
Facile One-Pot Synthesis of Highly Stable Graphene−Ag0 Hybrid
Nanostructures with Enhanced Optical Properties
Rishi Maiti,† Tridib K. Sinha,† Sayantan Bhattacharya,† Prasanta K. Datta,† and Samit K. Ray*,†,‡

†Department of Physics, Indian Institute of Technology Kharagpur, Kharagpur-721302, India
‡S. N. Bose National Centre for Basic Sciences, Kolkata-700106, India

ABSTRACT: We report a facile one-pot approach to synthesize
graphene−Ag0 hybrid plasmonic nanostructures exhibiting
superior optical properties. The Ag nanoparticles (NPs) (average
particle size ≈ 25 nm) are found to be highly stabilized within
the graphene matrix probably due to the favorable d−π
interaction among the vacant d-orbitals of Ag0 and the π-
electrons cloud of graphene moiety. Transmission electron
microscopy (TEM), X-ray diffraction (XRD), X-ray photo-
electron spectroscopy (XPS), and Auger electron spectroscopy
(AES) have been performed to characterize the hybrid
nanostructures. The synergistic effect of plasmonic Ag and
graphene in the hybrid nanostructures results enhanced Raman and photoluminescence (PL) in the visible wavelength (∼520
nm). The nonlinear absorption (NLA) property in the femtosecond regime has been studied for this hybrid nanostructure. It is
also observed that the two-photon absorption (TPA) coefficient of this hybrid increases from 0.0127 to 0.0155 cm/GW when
the pulse energy is increased from 77 to 170 GW/cm2. The study demonstrates enhanced optical response in the graphene−
metal nanocomposite, which appears attractive for applications in graphene-based advanced photonic devices.

1. INTRODUCTION

Graphene exhibits several unique properties1−5 and thus bears
great potential for application in various fields.6−9 It is
interesting for the theoretical physicists due to its two-
dimensional (2D) Dirac Fermion-like features, as well as for
experimentalists for its ambipolar electric field effect, ballistic
transport of charge carriers, peculiar integer and fractional
quantum Hall effects, and Klein tunnelling.10 In spite of all
these intriguing phenomena, there are some limitations to the
use of graphene for photonic devices. Although several efforts
have been devoted to make graphene photoluminescent by
oxygen plasma treatment,11 controlled reductions of graphene
oxide,12,13 or excitation with femtosecond (30 fs) laser pulses,14

however, PL emission from pristine graphene by continuous
wave excitation has not been reported yet due to its zero band
gap. Most of the luminescence observed so far was mainly due
to the disorder-induced localized states created within the
π−π* band and to the nonequilibrium charge carriers
(thermalized and nonthermalized hot electrons) under suitable
conditions.15

However, plasmonics usually exploits noble metal nanostruc-
tures, which can manipulate visible light at deep-subwavelength
dimension.16,17 The ability of metal nanostructure-based
devices to control optical radiation at the nanoscale resulting
in strong field enhancement was applied in diverse areas such as
data storage, spectroscopy, sensing, etc.18−20 Here, we report
on the enhanced light−matter interaction in stable Ag0

nanoparticle (NPs)-decorated few-layer graphene (FLG)
sheets, synthesized using a facile and one-pot method. The

proposed synthesis technique of pristine graphene is facile, less-
hazardous, and contamination free with respect to the other
methods reported earlier.21−26 The facile synthesis technique
for production of a large area of Ag0 nanoparticle-decorated
few-layer graphene is also proposed here by combining and
modifying the suitable methods reported earlier.27−30 The
stabilization of Ag0 NPs within the graphene matrix occurs due
to favorable d−π interaction31−33 between the vacant d-orbitals
of Ag0 and the π-electron cloud of graphene moiety. The hybrid
nanocomposite exhibits an enhanced light−matter interaction,
which has been experimentally demonstrated using Raman
spectroscopy and photoluminescence. Nonlinear absorption
(NLA) in the graphene−silver hybrid structure is found to
increase from 0.0127 to 0.0155 cm/GW with increasing on axis
intensity from 77 to 170 GW/cm2 using a single beam open
aperture z-scan in the femtosecond regime. The contribution
from both saturation absorption (SA) and two-photon
absorption (TPA) has been found to play a crucial role in
the mechanism of NLA.

