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ABSTRACT. In the current study, a novel visible light-active photocatalyst CuS/TiO, nanocomposite was synthesized by
a template-free hydrothermal method. Fourier transform infrared spectroscopy (FTIR) confirmed the formation of
synthesized nanocomposites and the structural characteristics of synthesized nanoparticles were characterized and
confirmed by the X-ray diffraction (XRD) technique. The morphology and particle size of synthesized nanocomposites
were measured by a field emission scanning electron microscope (FESEM), which revealed an average particle size of
around 30 nm. The optimized efficiency of the fabricated photocatalyst was assessed for the photodegradation of thodamine
B (RhB) dye. It was observed that the photodegradation efficiency of CuS/TiO»-Y composites having a molar ratio of 1:1
for RhB was found to be 89.54% under visible light irradiation.

KEY WORDS: CuS/TiO, nanocomposite, Heterojunction structure, Rhodamine B, Photodegradation, Visible light
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INTRODUCTION

Organic dyes are widely used in the manufacturing of textiles and food. Being highly toxic and non-
biodegradable to aquatic life and carcinogenic effect on humans, organic dyes are considered an
important pollutant source to the environment [ 1]. The presence of dyes in wastewater is a considerable
environmental issue and their removal is a big challenge [2, 3]. RhB is one of the organic dyes which
completely dissolved in water and is widely used in textile, printing, paper, food, and pharmaceutical
products. It has a damaging effect on the eyes, skin, and respiratory system [4, 5].

Various techniques such as adsorption, chemical precipitation, coagulation, flocculation,
membrane filtration, and biodegradation have been employed to remove the organic pollutants
from water [6]. Amongst these, photocatalysis is one of the most important techniques for the
generation of green energy and the decomposition of many organic pollutants from water [7, 8]. The
photocatalytic degradation technique has high efficiency in the mineralization of organic pollutants,
producing H,O, CO,, and inorganic mineral ions as end products [9, 10]. N-type TiO; is considered the
most effective photocatalyst for artificial photosynthesis due to its superior properties such as high
photo-corrosion resistance, durability, strong oxidizing power, low cost, and low toxicity [11-13].

The bandgap of TiO; is 3.2 eV and it is active in the ultraviolet region when expose to solar
radiation [14]. The visible light irradiation with a wavelength range (400-800 nm) is unable to
overcome the bandgap of TiO, and thus separation of holes and electrons is not possible [15]. This
limitation of TiO, makes it unable to utilize 43% of the solar spectrum and thus solar-induced reactions
are not possible [ 16]. Some suitable arrangements are necessary to obtain better results under solar light
irradiation by TiO,. A heterostructure obtained by loading metal sulfides or metal oxides on the surface
of TiO; and the prepared nanomaterial showed improved visible light harvesting [17, 18]. Zhang et al.
used the solvothermal method for the preparation of TiO»/Cu,O heterostructure nanoparticles.
Hydrogen production level is enhanced with the loading of Cu,O on TiO, [19]. Yadav et al. used the
hydrothermal method for the synthesis of TiOYCdS NCs [20]. Swaminathan et al
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prepared AgBr/TiO, NCs by deposition method and found better results for the degradation of RR120
[21].

The low band gap of CuS made it a promising candidate among other metal sulfides. P-type
semiconductor, CuS with a small band gap of 2.1 eV can easily be integrated with N-type TiO, to be
used in photocatalysis [22]. Additionally, CusS is non-toxic, stable, and has distinctive physicochemical
properties making it a favorable choice for coupling with TiO, to improve photocatalytic properties
[23,24].

The present study aimed to synthesize CuS/TiO, nanocomposites using a template-free
hydrothermal method and investigate their ability to photodegrade RhB dye under visible light
irradiation. Herein, a large bandgap semiconductor TiO, is coupled with a small bandgap
semiconductor CuS to form a PN-heterojunction structure. The synthesized NCs showed better results
for visible light absorptivity due to the mobility of charge carriers and reduced the recombination of
electron-hole pairs [25, 26].

EXPERIMENTAL
Preparation of nanocomposites of CuS/TiO;

The temple-free hydrothermal method was employed for the synthesis of TiO,, CuS NPs, and
CuS/TiO, NCs. Titanium tetra-isopropoxide titanium tetra Ti{OCH(CHs),]s (TTIP), Na,S.9H,O,
Cu(NOs),.2H,0, and KOH were used along with deionized (DI) water. All these chemicals were of
analytical grades and purchased from Sigma Aldrich for the synthesis of TiO,, CuS NPs, and
Cus/Ti0; NCs.

