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A template-free facile approach for the synthesis of
CuS/rGO  nanocomposites towards enhanced
photocatalytic reduction of organic contaminants and
textile effluents

Murugan Saranya,” Rajendran I}amachandran,a Pratap Kollu,” Soon Kwan Jeong®"
and Andrews Nirmala Grace™”

Copper sulfide/reduced graphene oxide nanocomposites were synthesized hydrothermally from
copper nitrate and thiourea as precursor materials. In the hydrothermal route, rGO is formed by
the reduction of GO with simultaneous formation of CuS/rGO nanocomposites. The CuS/rGO
nanocomposites was investigated using powder XRD, FE-SEM, HR-TEM, DRS UV-vis
spectroscopy, (PL) spectroscopy
photoelectron spectroscopy (XPS). DRS UV-vis measurements of CuS/rGO nanocomposites

photoluminescence measurements, infra-red and
feature a strong absorption in the range 400-800 nm, which suggests that they have
photocatalysis applications. Three different composites were prepared with different loadings
of rGO to study the effect of loading on methylene blue (MB) dye degradation. The
photocatalytic properties of the composites were tested in a visible light photoreactor chamber.
The CuS/rGO nanocomposites were found to exhibit high photocatalytic activities with a
maximum efficiency of 99.27% after 60 min in visible source. These interesting and enhanced
catalytic properties of CuS/rGO-x nanocomposite was further tested for the organic
contaminant and textile effluents collected from two different sites situated in the Thirupur

textile industries, India. Results showed the CuS/rGO-x nanocomposite is an efficient

photocatalyst.

Introduction

Dyes and pigments are major organic pollutants because they
are often toxic and non-biodegradable. A recent development in
photocatalysis is the advanced oxidation process (AOP), which
is considered an effective technology for dye degradation that
can be used instead of conventional methods."* The main focus
has been the development of visible light photocatalysts
because visible light accounts for approximately 42% of solar
radiation energy, whereas UV light (ultra violet) provides only
3-4%. Although TiO, is currently considered as the most
important semiconductor photocatalyst due to its non-toxicity
and high thermal stability, its photocatalytic properties are
limited by its rapid charge-carrier recombination.® The
photocatalytic properties of many other semiconductors, such
as sulfides and metal oxides ZnS, ZnO, CdS, PbS, and WOs;,
have been investigated.* The wide band gaps of these materials
mean that their photocatalysis processes require UV irradiation.
In contrast, chalcogenides act as photocatalysts in visible light.

This journal is © The Royal Society of Chemistry 2013

Among the various semiconducting materials, copper based

catalysts have gained more attention because of its
distinguished catalytic properties in wide range of water
treatment applications. CuS is a metal chalcogenide and an
important p-type semiconducting material existing in a vast
range of stoichiometric forms.’ Depending upon their Cu to S
stoichiometric ratios, these copper sulfides behave as direct
band or indirect band gap semiconductors. CuS-based catalysts
have shown promise as highly efficient, low cost materials for
the processing of environmental contaminants. Copper sulfides
have an enormous range of applications and unique chemical,
physical, optical and electronic properties.®

In particular, copper sulfide (CuS) can be prepared with
morphologies such as nanoflowers, nanoplates, nanotubes,
nanorods, nanoflakes, nanospheres, nanocubes and complex
hierarchical micro/nanostructures.””!' The unique morphology
of these nanostructures is based on nanoscale aggregation and

the nanoparticle units comprise the secondary structures, which
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are expected to improve and promote the photocatalytic
properties of these materials. A new focus of research in this
area is the growth of hierarchical structures for use in catalytic
processes.'? Fascinating CuS structures with good crystallinity
used in visible light dye

have successfully been

degradation.'*'

During the past decade, numerous attempts have been made
to improve semiconductor photocatalyst performance through
doping with non-metals like boron and fluorine,'> noble metal
loading,'® and the preparation of semiconductor composites.'’
Graphene-based materials have received much attention.
Graphene is a 2D-graphitic carbon system with very high
surface area (~2600 m*/g) and superior electron mobility and
thermal and electrical conductivity as well as excellent
physical, optical, mechanical, electrical, and thermal
properties.'®'? Graphene is a promising material in various
niche areas of nanoscience, with applications in electrochemical

22

devices,?® catalysis and energy storage,’'** ascorbic acid

2324 and medical applications.”” The

adsorption and biosensors
introduction of graphene and graphene oxide (GO) into
semiconductors can alter their physical and chemical properties.
There have been a number of reports on the preparation of
hybrid nanostructures of metal oxide based composites with

graphene sheets, but not much attention has been paid to

chalcogenide-based  nanocomposites  for  photocatalytic
applications.”®  These  preparation  methods include
electrophoretic  deposition,?”  co-precipitation,”® microwave

