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Abstract: The direct or indirect discharge of toxic and non-biodegradable organic pollutants into
water represents a huge threat that affects human health and the environment. Therefore, the
treatment of wastewater, using sustainable technologies, is absolutely necessary for reusability.
Photocatalysis is considered one of the most innovative advanced techniques used for pollutant
removal from wastewater, due to its high efficiency, ease of process, low-cost, and the environmentally
friendly secondary compounds that occur. The key of photocatalysis technology is the careful
selection of catalysts, usually semiconductor materials with high absorption capacity for solar light,
and conductivity for photogenerated charge carriers. Among copper sulfides, CuS (covellite), a
semiconductor with different morphologies and bandgap values, is recognized as an important
photocatalyst used for the removal of organic pollutants (dyes, pesticides, pharmaceutics etc.) from
wastewater. This review deals with recent developments in organic pollutant photodegradation, using
as catalysts various CuS nanostructures, consisting of CuS NPs, CuS QDs, and heterojunctions (CuS/
carbon-based materials, CuS/organic semiconductor, CuS/metal oxide). The effects of different
synthesis parameters (Cu:S molar ratios, surfactant concentration etc.) and properties (particle
size, morphology, bandgap energy, and surface properties) on the photocatalytic performance of
CuS-based catalysts for the degradation of various organic pollutants are extensively discussed.

Keywords: CuS nanostructures; heterojunctions; photocatalysis; organic pollutants; wastewater treatment

1. Introduction

The global population growth has resulted in constantly increasing environmental
pollution, with serious consequences for human health. Harmful impacts on humans,
animals, and the environment are due to the water resource contamination with inorganic,
i.e., heavy metals [1-3], and organic, pollutants. Toxic, non-biodegradable, and recalcitrant
organic pollutants, such as dyes [4-7], pesticides [8], pharmaceutical active compounds
(PhACs) [9,10], and other organic pollutants [11,12], are discharged into water from various
industries: textile, leather, food, pharmaceutical, cosmetic, agriculture, plastic, etc. Conse-
quently, the removal of these pollutants from wastewater, via appropriate technology, still
remains a great challenge for worldwide researchers.

In this context, many technologies, such as sedimentation, reverse osmosis (RO), co-
agulation, flotation, solvent extraction, electrolysis, biodegradation, ozonation, sonolysis,
sonophotocatalysis, gammaeradiolysis, photo-Fenton, photo-, electro-, and photoelectro-
catalysis and chemical catalysis, and combined anaerobic photocatalysis with membrane
techniques, have been developed [10,13-15]. Among these technologies, photocatalysis,
an advanced oxidation process (AOP), has attracted considerable attention as a green and
sustainable technology with promising prospects in global environmental issues reme-
diation [16-18]. Although the photocatalytic degradation of organic pollutants has been
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proven to have significant results, its application at the industrial level faces certain defi-
ciencies related to the efficient use of solar energy, mainly due to the high photo-generated
carriers recombination rate [19,20]. Thus, the design and development of low-cost and
highly efficient catalysts is the main topic in photocatalysis research. Semiconductor mate-
rials, with wide solar selective spectral response, high activity, and increased chemical and
physical stability, are the most frequently used photocatalysts. As wastewater treatment
technology, semiconductor-based photocatalysis has numerous advantages, such as sim-
plicity, ease of handling, good reproducibility, high efficiency, and low costs. Moreover, it is
an ecological, non-toxic and energy-free technology [5].

An important class of semiconductor photocatalysts is that of metal sulfides. For these
materials, the band gap energy can be easily tuned by simply controlling the particle size
without changing the chemical composition of the metal sulfide.

Copper sulfides (CuyS, x = 0.5-2), one of the most significant metal chalcogenide
representatives, have been intensively studied in recent decades, due to their particular
properties (optical and electrical), that result from their various chemical compositions and
morphologies. Considering the chemical composition (x variation), at least eight crystalline
phases of CuyS have been reported to date, ranging from the “copper low” sulfide CuS,
(copper disulfide, x = 0.5) to the copper-rich phase Cu,S (chalcocite, x = 2).

Adjusting the chemical composition (x value), optoelectronic properties are modified,
affecting the photocatalytic performance of CuyS catalyst. Generally, the increase of x causes
a decrease in the Cu,S photocatalytic activity. Copper sulfides with x = 1.8-2 act as more
efficient materials for solar cells and optoelectronic devices than as photocatalysts [21-23].
Accordingly, it was reported [24] that Cu,S NPs (0.08 g/L pollutant solution), obtained
by a template free polyol reaction, degraded only 51% of dye ABRX-3B (100 mg/L) un-
der Vis light (300W Xe lamp), after 100 min. More recently, the photocatalytic activity
of CupS-metal oxide(s) heterostructures, prepared by a simple two-step sol-gel proce-
dure, was studied under UV and UV-Vis irradiation scenarios using herbicide S-MCh
(30 mg/L) as the reference pollutant [25]. The results showed that the three-component
heterostructure of Cu,S/TiO,/WOj3 had higher photocatalytic efficiency (61%) compared
with two-component heterostructures, 30% for CuyS/TiO,, and 28% for Cu,S/WOs;, re-
spectively, after 8 h in UV-Vis light irradiation. A lower photocatalytic efficiency (~10%)
was reported for CugSs (Cuj gS) MCs in the degradation of MB solution (5.8 mg/L), under
Vis light irradiation, after 175 min [26].

