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Graphene, as an atomic-layer-thick 2D system, has triggered
considerable research interests since the pioneer exfoliation
preparation.[1] It has been demonstrated that graphene has many
unique electronic properties, such as massless Dirac fermions,
the quantum hall effect, and spin-dependent transport at room
temperature.[2–4] The high field-effect mobility and the superior
thermal conductivity of individual graphene were also
reported.[5,6] These fascinating properties of graphene hold
promising potential for electronic devices, sensitive chemical
sensors, thermal management, and composite materials.[7–12]

However, perfect graphene does not show evident advantages in
optoelectronics owing to its nature as a zero-bandgap semi-
conductor.[13]

Semiconductor nanocrystals, known as quantum dots (QDs),
show unique size-dependent optical absorption compared with
their bulk counterparts.[14,15] QDs have been intensively
investigated for their significant potential in biological fluor-
escent labels and optoelectronic devices.[16,17] QDs are usually
coated with organic ligands to prevent aggregation and chemical
degradation. Nonetheless, the coating organic-ligand layer
severely limits the conductivity and the photoconductivity of
QD-array films because of the influence of the ligands on the
interactions and the spatial distribution of nanopaticles.[18,19] This
severely encumbers the applications of QDs in optoelectronic
devices.

Large-scale production of perfect graphene has hitherto been
lacking. Recently, several groups obtained graphene using
solution-phase methods, allowing for scalable and composites
feasible graphene.[20–24] The enhanced electrical, mechanical, and
thermal properties have, thus, been demonstrated in graphene–
polymer composites.[25,26] In addition, TiO2 nanoparticles,
blending directly with graphite oxide, were used to exhibit a
method of UV-assisted photocatalytic reduction.[27] Furthermore,
the reduced graphite-oxide films have been obtained by
spin-coating or mechanical transfer as a flexible and transparent
electrical material.[28,29] However, fabrication and properties of
flexible chemically converted graphene (CCG) and QD compo-
sites remain to be investigated urgently for their optoelectronic
and energy conversion applications.

Here, we have prepared composites of CCG and CdSe QDs
(graphene–quantum dots, GQs) via p–p stacking of aromatic
structures between CCG and CdSe QDs capped with Pyridine
(Py). The flexible and transparent optoelectronic films fabricated
from the composites show improved photosensitivity with
increasing loadings of QDs. Charge transfer from the QDs to the
CCG under illumination is confirmed by the change in the
photoconductivities of GQ films with increasing loadings of
QDs. Moreover, the photoconductivity of GQ films is signifi-
cantly higher than that of the treated intrinsic CdSe QD array
film.

We propose a synthetic strategy for GQs composites, as shown
in Scheme 1. CCGwas prepared by reducing graphite oxide using
a modified Hummers method.[30,31] Trioctylphosphine oxide
(TOPO)-capped CdSe QDs were synthesized by a solu-
tion-chemical route developed by Peng and co-workers and
Weller and co-workers.[32,33] TOPO ligands of CdSe QDs were
almost completely exchanged with Py by repeatedly refluxing in
anhydrous Py (Fig. 1a). Subsequently, the GQ-composite
materials were synthesized by mixing water-diluted CCG with
Py-capped QDs in aqueous solution (see Supporting Informa-
tion). Py plays multiple roles, simultaneously. Firstly, Py-capped
CdSe QDs are soluble in polar solvents, which meets the
requirement of producing composite as CCG is soluble in water.
Secondly, not only is Py expected to introduce a p–p stacking
interaction between CCG and QDs but also the small Py molecule
should favor the charge transfer between two components. The
attachment of CdSe QDs to CCG is evidenced by observation of
precipitation when higher-concentrated CdSe QDs are added into
the CCG solution. Stable solutions of GQ composites are
obtained by adding lower-concentrated CdSe QDs into the CCG
solution; the solution remains clear for several weeks (Fig. 1b).
Attachment of QDs to CCG is further supported by transmission
electron microscopy (TEM) and electrical measurements. In
addition, we also find that Py has a steric function stabilizing CCG
bH & Co. KGaA, Weinheim Adv. Mater. 2010, 22, 638–642
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Scheme 1. Schematic image illustrating the formation of CCG�QDs
composite materials: (1) Graphite oxide was dispersed ultrasonically
and reduced graphite oxide was stabilized in aqueous solution by electro-
static interaction. (2) TOPO ligands of as-prepared CdSe QDs were
exchanged with Py, and Py-capped CdSe quantum dots were dispersed
in aqueous solution. (3) The composite of CCG and CdSe QDs was formed
in aqueous solution.