1’30 1732

assisted,”’ chemica electrochemical synthesis,®' sol-ge

UV-assisted photocatalytic synthesis®® and solvothermal and
hydrothermal.**~¢

The hydrothermal method is the most appealing method
because it could be operable at less temperature with high
efficiency and could be scaled up. The use of surfactant and
template may increase the complexity of the reaction process,
which results in im  purity of the products. It is thus necessary
to develop a facile, surfactant and template free method for the
CuS synthesis. This pioneering work has stimulated extensive
research into the preparation and applications of GO-based CuS
nanostructures with surfactant and template-free methods. CuS
is as a narrow band gap semiconductor, which requires only
visible light for photocatalytic activity and rGO exhibits high
visible light activity in dye degradation. Also, rGO can
modulate the electronic structure of metal and semiconductor
nanoparticles. The rGO can induce easier electron transfer from
the conduction band of semiconductor (CuS) or the excited dye
to rGO due to the large energy level offset formed at the
interface leading to enhancement in photocatalytic activity. In
rGO
loadings and diverse morphological structures denoted as

this study, CuS/rGO nanocomposites with various
CuS/rGO-x,y,z were prepared via a simple hydrothermal route.
The CuS/rGO

nanocomposites with respect to methylene blue dye degradation

photocatalytic ~ properties of  these
were investigated. One of the CuS/rGO nanocomposites with a
rGO exhibit good
photocatalytic degradation of MB dye with an efficiency of

99.27%. The

particular loading was found to

kinetics of the photodegradation and the
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recyclability of the nanocomposites are also discussed. To
further know the practical utility of the photocatalyst, the
samples contaminated with multi dyes were collected from
textile industries near Thirupur, Tamil Nadu, India and tested
with our prepared catalyst.

Experimental

Materials

Graphite powder, hydrogen peroxide (30 wt %), sodium nitrate
(98%), sulfuric acid (98 wt %), potassium permanganate,
hydrazine hydrate (98%), ammonia (30%), copper nitrate
trihydrate (99%), thiourea (98%), methylene blue and 4-
nitrophenol from SD Fine chemicals, India were used.

Synthesis of graphene oxide

Hummers route was adopted for the preparation of GO.>’ To
graphite (known amount), concentrated sulphuric acid was
mixed and stirred continuously for 24 h. 100 mg of sodium
nitrate and 3 g of potassium permanganate were then added
under ice-cold conditions. After stirring, the temperature was
raised to 35-40°C and to it DI water was added and further the
reaction was maintained at 98°C. The reaction was stopped by
the addition of distilled water and hydrogen peroxide to obtain
a bright yellow suspension. The same was centrifuged with 5%
HCI, ethanol and kept in an open atmosphere and dried. The
prepared GO was then ultrasonicated in DI water to obtain
individual sheets.

Synthesis of CuS/rGO nanocomposites

The CuS/rGO nanocomposites were prepared with the
hydrothermal method. To 40 mL of DI water, 1 mmol of copper
nitrate was added and the solution was stirred continuously.
When a blue solution had formed, 2.5 mmol of thiourea was
immediately added. Once the solution was well dispersed, 20
mg of rGO was added to the mixture and autoclaved at 150°C
for 24 hours. The black precipitate was centrifuged with
distilled water, ethanol and kept at RT to produce CuS/rGO-x
nanocomposite.’® The above procedure was repeated for 40 mg
and 60 mg graphene to produce the CuS/rGO-y and CuS/rGO-z
nanocomposites respectively. For comparison, bare CuS was
synthesized with a similar method in the absence of rGO.

Characterization

CuS/rGO composites were investigated by performing XRD
(Philips X'Pert PRO) with a radiating wavelength of 0.154 nm.
Surface morphologies were analyzed with high-resolution TEM
by using a JEOL-2000EX operated at 120 kV and FE-SEM,
model-Hitachi SU6600. The optical and photocatalytic
phenomena of CuS nanostructures were probed with Hitachi U-
2800 spectrophotometer. The photoluminescence properties
were determined with a fluorescence spectrometer (Horiba
Jobin Yvon - Fluorolog) and the functional groups were

This journal is © The Royal Society of Chemistry 2012
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analyzed by performing FT-IR spectroscopy (Shimadzu
Affinity-1). Photoelectron spectroscopic measurements were
done by a Thermo Scientific Multilab spectrometer. The XPS
spectra were normalized with reference to 284.6 eV, pertaining

to Cls, and the graphs were analyzed with Casa software.

