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n of 2D sandwich-like CdS
nanoparticles/nitrogen-doped reduced graphene
oxide hybrid nanosheets with enhanced
photoelectrochemical properties†

Sunli Wang,a Jingjing Li,a Xiaodan Zhou,a Changcheng Zheng,b Jiqiang Ning,c

Yijun Zhonga and Yong Hu*a

A facile surface-layer-absorption strategy was successfully integrated via a simple in situ sulfidation reaction

route for the deposition of CdS nanoparticles on N-doped reduce graphene oxide (N-rGO) nanosheets to

produce 2D sandwich-like CdS/N-rGO hybrid nanosheets (HNs). The successful doping of N in the rGO

nanosheets and the sandwich stuffing of CdS nanocrystals in the N-rGO sheets were revealed using a

variety of techniques, including XPS, XRD and TEM. Compared to the pure CdS and CdS/rGO samples,

the as-prepared sandwich CdS/N-rGO HNs exhibited a significantly enhanced photoelectrochemical

current response and improved photocatalytic activity for the reduction of aqueous Cr(VI) and the

photodegradation of rhodamine B (RhB) under visible-light irradiation. Owing to nitrogen doping in the

carbon network of graphene and the unique combination of the CdS nanocrystals and N-rGO

nanosheets, superior electrical conductivity could be obtained with the N-rGO matrix. This led to

improved charge separation and transport of the photoinduced carriers from the CdS nanoparticles as

well as enhanced photochemical performance, which was confirmed by transient photocurrent and

electrochemical impedance spectroscopy (EIS).
1. Introduction

As a newly emerging two-dimensional (2D) material possessing
extremely high electron mobility, graphene has potential
applications in photocatalysis,1–9 energy storage,10–13 and envi-
ronmental treatment.14,15 In particular, doping the carbon
network of graphene with heteroatoms (e.g., N, B, or P) intro-
duces electrocatalytic active sites and increases the electrical
conductivity and surface hydrophilicity.16,17 Moreover, N-doping
can also introduce new properties such as selective sensitivity
for different adsorbents and electrochemical catalytic
activity.18,19

Cadmium sulde (CdS), one of the most important II–VI
semiconductors, has attracted considerable interest because
of its suitable band gap energy of around 2.4 eV,
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corresponding well to the spectrum of sunlight as a photo-
catalyst and candidate for fabricating solar cells.20–24 However,
the photocatalytic activity of pure CdS is limited due to its poor
adsorption properties and photochemical instability. There-
fore, intensive research has been focused on incorporating
CdS composites with other active materials, such as metals,
different semiconductors and carbon materials, to retard the
fast recombination of photogenerated electron and hole
species.25–29 In addition, CdS nanoparticles tend to aggregate
during the solution synthesis process, which results in a
reduced surface area and a higher recombination rate of
photoinduced carriers. One effective way is the deposition of
these nanoparticles on the 2D reduced graphene oxide (rGO)
support.30,31 These delocalized conjugated materials can not
only avoid the agglomeration of photocatalyst particles as
supporting materials, but also match well with the photo-
catalysts in the energy level. Furthermore, an intensive inter-
face effect emerges in a hybrid system, leading to rapid charge
separation in the electron-transfer process.32

In this study, we present a novel surface-layer-absorption
followed by a simple in situ suldation reaction route to grow
CdS nanoparticles directly on the surface of N-doped reduce
graphene oxide (N-rGO) nanosheets to prepare 2D sandwich-
like CdS/N-rGO hybrid nanosheets (HNs). This is a very facile
process, requiring only N-rGO sheets as the supporting material
J. Mater. Chem. A, 2014, 2, 19815–19821 | 19815
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obtained from GO via a hydrothermal reaction with ammonia,
according to a reported procedure,33 and CdCl2$2.5H2O and
thioacetamide (TAA) as reagents. As a result, the as-prepared
CdS/N-rGO HNs exhibited a signicantly enhanced photo-
electrochemical current response and photocatalytic activity
compared to the pure CdS and CdS/rGO HNs, for the reduction
of aqueous Cr(VI) and the photodegradation of rhodamine B
(RhB) under visible-light irradiation.

2. Experimental section

All reagents were of analytical grade, purchased from the
Shanghai Chemical Reagent Factory, and used as received
without further purication.

