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ABSTRACT 
An in situ chemical synthesis approach has been employed to prepare an Ag-chemically converted graphene 
(CCG) nanocomposite. The reduction of graphene oxide sheets was accompanied by generation of Ag 
nanoparticles. The structure and composition of the nanocomposites were confirmed by means of transmission 
electron microscopy (TEM), atomic force microscopy (AFM) and X-ray diffraction. TEM and AFM results 
suggest a homogeneous distribution of Ag nanoparticles (5–10 nm in size) on CCG sheets. The intensities of the 
Raman signals of CCG in such nanocomposites are greatly increased by the attached silver nanoparticles, i.e., 
there is surface-enhanced Raman scattering activity. In addition, it was found that the antibacterial activity of 
free Ag nanoparticles is retained in the nanocomposites, which suggests they can be used as graphene-based  
biomaterials. 
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1. Introduction 

As a one atom-thick sheet of sp2-bonded carbon atoms 
in a hexagonal two-dimensional lattice, graphene  
has rapidly become known as a highly promising 
nanomaterial with unique properties [1–13]. Due to 
its special physical and chemical properties, graphene 
has shown promise for several advanced technological 
applications, such as graphene-based composites,  
chemical detectors, fuel cells, and many others [14–28].  

A number of different ways of preparing graphene 
have been reported [29–36]. Among these, nearly 
perfect graphene has been prepared by mechanical 
exfoliation, which has opened up the promising field 
of graphene-based electronics [29]. Nevertheless, it 

should be noted that this method is time consuming 
and the yield is extremely low, limiting its ability to 
have a significant economic and technological impact. 
It has been shown that graphene can also be prepared 
via solution chemistry involving oxidation of graphite 
to afford layered graphene oxide sheets (GOS) followed 
by a subsequent reduction [37–39]. GOS are chemically 
modified graphene sheets containing oxygen functional 
groups such as epoxide and carboxylic acid. They not 
only have a two-dimensional structure like graphene 
but also possess other properties totally different from 
graphene, such as hydrophilicity and controllable 
electronic properties. However, unless well separated 
from each other, as-prepared graphene sheets tend to 
form irreversible agglomerates or even restack to form 
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graphite through van der Waals interactions [40–43]. 
Therefore, the addition of a dispersant which can 
bind tightly onto graphene sheets is necessary in order 
to achieve better dispersions of the graphene. In this 
case, however, the removal or leaching of dispersants 
during the subsequent application of these graphene  
sheets are potential threats.  

Recently, graphene/metal nanoparticle composites 
have aroused extensive interest and they are supposed 
to be useful in the fields of chemical sensors, energy 
storage, catalysis, and hydrogen storage [44–61]. The 
requirement to obtain graphene as individual sheets, 
and to maintain it in the reduced form, introduces 
complexity into the design of composite systems.   
In this work we propose a solution-based silver 
functionalization of graphene. The advantages of our 
method lie in the following: (1) we sought to use mixed 
reducing agents to enhance the reducing strength 
and make the reaction environment mild at the same 
time; (2) by controlling the strength of the reducing 
agent, the growth of Ag nanoparticles and reduction 
of GOS to chemically converted graphene (CCG) can 
be achieved simultaneously; (3) the formation of Ag 
nanoparticles on CCG can greatly reduce the degree of 
stacking of CCG nanosheets; (4) the prepared Ag-CCG 
nanocomposites have potential applications as surface- 
enhanced Raman scattering (SERS) substrates and  
antibacterial materials. 

2. Experimental 

2.1 Materials 

Expandable graphite (EG) was purchased from 
Qingdao BCSM Co., Ltd. All other reagents were at 
least of analytical reagent grade and used without  
further purification. 

2.2 Preparation of Ag-CCG 

EG was first treated at 1050 °C in air for 15 s. The size 
was enlarged up to nearly 200 times its original amount 
in this way. Graphite oxide (GO) was obtained by the 
modified Hummers method as described elsewhere 
[62, 63]. 50 mg of GO was added to 30 mL of ethylene 
glycol. The above mixture was sonicated for 30 min 

followed by high-speed stirring for a further 1 h to 
give GOS. 200 mg of AgNO3 was dissolved in 15 mL 
of ethylene glycol with 5 mL of H2O. This mixture was 
then added to the mixture of GOS/ethylene glycol 
and kept at 50 °C for 2 h. 40 mL of 0.1 mol/L sodium 
borohydride (NaBH4) solution was slowly added and 
the mixture was heated at 110 °C for 2 h. When the 
reduction reaction was finished, the reaction mixture 
was filtered and the product washed three times with 
doubly distilled water and then dried in an oven at 
80 °C under vacuum. The fabrication process is outlined  
in Fig. 1. 

