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ABSTRACT: Graphene-based hybrid nanostructures have recently emerged
as a new class of functional materials for light-energy conversion and storage.
Here, we have synthesized reduced graphene oxide (RGO)−semiconductor
composites to improve the efficiency of photocatalysis. Zero-dimensional CdS
nanoparticles (0D), one-dimensional CdS nanorods (1D), and two-dimen-
sional CdS nanosheets (2D) are grafted on the RGO sheet (2D) by a surface
modification method using 4-aminothiophenol (4-ATP). Structural analysis
confirms the attachment of CdS nanocrystals with RGO, and the strong
electronic interaction is found in the case of a CdS nanosheet and RGO, which
has an influence on photocatalytic properties. The degradation of dye under
visible light varies with changing the dimension of nanocrystals, and the
catalytic activity of the CdS NS/RGO composite is ∼4 times higher than that
of CdS nanoparticle/RGO and 3.4 times higher than that of CdS nanorod/
RGO composite samples. The catalytic activity of the CdS nanosheet/RGO
composite is also found to be ∼2.5 times than that of pure CdS nanosheet samples. The unique 2D−2D nanoarchitecture would
be effective to harvest photons from solar light and transport electrons to reaction sites with respect to other 0D−2D and 1D−
2D hybrid systems. This observation can be extended to other graphene-based inorganic semiconductor composites, which can
provide a valuable opportunity to explore novel hybrid materials with superior visible-light-induced catalytic activity.
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■ INTRODUCTION

In recent years, solar energy is being used for light-induced
chemical transformation or generation of electricity such as
photocatalysis, photovoltaics, catalytic hydrogen generation,
and energy storage applications. Carbon-based materials such as
carbon nanotubes (CNTs), fullerenes, graphene, carbon dots,
and also graphite-like hexagonal boron nitride (BN) have
opened up new frontiers in materials for development of clean
and renewable energy conversion and energy storage
systems.1−5 In particular, graphene is a potential material to
accumulate, store, and transport photogenerated electrons and
excitons from the semiconductor or other fluorescence
molecules to promote the efficiency of photoinduced activity
because of its unique 2D single atomic layer, superior
conductivity, charge mobility, and optoelectronic proper-
ties.6−11

On the other hand, one-dimensional (1D) and two-
dimensional (2D) (nanorods, nanowires, nanotubes, and
nanosheet) semiconducting nanostructures are thought to
play a crucial role in next-generation building blocks for solar
energy harvesting and photocatalysis, due to their fascinating
physicochemical properties and their unique geometric and
electronic properties.12−20 Emphasis has been given on wide-
band-gap semiconductor nanomaterials, such as TiO2- and
ZnO-based nanostructures,21,22 which exhibit ultraviolet region
absorption instead of visible light harvesting. However, a II−IV

semiconductor, such as CdS, has a suitable band gap (2.4 eV),
which is appropriate for sunlight absorption.23,24 Thus, CdS-
based hybrid systems are used for the sunlight harvesting,
where CdS acts as a light harvester.25,26 Fang and his co-
workers developed a CdS nanosphere−Au hybrid system for
efficient photocatalytic degradation of dye.27 Xu and his co-
workers used a CdS@TiO2

28 nanostructure, which was found
to be a good catalyst for organic transformation. Interestingly, a
CdS nanosheet is being used for visible-light-driven water
splitting.16

Now-a-days, significant attention has been given to develop
semiconductor-based heterostructures and composite systems
for visible-light-driven light harvesting systems. Special
emphasis has been given on designing reduced graphene
oxide (RGO)−semiconductor composites29−39 to improve the
efficiency of the catalyst, because the semiconductor materials
can be attached with the reduced graphene oxide surface and
photogenerated electrons can be extracted easily to graphene.
Lee et al. reported a highly photoactive and low-band-gap
TiO2−graphene composite.40 The photocatalytic activity of
graphene−TiO2 nanowire and nanoparticle composites is
investigated.41 A CdS quantum dot−graphene composite is
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being used for photoelectrochemical and photocatalytic
applications.42 H2 gas generation under visible light irradiation
has been demonstrated by using a CdS cluster−graphene sheet
composite.43 Xu and his co-workers44 fabricated graphene sheet
and CdS nanowire composites for selective reduction of nitro
compounds under visible light irradiation. The influence of size
on electron transfer from CdTe quantum dots to graphene
oxide in a CdTe/graphene oxide system has been investigated
by using time-resolved spectroscopy,45 and it is found that a
size-dependent electron transfer process plays a crucial role in
the visible-light-driven reduction process. Thus, several studies
have been performed by varying the size and morphology of the
semiconducting component for tuning the catalytic property in
the hybrid systems. Thus, it is expected that the photocatalytic
property of the GO−semiconductor composites can be tuned
by changing the morphology of nanomaterials (0D, 1D, or 2D).
Herein, we have designed three different RGO composite