Figure 1. a) Solutions of graphite oxide, CCG, and Py-capped CdSe QDs.
b) Comparison of composite solutions made from CCG and different
concentrations of QDs. A precipitation effect occurred when adding high-
concentrated QDs (right vial), while the composite solution was stable
when adding low-concentrated QDs (left vial). c) Steric effect of Py
stabilizing the CCG solution, tested by salt effects. Precipitation occurred
in aqueous CCG solution without Py after adding a salt solution (right vial),
while an aqueous CCG solution with Py remains stable when adding a salt
solution (left vial).

Figure 2. a) AFM images of separated CCG flakes on a silicon substrate.
b) High-resolution TEM image of GQ composites. The inset shows the
TEM image of an individual CdSe QD with a particle size of �4 nm.
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in solution, which is confirmed by the salt effect in parallel
experiments. Precipitation occurs instantly in aqueous CCG
solution without Py when a salt solution is added, while an
aqueous CCG solution with Py is stable for several hours after
adding a salt solution (Fig. 1c). This will play important roles in
stabilizing CCG and demonstrating the solution-processed
advantages.

To indicate the acquirement of single-sheet CCG, an aqueous
solution of CCGwas dropped onto the hydrophilic-treated silicon
for atomic force microscopy (AFM) measurements. Figure 2a
shows an AFM image of CCG on the silicon substrate; the
thickness of the sheet is equal to or less than 1 nm. Large-area
graphene with lateral sizes of more than a few tens of
micrometers can be obtained by low-power ultrasonication and
centrifugation.

For TEM sample preparation, a small quantity of GQs
composite solution was dropped onto the 300mesh copper
TEM grid. TEM images were obtained from samples attached on
the edge the of copper grid, avoiding the complicated lithography
process of fabricating micrometer-sized metallic grids. The
lattices of CdSeQDs covering the graphene layers are cleanly seen
in the high-resolution TEM image (Fig. 2b). The inset shows a
TEM image of an individual CdSe QDs with a diameter of�4 nm.

To explore practical applications, it is essential to achieve films
of CCG and GQ composite using solution-processed methods.
The filtered films of CCG and GQ composite were prepared by
vacuum filtration through a mixed cellulose–ester membrane
with a pore size of 0.1mm. The thickness of films is easily
controlled by varying the volume of the suspensions. The
as-prepared filtered films of CCG and GQs can be readily
transferred onto plastic and rigid substrates by mechanical
pressing. Figure 3a–d shows the optical images of the filtered
films and transferred films. Figure 3d shows a photograph of a
typical device made of flexible, transparent, and conducting GQs
film with patterned Au electrodes of 100 nm deposited by thermal
shadow evaporation.

We compare the absorbance spectra of CCG, GQs thin films on
transparent substrates, and TOPO-capped CdSe QDs in hexane
solution. The absorbance peak appearing in GQ films corre-
sponds to the excitation peak of CdSe QDs with a small redshift
(Fig. 4a). It is worth noting that overloading QDs into CCG
solution will lead to a partial peeling of the transferred composite
films off the plastic substrates, resulting from the precipitation of
bH & Co. KGaA, Weinheim 639
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Figure 3. Optical photographs and optical properties of CCG and GQs
films. a) A transferred CCG film on a PET substrate. b) A filtered GQ
composite film on mixed cellulose ester membrane. c) A transferred GQ
composite film on plastic substrate. d) A GQ film with patterned electrodes
on a flexible and transparent plastic substrate.