2.3 Instruments and measurement 

Fourier transform infrared spectroscopy (FTIR) spectra 
were recorded on a Nexus 670 spectrometer. Raman 
spectra were recorded on a Dilor LabRam-1B multi- 
channel confocal microspectrometer with 514.5 nm 
laser excitation. Thermogravimetric analysis (TGA) was 
conducted with a Netzsch TG 209F1 instrument that 
was fitted with a nitrogen purge gas using a heating 
rate of 10 °C/min. Before the tests, all the samples 
were carefully ground to powders to ensure sufficient 
diffusion of heat. The measurements were conducted 
using 6–10 mg of samples and weight retention/ 
temperature curves were recorded. X-ray diffraction 
(XRD) patterns were recorded on a Rigaku D/max-rB 
diffractometer using Cu Kα radiation. Transmission 
electron microscopy (TEM) was performed with a JEOL 
JEM-2100F microscope. Atomic force microscopy (AFM) 
images were obtained using a Multimode Nano4 in the 
tapping mode. Water bath sonication was performed 
with a JL-60 DTH sonicator (50 W). Antibacterial activity 
tests were performed according to GB/T 21510-2008. 
Colibacillus, Staphylococcus aureus and Canidia albicans 
were grown in nutritional broth and stored at 0 °C. 
The experiments were carried out in a biosafety cabinet 
and the concentration of Ag-CCG was 0.05 mg/mL.  
The disinfection rate R was calculated as follows: 

−
= ×100%A BR

B
 

where A is the average bacterial count with the 
reference sample and B is the average bacterial count  
with the sample under test.  
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3. Results and discussion 

Among known strategies for generating graphene- 
based materials, those based on utilization of GO are 
arguably the most versatile and easily scalable methods. 
GO is a strongly oxygenated, highly hydrophilic 
layered material that can be readily exfoliated in 
water to yield stable dispersions consisting mostly of 
single-layer GOS. These stable flexible GOS are usually 
used as the starting material for the preparation of  
graphene-based materials [38].  

Ethylene glycol is a widely used reducing agent. It 
can not only work as a chelating agent but also serve 
as a reducing agent to convert metal ions into metal 
or alloy nanoparticles [64]. However, since ethylene 
glycol is only a mild reducing agent, it requires a 
long reaction time to reach completion. In this study, 
we overcome the shortcoming of ethylene glycol by 
the addition of a more active reducing agent, NaBH4. 
A little water was added during the reduction process 
to facilitate the exfoliation of GO. In addition, the water 
may buffer the formation rate of the metal particles, 
and give some control over particle size [65].  

Figure 2 shows the FTIR spectra of GO and Ag-CCG. 
In the spectrum of GO, the peak at 3450 cm–1 arises 
from the –OH stretching vibration. There are also bands 
due to carboxyl C=O and C–O groups (1650 and 
1400 cm–1), epoxy C–O (1200 cm–1), and alkoxy C–O 
(1100 cm–1) groups situated at the edges of the GO 
nanosheets, as has been reported previously [66]. In 
contrast, these bands are almost entirely absent in the 
spectrum of Ag-CCG. The loss of intensity of the peak 
at 3450 cm–1 confirms the involvement and reduction 
of oxygen-containing groups in the formation of the 
Ag nanoparticles. Besides, it also suggests that strong 
interactions may exist between the Ag nanoparticles 
and the remaining surface hydroxyl O atoms [67]. 
Interestingly, the interactions between the nanoparticles 
and CCG were strong enough to ensure the nano- 
particles remained attached even after chemical  
cleaning and ultrasonication. 

