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Abstract: In this paper, spherical-shaped pure phase djurleite (Cu31S16) and roxbyite (Cu7S4) nanopar-
ticles were prepared by a solvothermal decomposition of copper(II) dithiocarbamate complex in
dodecanthiol (DDT). The reaction temperature was used to control the phases of the samples, which
were represented as Cu31S16 (120 ◦C), Cu31S16 (150 ◦C), Cu7S4 (220 ◦C), and Cu7S4 (250 ◦C) and
were characterized by using X-ray diffraction (XRD), scanning and transmission electron microscopy
(SEM and TEM), and absorption spectroscopy. The samples were used as photocatalysts for the
degradation of tetracycline (TC) under visible light irradiation. The results of the study showed that
Cu7S4 (250 ◦C) exhibited the best activity in the reaction system with the TC degradation rate of
up to 99% within 120 min of light exposure, while the Cu31S16 (120 ◦C) system was only 46.5% at
the same reaction condition. In general, roxbyite Cu7S4 (250 ◦C) could be considered as a potential
catalyst for the degradation of TC in solution.

Keywords: copper sulfide; tetracycline; djurleite; roxbyite; photodegradation

1. Introduction

Antibiotics are generally used to prevent and also treat microbial infections by either
killing or inhibiting their growth. They are important for the control, prevention, and treat-
ment of diseases in both humans and animals. In most developed nations, it is estimated
that livestock alone consumes between 50 and 80% of antibiotics produced [1]. These
antibiotics could be divided into aminoglycosides, quinolone, sulfonamides, macrolides,
and tetracycline based on their structures [2]. The misuse of antibiotics has a huge negative
impact on environmental contamination, especially on soil and water resources. Some
traces of antibiotics have been detected in sewage, ground, surface, and drinking water [3,4].
The persistence of antibiotics in the environment could result in the development of their
resistance in microorganisms [5,6], and tetracycline (TC) has been reported as one of the
most widely used antibiotics [7].

TC is an amphoteric compound that contains four connected rings consisting of
different active functional groups including alcohol, aldehyde, and phenol, with three
ionizable groups: tricarbonylamide, dimethyl amino, and phenolic-diketone groups. These
allow TC to ionize with three dissociation constants with pKa values of 3.3, 7.7, and 9.7.
Thus, anionic, cationic and zwitterionic species exist under alkaline, acidic, and moderately
acidic to neutral conditions, respectively [8,9]. It is widely used in humans to treat bacterial
infections and also in animal feed as a growth promoter [10]. Most of the administrated
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TC is relatively poorly adsorbed by animals or humans; therefore, their metabolites are
excreted through feces and urine into the environment. Once in the environment, they
can lead to the development of multi-resistant bacterial strains, which cannot be treated
with the common known drugs [11,12]. These possible risks make it of great importance to
explore feasible and cost-effective techniques for the removal of TC.

The removal of TC from water by different methods such as adsorption [13,14], bio-
logical [15] degradation, and chemical degradation have been studied. However, their high
cost and low removal efficiency usually limit their applications. Photocatalysis is a promis-
ing technique due to its low cost and efficiency. Different semiconductor nanomaterials
have been used as photocatalysts either in their pure forms or as composite to affect the
degradation of TC. For example, TiO2 [16], g-C3N4 [17], ZnS [18], and BiVO4 [19] have been
used to achieve the removal of TC from aqueous solution. The use of binary composites
such as ZnO/g-C3N4 [20], FeNi3@SiO2 [21], Sr-Bi2O3 [22], SnO/CeO2 [23], and ZnO/γ-
Fe2O3 [24] or ternary composites including MGO-Ce-TiO2 [25], CeO2/ Bi2O2CO3 [26],
Ag/Ag2CO3/BiVO4 [27], and IO-TiO2-CdS [28] have also been reported. However, due to
some demerits associated with some of these materials such as high cost, economical non-
viability, and poor efficiency, there is a need to explore other semiconductors. For example,
despite the great advantages of TiO2, its shortcomings include activation within the UV
range only (due to a large band gap of 3–3.2 eV), fast recombination between electron–hole
pairs, and high tendency for agglomeration. The modification of TiO2 before its use as a
photocatalyst is one of the methods used to address these shortcomings. Consequently, a
non-toxic semiconductor nanomaterial such as copper sulfide is a good alternative, as it is
relatively cheap, has good light absorption properties over a wide range of wavelengths,
and exhibits different crystalline phases [29] that could open up wide areas of application.
Compared with other semiconductor materials, copper oxide has not been explored in the
photocatalytic degradation of TC.