Photoreactor set-up

For photocatalysis experiment, a home-made reactor was set-up
with a photo chamber and water cooling system, as given in
Scheme 1.

230 VAC I
SHPRY. To air pump
Sampling
port e |
- Water inlet

Water outlet N
~

~N <

Borosilicate immersion well
Aerator tube
Power Supply| e b Phot lyst slurry + dye solution

e 14

L] —” Pl

I Immersive visible light

<l

L]
LJ s =~ o

Scheme 1 Schematic representation of reactor set-up used in the photocatalytic

experiment

For photocatalysis experiment, a home-made reactor was set-up
with a photo chamber and water cooling system, as given in
Scheme 1. The reactor has a borosilicate immersion well with a
water inlet and a water outlet. A 150 W visible tungsten light
source supplied with an AC power of 230 V was used and kept
immersed in the MB dye solution. The dye slurry and the
photocatalyst were continuously stirred by using an aerator tube
connected to the well. A sampling port is present in the
chamber for periodical sampling.

Photodegradation experiment

The CuS/rGO nanocomposites were tested as photocatalysts by
monitoring the photodegradation of aqueous solutions of
methylene blue (MB) dye. Visible light was used as source for
the photodegradation studies. In brief, for the investigation, dye
slurry is made by the following protocol: added 30% of 2 mL of
HP into 50 mL of 20 mg/L methylene blue suspension with 30
mg CuS/rGO photocatalyst. For all the experiments using
different photocatalyst, equal amount of catalyst was taken. To
attain an adsorption/desorption equilibrium state, the dye slurry
were mixed in dark for 30 min. The suspension was sampled at
certain time intervals; approximately 1 mL of solution was
extracted, diluted, and centrifuged for 10 min to discard the
catalyst. The dye concentrations were observed with ultraviolet
spectrometer by measuring the methylene blue absorption at
663 nm. To compare with the CuS/rGO catalyst, commercial
TiO,, rGO, and CuS without rGO were also tested. Also the
degradation properties were tested for the organic contaminant

This journal is © The Royal Society of Chemistry 2012
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and the textile industries effluents under similar conditions. The
collected effluent samples were used as such without any prior
treatment.

Results and discussion

Structural and morphological analysis

The phase compositions and crystal structures of the CuS/rGO
nanocomposites were studied with XRD, the resulting patterns
are given in Fig. 1. In these patterns, a diffraction peak is
evident at 10.6°, which corresponds to the graphene plane
(002). These characteristic (002) peaks of graphene are not
intense, revealing the formation of non-stacked sheets of
graphene during its synthesis. Further, CuS growth on graphene
sheets prevents the stacking process.*® The absence of graphene
oxide peak in the XRD patterns shows the effective reduction
of GO to rGO. Diffraction peaks were observed at 27.6 (101),
29.6 (102), 31.7 (103), 32.8 (006), 47.9 (110), 52.7 (108) and
59.3 (118) suggesting the formation of pure CuS as in
accordance with JCPDS card no. 06-0464 with cell parameters
a:3.792 A and c:16.344 A. Thus the prepared final products are
highly crystalline and consist of pure hexagonal phase.

—
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Fig. 1 X-ray diffraction patterns of (a) pure GO, (b) CuS/rGO-x (¢) CuS/rGO-y
and (d) CuS/rGO-z nanocomposites

No other peaks other than those characteristic of CuS could be
The crystallinity of CuS is the
nanocomposites, as demonstrated by the XRD patterns, which

seen. retained in
indicate that the addition of GO does not change the crystal
orientations of the CuS nanocomposites.

The FE-SEM images of the CuS/rGO nanocomposites with
various rGO ratios are shown in Fig. 2. These images indicate
the presence of numerous nanoplates of self-assembled
cylindrical flower-like CuS structures, which are formed due to
van der Waals forces. The energy dispersive X-ray results from
the SEM images clearly confirms the increase in the carbon
content of the CuS nanostructures with increase in the graphene

J. Name., 2012, 00, 1-3 | 3
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loading (Fig. 3). Fig. S1 shows the HR-TEM images of
CuS/rGO nanocomposites. The low magnification HR-SEM
images is given in Fig. S2, which shows distribution of CuS on
rGO.

