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Abstract: In this study, two copper(Il) complexes, [Cu(CgHgN3S,),]Cl, (1) and [Cu(C7H;9N3S;)21Cl-H,O
(2), were synthesized from 2-(thiophen-2-ylmethylene)hydrazine-1-carbothioamide (L;H) and 2-(1-
(thiophen-2-yl)ethylidene)hydrazine-1-carbothioamide (L,H) respectively and characterized using
various spectroscopic techniques and elemental analyses. The as-prepared complexes were used
as single-source precursors for the synthesis of oleylamine-capped (OLA@CuxSy ), hexadecylamine-
capped (HDA@CuxSy), and dodecylamine-capped (DDA@CuxSy) copper sulphide nanoparticles
(NPs) via the thermolysis method at 190 °C and 230 °C and then characterized using powder X-ray
diffraction (p-XRD), UV-visible spectroscopy, transmission electron microscopy (TEM), and scanning
electron microscopy (SEM). The p-XRD diffraction patterns confirmed the formation of crystalline
rhombohedral digenite CugSs with the space group R-3m. The TEM images showed the formation
of nanoparticles of various shapes including hexagonal, rectangular, cubic, truncated-triangular,
and irregularly shaped CuySs nanomaterials. The SEM results showed aggregates and clusters as
well as the presence of pores on the surfaces of nanoparticles synthesized at 190 °C. The UV-visible
spectroscopy revealed a general blue shift observed in the absorption band edge of the copper
sulphide NPs, as compared to bulk CuxSy, with energy band gaps ranging from 2.52 to 3.00 eV.
Energy-dispersive X-ray spectroscopy (EDX) confirmed the elemental composition of the CugSs
nanoparticles. The nanoparticles obtained at 190 °C and 230 °C were used as catalysts for the
photocatalytic degradation of methylene blue (MB) under UV irradiation. Degradation rates varying
from 47.1% to 80.0% were obtained after 90 min of exposure time using only 10 mg of the catalyst,
indicating that CugSs nanoparticles have potential in the degradation of organic pollutants (dyes).

Keywords: heterocyclic thiosemicarbazone copper (II) complexes; thermolysis; copper sulphide
nanoparticles; optical properties; photocatalysts

1. Introduction

In recent decades, there has been an increasing interest in semiconductor metal chalco-
genide nanocrystals (NCs) due to their various applications in nanoscience and nanotech-
nology [1,2]. Their unique properties make them a subject of intense research and are
strongly influenced by morphology, phase, and surface properties [1-4]. Amongst metal
chalcogenides, copper sulphide, which is a p-type semiconductor with a tuneable band-gap
ranging from 1.2 eV to 2.0 eV, has become highly sought after due to its wide range of
stoichiometric compositions and phases. These phases vary from the copper-rich chalcocite
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phase (Cu,S) to the copper-deficient phases (covellite (CuS), anilite (Cuy 755), digenite
(Cuy 8S), and djurleite (Cuj 96S)) [5-9]. Copper-containing nanomaterials have been shown
to possess potential applications in solar cells [5], photocatalysis [6], supercapacitors [10],
nanometre-scale switches, and high-capacity cathode materials in lithium secondary batter-
ies, superconductor, thermoelectric cooling material, and solar-energy absorption [11,12].
These varied applications of copper sulphide semiconductor materials stem from their
unique optical, electronic, and photocatalytic properties that are influenced by their mor-
phology, their stoichiometric composition, and their crystalline phases, which are tuneable
by various reaction parameters such as their capping agent, the nature of their precursor,
and their reaction temperature [7-9,13]. Capping agents stabilize the surface of copper
sulphide to prevent agglomeration and to obtain monodisperse nanoparticles (NPs) [14,15].
However, controlling the phase and the morphology of copper sulphide NPs has been
difficult to achieve.

Significant efforts have been devoted to phase-controlled synthesis of copper sulphide
NPs [13-15]. Several methods have been developed for structure-controlled synthesis of
copper sulphide nanoparticles, including microwave irradiation [16], solvothermal [17],
and thermolysis of a single-source precursor [18,19]. Among these synthetic routes, the ther-
molysis of single-source precursors has been shown to yield high-quality nanoparticles due
to the presence of the preformed metal-sulphur bond in the molecule, which can control
the chemical composition and physical properties of the as-prepared metal chalcogenide
NPs [15,20-23]. This method regulates the particle size and shape by varying reaction
conditions such as temperature, precursor concentration, and capping group [7,8,24]. The
choice of precursors plays an important role on the morphology and phase of copper
sulphide NPs [16]. Thermolysis of dithiocarbamates [6], xanthates [25], dithiolates [26],
and thiobiuret [27] compounds have been explored as single-source precursors for the
preparation of copper sulphide nanoparticle. Despite the various reports on the synthesis
of copper sulphide NPs, the effects of capping agents on crystallinity, phase, size, shape,
optical, and photocatalytic properties have not been fully explored. Recently, our group re-
ported the use of thiourea Cu(II) complexes, N-morpholine-N-benzoylthioureatocopper(Il),
and N-pyrrolidine-N-benzoylthioureatocopper(ll) complexes as single-source precursors
for the preparation of copper sulphide NPs with various morphologies [8,9], and our
results indicate that the formation of the roxbyite phase (Cuj 755) was solvent and tem-
perature dependent [9]. Studies have also reported the use of Cu(Il) complexes for the
photodegradation of organic dyes in aqueous solution [28,29].

