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Abstract We propose a general approach for the prepa-
ration of graphene-metal sulfide quantum dots (QDs)
composites by m—m stacking of pyridine-capped metal
sulfide QDs and chemically converted graphene (CCG) in
aqueous solution. CCG sheets disperse stably in water
without the assistance of dispersing agents, only by elec-
trostatic repulsion. The aromatic structures of pyridine
capped on metal sulfide QDs make these QDs dispersible
in ethanol or water, and further introduce a n—n stacking
interaction between CCG and QDs, and extend the conju-
gated structure of CCG. The structural details, formation
mechanism, and textural properties of the resultant graph-
ene-metal sulfide QDs composites are characterized by
X-ray diffraction, UV-vis absorption, electron microscopy,
and Raman scattering studies. The CCG-metal sulfide
composites disperse stably in aqueous solution, allowing
them to be potentially used in biological tissues and easy-
to-form filtered films for further research and application.

Introduction

Graphene, a monolayer of sp>-bonded carbon atoms
packed into a honeycomb crystal plane, has triggered
considerable research interests in recent years, owing to its
extraordinary mechanical [1], electronic properties [2], and
potential application in sensors [3], integrated circuits [4],
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catalysis [5, 6], ultra capacitors [7], and new graphene
devices [8]. However, without any unstable bonds on its
surface, perfect graphene is highly chemically stable,
resulting in inert surface, weak interaction with other
mediums and insolubility in water and common organic
solvents, which becomes an obstacle in its further research
and application.

Graphite oxide (GO) obtained by oxidation of graphite
exhibits good solubility and intercalation properties and
allows interlayer accommodation of several materials for
GO composites [9-11], owing to the presence of the
hydrophilic polar groups in the interlayer. However, the
intercalated oxygen functional groups break the graphene
n-conjugated structure, making the conductivity and other
properties of graphene significantly decreased [12, 13].

As Li et al. [14] recently demonstrated that chemically
converted graphene (CCG) sheets obtained from GO can
readily form stable aqueous colloids without the assistance
of dispersing agents, only by electrostatic repulsion. The
dissolution of graphene sheets in water as well as the
carboxylic groups remains intact on the edge of graphene
sheets after hydrazine reduction enables the use of solu-
tion-phase chemistry to further modify graphene sheets for
achieving new functionalities and devices [14]. Aqueous
soluble CCG allows for m-stacking of various aromatic
molecules, such as polystyrene [15], pyrenebutyrate [16],
poly(3,4-ethylenedioxythiophene) [17], and so on. Geng
et al. [18] have obtained graphene—CdSe n—n stacking
composites for transparent optoelectronic films. Here, we
report on the preparation of CCG-metal sulfide quantum
dots (CCG-MS) rn-stacking composites. The sulfide QDs
(PbS, ZnS, CdS and MnS) capped with pyridine were
dispersible in ethanol. The CCG-MS composites were
synthesized by n—n stacking of aromatic structures between
CCG and pyridine-capped MS QDs.
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Fig. 1 Schematic of the
fabrication process for
CCG-MS composites

MS QDs are of great interest because of their quantum
confinement effects and size-dependent properties and
have been widely used in electronics, magnetics, optics,
biology, and chemistry [19, 20]. Nethravathi et al. [21]
have prepared graphene—CdS and graphene—ZnS compos-
ites by mixing GO with Cd(NOj3), and Zn(NOj3), solutions,
respectively. Cao et al. [22] have successfully synthesized
graphene—CdS complex using dimethylsulfoxide as solvent
and sulfur as source. However, these in situ routes may
lead to many defects and residual hydroxyl and epoxide
groups on the graphene layers [10, 23], which destroy the
graphene m-conjugated structure and significantly decrease
the outstanding properties of graphene. Hence, aqueous
soluble CCG solution and pyridine-capped MS QDs in
ethanol were used for preparing CCG-MS =-stacking
composites. In addition, Raman scattering was used for
investigating the conjugated structure details.

Experimental section
Syntheses of MS quantum dots

The MS QDs were prepared according to the following
procedure [24-26]

PbCl; (1 mmol) and oleylamine (OLA, 5 mL) were mixed
together under vacuum at 100 °C for 1 h to form a special
Pb—OLA complex. Then, the mixture was kept under
nitrogen at 100 °C for another 5 min. A solution of
0.67 mmol sulfur in 2.5 mL OLA was quickly injected into
the Pb—OLA complex solution. The resulting mixture was
rapidly heated to 210 °C and held for 1 h and then cooled
to room temperature.