Fig. 2 Field emission SEM images of CuS/rGO nanocomposites (a) CuS/rGO-x
(b) CuS/rGO-y and (c¢) CuS/rGO-z at different magnifications

We then investigated the mechanism of the formation of the
CuS nanostructures. It is well known that the formation of
copper nitrate/thiourea complexes occurs during the
hydrothermal growth of CuS nanostructures. The formation of
the CuS nanostructures occurs in three steps: in the initial stage,
thiourea reacts with Cu®>" to form copper-thiourea complexes
giving CuS primary nanoparticles during the hydrothermal
treatment. Here temperature plays a vital role: at lower
temperatures, thin flakes or platelets of CuS nanostructures are
formed in the initial stage with less aggregation.

Loading of Carbon content
rGO content | Weight Atomic
into CuS (%) (%)
1GO-20% 1821 45.85
1GO-40% 3214 63.63
1GO-60% 4027 70.59

Fig. 3 EDX spectra of CuS/rGO nanocomposites (a) CuS/rGO-x (b) CuS/rGO-y
(¢) CuS/rGO-z and different loading % of rGO with CuS

Nucleation occurs via the Ostwald ripening process.*’ In the
second step, these primary particles aggregate and the CuS

4| J. Name., 2012, 00, 1-3
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nuclei grow preferentially in the same direction to become CuS
nanoplates. The aggregation of the nanoparticles is due to
primary atomic forces like van der Waals, n-n interactions.*'
Finally, these nanoplatelets interact with each other, which
results in the formation of self-assembled CuS composites with
larger diverse flower-like architectures, given in Fig. 2. A high
temperature promotes the formation of homogeneous CuS
nanostructures. The growth phase and the nucleation phase are
controlled to produce well-defined morphologies.

Optical Properties
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Fig. 4 (a) Diffusive reflectance UV-Vis Spectra of CuS/rGO nanocomposites
(x,y,z represents loading ratio of rGO) and corresponding band gap spectra of

rGO nanocomposites (b) CuS/rGO-x (c) CuS/rGO-y and (¢) CuS/rGO-z

The UV-vis diffusive absorption spectrum of CuS/rGO is
shown in Fig. 4a. There is a strong absorption in the spectra of
the CuS composite samples in the region 400 to 800 nm.** The
absorption spectra of the three samples are almost identical;
each contains a shoulder around 650 nm. These results indicate
that CuS is a promising material in the photocatalytic field. The
optical band gap was calculated in accordance with Eq. (1). To
calculate the band gap energy, (ahv)’® vs. (av) was plotted,
where a and hv are the absorption coefficient and energy of
photons respectively, A-constant, with n either 2 for direct
transitions or 0.5 for indirect transitions and E, is the band

gap.43

(o) =Ahv~Eg) M

According to Eq. (1), which is based on direct transitions,
the band gaps of the as-obtained CuS nanocomposites are 2.19,
2.28, and 2.24 eV, as shown in Fig. 4b-d. The band gap values
do not vary remarkably with increase in the graphene loading.
These band gaps are higher than the bulk value, which could be
due to quantum confinement in the small crystalline CuS
nanostructures.** Fig. 5a shows the PL spectra of the CuS/rGO

This journal is © The Royal Society of Chemistry 2012
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nanocomposites at room temperature. Excitation at 400 nm
results in a broad emission peak at 499 nm (2.48 eV). It has
been concluded that the emission spectra of CuS samples
mainly depend on their morphologies and inherent structures.*’
The peak position is the same in all three cases, although the
intensity does vary, which could be related to CuS size

effects.*®*’

Intensity (a.m,)

% Transmittance

T T T T T T T T
s0¢ 510 9500 D040 2500 2000 1500 1000 500

T
0
W ngth {(nm) Wavenumbers {em’)

vavelengih {nmj

Fig. 5 (a) PL spectra of CuS/rGO nanocomposites (a) CuS/rGO-x (b) CuS/rGO-y
and (c) CuS/rGO-z and (b) FT-IR spectra of CuS/rGO-x nanocomposites

The IR spectrum of CuS/rGO nanocomposites is given in
Fig. 5b. Strong absorption peaks around 3421 cm™ and 3149
cm™ are due to the hydroxyl group stretching nodes and the
peak at 1620 is attributed to the bending vibrations mode of O-
H groups of absorbed water. The vibration mode absorbs at
1399 cm™ and that of C-O stretching at 1077 cm™. CuS

stretching mode adsorbed at 628 cm™.*

XPS analysis
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Fig. 6 (a) Wide scan XPS survey and high resolution deconvoluted XPS spectrum
(b) C1 s, (¢) Cu 2p and (d) S 2p of CuS/rGO-x nanocomposites