Copper(Il) heterocyclic thiosemicarbazone complexes have been extensively studied
for their antimicrobial, anticancer, and antiviral properties [30-35]. However, little atten-
tion has been paid to their use as a single source precursor for the preparation of CuxSy
nanoparticles. Heterocyclic thiosemicarbazones are chelating ligands with the ability to
form air-stable and less toxic complexes possessing the pre-formed metal-sulfur (M-S)
bonds. We hereby report on the synthesis of two heterocyclic thiosemicarbazone copper
(IT) complexes and their use as single-source precursors to prepare CuxSy NPs at 190 °C
and 230 °C, using oleylamine (OLA), hexadecylamine (HDA), and dodecylamine (DDA) as
capping agents. We also report on the use of OLA-capped CuxSy, HDA-capped CuxSy, and
DDA-capped CuxSy NPs obtained as photocatalysts for the degradation of methylene-blue
(MB) dye under UV irradiation.

2. Results and Discussion
2.1. Characterisation of the Ligands and Complexes

The ligands and their corresponding Cu(Il) complexes were obtained in appropri-
ate yields, and microanalysis confirmed their purity. All the compounds were coloured,
air-stable, and soluble in dimethyl sulphoxide (DMSO). The molar conductance values
of the complexes recorded in the DMSO as a solvent for complex 1 ([Cu(CsHgN35,),2]Cly)
and complex 2 ([Cu(CyH19N35;)2]1Cl,-H,0), indicating the electrolytic nature of both com-
plexes [36,37].
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2.1.1. Infrared Study

The bonding mode of the ligands in each Cu (II) complex was determined by com-
paring the Fourier-transform infrared (FTIR) spectrum of the ligand with that of the corre-
sponding metal complex. The FTIR spectra of the ligands and their corresponding Cu(II)
complexes are presented in Figure S1. The FTIR spectra of the free ligands exhibited a band
within the range 1582-1595 cm ™! assigned to v(C=N). In the spectra of complexes 1 and 2,
this band shifted to higher frequencies by ca. 6-16 cm ™! (1602-1608 cm 1), suggesting the
coordination of the azomethine nitrogen to the central metal atom. In addition, this coordi-
nation was supported by the presence of v(M-N) vibrations at approximately 515-540 cm 1.
In the IR spectra of the ligands, the v(S-H) band that usually appears at approximately
2570 cm ! [38,39] was absent while the v(C=S) bands at 830 and 835 cm ™! were present.
These v(C=S) bands had shifted to lower frequencies by ca. 4-10 cm~! (820-831 cm™ 1)
in the spectra of complexes 1 and 2. This shift was attributed to the thiocarbonyl v(C=5)
stretching and bending modes of vibrations and confirmed the coordination of the sulphur
atom to the metal ion (M-S) [38,39]. The band that appeared around 3248 cm~! in the
spectrum of the complex with the ligand (L,) was attributed to water of crystallisation [38].

2.1.2. Thermal Decomposition Studies of Precursors

The TGA curves of complexes (1) and (2) are shown in Figure 1. The thermal decom-
position curve of complex 1 showed two decomposition steps. The first decomposition
occurred within a temperature range of 211-276 °C with a mass loss of 35.9% (calculated
(calc): 36.8%), which corresponded to the degradation of the ligand molecule (L1) (curve
ii in Figure 1). The second decomposition step involved a weight loss of 31.3% (calc:
30.8%) within a temperature range of 276-525 °C, which was attributed to the loss of the
organic moiety and chloride (curve v in Figure 1). The final residues comprised copper
sulphide and carbon (found: 31.5%; calc: 32.4%) [30,38]. The thermal decomposition curve
of complex 2 showed three decomposition steps. The first step between 50 °C and 144 °C
corresponds to the loss of a water molecule (found: 3.3%; calc: 3.2%) (curve i in Figure 1).
The second decomposition step between 178 °C and 284 °C corresponds to the loss of a
ligand (L) molecule and a chloride ion (found: 41.6%; calc: 42.5%) (curve iii in Figure 1),
while the third decomposition step, which occurred between 305 °C and 530 °C (Found:
21.03%; calc: 20.2%), corresponds to the decomposition of an organic moiety (curve iv in
Figure 1). The final residues of 34.07% (calc: 34.1%) were attributed to the mixture of copper
sulphide and carbon residue [30,38].
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Figure 1. Thermogravimetric analysis (TGA) graph of complexes 1 and 2.
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2.2. Characterisation of Copper Sulphide Nanoparticles
2.2.1. Structural Characterization of CuxSy Nanoparticles

The powder X-ray diffraction (p-XRD) patterns of copper sulphide NPs synthesized
using complexes 1 and 2 in OLA (C;yg), HDA (Cy¢), and DDA (Cyg) at 190 °C are presented
in Figure 2. When complex 1 was used as a precursor with OLA, HDA, and DDA as
capping agents, the p-XRD patterns (Figure 2I(a—c)) with the lattice planes (0 0 15), (107),
(1010), (0120), and (1 1 15) were indexed to pure rhombohedral digenite CugSs with
space group R-3m. In addition, the diffractogram of copper sulphide NPs synthesized with
OLA as capping agents showed extra peaks (denoted *, Figure 21(a)) that were attributed
to the roxbyite CuyS4 phase, (JCPDS: 023-0958). When complex 2 was used, the rhombo-
hedral digenite CugSs with space group R-3m was also observed with all three capping
agents, with no other phases present, which confirmed the phase purity of the CuygSs NPs
(Figure 2II(a—c)). The p-XRD results agreed with the reported data for copper sulphide
nanostructures synthesized from copper(Il) piperidine dithiocarbamate precursors using a
single-source precursor route [15,40].
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Figure 2. p-XRD patterns of CuxSy nanoparticles prepared in (a) OLA, (b) HDA, and (c) DDA at
190 °C using (I) complex 1 and (II) complex 2.