Another potential non-stoichiometric copper sulfide catalyst is CuyS4 (Cuy 755). How-
ever, its photocatalytic application is reduced, due to both the high recombination rate of
the photogenerated electron/holes, and also to the powder recycling issues. Thus, as an
efficient alternative to powders, flexible Cu mash/CuyS, films were developed via a facile
in situ anodization technique [16]. Using Cu/CuyS; films of 4 cm? area as catalysts, the
highest efficiency in the photocatalytic Fenton-like dye MB (10 mg/L) degradation was
98.4%, under simulated sunlight, after 140 min.

Over recent years, the CuS semiconductor has been shown to be a promising candidate
for visible light photocatalysis, due to its narrow band gap and good optical absorption
properties in the Vis-NIR region. Based on the increased photocatalytic performances of
CuS, compared with Cu,S (x = 1.8-2) and Cuy 755 (more efficient and more environmentally
friendly as films), therefore, a large amount of research was conducted for this review,
which is focused on the use of CuS nanostructured powders as photocatalysts for organic
pollutant degradation in wastewater.

Due to its special properties, e.g., increased conductivity at high temperature, su-
perconductivity at 1.6 K, (electro)chemical-sensing capabilities, low-toxicity, nonlinear
optical and ideal solar energy absorption capacity, CuS shows a versatile range of ap-
plications, including solar thermal collectors [27], artificial photosynthesis [28], gas sen-
sors [29-32], biosensors [29,33,34], photodynamic therapy of cancer [29,32,34], lithium-ion
batteries [29,35], supercapacitors [29,36], photoconductors [37], water disinfection [38—41],
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hydrogen production via water splitting [37,42], thermoelectric materials [29], and photo-
catalysis [4,37].

According to literature [10,14,43,44], the lack of chemical stability, fast recombination
of photogenerated charge carriers, and particle aggregation in solution are still significant
drawbacks of a single semiconductor photocatalyst, such as CuS. An effective solution
to these impediments is heterojunction construction with additional advantages, such as
improving solar energy absorption and carriers charge transfer rate. The photocatalytic
performance of CuS nanostructures (NSs) and CuS-based hetero-nanostructures depends
on particles size, surface area, morphology, and the interface properties, that can be tailored
by tuning the synthesis methods and/or conditions.

In recent years, many studies have been developed on CuS NSs with applications
in environmental issues, especially in wastewater treatment. In this review, the photocat-
alytic activity of various CuS-based nanostructures for degradation of different organic
pollutants, such as organic dyes, pesticides, phenol and phenolic compounds, pharma-
ceutical active compounds, etc., under simulated (UV, Vis) and sunlight irradiation, is
extensively discussed. This study aims to identify the photocatalytic performances of
recently reported CuS-based catalysts, for possible future improvements so as to ensure it
is as efficient as possible for the degradation of industrial organic pollutants in wastewater
effluents. In Figure 1 is illustrated the schematic representation of this review regarding
CuS-based nanostructures photocatalysts obtaining, their specific properties (morphology,
band gap energy, specific surface area), and application in organic pollutants degradation
from wastewater.
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Figure 1. Synthesis methods and specific properties of CuS-based nanostructures photocatalysts used
in organic pollutants degradation from wastewater.

2. CuS Nanostructures with Different Morphologies as Catalysts for Organic
Pollutant Photodegradation

At room temperature, CuS (covellite) has a hexagonal crystalline structure (space
group P63/mmc, a = 3.8020 A, ¢ = 16.430 A) consisting of unit cells, in which layers of
planar CuS; (triangles) and CuSy (tetrahedrons) with S—S bonds alternate. At 55K, the
CuS hexagonal structure changes to orthorhombic, due to second-order phase transition
resulting in orthorhombic distortion of the Cu-S and S-S bond lengths [45,46].

The energy band alignments and total-partial density of states, calculated with the
generalized gradient approximation (GGA) of the density functional theory, showed that
CuS has significant metallic behavior due to p(S)—d(Cu) orbital interactions up to Fermi
level [45]. The Fermi level, an empty energy band induced by both copper vacancy
and sulfur vacancy on the top of VB, is an important factor in the evaluation of CuS
photoelectronic properties, mainly related to the potential local surface plasmon resonance
(LSPR) [47]. Due to its deficiency in Cu atoms (comparing with Cu,S), CuS exhibits the
highest concentration of free carriers (holes) in the VB, resulting in LSPR bands in the NIR
region, hence having extended light absorption [48].
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As a copper sulfides class representative, CuS is a p-type semiconductor with a
bandgap energy ranging from 1.7 eV to 3.46 eV [33,49] but, for most CuS, the Eg values
are in the range of 1, 7-2.2 eV. Controlling the CuS semiconductor morphology (shape and
particle size), the band gap can be tailored without changing the chemical composition of
the material [50]. For example, the band gap energy for CuS nanoparticles (NPs) can vary
from 1.7 to 2.14 eV, depending on morphology: 1.7 eV for hollow spheres [51], 1.87 eV for
nanoflowers [52], 1.97 eV for microspheres [53], 2.1 eV for nanoplates [54] and 2.12 eV for
flake-like nanostructures [55].

Thus, many works have reported the preparation of CuS with different morpholo-
gies, from quantum dots (QDs) to 3D hierarchical CuS architectures consisting of 1D
nanotubes, using methods such as hydrothermal [50,56,57], solvothermal [58-63], co-
precipitation [64,65], photochemical precipitation [66], mechanochemical [67,68], thermoly-
sis [49], chemical reduction [69], microwave assisted growth [70] and solid-state reaction
routes [71]. However, the preparation of uniform CuS nanostructures, through simple, fast,
ecological and low-cost technologies, still remains a significant challenge for all researchers
in the field.