To further explore the surface electronic state and elemental
composition of the composite, XPS were recorded and the
results manipulated keeping Cls peak as reference (Fig. 6).
From the wide scan survey, 2p (Cu), 2p (S), 1s (O) and 1s (C)
peaks were observed. The deconvoluted C1 s peak is given in

This journal is © The Royal Society of Chemistry 2012
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Fig. 6b and could be observed are three Gaussian peaks
centered at 284.6, 285.6 and 286.1 eV. The C-C bond of sp2
carbon atom in reduced GO could be assigned to 284.6 eV and
the other peaks (285.0 eV, 286.1 eV) is due to C=C and C-O
(epoxy and hydroxyl) respectively.*’ Fig. 6(c), shows the
deconvoluted spectrum of Cu 2p peak and as seen from the
analysis, the binding energies at 932.5 eV correspond to 2p3/2
(Cu) and the one at 952.3 eV is due to 2pl1/2 (Cu). Also a
shakeup satellite peak are observed around 943 eV,
characteristic of Cu(Il) which indicates the paramagnetic Cu?*
state.”® In the case of S 2p region, a doublet peak at 162.0 eV
could be seen characteristic for metal sulfides, which is
associated with 2p3/2 (S) and 2p1/2 (S) and an additional small
peak at 161.0 eV attributed to CuS.”!

Visible light photocatalytic activity

The catalytic activities for the prepared CuS/rGO catalyst with
respect to decomposition of MB were investigated. The visible
light photocatalytic efficacy of CuS-rGO samples
evaluated by monitoring the MB decolorization rates.

were
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Fig. 7 Phodegradation of MB dye in visible light irradiation using (a) CuS/rGO-x
(inset figure — CuS with 10% loading of rGO) (b) CuS/rGO-y (¢) CuS/rGO-z and
(d) Degussa P25 TiO2 (inset figure - pure CuS without rGO)

A decrease in the intensity of the 663 nm absorption peak was
followed and evaluated to study the degradation of the dye. Fig.
7 shows the drift in the absorption spectrum of methylene blue
under visible light over different time intervals. These results
show the effects of varying the graphene loading in the
nanocomposites. As the irradiation time increases, the peak at
663 nm declines in intensity indicating the degradation of MB.
Upon further light exposure, the absorption peak intensity drops
rapidly with time (Fig. 7) and has almost vanished completely
after 60 min. According to this figure, the CuS/rGO-x
nanocomposite, which has an rGO loading of 20%, exhibits the
highest photocatalytic activity. After irradiation with visible
light for 60 min, the degradation fractions for the photocatalysts

J. Name., 2012, 00, 1-3 | 5
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are 99.27% for CuS/rGO-x, and 94% and 89% for CuS/rGO-y
and CuS/rGO-z respectively. The photocatalytic activity has
been tested for 10% rGO loading with CuS, but results showed
only negligible degradation of MB dye (inset of figure 7 (a)).
Results showed that the presence of graphene has improved the
efficiency but got saturated at a particular loading of graphene
viz. 20%. This could be because of the stacking effect of
graphene at higher loadings.’® The low GO loading helped to
prevent CuS from severe aggregation, which is beneficial for
the distribution of CuS nanoparticles over GO planes. High GO
loading beyond 10% loading led to the aggregation of CuS
nanoparticles and undesirable staking of GO sheets.”® The
higher reduction degree of GO at low GO loading promotes the
transfer of electrons CuS and GO, which is beneficial for the
degradation of methylene blue. Thus CuS/rGO-x exhibits
excellent photocatalytic activity in the visible region and rGO
contributes equally towards the degradation of the dye.

c/C,

—e—CusiG o
T—@—cusicoy
0.2 4—@—cusicoz
{-@—Tio, P25
0.0 4~ —onlycus
oy so
—@—only MB without catalyst
-0.2 — T

1
0 10 20 30 40 50 60
Irradiation time (min)

Fig. 8 Variation of MB concentration after the absorption equilibrium at different
time intervals in the presence of CuS/rGO-x photocatalysts (inset shows (i) before
and (ii) after 10 min of sedimentation of 1 h photocatalysed CuS/rGO-x

nanocomposite)

For comparison, we assessed the activity of the commercially
available Degussa P25 TiO, nanopowder and pure CuS (see the
inset in Fig. 7d) without rGO. The CuS/rGO photocatalysts
exhibited and enhanced effect than P25 TiO, powder and pure
CuS catalyst. To know the effect of the composites, the
photocatalytic activity of a mixture of CuS and rGO, mixed by
physical stirring was measured and the results show only
71.43% degradation, which was less when compared to
CuS/rGO composites which is given Fig. S3. These results
show that the effect is not merely due to the individual elements
but due to the composite formation and the synergistic effect
between them. This enhanced photocatalytic activity could be
attributed to the synergistic effect that arises between the rGO
and CuS nanoparticles, which significantly reduces charge
recombination. In addition to this, the CuS/rGO nanocomposite
materials exhibited good sustainability, as evidenced by their
consistent photocatalytic performance and the absence of any
observable changes in morphology, even after five cycles of