Raman spectroscopy is a non-destructive optical 
technique. It has been successfully used to char- 
acterize graphene and other carbon-based materials 
and it can also provide useful information about the 
crystallinity and the number of layers present in the 

 

Figure 1 Experimental procedure used in this study 
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sample [32]. As can be seen in Fig. 3, there are two 
characteristic peaks, namely, the D band at 1330 cm–1 
and the G band at 1580 cm–1. The D band is ascribed 
to edges, other defects, and disordered carbon, whereas 
the G band arises from the zone center E2g mode, 
corresponding to ordered sp2-bonded carbon atoms. 
Compared with raw graphite, after 
oxidation the D mode of GO 
becomes stronger and broader 
and there is a clear increase in the 
ratio of the intensity of the D-band 
to that of the G-band (the R-value). 
The R-value is a measure of the 
degree of disorder and average size 
of the sp2 domain. The increased 
value suggests that the oxidation 
process results in a higher level of 
disorder of the graphene layers and 
an increased number of defects. 
Besides, a slight frequency shift 
(about 10 cm–1) toward a higher 
wavenumber and a broadened 
bandwidth of the G-band are 
found in GO compared with 
graphite, indicating a decrease in 
the in-plane size of graphene  

during the chemical reaction 
process. The R-value for Ag-CCG 
is slightly greater than that of GO. 
This change suggests a decrease 
in the average size upon reduction 
of the exfoliated GO. It  is 
reasonable to consider that the 
reduction of GO causes some 
fragmentation along the reactive 
sites and yields new graphitic 
d o m a i n s ,  w h i c h  l e a d s  t o 
graphenes smaller in size, but 
more numerous in number, 
compared to GO before reduction. 
Even though the intensity of the 
D band is associated with defects, 
in the case of graphene it has 
also been observed that there is a 
substantial contribution from the 
edge effects [32]. The Raman 
spectra described above are 

consistent with a previous report [17]. Taken together 
with the TEM and AFM results (see below), Raman 
spectroscopy confirms that Ag-CCG was greatly 
exfoliated. The strong D band in the Raman spectrum 
of Ag-CCG arises mostly from the edges and steps  
present in the graphene.  

Figure 2 FTIR spectra of GO and Ag-CCG 

   Figure 3 Raman spectra of graphite, GO and Ag-CCG 
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The successful functionalization of CCG sheets 
with Ag nanoparticles was also reflected in the TGA 
curves. As shown in Fig. 4, GO shows much lower 
thermal stability than the raw graphite. The main 
weight loss takes place around 200–400 °C, presumably 
due to pyrolysis of the labile oxygen-containing 
functional groups. Besides, the onset temperature 
becomes dramatically lower and there is also a mass 
loss (~3%) below 100 °C attributed to the removal of 
adsorbed water. The reason for the much lower thermal 
stability is easy to understand: GO has a layered 
morphology with oxygen-containing functionality, 
which will disrupt the hexagonal carbon basal planes 
on the interior of the multilayered stacks of GOS, thus 
accelerating the process of weight loss. Compared with 
GO, the weight loss of the Ag-CCG nanocomposites 
below 200 °C is much lower, indicating that main 
oxygen-containing functional groups of GO has been 
converted after reduction. Moreover, the weight loss 
associated with high temperature pyrolysis of Ag-CCG 
around 650 °C is similar to that for graphite, and results  
from pyrolysis of the carbon skeleton of CCG [68].  

The crystal structure and particle size distribution of 
Ag-CCG were characterized by XRD. The XRD patterns 
of graphite and GO were recorded for comparison 
(Fig. 5). A diffraction peak at 23°–27°is attributed to 

the (002) reflection of a hexagonal graphite structure 
and its intensity can reflect the degree of graphitization 
of a carbon material. Raw graphite shows a very strong 
002 peak at 26.44°. For GO, while a small change in 
the position of the principal reflection is observed, the 
most striking difference is the intensity and broadness 
of the peak (observed at 2θ = 22.84°), corresponding 
to an average interlayer spacing of ~0.4 nm. The 
expansion of the d-spacing relative to that of graphite 
is ascribed to the oxygen-containing groups and 
inserted H2O molecules. By virtue of the presence of 
oxygen-containing functional groups attached on both 
sides of the graphene sheet, as well as the atomic 
scale roughness arising from structural defects (sp3 
bonding) generated on the originally atomically flat 
graphene sheets, individual GOS are expected to be 
thicker than individual pristine graphene sheets. In 
addition, the broad diffraction peak of the GO powder 
suggests that the functionalization process can 
influence the crystallinity of the samples. The major 
diffraction lines in the powder pattern of Ag-CCG can 
be indexed to the Ag face centered cubic (fcc) phase. 
The relatively broad diffraction peaks of Ag indicate 
relatively small crystal size. The average particle size 
of the deposited Ag nanoparticles was calculated to 
be ca. 8 nm from the (111), (200), and (220) X-ray 