2.1. Synthesis of rGO and N-rGO nanosheets

In a typical procedure, GO was prepared from graphite powder
using the modied Hummers method,34 then dispersed in
distilled water and ultrasonicated for 2 h to yield a yellow-brown
dispersion. Unexfoliated GO was then removed by centrifuga-
tion at 5000 rpm for 10 min. The resulting homogeneous GO
dispersion was stable for several months. A predetermined
amount of a 25% ammonia solution was added to the as-
obtained GO dispersion and the pH of the solution was adjusted
to 10. The mixture was then transferred to a Teon-lined
autoclave, which was heated to 120 �C in an oven and main-
tained at that temperature for 12 h. Finally, the product was
washed with distilled water and absolute ethyl alcohol for many
cycles and dried at 60 �C.

2.2. Synthesis of 2D sandwich-like CdS/N-rGO HNs

In a typical synthesis, 0.2 g of PVP and 0.4 mL of the N-rGO
dispersion (0.25 mg mL�1) were dispersed in 40 mL of distilled
water with the assistance of an ultrasonic bath for 15 min.
Subsequently, 0.114 g of CdCl2$2.5H2O was added to the solu-
tion and was stirred for 30 min to reach absorption equilibrium
between the N-rGO and Cd2+ ion. Subsequently, 0.1 g of TAA was
added to the abovementioned solution, stirred for 30 min, and
heated at 80 �C for 2 h with vigorous stirring. The nal product
was collected by centrifugation, washed several times with
distilled water and ethanol, and dried at 60 �C. For comparison,
pure CdS and CdS/rGO samples were also synthesized under
similar conditions.

2.3. Characterization

Powder X-ray diffraction (XRD) measurements of the samples
were obtained using a Philips PW3040/60 X-ray diffractom-
eter using Cu Ka radiation at a scanning rate of 0.06 deg s�1.
Scanning electron microscopy (SEM) was acquired using a
Hitachi S-4800 scanning electron micro-analyzer with an
accelerating voltage of 15 kV. Transmission electron
microscopy (TEM) and high-resolution transmission emis-
sion electron microscopy (HRTEM) were conducted at 200 kV
using a JEM-2100F eld emission TEM. The samples for the
TEM measurements were prepared by dispersing the prod-
ucts in ethanol and placing several drops of the suspension
19816 | J. Mater. Chem. A, 2014, 2, 19815–19821
on holey carbon lms supported by copper grids. The
absorption spectra were measured using a PerkinElmer
Lambda 900 UV-vis spectrophotometer at room temperature.
Further evidence of the product composition was inferred
from X-ray photoelectron spectroscopy (XPS) using a Kratos
Axis ULTRA X-ray photoelectron spectrometer with Al Ka X-
rays as the excitation source. The FT-IR spectrum was taken
using a Thermo NEXUS 670 Fourier transform infrared
spectrometer in the range of 400–4000 cm�1. The Raman
spectra were acquired using a Renishaw RM1000 confocal
microprobe under ambient conditions with a 514.5 nm laser
as the excitation light source. The zeta potential of the
nanoparticles was measured using a Malvern Zetasizer Nano
ZS dynamic light scattering system. The surface area of the
as-prepared samples was measured according to the Bru-
nauer–Emmett–Teller (BET) method using a BeiShiDe 3H-
2000PS2 analyzer.
2.4. Electrochemical tests

2.4.1. Transient photocurrent tests. Indium-tin-oxide sli-
ces (ITO) were boiled in a 2 M NaOH solution, and sonicated
successively in acetone, alcohol, and deionized water for 15
min each. Finally, the ITO electrodes were rinsed with deion-
ized water and dried at room temperature. The solution with
CdS/N-rGO HNs (20 mL, 0.25 mg mL�1) was dropped onto the
pretreated ITO (0.5 cm � 0.5 cm) and then dried at room
temperature. The photocurrent intensity was recorded on a
CHI 660C electrochemical workstation using a three-electrode
system: the modied-ITO electrode as the working electrode, a
platinum wire as the counter electrode, and a Ag/AgCl elec-
trode as the reference electrode. The photocurrent measure-
ments were carried out in phosphate buffer saline (PBS, 0.1 M,
pH ¼ 7.4) containing ascorbic acid (AA, 0.1 M), which was
deaerated by highly pure nitrogen for 20 min before the
experiments and then kept in a N2 atmosphere for the entire
experimental process. The applied potential was �0.2 V and a
500 W Xe lamp equipped with a monochromator was used as
the irradiation source to produce the monochromatic light at
420 nm.

