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ABSTRACT: We report the self-assembly of uniform CdS nanospheres/
graphene (CdS NSPs/GR) hybrid nanocomposites via electrostatic interaction
of positively charged CdS nanospheres (CdS NSPs) with negatively charged
graphene oxide (GO), followed by GO reduction via a hydrothermal treatment.
During this facile two-step wet chemistry process, reduced graphene oxide
(RGO, also called GR) and the intimate interfacial contact between CdS NSPs
and the GR sheets are achieved. Importantly, the CdS NSPs/GR nano-
composites exhibit a much higher photocatalytic performance than bare CdS
NSPs toward selective reduction of nitro organics to corresponding amino
organics under visible light irradiation. The superior photocatalytic performance
of the CdS NSPs/GR nanocomposites can be attributed to the intimate
interfacial contact between CdS NSPs and the GR sheets, which would maximize
the excellent electron conductivity and mobility of GR that in turn markedly
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contributes to improving the fate and transfer of photogenerated charge carriers from CdS NSPs under visible light irradiation.
Moreover, the photocorrosion of CdS and the photodegradation of GR can be efficiently inhibited. The excellent reusability of
the CdS NSPs/GR nanocomposites can be attributed to the synergetic effect of the introduction of GR into the matrix of CdS
NSPs and the addition of ammonium formate as quencher for photogenerated holes. It is hoped that our current work could
promote us to efficiently harness such a simple and efficient self-assembly strategy to synthesize GR-based semiconductor
composites with controlled morphology and, more significantly, widen the application of CdS/GR nanocomposite photocatalysts
and offer new inroads into exploration and utilization of GR-based semiconductor nanocomposites as visible light photocatalysts

for selective organic transformations.

KEYWORDS: CdS nanospheres (CdS NSPs), graphene (GR), electrostatic self-assembly, photocatalytic reduction,

aromatic nitro organics

B INTRODUCTION

Graphene, which consists of a one-atom-thick planar sheet
comprising an sp>-bonded carbon structure with exceptionally
high crystal and electronic quality, is a novel material that has
emerged as a rapidly rising star in the field of material
science.'~* Ever since its discovery in 2004, graphene has been
making a profound impact in many areas of science and
technology due to its remarkable physicochemical properties.
Especially, graphene possesses a high thermal conductivity
(5000 W m™ K'), offers an excellent mobility of charge
carriers at room temperature (200 000 cm? V1 s71), exhibits an
extremely high theoretical specific surface area (2600 m* g™'),
and can be produced on a large scale at low cost.”®”’
Currently, it has been regarded as an important building block
for synthesizing various functional composite materials.
Notably, graphene (GR)-based semiconductor photocatalysts
have attracted extensive attention because of their promising
potential for conversion of solar to chemical energy.g_16 So far,
GR-based semiconductor nanocomposite photocatalysts are
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mainly focused on “nonselective” degradation of pollutants
(dyes and volatile organic pollutant), photocatalytic destruction
of bacteria and minuscule animals and water splitting to
hydrogen.”™"*'”7** In contrast, research work on utilizing GR-
based semiconductor nanocomposites for photocatalytic
“selective” redox reaction is relatively limited. Recently, our
group has reported that GR-CdS, GR-TiO,, and GR-ZnS
photocatalysts can be used as a visible light photocatalyst for
aerobic selective oxidation of alcohols to aldehydes and
oxidation of alkenes to epoxides.ls"ss_37 On the other hand,
GR-based semiconductor nanocomposites have been demon-
strated to exhibit much higher photocatalytic activity than bare
semiconductors for selective photoreduction of CO, to CH,
under both UV light and visible light irradiation.>®** These
pioneering research works have strongly demonstrated that
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GR-based semiconductor nanocomposites hold great growth
promise for heterogeneous photocatalytic selective redox
transformations under ambient conditions. In addition,
compared with selective oxidation reactions, photocatalytic
selective reduction reactions are less frequently investigated
over GR-based semiconductor composites. Therefore, it is of
high interest to explore photocatalytic selective reduction
driven by GR-based semiconductor composites.

It has been generally recognized that the fate and transfer of
photogenerated electrons from semiconductor under light
irradiation play an important role in the efficiency in triggering
photocatalytic selective reduction reaction.**"* On account of
superior electron conductivity and mobility of GR, the
introduction of GR into the matrix of pure semiconductor via
an appropriate manner should in principle boost the transfer
and prolong the lifetime of the electrons photoexcited from
semiconductor, which thus is able to drive selective reduction
process more efficiently. Therefore, it could be reasonably
expected that GR-based semiconductor nanocomposites have a
great, promising potential for photocatalytic selective reduction
reaction. However, research works available in the literature
regarding photocatalytic reduction are mainly focused on the
gas phase photoreduction of CO, for improved solar fuel
production.®*” In contrast, it is still not available for the
utilization of GR-based semiconductor composites photo-
catalysts for liquid phase selective reduction of nitro organics
to amino organics in water, which is one of the significant
synthetic reactions in organic chemistry.

