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or-dependent copper sulfide
nanoparticles as a multifunctional catalyst for the
photocatalytic removal of water pollutants and the
synthesis of aromatic aldehydes and NH-triazoles†

Soniya Agarwal, Parmita Phukan, Diganta Sarma * and Kalyanjyoti Deori *

A series of copper sulfide (CS) nanoparticles (NPs) were synthesized just by varying the amount of the sulfur

precursor and have been explored for the first time as a three-way heterogeneous catalyst in the

photocatalytic oxidation of a number of aromatic alcohols, photocatalytic degradation and the reduction

of water pollutants, and the facile synthesis of pharmaceutically important moiety 4-aryl-NH-1,2,3-

triazoles. The green and novel protocol was successfully developed for the synthesis of covellite (CuS,

Cu2+) and the covellite-villamaninite (CuS–CuS2) (copper in Cu2+, Cu1+) phases of copper sulfide,

employing EDTA both as the chelating and capping agent via a simple precipitation method at room

temperature using water as the solvent. A blue shift in the absorption spectra and band gap in the range

of 2.02–2.07 eV prompted the investigation of the as-synthesized CS nanoparticles as the photocatalyst

under visible light irradiation. In the absence of any oxidizing or reducing agent, covellite CuS

nanoparticles showed the highest photocatalytic efficiency for the degradation of methylene blue (MB)

and the reduction of carcinogenic and mutagenic Cr(VI) to non-toxic Cr(III). Interestingly, the mixed

phase of CS (CuS–CuS2), where Cu is present in both +1 and +2 oxidation states, was found to be the

most efficient catalyst compared to CuS toward the visible light-mediated selective oxidation of various

benzyl alcohols to their corresponding aldehydes. However, in the synthesis of substituted NH-1,2,3-

triazoles, single-phase CS nanoparticles (i.e., CuS) provided the best catalytic result. This significant

outcome certainly opens up the scope for realizing the present demand of low-cost multifunctional

semiconductor nano-materials, which will have a huge impact on the economy and environment when

they show more than two potential applications.
Introduction

21st century demands the concept of sustainability and versa-
tility in scientic research. Cultivating one single eco-friendly
catalyst or photocatalyst, in better words, a multifunctional
catalyst, which can nd application in varied areas such as
industries, environmental remediation, and medicine, will be
highly benecial to mankind. Many issues of environmental
and economic concerns can be tackled through this model.
Such sustainable models are not very common but can be
proved to be highly benecial in the development of competent
technologies. One of the important fundamental trans-
formations in synthetic chemistry is the selective oxidation of
organic compounds. To manufacture such large-scale indus-
trially signicant oxidized products, harsh reaction conditions
ersity, Dibrugarh-786004, Assam, India.
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are employed (high temperature and pressure), resulting in
unnecessary energy consumption and a toxic environment. In
order to tackle this situation, a greener route using visible light
as the cleanest energy source has to come in practice. Benzal-
dehyde, the second most important chemical aer vanillin in
the cosmetic and perfumery industries and also an important
intermediate in the synthesis of other chemicals, has been
traditionally synthesized employing harsh oxidizing agents
such as KMnO4, MnO2, CrO3 and catalysts comprising noble
metals along with few methods involving temperature as the
driving force.1–3 Therefore, developing an economic and greener
route for benzaldehyde synthesis is important in industrial
research.

Besides the selective photocatalytic oxidation of benzyl
alcohol to benzaldehyde, environmental remediation by the
degradation of mutagenic dyes and Cr(VI) reduction has attrac-
ted the attention of the scientic community. Increasing water
crisis is a distressing situation and demands immediate atten-
tion. Water scarcity is increasing each passing day but still there
is no solution to the problem. One of the major contributors to
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Molecular structure of (a) methylene blue, (b) 4-aryl-NH-1,2,3-
triazole, and (c) CuS2.
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this problem is water contamination due to unused dye and
carcinogenic Cr(VI) released from various industries using them
for catalysis, pigmentation, dyeing, leather tanning, etc.4,5 These
organic dyes are toxic, mutagenic, carcinogenic, and do not
break down effortlessly in the nature. Thus, due to the stubborn
nature of these dyes, they persist in the environment for a very
long duration, causing harmful effects to both human health
and the ecosystem, thus making water unt for further use. An
emerging sustainable remedy to this challenge is semi-
conductor photocatalysis. In addition to being simple and cost-
effective, it uses green and renewable energy source for waste
water treatment. Traditional inorganic semiconductor mate-
rials such as TiO2, metal oxides, metal sulphides, and metal
organic frameworks are used for the purpose.6,7 Among these,
transition metal chalcogenides are promising semiconductors
because of their unique physicochemical and optical properties,
tuneable band gap, and stability to arrest UV-visible radiation.

