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The crystalline, ultra long silver nanowires (Ag NWs), few layered rGO (reduced graphene oxide) and their rGO-Ag NWs
nanocomposite have been synthesized by a polyol reflux technique under optimized experimental conditions. The field emission
performance on the rGO-Ag NWs nanocomposite, rGO and AgNWs emitters was investigated. The turn on field required to draw an
emission current density of ~lpA/cm® was found to be ~5.00, 3.92 and 2.40 V/um for Ag NWs,tGO and the rGO-Ag NWs
nanocomposite emitters, respectively. The combined contribution of the sharp edges of the thin graphene sheets, high aspect ratio of the
Ag nanowires, and their synergetic effect in rGO-Ag NWs nanocomposite are responsible for the enhanced field emission behavior The
first-principles density functional calculations propose that the enhanced field emission may also be due to the overlapping of the

electronic structures of Ag NWs and rGO nanosheets.

1. Introduction

The shape and size of the nanomaterials plays a substantial
role in their application in different fields i.e. from electronics to
biology. In order to enhance their behavior, the surface
architecture is required in which the shape modulation became a
dominating factor over their tunable size. For which, so many
efforts have been devoted towards development of different
shaped nanomaterials with controlled morphology.'® The shape
and size controlled nanomaterials of different structures such as
one-dimensional (1D) nanorods/nanowires, two-dimensional
(2D) nanoplates, three-dimensional (3D) nanocubes and so forth
have been explored. >’ Among the other structures, 1D
nanowires has been attracted for vast applications in electronics,
photovoltaic, biological imaging etc.'®'" As compared to other
metallic nanostructures (Zn, Cu, W, Sn etc.), Ag nanowires
(NWs) have been generally applied for the development of
sensors, catalysis, memory storage devices and so forth due to
35 their dominating electrical conductivity, thermal stability and
structure dependent optical property.'?'® Recently, networks of
AgNWs and graphene hybrid films are observed to present
special features and usefulness in optical and electronic devices,
catalysis, sensors, etc.'”"® These hybrid films showed a potential
to replace the Indium Tin Oxide (ITO) electrodes due to high
optical transparency of 94%, low sheet resistance of 33 Ohm/sq
and an excellent stability upon exposure to atmospheric
exposure, mechanical pressure and bending. "

Some methods have been documented for the synthesis of
s AgNWs using template based processes.”®?**! However, these
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methods limit in the yield for their application. Therefore, the
solution phase reactions for high yield synthesis of AgNWs have
been followed. Here, we synthesize the Ag NWs by following a
solution phase route using AgNOj; as the metal precursor that is
reduced to form AgNWs in ethylene glycol medium in the
presence of Poly Vinyl Pyrrolidone (PVP). This method, called
as the polyol process, has been broadly adopted for the synthesis
of different metal nanoparticles.”® On the other hand, the
support materials play a vital role to provide stability to
nanoparticles and trigger their efficiency for many applications
towards catalysis, electro-catalysis, development of different
electronic devices and so forth.”**” Among the various materials
employed as supports, carbon based materials like graphene,
carbon nanotubes (single/multi-walled), fullerene, etc. are
broadly used. Graphene is a single atom-thick 2D carbon
material comprising a honeycomb structure of sp* bonded
carbon atoms. It has very high electrical conductivity, thermal
conductivity, chemical inertness and high surface area to hold
the bare nanostructures. Further, the increase in performance of
graphene-Ag composite authenticates their development and
application. *' Therefore, facile, single step synthetic approach
for the development of such type of composites is still desired.
In this report, we have used a facile single step polyol method
for high yield synthesis of reduced graphene-Ag NWs hybrids
(rGO-AgNWs). The high electrical conductivity of the
Ag/graphene hybrids attracted to investigate its field emission
performance for possible applications in the vacuum micro-
/nanoelectronic devices. We have investigated field emission
properties of the rGO-Ag NWs and compared its performance
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with the bare Ag NWs and reduced graphene (rGO) emitters.