Among the abundant GR-based semiconductor composites,
CdS/GR hybrid composites have widely received attention and
been successfully synthesized for the study of optical, electronic
properties or application in photoelectrochemical cells, photo-
catalytic hydro§en evolution, and selective oxidation of
alcohols.”>**3%*375% Nevertheless, few research works report
the utilization of CdS/GR composites for photocatalytic
selective reduction of aromatic nitro organics, an important
organic transformation. Furthermore, it should be noted that
most of the CdS/GR composites are mainly prepared via in situ
growth strategy, which can avoid the agglomeration of the CdS
nanoparticles on the two-dimensional (2D) GR sheets and
increase the interfacial contact between CdS and GR. On the
other hand, increasing interest has also been devoted to
fabricating GR-based nanocomposite photocatalysts by devel-
oping new synthetic strategies, among which the electrostatic
self-assembly strategy has specific advantages on controlling the
morphology of the semiconductor in a uniform manner, while
this approach can also meet the needs for a good interfacial
contact between semiconductor and the GR sheets.>**
Importantly, this strategy skillfully utilizes the negatively
charged surface of GO colloids, which can be ascribed to the
deprotonation of the carboxyl groups (—COOH) during the
dialysis process in the synthesis of GO.**° As a matter of fact,
until now, the report on synthesis of uniform CdS nano-
spheres/graphene (CdS NSPs/GR) by such a simple self-
assembly strategy, in terms of the electrostatic interaction of
negatively charged GO and positively charged semiconductor,
has been lacking.

In this paper, we have newly fabricated CdS nanospheres/
graphene (CdS NSPs/GR) hybrid nanocomposites via a facile
two-step wet chemistry process, ie., electrostatic assembly of
positively charged CdS nanospheres (CdS NSPs) with
negatively charged graphene oxide (GO) followed by GO

reduction to GR via a hydrothermal treatment. The as-obtained
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CdS NSPs/GR nanocomposites are able to exhibit a very
stable, much higher photocatalytic performance than bare CdS
NSPs toward selective reduction of nitro organics to amino
organics in water under visible light irradiation. The significant
photoactivity enhancement of CdS NSPs after coupling with
GR is mainly attributed to the excellent electron conductivity of
GR which acts as a two-dimensional (2D) network of an
electron reservoir to accept and shuttle electrons photo-
generated from the semiconductor CdS NSPs. As a result, the
separation and lifetime of electron—hole pairs are improved,
which thus contributes to the enhanced photoactivity. In
addition, no apparent photodegradation of GR is observed in
the current reaction system. This work provides a first example
to use uniform CdS NSPs/GR nanocomposites as visible light
photocatalyst for selective reduction of nitro organics to
corresponding amino organics in water. It is anticipated that
our current work could promote us to efficiently harness such a
simple and efficient electrostatic self-assembly strategy to
synthesize GR-based semiconductor composites with con-
trolled morphology and, significantly, widen the application of
CdS/GR and other GR-based semiconductor nanocomposites
photocatalysts for selective organic reduction transformations.

B EXPERIMENTAL SECTION

Materials. All reagents were analytical grade and used without
further purification. Cadmium acetate dihydrate (Cd-
(CH,;C00),-2H,0), thiourea (NH,CSNH,), (3-aminopropyl)-
triethoxysilane (CoH,3NO5Si, APTES), graphite powder, sulfuric
acid (H,S0O,), nitric acid (HNOj;), hydrochloric acid (HCI), potassium
persulfate (K,S,0;), phosphorus pentoxide (P,O;), hydrogen
peroxide, 30% (H,O,), potassium permanganate (KMnO,), and
ethanol (C,H¢O) were obtained from Sinopharm Chemical Reagent
Co., Ltd. (Shanghai, China). Deionized water used in the synthesis was
from local sources.

Preparation. The uniform CdS NSPs/GR nanocomposites have
been fabricated by a facile and efficient electrostatic self-assembly
method, followed by hydrothermal reduction of GO with deionized
water solvent, as illustrated in Scheme 1. (I) Fabrication of uniform CdS
nanospheres (CdS NSPs). Uniform CdS NSPs were obtained through a
facile hydrothermal method.®” The detail of the typical process is
presented in the Supporting Information. (II) Synthesis of graphene
oxide (GO). GO was synthesized from natural graphite powder by a
modified Hummers method, which was also used in our previous

Scheme 1. Schematic Flowchart for Electrostatic Self-
Assembly of Uniform CdS NSPs/GR Nanocomposites,
Followed by GO Reduction via a Hydrothermal Treatment
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studies.””* The detail of the typical process is presented in the