Copper sulde (CS) is one brilliant example of this category.
It is a cheap and non-toxic p-type semiconductor with a band
gap of 2.2 eV, which can be tailored by varying different
synthetic parameters such as the concentration of the copper
precursor and the nature of the solvent.8,9 Copper sulde occurs
in many phases from copper-rich to copper-poor, i.e., from
chalcocite (Cu2S) to villamaninite (CuS2), with other phases
such as djurleite (Cu1.96S), digenite (Cu1.8S), anilite (Cu1.75S),
geerite (Cu1.6S), spionkopite (Cu1.39S), yarrowite (Cu1.12S), and
covellite (CuS) in between.10,11 These phases can be synthesized
with varying morphology and band gap. So far, ower,12 branch
structure,13 hexagonal plates,14,15 sphere,16 dandelion nano-
tubes,17 snowake-like pattern, and hollow sphere18 type
morphologies have been reported by several groups. One of the
striking features of CuS is the ability to arrest solar energy in the
visible region; therefore, it is of marked importance to synthe-
size CuS with enhanced optical properties. A number of
methods such as sonochemical,19 solid-state synthesis,20

hydrothermal,21 solvothermal,22 chemical vapor deposition
(CVD),23 template and surfactant-assisted24 have been reported
to synthesize micro- and nanostructured CuS. Moreover, the
synthesis of the villamaninite (CuS2) phase of CS nanoparticles
by controlling the precursors' stoichiometry is a challenging
task. The cubic pyrite phase of CuS2 (villamaninite) has
monovalent copper with the electronic structure of Cu+(S2)

�,
where, one S–S bonded moiety is connected with copper in
a single unit, as shown in Fig. 1.25,26 A sulfur-rich phase of CS
(CuS2) can restrict the exposure of the metal (Cu) for better
chemical and physical stability. As we dove deep into the subject
matter, we hardly found any pure or bare CuS2 synthesized to
date.27,28 Unveiling the structural features and the catalytic
activity of CuS2 nanoparticles and their applications as a model
system in a wide range of catalytic applications for many
commercially important reactions thus remain important goals
of modern scientic research.

Despite having an interesting band gap at the nano range,
there are only a few reports available on the photocatalytic
activity of CuS in organic reactions.14 Also, more economical
and eco-friendly synthetic protocols for synthesizing pure pha-
ses of CuS and CuS2 nanoparticles are still required. CuS has
© 2021 The Author(s). Published by the Royal Society of Chemistry
broad applications in solar cells, biosensors,29 photocatalysis,30

lithium-ion batteries,31 and drug delivery.32 Though it has
applications in several elds, it is very much unexplored in the
eld of catalysis. Very few catalytic transformations such as H2

evolution,33 electrochemical CO2 reduction,34 and NH3 produc-
tion35 have utilized CS as a catalyst.

Apart from a few reports available employing CS as a catalyst
in organic synthesis, there is no single report on CS as a three-
way heterogeneous catalyst and the catalytic activity of CuS2
nanoparticles is still not known. Hence, in addition to the
photocatalytic synthesis of benzaldehyde, we wanted to explore
CS's ability to catalyze other important reactions for developing
medicinally important organic products. One such pharma-
ceutically important moiety, NH-triazole, serves as integral
component of many biologically essential compounds such as
anti-bacterial, anti-allergic, anti-cancer, and anti-malarial
agents.36–39 Due to their attractive physical and chemical prop-
erties such as hydrogen bonding ability, strong dipole moment,
and chemical stability, NH-triazoles are of utmost importance
in the current areas of research and development.40,41

In this work, we have reported a cost-effective, effortless, and
environmentally benign protocol for the synthesis of different
phases of copper sulde NPs by varying the sulfur precursor
concentration. These synthesized NPs turned out to be optically
active under visible light irradiation and were found to be very
efficient as a three-way heterogeneous catalyst. The photo-
catalytic activity of single phase CuS was signicant in the
degradation ofmethylene blue (MB) (Fig. 1a) and the reduction of
carcinogenic Cr(VI) to harmless Cr(III), while the mixed-phase CS
(CuS–CuS2) (see Fig. 1c for the chemical structures of CuS2) was
most efficient toward the selective oxidation of various aromatic
alcohols to their corresponding aldehydes. In addition to pho-
tocatalytic processes, a smooth and effective catalytic system was
developed to explore the efficiency of the as-synthesized CS NPs
in the synthesis of NH-triazoles (Fig. 1b), where CuS NP is the
more preferred catalyst out of the two phases.

Experimental section
Chemicals

Cupric chloride dihydrate (CuCl2$2H2O, 99%, Sigma Aldrich),
sodium sulphide (Na2S, 70%, Merck), polyethylene glycol-400
Nanoscale Adv., 2021, 3, 3954–3966 | 3955
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(PEG-400, Merck), nitromethane (CH3NO2, 98%, TCI), nitro-
ethane (C2H5NO2, 98%, Spectrochem), sodium azide (NaN3,
99%, Spectrochem). EDTA (disodium salt dihydrate, 99.5%),
NH4OH solution, methylene blue (MB), and potassium dichro-
mate (K2Cr2O7, 99.9%) were purchased from Rankem, benzyl
alcohol (99%) and all the related substrates were purchased
from TCI. All aldehydes were purchased from Spectrochem with
98% purity. All chemicals were used as received without further
purication. The products were isolated by column chroma-
tography (60–200 mesh) over silica gel. Thin-layer chromatog-
raphy was performed using silica gel 60F254 plates and
visualized under UV light.

Catalyst preparation

CS NPs were prepared employing a very simple and hassle-free
precipitation technique. 1 mmol each of CuCl2$2H2O and EDTA
were dissolved in 10 mL of deionized water and stirred until
a clear blue solution was obtained. The pH of the solution was
adjusted to 7 by adding one to two drops of NH4OH. A solution
of 2 mmol Na2S in 10 mL deionized water was added to the blue
solution and a black precipitate was obtained. It was further
stirred for 15 min, and then centrifuged and washed with water
three times. A part of the obtained sample was dispersed in
acetone for further characterization and the remaining was
dried at 60 �C for 12 h. This sample was named as CS2. In
a similar fashion, CS NPs with sulfur precursor concentration
5 mmol, 10 mmol, and 20 mmol were synthesized and respec-
tively named as CS5, CS10, and CS20.