Crystalline nanoparticles were also obtained when the reaction temperature was
increased to 230 °C using complexes 1 and 2 as well as all the capping agents (Figure 3).
The rhombohedral phase (CugSs, digenite) was also obtained with the lattice planes (0 0 15),
(107),(1010), (0120), and (1 1 15) (JCPDS: 047-1748). The rhombohedral phase (CuySs,
digenite) has been commonly reported for copper chalcogenide NPs [41].

EDX analysis were performed to confirm the elemental composition of the synthesized
CuxSy NPs and results are presented in Figure 4, Tables 1 and 2. The EDX spectra showed
the presence of Cu and S, as well as other constituent elements such as C and O, when
complexes 1 and 2 were employed as precursors. The presence of the carbon peak was
attributed to the capping agents OLA, HDA, and DDA as well as the double-sided carbon
tape that had been used for mounting the nanoparticles. The presence of Cu and S indicated
the formation of copper sulphide NPs. The Cu/S ratios approximately corresponded to the
expected compositions, with a slightly copper-rich stoichiometry in the OLA@CugSs and
the HDA@CuySs NPs using complex 1. The high percentage of Cu could be attributed to the
excessive absorption of copper ions onto the surface of NPs. Similar results were recently
obtained by Murendeni et al. [15]. The EDX spectra of the DDA@Cu9Ss NPs confirmed
that the primary elemental constituents of the nanoparticles were copper and sulphur in
a molar ratio of 1.83:1 (Cu/S), which agreed with the stoichiometric ratio in the digenite
phase. A similar trend was observed for the OLA@CugSs NPs when complex 2 was used
as precursor (Figure S2). The results showed Cu/S ratios that represented sulphur-rich and
copper-deficient stoichiometries and thus indicated the nonstoichiometric compositions
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in the structures of the samples (Figure S2) of the HDA@CuySs and DDA@CugSs NPs.
The presence of oxygen on the EDX spectrum of CugSs NPs prepared in OLA and DDA
could be explained by the absorption of oxygen from the air during sample preparation
for analysis. The results of the composition of CuxSy nanoparticles when OLA, HDA, and
DDA were used as capping agents at 230 °C (Figures S3a—c and S4a—c) were comparable
to those obtained at 190 °C. A general trend was observed where a decrease in the carbon
chain of the primary amine-capping agent (OLA-DDA), C13—Cj5, had resulted in alteration
of the composition (Cu/S ratio) in the copper sulphide NPs.

2.2.2. Morphological Characterisation of CuxSy Nanoparticles

The morphology of the synthesized copper sulphide NPs was investigated by TEM
analyses, and the results are given in Figures 5 and 6. When OLA (C;g) was used as a
stabilising agent, agglomerated irregularly shaped particles were formed with sizes ranging
from 49 to 80 nm using complex 1 as a precursor (Figure 5a). The large particles resulting
from the interparticle aggregation were also formed. When the stabilizing agent was
changed to HDA (Cy4), a mixture of rectangular and cubic-shaped copper sulphide NPs
with sizes ranging from 46 to 134 nm was formed (Figure 5b). When DDA (C1y) was used,
rectangular and irregularly shaped particles with sizes ranging from 53 to 154 nm were
produced (Figure 5c). The properties of the capping group had some influence on the size
of the nanoparticles through the dynamics of attaching and detaching [42].

The influence of the precursor was studied by replacing complex 1 with complex 2
under similar reaction conditions. A slight difference was observed in the morphologies of
the copper sulphide NPs. When OLA was used, agglomerated, shapeless particles were
formed with estimated sizes ranging from 32 to 75 nm (Figure 5d). When HDA was used,
a mixture of semi-spherical and rectangular particles with estimated sizes of 43-125 nm
(Figure 5e) was produced. DDA as a capping agent produced irregular cubic-shaped
particles with sizes ranging 23-125 nm (Figure 5f). The morphologies of copper sulphide
reported in this work were comparable to those previously reported [4,43].
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Figure 3. p-XRD patterns of CuxSy nanoparticles prepared in (a) OLA, (b) HDA, and (c) DDA at
230 °C using (I) complex 1 and (II) complex 2.