2. EXPERIMENTAL SECTION

2.1. Synthesis of Graphene−Ag0 Hybrid. Here, we
prepared stable and impurity-free Ag0 nanoparticles (NPs)
within few-layer pristine graphene dispersion. In this procedure,
graphite powder (Sigma-Aldrich) was exfoliated in 1 M HCl
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solution by ultrasonication for 25 min resulting in the
formation of a black dispersion. Afterward, ethyl acetate
(EtOAc) was added to the homogeneous dispersion, and the
whole mixture was ultrasonicated for 10 min. In another set of
experiments, dichloromethane (DCM) was used instead of
EtOAc. After sonication, black colored exfoliated graphene was
observed in between organic−aqueous interfaces. It was
extracted with organic solvents (EtOAc and DCM, respec-
tively), and subsequent washing with DI water for several times
was accomplished. In the case of DCM, the extracted product
was obtained in larger quantity. After extraction, the products
were dried, weighed, and dispersed in N-methyl 2-pyrrolidone
(NMP) through ultrasonication. The graphene dispersion was
heated (at 150 °C) for the pretreatment of NMP. To the
greyish black NMP dispersion of graphene (8 mg/mL), 5 wt %
(mg/100 mL) silver nitrate salt was charged and sonicated for
10 min. The appearance of a greenish-orange color was
observed, suggesting the formation of Ag0 NPs in graphene
dispersion.
2.2. Characterization. Graphene−Ag0 (G−Ag0) hybrid

dispersion was spin-coated on Si(100) substrates. Surface

morphology and crystalline quality of the hybrid nanostructures
were studied by field-emission scanning electron microscopy
(FESEM), scanning probe microscopy (SPM), and high-
resolution transmission electron microscopy (HRTEM). The
phase of the synthesized hybrid material was studied by X-ray
diffraction (XRD) at a grazing incidence mode with Cu Kα
radiation (1.54 Å). The chemical bonding and stability of Ag0

nanoparticle-decorated few-layer graphene sheets were studied
using X-ray photo electron spectroscopy with an incident Al Kα
X-ray of energy 1486.6 eV. The elemental mapping was
performed using an ULVAC-PHI PHI-700 scanning Auger
microscope.
The micro-Raman spectra of pristine graphene and hybrid

films were acquired using a T64000 (Jobin Yvon Horiba)
spectrometer with an argon−krypton mixed ion gas laser
(∼514 nm). A UV−vis absorption spectrum was obtained using
a fiber-probe based UV−vis−NIR CCD spectrometer. We
acquired the room temperature steady state photoluminescence
(PL) spectra using a He−Cd laser of wavelength 325 nm as the
excitation source and a TRIAX-320 monochromator combined
to a Hamamatsu R928 photomultiplier detector. The open

Figure 1. Schematic representation of (a) HCl-intercalated pristine graphene preparation and purification. (b) In situ formation and stabilization of
Ag0 NPs in the graphene dispersion using a one-pot method.
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aperture (OA) z-scan measurements were performed with a
laser pulse of 150 fs at 1 kHz repetition rate at the wavelength
of 808 nm (Coherent Libra-He). The fs laser beam was focused
to 58 μm (beam diameter) with a 20 cm plano-convex lens. Ag
NP-decorated graphene dispersion placed in the cuvette of 1
mm path-length was moved across the focus using a motorized
translation stage (Thorlab, LTS-150). The Rayleigh range (z0)
of the focused beam is 1.1 cm, which is longer than the path-
length of the beam in the cuvette. The input pulse power was
varied with a combination of half-wave plate and a polarizer.
The reference and the transmitted laser pulses were detected
using two Si-photodiodes (Thorlab, PDA10A), and the data
were recorded through a lock-in amplifier for better signal-to-
noise ratio. The lock-in amplifier was triggered by a 1 kHz
signal and was synchronized with the femtosecond laser pulse.

