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Abstract: A green, one-step approach for the preparation of graphene/Ag nanocomposites
(PE-HRG-Ag) via simultaneous reduction of both graphene oxide (GRO) and silver ions
using Pulicaria glutinosa plant extract (PE) as reducing agent is reported. The plant extract
functionalizes the surfaces of highly reduced graphene oxide (HRG) which helps in
conjugating the Ag NPs to HRG. Increasing amounts of Ag precursor enhanced the density
of Ag nanoparticles (NPs) on HRG. The preparation of PE-HRG-Ag nanocomposite is
monitored by using ultraviolet—visible (UV-Vis) spectroscopy, powder X-ray diffraction
(XRD), and energy dispersive X-ray (EDX). The as-prepared PE-HRG-Ag nanocomposities
display excellent surface-enhanced Raman scattering (SERS) activity, and significantly
increased the intensities of the Raman signal of graphene.
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1. Introduction

Graphene, a single layer honey-combed network of sp? hybridized carbon atoms, has attracted
tremendous attention of the scientific community due to its unique two-dimensional structure and its
extraordinary physicochemical, optical and electronic properties [1-3]. Graphene has been exploited in
various fields, including sensing, energy storage and catalysis [4—6]. Graphene based nanocomposites
of metallic nanoparticles (NPs) combining the properties of both the components in synergistic manner
have been used for various purposes, e.g., for chemical and biological sensors, as energy storage
materials and effective catalysts [7—10]. Moreover, nanocomposites containing graphene- with metal
and surface bound metal oxide NPs have been extensively applied for various applications, such as,
thermal interface materials, catalysts, adsorbent materials [11-16], surface-enhanced Raman scattering
(SERS) substrates and so on [17,18]. SERS enhances the signal intensity by orders of magnitudes, and
has been potentially exploited for the ultra-sensitive detection of various analytes, including a number
of chemical and biological molecules [19,20]. Among the precious metal NPs, which are available with
good control on size and morphology, silver (Ag) NPs have high SERS activity and have been widely
applied [21,22]. Significant efforts have been made to prepare graphene silver (Ag) nanocomposites
(HRG-Ag), combining the properties of Ag and graphene, e.g., high SERS activity of silver and large
specific surface area of graphene [23,24].

In order to synthesize uniform and stable dispersions of graphene-inorganic nanoparticles based hybrid
materials requires the surface stabilization of as synthesized GO using surface functionalization [25].
There are generally two different approaches to synthesize graphene/NPs composites: (i) pre-synthesized
NPs added on the surface of the prefunctionalized graphene oxide (GRO) sheets followed by chemical
reduction to obtain nanocomposites [26]; (i1) The NPs can be directly grown on the surface of the HRG
nanosheets reduced separately using inorganic precursors [27,28]. HRG-Ag nanocomposites obtained
via route (i) usually suffer from poor stability and reproducibility, due to the aggregation of graphene
layers, which seriously effects the properties of the nanocomposites [29].

Significant efforts have been made to prepare HRG-Ag nanocomposites in a single step via in situ
reduction of both GRO and Ag salts using various reducing agents [30,31]. However, some external
stabilizers were used to maintain the stability of the dispersion and to control the size and shape of Ag
NPs [32]. In most of these cases hazardous or toxic reducing agents and chemical stabilizers, such as
NaBHy4, formaldehyde, hydrazine, poly-(N-vinyl-2-pyrrolidone) were used for the reduction and stabilization
of the composite materials, which imposes serious environmental risks and limits the applications of the
hybrid materials [33]. Therefore, environmental friendly, economically viable, stable and energy
efficient synthesis of HRG-Ag nanocomposites is highly desirable [34,35].

To establish environmentally friendly synthetic protocols (green synthesis) for metallic NPs using
various biological materials, plant extracts have attracted attention as reducing agents due to the fact that
they are cheap and relatively easy to handle [36,37]. In a previous study, we have demonstrated the



Int. J. Mol. Sci. 2015, 16 1133

synthesis of Ag NPs using Pulicaria glutinosa plant extract both as reducing as well as stabilizing
agent [38,39]. Furthermore, we have also demonstrated the synthesis of highly reduced graphene oxide
(PE-HRG) by a facile and efficient reduction of graphene oxide using the same P. glutinosa plant
extract [40]. Here we extend our work to develop a facile, single step, green chemistry protocol for the
synthesis of HRG-Ag nanocomposites from GRO and AgNO3 using P. glutinosa plant extract acting
both as reducing agent and in situ functionalization ligand to bind Ag NPs onto HRG sheets.
The as-prepared HRG-Ag nanocomposites were characterized by X-ray powder diffraction (XRD),
Fourier-transform infrared spectroscopy (FT-IR), ultraviolet—visible absorption (UV-Vis) spectroscopy,
and transmission electron microscopy (TEM). Furthermore, the SERS activity of the as-prepared
HRG-Ag nanocomposites was analyzed.