Covellite nanoparticles (CuS NPs) with remarkable chemical, structural and surface
properties, significantly different from those of bulk, are considered promising photo-
catalytic materials [55]. The photocatalytic properties of CuS catalyst can be tailored by
changing preparation method parameters. In addition, the photocatalyst dosage, the pol-
lutant and its concentration, the type and intensity of the irradiation source are other
important factors to be considered in the photodegradation process. The photocatalytic
activity of CuS-based nanostructures for the degradation of different organic pollutants is
selectively presented in Table 1.

Table 1. Representative studies on organic pollutants photodegradation using nanostructured CuS-

based catalysts.
. Pollutant Conc. Catalyst . o .
Catalyst Synthesis Method (mg/L) Dosage (/L) Light Source n* (%) t (min) Ref.
» UV (90 W Xe lamp) 98.26
CuS NPs MB (500) 0.5-2 Vis (160 W Hg -W lamp) 100 30 [72]
70.79, 85.13,
90.29
MB (6.4) - 75.47,63.21,
CuS NPs CR(13.9) 0.03 nyigl(Zlg(\)] \(/;VSIE . 11;}1;1111%)5) 60.35 240 [61]
RhB (9.6) : g-amp 50.04, 60.37,
EY (13) Solar 69.23
79.49, 56.02,
91.97
A luti MB (20 . 39
CuS NPs queorléiig ution Vi élz())z 0.1 Vis (150 W Xe arc lamp) 9 90 [52]
Sulfate reducing MB (16) - . 94 55
CuS NPs bacteria (SRB) RhB (24) + H,0, 0.3-0.5 Vis (600 W halogen lamp) 612 o5 [55]
CuS NPs PVP assisted ST MB (400) + H,O, 0.1 Solar 96.5 48 [53]
Vis (10 kW/m?, CEL
CuS 3D NSs ST MB (20) + H,O, 0.2 HIXF 300) 90 30 [62]
Solution aerosol ME (12.8) 28 15
CuS NPs thermolysis RhB (9.6) 1 Vis (300 W Xe lamp) 98 50 [27]
y MO (9.8) + H,0, 50 45
Subcritical &
CuS MCs supercritical MB (5.8) 0.2 Vis (25 W day-light lamp) 85.4 300 [26]
methanol reaction
RhB (20 X 99 120
CuS NPs CoPp e ](d2 2)2 0.05 Vis (150 W Xe lamp) % a [51]
CuS QDs Mechano-chemical RkE{BhE (P}S)Oz 0.4 Vis (150 W Xe lamp) gg 30 [67]
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Table 1. Cont.

Catalyst

Synthesis Method

Pollutant Conc.

Catalyst

Light Source

n* (%)

t (min)

Ref.

(mg/L) Dosage (g/L)
CuS NPs Mixed solvent RhB (50) + H,0, 0.2 Vis (1000 W halide lamp) 94 60 73]
3D CuS NSs ST & self-assembly RhB (50) + H,O, 0.2 Vis (150 W Xe lamp) 99 45 [74]
One-step in situ MB (10) 99
3D CuS NSs heating RhB (10) 1.25 Vis (300 W xenon lamp) 99 25 [75]
sulfuration route MB/RhB + H,0, 99
One pot synthesis
CuS NPs from Cu(II) CR (100) 0.5 Solar 100 40 [54]
dithio-carbamate
MoO (60) 51
CuS NPs Solid-state reaction SO (60) 0.1 Vis (500 W Hg lamp) 22 180 [71]
AO (60) 45
- . 2
3D CuS NSs HT Lot %2%2 1 Vis (49.700 lux) 6 300 [57]
CuS NPs One-step HT Vis 96
Cu,S NPs (tuning Cu:S RhB (10) + H,O, 0.2 87 [56]
CuS-CuyS NPS molar ratios) (250 W cold Xe lamp) 9 5
MB (3.2) 61.95 100
MG (3.65) 90.25 40
CuS-CuyS NPs Chemical reduction MO (3.27) 0.4 Solar 9.4 180 [69]
MV (3.6) 85.03 60
RhB (4.79) 70.16 80
CuS/KCC1 ST HA (2) 0.1 UV-C (18 W lamp) 89.5 90 [76]
MB (9.6) Vis (52 W renewable 93 16
CuS/ZnO HT TB (16.2) 0.7 household Philips LEDs) 87.5 18 [771
Cu;AgyS (0.0 < Vis (indigenous
x<0.1) CoPp MB (6) 0.25 light reactor) 75.4 90 [33]
CuS/rGO CoPp MG (10) 0.1 Solar 99.2 90 [14]
Carbonization of .
CuS/CQDs water hyacinth BG (50) 0.09 Vis (20? W tungsten % 90 (78]
weed + SG (CuS) amp)
Carbonization of
CuS/CQDs peanut shells PAN (20) 0.2 Vis (400 W Hg lamp) 96.5 150 [50]
+ HT (CuS)
Two-step .
CuS/PDI self-assembly TC (50) 0.6 Vis (300 W Xe lamp) 90 120 [79]
CuS/rGO SG ATZ (50) 0.8 Vis (300 W Xe lamp) 100 20 [43]
Vis (400 W metal
CuS/WOs-AC HT ASP (10) - halide lamp) 97.6 150 [80]

n* is the efficiency degradation of pollutant after t min of irradiation.