Supporting Information. (III) Synthesis of uniform CdS NSPs/GR
nanocomposites by electrostatic self-assembly of CdS NSPs on the
framework of GR. 0.4 g CdS NSPs was first dispersed in 200 mL of
ethanol by sonication for 30 min. Then, APTES (2 mL) was added,
heated, and refluxed for 4 h. For reference, the structural formula of
APTES has been displayed in the Supporting Information. APTES-
treated CdS NSPs were sufficiently rinsed with ethanol to wash away
any remaining APTES moiety. A negatively charged GO suspension
(0.2 mg/mL) was added into a positively charged amine-functionalized
CdS NSPs dispersion at the weight ratio of GO to CdS NSPs at 0.02:1,
0.05:1, and 0.1:1 under vigorous stirring at pH = 6. After mixing for 30
min, the mixture was centrifuged and washed with deionized water.
For the reduction of GO to GR, a hydrothermal process was used as
follows."”® CdS NSPs/GO (0.2 g) nanocomposites with different
weight addition ratios of GR were dispersed in deionized water (80
mL) and then autoclaved in a Teflon-lined stainless steel vessel at 120
°C for 12 h, which allows sufficient reduction of GO to GR. Next, the
products were cooled to room temperature and recovered by filtration,
washed by water, and fully dried at 333 K in an oven to obtain the final
CdS NSPs/GR nanocomposites with different weight addition ratios
of GR, namely, 2, 5, and 10% CdS NSPs/GR nanocomposites.
Characterization. Zeta potentials (¢) measurements of the
samples were determined by dynamic light scattering analysis (Zeta
sizer 3000HSA) at room temperature of 25 °C. In brief, 25 mg of the
sample was diluted to 50 mL of deionized water to obtain a
concentration of ca. 500 mg/L in an aqueous solution. The pH
adjustment was achieved by diluted 0.1 M HCI or NaOH aqueous
solution when the zeta potential of the sample was measured as a
function of pH value. The crystal phase properties of the samples were
analyzed with a Bruker D8 Advance X-ray diffractometer (XRD) using
Ni-filtered Cu Ko radiation at 40 kV and 40 mA in the 26, ranging
from 5° to 80° with a scan rate of 0.02° per second. Field-emission
scanning electron microscopy (FESEM) was used to determine the
morphology of the samples on a FEI Nova NANOSEM 230
spectrophotometer. Transmission electron microscopy (TEM) images
were obtained using a JEOL model JEM 2010 EX instrument at an
accelerating voltage of 200 kV. Tapping-mode atomic force
microscopy (AFM) measurements have been performed on a
Nanoscope IIIA system in our previous work.'> The sample for
AFM imaging is prepared by depositing suspensions of graphene oxide
(GO) in ethanol on a freshly cleaved mica surface. X-ray photo-
electron spectroscopy (XPS) measurements were carried out on a
Thermo Scientific ESCA Lab250 spectrometer which consists of a
monochromatic Al Ka as the X-ray source, a hemispherical analyzer
and sample stage with multiaxial adjustability to obtain the surface
composition of the sample. All of the binding energies were calibrated
by the C 1s peak at 284.6 €V. The details of XPS fitting are as follows:
choosing Smart subtraction for the peak background subtraction and
Gaussian shape as the shape of the peaks used for the deconvolution.
Raman spectroscopic measurements were performed on a Renishaw
inVia Raman System 1000 with a 532 nm Nd:YAG excitation source at
room temperature. The Fourier transformed infrared spectroscopy
(FTIR) was performed on a Nicolet Nexus 670 FTIR spectropho-
tometer at a resolution of 4 cm™'. The Brunauer—Emmett—Teller
(BET) specific surface area (Sgpr) of the samples was analyzed by
nitrogen adsorption in a Micromeritics ASAP 2020 apparatus. The
electrochemical analysis was carried out in a conventional three-
electrode cell using a Pt plate and an Ag/AgCl electrode as the counter
electrode and reference electrode, respectively. The electrolyte was 0.2
M Na,SO, aqueous solution without additive (pH = 6.8). The working
electrode was prepared on indium—tin oxide (ITO) glass which was
cleaned by sonication in ethanol for 30 min and dried at 353 K. The
boundary of ITO glass was protected using scotch tape. A S mg sample
was dispersed in 0.5 mL of N,N-dimethylflormamide (DMF, supplied
from Sinopharm Chemical Reagent Co., Ltd.) by sonication to get
slurry. The slurry was spread onto the pretreated ITO glass. After air
drying, the working electrode was further dried at 393 K for 2 h to
improve adhesion. Then the scotch tape was unstuck, and the
uncoated part of the electrode was isolated with epoxy resin. The
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exposed area of the working electrode was 0.25 cm”. The photocurrent
measurements were taken on a BAS Epsilon workstation without bias.
The electrochemical impedance spectroscopy experiments were
conducted on a Precision PARC workstation. The photoluminescence
(PL) spectra for solid samples were investigated on an Edinburgh FL/
FS900 spectrophotometer with an excitation wavelength of 468 nm.

Photocatalytic Activity. In a typical photocatalytic reaction, a 300
W Xe arc lamp (PLS-SXE 300, Beijing Perfect light Co., Ltd.) with a
UV—CUT filter to cut off light of wavelength 4 < 420 nm was used as
the irradiation source. Fifteen mg of the samples was added into 30
mL of the aromatic nitro compounds solution (20 mg-L™") in a quartz
vial. Before visible light illumination, the above suspension was stirred
in the dark for 1 h to ensure the establishment of adsorption—
desorption equilibrium between the sample and reactant. During the
process of the reaction, 3 mL of the sample solution was collected at a
certain time interval and centrifuged to remove the catalyst completely
at 12000 rmp. Afterward, the solution was analyzed on a Varian
ultraviolet—visible light (UV—vis) spectrophotometer (Cary—50,
Varian Co.). The whole experimental process was conducted under
N, bubbling at the flow rate of 80 mL-min™".

