
0.10 to 0.17 g L−1 caused a slight decline in RhB
photodegradation% as more photocatalyst loading blocked
some active sites on the catalyst surfaces and slightly distracted
incident UV-A light due to the abundance of dispersed catalyst
NPs. This behavior is consistent with earlier reports.13,34

4.2.3 Inuence of the initial RhB concentration. The
impact of various initial RhB dye concentrations (0.5–1.5 ×

10−5 mol L−1) on the performance of CdSQDs@ZnCr-LDO/ZnO
photocatalyst was studied, as shown in Fig. 11b and Table 2 that
revealed a noticeable dependence of photodegradation% and
photocatalytic reaction rate on the initial [RhB]o concentration.
The RhB dye photocatalytic degradation% decreased from 99.18
to 94.09% by increasing the initial RhB dye concentration from
0.5 × 10−5 to 1.5 × 10−5 mol L−1, which can be partly ascribed
to a decrease in the number of photons reaching the photo-
catalyst's surface active sites due to increased light absorption
by the increased abundance of dye molecules. Additionally, the
higher RhB concentration forms an inner-lter that hinders the
falling light owing to increasing the solution opacity in addition
to blocking the active accessible sites on CdSQDs@ZnCr-LDO/
ZnO catalyst.35

4.2.4 Inuence of the medium pH. The pH signicantly
inuences both the adsorption and photocatalytic degradation
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11 Effects of (a) catalyst dose, (b) RhB dye concentration, (c) medium pH and (d) scavenger's type on RhB photocatalytic degradation
catalyzed by CdSQDs@ZnCr-LDO/ZnO ternary nanocomposites, following the recommended procedure.
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processes, as it affects the photocatalyst's surface charges,
valence band [VB] oxidation potential, adsorption, some
intrinsic physicochemical characteristics and generation active
sites on catalyst surfaces, mainly due to various protolytic
equilibria.2,36 The photodegradation of RhB dye catalyzed by
CdSQDs@ZnCr-LDO/ZnO ternary nanocomposite was studied
as function in the range of pH 2.0–10.0, as shown in Fig. 11c and
Table 2, while keeping other parameters constant. Dilute NaOH
or HCl solutions were used to adjust the solution pH of the
stirred dye solution containing the photocatalyst. The results
revealed that optimum performance as achieved at pH = 6.0 ±

0.5; by increasing the pH from 6.0 to 10.0, the dye degradation%
decreased from 98.4 to 90.7%. This is partly attributed to
© 2024 The Author(s). Published by the Royal Society of Chemistry
various protolytic equilibria involving the formation of less
reactive RhB molecules and catalyst surfaces;2,37 e.g., the
formation of RhB zwitterions that produce bulky less reactive
dimeric forms. On the other hand, at low pH values, the pho-
tocatalytic degradation rate decreased partly due to the gener-
ation of less reactive oxygen species, as well as the formation of
RhB cations that repulse with positively charged catalyst's
surface active sites, resulting in decreased
photodegradation%.2,38

4.2.5 The role of reactive species. The RhB photocatalytic
degradation catalyzed by the as-fabricated CdSQDs@ZnCr-LDO/
ZnO nanocomposites was investigated to evaluate the reactive
species responsible for the catalytic effect. Several scavenging
RSC Adv., 2024, 14, 14523–14538 | 14533

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra00685b


Table 2 Effects of various parameters influencing RhB photocatalytic degradation in the presence of the as-fabricated CdSQDs@ZnCr-LDO/
ZnO ternary nanocomposite

[Catalyst] (g L−1) [RhB]o (mol L−1) pH RhB photodegradation% kabs (min−1)

0.05 1.0 × 10−5 6.0 95.18 0.0392
0.07 1.0 × 10−5 6.0 95.39 0.0472
0.10 1.0 × 10−5 6.0 98.03 0.0365
0.15 1.0 × 10−5 6.0 93.38 0.0419
0.17 1.0 × 10−5 6.0 90.48 0.0434
0.10 0.5 × 10−5 6.0 99.18 0.0644
0.10 0.7 × 10−5 6.0 98.49 0.0782
0.10 1.3 × 10−5 6.0 95.87 0.0368
1.0 1.5 × 10−5 6.0 94.09 0.0332
0.10 1.0 × 10−5 2.0 91.47 0.026
0.10 1.0 × 10−5 4.0 96.61 0.0383
0.10 1.0 × 10−5 8.0 96.85 0.0413
0.10 1.0 × 10−5 10.0 94.70 0.0309
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reagents such as p-benzoquinone (PQ), sliver nitrate, ammo-
nium oxalate and isopropanol were employed to trap cO2

