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Copper sulphides are one of the most explored semiconductor metal sulphides because of their stoichiometric and morphological dependent optical and electrical properties, which makes them tunable for numerous optoelectronic applications. Stoichiometrically, copper sulphides exist in numerous structures which varies from the copper-rich phase (Cu2S) to the copper-deficient phase (CuS). Within these extreme stoichiometric phases lies numerous non-stoichiometric phases with interesting optical properties. Different solvothermal techniques have been explored for the synthesis of copper sulphides; however, the thermal decomposition of single source precursors provides a facile and tunable route to the synthesis of pure phase copper sulphides of different stoichiometries. In this study, copper (II) dithiocarbamate have been explored as a single source precursor compound to study the evolution of pure phase Cu9S5. Below 240°C, mixed phase of CuS and Cu9S5 were obtained, and as the temperature was increased beyond 240°C, keeping other reaction condition unchanged, the precursor yielded pure phase of Cu9S5. This phase selectivity at high temperature was attributed to the increased reducing ability of oleylamine (used as solvent) which enhance the evolution of the copper rich phase at high temperature. Optical and morphological studies of the pure phase Cu9S5, showed properties that varied considerably with the temperature of synthesis.
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INTRODUCTION
The unique properties of semiconductor nanoparticles have made them a subject of intense research in recent time. These properties are strongly influenced by their morphology, phase and surface characteristics. Their potential application in various fields such as catalysis (Shanmugam et al., 2020), non-linear optics (Chen et al., 2014), photoelectrochemistry (Hao et al., 2020), light emitting diodes (Chen et al., 2020) and biosensing (Yue et al., 2020) is dependent on the ability to manipulate these properties by controlling their size, shape and phase.
Metal nitrides, oxynitrides, oxides and sulphides are among the well explored semiconductors, with oxides and sulphides being the most studied materials among them. However, most metal oxides are wide band gap semiconductors, due to their valence band comprising of a deep 2p oxygen orbital and the high effective mass of the hole carriers resulting from oxygen’s 2p localization state (Raebiger et al., 2007; Shiga et al., 2016; Chandrasekaran et al., 2019). Metal sulphides have therefore inspired great interest as semiconductors because of their suitable band position and electronic band gap. The ability of the sulphides to also exist in a variety of morphologies, and stoichiometries with excellent optical characteristics makes them potential materials in a variety of devices such as thermoelectric devices (Chen et al., 2019), fuel cells, solar cells (Suárez et al., 2017), sensors (Zhao et al., 2020), lithium-ion batteries, non-volatile memory devices (Mazor et al., 2009) and light-emitting diodes (Yoo and Kim, 2009).
Copper sulphides (Cu2-xS) are one of the most studied semiconductor metal sulphides due to its wide range of stoichiometric compositions and phases, which influence their optical and electrical properties (Zhang et al., 2019). They are excellent p-type semiconductors, a consequence of the copper vacancies in the crystal lattice, and exhibit a stoichiometry dependent bandgap range of 1.2–2.0 eV (Han et al., 2016). Some of the identified stoichiometries with their band gap energies include chalcocite (Cu2S), 1.2 eV; digentite (Cu1.8S or Cu9S5), 1.55 eV; djurleite (Cu1.95S), 1.3 eV; anilite (Cu1.75S or Cu7S4), 1.70 eV; and covellite (CuS), 2.0 eV (Abdelhady et al., 2011; Li et al., 2017). Cu9S5 crystallizes in the hexagonal digentite phase and has been explored in a variety of technologies such as solar cells and in sodium-ion batteries (Jing et al., 2018). It has also showed potential as materials in thermoelectronics (Zhu and Wang, 2019), photoelectrochemicals and sensors (Cheng et al., 2019).