Copper sulfide is a p-type indirect band-gap semiconductor material and occupies
a very significant position within the family of compound semiconductors. The p-type
conduction property is ascribed to the free holes, which is generated from the acceptor
levels of copper vacancies [30]. It is reported to exhibit size-dependent properties that are
similar to the widely explored lead and cadmium systems, and it has the advantage of being
a non-toxic material. In addition, the earth-abundance nature of its constituent elements
makes it a very promising candidate for the fabrication of devices [31]. Another interesting
properties of copper sulfide is its existence in variable stoichiometries. This makes it a very
interesting compound for fundamental studies, possessing different band-gap energies
and electronic properties. The different stoichiometric phases of copper sulfide range from
the copper-rich phases: chalcocite (Cu2S), djurleite (Cu31S16 or Cu1.94S), digenite (Cu9S5
or Cu1.8S), and anilite/roxbyite (Cu7S4 or Cu1.75S) to the copper-poor phases: covellite
(CuS) and villamaninite (CuS2) [30,32]. The variation in stoichiometry also influences
their band-gap energies. For instance, while the chalcocite has an indirect bulk band-gap
energy of ≈1.2 eV, the digenite phase possesses a band-gap energy of 1.5 eV [33], and this
is favorable for the absorption of light under sunlight illumination.

The synthesis of well-defined pure phase colloidal copper sulfide is a challenge, and
the very close relationship that exist between properties and shapes implies that tailoring
of the morphology of nanostructures is critical in the synthesis of desired materials with
specific properties. Herein, a facile solvothermal method is reported for the synthesis
of pure djurleite and roxbyite phases using copper(II) dithiocarbamate (CuDTC) as a
single-source precursor and dodecanthiol (DDT) as surfactants. CuDTC was utilized as the
single-source precursor due to its ease of synthesis, good stability, and ability to undergo
sharp decomposition with less impurity. By changing the reaction temperature during
the decomposition process of the complex, it was possible to alter the nucleation and
growth process of the copper sulfide nanoparticles, thereby manipulating their optical and
structural properties. The as-prepared copper sulfides were air-stable; hence, the obtained



Catalysts 2021, 11, 1238 3 of 16

pure phases of djurleite (Cu31S16) and roxbyite (Cu7S5) were used as photocatalysts for the
degradation of tetracycline in aqueous solution.

2. Results
2.1. Structural Studies

The phase structures of the as-synthesized nanoparticles at different reaction tem-
peratures were investigated using XRD and presented in Figure 1. The temperature of
synthesis of copper sulfide determines the composition and stoichiometry. In the samples
obtained at 120 and 150 ◦C, the peaks at 2θ = 37.53, 46.31, 48.63, and 54.22 ◦C correspond
to the (−4 2 5), (10 5 2), (−2 8 2), and (2 6 6) planes, respectively, of monoclinic djurleite
Cu31S16 with a space group of P21/n (14) (JCPDS No. 034-0660) [34]. Our previous report
involving the same complex but in oleylamine as solvent yielded pure phase covellite
at lower temperature and digenite at higher temperature [35]. Similar studies involving
the thermal decomposition of Bis(O-alkylxanthato)copper(II) in oleylamine showed the
formation of djurleite (Cu31S16) phase as either an impurity phase or as the secondary
phase. The results further showed the dependence of copper sulfide phases on the factors
such as precursor type, growth temperature, and synthesis method used [36].
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Figure 1. Overlapped XRD patterns for the various phases of copper sulfide obtained at different
synthesis temperatures.