Figure 4. a) The absorbance of CCG and GQ films (0.18mg CCG/0.10mgQDs
substrate and TOPO-capped CdSe QDs in hexane solution. b) Transmittanc
films with indicated film thicknesses.

Figure 5. Electrical and optoelectronic-property measurements on the p
a) Current–voltage characteristics measured by a four-probe method
(0.28mg CCG/0.4mg QDs) film on a flexible substrate with and without
The inset shows the configuration of the measurement. b) The photocond
changes under the bias of 100mA and 94.5mW irradiation in various composi
CCG/0.04mg QDs, 0.28mg CCG/0.12mg QDs, 0.28mg CCG/0.16mg QDs, a
0.40mg QDs with an average film thickness of 68.57, 75.65, 86.80, and 126.6
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composites in solution and possible excess layers of QDs
attaching to the CCG flakes. Thin composite films of GQs can be
transferred onto transparent substrates and show a transmittance
of up to 92% (Fig. 4b). Reflection spectra of CCG and GQs films
were recorded to show the absorption features of QDs in
composite films (see Supporting Information, Fig. S4).

Electronic and optoelectronic characteristics of the devices
fabricated from GQ films on plastic substrates were measured by
a four-probe method under ambient conditions. Figure 5a shows
typical four-probe current–voltage curves of an annealed GQ
composite film with an average film thickness of �126.7 nm
(0.28mg CCG/0.4mg QDs) under dark conditions and laser
irradiation. The annealing is performed in a quartz tube with
hydrogen gas protection at 150 8C for 26 h. The current versus
voltage characteristic is linear and symmetric within the
measured range. Exposing the annealed composite film of
�126.7-nm thickness (0.28mg CCG/0.4mg QDs) to 473-nm
laser irradiation of�94.5mW resulted in a rise in conductance of
�10.5%. To reveal the effect of QDs on the photoresponse in GQ
films, a series of GQ composite films were prepared remaining a
constant quantity of CCG and increasing the loadings of QDs.
Figure 5b shows the change of photoconductivities with various
loadings of QDs in annealed composite films obtained by
four-probe measurements under a constant current of 100mA.
Photoconductivities rise with an increasing amount of QDs at the
) on a transparent
e of various GQs

lastic substrates.
for �126.67 nm
laser irradiation.
uctivity switching
te films of 0.28mg
nd 0.28mg CCG/
7 nm, respectively.
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lower loadings of QDs in the GQ composite
films, and photoconductivity finally decreases
to a lower value at higher loading of QDs. It is
noted that the annealed samples are highly
stable, even after exposure to air for several
weeks. We also investigated the annealing
effect of the composite films (Fig. S5).

From the theoretical point of a photocon-
ductor, the photoconductivity, sph, of a film is
generally proportional to the number of
photogenerated carriers Dn and the mobility

of carriersm, given by sph ¼ e � Dn � m
W � d � L, where L,

W, d, and e are length, width, and thickness of
the film, and the electronic charge. The change
of photoconductivities is consistent with the
expected consequence that adding of QDs leads
to a competition between increasing photo-
generated carriers and reducing the mobility of
carriers. Furthermore, the charge transfer from
QDs to CCG increasing photogenerated car-
riers can be confirmed by the observed increase
in photoconductivity with increasing loadings
of QDs. Considering the photoelectrical con-
version process, we believe that the introduc-
tion of QDs to the CCG films will degrade dark
photoconductivity of the system and will
enhance the absorption and the number of
photogenerated carriers. Therefore, the photo-
sensitivity defined by the ratio of photocon-
ductivity to dark conductivity should be
improved for composite film. We do find
the improvement in photosensitivity and a
decrease of dark conductivity by increasing the
eim Adv. Mater. 2010, 22, 638–642
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loadings of QDs in composites (Table S1). For instance, the
changes of photosensitivity are �3.08% and �9.10% for the
composite films of 0.28mgCCG/0.04mgQDs and 0.28mgCCG/
0.4mg QDs, respectively.