To prepare TiO, NPs, 10 mL of 0.02 M solution of KOH was mixed with 30 mL of 0.05 M solution
of TTIP and then stirred for 20 min at 65 °C to get a homogenous and clear solution. This solution was
put into a 60 mL Teflon autoclave, then heated at 190 °C for 24 hours in the oven to get TiO, NPs.
After that Autoclave was cool down to room temperature and then the synthesized material was taken
out and washed with water and ethanol. In order to remove the moisture and other impurities, the final
washed product was vacuum dried at 70 °C for seven hours.

To prepare CuS NPs, 0.05M solution of Na;S.9H,O and 0.05 M solution of Cu(NO3),.2H,0 were
prepared separately. Then 15 mL of as-prepared solutions were mixed by slow stirring. 10 mL of 0.02
M solution of KOH was added dropwise and stirred for 10 min. The whole mixture was transferred to
an autoclave and heated at 190 °C for 24 hours to obtain CuS NPs. After that autoclave was cool down
to room temperature and then the synthesized material was taken out and washed with water and
ethanol. In order to remove the moisture and other impurities, the final washed product was vacuum
dried at 70 °C for seven hours.

CuS/TiO; NCs were synthesized by mixing and stirring already prepared solutions of CuS and
TiO, NPs. This solution was transferred to the Teflon autoclave and headed at 190 °C for 24 hours.
Then synthesized material was washed with water and ethanol and then vacuum dried at 70 °C for
seven hours. Herein, a series of NCs of CuS/TiO, were synthesized according to the molar ratio of
CuS/Ti02-X (0.5:1), CuS/TiO2-Y (1:1), and CuS/TiO,-Z (2:1).

Characterization

XRD analysis for synthesized TiO,, CuS NPs, and CuS/TiO, NCs was done by Shimadzu XRD-7000S
to characterize the structural aspects. The morphologies of the prepared materials were analyzed by
FESEM (Nova Nano FESEM 450). The infrared absorption spectra of the prepared materials were
detected by FTIR spectrophotometer (Nicolet 10). Diffuse reflective spectroscopy (DRS) studies and
bandgap calculation for NPs and NCs were done by UV-Vis spectroscopy at room temperature
(Shimadzu Corporation).
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Photocatalytic activity

A series of experiments were done to check the photocatalytic performance of CuS, TiO, NPs, and
CuS/TiO, NCs for the degradation of RhB dye. Experimentally, 60 mg/L solution of RhB was prepared
in DI water, then 0.05 g catalyst was added to 20 mL RhB solution. The suspension was kept under
constant stirring for 20 min in the dark condition to get the adsorption/desorption equilibrium between
the RhB solution and the catalyst. Then, the suspension was put under the Xenon lump (1000W) as a
light source and stirred constantly. After the time interval of 15 min, 5 mL suspension was taken out
and centrifuged. The degradation of RhB dye was checked by a UV-Vis spectrophotometer. Through
preliminary photocatalytic activities of different prepared ratios NCs, it was noted that CuS/Ti0,-Y
(1:1) showed better photocatalytic activity.

RESULTS AND DISCUSSION
FTIR spectrum of CuS/TiO; nanocomposites

Figure 1 shows the FTIR spectra of TiO,, CuS NPs, and CuS/TiO, NCs. The FTIR spectrum of
TiO, and CuS/TiO, NCs typically exhibits a Ti-OH stretching mode at around 1380 cm’'.
Additionally, asymmetrical and symmetrical stretching vibrations of the hydroxyl group (-OH)
can be observed at approximately 3200 cm™' [27].

The absorption band of CuS and CuS/TiO, NCs observed at 1631 cm! in the spectrum can be
attributed to the OH bending mode of water. The band located at 1112 cm™ can be attributed to
the asymmetric stretching mode of the carbonyl (C=0) group [28]. The observed absorption band
at 1112 cm! and 1631 cm’ are related to the characteristic absorption peak of CuS. It
demonstrated the successful composite formation of CuS/TiO, NCs.
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Figure 1. FTIR analysis of (a) TiO, NPs, (b) CuS NPs and (c) CuS/TiO, NCs.
Morphology and composition analysis

XRD patterns of CuS, TiO, NPs, and CuS/TiO, NCs are illustrated in Figure 2. It can be seen from the
XRD pattern that all the diffraction peaks related to NPs of CuS are corresponding to the hexagonal
CuS {JCPDS # 06-0464} [29] and entire diffraction peaks of NPs of TiO, are identical to the anatase
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form of TiO, {JCPDS # 21-1272} [30]. For the three different prepared NCs of CuS/TiO,, the
diffraction peaks appear at 29.2°, 32.8°, and 47.9° which correspond to CuS NPs, which revealed that
CusS nanoparticles have been effectively aggregated with TiO,. The XRD diffraction peaks of TiO, NPs
in the prepared composites are continuously increased by continuously decreasing the loading of CuS
over TiO; NPs, so the CuS is continuously weakened. The absence of any noticeable peak shift in the
FTIR pattern of CuS/TiO2 NCs indicates that the composites are composed solely of CuS and
TiO> NPs. So, this is an already established fact that there is no structural stress or lattice strain in the
doped materials [31].
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Figure 2. XRD patterns of CuS, TiO, NPs, and NCs of CuS/TiO, -X, CuS/TiO, -Y, CuS/TiO, —Z.

