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A B S T R A C T

A roomtemperaturedry reduction approach, i.e., a lowpressure dielectric barrier discharge (DBD) plasma
jet, was presented to synthesize highly dispersed graphene oxide-based Ag nanoparticles. TEM, EDS, XRD
andXPS testswere used for the characterization of the as-prepared nanocomposites. By comparing theAg
nanoparticles prepared by the DBD plasma jet with and without hydrogen plasma pretreatment, it was
found that the latterwere highlymonodispersedwith a uniform size of around 2nmand deposited on the
surface of the graphene oxide as a form of face-centered cubic structure, and it also showed a better
antibacterial activity against Escherichia coli, whichmay be due to the smaller particle size, larger surface
area and more beneficial dispersity of Ag nanoparticles.

ã 2014 Elsevier Ltd. All rights reserved.
1. Introduction

Great efforts have been made on the fabrication of silver
nanoparticles (AgNPs) for many different application purposes
such as electronics, optics and catalysis due to their unique
electronic, optical andcatalyticproperties [1,2]. Inparticular, AgNPs
are also shown to be effective biocides against numerous kinds of
bacteria, fungi and viruses and therefore attracted considerable
attention [3]. AgNPs can cause bacterial cell death by damaging the
cell membrane and destroying DNA replication ability [4].

However, themetal NPs can cause aggregation easily, moreover,
get deterioration of their antibacterial properties [5]. So it is
necessary to find the proper substrates such as carbon fiber and
CNTs as the supporter. The metal nanoparticles can be dispersed
efficiently by these substrates. Graphene oxide (GO) is one of the
most common types of functionalized graphene [6]. It has large
surface area as the same as graphene and good water stability,
whichmeans that it is a promising candidate for supporting AgNPs.
Thus graphene-based composites have aroused extensive interest.
Sun’ group synthesized graphene oxide–Agnanocomposites for the
molecular sensor [7–10]. Zhang et al. reported a facile one-pot
method to synthesize graphene oxide–Ag nanocomposites for
surface-enhanced Raman scattering [11]. It is reported that AgNPs
retain good antibacterial activity on a GO sheet [12]. A synergistic
380; fax: +86 5515591310.
sd@ipp.ac.cn (S. Fang).
effect of GO and AgNPs was reported by Ma et al. [13]. Thus the
Ag–graphene oxide (Ag–GO) composites are regarded as effective
antibacterial materials, which owns the specific properties of both
GO and AgNPs.

The traditional methods of preparation of graphene-based
AgNPs involve chemical reaction process occurring in solution.
Chemical reduction is one of the most popular methods for the
preparation of graphene-based AgNPs [14]. The reductionmethods
usually use chemical agent as reductant, such as hydrazine hydrate
and sodium borohydride (NaBH4) [15]. However, the reduction
processes usually require high temperature and long reaction time.
In addition, surfactants are sometimes used to control particle
growth [16]. Although surfactants play an important role in the
reactionprocess, they are pollutant and adverse to the antibacterial
property of the composite material. Therefore, the study on the
simple and green synthetic method of graphene supported AgNPs
composites becomes a necessary and interesting subject. Recently,
low-temperature plasma has also been used for the support
modification and the metal preparation, which is simpler, greener,
milder and more efficient than the conventional methods [17,18].
However, these plasma methods need complicated and expensive
equipments such as microwave generators and radio frequency
power sources, which limit its further application.

Herein, we reported a simple and green plasma approach to
preparehighly dispersedgrapheneoxidebased silver nanoparticles
composites, as shown schematically in Fig. 1. These composites
were synthesized by an in situ reduction method using graphene
oxide sheets as substrates and low-temperature plasma as
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Fig. 1. The mechanism of synthesis of raw-GO/Ag and H-GO/Ag by the dry plasma approach.
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reductant. It does not need the solutions and any surfactants. The
low-temperature plasmawas ignited through another long plasma
jet. All the steps were carried out under mild conditions (low
temperature and power, around 30 �C and 60W, respectively). The
method is simple, low-cost and environmental friendly, which
avoids the use of large amount of chemicals in reduction process
and complex equipment such as high frequency power source. The
antibacterial performance of the samples is evaluated through
inactivation experiments against Escherichia coli (E. coli).