systems where a two-dimensional (2D) CdS nanosheet (NS),
one-dimensional (1D) nanorod (NR), and zero-dimensional
(0D) nanoparticle (NP) are attached individually on a 2D
RGO nanosheet by a surface modification method using 4-
aminothiophenol (4-ATP). These composites are characterized
by powder X-ray diffraction (XRD), transmission electron
spectroscopy (TEM), Fourier transform infrared spectroscopy
(FT-IR), Raman spectroscopy, UV−vis diffused reflectance
spectroscopy (DRS), and photoluminescence. Finally, we
investigate the influence of CdS morphology on the photo-
catalytic properties under visible-light-induced degradation of
Methylene Blue (MB) dye molecules. Analysis reveals that CdS
nanosheet (2D)−RGO (2D) composite exhibits efficient
photocatalytic properties than other dimensions. This provides
a new 2D−2D architecture of CdS/RGO composites for
efficient photodriven applications.

■ EXPERIMENTAL SECTION
Materials. Sodium diethyldithiocarbamate (C5H10NS2Na), cadmi-

um chloride, and 4-aminothiophenol (4-ATP) were purchased from
Sigma-Aldrich. Diethylenetriamine (DETA), graphite powder (60
mesh), sulfuric acid (H2SO4), nitric acid (HNO3), hydrochloric acid
(HCL), potassium persulfate (K2S2O8), phosphorus pentoxide (P2O5),
hydrogen peroxide (H2O2), potassium permanganate (KMnO4), and
ethanol were obtained from Merck India Ltd. All chemicals are of
analytical grade and used without further purification.
Synthesis of Graphene Oxide. Graphene oxide (GO) was

obtained using the modified Hummer’s method.46 Briefly, 3 g of
graphite powder was mixed with 1.5 g of NaNO3 (Merck) and 50 mL
of cold H2SO4, and the mixture was cooled down to 0 °C. Then, 9 g of
KMnO4 was added slowly, maintaining the temperature below 5 °C.
The cooling bath was removed; then, the mixture was stirred at room
temperature for half an hour. Then, 100 mL of water was added and
the temperature was increased to 90 °C and kept there for 1 h. The
mixture was diluted with another 300 mL of water, and then 20 mL of
30% H2O2 solution was treated until the effervescence was ceased. The
solution was left for overnight, and then the supernatant was decanted.
The brown precipitate was centrifuged and washed with 10% HCl
solution for several times and finally with water. The product was
dispersed in water by sonication for 45 min, and then large particles
were centrifuged out at 3000 rpm. The remaining particles were
centrifuged at 12 000 rpm and collected and dried at vacuum. Next, 5
mg of this powder was dispersed in 10 mL of deionized water by
sonication, giving rise to a 0.5 mg/mL brown dispersion of GO which
was stable for months.
Synthesis of CdS NPs. CdS nanoparticles were synthesized47 by a

previously reported method. In brief, 0.266 g of cadmium acetate was
added in a 25 mL round-bottom flask containing 8 mL of oleylamine
with degassing for 20 min at 150 °C. In another round-bottom flask,

0.032 g sulfur powder was added into 4 mL of oleylamine with stirring
until it dissolved completely. Then, the S precursor was gently added
to the Cd precursor at 150 °C and stirred for 2 h. Reaction was
stopped by adding toluene and washing with an ethanol−hexane
mixture for three times. After drying at 60 °C in a vacuum oven, 50 mg
of NP and 25 mg of 4-ATP were added in 50 mL of a 1:1 water−
ethanol mixture, maintaining pH 6 in a 100 mL round-bottom flask.
The mixture was stirred overnight at room temperature in an inert
atmosphere. The product was centrifuged and washed with ethanol to
remove excess ligands. Thus, surface modification of CdS NPs was
achieved.

