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1. Introduction

Precursor-driven selective synthesis of hexagonal
chalcocite (Cu,S) nanocrystals: structural, optical,
electrical and photocatalytic propertiesy

Gopinath Mondal,? Pradip Bera,® Ananyakumari Santra,® Sumanta Jana,”
Tarak Nath Mandal,“ Anup Mondal,” Sang Il Seok®® and Pulakesh Bera*®

The reaction of CuCly-2H,O with the methyl ester of 3,5-dimethyl pyrazole-1-dithioic acid (mdpa) yields a
blackish brown complex of composition, [Cu(mdpa),l[CuCly]. The complex formed a well-defined crystal
and is characterized by single-crystal X-ray diffraction, thermogravimetry (TG), and spectroscopic studies.
The molecule possesses a distorted tetrahedral configuration with a CuN,S, chromophore with +1
oxidation state of copper. The TG study reveals that the molecule is a suitable precursor for copper sulfide
nanoparticles. The low temperature thermal decomposition of the single-source precursor produces
hexagonal chalcocite (Cu,S) nanostructures in ethylene diamine and ethylene glycol. A selective synthesis
of copper-rich high chalcocite was obtained using the new precursor. The size and morphology of the
synthesized Cu,S nanoparticles are guided by the precursor and likely to be less dependent on the solvent
used in the experiment. The nanoparticles were characterized by X-ray diffraction, scanning electronic
microscope, and UV-Vis spectroscopic studies. The optical band gap of the as-synthesized Cu,S
nanoparticles is measured to be 1.80-2.40 eV. The Cu,S nanoparticles are found to be good catalysts in
UV photo catalytic decomposition (90%) of Congo red (CR) dye following first-order reaction kinetics, and
the reusability study of the Cu,S catalyst also shows excellent catalytic performance (80%).

of mildness, safety and a simplified one-pot synthesis of NCs."™
Lastly, the presence of all constituent elements in required

Recently, the development of a single-source molecular precur-
sor for the preparation of binary and ternary semiconductor
nanocrystals (NCs) has been attracting considerable attention
as a single-source precursor (SP) route, providing special key
advantages over the other conventional methods for preparing
inorganic powders, nanoparticles, and thin films. First, the
single-source precursors can be easily obtained in ambient
conditions. These are mostly metal-organic or organometallic
compounds, which have century-long advanced science. Second,
the protocol of a single-source route is based on the advantages
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atomic ratios is chemically maintained in a SP strategy, which
offers a clean synthetic method to produce pure compounds.
The ease of synthesis of single-source precursors in ambient
conditions popularizes the use of it in the preparation of
semiconductor chalcogenides.

Copper sulfide (Cu,S, where x = 1 to 2) is one of the chalco-
genides that has received considerable attention in recent years,
owing to wide stoichiometric compositions, nanocrystal morpho-
logies and hierarchical structure. The stoichiometric composition
of copper sulfide varies from copper-rich Cu,S to copper deficient
CuS, such as Cu,S, Cu;.6S, Cu;e4S, Cu;gS, Cu;-5S, and CuS
with varying morphologies® and different unique optoelectronics
properties.””” The band gap of copper sulfide can vary in a wider
range (1.2-2.5 eV) with stoichiometric composition, which
makes it a highly desirable material for solar cells,*® nonvolatile
memory devices,'® nano-scale switches,'* lithium ion batteries,">
gas sensing’>'* and theranostic applications.™*