3. RESULTS AND DISCUSSION

3.1. Synthesis Mechanism. We report a facile, one-pot
method for synthesis of a high-quality G−Ag0 hybrid
nanocomposite using N-methyl 2-pyrrolidone (NMP) as the
reducing agent and graphene itself as a stabilizer. The large

scale production of pristine graphene from graphite using HCl
as an intercalant has been performed as depicted in Figure 1a.
Here, H+ ion occupies the interstitial sites of graphitic layers
through an electrostatic interaction and weakens the existing
π−π* interaction. The subsequent sonication acts as a
promoting force to overcome this π−π* interaction. Highly
hydrophilic HCl thus favors the formation of water-processable
graphene, while lyophilization produced lightweight and spongy
graphene powders. The intercalated graphene has been
extracted by ethyl acetate (EtOAc) and dichloromethane
(DCM), where a larger amount of graphene was obtained
from the water−DCM interface, maybe due to the common ion
(i.e.,Cl−) of HCl and DCM, which leads accumulation of more
HCl intercalated graphene in the interface of DCM and water.
After extraction, the graphene was dispersed in NMP to get a
homogeneous graphene-ink (greyish black) and heated at 150
°C temperature for the pretreatment of NMP.34 On addition of
AgNO3 to this pretreated graphene dispersion, the activated
NMP reduced the Ag+ to Ag0 with a subsequent greenish-
orange color appearance within ∼2 min as schematically
presented in Figure 1b. During the extended sonication (10

Figure 2. Typical FESEM images of (a) few-layer graphene (FLG) sheets and (b) graphene sheets decorated by Ag0 NPs. The inset in panel (b)
indicates an average Ag nanoparticle size of around 25 ± 5 nm. (c) HRTEM image of few-layer graphene with corresponding SAED pattern in the
inset. (d) Ag0 NP-decorated few-layer graphene sheets. (e) High-resolution image of a single Ag NP showing lattice fringes for the (111) plane. (f)
XRD pattern of G−Ag0 hybrid sample showing five well-defined diffraction peaks at 38.1°, 44.4°, 64.5°, 77.4°, and 81.6°, respectively, corresponding
to (111), (200), (220), (311), and (222) planes of fcc Ag.
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min), Ag NPs in graphene are stabilized through d−π
interaction, which may occur among the vacant d-orbitals of
silver and filled π-electrons of graphene. During this interaction,
graphene will be slightly positively polarized (as it donates the
π-electron). Through electrostatic interaction, another FLG will
be interacted with a positively charge layer. These FLGs will
also interact with other Ag0 NPs using the remnant π-electrons,
leading to the decoration of Ag0 NPs on few-layer graphene
sheets.35−38 The mechanism is supported due to the presence
of delocalized π-electrons in graphene matrix, which can be
treated as the integration of 2π aromatic rings that might be
capable of forming a composite having a transition metal
complex structure.39,40 Thus, π-bonding will have some sort of
sigma-bond character in the hybrid nanostructures, resulting in
enhancement of sp3 character in the hybrid structure as
evidenced from XPS spectra. During Ag0 nanoparticle
formation, the trapped NMP molecules are also responsible
for the production of very few oxygen functional groups on
graphene defect sites (edge defects), which will be discussed in
detail during X-ray photoelectron spectra (XPS) analysis.
3.2. Characteristics of Hybrid Nanostructures. We have

studied the surface morphology and microstructures of
synthesized G−Ag0 hybrid composites. Figure 2a,b shows
typical FESEM micrographs of few-layer graphene sheets and
Ag0 NP-decorated FLG sheets, respectively. The size
distribution of Ag NPs shown in the inset of Figure 2b
indicates the formation of an average particle size of around 25
± 5 nm for Ag. Figure 2c shows the HRTEM image of pristine
graphene and the corresponding hexagonal selected area
electron diffraction (SAED) pattern (inset), indicating the
growth of a few-layer crystalline hexagonal graphene sheet. The
SAED pattern contains multiple spots, which could be ascribed
to overlapping domains of graphene layers, back-folding of
edges, or intrinsic rotational stacking faults.41 The TEM image
in Figure 2d shows large-area graphene sheets decorated with
Ag NPs of average size ∼25 ± 5 nm corroborating the FESEM
results. The corresponding high-resolution image of Ag NPs is
shown in Figure 2e, which supports the crystallinity of
synthesized NPs within the graphene for the (111) plane of