B RESULTS AND DISCUSSION

Electrostatic self-assembly of uniform CdS NSPs/GR nano-
composites has been performed by partly wrapping uniform
CdS NSPs with graphene oxide (GO), followed by GO
reduction via a hydrothermal treatment, which is displayed in
Figure 1(A) and Scheme 1. As shown in Figure 1(B) and (C),

(A)

Amine=treated
CdSNSPs

(dS NSPs partly
wrapped by GO

CASNSPspartly
wrapped by GR

Figure 1. Schematic illustration of synthesis steps for GR-partly
wrapped CdS NSPs and corresponding SEM images. (A) Synthesis
steps of GR-partly wrapped CdS NSPs. (B) and (C) SEM images of
bare CdS NPs prepared by hydrothermal method. (D) and (E) SEM
images of GO-partly wrapped CdS NSPs. (F) and (G) SEM images of
GR-partly wrapped CdS NSPs.

uniform CdS NSPs with an average diameter of 240 nm have
been obtained through a hydrothermal process. With the
modification by (3-aminopropyl)triethoxysilane (APTES), the
surface of CdS NSPs has amine functional groups, by which the
positively charged CdS NSPs are obtained. The zeta potential
measurement of GO reveals a significant negatively charged
surface along with excellent stabilization in the whole pH
regime (1—10), as displayed in Figure S1 (Supporting
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Information). The stabilization of GO colloids in this pH range
is due to electrostatic repulsions between charged GO. The
negatively charged surface of GO colloids is due to the
deprotonation of the carboxyl groups (—COOH) during the
dialysis process in the synthesis of GO,>>® which establishes a
solid and eflicient basis for electrostatic attraction with the
positively charged CdS NSPs.

The GO-partly wrapped uniform CdS NSPs can then be
achieved by coassembly of positively charged CdS NSPs with
negatively charged GO nanosheets (CdS NSPs/2% GO in
Figure 1(D) and CdS NSPs/5% GO in Figure 1(E)) in an
aqueous phase with the control of pH = 6. Followed by a
hydrothermal process of reduction of GO to GR, the uniform
CdS NSPs/GR nanocomposites (CdS NSPs/2% GR in Figure
1(F) and CdS NSPs/5% GR in Figure 1(G)) are obtained. The
SEM characterization suggests a good interfacial contact
formed between the uniform CdS NSPs and the GR sheets.
Furthermore, the hydrothermal treatment process of GO
reduction hardly affects the well-defined spherical morphology
of uniform CdS NSPs, manifesting that such a simple,
electrostatic self-assembly strategy has the dual advantages on
maintaining the original uniform morphology of semiconductor
CdS NSPs and, simultaneously, achieving the good interfacial
contact.

It can be inferred from the SEM results that close interfacial
contact between CdS NSPs and GR is achieved, which can be
further evidenced by transmission electron microscopy (TEM)
analysis. For CdS NSPs/5% GR nanocomposite shown in
Figure 2, GR sheets-wrapped CdS NSPs like core@shell

Figure 2. TEM images of CdS NSPs/5% GR nanocomposite.

structure are constructed, manifesting that the intimate
interfacial contact between CdS NSPs and GR sheets is
achieved via such a simple, electrostatic self-assembly strategy,
which is in agreement with the SEM results. The joint SEM and
TEM characterization faithfully verifies such a sufficient
interfacial contact formed between the CdS NSPs and the
GR sheets. Since the transfer process of charge carriers in GR-
semiconductor nanocomposites is intimately related with the
interfacial interaction between GR and the semiconduc-
tor, #3739 it could be expected that such an intimate
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interfacial contact for the CdS NSPs/5% GR nanocomposite
should favor the photogenerated charge carrier transfer process
across the interface between CdS NSPs and GR upon visible
light irradiation. In addition, it is established that such a GR-
wrapped bacteria structure with a close interfacial contact
between GR and bacteria is also beneficial for the inactivation
of bacteria.**

The XRD patterns of GO, GR, and the CdS NSPs/GR
nanocomposites are shown in Figure 3. It can be seen that GO
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Figure 3. XRD patterns of the samples of GR and GO (A) and the
samples of blank CdS NSPs and CdS NSPs/GR nanocomposites with
different weight addition ratios of GR (B).