Instrumentation

Powder X-ray diffraction (XRD). XRD measurements were
carried out with a Bruker D8 Advance X-ray diffractometer by
irradiating monochromatic Cu Ka radiation (l ¼ 1.54056 �A).

Transmission electron microscopy (TEM). High resolution
TEM (HRTEM) and selected area electron diffraction were per-
formed with a JEOL/JEM 2100 transmission electron micro-
scope operating at 200 kV having point resolution 0.23 nm and
lattice resolution 0.14 nm.

UV-visible absorption spectroscopy. The sample was
dispersed in acetone by ultrasonication. UV-visible absorption
measurements were conducted on a Shimadzu UV-1700 UV-vis
spectrophotometer.

Fourier transform infrared spectroscopy (FTIR). To obtain
the FT-IR spectra (4000–400 cm�1), a Perkin Elmer FT-IR 2000
spectrophotometer was employed.

Nuclear magnetic resonance (NMR). A Bruker Ascend 500
MHz spectrophotometer was used to record 1H and 13C NMR
spectra at 500 MHz and 125 MHz, respectively.

X-ray photoelectron spectroscopy (XPS). XPS measurements
were carried out using a PHI 5000 Versa Probe III electron
spectrometer from Physical Electronics. The binding energies of
the obtained XPS spectra were corrected with reference to the
C(1s) standard peak at 284.6 eV.

Photoluminescence spectroscopy (PL). Room temperature
photoluminescence (RT-PL) analysis was performed on nely
ground powdered samples using a Horiba Fluoromax integrated
3956 | Nanoscale Adv., 2021, 3, 3954–3966
compact benchtop spectrouorometer with lifetime
attachment.

Selective photocatalytic oxidation of various benzyl alcohols to
corresponding benzaldehydes

To test the feasibility of the synthesized CS NPs toward benzyl
alcohol oxidation, a series of reactions for a variety of benzyl
alcohols (4-methoxybenzyl alcohol, 4-methylbenzyl alcohol, 4-
chlorobenzyl alcohol, benzyl alcohol, 4-uorobenzyl alcohol,
etc.) was conducted. In a model reaction, 1 mmol of benzyl
alcohol was taken in a round bottom ask and to it, 5 mL
acetonitrile (ACN) as the solvent, TBHP as the oxidizing agent,
and 20 mg of the obtained CS NPs as the photocatalyst were
added. The mixture was stirred at room temperature under
continuous irradiation of visible light. The progress of the
reaction wasmonitored by TLC under UV light. The product was
conrmed by 1H and 13C NMR spectra. The conversion and
selectivity were calculated for the performed reactions accord-
ing to the following equations.

Conversion (%) ¼ [(So � Salcohol)/So] � 100

Selectivity (%) ¼ [Saldehyde/(So � Salcohol)] � 100

where So ¼ initial concentration of the substrate benzyl alcohol,
Salcohol ¼ concentration of the substrate benzyl alcohol aer the
reaction, and Saldehyde ¼ concentration of benzaldehyde ob-
tained aer the reaction.

Photocatalytic degradation of MB and Cr(VI) reduction

The photocatalytic activity of the as-synthesized CS2 and CS20
NPs was checked for cationic dye MB and K2Cr2O7. At room
temperature, 50 mg of the as-synthesized catalyst was added to
a 50 mL aqueous solution of MB (1.25 � 10�5 M) and
K2Cr2O7(15 � 10�5 M) under vigorous stirring and visible light
irradiation. From few initial trials, the time of visible light
irradiation was optimized to 30 min and 60 min for MB and
K2Cr2O7, respectively. Aer certain time intervals, 1 mL of the
solution was taken out and centrifuged to remove the photo-
catalyst from the dye solution; then, it was subjected to optical
absorption measurements and the UV-visible spectrum was
recorded.

For all photocatalytic measurements, a commercial LED
lamp (7 W, 630 lumens) with wavelength distribution 400–
700 nm (white light) was used as the light source. The distance
between the light source and the reaction chamber was 20 cm. A
commercial solar meter was used to exactly measure the optical
irradiance at the sample position, which was found to be 0.06
mW cm�2. Room temperature (30 �C) was maintained
throughout the reaction by xing a cold-water circulating tank
with the reaction chamber.

Catalytic measurement for triazole synthesis

The mixture of benzaldehyde (1 mmol), NaN3 (3 mmol), nitro-
alkane (2 mmol), and CS2 (10 mg) was stirred in 2 mL PEG-400
solvent at 100 �C under aerobic conditions. The reaction
© 2021 The Author(s). Published by the Royal Society of Chemistry
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progress was monitored by TLC. Upon completion of the reac-
tion, the reaction mixture was allowed to cool to room
temperature and then extracted with ethyl acetate (3 � 10 mL).
The organic layer was then dried over anhydrous Na2SO4. The
organic solvent was evaporated under reduced pressure. The
obtained product was puried by column chromatography over
silica gel using ethyl acetate/hexane mixture. The products were
characterized by NMR spectroscopy.