In the literature, several SP strategies have been used for the
synthesis of copper sulfide nanoparticles with different shapes
and sizes and morphologies. For instance, Liu et al.'> decom-
posed Cu(S,CNEt,), in a mixture of dodecanethiol and oleic
acid to obtained wires of hexagonal Cu,S (chalcocite), while Lou
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et al.'® decomposed Cu(S,CNEt,), in TOP/TOPO to obtain
spherical Cu,gS (digenite) nanocrystals. Corncoblike Cu,S
nanostructures were obtained through the thermolysis of
copper dithiolate in dodecanethiol.'” Korgel et al. prepared
Cu,S nanorods, nanodiscs, and nanoplatelets by solvent-less
thermolysis of a copper-alkylthiolato precursor.'® In another
report, Li et al. synthesized monodispersed Cu,S nanocrystals
by the reaction of Cu(u)-stearate and dodecanethiol in
1-octadecene.'® The hydrothermal growth of CuS nanowires
from Cu-dithiooxamide was reported by Roy and Srivastava.”
Almost all of the reported SP methods have been performed
using hazardous external surfactants. Several factors, such as
nature and concentration both of the precursor and capping
agent have an influence on the rate of nucleation and growth,
and hence the morphology of particles.”’>* Very recently,
the Liberto Manna group reported the use of Cu(i) complex,
[Cu(CH;CN),]PFs, to prepare platelet-shape copper sulfide
nanocrystals from covellite (Cu, 1S) where Cu: S ratio could be
gradually increased from 1.1:1 to 2:1, retaining their overall
size and morphology.>® The same Cu(i) complex was also used
by the same group to increase in Cu content of Cu,_,Se NCs.>®
In each case, the Cu(i) complex, [Cu(CH3;CN),]PFe, helps to
form copper-rich copper sulfide NCs, but the mechanism is
unclear. In another report, Nair and Scholes concluded that SP
derived from thiosemicarbazide, a NS chelate, are generally
effective in evaluating anisotropic structure of the NCs where
the ligand internally acts as the structure directing agent.>” The
use of functional molecules as capping ligands in SP to control
the shape, size, and also the assembly structure of nanocrys-
tallites in the solution-phase synthesis has been extensively
studied. Therefore, the rational design and synthesis of ligands
is very crucial for the preparation of SP that could be used to
prepare the hierarchical structure of particles through the SP
route. Moreover, the oxidation state of metal in SP has also a
great influence on the final product. In the literature, the SP
route to synthesize copper-rich Cu,S or copper-deficient CuS in
the presence of reducing agent(s) with varying morphologies
and stoichiometries were obtained using mainly the metal-
organic compounds of Cu(m).'*'** The reduction of Cu(u) to
Cu(1) is required to form copper rich morphologies e.g., Cu, gS,
Cuy.06S, Cu,S etc, and in most of the cases, the reducing
agents/solvents were used to reduce the Cu(u) species to Cu().
The effort to synthesize the functionalized SP where the oxida-
tion state of copper is chemically maintained to +1 is practically
rare. Consequently, the use of the Cu(r) complex is also limited
to prepare copper-rich copper sulfide NCs. We report the
synthesis of a new SP of heterocyclic NS-chelate where the
oxidation state of copper in the SP is chemically maintained
to +1. Further the SP is used in selective preparation of copper
rich Cu,S NCs without using any reducing agent.

In search of NS-chelates having ability to direct of particles
morphology for NCs, we synthesize a new pyrazolyl ligand
mdpa and its copper(1) complex, [Cu(mdpa),][CuCl,]. Pyrazolyl
compounds are being considered as ancillary ligands due to
their fascinating mode of coordination, which is reflected in
the literature and text books of chemistry. Pyrazole (1, 2 diazole)
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is isomeric with imidazole (1, 3 diazoles), which are commonly
found in biologically active compounds, such as natural
products, protein ligands and pharmaceuticals. The structural
unit of pyrazole is rarely found in nature but serves as an
important core structure of many pharmaceuticals with wide
range of biological activities such as cholesterol lowering,”®
anti-inflammatory,® anticancer,®® antidepressant, and antipsy-
chotic agents.®" As a result, there is a continuing interest in the
development of versatile methods to access highly substituted
pyrazoles. Here we report, (i) the synthesis of pyrazolyl ligand
(mdpa) and its Cu(1) complex, (ii) the use of the new Cu(1)-
complex to selective preparation of Cu,S NCs, and (iii) the as-
synthesized Cu,S particles were used as catalyst in photo
degradation of Congo red (CR).