diffraction peaks based on 
Scherrer’s equation. No obvious 
diffraction peaks of GO were 
observed in the as-synthesized 
composite, which is consistent 
with complete exfoliation of CCG. 
In addition, the peaks between 
15° and 30° are down-shifted 
and broadened compared with 
the corresponding peaks for GO. 
The broad nature of the reflection 
indicates poor ordering of the 
sheets along the stacking direction, 
implying that the samples are 
composed of mostly single or  
few layers of CCG [50]. 

To further characterize the exact 
structures of the nanocarbons in 
the dispersions, we conducted 
TEM analysis. TEM samples were Figure 4 TGA curves of graphite, GO and Ag-CCG 
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prepared by pipetting a few milliliters of dispersion 
onto holey carbon mesh grids. From the TEM image 
of raw graphite (Fig. 6(a)), we find that even after 
ultrasonication, graphite cannot be exfoliated and the 
flakes are dark, thick, and large, showing the original 
graphitic structure was retained. In the case of    
GO (Fig. 6(b)), large sheets (a few hundred square 
nanometers) were observed on the top of the grid, 
where they were entangled with each other and 
resembled silk veil waves. During the reduction 
process, the color of the suspension changed from 
brown to black, which further confirms the change 
from GO to CCG sheets. A typical TEM image of 
Ag-CCG (Fig. 6(c)) illustrates that almost all the CCG 
sheets are separated from each other and coupled by 
Ag nanoparticles. The almost transparent carbon sheets 
were thickly covered by the silver nanoparticles and 
few particles were scattered outside the CCG sheets. 
Since the monolayer carbon nanosheets are extremely 
thin, it is hard to make a distinction between them 
and the carbon-supported films on the copper grid. 
However, the edges and crumpled silk waves of these 
carbon sheets (indicated by arrows in Fig. 6(c)) lead 
us to believe that these nanoparticles are indeed 
deposited on supports—the almost transparent 
graphene sheets. Besides, in comparison with GO, the 

surface of CCG is much rougher, 
which can be attributed to the 
growth of Ag nanoparticles on 
CCG sheets [69]. The in situ 
reduction process allows these 
nanoparticles of metallic silver (as 
shown in the high-resolution TEM 
(HRTEM) image in Fig. 6(d)) to 
attach onto the CCG sheets. The 
average size of the Ag nano-  
particles is about 6 nm. 

We also employed AFM to 
establish the thickness and surface 
roughness of the depositions, since 
AFM characterization has been 
one of the most direct methods of 
quantifying the degree of exfo- 
liation of graphene after dispersion 
of the powder in a solvent. The 
samples  were prepared by 

depositing the corresponding dispersion on highly 
orientated pyrolytic graphite (HOPG) and drying in 
air. Since the basal planes of the graphene sheets in 
GO are decorated mostly with oxygen- containing 
moieties—such as epoxide, hydroxyl, carbonyl, and 
carboxyl groups— these oxygen functionalities will 
alter the van der Waals interactions between the 
layers and make them hydrophilic, thus facilitating 
their exfoliation in aqueous media. As a consequence, 
GO readily forms stable colloidal dispersions of thin 
GO sheets in water. We found that sufficiently dilute 
colloidal suspensions of GO prepared with the aid of 
ultrasound are homogeneous and stable. AFM 
images confirm that the evaporated dispersion of GO 
is comprised of isolated graphitic sheets (Fig. 7(a)). 
The cross-sectional view of a typical AFM image of 
the exfoliated GO shows that its thickness is about 
1.2 nm, indicating the full exfoliation of GO [40, 70]. 
From Fig. 7(b) we can see that CCG sheets are thickly 
covered by the silver nanoparticles and the average 
size of Ag nanoparticles is about 10 nm, which is  
consistent with the TEM results. 

