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In this paper, we proposed a simple in situ method for the synthesis of
pristine-graphene/Ag nanocomposites by chemical reduction of Ag
ions in a N-methyl pyrrolidone solution in which pristine-graphene
had been homogeneously dispersed. Ag nanoparticles can be
directly attached on the pristine-graphene surface without any func-
tionality. The obtained pristine-graphene/Ag nanocomposites are
investigated by transmission electron microscopy, X-ray diffraction,
and X-ray photoemission spectroscopy. The results show that Ag
nanoparticles are homogeneously distributed on the pristine-
graphene sheets with high density. We further demonstrate that this
pristine-graphene/Ag nanocomposites exhibit a very strong surface-
enhanced Raman scattering (SERS) effect, which can be used as
ultrasensitive SERS substrates for chemical and biological analysis.

Nanocomposites have attracted wide attention because of their
potential to combine the desirable properties of different
nanoscale building blocks to improve mechanical, optical,
electronic, or magnetic properties.'” Graphene, a single layer of
bonded-sp> carbons compacted into a two-dimensional honey-
comb lattice with unique electronic, thermal, and mechanical
properties,*” offer new opportunities to develop nano-
composites in many potential applications, ranging from
advanced catalytic systems through very sensitive electro-
chemical sensors to highly efficient fuel cells.***> On the other
hand, metal nanoparticles are of great importance due to their
optical, catalytic, and electrical properties.'® It is also a long-
term desire to integrate metal nanoparticles into composite
materials to explore their properties and applications. There-
fore, it is of critical interest if metal nanoparticles can be inte-
grated with graphene to form nanocomposites. However, due to
the chemically inert nature of pristine-graphene surface," it is
difficult to directly attach metal nanoparticles on the pristine-
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graphene. Most of the reported methods for the fabrication of
graphene/metal nanocomposites are based on the attachment
of metal nanoparticles on the graphene oxide (GO) and reduced-
GO (rGO).**?¢ Although GO/rGO sheets can be easily dispersed
in aqueous solution facilitating the attachment of metal nano-
particles on graphene, it suffers from poor electrical conduc-
tivity due to the oxidation-induced defects which disrupt the
aromatic system of graphene, limiting its practical applica-
tions.”” Although most of the functional groups in GO can be
removed by reduction, large quantities of structural and
chemical defects still remain after reduction.?® Moreover, the
electrical conductivity of rGO is only partially restored and lags
behind its pristine counterparts.> Therefore, to promote tech-
nological applications of graphene/metal nanocomposites, new
strategies to synthesize high-quality pristine-graphene/metal
nanocomposites are indispensable.

In this work, we proposed a simple in situ approach for the
synthesis of pristine-graphene/Ag nanocomposites by the
chemical reduction of Ag ions in the pristine-graphene disper-
sions in an organic solvent of N-methyl pyrrolidone (NMP). By
this approach, Ag nanoparticles can be efficiently and uniformly
attached on the pristine-graphene with high density. We would
like to highlight that it is a facile and efficient process for
attaching Ag nanoparticles on pristine-graphene without func-
tionality on the pristine-graphene surface. We further demon-
strate that this pristine-graphene/Ag nanocomposites exhibit
high surface-enhanced Raman scattering (SERS) activity, which
can be used as ultrasensitive SERS platforms for chemical and
biological analysis.

The whole preparation strategy for fabricating the pristine-
graphene/Ag nanocomposites is shown in Fig. 1. In the first
step, the natural graphite was firstly intercalated with concen-
trated sulfuric acid and hydrogen peroxide to obtain expandable
graphite, and then the expandable graphite was rapidly heated
at 950 °C for 20 s to obtain expanded graphite. In this process,
the natural graphite experiences a sudden and dramatic
expansion in the volume due to the decomposition of the
intercalating acid of expandable graphite. In the second step,
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Fig. 1 Schematic illustrations for the synthesis of pristine-graphene/
Ag nanocomposites.