An increase in the reaction temperature resulted in an improvement in the quality and
crystallinity of the copper sulphide NPs, and various shapes were formed (Figure 6). When
OLA was used as a capping agent, a mixture of rectangular and truncated triangle-shaped
copper sulphide NPs were observed with sizes of approximately 40-120 nm (Figure 6a) us-
ing complex 1. The use of HDA resulted in the formation of irregular cubic- and rectangular-
shaped particles with estimated sizes of 101-200 nm, and DDA produced irregular cubic
NPs with sizes of 61-119 nm (Figure 6b,c). The variations in the morphologies of the copper
sulphide NPs were attributed to the influence of the length of the alkyl chains of the capping
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agents, which appeared to control the resultant sizes and shapes [44]. When complex 2 was
used as a precursor under similar synthetic conditions, agglomerated NPs were formed
in OLA while HAD resulted in irregular cubic NPs with sizes of 45-115 nm (Figure 6e).
Under the same conditions with DDA, rectangular and cubic NPs with an estimated size
of 66-225 nm were formed (Figure 6f). The selected area electron diffraction (SAED) of
the nanoparticles from complexes 1 and 2, prepared at 190 °C and 230 °C, confirmed the
crystalline nature of the nanoparticles Figures 5g—i, 6g—i, S5a—c and S6a—c). The particle
size distributions of CugSs nanoparticles are presented in Figures 7 and S7c—.
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Figure 4. EDX spectra of CuxSy nanoparticles prepared in (a) OLA, (b) HDA, and (c) DDA at 190 °C
using complex 1.
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Table 1. EDX analysis of OLA@CuySs, HDA@CugySs, and DDA@CuySs NPs obtained at 190 °C using
complex 1 and complex 2.

OLA;@CuySs HDA;@CuySs DDA;@CuySs OLA;@CuySs HDA;@CuySs DDA;@CuySs
Element Weight % Element Weight % Element Weight % Element Weight % Element Weight % Element Weight %
Cu 49.50 Cu 61.06 Cu 46.47 Cu 27.77 Cu 31.67 Cu 31.07

S 25.44 S 27 S 25.33 S 13.90 S 18.50 S 17.66
(¢} 492 (€] / (¢} 6.61 (¢] 7.90 (€] 19.52 ¢} 19.22
C 20.14 C 11.94 C 215 C 50.43 C 30.31 C 32.05
Cu/S 1.94:1 Cu/S 2.26:1 Cu/s 1.83:1 Cu/S 1.99:1 Cu/S 1.71:1 Cu/S 1.76:1
Table 2. EDX analysis of OLA@CugSs, HDA@CugSs, and DDA@CugSs NPs obtained at 230 °C using
complex 1 and complex 2.

OLA;@CuySs HDA;@CuySs5 DDA;@CuySs OLA;@CuySs HDA,@CuySs5 DDA,@CuySs
Element Weight % Element Weight % Element Weight % Element Weight % Element Weight % Element Weight %
Cu 59.86 Cu 60.53 Cu 61.56 Cu 58.81 Cu 59.57 Cu 56.54

S 31.94 S 33.27 S 32.78 S 3197 S 33.32 S 29.56

o 8.20 O 6.20 (@] 5.66 o 9.22 O 7.11 (@] 13.90

C 59.86 C / C / C / C / C /
Cu/S 1.87:1 Cu/S 1.81:1 Cu/S 1.87:1 Cu/S 1.84:1 Cu/S 1.80:1 Cu/S 1.91:1

(a)

Figure 5. TEM images of CuxSy nanoparticles prepared in (a,d) OLA, (b,e) HDA, and (c,f) DDA at
190 °C using complexes 1 and 2; SAED patterns of nanoparticles prepared in (g) OLA, (h) HDA and
(i) DDA at 190 °C from complex 1.
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(e)

Figure 6. TEM images of CuySy nanoparticles prepared in (a,d) OLA, (b,e) HDA, and (c,f) DDA at
190 °C using complexes 1 and 2; SAED patterns of nanoparticles prepared in (g) OLA, (h) HDA, and
(i) DDA at 230 °C from complex 1.
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Figure 7. Particle size distribution for CuxSy nanoparticles prepared in (a) OLA, (b) HDA, and
(c) DDA at 230 °C using complex 2.

The SEM analyses were conducted to investigate the surface morphology of CugSs
nanoparticles using complexes 1 and 2 as precursors, and the results are presented in
Figure 8. When complex 1 was thermolysed at 190 °C using OLA, HDA, and DDA as
capping agents, agglomerated, granular CugSs particles were formed (Figure 8a—c). In
HDA, a less porous surface was observed (Figure 8b) while a porous surface was observed
in DDA (Figure 8c). When complex 2 was used as a precursor, clusters were formed in OLA
(Figure 8d), agglomerated seeds in HDA (Figure 8e), and agglomerated, porous, irregularly
spherical NPs in DDA (Figure 8f).
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Figure 8. SEM images of CuxSy nanoparticles prepared in (a,d) OLA, (b,e) HDA, and (c,f) DDA at
190 °C using the complexes 1 and 2.

The SEM images of the CugSs nanoparticles obtained at 230 °C are shown in Figure
S8. Agglomerated, irregularly spherical particles were formed in OLA (Figure S8a) while
rock-shaped particles were formed in both HDA and DDA (Figure S8b,c). A similar trend
(i.e., rock-shaped particles) was observed when complex 2 was thermolysed in OLA, HDA,
and DDA (Figure S8ef).