Development of synthetic routes to copper sulphides is still a rigorously researched area because methods that could offer control over the stoichiometry of the produced materials are still well sought. Some of the methods that have been explored for the synthesis of Cu2-xS are based on techniques which includes ultrasound (Behboudnia and Khanbabaee, 2007), subcritical and supercritical (Li et al., 2018), mechanochemical (Li et al., 2016), microwave (Zhang et al., 2002), pyrolysis (Jing et al., 2018) and solvothermal (Motaung et al., 2019). Solvothermal synthesis is a widely used route due to the great influence on morphology that it affords by virtue of its moderate temperature requirement. The process also involves the use of environmentally benign solvents (Motaung et al., 2019). The choice of precursors plays an important role on the final stoichiometry and phase of the nanomaterial synthesized. The use of single source precursors in the synthesis of nanoparticles have gained increased attention as it offers monodispersed products via a safe, mild and simple process (Malik et al., 2001). Some of the complexes that have been explored as precursor compounds include dithiocarbamates (Zhu and Wang, 2019), thiadiazole (Cheng et al., 2019), carbamothioyl (Saeed et al., 2013) and thioubuiret (Abdelhady et al., 2011). In this present work, copper (II) bis(N-methyl-N-phenyl dithiocarbamate) was utilised as single source precursor to prepare pure phase digentite by controlling the temperature of the reaction in the presence of oleylamine (OLA). The aim was to study the role of temperature in the evolution of pure phase of copper sulphide nanoparticles using a dithiocarbamate complex.
EXPERIMENT SECTION
Materials
Cu(II) nitrate pentahydrate, carbon disulphide, oleylamine, methanol, toluene, N-methyl aniline, and ammonium solution used were all of analytical grade and used as supplied by Merck.
Synthesis of Ammonium N-methyl-N-phenyl Dithiocarbamate Ligand
A previously reported method was used for the synthesis of the ammonium N–methyl–N–phenyl dithiocarbamate (Onwudiwe and Ajibade, 2010). Briefly, 0.05 mol of carbon disulphide was added into an ice-cold mixture of 0.05 mol N-methyl aniline and 15 ml of concentrated aqueous ammonia. The resulting solution was stirred vigorously for 6–7 h, to obtain a yellowish solid product which was filtered by suction and rinsed three times with 75 ml of cold ethanol.
Synthesis of Cu (II) bis N-methyl-N-phenyl Dithiocarbamate
Aqueous solutions of the ligand and metal salt in mole ratio of 2:1 were stirred together at ambient temperature for 1 h. The dark brown precipitate formed was filtered and washed severally with water and ethanol. The precipitate was allowed to dry overnight under vacuum and stored for further use.
Synthesis of Cu9S5 Nanoparticles
The nanoparticles were prepared using the Alton Paar monowave 50 reactor. In a typical synthesis, a specific amount of the precursor complex and 10 ml of oleylamine were introduced into the reactor tube and stirred to form a slurry. The reactor tube was then placed in the tube chamber and heated to the desired temperature of 200, 220, 240, 260, and 280°C. The reactor was allowed to run for 1 h and then left to cool down. The obtained nanoparticles were rinsed in a mixture of toluene and ethanol by centrifuging to remove excess capping agent and then dispersed in ethanol to obtain the sample solution for characterization. Scheme 1 shows the synthesis steps for obtaining the pure phase Cu9S5.
[image: Scheme 1]SCHEME 1 | Synthesis of pure phase Cu9S5 from copper (II) bis(N-methyl-N-phenyl dithiocarbamate) single source precursor.
Characterization
XRD spectra of the samples was measured with Phillips X’pert diffractometer with a secondary graphite monochromated Cu Kα radiation (λ = 1.546 Å) at 40 kV/50 mA. PerkinElmer λ20 UV-vis spectrophotometer was used for the UV/visible measurements. The photoluminescence properties were studied using Perkin Elmer LS 45 fluorimeter. Scanning electron microscopy (SEM) and transmission electron microscopy (TEM) were used to study the morphology of the samples using FEI Quanta FEG 250 Environmental Scanning electronmicroscope (ESEM) and a TECNAI G2 (ACI) equipment (Hillsboro, OR, United States) respectively.