shows a sharp diffraction peak at 20 value of ca. 10.1°. For the
GR obtained from the hydrothermal reduction, the diffraction
peak at ca. 10.1° disappears and a very broad diffraction peak at
20 of ca. 25.0° appears, which means that GO sheets have been
effectively exfoliated from the raw graphite, and, after
hydrothermal reduction, almost all GO sheets have been
transformed to GR with a random packing and significantly less
functionalities.***® For the CdS NSPs/GR nanocomposites
with different weight addition ratios of GR, they show similar
XRD patterns to blank CdS NSPs. The peaks located at ca.
24.8, 26.5, 28.2, 36.6, 43.7, 47.9, 50.9, S51.8, 52.8, 66.8, 69.2,
70.9, 72.3, and 75.4° are distinctly indexed to the (100), (002),
(101), (102), (110), (103), (200), (112), (201), (203), (210),
(211), (114), and (10S) crystal planes of greenokite structure
CdS (JCPDS No. 41-1049) with a hexagonal phase,
respectively. Notably, no diffraction peaks for GR can be
observed in the nanocomposites of CdS NSPs/GR, which
might be due to the low amount and relatively low diffraction
intensity of GR in the nanocomposites of CdS NSPs/GR."> On
the other hand, the main characteristic peak of GR at ca. 25.0°
may also be overlapped with the (100) peak of hexagonal CdS.

The efficient reduction of GO to GR after the hydrothermal
treatment can also be evidenced by the contrast comparison of

dx.doi.org/10.1021/am4010286 | ACS Appl. Mater. Interfaces 2013, 5, 4309—4319
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the C 1s X-ray photoelectron spectra (XPS) of GO and CdS
NSPs/GR (here, taking CdS NSPs/5% GR as an example),
which is displayed in Figure 4. For the bare GO, the C 1s XPS

c1s (A) CdS NSPs/5% GR

A CC,C=C&C-H

C-OH
[

COC&C=0

Intensity(a.u.)

280 285 290 295
Binding Energy (eV)
1s

(B)GO ¢

Intensity(a.u.)

25 268 291
Binding Energy (eV)

T
282

Figure 4. C 1s X-ray photoelectron spectra (XPS) of CdS NSPs/5%
GR nanocomposite (A) and the original GO (B).

spectra suggest the abundance of various oxygen-containing
functional groups on the GO surface. For the CdS NSPs/5%
GR nanocomposite, the significant loss of oxygen-containing
functional groups is observed based on the C 1s XPS spectra in
Figure 4(A), which indicates the sufficient reduction of GO to
GR after coupling CdS NSPs with GO via a hydrothermal
reduction treatment.">*® The XPS result is in good agreement
with the Fourier transformed infrared spectroscopy (FTIR), as
shown in Figure S2 (Supporting Information), which also
indicates the hydrothermal treatment is able to efficiently
reduce GO to GR. Figure S(A) shows the Raman spectra of
GO, graphite (GP) and CdS NSPs/5% GR nanocomposite. Of
particular note is the intensity ratio of the D band (~1350
cm™!) and G band (~1590 cm™), I/I;, which is a measure of
the relative concentration of local defects or disorders
(particularly the sp*-hybridized defects) compared to the sp*
hybridized GR domains.'>*%3® Tt can be seen that the Ip/Ig
ratio is 1.03 for GO. After the hydrothermal reaction, the I,/I;
ratio is decreased to 0.96, thus indicating more graphitization of
the CdS NSPs/5% GR nanocomposite resulting from the
hydrothermal reduction process. In addition, as compared to
Raman spectra of GP, we can draw the conclusion that it is
graphene rather than graphite in the hybrid nanocomposites.
To verify the number of graphene layers in the produced
nanocomposites, we have analyzed the variation of the 2D band
at ~2700 cm**%77% 45 displayed in Figure S(B). The
observed spectrum variation is in agreement the previously
reported data.?”® The 2D peaks of the CdS NSPs/5% GR
nanocomposite powders and GR powders are found with lower
intensity than graphite powders, manifesting the restack and
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Figure 5. Raman spectra of GO, graphite (GP), and CdS NSPs/5%
GR nanocomposite (A) and GR, GP, and CdS NSPs/5% GR
nanocomposite (B) at room temperature.

agglomeration of GR sheets occur in the reduction of GO to
GR. Compared with previous works,®*7* it can be referred
from the intensity and location of 2D peak for CdS NSPs/5%
GR that the number of GR layers in the nanocomposite is not
single or bistratal but multilayer. In addition, atomic force
microscopy (AFM) images and height profiles of GO are
provided in Figure S3 (Supporting Information). The results
demonstrate that GO used in our experiment are almost single-
layer, which can be widely used in fabricating GR-based
semiconductor photocatalysts to increase the interfacial contact
and synergistic interaction between GR and semiconductor.
Nevertheless, in the synthesis of GR-based semiconductor
nanocomposites, the GR prepared from reduction of GO,
which was prepared by removing the hydrophilic oxygen
functional groups from carbon planar of GO sheets, would
easily stack and agglomerate. Thus, it is understandable that
graphene in the GR-based nanocomposites is hardly single-
layer, thus leading to the low intensity of a 2D peak in the
Raman spectra.