2. Experimental

2.1. The setup of plasma generator

Fig. 2a and b showed the schematic of the plasma generator and
the photographof the device, respectively. Aquartz tubewith 6mm
inner diameter is inserted into a cylindrical glass chamber. A copper
foil electrode is wrapped around the quartz tube. A 5 kV and 60 kHz
sinusoidal voltage (Coronalab power supply, CTP-2000K, China) is
applied on the copper foil electrode and a DBD plasma jet is
generated through the quartz. Glowplasma is ignited in the bottom
[(Fig._2)TD$FIG]

Fig. 2. (a) Schematic of the plasma genera
of chamber along the surface of substrate by means of the jet. The
energy is concentrated in this region where the GO samples are
treated.

2.2. Synthesis of Ag–GO nanocomposites

GO was prepared from graphite by the Hummers method. For
investigating the effect of hydrogen plasma pretreatment, two
kinds of sampleswere synthesized. The base pressure of the reactor
was 5Pa. The pure H2 was introduced to the reactor untill the
pressure was 20Pa and soon being ignited. The GO was pretreated
for 30min to get hydrogen plasma pretreatment GO (labeled as H-
GO). TheGOwithout any pretreatment is denoted as raw-GO. These
twokinds of 100mgportion ofGOpowders (i.e., H-GOand raw-GO)
were then mixed with the AgNO3 solution (1mmol/L, 500ml) and
ultrasonically treated 12h, respectively. Afterward, the mixed
solution was dried at 352K to get powder samples under N2

conditions. Then these two kinds of powders were reduced by
hydrogenplasma for 60minat thepressureof 10 Pa inorder togrow
AgNPs on H-GO and raw-GO surface, respectively, Therefore, H2

reduced H-GO/Ag and raw-GO/Ag materials were synthesized.
tor; (b) The photograph of the setup.
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2.3. Characterization

JEM-2100F transmission electronmicroscope (TEM)was used to
examine the morphology of the composites. Energy dispersive X-
ray spectroscopy (EDS) was used to detect the distribution of
element of the composites. X-ray diffraction (XRD) was carried out
on Philips X‘Pert G2234 XRD system with Cu Ka radiation and
scanning in the range of 10–80�. X-ray photoelectron spectroscopy
(XPS) studies were performed on a Thermo ESCALAB250 photo-
electron spectrometer.

2.4. Antibacterial evaluation

The antibacterial activity test against E. coliwas evaluated using
the disk diffusion test and shake flask test. Before microbiological
experiments, all glassware and culture media were sterilized by
autoclaving at 393K for 15min. In the disk diffusion test, the plates
were filled with agar medium and then were inoculated. The
bacteria were diluted to 106 colony forming units (CFU) mL�1. The
diluted E. coliwas spread on the culturemedia in the Petri dish, and
then laid the samples. Thezoneof inhibitionwas recordedafter24h
of nurture at 37 �C. In the shake flask test, 50ml of saline solution
inoculating with E. coli was taken for having 106 cells in the flask.
Afterwards, 50mg of H-GO/Ag and raw-GO/Ag composites were
added to it, respectively. Then both them were stirred at room
temperature. The number of surviving E. coliwas tested by the plate
colony count method.

3. Result and discussion

3.1. Structure characterization

Fig. 3 shows the typical TEM images of the two samples. It can be
seen that the folds of GO sheets and AgNPs decorated on them. The
images of these two samples showhighly dispersed AgNPs on raw-
GO surface and a greater agglomeration of H-GO/Ag composites. As
[(Fig._3)TD$FIG]

Fig. 3. TEM images of (a) H-GO/Ag; (b) raw-GO/Ag; (c) HRTE
shown in Fig. 3b, AgNPs are highly dispersed on raw-GO surface
with uniform size of around 2nm. In contrast, AgNPs on H-GO
surface show a higher degree of aggregation (Fig. 3a). From Fig. 3a
wecan see thatmostof theparticle radiuses exceed10nm. Itmeans
that themorphology and size of the AgNPs can be controlled via the
hydrogen plasma pretreatment of GO. The HRTEM images and
corresponding FFT analysis (Fig. 3c and d) of AgNPs indicate that
they are crystalline. The interplanar spacing of the particle lattice is
0.23nm, which corresponds to the (111) lattice plane of Ag. The
Fig. 4a and b confirms the existence of AgNPs. The EDS elemental
mapping further indicates that the Ag–GO composites are
successfully synthesized (Fig. 4c and d). The white and red color
dots denote carbon and Ag, respectively. Corresponding element
mapping images show that the outline of Ag element is almost the
same as the outline of C element, indicating the uniform
distribution of AgNPs on the raw-GO surface.