Synthesis of CdS NRs. CdS nanorods were synthesized by a
modified method which is previously reported.44 Briefly, 0.073 g of
cadmium diethyl dithiocarbamate was added to a 20 mL Teflon-lined
stainless steel autoclave. Then, 13 mL of DETA was added, and the
mixture was maintained 180 °C for 24 h. After that, the autoclave was
cooled to room temperature. The yellowish product was centrifuged
and washed for several times with a water−ethanol mixture and dried
at 60 °C in a vacuum oven. The surface of the CdS NRs was modified
by 4-ATP by the following procedure: 50 mg of NR and 25 mg 4-ATP
were added in a 100 mL RB containing 50 mL of a 1:1 water−ethanol
mixture under an argon atmosphere at pH 6. After stirring overnight, it
was centrifuged with ethanol and dried in a vacuum.

Synthesis of CdS NSs. CdS nanosheets were synthesized
following a reported method.16 In brief, 0.32 mmol of CdCl2·
2.5H2O, 2 mmol of sulfur powder, and 12 mL of DETA were stirred in
a 50 mL round-bottom flask for 10 min. Then, it was loaded and
sealed in a Teflon-lined autoclave having a capacity of 20 mL. The
autoclave was heated at 80 °C for 48 h. After that, it was cooled to
room temperature, and a light yellow product was collected by
centrifugation. It was washed several times with ethanol and distilled
water and dried at 60 °C in a vacuum oven. The surface modification
of these nanosheets was achieved by the following method: 50 mg of
these dried NSs and 25 mg of 4-ATP were added in 50 mL of an
ethanol−water (1:1) solution mixture at pH 6. Then, it was sonicated
for 1 h under a low-power sonic bath in an inert atmosphere and left
undisturbed for 3 h. The unexfoliated NSs were settled down and the
upper portion of the container was collected. This was centrifuged and
washed for several times and dried in a vacuum oven.

Synthesis of CdS NP/NR/NS−RGO Composites. Composites of
CdS nanostructures with RGO are prepared via a two-step method.
First, the surface-functionalized nanostructures were added with
negatively charged GO to form a composite. Then, a typical
hydrothermal method was used for reduction of GO to RGO using
hydrazine hydrate. In brief, 50 mg of as-prepared functionalized NSs
was dissolved in 12 mL of a 3:1 water−ethanol mixture. Then, 2 mg of
GO was added to the above solution under mild sonication. This
suspension was stirred for 30 min. After centrifugation, the suspension
was redispersed in 12 mL of deionized water. The pH of the solution
was adjusted to 9, and 100 μL of hydrazine hydrate was added. The
mixture was transferred to a Teflon-lined autoclave of 20 mL capacity,
and the autoclave was placed in a oven at 80 °C for 2 h. The yellow-
greenish product was collected by centrifugation and washed with
deionized water for 3 times. The obtained NS/RGO composite was
dried at 60 °C in a vacuum oven. A schematic representation of the
composite preparation is shown in Scheme 1. The same procedure was
followed for the preparation of NP/RGO and NR/RGO composites
and stored for further characterization. For comparison with
composite systems, pure CdS nanocrystals were prepared by using a
similar hydrothermal condition.

Characterization. X-ray diffraction (XRD) study was performed
using a Cu Kα source (1.5418 Å) radiation (Siemens model D500) to
identify the crystallinity of CdS NP, CdS NR, CdS NS, and their
composites with RGO. The morphological study of as-synthesized
hybrid nanostructures was characterized by transmission electron
microscopy using a JEOL, JEM-2100F at an operating voltage of 200
kV, and AFM study was done by using a VEECO, dicp-II instrument.
Raman spectra were performed on a Horiba Jobin Yvon, T64000
model, exciting the samples by a 514 nm laser beam. Fourier-transform
infrared (FTIR) spectroscopy measurements were performed on a
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SHIMADZU made FTIR-8300 spectrometer using KBr pellets. The
XPS measurements were carried out by using an Omicron Nano-
technology instrument. Zeta potential was measured with a Malveron
Zetasizer instrument. Room-temperature optical absorption spectra
were taken by a UV−vis spectrophotometer (Shimadzu). Room-
temperature photoluminescence studies were carried out using a
Fluoro Max-P (Horiba Jobin Yvon) luminescence spectrophotometer.
LC−MS (liquid chromatography−mass spectrometry) study was done
by using a Waters 3100 mass detector.
Photocatalytic activity of as-prepared CdS (NP, NR, and NS) and