Results and discussion

A single step simple precipitation procedure has been devel-
oped to synthesize CS NPs in two different pure states (+1 and
+2) for studying the role of different oxidation states on the
selectivity and efficiency of catalytic reactions. For this purpose,
we synthesized four CS samples by altering only the amount of
the sulfur precursor (Na2S). It was found that when the sulfur
precursor's concentration was 2 mmol for the sample CS2, only
the pure phase of CuS having copper in +2 oxidation state was
obtained, which can be clearly conrmed from the XRD pattern
shown in Fig. 2a. The sharp and distinct peaks of the obtained
pattern revealed the high crystalline nature of the samples.
Peaks at 27.6, 29.17, 31.8, 32.7, and 47.8 are well-indexed to
(100), (102), (103), (006), and (110) crystal planes, respectively,
and are in complete agreement with the bulk XRD pattern of the
hexagonal covellite CuS (JCPDS card no. 24-0060, space group:
P6(3)/mmc, a ¼ b ¼ 3.79; c ¼ 16.34). No additional peaks in the
obtained XRD pattern conrmed the purity of the sample. The
peak for the (110) plane has the highest intensity, revealing its
exposure in the crystal structure. EDTAmight be responsible for
the capping of other low intensity planes. This capping of
planes by EDTA in the crystal plays a key role in the formation of
the obtained morphology. On increasing the sulfur precursor
concentration from the CS2 (2 mmol) to the CS5 (5 mmol)
sample, we have observed two very low intensity peaks at 2q
values of 23.97� and 25.67� (black rhombohedral mark in
Fig. 2 (a) Powder XRD pattern of the as-synthesized sample (i) CS2, (ii) CS
of CuS2 (iii) and CuS (iv).

© 2021 The Author(s). Published by the Royal Society of Chemistry
Fig. 2a), respectively, in addition to all other peaks measured for
CuS. The appearance of these extra peaks in the CS5 sample
may be attributed to the formation of a small amount of crys-
talline intermediate between CuS and CuS2. Moreover, the
crystallite size calculated from this obtained XRD pattern using
Scherrer's formula was found to be 9.8 nm for CS2 and 10.2 nm
for CS5. The peak broadening of the as-synthesized CuS
revealed its nanocrystalline nature (Fig. 2a).

In a similar way, when the sulfur precursor concentration
was further increased to 10 mmol in the case of the CS10
sample, a new phase of CuS2 was obtained along with initial
CuS. This signicant outcome mainly developed our interest to
study the sulfur concentration dependence structural proper-
ties. The appearance of some unassigned low intensity peaks in
the CS 10 sample in between 36–43� (Fig. 2b) cannot be ignored
completely. These peaks were matched with the (105), (106),
and (006) planes of simulated bulk CuS with a slight shi in the
x-axis position. The formation of the intermediate phases in
a small amount is also one of the many possibilities. Any
roughness seen in the experimental XRD patterns might be due
to the instrumental/background noise or negligible amount of
sulphur containing crystalline impurities. Interestingly, these
extra peaks were found only in the case of the intermediate
samples, i.e., CS 5 and CS 10 samples. Therefore, we believe that
these additional peaks are mainly for intermediate or other
unidentied non-stoichiometric phases of copper sulde,
which could not be recognized properly.

It is noteworthy tomention here that when the concentration
of the sulfur precursor was again increased to 20 mmol for the
sample CS20, the development of a new phase of CS nano-
particles was seen. When examined, the XRD patterns of CS20
show the formation of cubic pyrite CuS2 along with covellite
CuS. No impurity peaks were found other than CuS and CuS2.
Peaks at 27.3, 31.6, 35.2, and 45.9 correspond to the (111), (200),
(210), and (220) crystal planes, respectively, and conrm the
presence of cubic pyrite CuS2 (JCPDS card no. 033-0492, space
5, and (iii) bulk CuS. (b) CS20 (i) and CS10 (ii) samples with bulk patterns

Nanoscale Adv., 2021, 3, 3954–3966 | 3957
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group: Pa3, a ¼ b ¼ c ¼ 5.69). The peaks marked * and # are
distinct peaks for CuS and CuS2, respectively, conrming the
formation of mixed phase CS NPs. For the sample CS10, the
peak with the highest intensity is that for CuS but for CS20, it is
for CuS2 (Fig. 2b). This difference can be attributed to the fact
that the transformation of CuS to the CuS2 phase is possible
upon increasing the sulfur concentration in the samples. The
copper-decient phase (CuS2) is more dominant in CS20 than in
CS10, as evident from the XRD pattern and it also shows the
contribution of excess sulfur in forming a new phase, i.e., CuS2
along with pre-existing CuS. Hence, samples CS10 and CS20
resulted in mixed phase CuS–CuS2 NPs. This incongruity in the
peak intensity for the two samples also conrms the depen-
dence of sulfur concentration on the mechanism of crystal
growth. The respective calculated crystallite size for samples
CS10 and CS20 was 10.2 nm and 6.9 nm.
Fig. 3 (a) Wide survey scan XPS spectra of the CS2 and CS20 samples. Hig
2p and (d) S 2p of the CS2 sample. (e) Cu 2p and (f) S 2p spectra of the

3958 | Nanoscale Adv., 2021, 3, 3954–3966
To further conrm the valence states and the composition of
the CS samples, XPS was performed. Fig. 3a shows the wide
survey scan XPS spectrum of the CS2 and CS20, samples con-
rming the presence of the Cu 2p and S 2p peaks along with the
signal for the O 1s and C 1s states. The obtained high resolution
XPS spectra were calibrated with reference to the C(1s) line at
284.6 eV (Fig. 3b). First, for the CS2 sample, two distinct peaks
at 931.9 eV and 951.9 eV correspond to Cu 2p3/2 and Cu 2p1/2,
respectively, in accordance to the literature data (see Fig. 3c).
Reports suggest that the difference between the peaks for Cu
2p3/2 and Cu 2p1/2 must be 20 eV, which is also true in our case.30

These data conrm that Cu in the synthesized sample (CS2) is in
the +2 state. Also, the survey scan of the S 2p region shown in
Fig. 3d exhibits two peaks with binding energy values of
161.7 eV and 162.7 eV, conrming the presence of S in the �2
state.42 The evidence of CuS formation was also furnished by the
h resolution XPS spectra of (b) C 1s of the CS2 and CS20 samples, (c) Cu
CS20 sample.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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FT-IR data (Fig. S1†). The characteristic peak for Cu–S is
observed at 619 cm�1.43 The other peaks in the spectra at
1415 cm�1 (O–H bending), 1640 cm�1 (C]O), and 3426 cm�1

(O–H stretching) are due to EDTA adsorbed on CuS during the
synthesis. This demonstrates the function of EDTA as a capping
agent as well.

