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Abstract: Graphene-based materials are elective materials for a number of technologies due to
their unique properties. Also, semiconductor nanocrystals have been extensively explored due to
their size-dependent properties that make them useful for several applications. By coupling both
types of materials, new applications are envisaged that explore the synergistic properties in such
hybrid nanostructures. This research reports a general wet chemistry method to prepare graphene
oxide (GO) sheets decorated with nanophases of semiconductor metal sulfides. This method allows
the in situ growth of metal sulfides onto GO by using metal dialkyldithiocarbamate complexes as
single-molecule precursors. In particular, the role of GO as heterogeneous substrate for the growth of
semiconductor nanocrystals was investigated by using Raman spectroscopic and imaging methods.
The method was further extended to other graphene-based materials, which are easily prepared in
a larger scale, such as exfoliated graphite oxide (EGO).
Keywords: graphene oxide; metal sulfide nanocrystals; Raman spectroscopy

1. Introduction
Graphene is a one-atom-thick layer of sp2 -bonded carbon atoms arranged in a two-dimensional
(2D) honeycomb lattice structure [1]. Due to their electronic, thermal, and mechanical properties,
graphene is of great interest in numerous applications, such as water treatment, gas separation [2],
catalysis [3], electronics [4], and energy storage in batteries and supercapacitors [5,6]. For certain
applications there has been more interest to explore the chemistry of graphene oxide (GO), which
can be regarded as a single-layer of graphite oxide. In this case, the presence of structural defects
due to oxygen functional groups bound to the 2D carbon monolayer has a detrimental effect on the
electronic behavior of pristine graphene. Nevertheless, these oxygen moieties confer to GO layers
a hydrophilic character, which makes this material particularly useful for subsequent surface chemical
modifications and water compatible applications. An interesting example is the development of
hybrid nanostructures that combine GO sheets as the chemical platforms to attach other distinct
functional nanophases.
Semiconductor nanocrystals (NC) are important nanomaterials whose interest to associate to GO
substrates relies in some extent on the exploitation of synergistic effects by coupling both components.
For example, nanosized metal sulfides have attracted great attention because of their size-tunable
optical properties [7]. The hydrophilic nature of GO allows for the preparation of colloidal stable
suspensions that favor the synthesis in situ of such metal sulfides onto GO surfaces. Some synthetic
strategies have been developed for the decoration of GO with semiconductor nanocrystals such as CdS,
Bi2 S3 , and PbS [8–23]. Unlike CdS, which has been extensively investigated in association to GO [8–20],
just a few reports were found involving other sulfides such as Bi2 S3 , and PbS [21–23]. Gao et al.
described GO/CdS composites obtained by a two-phase mixing method [18,24]. The preparation
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of GO nanosheets decorated with CdS nanorods by the pyrolysis of cadmium precursors has been
described by Zhang et al. [13] There are several reports of solvothermal routes for the production of
GO/metal sulfides [9,12,14,17,19,20]. GO surfaces have been decorated with PbS into a semi-core/shell
structure using a solution-based hot-injection method [22].
There has been great interest in using GO as a scaffold to develop visible-light photocatalysts,
because it is relatively inexpensive, environmentally friendly, and can enhance the semiconductor