RESULTS AND DISCUSSION
X-Ray Diffraction Studies of the Nanoparticles
The XRD patterns of the products obtained after the thermolysis of the copper complex in OLA at different temperatures from 200–280°C are shown in Figure 1. The patterns showed that a gradual evolution of digenite pure phase occurred as the thermolysis temperature was increased. At 200°C, peaks that could be indexed to both CuS and Cu9S5 phases were observed. A reduction in the CuS peaks occurred with concomitant increase in the peak intensity of the Cu9S5 phase as the temperature was increased to 220°C. A further increase in temperature to 240°C, showed that a pure phase was obtained with peaks indexed to the rhombohedral Cu9S5 (JCPDS card No. 47–1748, space group: R3m (166), lattice constant: a = b = 3.930 Å, c = 48.140 Å and α = β = 90o, γ = 120o) (Wang et al., 2015). Beyond the 240°C, the pure phase remained constant, with a slight shift of the 111 peak to high wavelength region which could be attributed to change in crystallite size and lattice strain (Khorsand Zak et al., 2011).
[image: Figure 1]FIGURE 1 | XRD pattern of the copper sulfide nanoparticles obtained by the thermolysis of Cu(II) bis(N-methyl-N-phenyl dithiocarbamate) in the temperature range of 200–280°C.
OLA has been reported to possess the ability to play the role not only as capping molecules and solvent in nanoparticle synthesis, but the presence of nitrogen confers on it some electron donating and reducing capabilities. The high affinity of the amine group accounts for OLA’s fast interaction and its general tendency to produce large particle size and wide shape variety (Mbewana-Ntshanka et al., 2020). The reducibility of OLA has recently been reported as an important factor in controlling the Cu2+/Cu+ kinetics and reactions between Cu2-xS clusters and Cu+, which are important in phase selectivity of Cu2-xS (Fu et al., 2015). In the stoichiometric phase, Cu2S, Cu+ are located at trigonal centres of S2-. The Cu+ in this phase is highly mobile even at ambient temperature, generating holes in the valence band and increase in under coordinated S−1 (Liu et al., 2019). With increased accumulation of S−1, disulphide bonds are formed and the Cu+ are more favoured to occupy tetrahedral centres leading to mobility loss. Among copper sulphide phases, covellite (CuS) possess the highest hole concentration and the lowest Cu:S ratio, accounting for the slow mobility of Cu ion due to their tetrahedral coordination and increased disulphide bond. This disulphide bond could be reduced in the presence of reducing species or cations in lower oxidation states. Studies by Liu et al. (2017), Fu et al. (2015), have shown that at low temperatures and with sufficient amount of S, the CuS phase is the most favoured, which accounts for the mixed phases obtained at temperatures below 220°C in the present study. As the temperature of the system was increased, the reducing ability of OLA was enhanced (Tyagi et al., 2019) and a reduction of the disulphide bond in CuS leads to the conversion of the CuS phase to the Cu9S5 phase, which was achieved at 240°C.
Morphological Studies
The TEM images of the pure phase Cu9S5 obtained at 240, 260, and 280°C are shown in Figure 2. The nanoparticles were rectangular-shaped at all the temperatures and showed a decrease in size as temperature increases. The length of the nanoparticles was 176 ± 51.9, 111.6 ± 21.1, and 82.1 ± 21.8 nm. Thus, a narrower size distribution was obtained at higher temperature. Measurement of the width of the cubes also showed a gradual decrease in width with increase in temperature. The obtained values were 34.7 ± 13.3, 12.9 ± 2.3, and 12.1 ± 5.2 nm at 240, 260, and 280°C respectively. Generally increases, it has been established that in wet chemical synthesis, nucleation of nanoparticles is enhanced at high temperatures, while particle growth is more favored at relatively lower temperature. Thus, particles with larger size were obtained at low temperatures, with a decrease in particle size as temperature increase (Liu et al., 2020).
[image: Figure 2]FIGURE 2 | TEM images of pure phase Cu9S5 obtained at (A) 240°C (B) 260°C and (C) 280°C using Cu(II) bis(N-methyl-N-phenyl dithiocarbamate) as single source precursor.