ZnCl, (2 mmol), poly(ethylene glycol) (2.5 g, MW 10
000), and OLA (5 mL) were mixed together under vacuum
at 170 °C for 1 h to form a Zn—-OLA complex. Then, the
mixture was kept under nitrogen at 170 °C for another
5 min. A solution of 6 mmol sulfur in 5 mL OLA was
quickly injected into the Zn—OLA complex solution. The
resulting mixture was rapidly heated to 290 °C and held for
1 h.

CdCl, (1.5 mmol) and oleylamine (OLA, 5 mL) were
mixed together under vacuum at 160 °C for 1 h to form a
special Cd—OLA complex. Then, the mixture was kept
under nitrogen at 160 °C for another 5 min. A solution of
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Fig. 2 XRD patterns of the CCG-MS composites: (a) CCG-PbS,
(b) CCG—ZnS, (¢) CCG-CdS, and (d) CCG-MnS
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Fig. 4 TEM images of a PbS, b ZnS, ¢ CdS, and d MnS nanoparticles

0.75 mmol sulfur in 2.5 mL OLA was quickly injected into
the Cd—-OLA complex solution. The resulting mixture was
aged at 160 °C for 6 h.

MnCl, (3 mmol) and oleylamine (OLA, 5 mL) were
mixed together under vacuum at 120 °C for 1 h to form a
special Mn—-OLA complex. Then, the mixture was kept
under nitrogen at 120 °C for another 5 min. A solution of
1 mmol sulfur in 2.5 mL OLA was quickly injected into
the Mn—-OLA complex solution. The resulting mixture was
rapidly heated to 290 °C and held for 6 h.

MS QDs were separated by adding cold ethanol fol-
lowed by centrifugation.

Syntheses of pyridine-capped MS quantum dots

The resulting MS QDs were dispersed well in toluene
(15 mL). The pyridine-capped MS QDs were prepared by
Geng’s method [18]. 20 mL anhydrous pyridine was added
into the resulting OLA-capped MS QDs toluene dispersion
(5 mL), and refluxed at 118 °C under nitrogen for 24 h.
The solution was centrifuged after adding hexane. The
ligand exchange process was repeated for three times. The
obtained pyridine-capped MS QDs were dispersed in eth-
anol (20 mL).

@ Springer

Synthesis of chemically converted graphene (CCG)

GO was prepared from purified natural graphite (230 mesh,
Qingdao Zhongtian Company) according to the method
reported by Hummers and Offeman [27]. CCG was syn-
thesized by the Li’s method [14]. The obtained GO product
was washed with ultrapure water until attaining a neutral
pH and then dispersed in water to form a ~13.4 mg/mL
GO dispersion. All the water used in the preparation was
distilled through Molecular water purification system with
a resistivity of 18.2 MQ. A 1.5 mL of the above GO dis-
persion was dissolved in water via ultrasonic for 45 min, to
form a 1 mg/mL exfoliated GO dispersion. The homoge-
neous dispersion was mixed with 23.25 pL. of hydrazine
solution (85%) and 440 pL of ammonia solution (25%) in a
50 mL glass vial under vigorously stirred for 10 min, and
then heated to 95 °C for 1 h. Clear CCG solution was
obtained after the mixture was centrifuged at 6000 rpm. for
10 min to remove the large graphene particles.

Syntheses of CCG-MS composites

The CCG-MS composites were synthesized by mixing
5 mL of pyridine-capped MS QDs in ethanol solution with
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20 mL CCG solution under magnetic stirring at 60 °C for
12 h (Fig. 1).

Sample characterization

X-Ray diffraction (XRD) patterns of MS QDs and CCG-MS
composites were recorded on a Bruker D8 Advanced X-ray
diffractometer using Cu-Ka radiation (4 = 0.1542 nm). The
morphologies of samples were observed by transmission
electron microscope (TEM, JEM-2100). The electronic
absorption spectra were recorded on a Shimadzu UV-2450
UV-vis spectrophotometer with standard 1-cm optical path
quartz cells. Raman spectra were recorded on a Renishaw
Invia Raman Microscope using a 514.5-nm argon ion laser.