fcc Ag with an interplanar spacing of 0.23 nm. The XRD
pattern of G−Ag0 hybrid nanostructures is shown in Figure 2f.
Five well-defined diffraction peaks at 38.1°, 44.4°, 64.5°, 77.4°,
and 81.6° attributed, respectively, to (111), (200), (220),
(311), and (222) planes of fcc crystal structure of metallic silver
are observed. The SAED pattern, HRTEM image, and XRD
results reveal that the synthesized Ag NPs embedded within the
graphene matrix are highly crystalline.
XPS of graphene and hybrid nanostructures is presented in

Figure 3. Figure 3a exhibits only the sp2 hybridized CC
(284.6 eV) peak in pristine graphene, which is consistent with
the previously reported data.42 However, the C 1s spectrum of
G−Ag0 hybrid displays (Figure 3b) two small humps at a higher
binding energy value (∼286 and ∼288 eV), suggesting the
presence of a finite amount of oxygen functional groups with
sp2 hybridized carbon atoms.13 The origin of these additional
peaks in C 1s spectrum is ascribed to the Ag0 nanoparticle
formation and its stabilization within the graphene sheets
through the d−π interaction. During Ag0 nanoparticle
formation, the byproduct HNO3 oxidizes the edges of
graphene. The nascent Ag0 stabilizes through d−π interaction
among the vacant d-orbitals of Ag0 and the π-electron cloud of
the graphene moiety. So, the sp2 hybridized π-bonds may have
some sp3 hybridized single bond character, which is also evident
from the higher full width at half-maximum (fwhm) of the C 1s
peak of the G−Ag0 hybrid, as compared to the pristine
graphene. The trapped NMP molecule may also be responsible
for showing these oxygen functionalities. Figure 3c presents the
binding energy of Ag 3d electrons for G−Ag0 hybrid
nanostructures for as-deposited sample and sample after 2
months, where the peaks at 367.9 and 373.9 eV are ascribed to
the Ag 3d5/2 and Ag 3d3/2 electronic states, respectively. The
difference in the binding energy between the above electronic
states for Ag 3d electrons is 6.0 eV, remaining almost
unchanged over this time period, which suggests the formation
and stabilization of the Ag0 chemical state in the G−Ag0 hybrid
composite.43

We have also performed Auger electron spectroscopy (AES)
to investigate the nature of chemical bonding and elemental

Figure 3. High-resolution C 1s XPS spectra of (a) pristine graphene, (b) G−Ag0 hybrid, and (c) binding energy of Ag 3d electrons showing stability
even after 2 months.
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mapping with high spatial resolution in G−Ag0 NP hybrid
nanostructures. AES is a standard and powerful surface
analytical technique based on the analysis of energetic electron
emitted from an excited atom after a series of internal relaxation
events.44 In Figure 4, AES spatial distribution spectra are
presented for G−Ag0 hybrid nanostructures. Figure 4a shows a
typical FESEM micrograph of Ag NP-decorated graphene
sheets, where the AES mapping has been acquired. The AES
survey spectrum shows the presence of C KLL, O KLL, Ag
MNN, and Si KLL transition dips in Figure 4b. The presence of
C and Ag troughs confirms the formation of a G−Ag0 hybrid
structure. Si and O signals arise from the SiO2/Si substrate.
Figure 4c exhibits the AES spatial distributions of C KLL in the
sample. The carbon-rich regions in G−Ag0 are presented by red
color consistent with the SEM images of graphene sheets

shown in Figure 4a. However, the AES map of the Ag MNN
surface of G−Ag0 shown in Figure 4d is represented by a green
color, showing the formation of particles. Figure 4e presents the
combined AES mapping of G−Ag0 hybrids, where Ag NPs are
decorated on top of graphene sheets.