2. Experimental details
2.1 Chemicals

Copper chloride, carbon disulfide (Merck), methyl iodide (Spec-
trochem), ethylene diamine (Himedia), and ethylene glycol
(Himedia), were all analytical grade and used without further
purification. Ethanol (Changshu Yangyuan Chemical, China)
was dried and distilled before use.

2.2 Synthesis of methyl ester of 3,5-dimethyl pyrazole-1-
carbodithioc acid (mdpa) and [Cu(mdpa),][CuCl,]

Carbon disulfide (0.99 g, 13 mmol) was added in a small
portion to a mixture of 3,5-dimethylpyrazole (0.97 g, 10.0 mmol)
in tetrahydrofuran (15 mL) and finely powdered KOH (0.58 g,
10.3 mmol) at room temperature with constant stirring. The
solution turned yellow to orange, and a heavy mass of 3,5-
dimethyl pyrazole-1-carbodithioic acid (dpc) separated out,
which was immediately filtered and thoroughly washed with
diethyl ether and dried in vacuo over P,O4,. 3.18 g (15 mmol) of
properly dried dpc was dissolved in 50 mL of distilled water in a
250 mL round bottom flask and placed in an ice bath (0 °C).
Methyl iodide (1 mmol, 2.12 g) was slowly added and dropwise
for a period of 30 minutes to an aqueous solution (50 mL) of
dpc (3.18 g, 15 mmol) with constant stirring. The stirring was
continued for an additional 1 h, and a yellow colour compound
of methyl ester of 3,5-dimethyl pyrazole-1-carbodithioc acid
(mdpa) separated out, filtered off, washed with water and dried
over silica gel. Yield: 82%. M.P. (decomposed): 30 °C. Anal. calc.
for C,H,(N,S,: C, 45.13; H, 5.41; N, 15.04; S, 34.42. Observed: C,
45.01; H, 5.72; N, 15.48; S, 33.88. IR (cm~): 3398-3476, (O-H);
980, (C=S); 1575, (C—=N); 1490, /(C-N).

CuCl,-2H,0 (10 mmol, 1.70 g) dissolved in 20 mL of ethanol
was added dropwise to an ethanolic solution of mdpa (10 mmol,
1.86 g) dissolved in 20 mL ethanol with constant stirring. Stirring
was continued for another half an hour, and a deep blue colour
compound separated out. The precipitate formed was filtered,
washed with excess ethanol and dried in an oven at 90 °C.

Yield: 80%, mass spectrum m/z value: 435.10 (molecular ion
peak). Anal. calc. for C;,H,0C1,N4S,Cuy: C, 29.47; H, 3.53; N,
9.82; S, 22.48%. Observed: C, 29.46; H, 3.05; N, 9.70; S, 22.78%.
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Scheme 1 Synthesis of the ligand and the SP.

The chemical reaction for the preparation of the precursor is
detailed in Scheme 1.

2.3 Preparation of copper sulfide nanoparticles using
[Cu(mdpa),][CuCl,]

In a solvothermal synthesis, 0.285 g (0.5 mmol) of the as-
prepared precursor, [Cu(mdpa),][CuCl,], was taken with 15 mL
of solvent in a 50 mL two-necked round bottom flask equipped
with a condenser and thermocouple adaptor. The flask was
degassed at room temperature for 5 minutes and then filled
with inert nitrogen gas. The resulting solution was then gradu-
ally heated to 150 °C, and reaction temperature was maintained
for 30 minutes. The same set of experiments was also performed
at 180 °C for 1 h. The black precipitate formed was collected
through centrifugation and was washed for 4-5 times with
ethanol. Dry powder copper sulfide NCs were collected by
evaporating ethanol at 100 °C for 1 h in an oven.