photocatalytic properties by extending the light absorption range and improving charge carrier
separation and transport [11,14,15,17,18,20,25,26]. Thus far, however, it has not been reported
a single-source method for the production of metal sulfides onto GO, with potential for up-scale
production of nanocomposite photocatalysts. This gap has been bridged in this study by describing
the use of metal alkyldithiocarbamate as precursors to metal sulfides generated in situ in the presence
of GO. This research follows our interest in exploring this chemical route by using chemically and
structurally distinct substrates, such as amorphous SiO2 nanoparticles and carbon nanotubes [27,28].
The simplicity of this method relies on the use of single-molecule precursors to produce the required
nanocomposites without segregated phases. This is possible without adding additional sources
of sulfur to the reacting system, such as thiourea [10,14,17] or CS2 [15]. Also, the method does
not require extra polymeric linkers to anchor the metal sulfides to the substrates, such as PVP
(polyvinylpyrrolidone) or PAA (polyacrylic acid) [9,14,16]. Hence, this is a general and alternative
method to produce several metal sulfides onto GO sheets, at temperatures typically less than 100 ◦ C
and relatively short reaction times (less than 1 h). Furthermore, the method reported here is easily
applied to other graphene based materials, including less expensive substrates, as illustrated here, by
using suspensions containing exfoliated graphite oxide.
2. Results and Discussion
The hybrid nanostructures were obtained after generating the metal sulfide nanophases in
situ, in the presence of GO sheets, following the reflux of ethanolic suspensions containing a metal
alkyldithiocarbamate complex. Figure 1 shows the powder X-ray diffraction (XRD) patterns of GO,
and the GO based nanocomposites is reported here. As expected, the GO sample shows powder
XRD patterns dominated by a strong peak centered at 2θ = 10.3◦ corresponding to the 001 plane and
to a 0.86 nm interlayer distance [29]. Therefore, we estimate that the GO sample is composed of
seven over stacked layers, as deduced from peak broadening and by applying the Debye-Scherrer
equation [30]. The intensity of the diffraction peak at 10.3◦ decreases significantly after decorating
the GO with distinct metal sulfide nanophases (Figure 1). It has been reported that the attachment
of nanoparticles onto GO may prevent the restacking of suspended graphene sheets, which might
explain these observations [31,32]. In addition, the higher crystallinity of the metal sulfides in relation
to the GO, thus resulting in sharper and more intense reflection peaks for the latter (Figure S1), can also
contribute for these observations. Nonetheless, all diffraction peaks for the hybrid nanostructures were
ascribed to the Bragg reflections of the respective metal sulfide, which are in good agreement with the
Ag2 S monoclinic phase (International Centre for Diffraction Data- Powder Diffraction File (ICDDPDF)
No. 00-014-0072), CdS hexagonal phase (ICDDPDF No. 00-006-0314) and PbS cubic phase (ICDDPDF
No. 01-072-4873), which clearly confirms the presence of the metal sulfides on GO (Figure 1). Note that
the peak broadening observed for the CdS sample has been extensively reported as consequence of
nanocrystalline diffracting domains [27]. In accordance with the XRD analysis, the energy dispersive
X-ray spectroscopy (EDX) measurements performed on all hybrid nanostructures showed the peaks
for S and the metal (Ag, Pb, or Cd) of the respective metal sulfide phase. The Cu, C and O peaks
observed in the spectrum are attributed to the Cu grid and graphene substrate.
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Figure 1. XRD patterns for (A) GO; (B) GO/Ag S; (C) GO/PbS and (D) GO/CdS nanostructures.