The photocatalytic activities of uniform CdS NSPs/GR
nanocomposites have been evaluated by selective reduction of
aromatic nitro organics to corresponding amino organics in the
aqueous phase with the addition of ammonium formate as
quencher for photogenerated holes and N, purge under visible
light irradiation. Figure 6(A) shows the photocatalytic activity
of blank CdS NSPs and uniform CdS NSPs/GR nano-
composites with different weight addition ratios of GR toward
photocatalytic selective reduction of 4-nitroaniline (4-NA). The
CdS NSPs/GR nanocomposites exhibit much higher photo-
catalytic activity than bare CdS NSPs and the photocatalytic
reduction efficiency of 4-NA follows the order: CdS NSPs/5%

dx.doi.org/10.1021/am4010286 | ACS Appl. Mater. Interfaces 2013, 5, 4309—4319
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Figure 6. Photocatalytic selective reduction of 4-NA to PPD over bare CdS NSPs and the CdS NSPs/GR nanocomposites with different weight
additions of GR (A) and (C) and photocatalytic selective reduction of 4-NA to PPD over CdS NSPs, CdS NSPs/5% GO, and CdS NSPs/5% GR

(B) and (D), under visible light irradiation.

GR > CdS NSPs/2% GR > CdS NSPs/10% GR > bare CdS
NSPs. As displayed in Figure S4 (Supporting Information), the
absorption at 380 nm decreases, and absorption at 240 and 300
nm increases concomitantly, which can be ascribed to the
reduction of 4-NA and the formation of p-phenylenediamine
(PPD).” This is further corroborated by the high performance
liquid chromatograph (HPLC) spectra, as shown in Figure SS.
To study the influence of efficient reduction of GO to GR on
the photocatalytic activity, the photocatalytic performance of
CdS NSPs/5% GO has been performed for reduction of 4-NA
to PPD, which is depicted in Figure 6(B). As expected, CdS
NSPs/5% GR exhibits higher photoactivity than CdS NSPs/5%
GO, which suggests that efficient reduction of GO to GR plays
a positive role in improving the photocatalytic activity for
reduction of 4-NA. In addition, the kinetics of the reduction of
4-NA to PPD based on the above data has been investigated.
Different from the degradation of dyes in previous studies,”*
the reduction kinetics of nitro organics can be fitted by the
ExpAssoc model from nonlinear curve fit based on the
experimental data. As displayed in Figure 6(C) and (D), it is
clear that the CdS NSPs/5% GR nanocomposite exhibits the
best photocatalytic reduction efficiency among all the samples,
which is in accordance with the photocatalytic activities in
Figure 6(A) and (B). Importantly, these reach a consensus that
the induction of an appropriate amount of GR into the matrix
of CdS NSPs can result in obvious enhancement of
photocatalytic performance for selective reduction of 4-NA.
To ensure if such an enhancement of photocatalytic activity
toward reduction of nitro organics is general, we have further
investigated the photocatalytic performance of bare CdS NSPs
and CdS NSPs/5% GR toward selective reduction of other
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aromatic nitro compounds with various substituent groups,
including 4-nitrophenol, 2-nitrophenol, 2-nitroaniline, 1-chloro-
4-nitrobenzene, 4-nitroanisole, and 1-bromo-4-nitrobenzene.
As can be clearly reflected by the data in Figure 7A—F, such a
similar significantly enhanced activity trend has been observed,
similar to that for selective reduction of 4-NA to PPD. Since the
photocatalytic reduction efficiency is intimately related with the
fate and transfer of photogenerated electrons, the highly
enhanced photocatalytic performance, as observed for photo-
reduction of aromatic nitro organics, could be attributed to the
fact that the addition of GR into the matrix of CdS NSPs would
remarkably improve the fate and transfer of photogenerated
electron—hole pairs from CdS NSPs. In addition, it should be
noted that, in our reaction system, the photogenerated positive
holes are quenched by the addition of ammonium formate, thus
offering an adequate opportunity of spatial contact between
photogenerated electrons and reactants (aromatic nitro
organics). Besides, the presence of GR could also increase
the concentration of the reactants accumulating over the
surface of photocatalysts. These integrative factors can result in
the increased photocatalytic activity of CdS NSPs/5% GR as
compared to bare CdS NSPs. The above inferences have been
sufficiently evidenced by the following characterization of
photocatalysts CdS NSPs/5% GR and bare CdS NSPs, which
include photoelectrochemical analysis, photoluminescence
(PL) spectra, and surface area measurement.

Table S1 shows the Brunauer—Emmett—Teller (BET)
surface area and pore volume of the samples bare CdS NSPs
and CdS NSPs/5% GR. It is seen that the introduction of GR
gives rise to a larger surface area and total pore volume than
those of bare CdS NSPs. The increased surface area and pore
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Figure 7. Photocatalytic performance of CdS NSPs, CdS NSPs/5% GO nanocomposite for photocatalytic reduction of other aromatic nitro
compounds under ambient conditions: (A) 4-nitrophenol; (B) 2-nitrophenol; (C) 2-nitroaniline; (D) 1-chloro-4-nitrobenzene; (E) 4-nitroanisole;

(F) 1-bromo-4-nitrobenzene.

volume lead to the difference in the adsorptivity of samples
toward aromatic nitro organics, which is faithfully verified by
the results of adsorption experiments in the dark for 4-NA. As
displayed in Figure S6 (Supporting Information), it can be seen
that the introduction of GR can increase the adsorptivity of the
samples for reactants, which is beneficial for the undergoing of
the targeted reactions.”®***>*¢ In addition, the adsorptivity
enhancement could also result from the 7z—7 conjugation
between aromatic nitro organics and aromatic regions of
graphene. Such an increased adsorptivity of CdS NSPs/5% GR
nanocomposite is beneficial for reduction of aromatic nitro
organics on the surface of photocatalyst under visible light
irradiation.