2.4.2. The electrochemical impedance spectroscopy (EIS).
A conventional three-electrode electrochemical cell was used
with a modied glass carbon electrode (GCE, diameter
3.0 mm) as the working electrode, a saturated calomel elec-
trode (SCE) as the reference electrode, and a platinum wire as
the auxiliary electrode. Before each modication, the bare
GCE was sequentially polished with 0.3 and 0.05 mm alumina
power slurries to a mirror-shiny surface and sonicated in
ethanol and ultrapure water. The CdS/N-rGO/Naon/GCE
electrode was prepared in the following manner: 5.0 mL of a
CdS/N-rGO ethanol (4 mg mL�1) solution was dripped onto
the surface of a freshly polished GCE; aer the electrode
dried, 2.0 mL of a 0.05% w/w Naon solution was pipetted
onto it. Aer drying again at room temperature, the CdS/N-
rGO/Naon/GCE electrode was obtained. The CdS/rGO/
Naon electrode and CdS/Naon electrode were prepared in
the same way.
This journal is © The Royal Society of Chemistry 2014
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2.5. Photocatalytic reduction of Cr(VI) and degradation of
RhB

The photocatalytic activities of the as-prepared materials
were evaluated by the photocatalytic reduction of Cr(VI) and
the degradation of RhB under visible light irradiation. The
reaction cell was placed in a sealed black box with the top
opened, and a 500 W Xe lamp with a cut-off lter at 420 nm
was used to provide visible-light irradiation. In a typical
process, to test the photocatalytic reduction of Cr(VI), 3.5 mg
of the as-prepared samples was added to 20 mL of Cr(VI)
solution (10 mg L�1), which was prepared by dissolving
K2Cr2O7 into deionized water. In addition, 3 mg of the as-
prepared products was added to 20 mL of RhB solution (5 mg
L�1) for the degradation test. Aer dispersing in an ultra-
sonic bath for 5 min, the solution was stirred for 2 h in the
dark to reach adsorption equilibrium between the catalyst
and the solution, and then exposed to visible-light irradia-
tion for the reduction or degradation reaction. Finally, the
photocatalyst was separated by centrifugation, and the
pollutant concentrations were measured by UV-vis spectros-
copy. The diphenylcarbazide (DPC) method was used to
measure the Cr(VI) reduction.25
3. Results and discussion

The strategy used to prepare the 2D sandwich-like CdS/N-rGO
HNs is schematically depicted in Scheme 1, which can be
described by two steps: (1) the adsorption of Cd2+ ions from the
solution on the N-rGO sheet surface; (2) the in situ synthesis of
CdS/N-rGO HNs through the surface suldation of Cd2+ adsor-
bed on N-rGO. The rst step was conrmed by the zeta potential
analysis, in which the surfaces of the N-rGO nanosheets were
negatively charged in water (z ¼ �45.4 eV), and became posi-
tively charged (z ¼ +18.3 eV) aer the Cd2+ ions were added,
indicating the successful gra of Cd2+ onto the N-rGO surface.
In the second step, TAA reacts with H2O to create CH3(NH2)
C(OH)SH (eqn (1)), which further hydrolyzes releasing H2S (eqn
(2)).35 The resulting H2S reacts with Cd2+ to produce CdS nuclei
on the surface of N-rGO nanosheets (eqn (3)).

CH3CSNH2 + H2O / CH3(NH2)C(OH)SH (1)

CH3(NH2)C(OH)SH + H2O / CH3(NH2)C(OH)2 + H2S (2)
Scheme 1 Schematic illustration of the formation of 2D sandwich-like C
with a simple in situ sulfidation reaction route.

This journal is © The Royal Society of Chemistry 2014
H2S + Cd2+ / CdS + 2H+ (3)

X-ray photoelectron spectroscopy (XPS) was carried out to
conrm the chemical composition of the as-prepared N-rGO
nanosheets. The high-resolution spectrum of C 1s is shown in
Fig. 1a, which can be de-convoluted into four peaks by the XPS
peak tting program. The main peak at 284.7 eV is related to C–
C, which is close to the value observed in graphite (284.9 eV).
The other three peaks at 285.6, 287.0, and 289.1 eV are associ-
ated with C–N, C–O, and C]O, respectively.36 In addition, the N
1s peak was also detected in the XPS spectrum, as shown in
Fig. 1b, which could be tted into two peaks. The lower energy
peak was centered at 398.6 eV corresponding to pyridinic N,
contributing to the p-conjugated system with a p-electron in the
graphene layers. The higher energy peak was near 399.9 eV,
which could be indexed to the contribution of pyridine and
pyrrol functionalities.37 The N content in the N-rGO sample was
�3.24%, as estimated from the XPS data.