2
Figure 1. XRD patterns for (A) GO; (B) GO/Ag2S;
(C) GO/PbS and (D) GO/CdS nanostructures. The
The vertical bars correspond to the diffractions peaks attributed to the respective metal sulfide.
vertical bars correspond to the diffractions peaks attributed to the respective metal sulfide. The
The diffraction peaks of GO are marked with *.
diffraction peaks of GO are marked with *.

The optical absorption spectra of the hybrid nanostructures (ethanolic suspensions) reported here
The optical absorption spectra of the hybrid nanostructures (ethanolic suspensions) reported
are shown in Figure 2. For comparative purposes, the spectra of ethanolic suspensions containing
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in Figure 2. For comparative purposes, the spectra of ethanolic suspensions
flakes are also shown. These samples appear macroscopically uniform and the respective
containing
neat GO flakes
areS2)also
shown.
These
samples
appear
macroscopically
uniform on
and the
digital photographs
(Figure
show
colloidal
stable
suspensions
with
distinct colors depending
respective
S2) show(UV/VIS)
colloidalspectrum
stable suspensions
with
distinct colors
the metaldigital
sulfidephotographs
obtained. The (Figure
ultraviolet-visible
of GO exhibits
an absorption
depending
on the
metal
sulfide obtained.
The
spectrum
of GOand
exhibits
band peaked
at 230
nm corresponding
to π →
π* ultraviolet-visible
electronic transitions(UV/VIS)
in the aromatic
C–C bonds,
shoulder at 315
nm peaked
ascribed to
→ π*nm
transitions
in the oxygen
[33]. After
growingin the
an aabsorption
band
atn230
corresponding
to functional
π → π* groups
electronic
transitions
the metal
sulfide
phases
GO sheets,
band to
at 230
nmπ*
fortransitions
the π-plasmon
in the
aromatic
C–C
bonds,
andonto
a shoulder
at the
315absorption
nm ascribed
n →
in the
oxygen
graphitic
network
was
blueshifted
to
lower
wavelength,
suggesting
the
strong
coupling
between
GO
functional groups [33]. After growing the metal sulfide phases onto GO sheets, the absorption band
sheets
andfor
metal
phases [10,34–36].
In fact, it network
has been reported
that an increase
in the number
at 230
nm
thesulfide
π-plasmon
in the graphitic
was blueshifted
to lower
wavelength,
of functional groups or defects in the graphene structure causes the decrease of the π-conjugated
suggesting the strong coupling between GO sheets and metal sulfide phases [10,34–36]. In fact, it
domain size, thus resulting in the shift to lower wavelength of the bands associated to the polyaromatic
has been reported that an increase in the number of functional groups or defects in the graphene
structure [34,37]. Although the presence of oxygen moieties in GO causes disruption of the graphene
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of the
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contribution of metal sulfide-GO interactions. Also, note that for all of the hybrids, the absorption
band at 315 nm, corresponding to the C–O linkages, was shifted to lower values.
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Figure 5. Graphene oxide (GO) sheets decorated with CdS and PbS nanophases: TEM images (top)
Figure 5.
Graphene oxide (GO) sheets decorated with CdS and PbS nanophases: TEM images (top)
and corresponding HRTEM images (bottom).
and corresponding HRTEM images (bottom).
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featuresbonds
of theincarbon
layers.
As such,
decided
investigate
in more
detail
effects by
graphene
materials
resultwe
intohave
distinct
Ramantosignatures.
Figure
6 shows
thethese
Raman
using Raman
in particular,
by taking
intoGO,
consideration
that conjugated
carbon-carbon
spectramethods,
for the hybrid
nanostructures
and pure
used as substrate.
The two bands
observed are bonds
2-carbons of the
characteristic
of graphitic
materials,
corresponding
to the vibration
of 6bonded
in graphene
materials
result into
distinct
Raman signatures.
Figure
showsspthe
Raman spectra for
−1) and to sp3-carbon containing moieties that
two-dimensional
hexagonal
lattice
(G
band
at
1580
cm
the hybrid nanostructures and pure GO, used as substrate. The two bands observed are characteristic
act as defects introduced in the graphene lattice (D band at 1350 cm−1) [41–46]. Table 1 summarizes
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using
distinct of each
In comparison to the Raman spectrum of GO, the G, and D bands in the Raman spectrum
materials,
Zhu
et
al.
have
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ZnO/graphene
composites
whose
Raman
spectra
showed
hybrid nanostructure are slightly shifted to lower wavenumbers. We attribute these shifts shifts
to structural
to lower wavenumbers for the D band and shifts to higher wavenumbers for the G band [43]. Here,
modifications occurring in the GO sheets during the synthesis, which are eventually mediated by
both of the G and D bands in the Raman spectrum of each nanocomposite are shifted to lower
interactions
with theThese
metal
sulfide.
Although
using can
distinct
materials,
et formation
al. have of
reported
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shifts
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also be
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to(D-band/G-band)
higher wavenumbers
for the
[43].1 indicates
Here, both
of the
G and
D Raman
bands in the