Figure 8 shows the photocurrent of CdS NSPs/5% GR and
bare CdS NSPs electrodes under visible light irradiation. It is
clear to see that, due to the introduction of GR, the transient
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photocurrent response of CdS NSPs/5% GR is remarkably
higher than bare CdS NSPs, suggesting the significantly
enhanced life span over CdS NSPs/5% GR under visible light
irradiation. This is also supported by the results of photo-
luminescence (PL) spectra, which is a well-known technique to
study the fate of electron—hole pairs photogenerated from
semiconductor.”>*%% It can be seen from Figure S7
(Supporting Information) that the PL intensity of CdS
NSPs/5% GR is much weaker than CdS NSPs, indicating
that the recombination of photogenerated electron—hole pairs
is efficiently hampered after the integration of CdS NSPs with
GR. To further determine the advantage of CdS NSPs/5% GR
over CdS NSPs in improving the charge carriers transfer,
electrochemical impedance spectra (EIS) Nyquist plot, a very
useful tool to characterize the charge-carrier migration, has also
been performed. It can be observed from Figure 9 that the CdS
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Figure 8. Transient photocurrent response of blank CdS NSPs and
CdS NSPs/5% GR nanocomposite in 0.2 M Na,SO, aqueous solution
(pH = 6.8) without bias versus Ag/AgCl electrode.

12
—v—CdS NSPs
S 1 ——CdS NSPs/5% GR
£
L
O
w
o
-—
X
=
E
N
0 T T T
0 1 52 3
Z,.,/(<10°0hm)

Figure 9. Nyquist impedance plots of blank CdS NSPs and CdS
NSPs/5% GR nanocomposite under visible light irradiation in 0.2 M
Na,SO, aqueous solution (pH = 6.8).

NSPs/5% GR nanocomposite exhibits depressed semicircles at
high frequencies compared with pure CdS NSPs, which
manifests a decrease in the solid state interface layer resistance
and the charge transfer resistance across the solid—liquid
junction on the surface by forming nanocomposites of CdS
NSPs with graphene.”® Namely, the more efficient transfer of
charge carriers is obtained over CdS NSPs/5% GR than CdS
NSPs. On the other hand, it should be noted that, in our
reaction system, the photogenerated positive holes are
scavenged by the quenching agent of ammonium formate.
Thus, the significantly improved lifetime and transfer of
photogenerated electrons for CdS NSPs/5% GR can effectively
lead to the enhanced photoactivity toward the sequential
reduction of aromatic nitro organics to the target product
amino organics.

Based on the above results, the introduction of GR into the
matrix of CdS NSPs in CdS NSPs/5% GR nanocomposite is
able to significantly improve the lifetime and transfer of
photogenerated charge carriers and, thus, increase the contact
efficiency of photogenerated electrons with reactants. In
addition, the introduction of GR also improves the adsorptivity
of CdS NSPs/5% GR toward reactants. These two integrative
factors result in the significant enhancement of photocatalytic
activity of CdS NSPs/5% GR toward reduction of aromatic
nitro organics in water under visible light irradiation.
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Compared with the photocatalytic activity, the stability of a
photocatalyst is also of much importance for its application. In
other words, attention should also be paid to 6pr0hibiting
photocatalyst deactivation for a sustainable reuse.”*”®> There-
fore, photocatalytic test on the reusability of the CdS NSPs/5%
GR nanocomposite is necessary. It has been established that
CdS generally suffers from photocorrosion due to the oxidation
of CdS by its own photogenerated holes, especially in aqueous
solution.**® Zhu et al.””®* and Dai et al.”® have reported
effective photocorrosion inhibition of ZnO via hybridization
with carbon materials (e.g, Cq, graphite-like carbon and
carbon nanotube). Ma and co-workers’® have synthesized CdS
nanoparticles dotted on the surface of multiwalled carbon
nanotubes, which could hamper the photocorrosion of CdS.
Thus, the intimate interfacial contact between CdS NSPs and
GR sheets could also inhibit the photocorrosion of CdS NSPs.
In addition, photogenerated holes are quenched by the addition
of ammonium formate, which also prevents the photocorrosion
of CdS NSPs during the photocatalytic reaction. This inference
is verified by no significant loss of photoactivity during five
successive recycling tests for reduction of 4-NA over CdS
NSPs/5% GR under visible light irradiation, as displayed in
Figure 10.

20.6-

CcIC

20 40 60 80
Reaction Time (min)

Figure 10. Recycling photocatalytic reduction of 4-NA over CdS
NSPs/5% GR nanocomposite under visible light irradiation (1 > 420
nm) with the addition of ammonium formate as quencher for
photogenerated holes and N, purge at room temperature in the

aqueous phase.