their RGO composite samples were performed by comparing the
degradation of MB in water under visible light (λ > 420 nm)
irradiation. In a typical process, 10 mg of catalyst sample was added to
30 mL of 1.33 × 10−5 M aqueous solution of MB dye, and the mixture
was stirred under dark for 1 h to reach the adsorption equilibrium
because adsorption of dye on a catalyst’s surface plays a crucial role for
organic pollutant degradation.48,49 After that, 2.5 mL of the mixture
was taken out and centrifuged to separate the catalyst. The absorbance
of the dye solution was measured to get the initial concentration of the
dye before photocatalysis (C0). Then, the solution was irradiated with
a 300 W xenon lamp fitted with a 1.5 G filter and 420 nm cutoff filter.
The absorption band of MB at 663 nm was monitored taking out
aliquots from the reaction mixture after certain time intervals to get the
concentration (C) of MB dye at that time. An ice cold water bath was
used to stop evaporation of water during catalysis and to rule out
degradation due to heating. The degradation efficiency was calculated
using the following equation

= − ×C CDegradation (%) (1 / ) 100%0 (1)

where C0 is the concentration of MB at adsorption equilibrium and C
is the residual concentration of MB at different time intervals.
The photodegradation of MB follows a pseudo-first-order kinetics,

which can be expressed as

=C C ktln( / )0 (2)

where k (min −1) is the degradation rate constant. Controlled
experiments with only MB dye solution without catalyst and in the
presence of catalyst without light irradiation were performed, and no
significant degradation of the MB solution was observed in those
reactions.
Hydroxyl radicals (OH•) produced during the photocatalysis under

visible light irradiation was estimated by the fluorescence method
using terephthalic acid (TA) as a probe molecule. In a typical
process,20 a 10 mg portion of the catalyst sample was dispersed in 30
mL of 5 × 10−4 M TA and diluted aqueous NaOH (2 × 10−3 M)
solution. The resulting suspension was then exposed to visible light
irradiation. At regular intervals, 2.5 mL of the suspension was collected
and centrifuged to measure the maximum fluorescence emission

intensity with an excitation wavelength of 315 nm. This method relies
on the fluorescence signal at 425 nm of the 2-hydroxyterephthalic acid
(TAOH).

■ RESULTS AND DISCUSSION
Structural Characterization. X-ray diffraction (XRD)

study is performed for analyzing the crystal phase of as-
synthesized pure and hybrid systems. Figure 1 shows the XRD

plots of CdS NP, CdS NR, CdS NS, and their RGO
composites. Figure 1 (plots a and b) shows the XRD patterns
of pure CdS NP and CdS NP/RGO composites. The typical
diffraction peaks are found at 2θ values of 26.80, 44.22, and
52.16° corresponding to (111), (220), and (311) planes of CdS
NP, respectively, indicating that the CdS nanoparticles are of
cubic zinc blend structure according to JCPDS file 10-454. For
NR and the NR/RGO composite (plots c and d in Figure 1),
the sharp peaks with high intensity at 2θ values of 25.11, 26.82,
28.47, 44.00, 48.29, and 52.16° are observed for (100), (002),
(101), (110), (103), and (112) planes, confirming the
hexagonal phase (JCPDS No. 41-1049) of CdS NR. In case
of CdS NS (plot 1e), the growth of nanocrystal takes place
along (002) plane which is confirmed by a sharp peak at a 2θ
value of 26.84°, compared to other peaks at 2θ values of 44.00,
48.51, and 52.16° for (110), (103), and (112) crystal planes,
respectively. This corresponds to the hexagonal phase of CdS,16

and the same XRD pattern is found for the NS/RGO
composites (plot f in Figure 1). Thus, the XRD study suggests
that the phase and morphology of CdS nanostructures remain
unchanged after hydrothermal treatment of the CdS−GO
systems during preparation of CdS/RGO composites. XRD
study confirms that the crystallinity of CdS nanocrystals is
slightly better in composite systems. It is already reported23,50

that the crystallinity of CdS nanocrystals is increased in the
presence of graphene due to mechanical support.
TEM measurement is performed to investigate the detailed

structure of the synthesized nanostructures and their
composites. Figure 2 shows the TEM images of the CdS NP,
CdS NR, CdS NS, and their corresponding RGO composites.
Synthesized CdS nanoparticles are uniform in size, and the