Raman spectrum of each nanocomposite are shifted to lower wavenumbers. These shifts for lower
wavenumbers can also be associated to the formation of reduced GO [46]. However, in the case of
reduced GO formation, we would also expect an increase of the (D-band/G-band) intensity ratio [46].
In fact, Table 1 indicates a slight increase of the Raman intensities ratio (D-band/G-band), suggesting
an increase of the number of defects in the nanocomposites, as compared to pristine GO. The origin
of such defects could be traced to the treatment of the GO flakes during the synthesis. The broad
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intensities ratio (D-band/G-band), suggesting an increase of the number of defects in the
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Unlike monolayer graphene, whose Raman spectrum shows a sharp 2D band with stronger intensity
not need to be activated by the proximity of defects [45]. Unlike monolayer graphene, whose
than the G band, the materials reported here show broad and less intense Raman 2D-bands as expected
Raman spectrum shows a sharp 2D band with stronger intensity than the G band, the materials
for a multilayered
GOshow
[47].broad and less intense Raman 2D-bands as expected for a multilayered GO [47].
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Figure 6. Raman
of graphene
oxide
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having
the indicated
metal sulfides
(1000–3500
cm−1 region).
−
1
(1000–3500 cm region).
Table 1. Raman shifts for G and D bands with the respective intensities ratio.

Table 1. Raman shifts for G and D bandsBand
with
the respective intensities ratio.
Positions (cm−1)
Sample

Graphene oxide (GO)
Sample
GO/Bi2S3
GO/Ag2S
GO/CdS
Graphene
oxide (GO)
GO/PbS
GO/Bi
2 S3

D
1366.5 ± 1.2
1359.5 ± 1.2
1361.9 ± 1.1 D
1361.41366.5
± 0.9 ±
1360.6 ± 1.1

G

ID/IG

1595.7
± 0.7
Band
Positions
(cm−1 )0.92
1587.9 ± 0.9
1585.3 ± 0.7 G
0.8
1.2 1580.1 ±1595.7
±
1581.5 ± 1.0

1.05
1.02 ID /IG
1.07 0.92
1.07

0.7
1359.5 ± 1.2
1587.9 ± 0.9
1.05
GO/Ag2 S
1361.9 ± 1.1
1585.3 ± 0.7
1.02
Raman mapping has been a less exploited tool in the characterization of decorated graphene
GO/CdS
1361.4 ± 0.9
1580.1 ± 0.8
1.07
type materials, such as the hybrid nanostructures reported in this research. Taking advantage of the
GO/PbS
1360.6 ±3 1.1
1581.5 ± 1.0
1.07−1

Raman signature assigned to the presence of sp -carbon defects, at about 1350 cm , we have
performed Raman imaging studies for neat GO and metal sulfide doped GO. These screening
experiments show micrometric regions enriched in defects distributed over the GO sheets (Figure
Raman
mapping has been a less exploited tool in the characterization of decorated graphene type
7—left panel). On the other hand, the metal sulfides deposited on GO show characteristic Raman
materials, shifts
such ataswavenumbers
the hybrid nanostructures
in thisinresearch.
advantage
lower than the G reported
band, as shown
Figure S3.Taking
These Raman
bands of
arethe Raman
−1 , we have performed
signature characteristic
assigned toofthe
of and
sp3 -carbon
at about
1350ofcm
eachpresence
metal sulfide
were useddefects,
for screening
the regions
GO coated
with the
respective
semiconductor
(Figuresulfide
7—middle
panel).
combined
Raman
images
Raman imaging
studies
for neat nanophase
GO and metal
doped
GO.The
These
screening
experiments
show
(Figure 7—right panel) for the GO sheets and the corresponding doped GO samples, give a fair
micrometric regions enriched in defects distributed over the GO sheets (Figure 7—left panel). On the
agreement with the assertion that the metal sulfides are mainly located in GO regions enriched in
other hand,
the metal
sulfides
deposited
on GO
show
wavenumbers
defects.
The Raman
mapping
of the hybrid
samples
alsocharacteristic
corroborate the Raman
presence shifts
of metalatsulfide

