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ABSTRACT

The synthesis of graphene-semiconductor nanocomposites has attracted increasing attention due to their
interesting optoelectronic properties. However the synthesis of such nanocomposites, with decorated particles
well dispersed on graphene, is still a great challenge. This work reports a facile, one-step, solvothermal method
for the synthesis of graphene-CdS and graphene-ZnS quantum dot nanocomposites directly from graphene
oxide, with CdS and ZnS very well dispersed on the graphene nanosheets. Photoluminescence measurements
showed that the integration of CdS and ZnS with graphene significantly decreases their photoluminescence.
Transient photovoltage studies revealed that the graphene—CdS nanocomposite exhibits a very unexpected
strong positive photovoltaic response, while separate samples of graphene and CdS quantum dots (QDs) of a
similar size do not show any photovoltaic response.
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1. Introduction

Graphene nanosheets (GNs), as a new class of one-
atom-thick, two-dimensional carbon material, have
been intensively investigated in recent years due to
their outstanding electronic, optical and mechanical
properties [1, 2]. The unique sp® hybrid carbon
nanostructure of GNs opens up new applications in
nanoelectronics [3], biosensors [4, 5], supercapacitors
[6], and transistors [7]. Owing to their remarkable
high electron mobility (15,000 cm?/V-s) [8], extremely
large surface area (~2600 m?/g) [9], and low fabrication
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cost, GNs are considered as an ideal support for
developing next-generation photovoltaic devices [10].
Li et al. reported that on forming layered GNs-CdS
quantum dots (QDs), the electrode exhibited a
significant improvement in photo-response compared
with that of single-walled carbon nanotube-CdS QD
nanocomposites [11].

Before the emergence of GNs, some research had
already been carried out on the integration of
semiconductor QDs (such as CdS and ZnS) and
carbon nanotubes, because of the promising electronic
and optoelectronic properties of the resulting materials
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[12, 13]. However, to date there have been few
demonstrations of the synthesis of GNs-semiconductor
QD nanocomposites with a high degree of dispersion
[14, 15]. The main hurdle in the synthesis of
semiconductor QDs on the surface of GNs is that
introducing the metal ions into an aqueous solution
of GNs causes their immediate aggregation. Thus, one
cannot obtain well dispersed semiconductor QDs on
GNss. Herein, we report a facile one-step, solvothermal
method for the synthesis of nanocomposites of GNs
with metal sulfides such as CdS and ZnS, with a high
degree of dispersion and high coverage, directly from
graphene oxide (GO). The photoluminescence (PL)
and photovoltaic properties of the as-synthesized
GNs-CdS quantum dot nanocomposites were also
studied.

The synthesis of GNs-metal sulfide (GNs-MS)
nanocomposites is shown in Scheme 1. As illustrated,
ethylene glycol (EG), metal acetate salts M(Ac), (M =
Cd, Zn), and thiourea (TU) serve as the solvent, and
the source of the metal and sulfur, respectively.

Several benefits motivated us to use EG as the
solvent: a) the as-prepared GO could be well dispersed
in EG by sonication and remained stable for a long
time [16], b) the metal ions can be homogeneously
dissolved into EG without inducing the aggregation of
GO (Fig. S-1, in the Electronic Supplementary Material
(ESM)), which is very important to ensure the homo-
geneous growth of metal sulfide QDs on the surface
of GNs, and c) EG has a strong ability to reduce GO
into GNs at high temperatures [17]. It is now known
that semiconductor nanoparticles interact with GO
through its carboxylic acid functional groups [18].
However, the carboxylic acid functional groups are
mainly located at the edge of GO [19] and may not be

M (Ac),, TU. PAA
- EG,180°C ,20 h

Scheme 1 Schematic illustration of the one-pot synthesis of
GNs—-MS QD nanocomposites, where M represents Cd or Zn, Ac
is acetate, TU is thiourea, PAA is poly(acrylic acid) and EG is
ethylene glycol. The size of the CdS (or ZnS) QDs in the scheme
does not correspond to the actual size of the synthesized CdS (or
ZnS) QDs on GNs

sufficient in number to give homogeneous growth
of semiconductor nanoparticles on GNs. Thus, we
introduced poly(acrylic acid) (PAA), which possesses
an abundance of carboxylic acid functional groups,
into the reaction system in order to overcome this
shortcoming. Control experiments showed that PAA
play a key role in the homogenous growth of CdS (ZnS)
QDs on GNs (Fig. S-2, in the ESM).