The crystallographic structure and phase purity of the as-
prepared pure CdS and 2D sandwich-like CdS/N-rGO HNs were
examined by powder X-ray diffraction (XRD), as depicted in
Fig. 2a. The characteristic peaks with 2q values of 24.90�, 26.50�,
28.30�, 36.720�, 43.80�, 48.00� and 52.00� correspond to the
(100), (002), (101), (102), (110), (103) and (200) planes of
hexagonal-phase CdS crystals (JCPDS no. 41-1049), respec-
tively.38 The XRD result clearly suggests that the addition of N-
rGO nanosheets has no other inuence on the crystal structure
of the CdS hexagonal phase except that the diffraction peaks
become weaker and the peak widths become slightly wider,
indicating a slight decrease in the average particle size. The
average crystallite size of CdS, calculated using the Debye–
Scherrer equation based on the full width at half-maximum of
the diffraction peak, slightly decreased from 12.6 nm to 8.7 nm.
Therefore, the N-rGO sheets not only serve as a platform to load
the growth of CdS nanoparticles, but also prevent CdS nano-
particles from growing into larger clusters.

Raman spectroscopy was used to characterize the samples
directly for its strong sensitivity to the electronic and phonon
structure in pristine and doped carbon materials.39 Fig. 2b
shows the Raman spectra of the as-prepared GO sheets,
CdS/rGO and CdS/N-rGO HNs. From these spectra, pristine GO
displays two prominent peaks at about 1369 and 1611 cm�1,
dS/N-rGO HNs via a facile surface-layer-absorption strategy integrated

J. Mater. Chem. A, 2014, 2, 19815–19821 | 19817
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Fig. 1 XPS spectra of the as-prepared N-rGO nanosheets: (a) C 1s and (b) N 1s binding energy spectra.

Fig. 2 (a) XRD patterns of the as-prepared pure CdS and 2D sand-
wich-like CdS/N-rGO HNs; (b) Raman spectra and (C) FT-IR spectra of
the as-synthesized GO sheets, CdS/rGO and CdS/N-RGOHNs; (d) UV-
vis diffuse reflectance spectra of pure CdS, CdS/rGO and CdS/N-rGO
HNs.

Fig. 3 SEM (a and b) and TEM (c and d) images of the as-prepared 2D
sandwich-like CdS/N-rGO HNs.
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corresponding to the D-band (the defect-related peak) and
G-band (the E2g phonon of sp2 bonds of carbon atoms),
respectively.40 In contrast, the G band shied to 1605 and
1584 cm�1 with an increased ID/IG ratio while GO was trans-
formed to CdS/rGO and CdS/N-rGO hybrids, which is a common
phenomenon in the Raman spectra of reduced GO with a
hydrothermal treatment.41 In addition, a larger shi of the G
band of CdS/N-rGO hybrids relative to CdS/rGO indicates the
variation of the charge density in pristine graphene aer
N-doping.42 A preliminarily investigation into the structural
changes of the as-obtained GO sheets, CdS/rGO and CdS/N-rGO
HNs was further conducted using Fourier transform infrared
spectra (FTIR) technique, and the results are shown in Fig. 2c.
For the GO sheets, the characteristic bands were observed at
1402 cm�1, 1723 cm�1 and 3166 cm�1, corresponding to the
C–OH stretching vibration, C]O stretching vibration of COOH
groups and O–H stretching vibration, respectively.43 The
broad and intense peak appearing at 3425 cm�1 was assigned to
19818 | J. Mater. Chem. A, 2014, 2, 19815–19821
the O–H stretching vibrations, absorbing H2O molecules.44 For
CdS/rGO and CdS/N-rGO HNs, the typical features of the GO
disappear aer the hydrothermal treatment.45 However, the
oxygen-containing peaks of CdS/N-rGO composite were
evidently weaker than those of CdS/rGO HNs, indicating that
oxygen-containing functional groups are partly removed by
N-doping.41

Fig. 2d shows the UV-vis diffuse reectance spectra of the as-
prepared pure CdS, CdS/rGO and CdS/N-rGO HNs. The pure
CdS exhibited a characteristic absorption peak with cut-off
feature near 500 nm, decreasing rapidly at longer wavelengths.38