2.2.3. Optical Properties of CuxSy Nanoparticles

The ultraviolet-visible (UV-Vis) absorption spectra and their corresponding Tauc plots
for copper sulphide NPs synthesized in OLA, HDA, and DDA and using complexes 1 and 2
at 190 °C are presented in Figure S9a,b and Figure 9 respectively. All the samples exhibited
broad absorption in the visible region (400-650 nm) and extended into the near-infrared
region at approximately 800 nm. The energies obtained were within 2.57-2.70 eV range for
complex 1 and 2, 2.55-3.00 eV for complex 2. These values correspond to a blue shift as
compared CuxSy bulk values (1.2-2.5 eV) due to quantum confinement effect of the CuxSy
NPs [45]. The obtained materials showed variations in their optical properties according to
the capping agent and precursor used. This difference in energy bandgap was attributed to
the stoichiometric variations and the arrangement of the cations and anions in the atomic
structures of the compounds [4]. This blue shift was more pronounced in OLA@CuySy
(2.70 €V and 3.00 eV) than in HDA@CuxSy (2.64 eV and 2.58) and DDA@Cu,Sy (2.57 eV
and 2.55) NPs when complexes 1 and 2 were used, respectively, as precursors. This could
be due to the differences in the carbon chains of the capping molecules, as OLA is a Cig
branched amine while HDA and DDA are, respectively, C14 and Cy; linear amines.

The same trend in the optical properties was observed when the reaction tempera-
ture was raised to 230 °C with a slight decrease in the absorption-band edges, as com-
pared to 190 °C; the bandgap energies varied within the range of 2.52-2.76 eV for com-
plex 1 and 2.56-2.83 eV for complex 2. This result was consistent with previous re-
search [4]. The absorption spectra with their corresponding Tauc plots are presented
in Figures S10a,b and S11.

2.3. Photocatalytic Activity of CuySy Nanoparticles on Methylene-Blue Dye

The photocatalytic activities of CugSs NPs synthesized at 190 °C and 230 °C were ex-
amined using a synthetic effluent containing methylene blue (MB). Figures 10, S12 and S13
display the absorption spectra of the aliquots collected at different time intervals (i.e.,
at 15, 30, 45, 60, 75, and 90 min) after UV irradiation using a mixed solution of CuySs
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NPs and MB. It was observed that as the irradiation time increased, there was a decrease
in the absorption peak at 663 nm, which indicated MB degradation. The OLA;@CuySs,
HDA;@CugSs, and DDA;@CugSs NPs obtained at 190 °C using complex 1 showed degra-
dation efficiencies of 63.6%, 73.6%, and 80.0%, respectively, after 90 min of UV irradiation
(Table 3, Figures 10a and 11a). A slight increase was observed in degradation rates when
complex 2 was used as a precursor under the same reaction conditions, which indicated
the effect of the precursor type on the NPs’ photocatalytic properties. Degradation rates of
76.2%, 76.2%, and 80.0% were obtained for OLA,@CuySs, HDA,@CugSs, and DDA,@CugySs
NPs, respectively (Table 3, Figures 10b and 11b).
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Figure 9. Tauc bandgap graphs of CuxSy nanoparticles prepared in OLA, HDA, and DDA at 190 °C
while using either complex 1 or 2.
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Figure 10. Degradation-efficiency curves of MB at different irradiation times using (a) complex 1 and
(b) complex 2 at 190 °C.
Table 3. Degradation efficiencies of OLA@CuySs, HDA@CuySs, and DDA@CuySs NPs obtained at
190 °C using complexes 1 and 2.
t (min) 15 30 45 60 75 90
OLA;@CuqSs 1 (%) 333 46.0 497 57.1 62.4 63.6
HDA;@CuoSs 1 (%) 48.7 58.2 60.3 70.4 70.4 73.6
DDA;@CuoSs 7 (%) 54.6 60.0 64.6 69.3 74.1 80.0
OLA;@CuySs5 1 (%) 58.7 60.0 66.7 68.8 73.0 76.2
HDA,@CuoSs 1 (%) 60.0 63.5 67.7 71.0 735 76.2
DDA,@CuoSs 1 (%) 62.4 65.1 70.4 74.6 75.7 80.0
90
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Figure 11. Histograms of degradation efficiencies of MB at different irradiation times using
(a) complex 1 and (b) complex 2 at 190 °C.

The results also showed an increase in the degradation rates for MB with a decrease
in the length of the carbon chain of the capping agent used (Figure 12). The CugSs NPs
produced from DDA (Cj;) exhibited higher photocatalytic activity, as compared to copper
sulphide NPs obtained with HDA (Cy4) and OLA (Cyg). This may have been related to the
steric properties of the ligand, which may have affected its surface coverage of the CuySs
NPs. The enhancement of photocatalytic activities may have been due to the narrowing
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of the bandgap as well as the reduction in the electron-hole pair recombination and the
porous surface [46]. The results obtained showed improved photocatalytic activities in
copper sulphide NPs with higher degradation rates, compared to those reported by Ajibade

et al. [47].
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Figure 12. Histograms of degradation efficiencies of MB using copper sulphide nanoparticles at
190 °C versus carbon chain of capping agents using (a) complex 1 and (b) complex 2.

An increase in the reaction temperature from 190 °C to 230 °C resulted in a decrease
in the photocatalytic properties of the copper sulphide NPs (Table 4 and Figure 13). When
complex 1 was used as a precursor, degradation rates of 57.7%, 53.4%, and 54.5% were
obtained for the OLA;@CugSs, HDA;@CuySs, and DDA;@CugSs NPs, respectively. A
similar trend was observed for complex 2 when the reaction temperature was increased
from 190 °C to 230 °C, yielding degradation rates of 47.6%, 47.1%, and 56.1% for the
OLA,;@CugSs, HDA,@CugSs, and DDA,@CugSs NPs, respectively, which were slightly
lower than values obtained for Complex 1 at same temperature.