Further analysis shows that photoconductivities of the GQ
films are much higher than those of the intrinsic CdSe QD array
films. In general, a CdSe QD film is highly insulating and its
photoconductivity is almost undetectable. The improved photo-
conductivity of intrinsic films of CdSe QDs treated with NaOH is
reported to be �10�10 S m�1 under 14mW cm�2 excitation
intensity.[19] By contrast, the photoconductivity in an annealed
composite film of �86.8-nm thickness (0.28mg CCG/0.16mg
QDs) is observed to be �102 S m�1 under an excitation intensity
of �3150mW cm�2. Considering the general linear increase in
photoconductivity with excitation intensity, we derive that the
photoconductivity of the composite film will be more than 10
orders of magnitude higher than that of the treated CdSe QDs
films upon further optimization. This indicates potential for
improving the performance of QDs-based optoelectronic devices.

In summary, we successfully fabricated composite films via
noncovalent coupling of CdSe QDs to CCG in aqueous solutions.
The optoelectronic properties of flexible and transparent
transferred GQ films have been investigated. The photosensitivity
of the composites was improved�3 folds by introduction of QDs.
The photoconductivity of the composite film can be up to �10
orders of magnitude higher than that of intrinsic CdSe QD films
and there is still room to improve. The results presented here
offer a new route of preparing CCG�QD composite materials,
which is promising for new active or electrode materials in
optoelectronic devices. The thin GQ composite films enable the
fabrication of large-area flexible and transparent optoelectronic
devices by the facile solution processing method.
Experimental

Preparation of CCG, QDs, and Their Composites: Brown graphite oxide
was prepared from natural graphite powder (300mesh, Alfa Aesar) by a
modified Hummers method [30,31]. CCG was prepared and dispersed in
water using Li’s method [19]. CdSe QDs was synthesized by a similar
method developed by Peng [32] and Weller [33]. TOPO ligands of CdSe
QDs were exchanged with Py by refluxing in anhydrous Py at 118 8C under
argon for 24 h. CdSe QDs were then precipitated by adding hexane
followed by centrifugation. The precipitated CdSe was redissolved in Py and
stirred at 65 8C for 1 h; the exchange process including precipitation and
dissolution was repeated three times so that the TOPO was almost
completely exchanged with Py. Subsequently, the GQ composite materials
were synthesized by mixing water-diluted CCG with Py-capped QDs in
aqueous solution. The concentrations of CCG and QDs solutions were
obtained by measuring the residual solute after evaporation of the solvent
so that the quantity of CCG and QDs can be determinated. The detailed
protocol for synthesis and fabrication of the films is described in the
Supporting Information.

Characterization of Optical and Electrical Properties: The average
thicknesses of films were determined by the repeated AFM (Digital
Instrument Dimension 3100, Vecco) measurements. Electron transport
and optoelectronic measurements were carried out in air and at room
temperature for the GQs films on flexible transparent substrates. The
length of the electrodes was 3mm and the spacing of the center electrodes
is 1mm, which is the area measured by the four-probe method with an
Agilent semiconductor parameter analyzer B1500A. A solid state 473-nm
semiconductor diode pumped laser was used as excitation light source in
Adv. Mater. 2010, 22, 638–642 � 2010 WILEY-VCH Verlag Gm
consideration of excitation of CdSe QDs. The laser with excitation power of
100mW was placed 15 cm away from the sample and the laser power
applied to the sample is �94.5mW measured with a PD300-UV
photodiode head and a Laserstar power meter. By adjusting the light
beam, the whole measured area of the sample can be illuminated. UV–vis
absorption and transmission spectra were recorded with a Perkin Elmer
Lambda 25 spectrophotometer.
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