The Vis and natural light-driven photocatalytic degradation of cationic azo dye methy-
lene blue (MB) using CuS nanoparticles (NPs) with different morphologies, has been
demonstrated to be an attractive topic for many research. Flower-like [52], hollow mi-
crospheres [53], and flake- and spherical-like CuS NPs [55], prepared by simple aqueous
solution route, facile PVP assisted solvothermal process and biological sulfate reduction,
were investigated as photocatalysts in the degradation of MB, in the absence/presence
of HzOz.

The CuS nanostructured flowers, with diameters of about 800-1200 nm, Eg = 1.87 eV
and BET surface areas of 61.55 m? /g, obtained by using a simple aqueous solution route
without any surfactant addition, removed only 39% MB after 90 min, under Vis light
irradiation [52]. The addition of H,O, in the photocatalytic system significantly increased
the degradation efficiency to 92%, after the same irradiation time. This increase was due to
the presence of H,O, molecules, which enhanced the dye degradation by accelerating the
formation of hydroxyl radicals (-OH), the active species which promote the oxidation of
MB into smaller, non-toxic molecules [52,81].

An enhanced photocatalytic efficiency (94%) in the degradation of MB under natural
light (sunlight), in the presence of H,O,, was reported for CuS hollow microspheres
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mesoporous structures with a bandgap of ~1.97 eV and surface area of 36 m?2/ g [53].
The CuS hollow microspheres nanostructures were obtained by the solvothermal process,
varying the amounts of PVP surfactant (0-2 g), the copper/sulfur precursors, and solvents,
while the precursor ratios were maintained at constant during the experiments. The average
diameter of microspheres in the nanosheets-based hierarchical structure was about 2.3 pum.
The studied photocatalysts showed excellent stability and recyclability, with 96.5% of the
dye removed after 6th cycle. The photocatalytic performance of CuS catalyst was attributed
to its hollow microsphere morphology, which favors the absorption of more MB molecules,
promotes the light generated charge carriers transfer to the reactive surface and allows
rapid diffusion of the reactants and products during the oxidation/reduction reaction [53].

CuS NPs with two different morphologies were synthesized via the sulfate reducing
bacteria (RBS) method by changing the copper precursor concentration: lower concentra-
tions favored the obtaining of flake-like nanoparticles (Eg = 2.12 eV) with an average width
of 25 nm and average length of 130 nm, while spherical-like CuS NPs (Eg = 2.14 eV), with
average diameter in the range 30-50 nm, were synthesized at higher concentrations [55].

Both the flake-like and spherical-like CuS NPS showed high photodegradation effi-
ciency for the MB + H,O, system, respectively 94% after 5.5 min and 93% after 1 min illu-
mination with a halogen lamp (600 W). Although these photocatalysts have the advantage
of being used in applications that require short irradiation time or short catalyst—pollutant
contact time, their reusability is still an open-issue for further studies.

The studies mentioned above confirm that the photocatalytic activity of CuS NPs with
hollow microspheres or spherical-like morphologies, with consistent shape and size of
spherical particles, was higher than that of CuS NPs with non-spherical structures.

The MB dye photodegradation mechanism, through oxidation/reduction reactions, us-
ing CuS NPs as the photocatalyst, in the absence/presence of H,O, molecules, is illustrated
in Figure 2.

I 197ev oy G S A
i CHy MBCI \CH, (:()2

Energy vs NHE (eV)

Photo-oxidation
H,0

L' 3

Figure 2. The photocatalytic degradation mechanism of MB dye using CuS NPs photocatalyst under
sunlight irradiation.

The adsorption and photocatalysis performance of CuS nanostructures with different
morphologies of particles, prepared by a simple co-precipitation method using Cu(NOs3),
and thioacetamide as precursors, for degradation of the dye Rhodamine B (RhB) aqueous
solutions (20 mg/L) under Vis light irradiation (150 W Xe lamp equipped with a glass filter)
were evaluated by Li and Wang [51]. It was reported that CuS NPs with different mor-
phologies (flakes, rods and hollow spheres), and Eg = 1.7 eV had good photodegradation
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efficiency for RhB, with removal rates higher than 85% within 120 min. As was expected,
CusS hollow spheres, with 400-3500 nm outer diameter and 10400 nm thickness, formed by
self-assembly of nanoparticles with sizes in the range 1-2 pm, showed a RhB photodegra-
dation of 99% in 120 min. The addition of a small amount of H,O, (1ImL/100 mL dye
solution) had the result of halving the time necessary for photodegradation of 99% RhB
with high concentration (50 mg/L) in wastewater. The increased photocatalytic activity of
the CuS NPs, attributed to the combination of the adsorption and photocatalysis processes,
demonstrates the potential application of CuS NPs photocatalyst in high dye concentration
wastewater treatment.

The photocatalytic activity and stability of CuS QDs in degradation of RhB solutions
under visible light illumination (150 W Xe lamp) were studied by Li et al. [67]. Using
a low-cost and simple mechanochemical ball milling method, CuS powders containing
ultrafine crystals with uniform size (1-5 nm) and an average diameter of 2.9 nm, were
prepared. The calculated BET surface area of about 90.0 m? /g, which was significantly
higher than that of CuS NPs (30.6 m? /g, [51]), was expected to improve the photocatalytic
activity of the CuS QDs. Higher specific surface area, with more reactive sites and shorter
migration distance, reduced the recombination rate of photogenerated electron/hole pairs.
Accordingly, the HO, addition increased the degradation efficiency of RhB from about
60% to 95%, after 30 min exposure in Vis light, due to the quantum effect of CuS QDs which
favors ultra-fast transfer of charge carriers from CuS QDs to RhB dye.