To further validate the AgNPs anchored onto the GO sheets and
to valuate the mass ratio of Ag/GO, XRD (X-ray diffraction) and XPS
(X-ray photoelectron spectroscopy) are applied in measurements.
Fig. 5 shows the XRD patterns of raw-GO sheets and raw-GO/Ag
composites. The curve of GO sheets shows a diffraction peak at a 2u
value around 11.4�, which may be due to interlamellar water
trapped between hydrophilic graphene oxide sheets [19]. In the
curve of raw-GO/Ag composites, the clear peaks at 2u values of
about 38.1�, 44.3�, 64.5� and 77.5� are assigned to the Ag(111), Ag
(2 0 0), Ag(2 20), and Ag(311), respectively. The crystallite size of
AgNPs on GO sheets is calculated to be 2.4 nm, which is in good
agreement with the results of TEM. This result indicates that the
AgNPs have successfully located onto the GO surface as a form of
face-centered cubical (fcc) structure, and has no changes in the
crystalline structures after the treatment of hydrogen plasma. The
peak of GOarenot found in the raw-GO/Ag composites, because the
regular stack of GO is destroyed by the intercalation of AgNPs
[20,21]. From the XRD analysis, we can see that the hydrogen
plasma can transform the metal ion precursor into metal nano-
crystal and cause damage to the graphene network.
M images of AgNPs and (d) corresponding FFT analysis.
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Fig. 4. (a) TEM image of raw-GO/Ag; (b) EDS pattern of raw-GO/Ag; (c) The carbon elemental mapping of raw-GO/Ag; (d) The silver elemental mapping of raw-GO/Ag.
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Fig. 5. XRD patterns of raw-GO and raw-GO/Ag.
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The XPS spectrum of raw-GO/Ag composites in Fig. 6 shows that
themajorelementpeaksbelong toC1s,O1sandAg3d, respectively.
The percentage by weight of each element is shown in the inset of
Fig. 6. Thepercentagebyweightof AgNPs in raw-GO/Ag composites
is 22.28%, illustrating themass ratio of Ag/GO is about 1/4, which is
less than the ratio of H-GO/Ag composites. From the inset of Fig. 6,
wecan also see that thepercentagebyweightof oxygen inH-GO/Ag
composites is less than that in raw-GO/Ag composites. This may be
due to the reductionof oxygen groups and the plasmaetching effect
occurring in the hydrogen pretreatment process. The reduced O
species in H-GO/Ag indicate that some of the oxygen functional
groups have indeed been removed by pre-hydrogen treatment, and
induce the poor dispersion of AgNPs.

According to the above results, it is evident that the plasma
treatment and the oxygen functional groups play an important role
on the nucleation of AgNPs. The mechanisms of AgNPs formation
under plasma exposure involve two processes. Firstly, the Ag
precursor (AgNO3) mixed with GO is diluted by water and
ultrasonically treated for 12h. With the evaporation of water, the
AgNO3 concentration becomes higher and higher to a critical point
at which Ag precursor crystallizes on the GO. The Ag precursor
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Fig. 6. XPS spectra of raw-GO/Ag.

[(Fig._8)TD$FIG]

Fig. 8. Antibacterial activity of raw-GO, H-GO/Ag and raw-GO/Ag composites at
different concentration and with the initial E. coli concentration of 106 CFUmL�1.
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crystallizes homogeneously on the surface of GO supporters.
Secondly, the samples are treated by the dry hydrogen plasma.
Several types of ions (H+ and H�), excited atoms andmolecules and
electrons are the major particles in the hydrogen plasma [22]. H
ions, H atoms, and electrons can effectively reduce the metal
precursors to themetallic species at roomtemperature. Because the
dry hydrogen plasma used is mild plasma, there is not enough
energy from the plasma, and as a result the Ag precursor cannot be
evaporated. In themeantime, the electrons get enough energy that
they are trapped by the Ag+ ions, which are then transformed into
Ag atoms. The Ag atomsmove at the GO surface and find the places
where the potential energy is lower and then crystallize at the
anchoring point. The crystals will grow larger and larger over time.
So Ag crystallite nucleates on GO surface. In our discharging device,
the plasma is concentrated in the bottomof chamberwhere the GO
samples are treated. NO energy iswasted,whichmeans it is a green
and high-efficiency method.