Results and discussion

We describe our graphene composite samples as graphene—
metal sulfide 7-stacking composites, CCG-PbS, CCG-
ZnS, CCG-CdS and CCG-MnS, prepared by n—= stacking
of CCG and pyridine-capped metal sulfide QDs. X-ray
powder diffraction (XRD) patterns of the resulting CCG—
MS composites are illustrated in Fig. 2. After CCG had
been dried from aqueous colloids, the graphene sheets tend
to form aggregations and even restack to form graphite. It
is evidenced by the appearance of diffraction peak of bulk
CCG at around 20 ~ 25° (Fig. 3) with, the interlayer
space being about 0.35 nm, similar to (002) reflection of
raw graphite. This broadened peak disappears in the XRD
pattern of CCG-PbS, CCG-ZnS, CCG-CdS and CCG-
MnS; instead, a new diffraction peak of CCG-MS appears
at low angle, CCG-ZnS at 20 = 2.38° (3.8 nm), CCG—
CdS at 20 = 3.9° (2.3 nm) and CCG-MnS at 20 = 2.6°
(3.3 nm), and the other peaks are all ascribed to the char-
acteristic Bragg reflections of PbS [28], ZnS [25], CdS
[29], and MnS [30], respectively. It is indicated that the
attachments of these MS QDs onto CCG graphene sheets
prevent the restack of graphene sheets, and they form a
new class of CCG-based composites. It needs to be noted
that the intensities of these low-angle diffraction peaks are
very week, except that of CCG—ZnS. Recent studies [10,
31] have shown that, if the regular stacks of GO or
graphene are destroyed, for example, by exfoliation, their
diffraction peaks become weak or even disappear. This
may be the reason that we did not see the low-angle dif-
fraction peak of CCG-PbS in Fig. 2a.

Figure 4 shows the TEM images of MS QDs, revealing
uniform 10-, 5.5-, 4-,and 5-nm-sized nanocrystals for PbS,
ZnS, CdS and MnS, respectively. After removing the
capping ligands (OLA) of MS QDs, the actual sizes of MS
QDs have a good agreement with the corresponding XRD
results at low-angle diffraction. These nanocrystals shape
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Fig. 5 Absorption spectra of (a) PbS, (b) ZnS, (c) CdS, (d) MnS, and
(e) OLA dispersed in toluene. The absorption peaks at ~287 nm are
ascribed to C=C n—n electron transition of OLA. The shoulder peaks in
(b) and (c) are assigned to ZnS and CdS, respectively; Absorption
spectra of (f) PbS, (g) ZnS, (h) CdS, (i) MnS, and (j) pyridine dispersed
in ethanol after refluxing with pyridine. The double peaks are assigned
to pyridine. All spectra are obtained from the diluted solution

are nearly spherical and highly monodispersed. They are
well dispersible in toluene or hexane. It needs to be noted
that the particles size and shape of these MS nanocrystals
can be controlled by changing the relative amounts of metal
precursor and sulfur, injection temperature, and growth
temperature. These highly monodispersed MS QDs can be
applied in many areas, such as PbS with a band gap energy
of 0.41 eV being used in biological labeling and diagnos-
tics, light-emitting diodes, electroluminescent devices,
photovoltaic devices, lasers, and single-electron transistors
[32, 33]. After changing the capping agent of MS QDs from
OLA to pyridine, the pyridine-capped MS QDs are dis-
persible in ethanol or water. We compare the absorption
spectra of pyridine-capped MS QDs in ethanol and OLA-
capped MS QDs in toluene (Fig. 5). The spectra are quite
different after the capping agents were changed; the
absorption peaks at ~287 nm corresponding to OLA dis-
appear; and the double absorption peaks ranging from 200
to 280 nm corresponding to pyridine appear, indicating that
the ligands of MS QDs are almost completely exchanged
with pyridine by refluxing in pyridine. In addition, the two
peaks overlapping side by side corresponding to pyridine
split into two separate peaks after ligand changing: the first

@ Springer
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Fig. 6 TEM images of the resulting a CCG-PbS, b CCG-ZnS, ¢ CCG-CdS, and d CCG-MnS composites

one at 255 nm is assigned to C=C n—r electron transition.
The second one at around 210 nm assigned to C=N n—=n
electron transition shows some shift for PbS (206 nm), ZnS
(210 nm), CdS (215 nm) and MnS (208 nm), because of the
influence of pyridine absorbed on MS QDs through N
atoms.