Based on previous studies, both CuS NPs and CuS QDs are excellent photocatalysts
for RhB degradation, depending on the dye concentration in wastewater: CuS QDs is more
efficient in wastewater with a low content of dye, while CuS NPs shows good efficiency in
dye-concentrated wastewater as well.

3D nanostructured CuS have been remarked on as materials with high solar catalytic
efficiency due to their large surface areas with sufficiently active sites, which improve CuS
surface-reactants contact [62].

The hierarchical 3D CuS nanostructures, prepared by low-temperature solvothermal
grow of 1D CuS nanotubes on a self-assembled 3D Cu(MAA), precursor, not only provided
the advantage of a large number of active sites on the surfaces, but also the advantages of
improved molecular/ionic transport (through the 1D nanotubes), and of good mechanical
stability (due to the 3D structure) [74]. The as-prepared 3D hierarchical CuS architectures
showed a degradation of almost 99% of RhB within 45 min, in the presence of visible light
and oxidizing agent (H,O;). The stability and reusability of the photocatalysts proved to
be quite good, the removal rate of RhB reaching 70% after 5 cycles.

A simple and one-step in situ heating sulfuration procedure was used to prepare the
CuS photocatalyst with a 3D hierarchical nanostructure with CuS nanoplates formed on
the copper foam precursor structure in [75]. According to this study’s results, the excellent
photocatalytic performance of 3D nanostructured CuS catalyst resulting in 99% degradation
of RhB + H,0O, solution when exposed in simulated solar light for 25 min, was attributed
to the synergistic effects of high optical absorption (Eg = 1.58 eV), and large specific surface
area (12.06 my/g), resulting in sufficient reaction active sites. Moreover, the photocatalytic
activity and stability of the studied catalysts did not alter after 4 photocatalytic cycles,
which made them ideal recyclable catalysts.

CuyS nanoparticles with different compositions (x = 1, 2) and morphologies were
synthesized via simple and environmentally friendly methods, e.g., one-step hydrothermal
and thermal chemical reduction of S precursor with/without surfactant, in [56,69].

By tuning the molar ratios Cu:S (1:0.1-1:3) of copper acetate and sublimed sulfur pre-
cursors in polyethylene (PEG-400) surfactant, CuS, Cu,S, and CuS-Cu,S NPs with various
morphologies and particle sizes, and, therefore, different band gap energies, were obtained:
Cu;S spherical and irregular nanoflakes (Eg = 3.5 eV) for Cu:S = 1:0.25
Cu,S-CuS irregular flakes with 30 nm thickness (Eg = 2.72 eV) for Cu:S = 1:0.75
CuS irregular nanoflakes with particle sizes between 200 and 300 nm and thickness less
than 30 nm (Eg = 2.01 eV) for Cu:S = 1:1.
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The photocatalytic experiments showed that photocatalyst efficiency in RhB degra-
dation under Vis light (250W cold xenon lamp with cut-off wavelength of 420 nm), in the
presence of Hy,O,, increases with band gap energy decrease, thus CuS NPs degraded 96%
RhB in 5 min, while Cu,S and Cu,S5-CuS NPs degraded 87% and 92% RhB respectively [56].

The RhB photodegradation reaction mechanism in presence of CuS NPs under visible
light irradiation is schematically presented in Figure 3.

2CuS + hv = CuS(e) + CuS(h%)
l+ H,0, l+ H,0
CuS +HO-+HO" CuS +HO- +H"

RhB + hv > RhB* £S5, cus (e') + RhB*

RhB* + HO- - CO, + H,0 + NO; + CI-

Figure 3. The reaction mechanism proposed for RhB photodegradation by CuS NPs catalyst.

When CuS photocatalyst absorbs photons from solar light or an irradiation source,
with energy equal or higher than its band-gap, the electrons from CB are transferred to VB,
resulting in photogenerated electrons CuS (e™) and holes CuS (h*). The H,O, molecules
capture these photogenerated electrons and rapidly generate hydroxyl radicals (HO-) and
hydroxide ions (OH™), while the photogenerated holes react with H,O forming HO-. In
the meantime, RhB dye absorbs Vis light and undergoes a transition to its excited state
(RhB*), which transfers electrons to CuS, resulting in CuS(e™) and RhB*. Then, the highly
reactive radical HO- oxidizes and decomposes RhB* to CO,, H,O and other salt ions [4,56].

Shamraiz et al. synthesized CuS-Cu,S NPs, with an average size less than 30 nm,
by chemical reduction of copper thiourea complex, without any surfactant, at moderate
temperature [69]. The CuS-Cu,S NPs were tested as photocatalysts in the degradation
of different dyes under direct sunlight (outdoor lightening), without H,O, addition. The
results showed that the photodegradation process was faster for cationic dyes, such as MV
(85.03% in 60 min), MG (90,25% in 40 min) and RhB (70.16% in 80 min), but almost negligible
for the anionic dye MO (9.4% in 3 h). This behavior of the CuS—Cu,S catalyst in cationic
dye photodegradation was attributed to the presence of active negative charges (OH") on
the catalyst surface, which were electrostatically attracted by cationic dye molecules, thus
facilitating the electron transfer under direct sunlight irradiation [69].