6 | J. Name., 2012, 00, 1-3

operation during photocatalytic experiments (Fig. 10). The
overall results of the study indicate that these newly prepared
photocatalytically stable CuS/rGO nanocomposites could be
potentially utilized for many environmental remediation
applications. Pure rGO was also tested and found to exhibit
negligible activity.>*

the the
dependence of methylene blue concentration to the absorption

In accordance with Beer-Lambert’s theory,
peak intensity at 663 nm is linear. Hence the following equation
was adopted to calculate the decomposition efficacy of MB

dye:

A
Degradation Rate (%)= (1 - A—’) x100 )
0
where A4, and A4, are the absorbance at reaction time ¢ and
initially.
5
B CuS/rGO-x
@ CuS/rGOy -
44 & CuSirGO-z
v TO,-P25 "
¢ only CuS
34 4 onlyrGO /.
e p only MB
Q without catalyst B ..
U —~
E

Irradiation time (min)

Fig. 9 Kinetic fit plot of In (C/Co) vs time for different photocatalyst under visible

light irradiation

The corresponding C/C, graph is given in Fig. 8 and compared
with those for the Degussa TiO, catalyst, CuS without rGO, and
rGO; the CuS/rGO samples exhibit enhanced photocatalytic
efficiencies. CuS/rGO-x exhibits the highest photocatalytic
activity of 99.27% over a period of 1 hr. Fig. 8 gives the
variation of concentration of residual MB with irradiation time.
All three photocatalysts produce drastic decreases in the dye
concentration; the maximum decrease is that due to the
CuS/rGO-x catalyst.

Eco-friendly photomaterials should be easily separated and
removed from the experimental set-up. Sedimentation analyses
were run for the samples photodegraded in the presence of the
CuS/rGO-x catalyst, as shown in the inset in Fig. 8. This figure
clearly shows that the particles sediment completely in 10 min,
which indicates that the catalyst can easily be recovered. The
corresponding kinetic fit plot of In(C/C)) vs. time obtained from
the results in Fig. 8 is shown in Fig. 9.

Stability and reusability are further vital considerations for
the assessment of the nanocomposites because photoanodic
corrosion will limit their stability. The photocatalytic stabilities
of the nanocomposites were assessed by recycling them from

This journal is © The Royal Society of Chemistry 2012
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their aqueous systems and reusing them in repeated MB
degradation experiments (Fig. 10). This figure shows that up to
99.27% (almost 100%) of MB is degraded after 60 min in the
first cycle of degradation and from the second to fifth cycle,
97.8%, 96.3%, 95.2%, and 93.3% of MB degradation could be
observed. Thus the efficiencies with respect to the
photodegradation of MB dye of the pristine catalyst and the
photocatalyst reused in five cycles are nearly the same. The
recyclability test was done for all the other photocatalyst but
results showed that the degradation drastically decreased over
cycles as compared to the CuS/rGO-x catalyst. Thus the
CuS/rGO photocatalyst is stable with respect to MB dye
degradation.

st g th o th 4
1.0 Prrun g 4 4% run p 5% run
0.8

0.6

c/c,

0.4

0.2 4

h 4

0.0

0 60

T T
120 180 240 300

Irradiation time (min)

Fig. 10 The repeated degradation cycle of CuS/rGO-x nanocomposites in MB

solution under visible light irradiation

Table. 1 Comparison of catalytic activity of various graphene nanocomposites

towards methylene blue dye degradation

Material® DC" CD¢ LS! I D' R®

Graphene@ 10 0.5 uv <10 88 [56]

TiO, 0

P25- 10 0.4 uv 200 >90 [57]

graphene

Graphene— 10 0.4 Visible 120 90 [58]

Cu,O

La/TiO,- 10 1 Visible 60 >80  [59]

graphene

Ti0,-GO 10 0.5 Visible 180 >80  [60]

rGO/TiO, 20 0.2 uv 45 >80  [61]

ZnO/rGO 10 0.5 uv 180  >90  [62]

rGO/ Ta,05 10 0.5 uv 120 79 [63]

Ag;POy/ 10 0.28 Visible 90 72 [64]

rGO

CuS/rGO 4 0.1 Visible 120 >81  [65]

rGO-CdS 100 0.16 Visible 150 94 [66]

CuS/rGO-x 20 0.6 Visible 60 >99  This
work
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2 Photoactive Nanocomposite. ° Initial dye concentration (mg L
1. © Catalyst dosage (g L™"). ¢ Light Source. °© Irradiation time
(mins). " Degradation (%). & Reference.