Scheme 1. Schematic Representation of the Preparation of
CdS NS/RGO Composite

Figure 1. XRD plots of CdS NP (a), NR (c), NS (e), and their
corresponding RGO composites (b, d, and f, respectively).
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diameter of the nanoparticles is ∼5−6 nm (Figure 2A). It can
be seen from Figure 2B that the average length and diameter of
1D NR are 100 and 20 nm, respectively, with an aspect ratio of
5. Figure 2C shows the well-dispersed nanosheets having a
lateral size of 100−300 nm. The thickness of the nanosheets
was measured to be 5−7 nm from AFM analysis (Figure S1,
Supporting Information). These nanostructures were surface-
functionalized by 4-ATP, and the morphology remains
unaltered after surface modification (Figure S2A−C, Support-
ing Information). These positively functionalized nanostruc-
tures were electrostatically attached with negatively charged
GO to obtain composites with RGO, followed by hydrothermal
reduction. It can be clearly seen from TEM images (Figure
2D−F and Figure S2D−F, Supporting Information) that NP,
NR, and NS are well stacked on the RGO surface. The size and
morphology of the nanostructures remain unaltered after the
hydrothermal reduction of GO to RGO. It should be
mentioned that CdS NPs are found to be aggregated in the
composite systems after attachment with RGO. For further
clarification, we have taken a dark-field STEM image and the
corresponding elemental mapping of the NS/RGO hybrid
(Figure S3, Supporting Information). It clearly indicates that a
2D nanosheet of CdS successfully grafted on another 2D sheet
of RGO. It is seen from TEM images that CdS NP, NR, and
NS are successfully attached on the RGO surface without any
change of morphology.

We have modified the synthesized CdS NP, NR, and NS
surfaces by 4-aminothiophenol (4-ATP) molecules for attach-
ment with the GO surface. Surface modifications of the
nanostructures are confirmed by FTIR study. Figure 3 shows
the IR spectra of CdS NP (plot a), NR (plot b), NS (plot c),
and pure 4-ATP (plot d). CdS has higher affinity toward the
−SH group; thus, the −SH group of the 4-ATP molecule will
bind with the CdS surface during ligand exchange. Weak S−H
stretching frequency at 2548 cm−1 of the 4-ATP molecule
disappears after binding with CdS. The characteristic bands at
1622 and 1490 cm−1 of the aromatic ring confirm the presence
of the 4-ATP molecule on the surface of CdS nanostructures.
The N−H stretching bands at 3363 and 3442 cm−1 become
broadened, and the O−H band appears due to protonation of
NH2.

51 It is confirmed from the XPS data analysis that 4-ATP is
attached with the CdS surface (Figure 3B and Figure S4,
Supporting Information). The 2p peak of S for 4-ATP capped
CdS NS can be fitted by two sets: a lower energy set of 161.4
and 163.02 eV is assigned to sulfur in the CdS crystal and a
higher energy set of 162.1 and 163.78 eV is attributed to
thiolate bound to the surface of CdS nanocrystals, which
confirms the attachment of 4-ATP on the CdS surface.52

The protonation of the NH2 group was confirmed by the
zeta potential measurement of the 4-ATP-functionalized
nanoparticles. The zeta potential values are found to be
+38.4, +10.08, and +15.1 mV for CdS NP, NR, and NS
samples, which are shown in Figure S5 in the Supporting
Information. This positive potential of the CdS surface
facilitates the electrostatic interaction with the negatively
charged graphene oxide (−25 mV) surface, giving rise to
CdS−GO composites.
UV−vis diffuse reflectance spectra (DRS) of CdS nanocryst-

als and their composites with RGO are shown in Figure 4A.
The absorption band edges are 484, 525, and 515 nm, for pure
CdS NP, CdS NR, and CdS NS, respectively. A significant
enhancement of absorption spectra in the visible region is
observed for all CdS nanostructures after attachment with
RGO. This enhanced absorption in the visible region will be
effective for light harvesting applications of the CdS−RGO
composite system. Photoluminescence spectra are given in
Figure 4B, and the band edge emissions at around 495 and 519
nm are observed for NP and NR after excitation at 375 nm.
CdS NS shows a broad emission at 498 nm, which is assigned
as band-gap emission. A significant photoluminescence
quenching is also observed in all hybrid systems, indicating

Figure 2. TEM images of CdS NP (A), NR (B), and NS (C) and their
corresponding RGO composites (D−F).