2.4 Characterization

The single-crystal X-ray diffraction was carried out on a Bruker
SMART APEX II X-ray diffractometer equipped with graphite-
monochromated Mo-Ka. radiation (4 = 0.71073 A) and 16 CCD
area detector. The intensity data were collected in the m and ®
scan mode, operating at 50 kV, 30 mA at 296 K.*> The data
reduction was performed using the SAINT and SADABS
programs.®® All calculations in the structural solution and
refinement were performed using the Bruker SHELXTL
program.** The structure was solved by the heavy atom method
and refined by full-matrix least-squares methods. All the non-
hydrogen atoms were refined anisotropically; the hydrogen
atoms were geometrically positioned and fixed with isotropic
thermal parameters. The final electron density maps showed
no significant difference. Mass spectra of both ligand and
metal complex were obtained using a Waters HRMS XEVO-
G2QTOF#YCA351. The elemental analysis (C, H, N, and S) of the
complex was performed using a FISONS EA-1108 CHN analyzer.
The IR spectra (4000-500 cm™ ') were recorded on a Perkin
Elmer Spectrum Two FT-IR Spectrophotometer with sample
prepared as KBr pellets. TG analysis was carried out on a
TGA NETZSCH TG 209 F1 instrument at a heating rate of
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10 °C min~' under nitrogen. UV-Visible absorption spectra
of the samples were recorded on a Perkin Elmer Lambda 35
spectrophotometer in the wavelength range region 200-800 nm
at room temperature. Powder X-ray diffraction (XRD) of NCs was
recorded using a Seifert XDAL 3000 diffractometer using
graphite-monochromated Cu-Ka radiation (/. = 1.5418 A) with
a scan rate 5° min~ ' over a range of 5° < 20 < 80° with steps of
0.02° and scintillation detector is operating at 40 kV and 40 mA.
TEM and HRTEM of copper sulfide NPs were characterized using
a FEI Tecnai G2 T-20S at an accelerating voltage 200 kV. The TEM
samples were prepared by placing a drop of a dilute ethanol
dispersion of NCs on the surface of a 200-mesh carbon-coated
copper grid. The SEM and FESEM images of NCs were acquired
with a Gemini Zeiss Supra 40VP (Carl Zeiss Micro imaging
GmbH, Berlin, Germany) field emission scanning electron
microscope (FESEM) with a 20 kV accelerating voltage. Energy
dispersive X-ray (EDX) analysis of the sample was carried out on
an Oxford instrument INCA attached to the SEM in the scanning
range of 20 keV. Photocatalytic activity of Cu,S was studied with
a 50 mL of 0.5 x 10~ M aqueous solution of CR in a 100 mL
beaker using visible light source. Further, a 250 W indoor
fluorescent lamp was used as light source. To test the photo-
catalytic degradation of CR, a solution of known CR concen-
tration and Cu,S NCs photocatalyst was allowed to achieve
adsorption equilibrium for 120 min in the dark. Then the
solution was exposed to visible light irradiation under magnetic
stirring. At 15 min intervals, 3.5 mL of suspension was sampled
and centrifuged to remove the photocatalyst powders. The
concentration of the dye after photocatalyst degradation was
determined with a UV-Vis spectrophotometer.

3. Result and discussions

3.1 Synthesis and characterization of SP with X-ray
crystallographic study

The selective synthesis of Cu,S morphology could be possible with
an internally active Cu(i)-precursor in single-source solvothermal
route. In search of a new Cu(1) SP, the N-heterocycle-based ligands
like pyrazole, imidazole, pyrimidine etc. are chosen because of
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their special ability to stabilize the lower oxidation states of metal
due to their m-acidity.’® Pyrazoles can be used as ligand or as
precursors of pyrazole-based ligands and are accessible by well-
established synthetic methods.>® These methods are quite
general, and this allows the preparation of pyrazoles with a variety
of substitution patterns and with different functionalities as
substituents of the pyrazole ring. Pyrazole, having two equivalent
N-atoms with localized lone pair (c-donor) on an in-plane orbital
and vacant low-lying antibonding n* orbitals (perpendicular to the
molecular plane), shows versatile bonding capabilities with metal
ions, and there has been a growing interest in new synthetic
methods for the preparation of pyrazole-derived ligands and their
metal complexes. A pyrazole-based dithiocarbazate is used to
develop a new internally functionalized single-source precursor
for copper sulfide nanocrystals. The ligand mdpa and the copper
complex were isolated from ethanol in very good yields. It is
interesting to note that the solid-state isolation of the Cu(r)
complex is possible, starting with a Cu(u) salt i.e., cupric chloride.
The sulfur-containing pyrazolyl ligand mdpa reduces Cu(u) to
Cu(1) at the same time stabilizes lower oxidation state of copper
in the reaction condition.*® The compounds are microcrystalline,
stable in air and soluble in some organic solvents.