In general, MS QDs are synthesized in organic medium,
and these contain a layer of outside-capping ligand, which
makes them insoluble in aqueous solution. After changing
the capping agent to pyridine, MS QDs become water
soluble. Considering that the unique optoelectronic prop-
erties of MS QDs and CCG possess large surface areas act
as carrier, CCG-MS composites were expected to have
large potential applications in biological tissues, such as
biosensing and bioimaging. Attachments of MS QDs to
CCG can be verified by the morphologic analyses of
electron microscope images. Figure 6 shows the TEM
images of CCG-PbS, CCG-ZnS, CCG-CdS, and CCG-
MnS composites. It is clearly seen that most MS QDs
distribute randomly on the almost transparent carbon
sheets, and a few particles were scattered out of the sup-
ports. It seems that the QDs particles locate firmly on CCG
sheets by noncovalent bond. Although there are some large
particles on CCG sheets, most QDs particles distribute

@ Springer

randomly on the sheets without obvious size and shape
change, and obvious aggregations.

The n—m stacking structure of these composites can also
be supported by the analyses of Raman scattering. Raman
spectroscopy is a powerful technique to provide detailed
information as to molecular structures and has proved to be
a useful tool for the characterization of carbon products,
especially considering the fact that conjugated and double
carbon—carbon bonds lead to high Raman intensities [34—
36]. The most prominent features for graphene materials in
Raman spectra are the G band (around 1582 cm™' using
laser excitation at 2.41 eV) which is associated with the
E>, phonon of sp”> atoms, and the D band (around
1350 cm™ ') which is the result of the breathing mode of
k-point phonons of A, [10]. After chemical reduction of
GO by hydrazine, the oxygen functional groups in GO
sheets can be removed, and the conjugated graphene net-
work will be re-established. However, the size of the
reestablished graphene network was smaller than the ori-
ginal ones, leaving topological defects and vacancies,
which makes the intensity ratio of D/G to increase [34, 37].
It is interesting to note that the D/G ratios of CCG-MS
composites were decreased after m—n stacking of pyridine-
capped MS QDs on CCG planes (Fig. 7). This is quite
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Fig. 7 Raman spectra of (a) bulk CCG, (b) CCG-PbS, (¢) CCG-ZnS,
(d) CCG-CdS, and (¢) CCG-MnS composites

different from the previous graphene—metal composites
grown in situ method, in which the D/G ratios increase
even more than 1 [10, 38]. We consider that the aromatic
structures of pyridine capped on MS QDs extend the
conjugated structure of CCG, and then make the intensity
ratio of D/G to decrease. This makes sense with respect to
the formation of more extended networks of conjugated sp>
carbons, toward a more locally ordered graphene lattice.
In addition, it should be noted that the differences in the

Fig. 8 The fabrication process of CCG-MS filtered films. a The
photograph shows that PbS, ZnS, CdS, and MnS are dispersible in
toluene, even after several months. b PbS, ZnS, CdS, and MnS are
dispersible in ethanol after ligands are changed from OLA to pyridine.
It should be noted that the ZnS ethanol dispersion was not stable and
left some precipitate at bottom of bottle after several hours. However,

filtration

D/G ratios can be found in the Raman spectra of CCG-MS
composites (Fig. 7b, c, d, e), because of the nanoparticles
size and activity are different from each other.

The CCG-MS filtered films, shown in Fig. 8, were
prepared by vacuum filtration of the dispersions of CCG—
MS through a mixed cellulose—ester membrane with a pore
size of 0.45 um. Considering the unique optoelectronic
properties of MS QDs and that CCG possess large specific
surface areas, we expect that the CCG-MS filtered films
would present some special features, such as photosensi-
tivity, photoconductivity and catalysis. It should be men-
tioned here that the resultant CCG-MS filtered films are
frangible, comparing with CCG filtered film.

Conclusion

In summary, we have demonstrated that CCG-MS com-
posites can be fabricated by n—=n stacking of CCG and MS
QDs. In our system, MS QDs are dispersible in ethanol or
water after the capping agent changed from OLA to pyri-
dine, and then noncovalently coupled to CCG sheets in
aqueous solutions. The aqueous dispersibility of CCG-MS
composites enables such composites to become particularly
useful in certain technological applications, such as bio-
sensing and bioimaging, and forming filtered films for
unique optoelectronic properties.
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on heating up to ~65 °C, it would become a clear yellowy solution.
¢ The photograph shows that the resulting CCG-MS composites are
dispersible in aqueous solution, although some large particles float
above the water. It can be removed by centrifugation. d The
photograph of resulting CCG-MS filtered films
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