Figure 3. (A) IR spectra of ATP-functionalized CdS NP (a), NR (b), and NS (c) and pure ATP (d). (B) Deconvoluted XPS data of S 2p peak of
CdS NS.
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the possibility of excited-state electron transfer from CdS to
RGO.
Raman studies of the pure and composite samples were

performed to understand the electronic interaction between
CdS nanostructures with RGO sheets. All the measurements
were carried out at the excitation of 514 nm. The Raman
spectrum of the CdS nanocrystals consists of characteristic CdS
peaks, whereas the composite systems exhibit both the CdS and
the RGO peaks. Figure 5A shows the Raman peaks of the CdS

nanoparticle (plot a), nanorod (plot c), nanosheet (plot e), and
their composites (plots b, d, and f), respectively. All the Raman
spectra of CdS nanocrystals are composed of the characteristic
fundamental longitudinal optical (1LO) mode at 300 cm−1 and
first overtone (2LO) at around 600 cm−1. A very weak second
overtone at 900 cm−1 is observed for NR and NS samples. The
peak position of 1LO and 2LO remains unchanged with
variation of nanocrystal morphology from particle to rod to
sheet, which is in consistent with the previous results.53,54 The
intensity ratio of 2LO to 1LO (2LO/1LO) provides an
indication of the strength of electron-vibration coupling, which
is found to increase while varying the morphology from NP to

NR to NS. The 2LO/1LO ratio was found to be 0.22, 0.25, and
0.37 for CdS NP, NR, and NS, respectively. The smaller value
of the ratio for NP is due to exciton confinement compared to
NR and NS nanocrystals.54 For the nanosheet structure, the
exciton separation becomes larger due to the thin sheet
structure of the nanocrystals leading to effective coupling
between exciton and fundamental longitudinal phonon.55 The
ratio increases after attachment of nanocrystals with RGO, and
the ratio was found to be 0.25, 0.44, and 0.58 for NP/RGO,
NR/RGO, and NS/RGO composites. This increment of the
2LO/1LO ratio in the NS/RGO composite is attributed to
extended interaction between 2D CdS NS with the 2D RGO
sheets. The sheetlike nature of both CdS NS and RGO
facilitates the effective area of interaction, leading to transfer of
photogenerated electrons from CdS to RGO. Thus, the
effective exciton separation in CdS NS occurs due to electron
transfer to RGO. Raman study suggests that the strong
interaction between CdS NS and RGO enhances photo-
chemical properties.
Figure 5B shows the Raman spectra of GO and CdS/RGO

composite samples. GO shows two characteristic D and
G45,56,57 bands at 1350 and 1585 cm−1 with an intensity ratio
(ID/IG) of 0.95. The G band is red-shifted to 1572, 1574, and
1567 cm−1, and also the ID/IG ratio increases to 1.1, 1.03, and
1.02 for NP/RGO, NR/RGO, and NS/RGO composites,
respectively, after composite formation with CdS nanocrystals.
The red-shifting of the G band and the increase in the ID/IG
ratio reveal that GO is reduced successfully and the native sheet
structure of the graphene is restored in the composite systems.

Photocatalytic Study. The electron transfer from the CdS
nanocrystal to RGO in the composite system was used for
effective and enhanced degradation of Methylene Blue (MB)
dye molecules under visible light (λ > 420 nm) irradiation. To
monitor the photodegradation of MB molecules, the
concentration of MB was plotted as a function of irradiation
time. Figure 6 shows the plot of C/C0 of MB vs time for pure

CdS nanostructures and RGO composites. It is seen from plots
that the relative photodegradation of a composite system is
higher than that of the pure system. After 60 min of visible light
irradiation, the photodegradation efficiencies of NP, NR, and
NS are found to be 45.9, 62, and 79%, respectively, whereas the

Figure 4. (A) Diffused reflectance spectra (DRS) of the pure CdS NP,
NR, NS, and their composites. (B) Photoluminescence spectra of pure
CdS NP, NR, NS, and their composites at excitation of 375 nm.