−, −ecb,
+hvb, and cOH, respectively,39,40 where the scavenger's concen-
tration was xed to (1 × 10−5 mol L−1), as shown in Fig. 11d.
The use of benzoquinone, isopropanol, ammonium oxalate and
silver nitrate as cO2

−, cOH, −ecb, and
+hvb scavengers resulted in

40.45, 4.0, 8.0 and 1.0% reduction in the RhB
photodegradation%, respectively, as shown in Fig. 11d. There-
fore, the superoxide radical was the most contributing reactive
oxygen species in RhB photocatalytic degradation catalyzed by
the as-prepared CdSQDs@ ZnCr-LDO/ZnO photocatalyst.
5. Proposed mechanism of RhB
photocatalytic degradation
5.1 The overarching mechanism of photocatalysis

The overarching RhB dye photocatalytic degradation mecha-
nism by a semiconductors-based photocatalyst can be
described by eqn (1)–(12). Generally, a photocatalytic reaction
initiates upon exposure to incident photons, resulting in the
generation and acceleration of photo-induced electrons (eCB

−).
This occurs through the transfer and excitation of electrons
from the valence band (VB) to the conduction band (CB), leaving
positive holes (hVB

+) in the VB (eqn (1)). The generated holes
(hVB

+) can degrade RhB dye molecules directly via oxidation
(eqn (2)) or via the generation of cOH that further oxidize the dye
molecules, as shown in eqn (3) and (4). Conversely, the (eCB

−) is
capable of degrading organic dye pollutants either via a direct
reductive pathway (eqn (5)) or indirectly by producing (O2c

−)
(eqn (6)), which can further participate in RhB degadation (eqn
(7)). Therefore, the generated reactive species hVB

+, O2c
−, eCB

−

and OHc are the basis of RhB photocatalytic degradation
process. However, the possible recombination of generated
electron–hole pairs (eCB

− and hVB
+) adversely reduce the entire

photocatalytic process, eqn (8).

Semiconductor!hy Semiconductorþ ðeCB� þ hVB
�Þ (1)
14534 | RSC Adv., 2024, 14, 14523–14538
h+VB + RhB / Degradation products (2)

h+VB + H2O / OHc (3)

OHc + RhB / Degradation products (4)

e−CB + RhB / Degradation products (5)

e−CB + O2 / O2c
− (6)

O2c
− + RhB / RhBc− / Degradation yields (7)

e−CB + h+VB / hy or heat (8)

5.2 The proposed RhB dye photocatalytic degradation
mechanism

The primary factor contributing to the low photocatalytic effi-
ciency observed in the degradation of RhB by pristine ZnO NPs
or ZnCr-LDO NSs is the rapid recombination rate of electron–
hole pairs, as illustrated in Fig. 10. While there was a hypothesis
that the two-dimensional coupling semiconductor in the binary
nanocomposites might improve the separation of electron–hole
pairs compared to their individual counterparts, this relies on
having compatible band alignments between the binary semi-
conductors. Consequently, the energy levels of the conduction
band (CB) and valence band (VB) relative to the standard
hydrogen electrode (NHE), along with the corresponding posi-
tions of these energy bands for both binary and ternary nano-
composites, were calculated. These computations were
determined using the evaluated optical band gap energies (Eg)
and their associated values of electronegativity (EN), as outlined
in eqn (9)–(12).

ECB ¼ X � 4:5� 1

2
Eg (9)

EVB ¼ X � 4:5þ 1

2
Eg (10)
© 2024 The Author(s). Published by the Royal Society of Chemistry
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X ¼ 1

2
ðEEA þ EionÞ (11)