2. Results and Discussion

The green, one pot synthesis with P. glutinosa plant extract as reducing and stabilizing agent is a
facile and environmentally friendly approach to synthesize HRG-Ag nanocomposites. The preparation
of plant extract and synthesis of HRG-Ag nanocomposites is shown in Scheme 1. Briefly, plant extract
(PE) was added to the dispersion of graphene oxide (GRO) and AgNOs and allowed to stir under reflux
for 24 h. The color of the dispersion gradually changed from dark brown to black after addition of the
plant extract (PE), indicating the formation of PE-HRG-Ag. It is worth mentioning that no color change
was observed even after 72 h when reaction was performed under similar set of conditions but without
adding PE. Apparently, the preparation of HRG-Ag nanocomposites is facilitated by the anti-oxidant
activity of P. glutinosa PE, which was confirmed in our previous study [39]. P. glutinosa PE is rich in
flavonoids, polyphenols and other phytomolecules, which were mainly responsible for the simultaneous
reduction of Ag ions and graphene oxide during the preparation of HRG-Ag nanocomposites [40].
Furthermore, to study the effect of the concentration of AgNOs on the size, morphology, covering
density of Ag NPs on HRG and also on their Raman applications, two different samples of PE-HRG-Ag
were prepared with increasing concentration of AgNOs e.g., PE-HRG-Ag-1 and 2 were prepared with
AgNOs concentrations 0.5 mmol AgNOs and 1 mmol AgNOs while keeping the amounts of GRO and
PE constant.
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Scheme 1. Schematic illustration of the green synthesis of graphene/silver nanocomposites
(PE-HRG-Ag) using aqueous extract of P. glutinosa.
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The formation of PE-HRG-Ag was initially monitored by UV-Vis spectroscopy as shown in Figure 1a.
The as prepared GRO shows two characteristic absorption bands centered at ~230 nm and 301 nm
(Figure 1a red line). However, after deposition of the Ag NPs on the surface of graphene by in situ
reduction of GRO and AgNOs using PE, a new band emerged at about ~420 nm corresponding to the
characteristic surface plasmon absorption band of Ag NPs [38]. The disappearance of the characteristics
peaks of GRO and the emergence of a new band corresponding to the Ag NPs clearly indicates
a simultaneous reduction of both GRO and AgNOs3 and the formation of PE-HRG-Ag composite. The
crystalline nature of PE-HRG-Ag nanocomposites has been confirmed by XRD analysis (Figure 1b).
GRO exhibits a reflection at a low angle (20 = 10.9°) compared to pristine graphite (20 = 26.4°).
(Figure 1b red line). The reflection at 20 = 10.9° in PE-HRG disappeared and a new reflection emerged
at 20 = 22.4°, indicating a reduction of GRO (Figure 1b blue line). However, in PE-HRG-Ag apart from
the characteristic reflections due to reduced graphene oxide (26 = 22.4°), five distinct reflections
appeared in the diffractogram at 37.50° (111), 44.13° (200), 63.91° (220), 76.89° (311), and 81.13° (222)
which correspond to the face-centered cubic structure of the Ag NPs. The absence of any additional
reflections besides those of graphene and Ag clearly indicates the reduction of GRO and the Ag ions and
also suggests that the PE-HRG-Ag lattice is unaffected by other molecules of the plant extract.
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Figure 1. (a) Ultravoilet—visible (UV-Vis) absorption spectra of graphene oxide (GRO),
plant extract (PE) mediated highly reduced graphene oxide (PE-HRG), graphene/silver
nanocomposites (PE-HRG-Ag) prepared by using P. glutinosa plant extract (b) XRD spectra
of graphene oxide (GRO), PE mediated highly reduced graphene oxide (PE-HRG) and
graphene/silver (PE-HRG-Ag) nanocomposites prepared by using P. glutinosa plant extract.
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The morphology and structure of PE-HRG-Ag-1 and 2 were analyzed via transmission electron
microscopy TEM. Figure 2a,b show TEM images of the as-prepared PE-HRG-Ag-1 and PE-HRG-Ag-2
nanocomposites, with the weight ratio between PE-HRG and Ag NPs of 50 wt % and 100 wt %
respectively. In the background, (Figure 2a), TEM images revealed a transparent and sheet like structure
for PE-HRG. A large number of wrinkles and scrolls were observed on the surface of the PE-HRG sheet,
which remained stable under the high energy electron beam.
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Figure 2. (a,b) Overview TEM images of the graphene/silver nanocomposites prepared by
using a 50 wt %, 0.5 mmol solution of AgNOs (PE-HRG-Ag-1) and a 100 wt %, 0.5 mmol
solution of AgNO3 (PE-HRG-Ag-2); (¢) High resolution transmission electron microscopic
(HRTEM) image of a Ag NP; (d) FFT measured inside red square in Figure 2c, numbers 1-6
represent important reflections which confirms the cubic structure of Ag NP; and (e) Energy
dispersive X-ray (EDX) spectrum of the PE-HRG-Ag nanocomposite confirming the
presence of Ag and C.