The photocatalytic performance of CuS nanoparticles, with size < 20 nm and specific
surface area of 34.37 m?/g, in the degradation of organic dye pollutants, MB, RhB, EY
and CR, under various light (UV, Vis and solar) irradiations, was evaluated by Ayodhya
et al. [61]. For CuS NPs synthesis, a simple, relatively fast and green (using xanthan gum
as a capping agent) solvothermal method was proposed. The photodegradation of the
MB, RhB, EY and CR dyes in the absence and presence of CuS NPs were studied under
similar experimental conditions, using UV, Vis and solar light sources. The photocatalytic
performances of CuS NPs are shown in Figure 4.
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Figure 4. The photocatalytic activity of CuS NPs in dyes degradation under different light irradiations,
for4 h.

It can be observed that CuS NPs showed good photocatalytic activity for dye degrada-
tion in sunlight irradiation, ranging from 69.2% for RhB to 92% for EY. The exception was
CR which degraded better in UV light (75.5% photodegradation efficiency) in the presence
of CuS catalyst.

3. CuS-Based Heterostructures as Catalysts for Organic Pollutant Photodegradation

Although previous studies confirmed the successful applicability of CuS NP photocat-
alysts in the degradation of organic contaminants (especially organic dyes), the photocat-
alytic efficiency of single CuS is quite low for the complete degradation of persistent, much
more toxic, organic compounds (dyes, pharmaceuticals, pesticides) from wastewater.

3.1. CuS/Carbon-Based Materials Heterostructures as Catalysts for Organic
Pollutant Photodegradation

Carbon quantum dots (CQDs), with sizes under 10 nm and fluorescent properties,
have large surface areas, high porosity, excellent electrical conductivity, relatively low
cost and toxicity, and high aqueous stability. Due to these properties, CQDs can act as
absorbents for water impurities, but also as supporting catalyst (co-catalyst) for the main
photocatalyst (CuS) [50,78].

Another promising supporting catalyst for CuS is reduced graphene oxide (rGO) with
high surface area, efficient electron transfer, and superior conductivity [39,52].

Therefore, the CuS/CQD and CuS/rGO composites could be attractive solutions for
photocatalytic degradation of persistent organic contaminants under Vis light irradiation.

Recent investigations on the degradation of brilliant green (BG) highly toxic dye,
usually used in textiles and paper industries but also in poultry feed to avoid fungi and
parasite contagion, and panadol (PAN), one of the top three most commonly prescribed
drugs in the world, were done using CuS/CQD photocatalysts [50,73]. In both studies,
CQDs were obtained by carbonization of vegetative wastes (water hyacinth weed, peanut
shells), while CuS NPs were prepared via sol-gel [78], respectively, hydrothermal [50]
methods. The structural, optical, surface and photocatalytic properties of CuS/CQD
composites and CuS NPs, together with organic pollutant details, are given in Table 2.
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Table 2. The structural, optical, surface and photocatalytic properties of CuS NPs and CuS/carbon-

based materials composites.

Photodegradation
Catalyst Morphology Eg (eV) SgeT (M?/g) Dye ‘) tmin Ref.
o min
Chemical Formula and Structure (};1“;’; n
CuS NPs spherical (10-12 nm) 3.46 9.36 BG, Cy7H33N».HO4S 38
HeG” R CH
I Hsos
compact loading of ~ 625 90 78]
CuS/CQDs carbon dots (4-8 nm) 2.96 15.42 N ,L P 91.8
over CuS NPs S e ‘j j:H_’_
= Py
:430)
CuS NPs nano-flower-like - 850.5 PAN, CgHyNO, 769
structure H
N
small nano-flowers with \l( 243 100 [50]
CuS/CQDs hano-petals ) /©/ I 96.5
HO
urchin-like structure and
CuS NPs some irregular 2.08 20.25 MG, Cy3Hy5CIN, 92
hexagonal NPs O
uniform CuS NPs “ cr 621 % (4
CuS/rGO distributeﬁ on rGO 19 344 O O 99.2
nanosheets
H3C\N J ’T‘ +CH3
CHz CH3z
CuS NPs hexagonal 2.07 130 ATZ, CgH14CINg 60 50
]
separated hexagons of /k 222.5 [43]
CuS/rGO CuS assembled on rGO 176 i 100 20

155 FHa [ S
H‘C)\ﬂ)\r“/)\ﬂ/\cm

n* is the efficiency degradation of pollutant after t min of irradiation.

Due to improved morphologies, large surface areas and reduced band gap energies,
and therefore, superior capacity for light absorption, these composites were shown to be
the most effective catalysts for dyes and active pharmaceutical photodegradation. The
CuS/CQDs catalyst act as a scavenger during the photocatalytic process, reducing the
electron-hole recombination rate, and the possible redox reactions are summarized in
Figure 5.

Both CuS/CQDsq photocatalysts were prepared via green techniques, representing an
easy and low-cost way to remove organic pollutants and plant waste from the environment
(i.e., wastewater).

The photocatalytic performance of CuS/rGO nanocomposites was evaluated for the
degradation of toxic persistent organic pollutants, malachite green (MG) and atrazine (ATZ),
under direct/simulated sunlight radiance [14,43]. Malachite green is a carcinogenic and
non-biodegradable dye used in numerous industrial applications. Atrazine, a commonly
used herbicide in the agriculture and food industries, is one of the most stable toxic
contaminants in polluted water. The molecular formulae and structures of the organic
pollutants, together with the structural, optical, surface and photocatalytic properties of
CuS/rGO composites and CuS NPs are presented in Table 2.
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Figure 5. The photocatalytic degradation mechanism of PAN drug using CuS/CQDs photocatalyst
under Vis light irradiation (400 W mercury lamp).