Further, the XPS scan of the CS20 sample revealed binding
energy peaks at 931.4 and 953.9 eV, as shown in Fig. 3e and f,
which corresponds to Cu+ for Cu 2p3/2 and Cu 2p1/2, respec-
tively. Other set of peaks at 934.5 and 955.2 eV relate to Cu2+ for
Cu 2p3/2 and Cu 2p1/2, respectively. Further, the presence of two
satellite peaks at 942.7 and 962.5 eV can also be attributed to the
presence of Cu2+ and Cu+.11,30 The probable reason for the low
intensity Cu+ peak at 931.49 eV is the surface oxidation of the
sample during the analysis. This surface oxidation phenom-
enon is also observed in case of S, where a peak at 168.8 eV is
due to sulfate.44

The HR-TEM images give an insight into the morphology
and particle size of the as-synthesized CS NPs. As can be
observed from the HR-TEM image of CS2 depicted in Fig. 4a, at
bean-shaped particles are formed having diameter in the range
of 20–30 nm. Aer nucleation, crystal growth takes place from
crystallites of size 9.8 nm to give particle size ranging between
20 and 30 nm. The lattice fringes spaced 0.32 nm correspond to
the (100) plane of hexagonal CuS (Fig. 4b). 2D fast Fourier
transform (FFT) (inset Fig. 4b) pattern was generated from
a selected area of the HRTEM image and the d-spacing was
calculated according to a recent report, which also conrms the
presence of only the (100) exposed plane.45 The SAED pattern
further demonstrates a spotty hexagonal pattern due to the
crystalline nature in the hexagonal phase of the sample (Fig. 4c).
Fig. 4 (a) Low-resolution TEM image of CS2, (b) phase-contrast HRTEM i
TEM image of CS20, (e) phase-contrast HRTEM image of CS20 (inset: c

© 2021 The Author(s). Published by the Royal Society of Chemistry
Also, the HR-TEM image of the as-synthesized sample CS20
revealed the formation of an irregular sheet-like structure with
particle size in the range of 25–35 nm and an interplanar d-
spacing of 0.33 nm corresponding to the (111) plane of the CuS2
cubic pyrite phase (Fig. 4d and e). From the FFT pattern shown
in the inset of Fig. 4e, the exact interplanar distance for the
CS20 sample was calculated and found to be 0.328 nm, which is
close to 0.33 nm. Spotty rings in the SAED pattern (Fig. 4f)
correspond to planes, as observed in the XRD pattern.
Compared to the CS2 sample, the change in the spotty SAED
pattern of the CS20 sample revealed that a part of the sample is
transformed into the cubic pyrite phase at the expense of the
hexagonal covellite phase. The near-transparent nature of the
images suggests the very low thickness of the sheet-type NPs.
The aggregation of the NPs is due to the contribution of strong
intermolecular forces such as p–p interaction and van der
Waals attraction.

From the above discussion and with the evidence of our
experimental data, we proposed a probable mechanism for the
formation of CS NPs. CuCl2$2H2O and EDTA were ionized in
water to get a Cu–EDTA complex due to chelation and further
addition of NH4OH facilitates the formation of a complex by
ionizing EDTA. The role of NH4OH is to assist the construction
of the Cu–EDTA complex. Next, the inclusion of sulfur
precursor, Na2S, releases S

2� ions. These S2� ions combine with
Cu2+ ions due to favorable interaction and precipitate as CuS.
The morphology of the synthesized samples depends on the
rate of release of Cu2+ and S2� ions. A slow-release rate of any of
these ions results in irregular morphology. But for the CS10 and
CS20 samples, where excess of sulfur precursor was added,
mixed phase CuS–CuS2 nanosheets were obtained. The
mage of CS2 (inset: corresponding 2D-FFT), (c) SAED pattern of CS2, (d)
orresponding 2D-FFT), and (f) SAED pattern of CS20.

Nanoscale Adv., 2021, 3, 3954–3966 | 3959



Fig. 5 Schematic diagram showing the formation mechanism of CS NPs.
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mechanism for the formation of the CuS phase was the same as
that discussed above. CuS2 in the sample was responsible due to
the excess of the sulfur precursor. An (S–S)� linkage was formed
similar to the pyrite-type structure between the sulde ions and
electron exchange reduced Cu2+ to Cu+. Hence, this new
Cu+(S2)

� phase, together with CuS, gave irregular nanosheets
(Fig. 5).

