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This study aimed to synthesize a Zn-AglnsSg/CdS/SrGO nanocomposite for Cr(v) removal from
contaminated water under solar irradiation. To prevent photo corrosion of CdS, a Z-scheme
heterojunction was formed between CdS and Zn-AglnsSg. The introduction of Ag2+ plasmonic materials
extended the light absorption range and stabilized the photocatalyst. Further, to improve the catalytic
surface area, electrical conductivity, and minimize the rate of electron and hole pair recombination, the
Zn-AglnsSg/CdS Z-scheme heterojunction was loaded onto S-doped rGO. The morphological and
structural analysis of the synthesized nanomaterials (NMs) was done using various techniques, including
XRD, FT-IR, UV-vis DRS, FESEM, TEM, EDAX, photoluminescence, and Raman spectroscopy. Results
revealed that the Zn-AglnsSg/CdS/SrGO nanocomposite removed 85% of Cr(vi) at an initial concentration
of 50 mg L™ in 180 min when exposed to solar irradiation. The simulated first-order kinetic model fitted
to the experimental data for Cr(v) reduction by the nanocomposite exhibits a high correlation coefficient
(R? = 0.97) and the Kapp Value for Zn-AglinsSg/CdS/SrGO (Kypp = 0.0114 min~Y is around 1.6 times larger
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Accepted 10th September 2024 than that of bare ZnAglnsSg. Moreover, Zn-AglnsSg/CdS/SrGO heterojunctions show excellent reusability
up to 4 cycles. Further, the possible photocatalytic mechanism of Cr(v)) reduction has been proposed.

DOI: 10.1035/d4na00350k Therefore, the Zn-AginsSg/CdS/SrGO nanocomposite could serve as an alternative photocatalyst system
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1. Introduction

Industrial effluents containing heavy metals are the major
contributors to water pollution.' Cr(vi) ranked third among the
common toxic environmental pollutants discharged from
several industrial wastewaters such as textile, electroplating,
nuclear power plants, leather tanning, dying, and photography
industries.? Due to increased industrial use, the concentration
of chromium in wastewater typically ranges from 10 to
100 mg L~".* Chromium primarily exists in the environment in
the form of Cr(m) and Cr(vi). Cr(vi) compounds are carcinogenic,
cause tissue damage and dermatitis, and are 10 to 1000 times
more toxic than Cr(m) compounds.* However, the permissible
upper limit for Cr(vi) in the environment is 0.05 mg L™ '.° In
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driven by solar light for Cr(vi) reduction.

contrast, Cr(m) indicates reduced mobility compared to Cr(vi)
and is not soluble in water. Additionally, it readily undergoes
hydrolysis to produce insoluble chromium hydroxides and is
removed from the contaminated water.>® Therefore, converting
highly toxic Cr(vi) into non-toxic Cr(m) represents a viable
strategy for eliminating Cr(v) from contaminated
environments.

Various traditional techniques are available for addressing
the removal of Cr(vi) from contaminated environments
including solvent extraction, membrane separation, coagula-
tion, flocculation, and the electrolysis process.® Among them,
photocatalysis is considered to be the most promising tech-
nique because of numerous advantages, such as being cost-
effective, and efficient, not producing secondary products,
and having an eco-friendly nature compared to traditional
approaches.”® However, photocatalysts have some limitations,
including unsuitable conduction and valence bands, photo-
induced charge carrier recombination, restricted surface area,
and limited visible light absorption capacity, which affect the
overall photocatalytic efficiency. Modifications like defect
alterations, adding active sites, and heterojunction formation
can be applied to address these limitations. Photocatalytic
reduction of Cr(vi) requires photocatalysts with redox proper-
ties, but designing such photocatalysts is still a significant
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challenge.’ In recent years, metal chalcogenides I-III-VI QDs,
such as ZnS-AgInS,, Culn, , GaxS,, and CuGa,In;Ss are widely
popular for the degradation of organic pollutants because they
possess a large surface area, narrow band gap, more negative CB
sites, good carrier mobility and a broad light absorption
range.'®"* In addition to adjusting the composition and size of
I-11I-VI QD photocatalysts, a significant amount of research has
focused on creating heterostructured photocatalysts, including
AgIn;Sg/TiO,, AgInsSs/AgInS,, Zn-AglnsSg/ZnS, and Zn-AgInsSs/
MoS,."* This indicates a promising future for photocatalytic
applications through careful composition and structure
design.* Liu et al.* reported that in photocatalytic applications,
enhancing Ag-In-S-based QDs primarily focuses on adjusting
the ratios of different elements to decrease the bandgap,
thereby increasing visible light absorption. Zhang et al'®
fabricated a 0D/2D o-Fe,03/Zn-AgInsSg Z-scheme hetero-
structure for the H, generation under the illumination of the
sun. The application of a-Fe,O; with superior conductivity
enhances the mobility of the charge carrier and inhibits the
electron and hole pair recombination. In addition, a homoge-
nous distribution of 0D Zn-AgInsSg QDs on a-Fe,0; is produced
by the extraordinarily close interface contact between a-Fe,O3
and Zn-AgInsSs due to electrostatic adsorption caused by the
zeta potential difference, which inhibits QD agglomeration.

Nevertheless, AgInsSs QDs surface defects resulting from
unsaturated surface atom bonding prevent photo-induced
charge carriers for photocatalytic reactions and give rise to
non-radiative recombination.*>*® In addition, these I-III-VI NCs
still suffer from the stability of sulfide materials and thus, limit
their application."” Recently, researchers have devised a range
of techniques such as element doping, surface structure opti-
mization, co-catalyst loading, and heterojunction construction
to enhance the catalytic performance and stability of QDs."
Thus, in the present study, to overcome these limitations, a Z-
scheme heterojunction was constructed between CdS and Zn
AgIn;Sg. It has been reported that the expansion of the light
absorption range and stability of the B-In,S; photocatalyst can
be significantly improved by incorporating Cu®" into the B-
In,S;.*® Thus, in the present study, Zn was doped to In,S; to
prevent charge pair recombination. The introduction of Ag>*
plasmonic materials extended the light absorption range and
stabilized the photocatalyst.*