The experimental results revealed that the addition of various wt% of rGO in CuS had
significant contributions to persistent organic pollutant photodegradation with CuS/rGO
composite, such as the following: (a) enhanced light absorption and decreased bandgap
energy values from 2.08 eV to 1.76—1.9 eV; (b) ensured relatively large specific surface area
which provided more active reaction sites exhibiting strong photo-absorption of pollutant
molecules under solar/Vis light irradiations; (c) allowed strong adsorption of pollutant
molecules due to the oxygen-containing functional groups on the surface of rGO. The
mechanism of ATZ degradation by CuS/rGO photocatalyst is illustrated in Figure 6. The
absorption of light photons with energy (hv) higher than the band gap energy of CuS
(Eg =2.07 eV) generated photo-excited electrons (e~) on CB, and holes (h*) in the VB. The
rGO nanosheets, which were anchored to the surface of the assembled CuS NPs, could
receive the photo-excited e~, favoring the separation of photogenerated charge carriers
and oxidized species (HO-, -O, ) formation. These active radicals reacted with the ATZ
molecules adsorbed on the photocatalyst active sites, resulting in CO;, H,O and other
non-harmful ions [43].

Photo-reduction

Energy vs NHE (eV)

Photo-oxidation

Figure 6. The photocatalytic degradation mechanism of ATZ herbicide using CuS/rGO photocatalyst
under Vis light irradiation (300 W Xe lamp with A <410 nm cut-off sieve).
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The reusability and photo-stability studies showed that CuS/rGO heterojunction
nanostructure had the capacity to regenerate several times (e.g., 5 times), without a signifi-
cant loss in its photodegradation efficiency, therefore exhibiting a high stability under light
irradiation [14,43].

3.2. CuS/Organic Semiconductor Heterostructures as Catalysts for Organic
Pollutant Photodegradation

PD], one of the most studied organic fluorescent dyes, has excellent optoelectronic
properties, specific to an n-type semiconductor, and, therefore, is used in solar cells and
sensor applications. Supramolecular architectures (NS 1D) formed by self-assembled
PDI are of particular interest in photocatalytic materials development due to their high
photo-thermal stability, charge mobility, and electron affinity [79,82].

A recent study [79] reported the synthesis of a novel CuS/PDI p-n heterojunction
photocatalyst for removal of tetracycline (TC) from wastewater. The CuS/PDI composites
were prepared using a two-step self-assembly procedure, varying the CuS concentration
(5%, 10%, 15%) in self-assembled PDI. By comparison with pure self-assembled PDI and
CuS nanosheets, higher efficiency in photodegradation of TC, under simulated visible light,
after 2 h, was obtained for the CuS10%/PDI catalyst. Thus, before coupling, both pure CuS
(Eg=2.01eV,SBET = 1.87 m?/g) and PDI (Eg = 1.67 eV, SBET = 0.76 m?/g) catalysts showed
poor photocatalytic performance, meaning about 40% and 60%, respectively, within 120 min.
After coupling, and p-n heterojunction formation, the CuS/PDI composite (Eg =1.71 €V,
SBET = 39.43 m?/g) exhibited higher efficiency (about 90%) for TC degradation. The
enhancement of CuS/PDI photocatalytic activity was mainly attributed to the highly
ordered H-type p-p stacking in the PDI structure and the p-n junction, which allowed
the fast separation of the photo-generated charge carrier pairs. After the formation of a
p-n junction, the photo-electrons were transferred from CuS CB to self-assembled PDI CB,
under the action of the internal electric field, while photo-holes migrated in the opposite
direction, from the self-assembled PDI VB to that of CuS. The transferred electrons further
reacted with O, resulting in peroxide ion radicals -O,™ and holes, which produced active
radicals -OH after the reaction with H,O. Both active oxidized radicals acted as reactants in
further decomposition of TC on the catalyst surface (Figure 7).

Q‘Iﬂ ot
21 w Y N\
)oeee ©+0:0i8
é — @ ------------""*"*" B OH O HOSO o
& 1.67 eV| PDI A,
PV L/ B —

M

(M+H,0 > HOe + H*
i~ " " H,0 NO;

Figure 7. The photocatalytic degradation mechanism of TC antibiotic using CuS/PDI catalyst under
Vis light irradiation (300 W Xe lamp with a cut filter with A > 420 nm).

The stability and reusability experiments encountered some problems with the pow-
der catalyst, therefore PDI/CuS composite was coupled with the modified cotton fibers
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through electrostatic adsorption. The newly-designed photocatalytic fabric was tested
under simulated actual water quality conditions and, after 5 cycles, the degradation rate
was maintained at about 80%, which indicated good reusability [79].

3.3. CuS/Metal Oxide Heterostructures as Catalysts for Organic Pollutant Photodegradation

Wide band gap semiconductors, such as TiO, (Eg =3.25eV [83]), SnO, (Eg = 3.4 eV [84])
and ZnO (Eg = 3.2 eV [85]), perform better as photocatalysts in the UV region, which causes
their limited use in industrial applications, and, thus, a significant increase in process
costs. Another factor that limits their photocatalytic efficiency is the rapid recombination
of charge carriers. To extend the photocatalytic response in the Vis spectral region, and
to reduce the recombination processes, many heterojunctions have been developed in
recent years by coupling a wide band gap semiconductor with a suitable narrow band
gap semiconductor, such as CuS. Most of the previously published review articles on
CuS nanostructured materials have focused on synthesis methods, special properties, and
prospective applications [28,29,36]. More recently, in a mini-review, we published the
developments on dye photodegradation using various copper sulfide-based heterojunc-
tions (copper sulfide/metal oxide, copper sulfide/metal sulfide, copper sulfide/graphene,
copper sulfide/organic semiconductors) as catalysts [4].