The other issue that should be mentioned is concerning the
possible degradation of GR during the photocatalytic
reaction.'”*® It has been shown that carbon bonds of graphene
can be cut by oxidation.®” Moreover, it has been reported that
the local degradation of GR sheets results from active *OH
radicals effectively produced by the photogenerated holes
accumulated in the tip of the excited ZnO nanorods.'”
Therefore, the existence of the photogenerated holes may
give rise to the photodegradation of GR. Nevertheless, in our
reaction system, the addition of ammonium formate as
quencher for photogenerated holes in photocatalytic selective
reduction of nitro organics effectively inhibits the photo-
degradation of graphene in aqueous solution. Thus, the
synergetic effect of the addition of GR and ammonium formate
as quencher for photogenerated holes makes CdS NSPs/5%
GR nanocomposite be a reusable and efficient catalyst for
photocatalytic reduction of aromatic nitro compounds in water.

To ensure the decisive role of photogenerated electrons
during reduction of aromatic nitro organics, we have performed
the controlled experiments, using AgNO; as scavenger for
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photogenerated electrons, for reduction of 4-NA over bare CdS
NSPs and CdS NSPs/5% GR under visible light irradiation.
The results are displayed in Figure 11. It is clear to see that no
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Figure 11. Controlled experiments for 4-NA reduction over CdS
NSPs (A) and CdS NSPs/5% GR (B) using AgNOj as scavenger for
photogenerated electrons under visible light irradiation (4 > 420 nm)
with the addition of ammonium formate as quencher for photo-
generated holes and N, purge at room temperature in the aqueous
phase.

conversion of 4-NA is observed over both CdS NSPs/5% GR
and bare CdS NSPs, which clearly indicates that the reduction
reactions of aromatic nitro organics are driven by the
photogenerated electrons under visible light irradiation. This
is reasonable because the overall photoreduction of aromatic
nitro organics to corresponding amino organics can be
expressed by the following formula (taking photoreduction of
4-NA to PPD as an example).*"7>%*

NO, NH;
CdS NSPs/GR
© + 6H' + Ge'_>© +H0
> 420 nm
NH, NH;
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On the basis of the above results, a tentative reaction
mechanism for photocatalytic selective reduction of aromatic
nitro organics to corresponding amino organics over CdS
NSPs/GR nanocomposites can be proposed as the following,
which is schematically displayed in Figure 12. Under the

. ] m *
DNIED Croanics g ottt Nitro ©:zanics
Amino Organics

Figure 12. Schematic diagram illustrating the photocatalytic reduction
process of aromatic nitro organics to corresponding amino organics
over the CdS NSPs/GR nanocomposite under visible light irradiation
(2 > 420 nm) with the addition of ammonium formate as quencher for
photogenerated holes and N, purge at room temperature.

illumination of visible light, CdS NSPs in the CdS NSPs/GR
photocatalyst is photoexcited to generate electron—hole pairs.
Due to the introduction of GR, the work function of which is
less negative than the conduction band of CdS (—0.08 V for
GR vs NHE),>** the photogenerated electrons can transfer
from CdS to the GR sheets, thus prolonging the lifetime of the
charge carriers. Simultaneously, the photogenerated holes are
trapped by the quenching agent of ammonium formate. In
addition, the N, purge provides an anaerobic atmosphere for
the reaction. Thus, the aromatic nitro organics have no
opportunity to undergo the oxidation reaction. Due to the
presence of GR, the photogenerated electrons from CdS NSPs
can easily transfer to the GR framework, by which the lifetime
and transfer of photogenerated electrons is significantly
improved. Meanwhile, the presence of GR also increases the
accumulating concentration of nitro organics over the surface of
CdS NSPs/GR nanocomposites. As a result, the adsorbed
aromatic nitro organics can be effectively reduced to amino
organics by accepting photogenerated electrons from CdS
NSPs/GR under visible light irradiation.

H CONCLUSION

In summary, we have successfully fabricated uniform CdS
NSPs/GR hybrid nanocomposites via an electrostatic self-
assembly route combined a facile hydrothermal process, during
which GR and the intimate interfacial contact between CdS
NSPs and the GR sheets are achieved. The CdS NSPs/GR
hybrid nanocomposites are demonstrated to exhibit high visible
light photocatalytic performance and excellent reusability
toward selective reduction of aromatic nitro organics to
corresponding amino organics in water. The high photo-
catalytic activity of CdS NSPs/GR hybrid nanocomposites can
be ascribed to the increased adsorptivity, the improved lifetime
and transfer of charge carriers (particularly for photogenerated
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electrons), and the addition of ammonium formate as quencher
for photogenerated holes. The photocorrosion of CdS and the
photodegradation of GR in aqueous solution are not observed
in our photocatalytic reduction reaction system. Thus, the CdS
NSPs/GR nanocomposite can be a good reusable visible light
catalyst for photoreduction of aromatic nitro organics. It is
hoped that our current work could promote further interest in
utilizing such a simple, efficient self-assembly strategy to
synthesize GR-based semiconductor hybrids with controlled
uniform morphology and good interfacial contact and, more
significantly, widen the application of CdS/GR nanocomposites
as visible light photocatalysts for selective organic reduction
transformations.
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