However, there is an evident enhanced absorbance in the
visible-light region ranging from 550 to 800 nm for CdS/rGO
and CdS/N-rGO HNs. This result may be attributed to the
presence of rGO and N-rGO, which leads to reduced reection of
light and thus enhanced absorption.46 The BET surface areas of
the CdS, CdS/rGO and CdS/N-rGO are given in Table S1 (see
ESI†). Compared with pure CdS, both CdS/rGO and CdS/N-rGO
HNs have a higher BET surface area. However, for CdS/N-rGO
and CdS/rGO HNs, there were no signicant changes in the
specic surface area, which indicates that the surface area is not
the determining factor for the difference in photocatalytic
activity.
This journal is © The Royal Society of Chemistry 2014
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The morphology of the as-obtained CdS/N-rGO sandwich-
like HNs was characterized by scanning electron microscopy
(SEM), as shown in Fig. 3a and b. It can be clearly seen that the
typical CdS/N-rGO hybrids retain the uniformity of the 2D sheet-
like structure of N-rGO (Fig. S1a, see ESI†) with a lateral size of
several-micrometers and exhibit remarkable structural exi-
bility. From the high-magnied SEM image (Fig. 3b), we can see
that CdS nanoparticles were distributed well on the surface of
the N-rGO sheets, which is in sharp contrast to the irregular
aggregation of pure CdS nanoparticles formed in the absence of
N-rGO (Fig. S1b, see ESI†). Transmission electron microscopy
(TEM) images (Fig. 3c and d) further conrmed the 2D sand-
wich-like texture of the as-prepared nanocomposites, which
also revealed a large number of CdS nanoparticles spread
uniformly and densely over the surface of the N-rGO sheets.
This result demonstrates that the N-rGO scaffold can spread the
CdS nanoparticles to hinder aggregation. The high-resolution
(HR) TEM image (the inset of Fig. 4d) displays a perfectly crys-
tallized particle with a lattice spacing of ca. 0.35 nm, which
corresponds to the (100) plane of hexagonal CdS.30 In addition,
SEM and TEM images of the as-obtained CdS/rGO HNs are
shown in Fig. S1c and d (ESI†), which are similar to that of the
CdS/N-rGO HNs.

Transient photocurrent response measurements were per-
formed on the pure CdS, CdS/rGO and CdS/N-rGO HNs
samples. Fig. 4 shows a comparison of the transient photocur-
rent curves from the three samples with typical on–off cycles.
The photocurrent of the CdS/N-rGO electrode was about
1.3 times that of the CdS/rGO electrode and 2.6 times that of the
CdS electrode. The remarkable photocurrent enhancement of
the CdS/N-rGO and CdS/rGO samples is believed to originate
from the strategy of integrating CdS with rGO or N-rGO. As
discussed above, N-rGO has a better ability to suppress the fast
recombination of electrons and holes than rGO. Therefore, the
largest photocurrent is observed with the CdS/N-rGO sample,
shown in Fig. 4. The photocurrent has been regarded as an
efficient method to evaluate the photogenerated electron–hole
efficiency. The enhanced photocurrent response of the as-
prepared CdS/N-rGO HNs indicates higher separation efficiency
of the photoinduced electron–hole pairs and a lower recombi-
nation rate in such hybrid structures under visible-light
Fig. 4 Transient photocurrent responses of the pure CdS, CdS/rGO
and CdS/N-rGO HNs electrodes in 0.1 M of PBS (pH ¼ 7.4).

This journal is © The Royal Society of Chemistry 2014
illumination. A photoelectrochemical linear sweep voltammetry
test was further carried out, as shown in Fig. S2 (see ESI†). The
result also demonstrated that the CdS/N-rGO HNs possess the
highest electrocatalytic activity in accordance with the transient
photocurrent responses. The improved charge separation effect
can be further conrmed by the electrochemical impedance
spectra (EIS). Fig. 5 displays the EIS results represented as
Nyquist plots (Zim vs. Zre) for the pure CdS, CdS/rGO and CdS/N-
rGO electrodes. All the Nyquist plots contain a linear part at low
frequencies, which is related to the diffusion process and a
semicircle portion at high frequencies, corresponding to the
electron transfer limited process. The CdS/N-rGO electrode,
however, exhibited a semicircle with the smallest diameter
because of the lowest interfacial charge transfer resistance,
which led to enhanced photocatalytic activity. The equivalent
circuit was constructed to analyze the impedance spectra. As
shown in the inset of Fig. 5, Rs represents the resistance of the
electrolyte, Rct and Cdl represent the charge transfer resistance
and double layer capacitance, respectively, and Zw represents
the Warburg impedance related to electrolyte diffusion. The
calculated charge-transfer resistances (Rct) were 1593.2, 5200.4,
and 9308.5 U for CdS/N-rGO, CdS/rGO and CdS, respectively.
This result clearly demonstrates that the charge-transfer resis-
tance of CdS/N-rGO HN is the lowest, which leads to the
enhanced photocatalytic activity.