Recently, Sudhaik et al. [46] published an extensive literature study (review) on CuS
and different CuS-based heterostructured materials as photocatalysts for wastewater treat-
ment. Thus, in this part of the article, approaches related to recently developed CuS-based
heterojunctions as catalysts for organic pollutant photodegradation are highlighted, issues
that were not considered in the previously mentioned publications.

The enhanced visible light photocatalytic efficiency of type II heterojunction CuS/ZnO
in MB and toluidine blue (TB) degradation was reported by Khausik B et al. [80]. The
CuS/ZnO photocatalyst was obtained by assembling p-type CuS NPs on n-type ZnO
heterostructures, using hydrothermal method. For the photocatalysis experiments, 35 mg
of CuS/ZnO catalyst and 50 mL aqueous solution of MB (3 x 107> M), respectively
TB (6 x 107> M), were used. The photocatalytic experiments showed that the tandem
structure of CuS/ZnO had excellent photocatalytic efficiency for MB and TB, with 93%
and 87.5% dyes degradation within 16 respectively 18 min, under visible light irradiation.
The remarkable photocatalytic activity was attributed to the CuS/ZnO p-n heterojunction
formation, which favored the efficient separation of photoinduced charge carriers.

Based on scavenging experiments using different trappers, the mechanism proposed
for the degradation of MB and TB under Vis light corresponds to type II heterojunction CuS-
based photocatalyst (Figure 8), allowing the transfer of electrons and holes to the other semi-
conductor from heterojunction (ZnO), when spatial charge carriers separation occurred.

To summarize, in the photocatalytic degradation of dyes by CuS/ZnO catalyst, the
photo-excited electrons and holes generate highly reactive hydroxyl radicals (HO-) which
decompose pollutants into CO, H,O and other environmentally friendly compounds that
do not require any other chemical or physical treatment.

Recently, WOj3; with activated carbon (AC, 1% and 2%) and co-doped with CuS (10%,
15%) composites, WO3-AC/CuS, were prepared via a facile hydrothermal method [80].

The hydrothermal method was used because it allows the control of the composite’s
structural, morphological and optical properties, in order to increase photocatalytic activity,
by varying the synthesis parameters, such as temperature and time. The nano-rod-like
structure (500 nm with size of nano-rods of 80-89 nm) of WO3 became sharper and clear
after doping with AC and was covered with small nanoflowers of hexagonal CuS in
WO3-AC/CuS composites. This morphology demonstrated itself to be suitable for the
degradation of organic pollutants, in this case aspirin. In addition, the UV-Vis analysis
results showed that increasing the AC and CuS amounts in WO3 caused the bandgap energy
to decrease from 2.49 eV (WQO3) to 2.3 eV (WO3-2% AC), and to 1.92 eV for WO3-2% AC/15%
CuS. This reduction of band-gap energy confirmed that the addition of CuS enhanced the
optical properties, and, therefore, the photocatalytic performance of WO3-Ac material.
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The photocatalytic experiments were focused on the comparative degradation of
aspirin (10 mg/L), as an active pharmaceutical contaminant model, under Vis light (home-
made photocatalytic reactor with a 400 W metal halide lamp) in the presence of catalysts
WO3, WO3-AC and WO3-AC/CusS.

The results showed that ASP photodegradation increased from 40% (WO3) to 97.6%
when WO3-AC/CuS heterostructure was used as catalyst, after 150 min of Vis light illumi-
nation. This high photocatalytic activity was due to the increase of the photo-generated
charges recombination ratio and the decrease of the photon depth penetration. The pro-
posed mechanism for the degradation of ASP by WO3-AC/CuS photocatalyst is schemati-
cally presented in Figure 9.
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Figure 8. The photocatalytic degradation mechanism of toluidine blue (TB) dye using CuS/ZnO
catalyst under Vis light irradiation.
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Figure 9. The reaction mechanism for ASP photodegradation by WO3-AC/CusS catalyst.

4. Conclusions

Covellite (CuS), a p-type semiconductor, is a promising Vis light-responsive photocat-
alyst due to its narrow bandgap (Eg = 1.7-2.2 eV) and good optical absorption properties
in the Vis to NIR region. In this review, the influence of different CuS properties (mor-
phology, particle size, bandgap energy, and surface properties) and synthesis parameters
(Cu:S molar ratios, precursor concentration, surfactant amount in precursors solutions, etc.)
on the photocatalytic activity of CuS-based catalysts (CuS nanostructures and CuS-based
heterostructures) for various toxic, non-biodegradable, and recalcitrant organic pollutants
(dyes, herbicides, active pharmaceuticals compounds) degradation was discussed.
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Photocatalytic performances of CuS nanostructures and CuS-based heterostructures
in organic pollutants removal from wastewater contribute to the further development of
various CuS-based photocatalysts with enhanced solar energy conversion efficiency for
environmental remediation and green energy production.
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Abbreviations

MCs microcrystals

HT hydrothermal

ST solvothermal

SG sol-gel

CoPp Co-precipitation

MV methyl violet

MG malachite green

MO methyl orange

EY eosin Y

CR congo red

MoO mordant orange

SO safranine orange

AO acridine orange
ABRX-3B active brilliant red X-3B
4-CP 4-chlorophenol

HA humic acid

ASP aspirin

S-MCh S-metolachlor

PVP polyvinylpyrrolidone
KCC1 Fibrous silica KAUST Catalysis Centre
MAA methacrylic acid

PDI perylene diimide

CB conduction band

VB valence band
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