Among the various photocatalysts, CdS is a promising
candidate due to its narrow bandgap energy of 2.4 eV and very
high quantum yield.? Overall, CdS is easy to prepare, inexpen-
sive, and its morphology can be controlled. It is highly effective
for visible light, making it one of the most notable visible-light-
responsive photocatalysts among sulfides for photocatalytic
applications." Yang et al.*® used CdS in CdS/(I/S) composites
Illite/Smectite (I/S) clays for Cr(vi) reduction, achieving an
impressive 90.6% reduction of 20 mg L™ Cr(vi). However, the
primary constraints of the CdS photocatalytic system include
two main issues: First, CdS tends to aggregate into larger
particles, which significantly reduces the specific surface area
and has a high rate of photogenerated charge carrier recombi-
nation.** Secondly, the formation of holes in the VB of the
semiconductor is the primary cause of the instability and photo-
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corrosion of the CdS photocatalyst. Therefore, a special design
of hole transfer is highly needed, such as the incorporation of
hole-scavenging agents® and the fabrication of a Z-scheme
heterojunction.” For instance, among the heterojunctions,
the Z-scheme heterojunction stands out as an effective
approach with superior redox capacity to overcome the
constraints of unmodified photocatalysts.” Thus to overcome
this above-mentioned limitation a Z-scheme heterojunction was
proposed between ZnAgInsSg and CdS photocatalyst. Further,
the stability of the CdS NPs has been improved using 3 mer-
captopropionic acid.?

The primary goal of photocatalyst design is to promote the
separation and transfer of photoinduced electron and hole
pairs, for which co-catalyst loading is crucial.'” Gong et al.’’
fabricated MoS,-modified Zn-AgInsSs solar-driven QDs for the
degradation of rhodamine B and tetracycline, where MoS, acts
as a cocatalyst to accelerate electron mobility from AgInsSg QDs.
Similarly, Yang et al.*> synthesized Zn-AgIn;Sg QDs on g-C;N, to
produce 0D/2D heterojunction photocatalysts, wherein g-C3N,
nanosheets act as charge transfer mediators. Zhang et al.*®
synthesized 0D/2D Zn-AgInsSg heterojunction using NiS as a co-
catalyst, which offers adequate active sides and facilitates effi-
cient charge transfer, resulting in 5200 umol g~ ' h™*, which is
11 times higher than pure AgInsSgQDs. As per a recent study,
reduced graphene oxide (rGO) is becoming increasingly popular
as a co-catalyst because of its remarkable attributes, which
include an extensive specific surface area (measuring at 2600 m?*
g~ 1), strong thermal and chemical stability, superior electron
conductivity (reaching 15000 m”> v-' s~ '), high density of
functional groups, as well as being an excellent choice for
a carrier or promoter of catalysts.”® Recent research suggests
that the electrical and chemical reactivity of tGO can be
enhanced by introducing vacancy defects, adding heteroatoms,
and non-metal doping.**** Specifically, introducing hetero-
atoms into the material effectively enhanced the number of
active sites and controlled the distribution of electrons.”®
Furthermore, there is a growing interest in S-doped graphene-
based materials, mainly due to the broader band gap result-
ing from the electron-withdrawing character of $'®.*” Xuan
et al.® reported using rGO in the rGO-CdS-MnOx (GCM) nano-
composite, highlighting its suitability as a co-catalyst in pho-
tocatalysis due to its strong electron capture ability, low cost,
and high specific surface area. Thus in the present study S-
doped r-GO was used as a co-catalyst and acted as a charge
transfer mediator that promotes the electron transfer.

The main objective of this study was to prepare a low-cost Zn-
AglIn;Sg/CdS/SrGO photocatalytic nanocomposite by hydro-
thermal procedure for the removal of Cr(vi) from contaminated
water. The morphological, structural, and compositional char-
acterizations of the NMs were carried out by XRD, FT-IR, UV-vis,
DRS, FESEM, TEM, EDAX, PL, and Raman spectroscopy anal-
ysis. The photocatalytic Cr(vi) reduction performance of the
nanocomposite was evaluated, and the effects of different
parameters such as photocatalyst dose, irradiation time, and
initial concentration of Cr(vi) were studied. The reduction of
Cr(vi) using the nanocomposite was evaluated by applying
various kinetic models. The photocatalytic adsorption and Cr(vi)

© 2024 The Author(s). Published by the Royal Society of Chemistry
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reduction mechanisms were fundamentally elucidated. Further,
the reusability of the nanocomposite for synergistic adsorption
and reduction of Cr(vi) removal was investigated.

2. Experimental section

2.1. Materials

Analytical-grade potassium dichromate was purchased from
SRL, India (purity 99.5%). Isopropanol (purity 99.5%), 3-mer-
captopropionic acid (purity 99%), and 1-Cysteine (purity 99%)
were purchased from Hi-Media, India. Indium oxide (purity
99.5%) was purchased from Burgoyne Burbidges and Co., India.
Cadmium chloride (purity 99%), silver nitrate (purity 98%), zinc
acetate (purity 99.5%), graphite powder (purity 98%), and
hydrazine hydrate (purity 80%) were purchased from Merck,
India. Disodium sulphide (purity 60%) was purchased from
LOBA Chem, India. All other reagents and chemicals were of
analytical and laboratory grade.

2.2. Methods

2.2.1. Synthesis of Zn-AgIn;Sg. Zn-AgInsSg QDs were
synthesized using a simple hydrothermal method according to
reported literature’” with some modifications. First, 0.1728 g of
AgNO3, 1.947 g of In,03-5H,0 and 1.947 g of Zn(OAc),-2H,0
(serving as the metal precursors) were dissolved in 24 ml of
deionized water containing 1.09 g of L-cysteine (as a protective
agent). After subjecting the mixture to ultra-sonication for 15
minutes, the pH was adjusted to 8.5 using a 1.0 M NaOH
solution. Subsequently, the mixture was stirred for 20 minutes.
The resulting solution was then transferred to a 100 ml auto-
clave made of Teflon-lined stainless steel and held at a temper-
ature of 110 °C for 4 h. The sample was collected through
centrifugation at 12000 rpm for 15 min, and the obtained
precipitate was washed three times with a mixture of deionized
water and ethanol and re-suspended in deionized water for
subsequent use.