The TEM images clearly indicate that the Ag nanoparticles density can be increased by increasing
the amount of AgNOs. Spherical Ag NPs were firmly attached to the PE-HRG sheets. The average
diameter of the Ag NPs was ~50 nm. However, it is worth mentioning that the particle size distribution
was more uniform for high concentrations of AgNOs. The HRTEM image along with corresponding
FFT (taken from red square area) confirmed the spherical morphology as well as face centered cubic
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(fcc) crystal symmetry. The interplanar distances of 0.204 nm correspond to the (002) plane with
crystallographic {1 1 1} zone of fcc cubic silver. In addition, the elemental composition of the as-prepared
PE-HRG-Ag-1 and PE-HRG-Ag-2 was also determined by energy dispersive X-ray analysis (EDX). The
intense signal in the EDX spectrum (Figure 2e) clearly indicates the presence of Ag NPs. The other
prominent signals in the range from 0.0-0.5 keV represents the presence of carbon and oxygen, which
strongly suggests the presence of graphene.

Due to their strong SERS effect, Ag NPs significantly enhance the Raman scattering signals of the
adsorbed molecules. Therefore, Ag NPs have been successfully applied to enhance the intensities of the
Raman signal of CNTs and graphene [33,41]. Typically, graphene exhibits two Raman signals of weak
intensities, the G and D bands, which appear at 1575 and 1350 cm™' respectively, which are shifted after
oxidation and are located at 1592 and 1346 cm™!, due to the destruction of the sp? character and the
formation of defects in the sheets caused by the extensive oxidation [40]. After reduction with P. glutinosa
PE these bands are relocated towards their ideal positions at 1582 and 1343 cm™!, which confirms the
reduction of GRO, but the intensities of these signals are very weak as shown in Figure 3.
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Figure 3. Raman spectra of graphene oxide (GRO, red line) and highly reduced graphene
oxide (PE-HRG, black line) using P. glutinosa plant extract [41].

However, after binding Ag NPs on the surface of PE-HRG, the intensities of these signals increased
significantly in PE-HRG-Ag compared to the pristine PE-HRG (Figure 4). In the case of PE-HRG-Ag-1
with a lower concentration of Ag NPs (50 wt %) the enhancement factor was calculated to be around 23,
and in PE-HRG-Ag-2 (100 wt %) it was estimated to be 31. The enhancement factors can be even further
enhanced by increasing the concentration of the Ag NPs. In addition, the Raman spectra exhibit a clear
splitting of the peak at 1582 cm™! which is related to the presence of multilayers of graphene and points
the deviation from a single layer configuration [42]. The presence of multilayer graphene in PE-HRG-Ag
has also been confirmed by the TEM results. Notably, pristine PE-HRG, consist of multilayer graphene,
as confirmed by the TEM and AFM analyses [40], however, the splitting of this particular Raman signal
is not visible here, due to the lower intensity of the signals.
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Figure 4. Raman spectra of PE-HRG with and without Ag NPs. With increasing the
concentration of Ag NPs the intensities of the Raman signals also increases.

3. Experimental Section
3.1. Materials

Graphite powder (99.999%, —200 mesh) was purchased from Alfa Aesar (Haverhill, MA, USA).
Concentrated sulfuric acid (H2SO4 98%), potassium permanganate (KMnOs 99%), sodium nitrate
(NaNOs, 99%) and hydrogen peroxide (H202, 30 wt %) and all other organic solvents were obtained
from Aldrich chemicals (Steinheim, Germany) and were used without further purification.

The whole plant of wild growing P. glutinosa was collected from the hilly area of Al-Hair in central
Saudi Arabia during March 2011. The identity of the plant material was confirmed by a plant taxonomist
from the Herbarium Division of the College of Science, King Saud University, Riyadh, Kingdom of
Saudi Arabia. A voucher specimen was deposited in our laboratory as well as in the Herbarium Division
of King Saud University with the voucher specimen number KSU-21598. The details of the preparation
of plant extract were given elsewhere [39]. The solution of the plant extract which was used for the
reduction of GRO was prepared using 0.1 gram of plant extract in 1 mL of solvent.