Fig. 1 shows the FTIR spectra of the free ligand and the
copper complex. In order to confirm the mode of bonding of
the ligand, the FTIR spectra of the free ligand and the copper
complex were studied and assigned based on careful compar-
ison of metal complexes with that of the free ligand. The peaks
in the spectrum of the complex are less in number and quite
sharp than that of ligand spectrum clearly proving the strong
bonding of the ligand(s) with metal. A very broad band typical
of water in the 3476-3398 cm ' region is a proof of the
hygroscopic nature of the ligand. The ligand shows the bands
assigned to {C=N) and {C-N) at 1586 cm " and 1324 cm *,
respectively. An increase in 1(C-N) in the free ligand spectrum by
ca. Av=7 em™" upon complex formation [{C-N) = 1331 cm ™" in
complex], as well as an increase (Av = 55 cm™ ') in »(C=N)
indicate a coordination through tertiary pyrazole ring nitrogen
atom. The coordination of the thione sulfur atom to the metal

1586
980

Transmittance

1324

3000 2500 2000 1500, 1000 500
Wave number(cm™')
Fig. 1 FTIR spectra of ligand (a) and SP (b).
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Fig. 2 TGA (a) and derivative of TGA (b) curves for SP.

centre is indicated by a decrease of the 1(C=S) band from
980 cm " (in free ligand) to 913 cm ™" in its complex form.

TG analysis of the complex was conducted to study the
thermal behavior and suitability for the preparation of CuS
NCs. The decomposition of the complex started near 100 °C as
shown in Fig. 2. The complex undergoes significant weight loss
of 33% (ca. 33.21%) in the first stage between temperatures
100 °C to 200 °C due to the loss of fragment A along with one CIL
The same loss of units (A) and Cl is repeated over a temperature
range from 200 °C to 700 °C in the second stage of decomposi-
tion, giving a residue, which is close to the value calculated for
the mass percentage of bulk CuS (33.38%). The decomposition
steps are shown in Scheme 2.

The molecular structure of SP, [Cu(mdpa),][CuCl,], has been
established by X-ray crystallography. The ORTEP diagram with the
atom numbering scheme is shown in Fig. 3. The crystallographic
and experimental data for SP are given in Table 1, and the selected
bond lengths and angles are given Table 2. The coordination
geometry around the Cu-atom is tetrahedral with an N,S, chro-
mophore with the participation of two ligand moieties. Cu(1) is
coordinated by the ternary N-atom and thione sulfur of each
ligand and CuCl, unit is present outside the coordination sphere
to satisfy the residual charge. In the complex, the chelate bite angle
of N(2)-Cu(1)-S(1) and N(12)-Cu(1)-S(11) are 84.52(7)° and
84.39(7)°, respectively. These angles are much smaller than the
ideal tetrahedral angle (109.28°) as well as the other two tetrahe-
dral angles N(2)-Cu(1)-N(12) [108.3(10)°] and S(1)-Cu(1)-S(11)
[121.61(3)°]. The lowering of the biting angles is due to the
closeness of the coordinating N and S atoms in the ligand with
a view to facilitate the formation of 5-membered chelate rings. The
biting angle N(2)-Cu(1)-N(12) [108.3(10)°] reveals that the out-of-
plane position of the two adjacent pyrazole rings leads to less steric
crowding among methyl groups at the 3(5) position. Thus, the
distorted tetrahedral complex becomes vulnerable to ligand sub-
stitution prior to formation of the nanoparticle.