As the reaction temperature was increased to 180 ◦C, the diffraction peaks of base-
centered monoclinic Cu7S4 could be observed at 2θ = 26.53, 37.53, 46.50, and 48.72◦,
showing that the roxbyite, syn phase of copper sulfide was beginning to form and may be
generated at higher temperature. The formation of pure phase Cu7S4 was confirmed at
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220 ◦C, with the diffraction peaks at 2θ = 26.44, 29.62, 37.82, 46.70, and 48.82◦ attributed to
the (16 0 0), (8 0 4), (1 5 5), (0 16 0), and (8 8 6) of roxbyite, syn (JCPDS No. 00-023-0958).
XRD results for the two samples at 220 and 250 ◦C matched very well with the reported
data of roxbyite [37,38]. Obviously, the higher reaction temperature favored the phase
transformation to the roxbyite phase, which perhaps was governed by the thermodynamic
process. Furthermore, the formation of the Cu7S4 phase at higher temperature than the
Cu1.95S phase was a confirmation of the difference in their stability temperature. Apart
from the variation of the temperature, a solvent system has also been used to alter the
stoichiometry of the product in a solvothermal process involving the use of single-source
precursors. For instance, Shen et al. [39] reported the formation of hexagonal phase Cu2S
nanocrystals by the thermal decomposition of copper diethyldithiocarbamate at 220 ◦C
when DDT was used as surfactant. However, a change in the solvent system to oleic acid
(OA) yielded pure monoclinic phase Cu7S4 (JCPDS: 23-0958).

2.2. Morphological Studies by Electron Microscopy

The effects of reaction temperature on the size, morphological transformation, and
also the growth of the nanoparticles was studied by scanning and transmission electron
microscopies. Figure 2a,b show the SEM images of the pure djurlerite and roxbyite phases,
respectively. Reaction temperature is a key factor in the controlled synthesis of colloidal
inorganic nanoparticles [39–41]. The image showed that the samples were spherical even
as the temperature was extended to 150 ◦C. The formation of spherical nanoparticles in
all the samples, as shown by the TEM images, could be ascribed to the ability of DDT as a
surfactant to non-selectively adsorb on the surface of the crystal facets upon nucleation;
thereby, it passivated all the surfaces of the crystal facets indiscriminately. This process
successfully prohibited the facets from excessive growth and resulted in the isotropic
growth of the nanoparticles.
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In addition, the DDT played other roles during the thermal decomposition process
of the copper complex precursor. It also acted as sulfur donor, promoting the formation
of sulfur-rich nanoparticles and it is also responsible for triggering the decomposition
process of the single-source precursors at relatively low temperature. This was important,
as it facilitates the separation of the nucleation process from the growth process, which
is a critical factor for the development of high-quality nanoparticles. For example, the
thermal decomposition temperature of the CuDTC was lowered from 260 ◦C in solid state
to 120 ◦C in the presence of DDT in solution, similar to previous report using oleylamine
as surfactant [42]. The micrographs showed no change in the morphology of the samples
at both temperatures (120 and 150 ◦C), but as presented in the particle size distribution
histogram, an increase in the average nanoparticles size from 6.57 to 11.67 nm occurred as
the reaction temperature was increased from 120 to 150 ◦C.

Apart from the single-source precursor method’s advantage of being able to control
the size and morphology of the nanoparticles through the choice of surfactants used in
the reaction system, it also has the potential to control the chemical composition of the
product in cases such as copper sulfide, which has various stoichiometric compositions.
As shown in Figure 3a,b, the roxbyite obtained at 220 and 250 ◦C consisted of quasi-
spherical nanoparticles even as the reaction temperature was increased, and the TEM
images presented in Figure 3c,d indicated, at a closer observation, that the morphology
seemed to be tending toward hexagons. The alteration of morphology from a distinct
spherical structure to a quasi-spherical structure, with temperature increase, showed that
the phase variation was associated with shape changes. The particles size distribution
histogram showed a size increase from 24.2 nm at 220 ◦C to 26.4 nm at 250 ◦C, again
indicating that the increase in particle growth occurred with the temperature increase.
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2.3. Brunauer, Emmett, and Teller (BET) Surface Area Analysis

The specific surface areas of Cu31S16 (120 ◦C), Cu31S16 (150 ◦C), Cu7S4 (220 ◦C), and
Cu7S4 (250 ◦C) were investigated by the Brunauer–Emmett–Teller (BET) method, and
the results obtained are summarized in Table 1. According to the adsorption isotherm
classification of BET, the material was found to be a mesoporous structure. This is due to
the presence of more surface active sites on the copper sulfide nanoparticles. The result
revealed that the specific surface area of copper sulfide nanoparticles of Cu31S16 (120 ◦C),
Cu31S16 (150 ◦C), Cu7S4 (220 ◦C), and Cu7S4 (250 ◦C) was found to be 14.98, 15.45, 16.95,
and 17.32 m2/g, while their pore sizes are in the range 17.62 to 18.52 nm. Although, the
spherical shapes of these photocatalysts affect their BET values, the structure and specific
surface area were favorable for the adsorption of TC [43].