3.3. Raman, Absorption, and Photoluminescence
Characteristics. Typical Raman spectra of pristine graphene
and G−Ag0 hybrids are presented in Figure 5a. The spectrum
of graphene exhibits a weak D-peak (∼1360 cm−1) and two
prominent peaks corresponding to the most prominent G-
(∼1580 cm−1) and 2D-band (∼2740 cm−1), respectively. The
G-band is assigned to the E2g phonon vibrations of sp2 carbon
atoms, while the D-band is the A1g breathing mode of carbon
associated with structural defects and disorders. The 2D
phonon bands originate from a second order double resonant

Figure 4. (a) Typical FESEM image of G−Ag0 hybrid nanostructure. (b) Auger electron spectra (AES) showing C KLL, O KLL, Ag MNN, and Si
KLL spectral lines. Auger element maps for the different elements in the same locations shown in panel (a). AES elemental mapping for (c) C, (d)
Ag, and (e) combined image showing where Ag0 NPs are decorated on top of the graphene sheets.

Figure 5. (a) Typical Raman spectra of a pristine graphene and G−Ag0 hybrid showing SERS enhancement, broadening, and upshift of G band and
downshift of 2D band. (b) UV−vis absorption spectra of pristine graphene and G−Ag0 hybrid samples. (c) Typical strong visible emission shown by
G−Ag0 hybrid nanostructures excited by a 325 nm laser.
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process between nonequivalent K-points in graphene’s first
Brillouin zone, connecting two zone boundaries.45,46 The SERS
enhancement of G- and D-peaks, upshift of G-band and
downshift of 2D-band with respect to graphene spectrum,
broadening of G-band, and enhancement of D-band suggest the
formation of hybrid nanostructures, as shown in Figure 5a.47,48

In Figure 5b, UV−vis absorption spectra are presented for
pristine graphene and G−Ag0 hybrid samples. The plot shows a
broad absorption band in the entire visible region with a peak at
∼2.48 eV. The result in Figure 5b indicates a significant
enhancement in the absorbance of G−Ag0 hybrid with respect
to control graphene.27,49,50 The enhancement of Raman and
absorption signals can be attributed to both the enhanced near-
field electronic oscillation and scattering effect of Ag NPs. Due
to the localized plasmon resonance (LSPR) of metal NPs, the
enhanced coupling of light happens around the graphene−
metal interface, leading to an amplification of the electrical field
that can effectively improve the optical properties of hybrid
nanostructures. Figure 5c shows a typical PL spectrum of as-
synthesized hybrid nanostructures drop-casted on top of the Si
substrate. The PL spectrum shows a broad emission range from
1.6 to 3.2 eV (400 to 700 nm) with a maximum intensity at
2.38 eV (∼520 nm).
It may be noted that the pristine graphene does not exhibit

any emission, when excited by a continuous wave source, as
shown in Figure 5c. However, G−Ag0 hybrid nanostructures
exhibit strong photoluminescence. The origin of this strong
steady state room temperature PL is from Ag NPs that are
stabilized within the graphene surface.27 The visible lumines-
cence from the hybrid is due to the excitation of electrons from
occupied d-bands of Ag into states above the Fermi level.
Subsequent electron−phonon and hole−phonon scattering
process leads to an energy loss, and finally, an electron from an
occupied Fermi level recombines radiatively with the sp- or d-
band holes making the hybrid material a luminescent one.
3.4. Nonlinear Absorption Property of G−Ag0

Hybrids. The nonlinear optical measurements for pristine
graphene and G−Ag0 hybrid nanostructures were carried out by
a single beam z-scan technique.51 The pristine graphene sample
shows only saturable absorption (SA), whereas the Ag-
decorated graphene sample exhibits reverse saturable absorp-
tion (RSA) behavior as shown in Figure 6a,b, respectively.
Open aperture z-scan measurements performed on G−Ag0
hybrid nanostructures with on-axis intensity of 77, 106, 127,
and 170 GW/cm2, respectively, are shown in Figure 6b. At
lower intensity, contribution from SA can be observed in OA
curves, whereas at higher intensity, multiphoton absorption is a
dominant phenomenon. Also, we measured OA z-scan of

graphene in water at 106 GW/cm2 to check the saturation
absorption behavior.
To understand the z-scan results, we consider SA and TPA