the obtained expanded graphite was exfoliated by ultra-
sonication in NMP solution and then centrifuged to obtain
pristine-graphene. In the third step, Ag nanoparticles are
deposited on pristine-graphene by chemical reduction of Ag
ions with NaBH, in the pristine-graphene dispersion of NMP.
Fig. 2a and b show scanning electron microscope (SEM)
images of the expanded graphite with the “worm-like” struc-
ture. The energy required for the layer separation of expanded
graphite is much lower than that of natural graphite, thus
exfoliation of expanded graphite in NMP could produce higher
yields of pristine-graphene compared with the exfoliation of
natural graphite in NMP. Fig. 2c shows transmission electron

Fig. 2 (a and b) SEM images of the as-synthesized expandable
graphite at different magnifications. (c) TEM images of the as-
synthesized pristine-graphene sheets (d) electron diffraction pattern
for the pristine-graphene sheets, taken from the spot marked in (c).
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microscopy (TEM) image of the obtained monolayer pristine-
graphene with the folded structure, as indicated by the
selected area electron diffraction (SAED) pattern (Fig. 2d) taken
from the position marked in Fig. 2¢.** The SAED pattern shows
the typical hexagonally arranged lattice of carbon in pristine-
graphene, indicating excellent crystallization of the obtained
pristine-graphene.®* The crystal structure of the obtained
pristine-graphene was further characterized by Raman spec-
troscopy (Fig. 3a). The Raman spectrum shows two primary
features: a G band at ~1580 cm ™" due to the two-fold degen-
erate E2g mode at the zone centre, and a second-order 2D band
at ~2700 cm ™" due to phonons in the highest optical branch
near the K point at the Brillouin zone boundary.*> While the
disorder-induced modes of D band at 1350 cm™*, which relates
to the structural defects of graphene, is almost invisible,
proving the absence of a significant number of defects in the
obtained pristine-graphene.

The high-quality of the obtained pristine-graphene can be
further confirmed by X-ray photoelectron spectroscopy (XPS).
Fig. 3b shows the XPS spectrum of the obtained pristine-
graphene that contains only two peaks of C1s and O1s, which
are also apparent in natural graphite. The O peak located at
532.5 eV (Fig. 3c) is assigned to physisorbed O, or hydrated O
species.® According to the XPS measurement, the concentration
of O atoms in the obtained graphene is 3.49 at%. The high
resolution C1s XPS spectrum (Fig. 3d) show only C-C bond with
the banding energy of 284.6 eV, while C-O (287.1 eV) and C=0
bond (288.8 eV) is almost negligible, further demonstrating the
high-quality and absence of oxidization of the obtained pris-
tine-graphene.**

The attachment of the Ag nanoparticles on pristine-
graphene was characterized by TEM. The typical images of the
obtained pristine-graphene/Ag nanocomposites are shown in
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Fig. 3 (a) Raman spectrum, (b) wide-survey scan XPS spectrum, (c)
O1s XPS spectrum and (d) Cls XPS spectrum of as-made pristine-
graphene.
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Fig. 4a and Fig. 4b at different magnifications. It was observed
that Ag nanoparticles with a typical diameter of 5-30 nm are
homogeneously decorated on the pristine-graphene surface.
The distribution of Ag particle size is shown in Fig. S1.7 There is
no apparent aggregation of Ag nanoparticles on the pristine-
graphene, nor large areas of the blank pristine-graphene
sheets without Ag nanoparticles decoration. The high resolu-
tion TEM (HRTEM) images (Fig. 4c) of Ag nanoparticles indicate
that they are single crystals. The measured lattice fringe spacing
of 0.23 nm in these Ag nanoparticles corresponds to the (111)
crystal plane. The formation of pristine-graphene/Ag nano-
composites was further characterized by X-ray diffraction (XRD)
(Fig. 4d), and XPS (Fig. 4e and f). In the XRD diffraction pattern
of pristine-graphene/Ag nanocomposites, three of the four main
peaks located at 38.4°, 44.3° and 64.5° are assigned to the (111),
(200) and (220) planes of cubic Ag crystal, respectively, which
indicates that Ag nanoparticles exist in the crystalline state.
While the peak located at 26° corresponds to (002) plane of
graphite, confirming the high-quality of the obtained pristine-
graphene.®® The XPS spectrum of the obtained pristine-
graphene/Ag nanocomposites shows significant Ag 3d signals
corresponding to the binding energy of Ag (Fig. 4e), further
demonstrating the effective attachment of Ag nanoparticles on
the pristine-graphene. In Fig. 4f, it is seen that the C1s spectrum
of the pristine-graphene exhibits a sharp peak characteristic of
pristine-graphene flakes, the absence of C-O species further
confirming the high-quality of the pristine-graphene sheets
after attachment of Ag nanoparticles.