3.2 Formation and characterization of Cu,S NCs

Reaction below the decomposition temperature of the SP (ca. 100 °C)
leads to an incomplete dissociation of the intermediate species and
rendered quite aggregated product. Thus, a higher reaction tem-
perature than the decomposition temperature of SP was considered

New J. Chem., 2014, 38, 4774-4782 | 4777
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Scheme 2 Decomposition steps of the SP in the TG analysis.

Fig. 3 Coordination environment of the copper atom in the structure of SP.

Table 1 Crystallographic and experimental data for the SP

Empirical formula C14H30C12CUN4Sy

Formula weight 570.56
Crystal system Triclinic
Space group P1

alA 10.5271(9)
b/A 10.7784(9)
c/A 10.9396(9)
o/° 68.855(4)
BI° 65.795(4)
9/° 78.787(5)
VIA® 1054.33(15)
zZ 2

Deale/mg m ™ 1.797
Absorption coefficient/mm ™" 2.674
F(000) 576
Reflections collected 17 096
Independent reflections 5169

R(int) 0.0613
Theta(deg) 28.30° (98.6%)

Ry, WR, [I > 20(1)]
Ry, WR, (all data) .
Largest diff. peak and hole/e A*

0.0526, 0.1342
0.0599, 0.1420
1.490, —2.156

with heating durations of 30 minutes or 1 h. The particles obtained
in a certain reaction temperature with 30 minutes heating duration
were microcrystalline in nature, and the crystallinity improved with
increasing the reaction time up to 1 h. It was found that only high
chalcocite (Cu,S) is the product at any reaction temperature irre-
spective the solvent used in the experiment. The solventless synth-
esis ie., heating of SP in a closed quartz furnace in a N, atmosphere
also gave Cu,S NCs. Therefore, SP with Cu(i) in its coordination
sphere had total control on the product stoichiometry of the copper
sulfide NCs, and a further use of any reducing agent/solvent to
synthesize Cu,S from Cu(m) salts or its complexes was not essential.

4778 | New J. Chem., 2014, 38, 4774-4782
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Table 2 Selected bond length (A) and bond angles (°) for the SP
Bonds Values (A) Bonds Values (A) Bonds Values (A)
C(5)-H(5A) 0.9800  C(5)-H(5B) 0.9800  C(5)-H(5C) 0.9800
C(6)-H(6A) 0.9800  C(6)-H(6B) 0.9800  C(6)-H(6C) 0.9800
S(11)-C(11) 1.666(3) S(12)-C(11) 1.719(3) S(12)-C(15) 1.801(3)
N(11)-C(11) 1.390(4) N(11)-N(12) 1.396(3) N(11)-C(12) 1.398(3)
N(12)-C(14) 1.308(4) C(12)-C(13) 1.364(4) C(12)-C(16) 1.489(4)
Angles Values (°) Angles Values (°)
N(12)-Cu(1)-N(2) 108.30(10) N(12)-Cu(1)-S(1) 130.53(7)
N(2)-Cu(1)-5(1) 84.52(7) N(12)-Cu(1)-S(11) 84.39(7)
N(2)-Cu(1)-S(11) 133.25(7) S(1)-Cu(1)-S(11) 121.61(3)
Cl(1)-Cu(2)-Cl(2) 175.70(4) C(1)-S(1)-Cu(1) 99.51(10)

C(1)-S(2)-C(5) 102.46(14) C(1)-N(1)-N(2) 117.2(2)

C(1)-N(1)-C(2) 132.8(2) N(2)-N(1)-C(2) 109.9(2)
C(4)-N(2)-N(1) 106.2(2) C(4)-N(2)-Cu(1) 135.6(2)
N(1)-N(2)-Cu(1) 116.89(19) N(1)-C(1)-S(1) 121.2(2)
N(1)-C(1)-S(2) 115.9(2) S(1)-C(1)-S(2) 122.89(18)

The XRD patterns of the samples prepared in EN and EG at
180 °C are shown in the Fig. 4(a) and (b), respectively. All these
patterns show four broad peaks at 37.7°, 46.5°, 48.6°, 54.4° and
55.2°, originating from the (102), (110), (103), (112) and (201)
lattice plane, which are very close to those reported for chalco-
cite Cu,S (JCPDS card 26-1116), with the p6; space group and a
primitive unit cell with a = 3.961 A and ¢ = 6.722 A.