Table 1. BET analysis of copper sulfide photocatalyst samples.

Sample Name Surface Area
(m2/g)

Pore Diameter
(nm)

Pore Volume
(m3/g)

Cu31S16 (120 ◦C) 14.98 17.62 0.074
Cu31S16 (150 ◦C) 15.45 17.45 0.077
Cu7S4 (220 ◦C) 16.95 18.23 0.085
Cu7S4 (250 ◦C) 17.32 18.52 0.087

2.4. Absorbance Studies

The absorption spectra of the synthesized djurleite and roxbyite phases at different
temperatures are shown in Figure 4. It shows some similarities in the spectra of the djurleite
(120 and 150 ◦C) (Figure 4a,b). Likewise, similar absorption spectra could be observed
in the pattern of the roxbyite phase (220 and 250 ◦C) in Figure 4c,d. The djurleite phases
show a broad peak from 300 to around 600 nm, while the roxbyite phases showed a narrow
peak around 260 nm, which reaches a maximum around 450 nm and declines to minimum
at ≈650 nm. In all the phases, the absorbance never reaches zero intensity, even in their
minimum, but it rises again toward the longer wavelengths region, and this is thought
to arise due to the free-carrier intraband absorbance [44]. The absorbance of the roxbyite
phases in this longer wavelength region is stronger than the djurleite phases and may be
due to free-carrier absorbance [45]. Considering that this NIR absorbance derives from free
carriers, it should exhibit a stoichiometric dependence, and the observed behavior could be
rationalized on this basis. In the spectrum of the djurleite at 120 ◦C, an absorption shoulder
around 900 nm could be observed. This corresponds to the band-gap energy of 1.36 eV and
is attributed to the band-edge absorption of the nanoparticles.

The band-gap energies were determined by using Tauc relation:

αhυ = β(hυ − Eg)n

where hv is the photon energy, α is the absorption coefficient i.e., α = 2.303A
t , and β is

the band edge. The n value can be 2 or 0.5 for a direct or indirect transition, respec-
tively [46]. The values for the optical band gaps were found to be 1.34, 1.38, 2.14, and
2.20 eV for Cu31S16 (120 ◦C), (b) Cu31S16 (150 ◦C), (c) Cu7S4 (220 ◦C), and (d) Cu7S4 (250 ◦C),
respectively (inserts). These values are comparable to other similar studies [47,48] and
also indicated a shift to a shorter wavelength compared to the band-gap energy of their
bulks [44,49].
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Figure 4. UV-vis-NIR spectra of (a) Cu31S16 (120 ◦C), (b) Cu31S16 (150 ◦C), (c) Cu7S4 (220 ◦C), and (d) Cu7S4 (250 ◦C). The
insets are the respective Tauc plots.

2.4.1. Photocatalytic Degradation of TC Using Roxbyite and Djulerite

The photocatalytic degradation of TC solution using the pure phase samples (Cu31S16
(120 ◦C), Cu31S16 (150 ◦C), Cu7S4 (220 ◦C), and Cu7S4 (250 ◦C)) was conducted under the
visible light irradiation. In the absorption spectrum of aqueous solution of TC, two absorp-
tion bands at approximately 275 and 360 nm are ascribed to the conjugated double-bond
structures with two carbonyl groups and enolic groups, respectively [50]. The absorption
spectra of tetracycline using Cu31S16 (120 ◦C), Cu31S16 (150 ◦C), Cu7S4 (220 ◦C), and Cu7S4
(250 ◦C) as catalysts are shown in Figure 5a–d respectively. The figure showed that the
two phases of the copper sulfide nanoparticles, roxbyite-Cu7S4 and djulerite-Cu31S16, irre-
spective of their difference in synthesis temperature, have similar degradation patterns.
During the photocatalysis processes, a non-sequential decrease and a slight shift of the
absorption peak at greater wavelengths were observed with the increase in irradiation time
up to 120 min. The two roxbyite phases exhibited greater catalytic ability than the djulerite
phases, with 90% and 99% degradation for Cu7S4 (220 ◦C) and Cu7S4 (250 ◦C) respectively,
which could be ascribed to the higher crystallinity of the roxbyite phase at 250 ◦C. The
djulerite phases at 120 and 150 ◦C showed lower degradation percentages of 70% and 85%,
respectively. Therefore, there seemed to be a direct relationship between the temperature
and degradation efficiencies, and the degradation performance of these photocatalysts
toward tetracycline molecules could be placed in the order Cu31S16 (120 ◦C) < Cu31S16
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(150 ◦C) < Cu7S4 (220 ◦C) < Cu7S4 (250 ◦C). In addition to the crystallinity, the higher
absorption properties observed in the spectra of the roxbyite phases could be responsible
for the higher photocatalytic activities [51] and faster mineralization rate compared to
the djulerite phases [50]. Due to the high degradation efficiency of the Cu7S4 (250 ◦C),
subsequent degradation experiments for further studies were limited to this phase.
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Figure 5. Photocatalytic degradation of tetracycline under visible light irradiation using (a) Cu31S16 (120 ◦C), (b) Cu31S16
(150 ◦C), (c) Cu7S4 (220 ◦C), and (d) Cu7S4 (250 ◦C).