The photocatalytic activities of the as-prepared 2D sandwich-
like CdS/N-rGO HNs were evaluated by the photocatalytic
reduction of aqueous Cr(VI) and degradation of RhB under
visible-light irradiation. Fig. 6a displays the visible-light pho-
tocatalytic reduction of Cr(VI) in the presence of different pho-
tocatalysts, where C is the concentration of Cr(VI) aer light
irradiation and C0 is the initial concentration of Cr(VI) before
dark adsorption. In the absence of the catalysts, there was no
obvious change in the Cr(VI) concentration aer visible-light
irradiation, whereas the as-obtained pure CdS, CdS/rGO and
CdS/N-rGO HNs exhibit enhanced reduction efficiency. Aer
being irradiated for 20 min, almost 98.6% of Cr(VI) was reduced
by the 2D sandwich-like CdS/N-rGO HNs, whereas the removal
Fig. 5 EIS Nyquist diagrams of the as-prepared pure CdS, CdS/N-rGO
and CdS/N-rGO HNs in 5 mM of [Fe(CN)6]

3�/[Fe(CN)6]
4�. The

frequency range was from 0.01 to 105 Hz with a perturbation ampli-
tude of 5 mV and the initial potential is 0.1732 V. The inset presents the
equivalent circuit model.

J. Mater. Chem. A, 2014, 2, 19815–19821 | 19819
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Fig. 6 The photocatalytic reduction of Cr(VI) (a) and degradation of RhB (b) using the as-obtained 2D sandwich-like CdS/N-rGO HNs as
photocatalysts.
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rates were about 30.2% for pure CdS and 66.8% for CdS/rGO
HNs. This result was attributed to the N-doping effect in the
rGO, which can signicantly enhance the conductivity of gra-
phene.47 Fig. 6b shows the photodegradation behaviors of RhB
catalyzed by different samples under visible light illumination,
which exhibits similar behavior to the reduction of Cr(VI).
Signicantly enhanced photocatalytic activity was also observed
with the 2D sandwich-like CdS/N-rGO structure. The superior
electrical conductivity and the springy atom-thin 2D feature of
graphene make the sandwich-like structure an excellent elec-
tron-transport matrix.48–51 In addition, the N-rGO nanosheets
possessed higher conductivity to suppress the fast recombina-
tion of electrons and holes than the rGO nanosheets due to N-
doping and higher degree of reduction.52 This explains the best
photocatalytic activity of the CdS/N-rGO HNs among the
samples. We also studied the stability and reusability of the
photocatalysts by collecting and re-using the sandwich CdS/N-
rGO sample for 5 cycles in the photodegrading RhB (Fig. S3, see
ESI†), which shows that there was only a limited loss of pho-
tocatalytic activity during the cycle tests. This result showed that
rGO and N-rGO can improve the photostability of CdS, which is
a similar behavior to that observed in the case of ZnO–rGO.53

4. Conclusions

In summary, a novel surface-layer-absorption strategy
combined with a simple in situ suldation reaction route was
developed to grow CdS nanoparticles directly onto N-rGO
nanosheets for the preparation of 2D sandwich-like CdS/N-rGO
HNs. Owing to the formation of a heterostructure with unique
structural features, the as-prepared 2D sandwich-like HNs
exhibited a signicantly enhanced photoelectrochemical
current response and photocatalytic activity for the reduction of
aqueous Cr(VI) and the degradation of RhB. Comparison studies
of the pure CdS, CdS/rGO and CdS/N-rGO samples showed that
superior electrical conductivity in N-doped rGO plays the
determinant role in suppressing the recombination of photon-
created electrons and holes, which leads to the best charge
separation performance and thus enhanced photochemical
activities. Superior conductivity was also conrmed by the
transient photocurrent and EIS measurements. This study may
19820 | J. Mater. Chem. A, 2014, 2, 19815–19821
inspire further exploration for other graphene-based 2D sand-
wich-like nanocomposites for a range of applications.
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