lower than the G band, as shown in Figure S3. These Raman bands are characteristic of each metal
sulfide and were used for screening the regions of GO coated with the respective semiconductor
nanophase (Figure 7—middle panel). The combined Raman images (Figure 7—right panel) for the
GO sheets and the corresponding doped GO samples, give a fair agreement with the assertion that
the metal sulfides are mainly located in GO regions enriched in defects. The Raman mapping of the
hybrid samples also corroborate the presence of metal sulfide nanophases distributed over the GO
sheets, as discussed above for the TEM analysis. The method described here for decorating GO sheets
can be applied to other carbon materials or by exploring other thermal treatment methods [27,48,49].
For example, it would be of great interest to apply this synthesis using less expensive carbon substrates
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other thermal treatment methods [27,48,49]. For example, it would be of great interest to apply this
synthesis using less expensive carbon substrates and which also allow large-scale production. As an
and which also allow large-scale production. As an illustrative case, we have applied a similar synthetic
illustrative
case, we have applied a similar synthetic methodology but using suspensions of
methodology but using suspensions of exfoliated graphite oxide (EGO) instead of GO (Figure S4).
exfoliated graphite oxide (EGO) instead of GO (Figure S4). Figure 8 shows the TEM images for EGO
Figure 8 shows the TEM images for EGO flakes decorated with CdS and PbS nanophases. Although the
flakes decorated with CdS and PbS nanophases. Although the TEM results suggest that there is a
TEM results suggest that there is a higher population of discrete metal sulfide phases over the surfaces
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3.1. Chemicals
Ethylenediamine (Sigma-Aldrich,
(Sigma-Aldrich, St.
St. Louis,
Louis, MO,
MO, USA),
USA), graphite
graphite (GK,
(GK, Hauzenberg,
Hauzenberg, Germany),
Germany),
Ethylenediamine
graphene oxide
oxide aqueous solution (2.5 mg/mL,
Nanocs, New
New York,
York, NY, USA) dimethylformamide
graphene
mg/mL, Nanocs,
obtained from commercial
(Carlo Erba, Milan, Italy) were used as received. All other solvents were obtained
sources and used as received or distilled and dried by standard procedures.
procedures.
The following
following metal diethyldithiocarbamates
were used as single-molecule precursors
The
diethyldithiocarbamates were
{M[S22CN(C
CN(C22H
H5)52)]2x]},x },where
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Cd,
and
[27].
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and
Pb Pb
[27].
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of the
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by the
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5
)
2
)
and
the
respective
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2 5 2
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with the literature [50]. In
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45 min)
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centrifuge,
resulting
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was centrifuged
(500 rpm,
45 min)
usingusing
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centrifuge,
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and filtered
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reduced
pressure.
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powder
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left
to at
dry
40 ◦ C.
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pressure.
The final
powder
obtained
was was
left to
dry
40at°C.
3.2. Synthesis
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All
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in aa well-ventilated
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fume cupboard.
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decorated with
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decorated
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of
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(20
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The
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temperature and kept under N2.