The morphologies of the as-prepared samples were investi-
gated by scanning and transmission electron microscopy. The
morphology of the Cu,S NCs prepared at different temperatures
using different solvents was characterized by SEM and FE-SEM
and presented in the Fig. 5. Fig. 5(A) and (B) show the SEM
and FE-SEM images of the products obtained in EN at 150 °C,
respectively. The morphology of Cu,S product is found to be a
cluster of nanocrystals [Fig. 5(A)]. The FE-SEM image shows
clusters comprised of nanoplates with hexagonal morphology.
The energy dispersive X-ray (EDX) spectrum of this sample shows
a 2:1 Cu:S atomic ratio, indicating a high chalcocite phase, as
shown in Fig. 6. Further increasing the synthesis temperature to
180 °C in the same solvent (EN), achieved a similar Cu,S cluster,
with a diameter range of 0.1-0.2 pm, and these are found to be
less compact and the formation of uniform nanoplates is
prominent in the SEM [Fig. 5(C)] and FE-SEM [Fig. 5(D)] images.
SEM and FE-SEM images of the Cu,S NCs synthesized from SP in
EG at 150 °C clearly shows the agglomerated cluster of both
sphere-like nanoparticles and nanoplates with a high degree of

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2014
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Fig. 4 X-ray diffraction patterns of Cu,S NCs prepared from SP in EN (a)
and in EG (b).

porosity. The degree of porosity and crystallinity increased when
the reaction temperature was increased to 180 °C as shown in the
Fig. 5(G) and (H), and the nanoplates morphologies was prominent
over the nanopatrticles. Therefore, the use of SP in the solvothermal
synthesis of Cu,S furnishes porous clusters consisting of hexagonal
nanoplatelets irrespective of the solvent used in the reaction. It is to
be noted that the crystallinity and porosity increased with increas-
ing the reaction temperature. As a result, remarkable photocatalytic
activity was shown by the synthesized Cu,S NCs. For which, the
experimental details are discussed later.

Fig. 7 shows the TEM and HRTEM images of the samples
prepared at different reaction conditions. When EN is employed
as solvent at 150 °C for 1 h, the obtained copper sulfide NCs looked
spherical with size of 5-7 nm [Fig. 7(A)]. Fig. 7(B) shows a high
magnification TEM image of NCs obtained at 180 °C. Hexagonal
nanoplates are found along with the elongated NCs, and the size of
these elongated NCs and hexagonal plates were measured to be in
the range of 60-100 nm. The measured lattice spacing of 1.98 A is
well matched to the spacing between the (110) planes of chalcocite
Cu,S [Fig. 7(C)]. Further hydrothermal synthesis of Cu,S NCs in EG,
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Fig. 6 EDX spectrum of sample prepared in EN at 150 °C.

the product morphology is found to be nearly same as that obtained
in EN. Nearly spherical particles are found in the product obtained at
150 °C in EG [Fig. 7(D)]. However, the low magnified TEM image
[Fig. 7(E)] clearly shows primarily hexagonal nanoplates in the size
range 40-60 nm along with a few elongated particles. The measured
lattice spacing between the (110) planes of Cu,S is 1.98 A [Fig. 7(F)].

The optical properties were measured using UV-Vis spectro-
photometry. Fig. 8 shows the plot of absorbance vs. wavelength
for the Cu,S NCs prepared in EN and EG at 180 °C. A broad
peak is observed in the visible region with long trail. The band
gap plots of («hv)* vs. E(=hv) as per Tauc’s equation [(ahv =
k(hv — Eg))"?] for the direct band gap are given in the inset of
Fig. 8. The measure band gap is 1.8 eV for Cu,S prepared in EN,
whereas it is 2.4 eV for Cu,S prepared in EG. This result
indicates that the Cu,S NCs have a suitable band gap for
photocatalytic decomposition of organic contaminants under
visible light irradiation.