2.2.2. Synthesis of pure CdS. CdS was synthesized as
described in the literature.®?® Briefly, 1st solution was prepared
by dissolving 2.7 g of Cd (NO3), in 15 ml of isopropanol. Then,
3.71 ml of MPA (Mercaptopropionic acid) capping agent was
added, and the pH was fixed at 10.5 by adding 3 M NaOH. The
resulting suspension was purged with nitrogen gas for 15 min. A
2nd solution was prepared by dissolving 0.652 g Na,S in 60 ml of
isopropanol. The suspension was vigorously stirred for 2 h.
Then, the 1st solution was dripped into 2nd solution under
vigorous stirring at room temperature. The aging of the solution
was done for 8 h at 37 °C. The suspension was transferred into
an autoclave at 180 °C for 24 h. The resulting suspension was
centrifuged at 12 000 rpm for 15 min, and the precipitate was
washed with water and ethanol three times. The final product
was dried in the oven at 90 °C for 6 h.

2.2.3. Synthesis of SrGO. Sulfur-doped graphene oxide was
synthesized using the modified Hummers' method.>**° Briefly,
2 g of graphite powder was added to 80 ml of concentrated
H,SO, in an ice bath at 0 °C. Then 4 g NaNO; and 8 g KMnO,
were added gradually under stirring, and the mixture
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temperature was kept below 10 °C for 4 h. After that, the mixture
was stirred at 35 °C for another 4 h, then diluted with 200 ml of
deionized water, and stirred again for 1 h. The reaction was
terminated by adding 15 ml of a 30% H,O, solution. The solid
product was separated by centrifugation at 12000 rpm for
20 min. The centrifuged precipitate was washed several times
with water and absolute ethanol to remove any impurities. The
final product was then dried in a vacuum oven at 50 °C for 24 h
to obtain GO. To synthesize SrGO, 1 g of this synthesized GO
was sonicated with 300 ml of distilled water for 20 min.
Nitrogen gas was purged into the solution for 15 min. Then
0.5 ml of hydrazine hydrate solution was added and sonicated
for 10 min. After that, 3 g of Na,S was added to the reaction
mixture as a sulfur precursor. The resultant suspension was
transferred to a reflux condenser and refluxed at 80 °C for 8 h.
The resulting suspension was centrifuged at 12 000 rpm for
15 min. The obtained precipitate was repeatedly washed with
distilled water and ethanol, followed by drying at 65 °C in
a vacuum oven to get the end product.

2.2.4. Preparation of Zn-AgIn;Sg/CdS/SrGO  nano-
composite. Zn-AgInsSg/CdS/StGO nanocomposite was synthe-
sized by the hydrothermal method, which is represented in
Scheme 1. 0.095 g of Ag (NOj3),, 0.471 g of In,03-5H,0 and
0.186 g of Zn(OAC),-2H,0 were dissolved in 20 ml of deionized
water. Then 0.36 g of r-cysteine was added and sonicated for
15 min. The pH of the reaction mixture was adjusted to 8.5 with
a 0.5 M NaOH solution. Then 500 mg of previously synthesized
CdS and 1 g of previously prepared SrGO were added to the
suspension under continuous stirring, and the pH was further
adjusted to 8.5. The suspension was transferred into an auto-
clave at 110 °C for 4 h. The resultant suspension was centrifuged
at 12000 rpm for 15 min, the precipitate was washed three
times with ethanol and distilled water, and the final product
was dried in a desiccator.

2.3. Experimental setup

The performance of the synthesized nanoparticles for the
photoreduction of Cr(vi) was carried out under solar light illu-
mination. In this experiment, 25 ml of Cr(vi) solutions with
varying concentrations of 25, 30, 40, and 50 mg L™ ' were placed
into 4 different conical flasks. Subsequently, each flask under-
went a 20 minutes nitrogen purge to eliminate dissolved
oxygen. Then 1 g L™, of Zn-AgIn;Sg/CdS/SrGO nanocomposite
was added to each flask, and again nitrogen gas was purged
inside the solution to remove the rest of the dissolved oxygen
present in it. In a separate conical flask, a control experiment
was conducted with a 40 mg L™" Cr(v1) solution without adding
the nanocomposite. The experiment was conducted in a dark
condition with constant stirring at 300 rpm for 15 min, and then
the photocatalytic reaction was performed under solar light
irradiation. Samples were collected at regular intervals of time
from each flask and centrifuged at 12 000 rpm for 20 min. The
collected supernatant was used to determine the residual
concentration of Cr(vi). The concentration of remaining Cr(vi)
was estimated by a colorimetric technique using a diphe-
nylcarbazide (DPC) solution as depicted in APHA.*
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Scheme 1 Schematic illustration of the synthesis of Zn-AglnsSg/CdS/SrGO nanocomposite.

2.4. Analytical methods

In this current investigation, X-ray diffraction (XRD) analysis
was conducted utilizing an X-ray powder diffractometer (Model:
Rikagu Ultima Japan) equipped with a CuKo. (A = 1.5405 A) X-ray
source. The study encompassed a broad spectrum of Bragg's
angles (ranging from 20° to 80°) to validate the formation of the
desired material. The crystal structure, unit cell parameters,
and Miller indices were determined by utilizing the computer
software program X'Pert High Score Plus. Using a Varian spec-
trophotometer (Jasco FT/IR-4600 LE, Japan) FTIR analysis was
conducted to examine the molecular vibrations of the NMs and
identify their functional groups. The optical absorbance liquid
samples were assessed through a UV/visible spectrophotometer
Evolution 220, Thermo Scientific, USA. Additionally, a Renishaw
Invia Raman microscope (make: UK) with a green 532 nm laser
was used to determine the various vibrational modes linked to
the synthesized NM samples. To assess the recombination of
electron and hole, the NMs were analyzed by photo-
luminescence (PL) spectroscopy at various excitation wave-
lengths, such as 488 nm, 532 nm, 633 nm, and 785 nm. These
measurements were conducted using the (FLS 1000 photo-
luminescence spectrophotometer, Edinburgh). A FE-SEM (a
Gemini SEM 450 instrument, Germany) equipped with Tung-
sten and LaBg filaments as the light source was used to analyze
the morphological characteristics of the NMs. Elemental
composition was determined through an energy-dispersive X-
ray spectroscopy (EDS) system integrated with the FESEM (a
Gemini SEM 450 instrument). The analysis was conducted in
plain-view mode, employing a 10 kilovolt electron beam. Ko. and
Lo energy values were established for all materials. TEM
investigation was performed using FEI Tecnai G2 20 S-TWIN
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with a carbon-coated copper grid with a mesh size of 200 nm.
A Jasco V 770 UV-Visible Diffuse Reflectance Spectrophotometer
(UV-Vis DRS), Japan was employed to determine the optical
absorbance and bandgap energy of the synthesized Solid NMs.
The band gap energy of the synthesized NMs was determined
using eqn (1). The band gap energy of the synthesized NMs was
approximated using Tauc's equation, as shown in eqn (2).