FESEM images of the photocatalyst

FESEM is used for the morphological analysis of the synthesized materials. For the effective
photocatalytic functioning of synthesized materials, a large surface area is required that can only be
possible if the growth of particles would be nanosized. The FESEM images of CuS, TiO, NPs, and

CuS/TiO, NCs are seen in Figure 3.
FESEM images revealed that the grain size of all three materials was ranging from 25 nm to 35
nm. Nano-sized particles of the synthesized materials have a wide surface area for exposure to photons

in solar radiation.
Bandgap calculation by UV-Visible spectrophotometry

Bandgap shows an important role in the photocatalytic performance of semiconductors. The bandgap
for the synthesized NCs of CuS/Ti0; was calculated by UV-Visible spectrophotometry in visible light
(400 nm to 800 nm). Tauc relationship was used for bandgap calculation which is given as:

(ahv) = A(hv-Eg)n

where o indicates the absorption coefficient, hv is the photon energy, while Eg is the bandgap of
incident radiations. The UV-Visible spectrum of CuS/Ti0,-Y under visible light and its calculated

bandgap (2.5 eV) is shown in Figure 4.
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Figure 3. FESEM images for different samples, (A) pure CuS NPs, (B) pure TiO, NPs, (C)
CuS/TiO, NCs and (D) high-resolution FESEM images of CuS/TiO, NCs.
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Figure 4. UV-Vis spectrum under visible light and bandgap calculation for CuS/TiO, NCs.
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UV-Visible DRS analysis

The light-harvesting ability of the synthesized materials was evaluated by the DRS technique, as shown
in Figure 5. Here is the comparison of bared CuS, TiO, NPs, and various prepared NCs of
CuS/TiO; presented, after light absorption takes place in the visible region. It can be seen from Figure
5, that as the loading of CuS on TiO; is increased, the absorption intensity also gradually increased. So,
results showed that the loading of CuS NPs improves the visible light harvesting of TiO, which
ultimately enhanced the performance of the Cus/TiO, NCs.
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Figure 5. DRS of CuS, TiO, NPs, and various prepared CuS/TiO; NCs.
Photocatalytic degradation of the organic pollutant

Photocatalytic activities of samples under visible light absorption are shown in Figure 6. The
photocatalytic degradation performance was calculated by the equation given below;

% degradation = (Co—C,)/Cox100% @)

Here C, refers to the initial time of absorption, and C; represents the absorption after various time
intervals (0, 30, 60, 90, 120, 150, and 180 min).

The rate of self-degradation of RhB dye under visible light was poor without any photocatalyst.
The activity of CuS/TiO, NCs increased as compared to bare TiO, NPs. Amongst all the synthesized
NCs, the CuS/Ti0»-Y (1:1) nanocomposite gave the best performance to degrading RhB dye under the
same conditions. Additionally, a further increase in the mass ratio of CuS NPs over TiO, by more than
50% does not cause any significant increase in photocatalytic activity as shown in Figure 7.

Comparison of the photocatalytic activities

The photocatalytic performance of synthesized NPs and NCs under visible light irradiation was
examined by the Xenon lamp system as shown in Figure 8. The results showed that the absorbance of
the dye solution gradually decreased with time. TiO, NPs showed low photocatalytic efficiency due to
a larger band gap (3.2 eV) that makes it unable to absorb light in the visible region. The maximum
photodegradation efficiency of TiO, NPs was approximately 47.94% at 670 nm after 180 min. The
photodegradation efficiency of CuS NPs was approximately 59.09% at 670 nm which might be due to
its narrow band gap (2.1 eV). Furthermore, CuS/Ti0,-Y NC has shown maximum photodegradation
efficiency (89.54%) at the same wavelength. The CuS/TiO,-Y NC showed a better photodegradation
efficiency than the bare CuS and TiO, NPs which might be due to the efficient charge separation and
lowering recombination rate of electron-hole pairs [32].
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Figure 6. Photodegradation of RhB dye under visible light by (a) CuS NPs, (b) TiO, NPs and (c)
CuS/TiO, NC.
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Figure 7. The photocatalytic activity of CuS, TiO, NPs, and various CuS/TiO, NCs for degradation
of RhB under visible light irradiation.
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Figure 8. Comparison of Photodegradation of RhB for CuS, TiO, NPs, and CuS-TiO, NCs.
Reusability of the photocatalyst