SERS can amplify the normal Raman signal by 10° times or
more, which has exhibited amazing potential for ultrasensitive
analytical applications.***® To achieve ultrasensitive detection
of analyte molecules by SERS, the SERS substrate should
possess (1) the ability to adsorb enough molecules to contribute
to the Raman signal, and (2) abundant nano-scaled gaps known
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as “hot spots” of noble-metal nanostructures to dramatically
enhance the local electromagnetic fields as well as the Raman
signal. Based on this knowledge, pristine-graphene/Ag nano-
composites are expected to have high SERS sensitivity with the
combined effects of electromagnetic enhancement of Ag
nanoparticles** and the molecule enricher of graphene.*
Therefore, to investigate the SERS performance of the obtained
pristine-graphene/Ag nanocomposites, Raman measurement
was conducted. Fig. 5a shows the Raman spectrum of as-
deposited pristine-graphene in the absence of Ag nano-
particles (bottom) in comparison to the spectrum of graphene
decorated with Ag nanoparticles (top). Both spectra consist of
Raman peaks corresponding to the 1580 cm ™' (G band) and
2700 cm ™" (2D band), the absence of disorder-induced band at
1350 cm ™' for pristine-graphene/Ag nanocomposites demon-
strating that the attachment of Ag nanoparticles on the pristine-
graphene surface does not introduce any significant defects into
the pristine-graphene. As shown in Fig. 5a, a significant
enhancement of Raman signals from pristine-graphene/Ag
nanocomposites compared to that from pristine-graphene can
be observed, which is attribute to the enhancement of the
localized electric field at the surface of the Ag nanoparticles in
intimate contact with the pristine-graphene.** This large Raman
enhancement of pristine-graphene by Ag nanoparticles will
make the pristine-graphene/Ag nanoparticles system useful as
a surface-enhanced Raman scattering platform.

To validate the high SERS sensitivity of the pristine-
graphene/Ag nanoparticles hybrid SERS substrates, we used p-
aminothiophenol (p-ATP) molecules, which are commonly used
in SERS experiments, to test the SERS performance of the
substrates. The SERS spectra of p-ATP at different concentra-
tions are shown in Fig. 5b. The peaks located at 1578, 1188, and
1076 cm ™' corresponding to a; vibration modes of p-ATP,*
while the peaks located at 1435, 1391, and 1142 cm™'
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Fig.4 (aandb) TEMimages of the as-synthesized pristine-graphene/Ag nanocomposites at different magnifications. (c) HRTEM image of the Ag
nanoparticle. (d) XRD pattern of the pristine-graphene/Ag nanocomposites. (e) XPS spectrum of Ag 3d in the pristine-graphene/Ag nano-
composites. (f) XPS spectrum of Cls in the pristine-graphene/Ag nanocomposites.

This journal is © The Royal Society of Chemistry 2016
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Fig. 5 (a) Raman spectra of the pristine-graphene and the pristine-
graphene/Ag nanocomposites. (b) SERS spectra of p-ATP at different
concentrations on pristine-graphene/Ag nanocomposites.