Low magnification transmission electron micros-
copy (TEM) images of GNs—CdS and GNs-ZnS QD
nanocomposites (Fig. S-3, in the ESM) indicate that
after carefully washing the product, hardly any un-
decorated particles could be observed, and the GNs
are well spread out. Further investigations (Figs. 1(a)
and 1(c)) show that the CdS and ZnS QDs are well
dispersed on the GNs, and no obvious aggregation is
observed. It should be noted here that no GN areas
not decorated with CdS or ZnS QDs were found, which
indicates the high-coverage of the QDs on GNs. High-
resolution transmission electron microscopy (HRTEM)
images (Figs. 1(b) and 1(d)) show that the sizes of
decorated CdS and ZnS QDs are 34 and 1-2 nm, res-
pectively. The insets in the HRTEM images indicate that
both CdS and ZnS QDs on GNs are well crystallized.

4'nin
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Figure 1 TEM and high-resolution TEM (HRTEM) image of
GNs—CdS (a, b) and GNs—ZnS (c, d) QD nanocomposites. The
insets in (b) and (d) show HRTEM images of single CdS and ZnS
QDs, respectively
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Energy dispersive X-ray (EDX) analysis (Fig. S-4, in
the ESM) further confirms the presence of Cd (or Zn)
and S elements in the corresponding GNs-MS nano-
composite. X-ray diffraction (XRD) (Fig.S-5, in the
ESM) of GNs-CdS and GNs-ZnS shows that the
decorated CdS and ZnS QDs both have the cubic zinc
blende structure (for CdS JCPDS No. 42-1411, for ZnS
JCPDS No. 77-2100), and the very broad diffraction
peaks are indicative of small particle sizes of CdS and
ZnS. The average crystallite sizes of CdS and ZnS
QDs, calculated from the Scherrer equation are about
4.02 and 2.29 nm, respectively, which are slightly larger
than the values given by HRTEM.

X-ray photoelectron spectroscopy (XPS) was used
to confirm the formation of graphene from GO during
the solvothermal treatment (Fig. 2). Four peaks located
at 284.5, 285.6, 286.7, and 288.4 eV observed from the
C1s deconvolution spectrum of GO correspond to
the C-C, C-OH, C-O, and O-C=0 (-COQO") groups,
respectively. Compared with GO, the intensity of
the C-O peak in GNs, GNs-CdS and GNs-ZnS, is
dramatically decreased, while the peak intensity due

to C-OH and O-C=0 is increased. The amount of CdS
(ZnS) QDs in the GNs—CdS (ZnS) is 33.8% (12.7%),
calculated on the basis of the XPS results (Fig. S-6, in
the ESM). The results indicate that a) most of the
oxygen-containing functional groups were removed
after reduction by EG, b) PAA, the surfactant used, was
bonded onto the GNs, GNs—-CdS, and GNs-ZnS; this
was confirmed by Fourier transform infrared (FTIR)
spectroscopy (Fig. S-7, in the ESM). Comparison of
the FTIR spectra of different samples shows that the
band at 1055 cm™ (C-O stretching vibration) of GO is
decreased for GNs, GNs-CdS, and GNs-ZnS, which
indicates significant chemical reduction of this group
[15]. In addition, the characteristic absorption peak at
~1724 cm™ (C=0 stretching vibration), and the vibration
and deformation peaks of O-H groups at ~3378 cm™
and ~1410 cm™ in the spectra of GNs, GNs-CdS, and
GNs-ZnS demonstrate the presence of the bonded
PAA. The reduction of GO during the reaction is also
confirmed by the blue shift of the G-band (Fig. S-8, in
the ESM) in the Raman spectra [15].