Optical study of the as-synthesized samples

For UV-visible spectrophotometry, the as-synthesized fresh
sample was dispersed in acetone and ultrasonicated for 2 min.
Fig. 6 UV-visible absorption spectra (inset top right: corresponding ba
powdered sample): (a) CS2 and (b) CS20. PL spectra of (c) CS2 and (d) C

3960 | Nanoscale Adv., 2021, 3, 3954–3966
The absorption spectrum was obtained using a UV-visible spec-
trophotometer. The dispersed CS20 sample shows two absorp-
tion peaks, one in the visible region (near 470 nm) and the other
in the UV or near-visible region (near 326 nm), as shown in
Fig. 6b. Further, there is also an absorption in the near IR region,
which is a characteristic of covellite CuS.43 The appearance of two
absorption peaks can be attributed to (i) charge transfer between
the (S2)

� moiety and Cu+ (at 326 nm), and (ii) S2� to Cu2+ charge
transfer (at 470 nm) processes. There is a slight blue shi in the
absorption due to the quantum connement effect. The corre-
sponding direct band gap was calculated to be 2.07 eV (inset
nd gap of the as-synthesized sample, inset bottom left: synthesized
S20 (inset: band gap calculated from the corresponding PL spectra).

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6b) from Tauc's equation, which is in accordance with its
photocatalytic activity in the presence of visible light and also
within the reported values. On the contrary, only one broad
absorption spectrum was visible for the as-synthesized sample
CS2, i.e., pure phase CuS (Fig. 6a). The corresponding band gap
using Tauc's equation was found to be 2.11 eV.

To further conrm the real optical band gap of both the
samples, room temperature photoluminescence (RT-PL) anal-
ysis was performed on the nely ground powdered sample. For
the CS2 sample, the emission peak at 574 nm was observed for
350 nm exitonic wavelength (Fig. 6c) and for the CS20 sample, at
300 nm excitation wavelength, emission of 565 nm was
observed. The band gaps were calculated by following the
equation given below.

Band gapðEÞ ¼ hc

l
¼ 1240

l
(1)

where, h is Planck's constant, c is the speed of light, and l is
photon's wavelength. The optical band gaps corresponding to
the emission peak at 574 nm for the CS2 sample and at 565 nm
for the CS20 sample were determined to be 2.16 eV and 2.19 eV,
respectively. This observation is in agreement with the band gap
data obtained from the UV-visible absorption spectra.

Selective photocatalytic conversion of various aromatic
alcohols to the corresponding aldehydes. The importance of the
selective conversion of benzyl alcohol to benzaldehyde is great.
The recent reported models for such type of oxidation use
expensive metals46 and their complexes, which are not easy to
synthesize on an industrial scale such as the combination of
two noble metals Au–Pd alloy along with ZrO2 as the promoter,47

few of which are accompanied by high temperature conditions.3
Fig. 7 (a) Conversion and selectivity of other substituted benzyl alcohols
CS20, taking benzyl alcohol as the model substrate.

© 2021 The Author(s). Published by the Royal Society of Chemistry
Not many reports are available for this conversion catalyzed by
Cu NPs and no report, particularly for CuS NPs, has been re-
ported to the best of our knowledge. To test our photocatalyst
for efficient selective conversion, benzyl alcohol was chosen as
the model substrate and two reactions were carried out
employing CS2 and CS20 as the photocatalysts. A mixture of
products was observed in case of CS2, while CS20 was highly
selective toward benzaldehyde formation. This high selectivity
favored by CS20 may be attributed to the presence of Cu(I) in the
sample. Low yield on in the absence of visible light was
observed (Table S1,† entry 7) and no product formation took
place in the absence of the photocatalyst (Table S1,† entry 1).
The reaction conditions were then optimized choosing CS20 as
the photocatalyst (Table S1†) and a variety of substrates were
studied to prove the versatility and efficiency of the catalyst
according to the optimized condition, which were 1 mmol of
substrate benzyl alcohol, 5 mL ACN, 20 mg CS20, and 0.5 mL
TBHP in the presence of visible light. Aer the study, the
selective conversion of a series of substituted benzyl alcohols
(–OCH3, –Cl, –F, –NO2, –NH2, and –CH3) to the corresponding
aldehydes (Fig. 7a) was carried out. Among all the substrates, 4-
methoxybenzyl alcohol showed the highest conversion of 99%,
maintaining a selectivity of�99%. Other substituted substrates,
namely, 2-chloro, 4-chloro, 4-methyl, 4-uoro, and 4-nitro,
underwent 98, 97, 96, 93, and 85% conversion, respectively
(Table S2†). Interestingly, in the case of 2-aminobenzyl alcohol,
as anticipated, comparatively low yield was obtained owing to
the high possibility of H-bonding (–H2N–HOCH2–). The reus-
ability of the photocatalyst was checked upto ve cycles, taking
benzyl alcohol as the model substrate (Fig. 7b).
in accordance with the optimized conditions. (b) Recyclability test for
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Photocatalytic degradation of methylene blue. The photo-
catalytic activity of the sample CS2 CuS nanosheets was studied by
optical absorption measurement for the degradation of cationic
dye MB. 50 mg of the as-synthesized sample CS2 was added to
50 mL dye solution of concentration 1.25 � 10�5 M and stirred
under continuous visible light irradiation. The degradation was
monitored by observing the reduction in the peak intensity in the
optical absorption spectrum. The MB dye solution, prior to the
addition of the catalyst, showed absorption at 664 nm, and no
further change was witnessed even aer continuous stirring under
visible light irradiation for 60 min. Once the catalyst was intro-
duced in the dye solution, a relative reduction in the peak inten-
sity was observed just aer 5 min without any blue or red shi of
the peak, as shown in the Fig. 8a. The decline in the peak intensity
might be due to the fracture of the chromophores responsible for
the color of the dye. Aer 20 min of stirring and visible light
irradiation, a colorless solution was obtained and complete
degradation was conrmed by the absorption spectra. Dye
degradation follows pseudo rst order kinetics (Fig. 8b) and the
apparent rate constant can be quantitatively calculated by eqn (2).

ln C0/C ¼ kt (2)

In a similar manner, the degradation of MB was conducted
and monitored employing CS20 as the catalyst. Contrary to the
Fig. 8 (a) Time-dependent optical absorption spectra for the degradation
absorption spectra for Cr(VI) reduction, (b) kinetic curve for Cr(VI) reduct
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degradation with CS2, it took a longer time duration to initiate
the degradation of MB. These results led us to the conclusion
that the semiconductor photocatalyst CS2 is more efficient
toward cationic dye degradation rather than CS20.