Although the mechanism of the reduction reaction 
is still unclear, we tentatively speculate that the whole 
process may contain three steps. (1) The presence of 
oxygen functionalities at the graphene surface provides  

Figure 5 XRD patterns of graphite, GO and Ag-CCG 
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Figure 6 Representative TEM images of graphite (a), GO (b), and Ag-CCG ((c) and (d)) 

 
Figure 7 AFM images of GOS (a) and Ag nanoparticles on Ag-CCG (b), with concentration of 0.05 mg/mL. Image dimensions are 
1.5 μm × 1.5 μm and 0.4 μm × 0.4 μm, respectively 
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reactive sites for the nucleation of silver nanoparticles. 
It has been reported that the mechanism of nucleation 
and growth of silver nanoparticles depends on the 
degree of oxygen functionalization at the graphene 
surface sheets and the nucleation of silver nanoparticles 
at GO surfaces is mainly governed by the presence of 
oxygen groups at GO [59]. Although it is not possible 
to make a distinction between the roles of each oxygen 
group present on the GO surface on the nucleation  
of Ag nanoparticles, it is believed that the oxygen 
functional groups are responsible for the initial 
attachment of the free Ag+ ions in solution by 
electrostatic interactions. Meanwhile, the ability to 
exfoliate GO into single sheets provides a relatively 
large area on which to disperse the silver particles. 
Although a large number of silver particles are 
adsorbed on these GOS, the resulting composite can 
be dispersed in water by sonication, forming a stable 
suspension. (2) When Ag+ is reduced by the addition 
of a mixture of ethylene glycol and NaBH4, the growth 
of Ag particles begins and they will stay attached to 
the GOS. (3) The additional reduction of GOS to CCG 
is observed provided that the reducing agent is strong 
enough, forming Ag-CCG nanocomposites. In addition, 
the adhered Ag nanoparticles could inhibit the  
aggregation of graphene sheets while drying [70].  

SERS occurs when molecules are adsorbed on nano- 
structured surfaces, nanoparticles, or rough electrodes 
of noble metals and it is one of the most powerful 
microanalytical techniques with single-molecule 
capabilities and chemical specificity. Different types 
of SERS substrates have been developed involving 
either pure or supported nanostructured metals, mostly 
gold and silver. Research has shown that silver nano- 
particle films are excellent substrates for SERS for 
molecular sensing with high sensitivity and specificity 
[50]. Raman spectra were recorded with 514.5 nm 
laser excitation. We found that the as-synthesized 
Ag-CCG displayed SERS activity. It can be seen that 
the enhancement factors of the characteristic peaks of 
CCG (D and G bands) appear to be about three orders 
of magnitude (Fig. 8). This finding provides a feasible 
means to study some characteristics of graphene-based  
materials in detail using SERS. 

It was previously shown that graphene and GO are 
biocompatible materials [24]. Thus, it is possible to 
use Ag-CCG as an antibacterial material. The results 
of antibacterial tests (Table 1) show that when the 
concentration of Ag-CCG was 0.05 mg/mL, the bacterial 
cultures (Colibacillus, Staphylococcus aureus and Canidia 
albicans) were almost completely destroyed, showing 
the high disinfection ability of Ag-CCG. 

 
Figure 8 SERS spectra of Ag-CCG 
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Table 1 Antibacterial activity tests of Ag-CCG 
Bacterial culture 0 min colony 

counting 
36 h colony 

counting 
Disinfection 

rate (%) 

Colibacillus 5 × 108 10 × 105 99.80 

Staphylococcus 
aureus 

5 × 108 8 × 105 99.84 

Canidia albicans 5 × 108 12 × 105 99.76 

4. Conclusions 

Graphene–metal nanohybrid assemblies can be 
prepared in a solution-based approach involving the 
chemical reduction of silver ions in CCG suspensions 
with mixed reducing agents. Our studies indicate that 
the resulting Ag-CCG nanocomposites are potential 
substrates for SERS studies. In addition, it was found 
that the antibacterial activity of free Ag nanoparticles 
is retained, which suggests the materials may be used  
as graphene-based biomaterials. 

Open Access: This article is distributed under the terms 
of the Creative Commons Attribution Noncommercial 
License which permits any noncommercial use, 
distribution, and reproduction in any medium,  
provided the original author(s) and source are credited. 
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