2.4.2. Effect of TC Solution pH on the Degradation Efficiency

The initial pH of solution is one of the important parameters that influences the
photocatalytic processes of compounds through the surface electrical charge characteristics
of photocatalysts, and it dictates the ionization state of the catalyst surface. The effect
of the solution’s pH was studied using 50 mg/L concentrations of TC, 80 mg of Cu7S4
(250 ◦C), and solution pH in the range of 2–10. Figure 6 presents the removal efficiencies
at different irradiation times up to 120 min. The degradation efficiency obtained at pH 4
was 99%, while those obtained at pH 2, 6, 8, and 10 were 73.4%, 62.3%, 54.1%, and 46.7%,
respectively. In addition, the outcome showed a decrease in percentage degradation of
TC from 99% to 46.7% with the increase in the pH of the solution, indicating that pH 4
was the optimum [52]. Alkaline pH values (8 and 10) adversely affected the photocatalytic
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degradation of TC, resulting in a decrease in the removal efficiency up to 46.7%. The
decrease in removal efficiency of TC in the alkaline pH range could be attributed to the
concentration of hydroxyl radical, which was influenced by the solution pH. Perhaps the
pH of the TC solution had a significant effect on the surface ionic speciation of the Cu7S4
and was able to control the reactants type and products obtained in the process. Similar
results were reported by Ahmadi et al. [53], and Hao et al. [54] reported their studies on the
photocatalytic degradation of TC using different photocatalysts. However, the influence of
solution pH 2 on the degradation process was not very clear, because no direct trend could
be established on the basis of the acidity and alkalinity of the solution [55].
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Figure 6. Effect of TC solution pH on Cu7S4 (250 ◦C) (dosage: 80 mg/L, irradiation time: 120 min,
TC: 50 mg/L).

2.4.3. Effect of Catalysts (Cu7S4 (250 ◦C) Loading)

The degradation of TC was conducted under the visible light irradiation in the absence
of the photocatalyst, and very little (3%) degradation of TC could be observed after 120 min
reaction, as presented in Figure 7. The removal of TC using different catalyst loading at
pH 4 and TC concentration of 50 mg/L under the visible light was conducted afterwards.
An increase in the degradation rate constants with an increase in catalyst loading from
5 to 80 mg occurred, with about 99.1% and 25% degradation efficiencies achieved with
80 mg and 5 mg of Cu7S4 (250 ◦C), respectively. The increase in degradation of TC with
increasing concentration of Cu7S4 (250 ◦C) in the solution could be ascribed to the increasing
availability of more active sites, higher formation of OH, and increased effective interaction
of the catalyst with the TC molecules. However, at a higher catalyst loading above 80 mg,
most of the catalyst may suffer deactivation due to their accumulation, agglomeration,
or precipitation, which could lead to a decrease in the available catalyst surface for light
absorption and consequently result in a decrease in the degradation rate. Although catalyst
loading above 80 mg was not investigated, Figure 7 shows almost 100% degradation of
TC using 80 mg, indicating an optimal or equilibrium dosage for TC in this operating
condition. These results were in accordance with some earlier reported studies involving
the degradation performances of copper sulfide [56,57].
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Figure 7. The effect of catalyst loading on the photoreduction of TC using Cu7S4 (250 ◦C) as
a photocatalyst.