Due to the promising charge transport properties
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Figure 2 C 1s XPS spectra of GO, GNs, GNs—CdS, and GNs—ZnS

Binding energy (eV)
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of GNs [18, 20], the GNs—-CdS QD system is expected
to have great potential for applications in fabricating
photovoltaic devices, and further study on the charge
transfer properties of the GNs-CdS QD system is
thus of interest. We first studied the PL properties of
the GNs-CdS QD composite. For comparison, CdS
QDs were synthesized via a similar protocol without
introducing GO during the reaction. XRD indicates
that the crystal phase and size of the CdS QDs are the
same as that in the GNs—CdS nanocomposites (Fig. S-5,
in the ESM). In the photograph shown in Fig. 3 (inset),
it can be clearly seen that under illumination by 365 nm
light, the CdS QDs exhibit strong yellow-green
emission, while for the GNs-CdS and GNs, almost no
emission could be directly observed with the naked
eye. PL measurements (Fig. 3) indicate that after the
integration of CdS QDs with GNs, the PL emission of
the CdS QDs was significantly quenched. This demon-
strates that after the integration, the electron-hole pairs
in the excited CdS QDs could be efficiently separated
through the injection of electrons from the CdS QDs to
GNs, which is consistent with the results observed by
Kamat et al [20]. The GNs-ZnS QD nanocomposite
exhibits a similar phenomenon (Fig. S-9, in the ESM).

Since the electron-hole pairs in CdS QDs in
GNs-CdS are efficiently separated without obvious
PL emission, we wondered where the energy of the
incident light goes. One possibility is that it con-
tributes to the photovoltaic response; thus, we used the

CdS QDs
—— GNs—CdS QDs
GNs

|
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Figure 3 PL spectra of GNs, GNs—CdS, and CdS with an
excitation wavelength of 365 nm. The inset shows photographs
of the GNs (left), GNs—CdS (middle), and CdS (right) in ethanol
under illumination by 365 nm radiation

transient photovoltage (TPV) technique, which is a very
promising method for the investigation of dynamic
properties of the photo-induced charge carriers in
semiconductor materials [21-25], to characterize the
GNs-CdS QD system. Figure 4 shows the TPV spectra
of the GNs, GNs—CdS, and CdS. Neither GNs nor CdS
alone exhibit a photovoltaic response (the very low
response is caused by the apparatus). It is well-
known that GNs have metallic character due to their
high electron mobility: thus, it is reasonable that
there is no photovoltaic response for the pure GNs
under illumination by 355 nm light. As for the CdS
QDs, due to their extremely small size (3—4 nm), the
electron-hole pairs can be considered to be trapped
in the QDs, and cannot be efficiently separated, and
thus, the material is unable to exhibit an obvious
photovoltaic response even when excited in such a
strong laser light [26].

Surprisingly, when the CdS QDs are in direct
contact with GNs, a very strong positive photovoltaic
response can be observed (Fig. 4). This indicates that
the GNs have a high ability to accept electrons, and
even the electrons generated in such small CdS QDs
can overcome the potential barrier of CdS QDs and
transfer into GNs, with holes being left in the CdS
QDs. This phenomenon can actually be considered as
an energy conversion from PL emission to photo-
voltaic response: for CdS QDs, there is strong PL
emission, but without photovoltaic response, while

0.8
0.7
0.6
0.5F
0.4}
0.3k
02
0.1}
0.0 Fu-;
701 1 X 1 L 1 L 1 L 1 L 1 L 1

0.0  3.0x10°¢ 6.0x10°¢ 9.0x<10¢ 1.2x10-5 1.5x10-5 1.8x10-
Time (s)

Figure 4 The TPV spectra of GNs, GNs—CdS, and CdS. The
wavelength and intensity of the laser were 355 nm and 0.4 mJ,
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for GNs—CdS, a strong photovoltaic response was
observed, but without obvious PL emission.

In conclusion, a facile one-step, solvothermal method
for the synthesis of GNs—CdS and GNs—ZnS directly
from GO has been developed. The synthesis is very
simple and can be extended to synthesize other
GNs—metal sulfide (for example PbS—see Figs. 5-10
and 5-11 in the ESM). Furthermore, the as-synthesized
GNs-CdS QDs exhibit very promising photovoltaic
properties. The interesting energy conversion pheno-
menon observed here may provide useful information
for developing next-generation high-performance
photovoltaic devices.
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