E(V)= oo 1)

ahv'"= B(hv — Ey) (2)

where % is the Planck constant, » is the frequency of the photon,
E, is the band gap energy, and B is a constant. The v factor
depends on the nature of the electron transition and is equal to
2 or 1/2 for the direct and indirect transition band gaps,
respectively.*

3. Results and discussion

3.1. Characterization of synthesized nanocomposite

3.1.1. XRD study of the synthesized nanocomposite. The X-
ray diffraction pattern of synthesized Zn-AgInsSg, CdS, SrGO,
and Zn-AgInsSs/CdS/SrGO nanocomposite are demonstrated in
Fig. 1. The Zn-AglIn;Sg diffraction peaks at 26 values of 21.51°,
25.0°, 26.6°, 28.4°, 30.65°, 35.35°, 44.5°, 48.0°, 51.9°, and 60.78°
correspond to the (111), (120), (002), (211), (130), (121), (320),
(123), and (042) crystal planes, revealing its orthorhombic phase
with JCPDS No. 03-065-7332. This observation is correlated with
the reported literature.** The CdS diffraction peaks at 26 values
of 25.04°, 26.37°, 44.09°, and 48.07° indexed as (100), (002),

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 XRD patterns of the prepared Zn-AginsSg, CdS, SrGO, Zn-
AgInsSe/CdS/SrGO NMs.

(110), and (112) crystal planes, respectively, which is in good
agreement with JCPDS No. 00-041-1049. This indicates the
hexagonal wurtzite phases of synthesized CdS, as similar
observations have also been reported in many reports in the
literature.*>** The absence of any other impurity peaks suggests
the formation of a high-purity CdS nanostructure. Further, the
clearly defined peaks indicate a well-developed crystal structure
of the synthesized nanomaterials. A strong and narrow
diffraction peak at a 26 value of 26.37° corresponding to the
(002) plane indicates preferential growth along [001] hexagonal
CdS crystallites.® The diffraction peaks at 26 values of 26.16°
and 43.09° of SrGO correspond to (002) and (102) planes,
respectively, matched with JCPDS No. 01-075-1621 and 00-026-
1075. This peak has maximum intensity at a diffraction angle of
~26.16°, corresponding to the characteristic (002) reflection,
which indicates the presence of parallel graphene layers in the
structure of SrGO, similar observation has also been reported in
the literature.** The diffraction peaks of ZnAgInsS/CdS/StGO
nanocomposite at 26 values of 21.60°, 24.96°, 26.63°, 28.51,
30.59°, 35.51°, 37.78°, 43.93°, 45.69°, 51.07°, and 60.70° corre-
spond to (111) (120) (002) (121) (211) (130) (141) (110) (320) (042)
and (412) planes (JCPDS No. 03-065-7332 and 00-041-1049),
respectively. In the same 26 position (~30.2°), a sharp peak was
observed both in Zn-AgInsSg and Zn-AgInsSg/CdS/SrGO nano-
composite which indicates the (211) plane. Also, a broad peak
(~26°) was observed in both CdS (002 crystal plane) and Zn-
AgIn;sSg/CdS/SrGO nanocomposite, which indicates that both
Zn-AgIn;Sg and CdS have been successfully grown on the SrGO
surface. The Williamson and Hall (W-H) equation is used to
estimate both the average crystalline size and lattice strain. The
linear form of the W-H equation is shown as follows:

Bcosf = 4sinf + % (3)

where ( represents the full-width half maxima (FWHM), the
angle of diffraction is denoted by 6#, D stands for average
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crystalline size, and A represents the wavelength value of
0.154 nm, K which is constant with a value of 0.89. The plot
between 4 sin 6 versus § cos § was constructed where the slope of
the linear plot represents the lattice strain and the Y-intercept
gives the average crystalline size. In this work, the average
crystalline sizes of Zn-AgInsSg, CdS, SrGO, and Zn-AgInsSg/CdS/
SrGO nanocomposite were calculated to be 16 nm, 2.52 nm,
2.39 nm, and 10.51 nm, respectively.

3.1.2. FT-IR analysis of the synthesized nanocomposite. To
assess the different functional groups and covalent bonding
patterns of the synthesized NMs were characterized using the
FTIR analysis technique. Fig. 2(a) demonstrates the FTIR
spectra of Zn-AgIn;Ss, the appearance of a peak at 1395 cm ™"
indicates the presence of In-S bond which is well correlated
with reported literature in the range of 1300 to 1550 cm™".** The
stretching modes of C-C are observed at 1089.58 cm™ "% The
peaks above 3000 cm ™' indicate the presence of the OH group,
which is well-matched with the FTIR data reported in many
works of literature.*”*® In Fig. 2(b), depicting the FTIR spectrum
of CdS, a solitary peak appears at 3395.07 cm™ ", attributed to
the O-H stretching vibration of absorbed water molecules.*
The presence of this peak may be indicative of moisture within
the sample. Another peak at 512.97 cm™ ' suggests the stretch-
ing of Cd-S bonds in CdS nanoparticles. However, the peak at
512.97 cm ' appears relatively weak due to the presence of
moisture in the sample. Additionally, strong absorption bands
appear at 1000.87 cm ™~ indicating the presence of faint traces of
sulphur-oxygen (SO) bonds in the CdS sample.* Furthermore,
a moderately intense band at 1541.81 cm ™" could be attributed
to the stretching vibrations of sulfate groups.** Normally, the
Cd-S stretching band occurs in the lower wavenumber region,
ie., below 700 cm™'. A medium-strong absorption peak at
650.858 cm " corresponds to the Cd-S stretching mode, and
similar observations have also been reported in the literature.*?
Fig. 2(c) represents the FTIR spectra of SrGO. The peak at
1697.05 cm™ " of SrGO is due to C=C stretching vibration.
Similarly, a strong peak at 2359.48 cm ™" is due to the 0=C=0
stretching mode, which indicates the presence of oxygen in the
SrGO sample. The appearance of a peak at 3564.77 cm ™" is due
to the presence of the O-H group.*® The FTIR spectra of the Zn-
AgIn;Sg/CdS/SrGO nanocomposite is shown in Fig. 2(d). The
presence of a peak at 495.616 cm ™' shows Cd-S bond stretch-
ing.* The peak at 1337.39 c¢cm ' corresponds to the C-O
stretching of SrGO. The peak at 1697.05 cm™ ' occurs due to
C=C stretching vibration. A strong peak at 2341.16 cm™ " is due
to O=C=0 stretching, which indicates the presence of oxygen
in the SrGO sample. The stretching modes of C-C are observed
at 1089.58 cm ™ *. The appearance of a peak at 1395 cm ™" indi-
cates the presence of In-S bond in the nanocomposite. These
results have authenticated that the Zn-AgInsSe/CdS/SrGO
nanocomposite has been well synthesized.