Table 4. Degradation efficiencies of OLA@CugSs, HDA@CuySs, and DDA@CugSs NPs obtained at

230 °C using complexes 1 and 2.

t (min) 15 30 45 60 75 90

OLA;@CuoSs n (%) 45.0 46.6 47.6 49.7 53.4 57.7
HDA;@CuoSs M (%) 434 46.0 47.1 49.7 51.3 53.4
DDA;@CuqSs 1 (%) 455 481 495 50.8 534 545
OLA,@CuoSs 7 (%) 40.2 412 455 47.6 47.6 47.6
HDA,@CuoSs M (%) 30.0 30.1 33.3 35.4 41.2 47.1
DDA,@CuoSs 1 (%) 312 344 39.7 45.0 497 56.1

The photocatalytic efficiency of the CugSs NPs on the photodegradation of MB was as-
sociated with their sufficient bandgap energy and their efficient production of electron—hole
pairs under UV irradiation. It has been reported that the oxidative potential of a material
may be reduced with a decrease in the bandgap energy, and this may impact the pho-
tocatalytic efficiency of the material [48]. Figure 14 attempts to describe the mechanism
of the photocatalytic process, starting from the creation of electron-hole pairs as CugSs
nanoparticles receive UV irradiation. The excited electrons create O, radicals from dis-
solved oxygen while electron-hole participate in the oxidation of surface-adsorbed water
to form hydroxyl radicals (HO-) which react with the dye molecule [48]. The degradation
efficiencies of OLA1@CuyS5, HDA;@CugSs, and DDA1@Cu9Ss NPs obtained at 190 °C
suggested that copper sulphide nanoparticles could be exploited as potential and effective
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photocatalysts for the removal of organic pollutants from water effluents. A summary of
the results obtained is presented in Table 5.
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Figure 13. Degradation efficiency curves of MB at different irradiation times using (a) complex 1 and
(b) complex 2 as precursors at 230 °C.
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Figure 14. Mechanism of MB degradation by CuxSy NPs under UV irradiation.
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Table 5. Summary of the reaction conditions, sizes, shapes optical, and photocatalytic properties of

copper sulphide NPs.
. Reaction Energy . Degradation
Complexes CZPI;::% Temp Bandgap (F(I)?r:iela) Morphology Avel;;%ﬁ )Slze Rates (%)
& “O) (eV) after 90 min

OLA 190 270 Mixture of CugSs Agglomerated 49-80 63.6

& CuySs Irregular
HDA 190 2.64 CuoSs Rectangular and 46-134 73.6

cubic

. DDA 190 2.57 CuoSs Rectangular and 53-154 80.0

irregular
OLA 230 2.60 CuoSs Rectangular and 40-120 57.7

truncated

Irregular cubic and
HDA 230 2.76 CugSs 101-200 53.4
rectangular
DDA 230 2.64 CugSs Irregular cubic 61-119 54.5
OLA 190 3.00 CugSs Agglomerated 32-75 76.2
HDA 190 2.58 CuySs Semi-sphericaland 45 ;)5 76.2
rectangular

2 DDA 190 2.55 CugSs Irregular cubic 49-196 80.0
OLA 230 2.83 CugSs Agglomerated 34-128 47.6
HDA 230 2.76 CugSs Irregular cubic 45-115 471
DDA 230 2.73 CuoSs Rectangular and 66-225 56.1

cubic

3. Materials and Methods Experimental
3.1. Chemicals

Hexadecylamine (HDA, 90%), dodecylamine (DDA, 90%), oleylamine (OLA, 70%),
2-thiophenecarboxaldehyde (99%), 2-acethylthiophene (99%), thiosemicarbazide (99%),
copper chloride dihydrate (98%), ethanol (99.5%), methanol (99.5%), toluene (99.5%),
and acetone (99.5%) were obtained from a commercial source and used without any
further purification.

3.2. Instrumentation

Melting points were determined using an SMP11 melting-point-measurement instru-
ment. Microanalysis (C, H, and N) data were obtained from a Perkin Elmer automated
model 2400 series II CHNS/0 analyser. Fourier-transform infrared (FTIR) spectra were
recorded on an FTIR Perkin Elmer 400 spectrometer from 4000 cm ™ to 450 cm~!. Thermal
analyses were conducted using a Perkin Elmer Pyris 6 TGA device up to 600 °C. X-ray
diffraction (XRD) measurements were performed using X'Pert MPD diffractometer with Cu
Ko radiation (A = 1.5406 A). TEM analyses were performed using a CM200-FEI at 200 KV.
Scanning electron microscopy (SEM) analyses were performed using a Quanta 650 FEG-FEL
Elemental compositions of CuxSy were obtained using an energy-dispersive X-ray (EDX).
Optical absorption measurements were conducted using an Ocean Insight FX-VIS-IRS-ES
spectrophotometer at room temperature.