2.4.4. Effect of Initial Concentration of TC

The effect of initial TC concentration on the removal efficiency of Cu7S4 (250 ◦C) was
investigated and presented in Figure 8. The rate of degradation could be determined
by the formation of hydroxyl radicals at any TC concentration. It could be observed
that the removal efficiency of the photocatalyst decreased with increase in the initial
TC concentrations from 5 to 25 mg/L after 120 min, which reflected the lower removal
efficiency at higher TC concentrations. Thus, this implies that the rate of the TC degradation
will decrease with the increase in the initial TC concentration, which could be due to the fact
that the concentration of generated •OH on the surface of the photocatalyst will decrease
as more TC ions cover the active sites of the photocatalyst. Furthermore, there will be an
increase in the concentration of TC molecules adsorbed on the surface of the photocatalyst
as the initial TC concentration increased. The high concentration of adsorbed TC resulted in
an inhibitive effect on the reaction of TC molecules with photogenerated holes or hydroxyl
radicals due to the lack of any direct contact between them [58]. The increase in internal
optical density makes the solution become impervious to visible light, which is another
reason for obtaining lower degradation efficiency at higher TC concentration. In addition,
increasing the TC concentration, which led to the absorption of light by the TC molecules,
could also hinder the photons from reaching the photocatalyst surface, thereby decreasing
the photocatalytic removal efficiency [59]. The equal amount of reactive radicals formed
in all concentrations might lead to an increased reaction of TC molecules with radicals at
lower TC concentrations. This could also result in a decrease in the degradation [60]. The
reusability of Cu7S4 (250 ◦C) was evaluated in order to determine its long-term use as a
photocatalyst in the removal of TC. These experiments were conducted by repeating the
degradation studies of TC using a solution of 25 mg/L. Figure 9 displays the recyclability
of Cu7S4 (250 ◦C) for four cycles, and the results showed that the photocatalyst could be
reused effectively after four cycles with little loss in activity. Thus, industrial application of
this product is highly viable due to its reusability and stability properties. Similar results
were reported in the studies related to the photo degradation of antibiotics [61,62].
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Figure 8. Effect of TC concentration on Cu7S4 (250 ◦C) (dosage: 80 mg, irradiation time: 120 min,
pH: 4).
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Figure 9. Reusability cycles of TC degradation using Cu7S4 (250 ◦C) nanocomposite and a solution
of 25 mg/L TC.

Photocatalytic Degradation Mechanism

Based on the obtained results and other related studies [16,63], the possible mechanism
involved in the photocatalytic degradation of TC under visible light has been proposed
and presented in Figure 10. Upon the irradiation of Cu7S4, the photocatalysts are excited,
leading to the generation of photogenerated electron–hole pairs that have strong reducing
and oxidizing powers, respectively. The photo-induced electron–hole pairs are transferred
to the surface of the photocatalysts and could directly be involved in the photocatalytic
reaction process or produce active radicals [64]. In general, hydroxyl radicals (˙OH),
superoxide radicals (•O2

−), and holes (h+) can be found in the photocatalytic degradation
process. Since the redox potential of the LUMO of Cu7S4 was more negative than that of
O2/•O2

− (E0 = −0.33 eV/NHE), the dissolved O2 can interact with the photoelectrons on
the LUMO. This leads to the generation of•O2

− radicals and the charge carrier separation.
The photogenerated holes can react with H2O to form hydroxyl radicals (•OH). Finally,
(•O2

−) and (•OH) degrade TC into other products, as shown in Figure 10.
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Figure 10. The schematic representation of the possible photocatalytic mechanism involved in the
degradation of TC under visible light irradiation.

3. Materials and Methods
3.1. Preparation of Copper Dithiocarbamate Complex

The copper complex was prepared using an already reported procedure [36]. Briefly,
a methanol solution featured an equimolar ratio of 4-ethylaniline and p-tolualdehyde
(4.0 mmol) mixed together and stirred at room temperature for 2 h. Thereafter, the solvent
was removed, and the resulting oily product was dissolved in an equivolume solution of
methanol and dichloromethane. Sodium borohydride was added and stirred for another
2 h in ice, and the solution was stirred for 20 h at room temperature, which was followed
by the removal of the solvent. The product was rinsed with water and extracted with
dichloromethane. Then, the organic layer was evaporated to afford the substituted amine as
a brownish oil, which was dissolved in ethanol and followed by the addition of potassium
hydroxide. The solution was stirred for 30 min, and carbon disulfide was added dropwise
while maintaining the temperature for 2 h. To this solution, a stoichiometric amount
of copper(II) chloride dihydrate was added, and the resulting copper dithiocarbamate
precipitates were rinsed using cold water and then air-dried.