3.1.3. UV-vis DRS study of the synthesized nanocomposite.
UV-visible diffuse reflectance spectroscopy (UV-vis DRS) was
employed to investigate the optical behavior of the photo-
catalysts.> Fig. 3(a) presents the UV-vis DRS spectra of the
synthesized nanomaterials. A bathochromic shift (redshift) is
observed with the formation of the Zn-AgIn;SgCdS/SrGO

Nanoscale Adv., 2024, 6, 5925-5938 | 5929
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nanocomposite compared to individual Zn-AgInsSg, S-rGO and d 355 Ay spr 311
CdS NMs. The band gap energy of the synthesized NMs was = &Xp{ > Ao (4)

determined using the Tauc plot, as shown in Fig. 3(c)-(f).
Fig. 3(c) represents the UV-vis DRS Tauc plot of Zn-AgIn;Sg NM
with computed band gap energy of 2.05 eV. Similarly, for CdS
nanoparticles, the estimated band gap energy is 2.28 €V, as
depicted in Fig. 3(d). This finding aligns with the values re-
ported in the literature.** The band gap energy of SrGO was also
calculated using the Tauc plot, as shown in Fig. 3(e). Following
rGO functionalization, the band gap energy exhibited a slight
increase from 0.95 eV to 1.37 eV for SrGO, suggesting that the
optical characteristics of rGO underwent alteration upon
chemical modification with sulfate groups, which nearly
matched the referenced data in the literature.® When
comparing the band gap energies of the individual NMs,
namely ZnAgInsSs (2.05 V), CdS (2.28 eV), and SrGO (1.37 eV), it
is evident that the Zn-AgInsSg/CdS/StGO nanocomposite
exhibits a significant red shift toward the visible spectrum,
featuring a notably reduced band gap energy of approximately
1.31 eV, as illustrated in Fig. 3(d). This red shift towards lower
energy levels in the synthesized nanocomposite enhances its
reactivity to visible light, signifying its potential for efficient
utilization of solar visible light in the photocatalytic reduction
of Cr(v1), surpassing the individual NMs.

However, the synthesized nano particle size of the agglom-
erated structure can be calculated from UV-vis DRS using
a formula mentioned by ref. 46 in eqn (4)

5930 | Nanoscale Adv, 2024, 6, 5925-5938

By using the above formula ZnAgInsSg, StGO, and ZnAgIn;Sg/
CdS/SrGO particle size diameters are calculated 9.41 nm, 7.38,
and 6.55 nm respectively. As CdS grain size is spherical ob-
tained from SEM images its particle diameter is calculated to be
46 nm by using the formula mentioned by*® in eqn (5)

ALspr = 512 + 6.53 exp(0.02164d) (5)

3.1.4. Photoluminescence spectroscopy (PL) of the
synthesized nanocomposite. To study the degrees of photo-
generated electron and hole pair recombination, the NMs
were further analyzed using the photoluminescence (PL) spec-
troscopy technique. Fig. 3(b) illustrates the PL spectra of
synthesized NMs. The Zn-AgInsSg NP peak is centered at
659 nm, which is in good agreement with the reported litera-
ture.”” The CdS NPs exhibited a broad emission band in the
range of 500-600 nm (centered at 551 nm), well supported by
reported literature.” The emission peak of SrGO is observed at
763 nm; similar findings have also been reported in the litera-
ture.*® The emission peak of Zn-AgInsSs/CdS/SrGO is centered at
469 nm. It is observed that the intensity of the PL peak of the Zn-
AgIn;Sg/CdS/SrGO nanocomposite decreases as compared to
the individual photocatalysts of Zn-AgInsSs, CdS, and SrGO.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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nanocomposite.

This finding agrees with the universal concept of PL spectros-
copy that the smaller the peak intensity, the higher the charge
separation efficiency.®*

3.1.5. Raman spectroscopy of synthesized nanocomposite.
The structural, vibrational, and polymorphous characteristics
of the NMs can be inferred by Raman spectroscopy. Poly-
crystalline or amorphous materials exhibit broad Raman peaks,
whereas crystalline specimens display sharp bands.*” Raman
peaks broaden and shift downward due to the confinement
effect of nanocrystalline materials. Additionally, tensile and
compressive stresses have a noticeable impact on the Raman

© 2024 The Author(s). Published by the Royal Society of Chemistry

spectrum, leading to a shift towards longer wavelengths
(redshift) or shorter wavelengths (blue shift).>** Fig. 4(a)
demonstrates the Raman spectra of ZnAgIn;Sg nanocomposite.
Notably, there is a wide Raman peak at approximately 535 cm ™,
a feature exclusive to the Ag-doped samples, and it has been
identified in the literature as the interfacial surface phonon
mode.* Additionally, there are less prominent peaks at 117,
200, and 295 cm ™, indicating the presence of ZnO-Ag, with
these peaks being more prominent in the Zn-O samples
deposited on the silver layer. The peaks observed at 117 cm ™"
corresponded to the E, (low) fundamental phonon modes of