3.3. Preparation of Thiosemicarbazone Ligands

Thiosemicarbazone ligands were prepared using a method described in the literature,
with slight modification [32,33].
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3.3.1. Synthesis of 2-Thiophenecarboxaldehyde Thiosemicarbazone (L1H) Ligand

A mass of 0.38 g (3 mmol) of 2-thiophenecarboxaldehyde was dissolved in 15 mL
of hot ethanol and then added dropwise into a solution containing 0.33 g (3 mmol) of
thiosemicarbazide dissolved in 25 mL hot ethanol in a round-bottom flask. The reaction
mixture was then stirred continuously, and 2-3 drops of concentrated HySO4 were added.
The resulting mixture was heated under reflux at 80 °C for 5 h. The yellow precipitate
obtained was filtered, washed with ethanol, and then dried in air. The reaction equation is
represented in Scheme 1. Yield: 69%. Melting point: 182 & 2 °C. Anal. Calc. for (C4H7N35,):
C, 38.69; H, 4.33; N, 22.56. Found: C, 38.90; H, 3.81; N, 22.68. Significant Infrared (IR) bands:
(em™1): v(NH,): 3361, v(N-H): 3125, v(C=N): 1582, v(N-N): 1044, v(C=S): 835.

/ \ H

S
s HzN Ethanol, H,SO, conc
+ \N)J\ AN N + HyO ....(a)
\ / H H NH: Reflux S h |
NH
2-Thiophenecarboxaldehyde Thiosemicarbazide s:<
NH,
L.H
S H
S
\N/N NH; AN —N NH,
\ / _— N X (b)
. _— \ 7YY -
L,
s SH

Scheme 1. Equation of synthesis of the ligand, 2-thiophenecarboxaldehyde thiosemicarbazone (L;H)
(a) and resonance forms also shown in (b).

3.3.2. Synthesis of 2-Acetylthiophene Thiosemicarbazone (L,H) Ligand

The same reaction procedure as described above was used for the synthesis of LoH
using a mass of 0.34 g (3 mmol) of 2-acetylthiophene. The light-yellow precipitate obtained
was filtered, washed with ethanol, and then dried in air. The reaction equation is repre-
sented in Scheme 2. Yield: 95.4%. Melting point: 146 &+ 2 °C. Anal. Calc. for (C;HgN3S,):
C, 41,97, H, 5.03; N, 20.58. Found: C, 40.82; H, 4.79; N, 20.17. Significant IR bands: (Cm_l):
v(NH>): 3409, v(N-H): 3157, v(C=N): 1594, v(N-N): 1040, v(C=S): 830.

aw

S
S
S HoN Ethanol, H,SO, conc
+ \N s Hy 4> N + H,0 «.o(a)

\ / CHs H NH;  Reflux5h |
NH
2-Acetylthiophene ~ Thiosemicarbazide s
LH  NH,
H,C
s
X N NH
— 2
\ / N \( ...... (b)
L,
SH

Scheme 2. Equation of synthesis of the ligand, 2-acetylthiophene thiosemicarbazone (L,H) (a) and
resonance forms also shown in (b).
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3.4. Preparation of Cu(Il) Complexes (Complex 1 and 2)

A hot ethanolic solution (20 mL) of 2-(thiophen-2-ylmethylene)hydrazine-1-carbothioamide
ligand (L;H) (1.10 g, 6 mmol) was added dropwise to a hot ethanolic solution (20 mL) of
CuCl,-2H;0 (0.52 g, 3 mmol). The mixture was stirred and heated under reflux for 3 h at
80 °C (Scheme 3). The precipitate obtained was allowed to cool at room temperature and
then separated by filtration, washed with ethanol, and then dried at room temperature to
obtain complex 1 as a pale-yellow powder. Yield: 71.3%. Melting point > 300 °C. Anal.
Calc. for [Cu(CgHgN35,),1Cly: C, 28.54; H, 2.79; N, 16.64. Found: C, 28.77; H, 2.86; N, 16.84.
Significant IR bands (em™1): v(NH,): 3422-3235, v(C=N): 1608, v(N-N): 1034, v(C=S): 831,
v(M-N):555.

N
B
NH, Y N, /N\NH Cl,
CuCl,.2H,0 + 2 T Ethanol / \ ........... )
Reflux, 3 h HN— =
CH
8
X

C
NH2 H2N ”
CuCl,.2H,0 + 2 \”/ Ethanol /S\ /N\NH Cl.H,O - 2)
Reflux, 3 h /Cu\ /I\
N s=—

Scheme 3. Equation for the synthesis of (1) complex 1 and (2) complex 2.

The same method was used for the synthesis of complex 2 using the ligand 2-(1-
(thiophen-2-yl) ethylidene)hydrazine-1-carbothioamide (L,H) (1,20 g, 6 mmol) (Scheme 3).
Complex 2 was obtained as a pale-yellow powder. Yield: 59%. Melting point > 300 °C.
Anal. Calc. for [Cu(C7H;()N3S,),]Cl,-H,O: C, 30.51; H, 3.66; N 15.25. Found: C, 29.87; H,
3.29; N, 15.25. Significant IR bands(cm™1): v (NH,): 3415-3254, v (C=N): 1602, v(N-N):
1109, v(C=S): 820, (M-N): 513.