The SEM, elemental mapping image and EDS spectra of the pure Cu9S5 obtained at 280°C are shown in Figure 3. The surface morphology of the nanoparticles presented in the SEM micrograph showed spherical particles that were agglomerated due to the high surface reactivity. Figures 3B,C are the elemental mapping images showing the uniform distribution of Cu and S in the nanoparticle. From the EDS spectra, it could be confirmed that the primary elemental constituent of the nanoparticles was copper and sulphur in molar ratio of 1.87:1 (Cu/S), which was in close agreement with the stoichiometric ratio in the digenite phase.
[image: Figure 3]FIGURE 3 | (A) SEM image of Cu9S5(B,C) elemental mapping of Cu and S respectively, and (D) EDX spectra of Cu9S5.
Optical Properties
The optical properties of the synthesized nanoparticles were studied by measuring the absorbance using the UV-vis spectrophotometer and the corresponding Tauc plots were obtained as shown in Figure 4, using the equation (Tauc et al., 1966):
[image: image]
[image: Figure 4]FIGURE 4 | Optical properties of Cu9S5 obtained from Cu(II) bis(N-methyl-N-phenyl dithiocarbamate) as single source precursor: (A) Absorption spectra, (B) Tauc plots and (C) Photoluminescence spectra.
Where ν is the light frequency, h is the plank constant, α is the absorption coefficient of the material and Eg represents the band gap. The exponent n indicates the nature of the band-gap and it can take values of 2, ½, 2/3, and 1/3, which corresponds to direct allowed, indirect allowed, forbidden direct and forbidden indirect transitions respectively. The band gap Eg of the nanoparticles were obtained by extrapolating the linear portion of the plots (αhν)2 against hν to α = 0. Currently, there is no general consensus on the nature of transitions for most Cu2-xS phases, leading to both direct and indirect transitions being reported for most phases (Pop et al., 2011). A large range of band gap energy have been reported for different Cu2-xS phases, which arises due to the large number of mixed phases and compositions coupled with different crystal size and shapes (Safrani et al., 2013).
All the samples exhibited broad absorption in the visible region (300–500 nm) and tailed into the near infra-red region (Figure 4A). The absorption onset for the three samples was at ∼ 350 nm and the spectra showed an increase in absorbance in the near edge region indicating that the bandgap value will be obtained in the near infra-red region (Adekoya et al., 2019). The increase in absorption at higher wavelengths may be ascribed to free-carrier intra-band absorbance (Zhao et al., 2009). The direct band gap for the three samples were 1.85, 2.03, and 1.72 eV for the Cu9S5 samples obtained at 240, 260, and 280°C respectively, which are in agreement with values previously reported in literature (Senthilkumar and Babu, 2016; Li et al., 2017; Itzhak et al., 2018). This difference in band gaps for the samples could be attributed to difference in size, stoichiometric variation and the arrangement of the cations and anions in the atomic structure of the compounds.
The emission spectra of the ethanol solution of the Cu9S5 samples irradiated at 800 nm is shown in Figure 4C. The three nanostructures showed similar emission spectra with three peaks observed at 390, 522, and 783 nm which corresponded to energy values of 3.2, 2.3, and 1.57 eV respectively. These observed peaks are in agreement with the absorption spectra of the samples and the peak at 390 nm could be assigned to the near band edge emission. The peaks at 522 and 783 nm both corresponds to the band to band transitions in the Cu9S5 nanoparticles.
CONCLUSION
The synthesis of pure phase Cu9S5 using a single source precursor route was explored and the optical and morphological properties of the obtained nanoparticles were studied. The synthetic route was observed to induce a selectivity in the stoichiometric phase by changing the reaction temperature, which also influenced the properties of the OLA employed as solvent and capping agent in the reaction system. The obtained materials showed varying morphological, and optical properties with change in temperature. The band gap energy for the nanoparticles varied between 1.72–2.03 eV in the temperature range studied. While the nanoparticles exhibited similar morphology, their dimension varied with temperature. The length and width of the nanoparticles decreased with increasing temperature with dimensions in the range of 82–179 nm and 12–34 nm for the length and width respectively. This study showed the possibility of selectively tuning the phase purity of Cu2-xS prepared through the single source precursor route by altering the reaction temperature, which results in the solvent property modification and enhanced phase selectivity.
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