According to the research published by Faria et al. [23], the
presence of oxygenated groups has great influence on the
associated kinetic process of AgNPs deposition. The oxygenated
groupson the surface ofGO sheets provide possible nucleation sites
for anchoring of the AgNPs [24]. The AgNPs showed an apparent
size-dependent tendency toward narrower distributions when
presence of oxygenated groups, which can lead to surface
stabilization and suppress the growth of nanoparticles [23]. This
conclusion is highly identical with ours.
[(Fig._7)TD$FIG]

Fig. 7. Optical images of the zone of inhibition
3.2. Study on the antibacterial effects

Two kinds of testwere carried out for assessing the antibacterial
activities of the raw-GO/Ag composites, H-GO/Ag and the control
sample of raw-GO without any treatment.

In the disk diffusion test, the antibacterial effects were reflected
by the size of inhibition zones (Fig. 7). The mass of each sample is
5mg. Except for the control sample, all as-prepared Ag–GO
composites exhibit relatively strong antibacterial activity which
can be known from the inhibition zone, indicating that the AgNPs
give the most contribution to the antibacterial activities of the
composites. The radius of inhibition zone is 3.1 cmand5.2 cm forH-
GO/Ag and raw-GO/Ag composites, respectively. The result reveals
that the raw-GO/Ag containing smaller aggregates has greater
antibacterial activity even with a lower mass percentage of Ag
compared to the H-GO/Ag composites. Das et al. reported that the
antibacterial activity of AgNPs on GO sheets is size and shape
dependent. The toxicity of AgNPs is size dependent and the smaller
sized nanoparticles exhibit higher antibacterial activity, whichwas
attributed to the high specific surface area and easycell penetration
[3]. Therefore, the raw-GO/Ag composites with a uniform
distribution of AgNPs with diameters around 2nm prepared by
the low temperature dry plasma are expected to be promising
antibacterial material.

Shake flask test was done for raw-GO/Ag and H-GO/Ag
composites by the measurement of surviving cells under the
treatment of Ag-GO composites through CFUs. The CFUs of the
for (a) raw-GO (b) H-GO/Ag (c) raw-GO/Ag.
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Fig. 9. Antibacterial activity of raw-GO, H-GO/Ag and raw-GO/Ag composites at
different time with the initial E. coli concentration of 106 CFUmL�1.
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surviving E. coli after exposure to Ag–GO composites at different
concentration for various times are shown in Fig. 8 and Fig. 9. The
results indicate that both raw-GO/Ag and H-GO/Ag have high-
performance antibacterial capability at relatively low concentra-
tion. It can be seen in Fig. 9 that at the same concentration, raw-GO/
Ag composites illustrate the highest disinfection rate compared to
H-GO/Ag composites. The cells were killed completely within 3h
when the concentration of raw-GO/Ag composites was 100mgmL
�1. These results further confirmed that raw-GO/Ag composites had
enhanced antibacterial activity. Compared toH-GO/Ag composites,
the raw-GO had almost no antibacterial activity. However, future
studies on the biocidal influence of thesematerials on other Gram-
negative and Gram-positive bacteria are necessary to adequately
evaluate its possible use as a new antibacterial material.

4. Conclusions

In summary, Ag–GO antibacterial materials were prepared by a
simple and green route using dry plasma technique. The results
demonstrated that the as-synthesized Ag–GO composites dis-
played effective antibacterial activity against E. coli. And the raw-
GO/Ag composites containing smaller aggregates have greater
antibacterial activity than that of the H-GO/Ag composites. The
simple, green and in-situ synthesis is a promising alternative to
prepare Ag–GO antibacterial materials.
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