corresponding to the a, modes of 4,4'-dimercaptoazobenzene
(DMAB) which is an oxidative coupling product of p-ATP.*
According to the report from Xu et al.*** the peak at 1142 cm ™!
attributed to C-H bond, the peaks at 1391 and 1435 cm~
belong to N=N bonds. This result suggests possible chemical
transformation of p-ATP to DMAB with the laser illumination
during SERS measurement.**** It can be seen that the charac-
teristic bands of p-ATP are still distinctly observed in the spectra
even when the p-ATP concentration was down to 10~ ' M,
revealing the high SERS sensitivity of the pristine-graphene/Ag
nanoparticles hybrid. To further estimate the SERS activity of
the pristine-graphene/Ag hybrids, another probe molecule of
rhodamine 6G (R6G) was also employed for SERS measurement.
Fig. S27 exhibits the dependence of the SERS spectra on the
concentration of R6G. Intense SERS spectra were obtained when
the concentration of R6G was higher than 107% M. At 107° M,
the SERS intensity became much weaker and at the concentra-
tion below 10~ '°M, Raman signal was hardly detectable. This
result shows that the detection limit of R6G reaches as low as
10~?, further indicating the high SERS sensitivity of the pristine-
graphene/Ag nanoparticles hybrid.

1
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Conclusions

In summary, we have developed a simple in situ approach for
synthesis of pristine-graphene/Ag nanocomposites by the
chemical reduction of Ag ions in the pristine-graphene disper-
sions in NMP. This approach is of considerable interest as it
offers a facile way to directly and uniformly attach high-density
Ag nanoparticles on the pristine-graphene without any func-
tionality. The synthesized pristine-graphene/Ag nano-
composites exhibit very strong surface-enhanced Raman
scattering SERS effect, which can be used as ultrasensitive SERS
substrates for chemical and biological analysis.

Experimental section
Materials

All common reagents and solvents were purchased from the
Shanghai Chemical Factory (Shanghai, China) and used as
received without further purification. Natural graphite was
purchased from Qingdao Hensen Graphite Co., Ltd. Water used
throughout all experiments was purified with the Millipore
system.

Preparation of pristine-graphene

First, the natural graphite was mixed with a mixture (20 : 1 by
volume) of concentrated sulfuric acid (98 wt%) and hydrogen
peroxide (30 wt%). The obtained mixture was then stirred for
about 1 h and then washed with deionized water until the pH
level reached 5. After drying at 100 °C for 24 h, the expandable
graphite was obtained. Then the obtained expandable graphite
was rapidly heated at 950 °C for 20 s in Ar atmosphere to
produce expanded graphite. After that, the expanded graphite
was dispersed in the NMP at a concentration of 0.1 mg L™" by
sonication for 40 min. The resultant dispersion was then
centrifuged at 1000 rpm for 10 min. The top half of the gra-
phene dispersion was collected for further use.

Synthesis of pristine-graphene/Ag nanocomposites

0.02 g PVP (M,, ~ 55 000) was dispersed into 20 mL pristine-
graphene NMP dispersion by rapid stirring. Then 1 mL AgNO;
(0.5 M) and 1 mL NaBH, (0.5 M) were added to the above
solution in sequence under vigorous stirring. The resulting
solution was stirred for 1 h at room temperature. Finally, the
obtained stable black dispersion was centrifuged and washed
three times with ethanol and then dissolved in 20 mL ethanol.

Characterization of pristine-graphene/metal-NPs hybrids

TEM measurements were made on a HITACHI H-8100 EM with
an accelerating voltage of 200 kV. For TEM observation, carbon-
coated copper grids were dipped in pristine-graphene/metal-
nanoparticles solution and then dried in ambient conditions.
The XPS measurements were carried out using a VG ESCALAB
220i-XL system, equipped with a monochromatized Al Ko
source (hv = 1486.6 eV) for the excitation of photoelectrons.
XRD patterns were recorded using a Bruker D8 Advance X-ray
diffractometer with Cu-Ka radiation.

This journal is © The Royal Society of Chemistry 2016
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Raman measurements

Raman spectra were obtained by using a confocal microprobe
Raman system (Renishaw, inVia) with an excitation wavelength
of 532 nm. To ensure good molecule adsorption, the as-
synthesized pristine-graphene/AgNPs hybrids spin-coated on
Si substrate were immersed in 1.5 mL p-ATP aqueous solutions
(from 10”7 to 10~ '" M) for 12 h, taken out and then dried in air.
All the spectra were acquired with the acquisition time of 5 s.
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