Nanoscale Adv., 2024, 6, 5925-5938 | 5931
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ZnO with a hexagonal wurtzite structure. The peak that
appeared at 295 cm™ " was assigned to E, (high)-E, (low) mul-
tiphonon scattering. The peaks at 200 cm ' correspond to
sufficient doping of Ag on the surface of ZnAglInsSs.** Fig. 4(b)
demonstrates the Raman spectra of CdS NPs. From the figure, it
can be seen that there are strong and wide peaks at approxi-
mately 302 cm™" and 604 em ™", corresponding to the funda-
mental optical phonon mode (LO) and the first overtone mode
(2LO) of CdS NPs. These findings are consistent with prior
reports in the literature.* Fig. 4(c) displays the Raman spectra
of SrGO, with two distinct peaks occurring at 1340 cm™ " and
1589 cm™". The band at 1340 cm ™" can be attributed to the
vibration of sp*® carbon atoms, indicating the presence of
defects and disorder in the SrGO structure. Conversely, the peak
at 1589 cm™ " is attributed to the vibration mode of sp> carbon
atoms within the graphitic hexagonal lattice.>®*® The D vibra-
tion band formed from a breathing mode of j-point photons of
A,, symmetry seen at 1348.31 and 1340 cm ™' for GO and SrGO,
respectively. On the other hand, the G vibration band from first-
order scattering of E,, phonons by sp® carbon appeared at
1594.19 and 1589 cm ' for GO and SrGO, respectively.
Furthermore, the G vibration band was also contributed by the
presence of the stretching C-C bond, which is common in all
sp® carbon systems. The D band and G band in the Raman
spectrum symbolize the disorder bands and the tangential
bands, respectively.®” In the case of SrGO, all observed peaks
exhibit a slight shift to lower frequencies (redshift) and a nar-
rowing of the peak width. This phenomenon is likely

5932 | Nanoscale Adv,, 2024, 6, 5925-5938

a consequence of structural reordering during the reduction
and sulfonation processes. Fig. 4(d) illustrates the Raman
spectra of the synthesized ZnAgInsSg/CdS/SrGO nano-
composite. The presence of peaks at 302 and 602 cm™ " is in
good agreement with the previously described CdS and h-In,0;
structures.®® The Raman signal of SrGO lies at ~1780 cm ™" in
the composite ZnAgInsSg/CdS/SrGO. Further, the frequency
range between 350 and 650 cm ' encompasses the primary
Raman peaks associated with Zn-O. Therefore, it can be said
that these Raman spectra peaks confirmed the XRD analysis
results.

3.1.6. FE-SEM analysis of the synthesized nanocomposite.
The FE-SEM characterization was performed to analyze the
morphological structure size and distribution of the synthe-
sized NMs.® The morphology of the Zn-AgInsSg is shown in
Fig. 5(a), which demonstrates the nanoflower structure is
composed of a multilayer sheet. Similar to observations re-
ported in the literature.® The Ag, which is used for doping,
reveals the agglomeration of round-shape particles with
a particle size larger than that of Zn and well matched with
reported literature.®® The micrograph shown in Fig. 5(b)
confirms the formation of CdS NPs and also substantiates the
uniform globular-like morphology with a close enough uniform
size of less than 50 nm and a similar result reported in the
literature.® Fig. 5(c) demonstrates the FESEM image of SrGO.
The SrGO displayed a networked, 3D porous, exfoliated, and
corrugated architecture. Additionally, the elimination of
oxygen-containing groups from the surface of GO during its

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 FE-SEM micrographs of (a) Zn-AglnsSg, (b) CdS, (c) SrGO, and (d) Zn-AglnsSg/CdS/SrGO. (e) TEM image of Zn-AglnsSg-CdS-S-rGO
heterojunction, (f) HRTEM image of Zn-AglnsSg-CdS-S-rGO heterojunction (inset: lattice fringes of Zn-AglnsSg and CdS).

reduction process results in an aggregated and corrugated
structure, which is caused by the w- stacking of the graphene
molecules.” A similar observation is also reported in the liter-
ature.®* In Fig. 5(d), from SEM images of Zn-AgIn;Sg/CdS/SrGO
nanocomposite, it is inferred that Zn-AgInsSs and CdS nano-
particles are uniformly distributed over the interconnected 3D
porous, exfoliated, and corrugated structure of S-rGO, and thus
confirm the formation of the nanocomposite.

The morphology of the ternary Zn-AgInsSg-CdS-S-rGO het-
erojunction was examined by TEM. As shown in Fig. 5(e), S-TGO
shows a transparent 2D nanosheet structure where both Zn-
AgIn;Sg and CdS are spherical in shape. In addition, spherical-
shaped Zn-AgIn;Sg and CdS of nearly 10-12 nm are uniformly

© 2024 The Author(s). Published by the Royal Society of Chemistry

distributed on the S-rGO nanosheets. The HRTEM image in
Fig. 5(f) shows that the 0.38 nm lattice is clearly related to the
(220) crystal plane of Zn-AgIn;S, the 0.334 nm lattice is related
to the (111) plane of CdS, and the 0.35 nm lattice spacing
confirms the presence of S-rGO."*** This result shows that the in
situ hydrothermal approach is successful in loading the Zn-
AglInsSg and CdS onto S-rGO nanosheets and that the inclusion
of Zn-AgIn;sSs and CdS into S-rGO nanosheets has no effect on
the lattice structure of the pure Zn-AgIn;Sg and CdS.

3.1.7. EDX analysis of the synthesized nanocomposite.
Energy dispersive X-ray spectroscopy is a very popular technique
for quantitative elemental analysis and determining the chem-
ical composition of the NMs. The EDX spectrum, shown in

Nanoscale Adv., 2024, 6, 5925-5938 | 5933
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Fig. 6 EDX spectra of the synthesized nanomaterials (a) Zn-AglnsSg, (b) CdS, (c) SrGO, and (d) Zn-AglnsSg/CdS/S-rGO.

Fig. 6(a), confirms the presence of elements such as Zn, Ag, In,
and S in the synthesized Zn-AgIn;Sg NMs. The Zn-AgIn;Sg NP
compound has two primary elements, indium and sulfur. This
may be deduced from the presence of two distinct peaks for
each element with a near stoichiometric ratio. As Zn and Ag are
both used for doping, their presence is minimal compared to In
and S. Fig. 6(b) demonstrates the EDX spectra of the CdS NPs.
From the figure, the presence of a stoichiometric ratio of Cd and
S indicates the CdS NPs are successfully synthesized, and both
Cd and S elements are uniformly distributed in the NPs. The
EDX data of SrGO is shown in Fig. 6(c), which confirms the
presence of C, O, and S elements in the NPs. Based on the EDX
data, the amount of carbon in the SrGO is much greater than
oxygen. As sulfur is used only as a doping agent, the presence of
sulfur in SrGO is very minimal. Fig. 6(d) confirms the presence
of elements like Zn, Ag, In, S, Cd, C, and O in the Zn-AgInsSg/
CdsS/SrGO nanocomposite. It also ensures that the synthesized
nanocomposite is in its pure form and that no other foreign
elements are present in it.