simultaneously in analysis.52 A single Gaussian beam with a
beam waist of w0 can be represented as51
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For an inhomogeneously broadened two-level system with both
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where Isat is the saturation intensity and βeff is the TPA
coefficient. The transmittance of the incident laser beam is
obtained by solving eq 2 from eq 3 and by integrating it over
time and radial direction. The intensity equation has been
solved numerically using the Crank−Nichelson method.
Assuming the input beam to be Gaussian, the integration
limit of t and z is varied from −∞ to +∞ and 0 to ∞,
respectively. The theoretical fits of the obtained data resulted in
the determination of the values of Isat and βeff. For graphene−
metal hybrids, the saturation intensity (Isat) is extracted to be 14
GW/cm2 and TPA coefficients are 0.0127, 0.0136, 0.0145, and
0.0155 cm/GW, respectively, for 77, 106, 127, and 170 GW/
cm2, whereas for graphene, saturation intensity is 34 GW/cm2

with TPA coefficient (βeff) of 0.0012 cm/GW.
As we can see from the fitted curves, graphene only shows

SA, which has also been reported earlier,52 whereas in G−Ag0
the nonlinearity can be tuned by varying input pulse energy. At
sufficient excitation intensity, the photogenerated carrier
density in graphene increases significantly (much larger than
the intrinsic electron and hole carrier densities in graphene at
room temperature).53 This causes the filling up of states near
the edges of the conduction and valence bands, blocking further
absorption and yielding transparency to light at photon
energies just above the band-edge. If the incident light intensity

Figure 6. Open aperture z-scan of (a) graphene and (b) G−Ag0, where open circles denote experimental data and the solid lines are the fitted curves.
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becomes strong enough because of the Pauli blocking effect, the
generated carriers fill the conduction band, preventing further
excitation of electrons from the valence band and allowing
photons to be transmitted without loss, as shown in Figure 6a.
Figure 7 presents the schematic band diagram of G−Ag0

hybrid nanostructures. The Work function of Ag NPs (WAg) is

found to be 4.3 eV, which has been calculated by using the
following equation: WNP = W∞ + (1.08/D (nm)) eV,54 where
W∞ is the work function of bulk Ag surface, which is 4.26 eV,55

and D is the diameter of the NPs in the unit of nm.
The work function of free-standing graphene (WG = 4.48 eV)

is modified due to charge transfer mechanism56 for the hybrid
nanostructures as depicted in Figure 7. Calculations have also
been reported that the graphene work function in contact with
Ag NPs is significantly lower (by 0.18 eV) than in the free-
standing graphene. So, the graphene Fermi level in contact with
Ag shifts a little bit upward with respect to the conical points,
leading to n-type doping of graphene.57 At 800 nm, the
absorption spectrum of hybrid nanostructures exhibits a
prominent absorption band. Therefore, in addition to intraband
transitions of graphene (due to shift of the Fermi level in
conduction band), direct excitations to the LSPR band of Ag
NPs might induce TPA at higher pump intensity. The
simultaneous operation of these mechanisms result in RSA as
the dominating phenomena for G−Ag0 hybrid nanostructures,
as compared to the pristine graphene.50,58

4. CONCLUSIONS

In summary, we have successfully synthesized Ag0 NP-
decorated few-layer graphene sheets using a facile and one-
pot technique to enhance the light−matter interaction in
graphene. The novel technique provides the formation of
graphene-sheet-stabilized Ag0 NPs (average size ∼25 nm),
promoted by the d−π interaction among vacant d-orbitals of
Ag0 NPs and the π-electron cloud of graphene. XPS and AES
analyses have indicated the formation of Ag0 chemical state in a
hybrid composite. The hybrid nanostructures exhibit improved
photoluminescence and nonlinear absorption property over the
pristine graphene. Compared to pristine graphene where
saturable absorption is dominant, hybrid structures show
significant NLA characteristics due to a high TPA coefficient.
The results indicate that the synthesized novel Ag0 decorated
plasmonic nanostructures can be used as a platform for
wavelength-tunable graphene-based photonic devices in the
future.
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