3.3. Instrumentation
3.3. Instrumentation
The UV/Vis spectra were recorded using a Jasco V-560 spectrometer (Jasco Inc., Easton, MD,
USA).
TheUV/Vis
X-ray power
(XRD)using
data were
collected
a PANanalytical
Empyrean
The
spectradiffraction
were recorded
a Jasco
V-560 using
spectrometer
(Jasco Inc.,
Easton,X-ray
MD,
diffractometer
(PANanalytical,
Almelo,
The
Netherlands)
equipped
with
Cu-Kα
monochromatic
USA). The X-ray power diffraction (XRD) data were collected using a PANanalytical Empyrean
radiation
source at 45 kV/40
mA. The samples
wereThe
prepared
by the deposition
of aliquots
of the
X-ray
diffractometer
(PANanalytical,
Almelo,
Netherlands)
equipped
with Cu-Kα
ethanolic
suspensions
in
hybrid
nanostructures
on
a
silicon
holder.
XRD
patterns
of
the
GO-MS
monochromatic radiation source at 45 kV/40 mA. The samples were prepared by the deposition of
nanocomposites
with thesuspensions
internal reference
(Si)nanostructures
were recorded on
similarly.
transmission
electron
aliquots
of the ethanolic
in hybrid
a siliconFor
holder.
XRD patterns
of
the GO-MS nanocomposites with the internal reference (Si) were recorded similarly. For
transmission electron microscopy (TEM) analysis, a drop of the suspension under analysis was
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microscopy (TEM) analysis, a drop of the suspension under analysis was placed on a carbon-coated
Cu grid and the solvent was left to evaporate at room temperature. TEM was performed using
a transmission electron microscope Hitachi H-9000 (Hitachi, Tokyo, Japan) operating at 300 kV.
The high-resolution TEM images were acquired by using a JEOL 2200FS HR-TEM instrument
(JEOL, Tokyo, Japan). SEM analysis was performed using a scanning electron microscope Hitachi
SU-70 (Hitachi, Tokyo, Japan) operating at an accelerating voltage of 15 kV. Energy dispersive X-ray
spectroscopy (EDX) analysis was performed using Bruker Esprit (Berlin, Germany). Raman spectral
imaging was performed in a combined Raman-AFM confocal microscope WITec alpha300 RAS+ (WITec,
Ulm, Germany). A Nd:YAG laser operating at 532 nm was used as excitation source with the power set
at 1 mW. The Raman confocal microscope was calibrated by acquiring the spectrum of a silicon wafer
(532 nm laser source, 0.5 s, 10 acquisitions, 40 mW laser power). The Gaussian function was fitted to the
Raman band at 521 cm−1 , and an error of 0.08 cm−1 was obtained. The intensity values and associated
errors of the Raman bands of pristine GO and the nanocomposites were obtained by multi-peaks
fitting using the Gaussian function in Origin 8. Raman imaging experiments were performed by
raster-scanning the laser beam over the samples and accumulating a full Raman spectrum at each
pixel. The WITec software, WITec Project 2.0 (WITec, Ulm, Germany), was used to create the Raman
images. The Raman images showing a color scale have been created using band integrals, in which the
value of the absolute area underneath a band (e.g., 1350 cm−1 ) corresponds to color intensity in the
scale, shown in the image at the respective pixels. The Raman spectra of the semiconductor and the
GO were used as the basis set in the analysis using the software tool of WITec Project, providing the
color-coded combined Raman images.
4. Conclusions
GO-metal sulfide hybrid nanostructures have been successfully produced by in situ thermal
decomposition of the respective metal alkyldithiocarbamato complexes. This one-step method is
scalable for producing hybrid GO materials with negligible phase segregation and might be extended
to other graphene-based materials. The method produces GO materials decorated with metal sulfides,
whose absorption in the visible can be tuned by the deposited semiconducting nanophase. We are
currently exploring this approach to trigger photon harvesting in water compatible photocatalysts that
perform efficiently in the visible spectral region.
Supplementary Materials: The following are available online at http://www.mdpi.com/2079-4991/7/9/245/s1,
Figure S1: Powder XRD patterns of GO/MS hybrid nanostructures, Figure S2: Digital photographs of metal
sulfide/GO suspensions, Figure S3: Raman spectra of GO sheets and derived hybrid nanostructures, Figure S4:
Powder XRD patterns of EGO/MS hybrid nanostructures.
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