3.2. Preparation of Copper Sulfide Nanoparticles

Copper sulfide nanoparticles were prepared via a solvothermal reaction under N2
atmosphere using a heat-up method. In a round-bottom flask with a condenser, 0.75 g
of copper(II) bis(N-4-methylbenzyl)-N-(4-ethylphenyl) dithiocarbamate was added into
20 mL of dodecanthiol. After degassing, the mixture was heated at a steady temperature
up to 120 ◦C and maintained for 1 h. Afterwards, the dark solution was left to cool down
to room temperature. Then, the obtained product was separated by the addition of ethanol
and centrifugation. To purify the product, ethanol and toluene (1:3 v/v) were used to wash
the product 3 times. The procedure was repeated while the temperature of the reaction
was changed to 150, 180, 220, and 250 ◦C respectively.

3.3. Characterization of the Prepared Samples

The X-ray powder diffraction data were collected on a Bruker D8 Advanced, which
utilizes CuKα radiation (wavelength, λ = 1.5406 Å) with variable slits at 45 kV/40 Ma.
Scanning electron microscope (SEM) measurement was carried out on a JOEL JSM-6390
LVSEM fitted with an energy-dispersive X-ray spectrometer (EDAX) for the elemental
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analysis of the samples. The internal morphology of the nanoparticles was studied using a
TECNAI G2 (ACI) TEM equipped with a CCD camera and operating at a voltage of 120 kV.
The optical properties of the nanoparticles were studied using a Jobin Yvon LabRAM
HR 800 UV/Vis/NIR spectrophotometer and a Perkin Elmer L45 photoluminescence
spectrometer for the absorption and fluorescence measurement.

3.4. Photocatalytic Evaluation

In the photocatalytic experiment, an LED visible light lamp ((l > 420 nm) was used as
the light source. Firstly, about 80 mg of each catalyst was added to 100 mL of TC solution
containing 50 mg/L TC in a 200 mL flask, and the solution was magnetically stirred in
the dark for 60 min in order to achieve adsorption–desorption equilibrium. Then, the
light source was turned on in order to initiate the photocatalytic reaction. As the reaction
progressed, approximately 5 mL of suspension was collected every 15 min and filtered
through 0.22 µm PTFE syringe filters. The obtained clear solution was introduced into a
quartz cuvette, and the absorbance of the TC was measured using an ultraviolet–visible
spectrophotometer. The concentration of the TC degraded was calculated using the formula
given in Equation (1).

DR(%) =
C0 − Ci

C0
× 100% =

A0 − Ai
A0

× 100(%) (1)

where Ci is the concentration of TC at different times; C0 is the initial concentration of TC;
Ai is the TC absorbance at different times; and A0 is the blank absorbance of the original
TC solution.

4. Conclusions

In summary, a simple one-pot solvothermal route was used to prepare pure phase
copper sulfide nanoparticles by variation in the reaction temperature, resulting in phase
transformation from djurleite (Cu31S16) to roxbyite phase as the temperature increased from
120 to 250 ◦C. No morphological changes accompanied the phase transformation process
even after increasing the reaction temperature to 250 ◦C. An observable increase in particle
size occurred, which was induced by temperature increase, and the optical characterization
showed a band-gap energy in the range of 1.34–2.20 eV. The photocatalytic degradation
of TC using the synthesized pure djurlite and roxbyite phases showed photocatalytic
activities, with Cu7S4 (250 ◦C) exhibiting the greatest efficiency of 99% at pH 4 compared
to the performances achieved using the other samples (Cu7S4 (220 ◦C), djurleite Cu31S16
(150 ◦C), and Cu31S16 (120 ◦C)). The photocatalytic experimental data conform to a pseudo-
second-order kinetics model with a higher correlation factor. This is an indication that the
interaction between TC and copper sulfide nanoparticles is based on a chemical reaction.
Overall, roxbyite (Cu7S4) could be considered as a potential catalyst for the degradation of
TC in solution.
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