Photocatalytic reduction of Cr(VI). Aer checking the effi-
ciency of our photocatalyst toward dye degradation, we con-
ducted similar photocatalytic experiments for the reduction of
toxic and carcinogenic Cr(VI) to non-toxic Cr(III). 50 mg of the as-
synthesized sample CS2 was added to 50 mL K2Cr2O7 solution
of concentration 15 � 10�5 M and stirred under continuous
visible light irradiation. No reduction in the peak intensity was
observed without the addition of the catalyst even aer irradi-
ation with visible light for 60 min. But aer the addition of CS2,
reduction was observed within 15 min and complete reduction
with a colorless solution was obtained in 60 min, as shown in
Fig. 8c. It is noteworthy that the reduction of Cr(VI) was con-
ducted in the absence of any reducing agent such as NaBH4 and
NH2NH2$H2O. The discussed experiment was repeated with
CS20 but as seen in the case of MB, it was not efficient in Cr(VI)
reduction compared to CS2.

It was observed that the curves of both MB degradation and
Cr(VI) reduction were not well-matched with the pseudo rst-
order kinetic model (see Fig. 8b and d). The probable reasons
behind this deviation are as follows: (i) the formation of various
intermediate states during the dye degradation reaction affects
the reaction kinetics. At the initial stage of reaction, there is no
of MB, (b) kinetic curve for MB degradation, (c) time-dependent optical
ion.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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involvement of any intermediate states but when the reaction
progresses, a number of intermediate states are formed, which
are then adsorbed on the catalyst surface and thereby reduce
the photodegradation rate. (ii) A large amount of dye can be
adsorbed on the surface of the catalyst at high concentration
during the initial moment of the reaction. It prevents the
adsorbed dye molecules to be available for the reaction with free
radicals, electrons, and holes generated from the photocatalyst.
As a result, a slower degradation rate is observed at the initial
moment, which changes its behavior at the later stage of the
reaction. A similar kinetic behavior is very much common in the
case of MB or methyl orange degradation reactions, as per
earlier reports.48,49

To obtain the real photocatalytic activity of our as-synthesized
CS samples and as a control reaction, the MB degradation and
Cr(VI) reduction experiments were also carried out by adding the
photocatalysts to the respective solution and continuously stir-
ring for 1 hour under dark condition. The representative data
shown in Fig. S2† conrms the negligible amount of methylene
blue degradation and Cr(VI) reduction even aer 1 hour of stir-
ring, which excludes any strong inuence of surface adsorption.
From the above observations, it can be concluded that (i) in the
absence of the catalyst, MB degradation and Cr(VI) reduction do
not occur, and (ii) the reaction does not occur at dark conditions
even in the presence of the catalyst.

The above observations suggest that the as-synthesized
nanoparticles are most probable candidates as photocatalysts.
However, the quality of the photocatalyst can be mainly
measured from the charge transfer efficiency between the valence
band and the conduction band of the material, as shown in the
representative Fig. S3.† Hence, our curiosity highly motivated us
to see the real-time efficiency of our as-synthesized photocatalysts
experimentally through some more controlled reactions for MB
degradation and Cr(VI) reduction using a higher intensity light
source. To our surprise, when we carried out all the photo-
catalytic reactions again using a commercial 250 watt high-
pressure mercury vapor visible lamp (HPMVL) with wavelength
distribution of 400–700 nm as the light source, excellent results
were obtained. As shown in Fig. S4a and b,† within 5 and 10min,
the complete degradation of MB and the reduction of Cr(VI) were
respectively observed. This experimental result denitely indi-
cates the high charge transfer efficiency within the band struc-
ture of our as-synthesized photocatalysts.

Aer carrying out all the photocatalytic reactions, it is very
important to understand the stability and long-term durability
of the as-synthesized CS2 and CS20 nanoparticles in their
respective photocatalytic environment. From a series of
controlled photocatalytic experiments, it was found that the as-
synthesized CS2 and CS20 nanoparticles are very much stable
under the reaction conditions for long durations of time. For
the durability test, the MB degradation and Cr(VI) reduction
experiments were again carried out in the presence of CS2
nanoparticles under the same photocatalytic conditions. Even
aer the completion of both the reactions, the reaction solu-
tions were further kept in the stirring mode for another two
hours with continuous irradiation of visible light. The catalyst
was then separated from the solution mixture and reused in
© 2021 The Author(s). Published by the Royal Society of Chemistry
a new set of MB degradation and Cr(VI) reduction reactions. The
reused CS2 nanoparticles showed almost similar efficiency
toward both the reactions. Aer the durability test, the CS2
catalyst was recovered, dried, and analyzed for the structural
andmorphological study. In a similar way, the CS20 catalyst was
also recovered aer the recyclability test (aer the 5th photo-
catalytic cycle) for the benzyl alcohol oxidation reaction. As
shown in Fig. S5a and b,† the retention of the original structure
in both the recovered CS2 and CS20 catalysts could be clearly
ascertained from the powder XRD patterns. When the
morphology of both the recovered catalysts, as can be seen in
Fig. S5c and d,† was compared with Fig. 4a and d, a similar
retention behavior was observed.