3.3 Photocatalytic activity study of Cu,S NCs

It is of great importance to investigate the adsorption process
of organic pollutants on the catalyst surface to clarify the

Fig. 5 SEM (A) and FE-SEM (B) of Cu,S NCs prepared at 150 °C in EN; SEM (C) and FE-SEM (D) of Cu,S NCs prepared at 180 °C in EN; SEM (E) and FE-SEM
(F) of Cu,S NCs prepared at 150 °C in EG; SEM (G) and FE-SEM (H) of Cu,S NCs prepared at 180 °C in EG.

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2014
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d=0.198nm

Fig. 7 TEM (A) of Cu,S NCs prepared at 150 °C in EN; TEM (B) and HRTEM (C) of Cu,S NCs prepared at 180 °C in EN. HRTEM (D) of Cu,S NCs prepared at

150 °C in EG; TEM (E) and HRTEM (F) of Cu,S NCs prepared at 180 °C in EG.
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Fig. 8 UV-Vis absorption spectra of samples prepared from EN (a) and EG (b).
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300

mechanism of photocatalytic reactions, which can facilitate
their applications in contaminant destruction. To check the
potential of the as-prepared Cu,S NCs as a photocatalyst,
the catalytic performance of Cu,S NPs were examined by the
photodegradation of CR fluorescence dye under the illumination of
light followed by spectrophotometric monitoring. The intensity of
characteristic absorption peak of CR at 495 nm is remarkably
reduced in the presence of Cu,S NCs upon visible light irradiation
with time as shown in Fig. 9. Fig. 10 displays the photodegradation
of CR over Cu,S NCs as a function of In(C,/Cy) vs. irradiation time
(min) under visible light illumination. For CR concentration of
0.36 mg L™, the degradation was almost completed after illumina-
tion for 135 minutes. It seemed that the Cu,S nanoclusters act as
good catalyst in the UV-photocatalytic degradation of aqueous
solution of CR. The linear relationship between In Cy/C, and time
demonstrated that the photocatalytic degradation of CR followed a
first-order kinetics: In Cy/C, = kt, where k value was calculated as
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Fig. 9 Time-dependent spectral changes of CR aqueous solution by Cu,S
NCs.
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Fig. 10 Logarithmic change in concentration of CR as a function of
irradiation time.
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14.05 x 10~ min~". To our knowledge, the degradation of CR
using Cu,S NCs was not checked earlier.

Interestingly, the reusability study of the Cu,S nanocluster
catalyst shows 80% degradation of CR as shown in Fig. 10. This
proves that the presence of complex internal cavities in the
flower like cluster of NCs, which restricts the easy removal of
absorbed impurities on the catalytic surface.

Conclusion

A new single source precursor derived from pyrazolyl dithio-
carbazate ligand has been used to selectively synthesize hexa-
gonal Cu,S nanoparticles. The presence of the +1 oxidation
state of copper is helpful for the selective synthesis of Cu,S. The
structure of the Cu(1) complex precursor was solved by single-
crystal X-ray crystallography and TG analysis of the precursor
was performed to check the suitability of the compound for the
synthesis of copper sulfide nanoparticles. The distorted shape,
the tetrahedral complex of Cu(i) and the low decomposition
temperature (100 °C) facilitate the formation of flower-like
hexagonal chalcocite (Cu,S) nanostructures with sufficient
porosity and crystallinity in solvothermal process. Furthermore,
the Cu,S nanoparticles have also been used as catalyst for the
photodegradation of aqueous solutions of Congo red (CR) with
an efficiency of 90% as well as the reusable catalytic efficiency
of Cu,S is found to be 80%. Further studies on heterocyclic-
based precursor will explore the structure and activity relation-
ship for the rational synthesis of other Cu' chalcogenide/
chalcogenolate nanoparticles/thin films and their photocata-
lytic activities.
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