EVB = ECB + Eg (12)

where ECB and EVB denote the edge potentials of the (CB) and (VB)
of the semiconductor, respectively. The symbol “X” signies the
Mulliken's absolute electronegativity (EN) values of the semi-
conductor; (“X” = 5.27, 5.76, and 6.63 for CdSQDs, ZnO NPs, and
ZnCr-LDO NSs, respectively32), Eg represents the quantied
bandgap energy in electron volts (eV), and the energy possessed by
the free electron Ee (4.5 eV vs.NHE). The calculated ECB values were
−0.26, −0.41 and −1.06 eV for ZnO, CdSQDs and ZnC-LDO NSs,
respectively, while, the calculated EVB values were 2.34, 1.79 and
+1.64 eV for ZnO, CdSQDs and ZnC-LDO NSs, respectively.
Composite semiconductors can enhance the photocatalytic activity
via appropriate band alignment. For instance, the excited electron
in the CB has the ability to independently convey energy from the
CB of the 1st semiconductor to the lower CB of the 2nd semi-
conductor. As a result, the “hvB

+” holes can spontaneously migrate
towards the elevated valence band of the 2nd semiconductor. This
aligns with eqn (13); illustrating the noted synergistic impact in the
binary composite of CdSQDs@ZnO that is credited to the estab-
lishment of a “type II heterojunction”. This suggested scenario,
depicted in Fig. 12, is anticipated to enhance the separation of
electron–hole pairs, consequently enhancing the photocatalytic
effectiveness of the binary nanocomposites, as inferred from PL
measurements.
Fig. 12 Z-scheme type II heterojunction mechanism for the enhanc
nanocomposite.

© 2024 The Author(s). Published by the Royal Society of Chemistry
CdSQDs@ZnO / CdSQDs(e1
− + h1

+) + ZnO(e2
− + h2

+ ) /

CdSQDs(e1
− + e2

− + h1
+) + ZnO(e2

− + h1
+ + h2

+) (13)

Fig. 12 illustrates the envisioned mechanism underlying
the photocatalytic efficiency of the as-synthesized
CdSQDs@ZnCr-LDO/ZnO ternary nanocomposite, employing
various strategies to enhance the likelihood and facilitate the
injection of electrons eCB

− into alternative conduction bands,
thereby minimizing e–hole recombination. The CB of ZnO is
anticipated to be the primary CB housing electrons, given its
elevated energy level in contrast to ZnO and ZnCr-LDO.
Conversely, the VB of CdSQDs is anticipated to be the upper-
most conduction band with positive holes (h+), given its
diminished energy level compared to those of ZnCr-LDO and
CdSQDs. Thus, eqn (14) reects synergistic enhancements
stemming from the formation of three type II heterojunctions
within every separate binary nanocomposite. This proposition
aligns with the substantial reduction in the electron–hole
recombination rate suggested by earlier PL measurements for
CdSQDs@ZnCr-LDO/ZnO.

CdSQDs@ZnCr-LDO �!hy
ZnO

CdSQDs
�
eCB

� þ hVB
þ�þ ZnO

�
eCB

�

þ hVB
þ�þ ZnCr-LDO

�
eCB

� þ hVB
þ�/CdSQDs

�
e1

� þ h1
þ

þ h2
þ þ h3

þ�þ ZnCr-LDO
�
e1

� þ e2
� þ h2

þ þ h3
þ�

þ ZnO
�
e3

� þ e2
� þ e1

� þ h3
þ�

(14)
ed photocatalytic activity of the CdSQDs@ZnCr-LDO/ZnO ternary
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Besides, the strategic conguration of the band structure in
the ternary CdSQDs@ZnCr-LDO/ZnO nanocomposite is devised
to amplify the likelihood of establishing Z-scheme hetero-
junctions. This promotes the movement of electrons (eCB

−)
from the CB of one semiconductor to the VB of the other two
semiconductors, ensuring the improved separation of charges
Table 3 Comparison between the as-fabricated CdSQDs@ ZnCr-LDO/
todegradation with previously reported data

Catalyst Light source Period

ZnO 300 W Xe lamp 480 min
CdS/ZnO 300 W Xe lamp 480 min
CdS/ZnO 1000 W halogen lamp 180 min
CdS 300 W lament lamp 120 min
10% CdS@ZnO/g-C3N4 15 W UV-A lamp 120 min
Zn–Cr–CO3 LDH Solar light irradiation 180 min
10%CdSQDs@ZnO 15 W UV-A lamp 120 min
ZnO/CdS/TiO2 350 W Xe lamp 120 min
5% g-C3N4/ZnO 500 W Xe lamp 100 min
ZnO 20 W UV-A lamp 150 min
CdSQDs/ZnO
ZnCr-LDO
CdSQDs/ZnCr-LDO
ZnCr-LDO/ZnO
CdSQDs@ZnCr-LDO/ZnO

Fig. 13 (a) Reusability and recyclability study of the as-fabricated CdSQ
degradation. (b) XRD patterns of native and recycled catalyst after photo
catalyst, respectively.