Triazole synthesis. The synthesis of NH-triazoles, a funda-
mental moiety in pharmaceutical industries, is of great concern
in the eld of research. Hence, in order to develop a smooth and
effective catalytic system, the efficiency of the as-synthesized CS
samples was explored in the synthesis of NH-triazoles. The
optical parameters for the synthesis of NH-triazoles were
investigated on the test reaction using 4-bromo-benzaldehyde,
nitromethane, and sodium azide as the model substrates
under various reaction conditions using both CS2 and CS20
samples as the catalyst. The catalytic efficiency was found to be
better in the case of CS2 compared to CS20; hence, we
continued our all substrate studies with the CS2 sample only. At
rst, the effect of CS2 catalyst loading was explored (Table S3,†
entry 1–6). It can be seen from Table S3† that the reaction rea-
ches near completion in just 1 hour with excellent yield of the
desired product in the presence of 20 mg of the catalyst (Table
S3, entry 1†). Decreasing the catalyst amount to 15 mg and
10 mg also delivered the requisite triazoles in satisfactory yield
in 1 hour (Table S3, entries 2, 3†). However, a further decrease in
the catalyst loading to 5 mg resulted in a slight decrease in the
product yield along with longer time consumption (Table S3,
entry 4†). The necessity of the catalyst was conrmed when the
reaction was carried out in absence of the catalyst, keeping the
other parameters intact, which produced the NH-triazole
product in considerably diminished yield (Table S3, entry 5†).
Encouraged by this exciting transformation, we then explored
the most suitable solvent and temperature for the efficient
synthesis of NH-triazoles.

A model reaction of 4-bromo-benzaldehyde, nitromethane,
and sodium azide was chosen to screen the reaction parameters
and the results are summarized in Table S4.† Thus, aer
screening the suitable reaction parameters, 10 mg of the CS2
catalyst in the green solvent PEG-400 was chosen as the best
reaction condition throughout this work. Once we established
the best reaction parameters for NH-triazole synthesis, we then
explored the efficiency of the catalyst in a wide range of elec-
tronically diverse substrates, the results of which are summa-
rized in Fig. 9a–j. Interestingly, it was found that the substrates
showed satisfactory outcomes, resulting in good to excellent
yield of the requisite NH-triazole products. Aldehydes bearing
electron withdrawing groups such as cyanides and halogens
afforded the desired products in excellent yields within a short
period of time. Moreover, salicylaldehyde and 2,4-dichlor-
obenzaldehyde also afforded the product in satisfactory yields
Nanoscale Adv., 2021, 3, 3954–3966 | 3963



Fig. 9 Effect of the substituent on the synthesis of NH-triazoles. aReaction conditions: substituted benzaldehyde (1 mmol), nitromethane (2
mmol), NaN3 (3 mmol), CS2 (10 mg), solvent (3 mL), in air.
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(Fig. 9, entries e and g). In addition, the efficiency of the catalyst
was also investigated in heterocyclic moieties such as thiophen-
2-aldehyde and furan-2-aldehyde; it was found that the hetero-
cyclic moieties also delivered the NH-triazole products quite
smoothly in satisfactory yields (Fig. 9, entries h and i). We also
carried out the reaction using another nitro compound, i.e.,
nitroethane, with benzaldehyde under standard reaction
conditions and found that nitroethane was also quite suitable
for this transformation (Fig. 9, entry j).
Conclusion

In conclusion, we were successful in establishing a green and
economic protocol for the synthesis of eco-friendly CS NPs
involving an effortless precipitation process. This semi-
conductor photocatalyst proved to be a consistent multifunc-
tional catalyst and is also suitable for large scale production in
a completely green environment. Four samples of copper
sulde NPs were synthesized just by varying the amount of the
sulfur precursor and their effect on the phase and composition
of the samples was studied. The composition, phase, purity,
3964 | Nanoscale Adv., 2021, 3, 3954–3966
and size of the NPs were conrmed by various characterization
techniques. Further, the pure phase of CuS nanoparticles was
found to be a potential candidate for visible light-mediated
photocatalytic degradation of rigid organic dye MB and the
reduction of carcinogenic Cr(VI) to harmless Cr(III) in the
absence of any reducing agent. The same CuS nanomaterial was
also proven to be advantageous in the synthesis of the phar-
maceutically important 1,2,3-triazole moiety. On the other
hand, mixed phase CS NPs (CuS–CuS2) were found to be most
efficient catalyst in the selective oxidation of a number of
aromatic alcohols to their corresponding aldehydes. This
approach of photocatalysis was proved to be efficient without
the involvement of any noble metal. Moreover, the role of
different oxidizing states of Cu in the catalysis of reactions
offering selectivity has been demonstrated.
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Yacamán, Langmuir, 2013, 29, 9231–9239.

28 C. Xing, Y. Zhang, Z. Wu, D. Jiang and M. Chen, Dalton
Trans., 2014, 43, 2772–2780.

29 J. Liu and D. Xue, J. Mater. Chem., 2011, 21, 223–228.
30 S. Adhikari, D. Sarkar and G. Madras, ACS Omega, 2017, 2,

4009–4021.
31 Y. Chen, C. Davoisne, J. M. Tarascon and C. Guéry, J. Mater.
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