3.2. Preparation of Graphite Oxide (GO)

Graphite oxide (GO) was synthesized from graphite powder by a modified Hummers method [40,42].
Initially, 2 g of natural graphite and 1.75 g of NaNOs (purity 99%) were taken in a three-neck flask, to
which 150 mL of H2SO4 (98%) was slowly added. The mixture was allowed to stir for 2 h under
ice-water, after 2 h, 9 g of KMnO4 (99%) were slowly added under constant stirring over a period of 2 h.
The remaining mixture was then allowed to react for five days at room temperature. Thereafter, 200 mL
of 5 wt % H2S04 aqueous solution were added over a period of 1 h, and the solutions was stirred for 2 h.
Subsequently, 6 g of 30 wt % H20:2 aqueous solution were added, and the mixture was left for stirring
for another 2 h. The resulting solution was thoroughly washed with an aqueous solution containing 3 wt
% H2SO04 and 0.5 wt % H20:2 several times and finally three times with deionized water (DI). The
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resultant mixture was dispersed in DI water and centrifuged for 2 h at 9000 rpm. The resulting dispersion
was purified by washing with DI water 20 times to obtain a brown-black homogeneous dispersion.

3.3. Preparation of Highly Reduced Graphene Oxide (PE-HRG)

Graphite oxide, GO (200 mg) was dispersed in 40 mL of distilled water and sonicated for 30 min
to obtained graphene oxide (GRO) sheets. The resultant suspension was heated to 100 °C. Subsequently
10 mL of an aqueous solution of plant extract (0.1 g/mL) was added, and the suspension was allowed to
stir for 24 h at 98 °C. Afterwards, the highly reduced graphene oxide (PE-HRG) was collected by
filtration as a black powder. The obtained material was washed with distilled water several times to
remove excess plant extract residue and redispersed into water for sonication. The suspension was
centrifuged at 4000 rpm for another 30 min, and the final product was collected by vacuum filtration and
dried in vacu.

3.4. Preparation of Highly Reduced Graphene Oxide/Ag Nanocomposites (PE-HRG-Ag)

An aqueous solution of 170 mg of graphene oxide (GRO) and 0.5 mM (84.93 mg) of AgNOs (50 wt %
of graphene oxide) were used for the synthesis of PE-HRG-Ag-1 nanocomposites. Initially, 170 mg of
GRO was dispersed in 50 mL of water by 30 min of sonication. Subsequently, the reaction mixture was
prepared in a 250 mL round bottom flask by dissolving 0.5 mmol of AgNO3 in 40 mL of water. To this
solution, 50 mL GRO dispersion and 10 mL of an aqueous solution of P. glutinosa plant extract were
added and the mixture was stirred at 90 °C for 24 h. After 24 h the reaction was stopped and the resultant
mixture was washed three times with water using centrifugation. The product was obtained as black
powder (185 mg).

3.5. Characterization

UV spectra were recorded on a Perkin Elmer lambda 35 (Perkin Elmer, Waltham, MA, USA)
UV-Vis spectrophotometer. The analysis was performed in quartz cuvettes using DI water as a reference
solvent. The stock solutions of PE-HRG, PE-HRG-Ag and GRO for the UV measurements were
prepared by dispersing 5 mg of sample in 10 mL of DI water, which was further sonicated for
30 min. The UV samples for the GRO, PE-HRG and PE-HRG-Ag were prepared by diluting 1 mL of
stock solution in 9 mL of water. XRD diffractograms were collected on a Altima IV (Rigaku, Tokyo,
Japan) X-ray powder diffractometer using Cu Ka radiation (A = 1.5418 A). Transmission electron
microscopy (TEM) was performed on a JEOL (Peabody, MA, USA) JEM 1101 microscope. The samples
for TEM were prepared by placing a drop of the primary sample on a holy carbon copper grid, and dried
for 6 h at 80 °C in an oven. Raman spectral measurements were performed using a Renishaw
(Gloucestershire, UK) Raman microscope, equipped with a 514.5 nm line of argon ion laser as excitation
source. The laser power at the sample was 8 mW, and the data acquisition time was 20 s.

4. Conclusions

In summary, we demonstrate one step, green and environmentally benign method for binding Ag NPs
on the surface of the HRG using P. glutinosa extract. The reduction of the GRO, the Ag ions and the
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deposition of the Ag NPs was carried out in a single step without using any harmful chemical reagents.
The density of Ag NPs on the surface of the graphene can be simply adjusted by varying the AgNO3
concentration. During this study, a simple coating of the Ag NPs on graphene has substantially increased
the intensity of the graphene Raman signal. Therefore, the as-prepared PE-HRG-Ag nanocomposites have
great potential as substrates for SERS activities for the detection of chemical and biological analytes.
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