3.5. Preparation of Copper Sulphide Nanoparticles

In a typical synthetic method employing hot-injection thermolysis, 3.0 mL of oley-
lamine (OLA) was placed in a three-necked flask and purged with N,. The capping agent
was slowly heated to the desired temperature (i.e., 190 °C or 230 °C), and a mass 200 mg of
complex 1 dissolved in 3.0 mL of OLA was injected into the heated OLA in a three-necked
flask at 190 °C while stirring. A decrease in temperature of approximately 20 °C was ob-
served, and the solution turned brown in colour. The reaction temperature was maintained
at 190 °C, and after 30 min of stirring, heating was stopped, and methanol was added to
flocculate the copper sulphide NPs [8,9]. The precipitate was separated by centrifugation
and then dispersed in toluene to obtain dark-brownish OLA-capped CuxSy nanoparticles
(OLA@CuySy).
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The above reaction procedure was repeated at a reaction temperature of 230 °C,
varying the capping groups from hexadecylamine (HDA) to dodecylamine (DDA) and
replacing the precursor with complex 2 in Scheme 3.

3.6. Photocatalytic Studies

The photocatalytic activities of OLA-, HDA-, and DDA-capped CugSs NPs were evalu-
ated by degrading methylene blue (MB) as a test contaminant in an aqueous solution under
ultraviolet (UV)-light irradiation value of 60 W/m?. A 5 mg of MB solution was prepared
in a 500 mL volumetric flask using distilled water (10 ppm). A total of 10 mg of the catalyst
was dispersed in 50 mL of aqueous MB solution in a Pyrex beaker. Prior to irradiation, the
solution was stirred magnetically in the dark for 15 min to attain adsorption-desorption
equilibrium. The resulting solution was then exposed to ultraviolet (UV)-light irradiation
(A = 368 nm) for 90 min. Aliquots were collected at 15 min interval and centrifuged to
obtain the resulting solution for absorption analysis. The photodegradation efficiency (1)
was calculated using Equation (1) [49].

Ao — At
- X

e 100 1)

T] =
where 1 is the photodegradation efficiency, A, and A are the absorbance values, respec-
tively, before and after 15, 30, 45, 60, 75, and 90 min of illumination and recorded at the max-
imum absorbance wavelength for MB (A = 663 nm) using a UV-Vis-NIR spectrophotometer.

4. Conclusions

Heterocyclic copper(II) thiosemicarbazone complexes were successfully used as single-
source precursors for the synthesis of copper sulphide nanoparticles via hot-injection
method at 190 °C and 230 °C while using OLA, HDA, and DDA as capping agents. The
effects of quantum confinement observed in the energy bandgap of the synthesized copper
sulphide NPs were solvent, temperature, and precursor-type dependant. The OLA-capped
copper sulphide NPs had a higher energy bandgap of 3.06 eV at 190 °C. The same trend was
observed in the formation of various morphologies of copper sulphide nanoparticles, which
were influenced by the reaction temperature. Crystalline copper sulphide NPs reported
here demonstrates t better photocatalytic properties of these system compared to those
reported in recent studies. The degradation rates of MB under UV irradiation were affected
by the length of the carbon chain of the primary amine-capping molecule and the type of
precursor, and a maximum of 80% was achieved. This study confirmed the potential of
synthesized copper sulphide nanophotocatalysts in the treatment of water that has been
contaminated with organic pollutants.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/10
.3390/catal12010061/s1, Figure S1: Infrared spectra of ligands and their corresponding complexes.
Figure 52: EDX spectra of CuxSy nanoparticles prepared in (a) OLA, (b) HDA and (c) DDA at 190 °C
using complex 2. Figure S3: EDX spectra of CuxSy nanoparticles prepared in (a) OLA, (b) HDA, and (c)
DDA at 230 °C using complex 1. Figure S54: EDX spectra of CuxSy nanoparticles prepared in (a) OLA,
(b) HDA, and (c) DDA at 230 °C using complex 2. Figure S5: SAED patterns of CuxSy nanoparticles
prepared at 190 °C in (a,c) HDA and (b,d) DDA using complex 1 and complex 2. Figure S6: SAED
patterns of CuxSy nanoparticles prepared at 230 °C in (a,c) HDA and (b,d) DDA using complex 1 and
complex 2. Figure S7: Distribution size of CuxSy nanoparticles prepared in (a) OLA, (b) HDA and
(c) DDA using complexes 1 at 190 °C. Figure S8: SEM images of CuxSy nanoparticles prepared in
(a, d) OLA, (b,e) HDA, and (c,f) DDA at 230 °C using the complexes 1 and 2 as precursors. Figure
59: UV-visible-NIR of CuySy nanoparticles prepared in OLA, HDA, and DDA at 190 °C using (a)
complex 1 and (b) complex 2 as single-source precursors. Figure 510: UV-visible NIR of CuySy
nanoparticles prepared in OLA, HDA, and DDA at 230 °C using (a) complex 1 and (b) complex 2 as
single source precursors. Figure S11: Tauc plots of CuxSy nanoparticles prepared in OLA, HDA, and
DDA at 230 °C using complexes 1 and 2. Figure S12: UV-Vis absorption spectra for methylene blue


https://www.mdpi.com/article/10.3390/catal12010061/s1
https://www.mdpi.com/article/10.3390/catal12010061/s1

Catalysts 2022, 12, 61 18 of 20

photodegradation using CuxSy nanoparticles synthesized at 190 °C. Figure S13: UV-Vis absorption
spectra for methylene blue photodegradation using CuxSy nanoparticles synthesized at 230 °C.
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