To access the activity of photocatalysts, reusability is one of the most important parameters. CuS/TiO,-
Y NC were analyzed for degradation of RhB dye over four successive runs, each run takes 120 min as
shown in Figure 9. The efficiency of the under-consideration sample was reduced to 7% after four
successive cycles. This minor reduction showed the excellent photocatalytic performance and stability
of CuS/TiO:-Y NC to degrade RhB dye, under visible light irradiation.
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Figure 9. Effect of reusability on removal efficiency of CuS/TiO»-Y NC for RhB.
Schematic mechanism of PN-heterojunction structure of CuS/TiO> NCs
The band gap is an important aspect to investigate the photocatalytic properties of semiconductors
under solar light irradiation. TiO, is an N-type semiconductor and its band gap is 3.2 eV while CuS is

a P-type semiconductor having a band gap of 2.1 eV.
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TiO; is a very stable photocatalyst, has a wide band gap, and can only be activated under ultraviolet
illumination. On the other hand, CuS has a shorter band gap semiconductor, with the advantage of
visible light activation, and has a problem with electron-hole recombination. The loading of CuS over
TiO, produces a P-N junction heterostructure at the interface of semiconductors, which results in
suppressing the electron-hole recombination rate. Due to the small bandgap of CusS, it has a different
NHE (Normal Hydrogen Electrode) potential compared with TiO», causing a reduction in the band gap
of CuS/TiO: by introducing a new Fermi level within the bandgap as depicted in Figure 10(A). The P-
N heterojunction is formed at the interface of these P and N-type semiconductors. Electron-hole pairs
which are produced in CuS NPs are the reason for the disturbance of the equilibrium which results in
the transfer of electrons to the CB and creates holes in the VB of TiO». This effective separation of
holes and electrons results in improved photocatalytic efficiency of the synthesized composites. Due to
the improved bandgap of CuS/TiO; (2.5 eV), it showed better photocatalytic activity under visible light
irradiation, as illustrated in Figure 10(B).
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Figure 10. (A) and (B) Schematic diagram for CuS/TiO, NCs.
Proposed photocatalytic degradation mechanism of RhB

Based on the charge separation, photocatalytic degradation of RhB dye by CuS/TiO,-Y NC will be
following the reaction mechanism as given below;

CuS+hv— CuS (¢CB+h" VB)

CuS (¢CB) + TiO, — CuS + TiO, (¢CB)

TiO, (¢CB + Oz) = TiO, +0O,”

0,+H,0 - HO;” + OH

HO,”+ H,O — OH + OH"

H,0, —» 20H

TiO (h* VB+ H,0) - H *+ OH

TiO, (h* VB + OH’) — OH:

RhB + OH + O,” — H,0 + CO; (degradation products)
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When electrons are excited from VB to CB of CuS, electrons are created in the CB and the holes are
created in the VB. On decreasing potential energy, the CB electrons of CuS are transferred to the CB
of TiO,, whereas the holes from VB of CuS are moved to VB of TiO,. The anions of superoxide (O,*")
radical are formed when molecular oxygen is present in the dissolved water and captured the CB
electrons of TiO,, which results in the formation of OHe radicals. The holes present in VB of
TiO, undergo reactions with OH™ or H,O molecules, leading to their oxidation and formation of
hydroxyl radicals (OH¢). In addition to hydroxyl radicals (OHe), superoxide radical anions (O»*") have
also been found to contribute to the photocatalysis of RhB dye, which is identified by scavengers test.
These species work together to break down the RhB molecule into smaller and harmless substances.

CONCLUSION

Nanoparticles of CuS, TiO,, and nanocomposites of CuS/TiO, were prepared by template-free
hydrothermal method. The synthesized nanoparticles were characterized by XRD. The morphology
and particle size of synthesized nanoparticles were measured by FESEM, which revealed an average
particle size of around 30 nm. Furthermore, the UV-Visible spectroscopy technique is used for band
gap studies and photodegradation analysis under visible light illumination. The low bandgap of P-type
CuS (2.1 eV) decreased the bandgap of TiO: (3.2 eV), so synthesized nanocomposites of CuS/TiO,-
Y(1:1) showed band gap contraction (2.5 eV), which makes the material photoactive against RhB (a
model contaminant) under the visible region of the spectrum. The catalytic degradation efficiency
reached a maximum (89.54%) under visible light irradiation when the molar ratio of CuS/TiO,-Y NC
was 1:1. The enhanced photocatalytic activity of CuS/TiO,-Y NC might be due to the lowering of the
recombination rate of electron-hole pairs, efficient separation and transfer of charge carriers. The
reusability of synthesized CuS/TiO,-Y NC was analyzed for four successive cycles which showed
reduced efficiency up to 7% only. The better degradation efficiency, environmental compatibility, easy
handling, reusability, and recovery of the photocatalyst make this nanocomposite suitable for industrial
applications.
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