The small decrease in photocatalytic activity that results from
this reuse could be due to unavoidable photocatalyst loss during
centrifugation and the accumulation of organic compound
intermediates, which might indirectly affect dye adsorption.
Earlier reports suggest that metal chalcogenides are unstable

leading to photoanodic corrosion,*®

which could in principle
lead to stability loss of the used catalyst. However, prepared
composites were found to have good photostability, which
confirms their promise in photocatalyst applications. Table 1
gives an overall comparison of the present catalyst with the
other reported graphene based photocatalyst operated under
different experimental parameters. A comparison table is given
with the literature reports to show the superiority of the
CuS/rGO-x catalyst.

Kinetics Study

Two kinetic models viz. pseudo first and pseudo second order
have been used to analyze the methylene blue photocatalytic
decomposition using CuS/rGO nanocomposites.®” Experimental
results were fit and analyzed by the above two models. The
below equation was utilized to calculate the amount of MB
adsorbed.

_G-GQ) o
m

where, the initial and final concentrations of the methylene blue

dye solution are C, and C, in mg/L, g, in mg/g represents the

quantity of MB dye absorbed, V' represents amount of dye in

mL and m represents the initial weight of the CuS/rGO taken in

mg.

R*=(.9932

Time (min) Time (min)

Fig. 11 Adsorption kinetic study of MB with CuS/rGO-x nanocomposites for (a)

pseudo- first-order model and (b) pseudo second-order model

The equation for order model is given as follows:

In(q, —q,) =Ing, —kt @)
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where g, and ¢, represents the capacity of adsorption at
equilibrium and time ¢#; & is the pseudo first order rate constant.
A graph plotted between log (g.~¢g,) and time is shown in Fig.
11a. This equation was not a good fit since less correlation
coefficient was obtained CR (0.979). The equation for pseudo
second order model as follows:

t t t

_:( )+_
g kygey” g,

®)

where ¢, represents the quantity of dye absorbed in mg/g at time
t; ko is pseudo second order rate constant. A graph plotted
between t/q, and time is linear with a high correlation
coefficient, 0.9932 and hence MB degradation using CuS/rGO-
x catalyst follows pseudo second order kinetics.

—0min
=——10mn
—20 min
=30 min
=40 min
=50 rrin
=50 min

Absorbance (a.u)

——With Catalyst
—@— Without Catalsyt

T
400 0 10 20 30 40 50 60

T
350

T
300

‘Wavelength (nm)

Irradiation time (min)

Fig. 12. Photodegradation of 4-nitrophenol (a) C/Co plot vs irradiation time under
visible light irradiation for CuS/rGO-x nanocomposites (b) (inset shows before

and after degradation)

Organic contaminants and textiles effluents pose major
threat to human beings, fauna and flora. In this necessity, the
catalytic property of CuS/rGO-x nanocomposite was further
tested towards the degradation of organic contaminant and
textile effluents collected from two different industrial sites
situated in the Thirupur textile industries, Tamil Nadu, India.

b k10
-
3 Los
)
3
3 .
2 KRS
= hd
2 &}
5 Losa
17}
2
< Loz
?
T—a—9 |00
T z T T T T 1 L L 1 T T
300 400 500 600 700 0 10 20 30 40 50 60
Wavelength (nm) Irradiation time (min)

Fig. 13. Photodegradation of industrial effluent from site A (a) C/Co plot vs
irradiation time under visible light irradiation for CuS/rGO-x nanocomposites (b)

(inset shows before and after degradation)
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The textile effluent samples were collected before the effluent
treatment from the industries. The photodegradation of 4-
nitrophenol and textile effluent was tested under visible light
irradiation. Fig. 12 shows the photodegradation of 4-
nitrophenol and Fig. 13 & 14 shows the degradation graph of
textile effluents. All the experiments were carried out in visible
light under similar conditions.

() N
— 10 min
—20 min
e 30 MiN
40 min
o 50 M
50 Min

a

Absorbance (a.u)

0.0

T T T — T g T T T
400 500 600 0 10 20 30 40 50 60

a0
‘Wavelength (nm)

Irradiation time (min)

Fig. 14. Photodegradation of industrial effluent from site B (a) C/Co plot vs
irradiation time under visible light irradiation for CuS/rGO-x nanocomposites (b)

(inset shows before and after degradation)

The obtained results shows that CuS/rGO-x nanocomposite act
as a very good photocatalyst for the pollutant removal, upto
99% of contaminant was removed after 60 min visible light
irradiation.