Figure 5. (A) Raman spectra of CdS NP, NR, NS (a, c, e), and their
composites with RGO (b, d, f) showing CdS bands, (B) Raman
spectra of pure GO and RGO composites of NP, NR, and NS showing
graphene bands.

Figure 6. Photodegradation of MB dye under visible light where C0
and C are the initial concentration and concentration of MB after
irradiation of light in the corresponding time interval, in the absence of
catalyst (a) and in the presence of NP (b), NR (c), NP/RGO (d),
NR/RGO (e), NS (f), and NS/RGO (g) catalysts.
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efficiencies are found to be 64, 77, and 98% for NP/RGO, NR/
RGO, and NS/RGO composites, respectively.
The degradation efficiencies of different catalysts are shown

in Figure 7A. The maximum efficiency is found for the NS/
RGO composite system. The kinetics of degradation of MB
under visible light irradiation was studied by plotting ln(C0/C)
and reaction time. Figure 7B shows a linear relationship
between ln(C0/C) and reaction time, indicating a pseudo-first-
order reaction kinetics of photodegradation of the MB
molecule. The apparent rate constants are found to be 0.011,
0.019, 0.027, 0.018, 0.02, and 0.068 min−1 for CdS NP, CdS
NR, CdS NS, NP/RGO, NR/RGO, and NS/RGO samples,
respectively. We have carried out controlled experiment for
comparison of catalytic activities between composite systems
and a physical mixture of graphene and CdS NS, which are
given in Figure S6 (Supporting Information). The rate of
degradation is found to be 0.034 min−1 for the physical mixture
of NS/RGO system, whereas the rate of degradation is 0.068
min−1 for the NS/RGO composite. Catalytic efficiency values
and the rate constant of different systems are summarized in
Table 1.
From the above results, it is clear that the photocatalytic

activities of the CdS composites with RGO samples are higher
compared to respective CdS nanostructures. The catalytic
activity of the CdS NS/RGO composite is found to be ∼4
times higher than that of NP/RGO and 3.4 times higher than
that of NR/RGO composite samples. The CdS NS/RGO
composite is found to be ∼2.5 times more active than pure CdS
NS samples. The recyclability of the NS/RGO system was
examined, and the catalytic efficiency is found to be 77% after
the third cycle of catalysis (Supporting Information, Figure S7).
Photocatalysis of this type of hybrid system depends on the

extent of charge separation upon irradiation of light and
intimate interfacial distance between semiconductor and
graphene and also the crystal structure of different CdS
nanocrystals. On the basis of this photocatalytic performance of
the composite systems, the possible explanation for enhanced
activity of the CdS NS/RGO system is given. During
photocatalysis, upon irradiation of visible light, an electron is

excited from the valence band to the conduction band of CdS
NS. This photogenerated electron is transferred to the reduced
graphene surface, and the adsorbed O2 converts to O2

·− active
species, which generates a OH• radical (confirmed by
experiment which is discussed later) and consequently
decomposes MB dye molecules. On the other hand, holes in
the valence band oxidize dye molecules by capturing electrons
from other dye molecules. A schematic representation of the
mechanism is shown in Scheme 2. Maximum light-induced

catalysis take places on the nanocrystal surface. It is expected
that the nanorod (NR) exhibits better activity than the
nanoparticle (NP) and nanosheet (NS) due to high crystallinity
and the one-dimensional nature, which assists the migration of
charge from one side to another side. The unexpected
enhancement of the NS/RGO composite may be attributed
to their unique 2D structural feature. The effective surface area

Figure 7. (A) Comparison of dye degradation efficiency after 60 min of light irradiation. (B) Plot of ln(C0/C) as a function of irradiation time for
photocatalysis of MB solution containing NP (a), NR (b), NR/RGO (d), NP/RGO (c), NS (e), and NS/RGO (f).