3.2. Chromium reduction profile of the Zn-AgIn;Ss/CdS/
SrGO nanocomposite

Fig. 7(a) presents the Cr(vi) reduction profile under dark and
visible light exposure conditions. It is evident that during the
dark phase, the Cr(vi) reduction remains minimal, around 5-
7%. In contrast, the Cr(vi) reduction activity by the bare SrGO

5934 | Nanoscale Adv., 2024, 6, 5925-5938

and Zn-AgInsSs photocatalysts increases to almost 35% and
52%, respectively, at 40 mg L™" initial Cr(v) under the illumi-
nation of visible light. Conversely, the Cr(vi) reduction activity is
drastically improved with the formation of the Zn-AgInsSg/CdS/
SrGO nanocomposite. For instance, the Zn-AgInsSg/CdS/SrGO
nanocomposite shows maximum reduction efficiency as
compared to the individual nanomaterials, ie., 100% in
40 mg L™" Cr(v1) in 180 min. Further, almost 85% of the Cr(v)
reduction was achieved by the Zn-AgInsSs/CdS/SrGO nano-
composite at an initial Cr(vi) dose of 50 mg L~ '. Fig. 7(b)
demonstrates the Cr(vi) reduction profile of the Zn-AgInsSs/CdS/
SrGO nanocomposite at varying Cr(vi) dosages from 25 to
50 mg L. It is observed that maximum Cr(vi) reduction, ie.,
100%, is observed in 25, 30, and 40 mg L' of Cr(vi), where it
drops to 85% when the initial concentration increases to
50 mg L~ ". In Fig. 7(b1) when the nanocomposite was exposed
to dark conditions for 120 min, it showed no significant Cr(vi)
reduction i.e. approximately 20% reductions at an initial dose of
40 mg L' Cr(vi) which was taken as control. But when exposed
to visible light irradiation for 120 min Cr(vi) reduction was
enhanced up to 86.5%. Table 1 represents the comparative
Cr(vi) reduction performance of various catalysts reported in the
literature. From the table, it can be seen that Zn-AgInsSg/CdS/
SrGO nanocomposite is superior to many photocatalysts re-
ported in the literature, such as ZnO-Ag-BivO,, ZnO/CdS/rGO,
ZnO/PANI (polyaniline), rGO-Sm;M00-TiO,, rGO/BiOl/ZnO,

© 2024 The Author(s). Published by the Royal Society of Chemistry
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varying its initial concentration (d) pseudo-first-order kinetic for vari
concentrations of Cr(vi).

rGO-CdS-MnOx (GCM), AgInsSg/ZnIn,S, and AgInS,/AgInsSs
QDs photocatalyst.

3.3. Kinetics of photocatalytic reduction of Cr(vi) using Zn-
AgIn;Sg/CdS/SrGO nanocomposite

The photocatalytic reactions occurring at the interface between
liquids and solids can be effectively deduced by applying the
Langmuir-Hinshelwood kinetic model (L-H model). Typically,
this model is applied to examine the correlation between
pollutant removal rates and their initial concentrations. The
Cr(vi) removal rate can be expressed using the L-H model as
follows:

_ de  CKk,
T dr 1+KC

(6)

In this context, the Cr(vi) reduction rate (mg min ") is denoted
as ‘7. K stands for the Langmuir-Hinshelwood equilibrium
constant; ‘¢’ signifies the duration of light exposure in min; the
photocatalysis rate constant is expressed as ‘k,’ (mg L™ " min™"),
and ‘C’ corresponds to the Cr(vi) dose in mg L™ " at a time ‘¢’. By
integrating eqn (6) over the light irradiation time ‘¢’ and the
concentration of Cr(vi) ‘Ct’, the equation can be expressed in the
following ways:

G

(1. 7G] . GG

)
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ation of reciprocal of apparent rate constant versus different initial

where (C,) stands for the initial dose of Cr(vi) and (Ct) is the
equilibrium level of Cr(vi) at time ¢, respectively. The factor K.
can be ignored when C, is relatively small, resulting in a linear
apparent first-order kinetic model as shown in the equation

below.?*
Go
In (F) = ert = Kappt

t

(8)
In eqn (8), ‘K, represents the apparent first-order rate
constant (min~"). Fig. 7(c) displays a plot of In(C,/C,) against
time (¢), with the slope of the plot representing the apparent rate
constant (K,pp). The experimental data for Cr(vi) reduction using
the nanocomposite are very well fitted with the pseudo-first-
order kinetic model, with a high correlation coefficient value
(R* = 0.97). From the figure, it can be deduced that the K,pp
value for Zn-AgIns;Sg/CdS/SIGO (K,pp = 0.0114 min™ ') is
approximately 1.67 and 1.60 times higher than that of pure Zn-
AgIn;Sg (Kapp = 0.0068 min ') and SrGO (K,pp = 0.0071 min ™ "),
respectively. The L-H kinetic model can be simplified further,
as shown below.

11 G
KWPP

o KK H ©)

Fig. 7(d) illustrates the graph between the initial Cr(vi) doses
(Co) versus 1/K,pp. The slope and intercept of the linear plot