Scheme 2. Mechanism of Photocatalysis

It is well known that photocatalysis occurs through the
adsorption/desorption phenomena occurring on the surface of
the catalyst. The mechanism of photocatalysis is given in
Scheme 2. As a narrow band gap semiconducting material, CuS
absorbs more photons than materials with a wider band gap,
which results in enhanced photocatalysis in visible light. The
important factors governing this photocatalytic process are the
effective adsorption of the MB dye molecules onto the CuS
surface and the efficient separation of photogenerated e/h"
pairs. In this system, the CuS/rGO-x photocatalyst degrades the
dye and the dye molecules adsorb on its surface. The adsorption
of MB onto the CuS/rGO-x catalyst is due to the primary

This journal is © The Royal Society of Chemistry 2012
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atomic force field and the pi-pi interactions of the catalyst with
the dye. Adsorption creates a rich dye environment on the
catalyst surface there by enhancing the reaction rate. The
presence of rGO is likely to improve photogenerated e/h" pair
separation and further promote photogenerated charge transfer.
The possible electron movements from the conduction band of
CusS to GO are described by the following equations:*®

CuS+hv—>CuS (e+h) (6)
CuS (¢)+ 0, + GO CuS +0, +GO(e) 7
CuS(h)+OH™ —CuS+°*OH (8)
CuS(h)+ *OH+MB—> Degradation products 9)

When the CuS/rGO catalyst absorbs light in the visible region,
an e/h" pair will be generated; upon light absorption, electron
excited from valance band and energy in excess is utilized to
transfer it to the conduction band resulting in the generation of
electron/hole pair. This in-turn helps in regulating the
photocatalytic process. Photo-excitation of the electron from
CusS to the rGO sheets assists charge separation by generating
more *OH radicals for the degradation of dye molecules.'®
These excited electrons can transfer the energy to graphene
sheets and get energy from excitation levels of graphene sheets.
Holes from the valence band breaks the H,O and leads to the
formation of *OH radicals, hence in-turn degrade the dye
molecules. The CB ¢ reacts with O, molecule to form a super
oxide ion (¢O;), which can also react with further dye
molecules. Thus overall the active species generated enhances
the photocatalytic process.®” Thus with visible light source
using CuS/rGO-x catalyst, large amounts *O,  and *OH are
generated which enhances the degradation of the methylene
blue dye.” Also, the addition of H,O, to CuS in dye solution
resulted in an increase in the degradation ratio. The H,0, acted
as electron acceptors to decrease the -electron/hole
recombination and hence increased the concentration of *OH
radicals.”' The photogenerated electron of CusS are captured and
transferred by rGO, thereby reducing the recombination rate of
photoelectron-hole pairs. Overall the photocatalytic efficacy of
the prepared composite is due to the cumulative contribution
from rGO and CuS. The rGO provides two-dimensional support
and sufficient surface area for the deposition of the CuS
nanoparticles. The adsorption ability of the composites is
enhanced by the presence of the rGO sheets. The synergistic
effect between graphene and CuS nanoparticles in the
CuS/rGO-x nanocomposite allows graphene to capture or trap
the photo-induced electrons from the conduction band of the
CuS through the extended m-conjugation carbon network, and
consequently restrict the flash recombination of electron—hole
pair.”> Therefore, CuS/rGO-x is expected to show higher
photocatalytic activity when compared to the other
nanocomposites. Consequently, increasing the amount of rGO
content in the rGO/CuS nanocomposite introduces new charge
recombination centres for photoinduced charge separation, and
as a consequence this decreases the photocatalytic efficiency.

This journal is © The Royal Society of Chemistry 2012
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Conclusion

This study investigated the synthesis with a simple
hydrothermal method of CuS/rGO nanocomposites with various
loadings of rGO and characterized the resulting materials. The
XRD patterns of the nanocomposites revealed that they consist
of pure hexagonal phase with high crystallinity. The prepared
composites were tested in methylene blue dye degradation; the
maximum degradation over 60 min was that of the CuS/rGO-x
nanocomposite, 99%. It was also found that the decomposition
of MB on the CuS/rGO composites follows pseudo second
order kinetics. The enhanced photocatalysis and good
recyclability of the catalyst mean that it is a useful and potent
catalyst for photocatalytic applications.
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