Table 1. Catalytic Efficiencies and Rate Constants of Different CdS Nanostructures and Their RGO Composites

NP NP/RGO NR NR/RGO NS NS/RGO

photocatalytic efficiency (%) 45.9 64.2 62 76.7 79 98.2
rate constant (min−1) (error) 0.011 (0.0006) 0.018 (0.0013) 0.019 (0.0005) 0.02 (0.002) 0.027 (0.002) 0.068 (0.002)

Scheme 2. Schematic Representation of MB Dye
Degradation by CdS NS/RGO Composite
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(Supporting Information, Figure S8) is 38, 64.5, and 86 m2 g−1

for NP, NR, and NS, respectively. It was found that the thin
sheet structure has a large specific surface area for visible light
harvesting and adsorbed more reactant molecules. Further-
more, the larger number of photogenerated charge carriers
transfer from the exciton center to the reacting sites of RGO
due to the very low thickness of NS, and the surface contact
area between 2D NS and its 2D analogue RGO is very much
larger than the other 0D or 1D nanostuctures. In our previous
work, it is seen that the surface coverage by CdTe quantum
dots (QDs) in the GO sheet influences the rate of electron
transfer from QD to GO surface.45 Thus, the effective
separation of electron and hole occurs in the NS/RGO
composite, which is consistent with Raman analysis. In
addition, the lowering photocatalytic activity of CdS NP and
its composite may be due to the cubic structure, which is
consistent with previous reports58,59 that the hexagonal
structure exhibits better photocatalytic activity than the zinc
blend cubic structure.
Photoinduced catalysis of these systems proceeds via OH•

radical formation in reaction medium. To recognize the
presence of OH• radicals, we have done a typical experiment
using terephthalic acid (TA) as a probe, which reacts with
reactive OH• radicals and generates 2-hydroxyterephthalic acid
(TAOH), a fluorescence active species.20 The fluorescence
intensity of TAOH is proportional to the amount of OH•

radicals produced under visible light illumination. Upon
excitation at 315 nm, the maximum intensity at 425 nm was
measured at 10 min time intervals. It is seen from Figure 8A
that fluorescence intensity gradually increases with increasing
irradiation time. This consequence indicates that the OH•

radical is definitely produced at the time of photocatalysis.
Figure 8B shows that the fluorescence intensity at 425 nm
linearly increases with irradiation time.
We have also performed parallel experiments in the absence

of light and without catalyst, where no significant fluorescence
enhancement was observed. This study reveals that only a
catalyst generates OH• radicals under visible light illumination,
which degrades the pollutant molecules. We have performed
LC−MS study to identify the oxidative degradation inter-
mediate in solution in the presence of NS/RGO as catalyst
under light illumination. The intensity of MB peaks decreases
and generates some new peaks of degraded products after 30
min. The probable intermediate products were illustrated in the
Supporting Information (Figures S9 and S10). Taking this into

account, the probable mechanism of photocatalysis in this
system is given below:

ν+ → − +h hCdS CdS (e ... )CB VB

+ → +−CdS (e ) RGO RGO (e) CdSCB

+ → +•−RGO (e) O O RGO2 2

+ → +•− • −O H O HO OH2 2 2

+ → · +•HO H O OH H O2 2 2 2

→ ·2H O 2OH2 2

· + → +OH MB CO H O2 2

+ →+CdS (h ) MB Degraded productsVB

■ CONCLUSION
In this report, we have synthesized grapheme oxide−CdS
(nanoparticle, nanorod, and nanosheet) composites and
investigated the influence of dimension of CdS nanocrystals
on photocatalytic properties of these composites. Structural
characterization has been done by XRD, TEM, FTIR, UV−vis,
and Raman analysis. Electronic interaction is found to be strong
in the case of RGO and CdS nanosheet. The photocatalytic
activity of these composites has been estimated by degradation
of Methylene Blue dye under constant visible light irradiation.
It is observed that the CdS nanosheet/RGO composite exhibits
significantly higher photocatalytic activity compared to nano-
rods and nanoparticle composites. Dimensionality-dependent
photocatalytic activity could pave the way for developing new
challenging catalytic materials.

■ ASSOCIATED CONTENT
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AFM image of CdS NS; TEM and HRTEM images of CdS
nanoparticles, nanorods, and nanosheets and their composites
with RGO; elemental analysis and mapping of NS/RGO hybrid
system; XPS of CdS-4ATP; zeta potential of the surface-
functionalized CdS nanocrystals; reusability of the catalyst;
BET surface area plots of different CdS nanocrystals;
comparison of photocatalysis between NS/RGO composite,
NS/RGO physical mixture, and NS; LC−MS spectra; and
probable intermediate products formed during photocatalytic

Figure 8. (A) Fluorescence intensity changes with time of the NS−RGO composite in a basic solution of terephthalic acid mixture under light
irradiation. (B) Fluorescence intensity at 425 nm against illumination time for TAOH.
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