14536 | RSC Adv., 2024, 14, 14523–14538
and the enhanced overall photocatalytic performance via
multiple type II Z-scheme heterojunctions. These ndings
collectively highlight the remarkable photocatalytic efficacy and
the envisaged synergistic performance of the CdSQDs@ZnCr-
LDO/ZnO ternary nanocomposite when compared to its indi-
vidual components or binary counterparts.
ZnO ternary nanocomposite photocatalytic activity towards RhB pho-

[RhB]o (M)
[Catalyst]
(g L−1) Removal% Ref.

5 × 10−5 NA 58% 41
5 × 10−5 NA 85% 41
1 × 10−5 1.0 90% 42
1 × 10−5 1.0 37% 43
1 × 10−5 1.0 93.3% 44
1 × 10−5 1.0 15% 36
1 × 10−5 1.0 18% 32
1 × 10−5 — 90% 45
1 × 10−5 2 97% 46
1 × 10−5 0.10 38.02% Current work

46.7%
40.2%
62.3%
76.5%
98.03%

Ds@ZnCr-LDO/ZnO on the photocatalytic efficiency in RhB photo-
degradation process, (c and d) FE-SEM images of native and recycled

© 2024 The Author(s). Published by the Royal Society of Chemistry
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5.3 Comparison with previous reports

The as prepared CdSQDs@ZnCr-LDO/ZnO catalyst efficacy in
the photocatalytic degradation of RhB dye as a model organic
pollutant was compared with previously reported data of some
relevant photocatalysts, as shown in Table 3. The advantages of
as-fabricated CdSQDs@ZnCr-LDO/ZnO include the quantitative
dye degradation, the low-intensity lamps (20 W), the shorter
irradiation time, the wide operating pH range matching real
wastewaters, and the low catalyst dosage.
5.4 Photostability, reusability & recyclability of
CdSQDs@ZnCr-LDO/ZnO catalyst

For practical implementation and catalyst reuse, it is crucial to
assess the stability, efficacy, and recyclability of the as-
fabricated nanocomposite catalyst. To investigate the cata-
lyst's photostability and photoactivity, the spent photocatalyst
was collected, washed with ethanol aer each cycle, ltered,
dried, sieved, and reused again. Fig. 13a shows the results of ve
consecutive RhB degradation cycles using the recovered
CdSQDs@ZnCr-LDO/ZnO catalyst. Data revealed that the pho-
tocatalytic efficacy decreased only slightly over the course of ve
consecutive cycles, so that even aer ve experimental cycles,
the photocatalyst retained 80% of its reactivity, conrming its
great stability. The slight decrease in efficacy is partly attributed
to blockage, deterioration, or collapse of some active centers on
the photocatalyst surfaces. Furthermore, Fig. 13b depicts the
XRD patterns of native and recycled catalysts, demonstrating
the presence of all phases of CdSQDs, ZnO NPs, and ZnCr-LDO
NSs in both samples with no discernible shi in peak positions
or crystalline size, albeit with slightly reduced intensity of some
peaks. Furthermore, Fig. 13c and d display FESEM images of
native and recycled catalyst samples, which have identical
morphology and a uniform distribution of CdSQDs and ZnO
NPs over ZnCr-LDO NSs. These ndings support the photo-
catalyst's stability, chemical resistance, long-term durability,
and potential for repeated usage in wastewater treatment.
6. Conclusions

In this work, CdSQDs@ZnCr-LDO/ZnO ternary nanocomposite
was successfully synthesized via a facile and simple method for
the highly effective photocatalytic degradation of RhB dye under
20 W UV-A light irradiation. Physicochemical characterization
tools, including XRD, SEM, HTEM, FTIR, EDS, XPS, DRS, and PL
analysis conrmed the composition, nanostructure and
important characteristics of the as-prepared nanocomposite
catalyst. Findings of PL and scavengers studies conrmed that
superoxide, hydroxyl radicals and positive holes were the
essential reactive species for photodegradation RhB dye. The as-
prepared nanocomposite preserved its efficacy over ve
consecutive cycles of regeneration and reuse. Comparison with
previously reported photocatalysts showed the high efficacy of
the as-prepared ternary nanocomposite even at low catalyst
dose, low wattage lamp requirement and short irradiation
times.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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