Nanoscale Adv., 2024, 6, 5925-5938 | 5935
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Table 1 Comparison of the Cr(vi) reduction efficiency of the Zn-AglnsSg/CdS/SrGO catalyst with reports in the literature
Experimental  Initial Cr(vi) Inference of photocatalytic
Sl. no  Photocatalyst Synthesis method condition conc. mg L' degradation Reference
1 Zn0-Ag-BiVO, Hydrothermal Visible light 20 97% in 70 min 69
2 ZnO/CdS/rGO Hydrothermal Visible light 10 100% in 30 min 21
3 rGO/BiOI/ZnO Hydrothermal Visible light 10 92% 180 min 70
4 ZnO/PANI (polyaniline) ~ Low temperature (80 °C) solution  Visible light 20 98% in 120 min 71
5 rGO-Sm,MoQg-TiO, Hydrothermal Visible light 10 96% in 70 min 72
6 rGO-CdS-MnOx (GCM)  Chemical precipitation Visible light 20 95.49% in 21 min 9
7 AgIn;Sg/Znin, S4 Hydrothermal Visible light 10 88.5% in 300 min 73
8 AgInS,/AgIn;Sg QDs Hydrothermal Visible light 10 97.7% in 20 min 74
9 Zn-AgIn;Sg/CdS/SrGO Hydrothermal Visible light 50 85% in 180 min This work

represent the photocatalytic rate constant (k,) and L-R adsorp-
tion equilibrium constant (K), respectively. The experimental
data fitted remarkably well with the L-R kinetic model, with
a very high regression coefficient value (R* = 0.95). The present
investigation estimated a photocatalytic rate constant (K;) of
0.34 min~* and an L-R adsorption constant of —0.068 mg L.
In the present study, the photocatalytic rate constant (K;) value
is found to be superior to many reports in the literature, such as
0.106 min ™" (ref. 21) and 0.106 min *.%°

3.4. Recycle and separation of Zn-AgIn;Sg/CdS/SrGO catalyst

The recycling ability of the spent Zn-AgInsSg/CdS/SrGO photo-
catalyst was tested with 10% HNOj;. After removal of Cr(vi) by
the Zn-AgIn;Sg/CdS/SrGO photocatalytic system, the nano-
composite was soaked in a 10% HNO; solution for 1 h, followed
by washing with deionized water several times and dried in
a desiccator.®® The regenerated Zn-AgInsSs/CdS/SrGO photo-
catalyst was freshly evaluated for the removal of Cr(vi) with an
initial dose of 40 mg L~ " under similar experimental conditions.
The Cr(vi) removal efficiencies in the 1st, 2nd, 3rd, 4th, and 5th
cycles are calculated to be 100%, 86%, 82%, 75%, and 72%,
respectively. This result demonstrates that the Zn-AgInsSg/CdS/
SrGO catalyst can be recycled conveniently and economically.

]
Loy
(<)
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1.0

I

w
=)

Scheme 2 Photocatalytic mechanism of Cr(vi) reduction using Zn-
AgInsSg/S-rGO/CdS nanocomposite.
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3.5. Mechanism of photoreduction of Cr(vi) C by Zn-AgIn;Ss/
CdS/SrGO nanocomposite

Upon visible light irradiation, the electrons from both Zn-AgIn;Sg
and CdS photocatalysts are excited to their respective CBs and
form holes in the VB as shown in Scheme 2. Since the CB
potential of CdS is more negative (—0.46 to —0.58 eV) than that of
S rGO (—0.08 eV),*** the photogenerated electrons from the CB
of CdS can easily transfer to the S-doped rGO (—0.08 eV) nano-
particles through the Schottky barrier. Meanwhile, the holes in
the VB of Zn-AgIn;Sg (VB = 1.31-1.54 eV) also transfer to the S-
doped rGO nanoparticles, due to the more positive potentiation
of Zn-AgInsSg than S-rGO."™*>* The movement of the e— follows
the Z-scheme mechanism from the CB of CdS towards S-doped
rGO and recombines with the VB holes of Zn-AgIn;Ss, as shown
in Scheme 2. The VB holes of Zn-AgInsSs and CB electrons of CdS
were thus annihilated in the S-doped rGO, effectively inhibiting
electron-hole pair recombination in both Zn-AgInsSg and CdS,
consequently enhancing interfacial charge transfer and redox
potential. In addition, the S-doped rGO provides a high surface
area, together with the presence of the -7 conjugation effect
and SP? hybridization, drastically improving the efficient transfer
of photo-induced charge carriers between CdS and Zn-AgInsSs.
The photogenerated electrons at the CB of Zn-AgInsSs can reduce
the Cr(vi) ion to the Cr(m) ion since the ECB of Zn-AgInsSg (—0.74
to 0.76 eV)™" is more negative than the reduction potential of
Cr(vi)/Cr(m) (1.33 eV vs. NHE).* Simultaneously, the photo-
generated holes at the VB of CdS can oxidize H,O to O, and 2H"
since the EVB of CdS (1.64-2.1 eV) is more positive than the
reduction potential of O,/H,0 (1.23 eV vs. NHE).***>%® The reac-
tion steps are provided as follows:

Zn-AglInsSg/CdS + hv (visible) —

Zn-AglInsSg (eCB™) + CdS (hyp+)  (10)

2H,0 + CdS (4hygs) — O, + 4H * (11)

Cr,0,°~ + 14H++ Zn-AglnsSg (6eCB™) — 2Cr(i1) + 7H,O (12)

4. Conclusion

Zn-AgInsSg/CdS/SrGO  nanocomposite  was  successfully

prepared by employing a hydrothermal technique. The Zn-

© 2024 The Author(s). Published by the Royal Society of Chemistry
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AgInsSg NPs are well dispersed on the nanoflower S-doped rGO,
as shown in the FESEM image, leading to an intimate interface
structure. The introduction of Ag>" plasmonic materials
extended the light absorption range and stabilized the photo-
catalyst. To further improve the efficient interface contact
between Zn-AgInsSg and CdS, the catalytic surface area, elec-
trical conductivity, and minimized rate of electron and hole pair
recombination, the Zn-AgIn;Sg/CdS Z-scheme heterojunction
was loaded onto S-doped rGO. When exposed to solar illumi-
nation, the Zn-AgInsSg/CdS/StGO nanocomposite achieved
a100% Cr(vi) reduction at an initial concentration of 40 mg L™*
and an 85% Cr(vi) reduction at an initial concentration of
50 mg L' within 180 min. The experimental data for Cr(vi)
reduction using the nanocomposite fit with the pseudo-first-
order kinetic model has a high correlation coefficient (R* =
0.97) and the K,,, value for Zn-AgIn;Sg/CdS/SrGO (Kupp =
0.0114 min ') is 1.67 times greater than bare Zn-AgInsSs.
Moreover, Zn-AgInsSg/CdS/SrGO heterojunctions show excellent
reusability up to 4 cycles. This study provides a reasonable
design of suitable band matching to adjust the charge transfer
characteristics by constructing a Z-scheme heterojunction for
efficient utilization of visible light for the removal of Cr(vi) from
wastewater.
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