2. Experimental Section
2.1 Materials and Synthesis

The Graphite powder, AgCl, AgNOs, KBr, Ethylene glycol
were purchased from Sigma-Aldrich. KMnO,, Polyvinyl
Pyrrolidone (PVP) were collected from Himedia chemicals. All
other chemicals were of analytical grade and used without any
further purification. In all the experiments, Millipore water
(18Qm) was used for preparation of the solution.

2.2 Synthesis of Graphene oxide

The graphene oxide (GO) synthesis was carried out by
following the modified Hummer’s method.®® In a typical
Procedure, 1gm of graphite powder and 25 ml of concentrated
H,SO, was taken in a conical flask and stir for 10 minute in an
ice bath. Then, 3.5 g of KMnO, was added slowly and the whole
mixture was allowed to stir for two hours in a water bath. On
completion of two hours, the conical flask containing aforesaid
mixture again placed in the ice bath followed by addition of 50
ml of deionised water. Then sufficient amount of 30% H,0, was
added till the effervescence of gas ceases. The obtained brown
colored suspension of GO was filtered and repeatedly washed
with 0.1M HCI and water for the complete removal of SO~
ions. The sample was freeze-dried and stored for future use.

2.3 Synthesis of reduced Graphene oxide (rGO)

20 ml of ethylene glycol was taken in a three-necked round
bottom flask and heated to 170° C. Once the temperature is
maintained then 10 ml of aqueous graphene oxide suspension
(Img/ml) was added drop-wise and leave to stir for next 30
minutes. After that the black colored suspension was collected
by centrifugation and washed properly with ethanol.

2.4 Synthesis of Ag NWs

The Ag NW was synthesized by following a single step
polyol method.” In a typical procedure, a mixture of 0.668 g of
Poly Vinyl Pyrrolidone (PVP), 0.01 g of KBr and 20 ml of EG
(Ethylene Glycol) taken in a three-necked round bottom flask
and heated to maintain a constant temperature of 170 °C. Then,
0.050 g of finely powdered AgCl is added slowly and left the
reaction for 3 to 4 minutes. 0.220 g of finely powdered AgNO;
was added slowly to the suspension. The heating was continued
for next 30 minutes. After that, the flask containing the solution
immediately placed in an ice bath to cool down the solution and
stored for prior use.

2.5 Synthesis of rGO-Ag NWs

The synthesis of rGO-Ag NWs composite was carried out by
the same synthetic procedure followed for Ag NWs. 10 ml of
graphene oxide aqueous solution (1mg/ml) was added drop-wise
before placing the round bottom flask in the ice bath and the
solution was boiled for another 20 minutes.

2.6 Characterization
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The morphology of the as-prepared samples was studied by
Scanning electron microscopy (FEG-SEM) measurements at 20
kV acceleration voltage, using a Neon 40 cross-beam system
(M/S Carl Zeiss GmbH). The samples for SEM analysis was
prepared on the aluminum foil and vacuum dried prior to the
analysis. The transmission electron microscopy (TEM) analysis
was performed on 200 KeV, JEOL JEM-2010 high resolution
transmission electron microscope (HRTEM). The X-ray
diffraction patterns were recorded using a Bruker D8 Advance
Diffractometer well equipped with a Ni filtered Cu (Ka)
radiation of 0.154 nm wavelength (at 40kV, 40mA). The Raman
studies of the samples were carried out by Renishaw in Via
Raman microscope with an excitation of 514 nm Laser radiation
and a 50x objective at 10 second exposure time.

2.7 Field emission

The field emission (FE) current density (J) versus applied
electric field (£) and emission current (/) versus time (f)
characteristics were measured in a planar ‘diode’ configuration
at the base pressure of ~1.0x10 ®mbar. A typical ‘diode’
configuration consists of a phosphor coated semitransparent
screen (a circular disc having diameter ~ 4 cm) as an anode. In
order to investigate the FE properties, rGO-Ag NWs composite
powder was sprinkled on a piece of carbon tape (radius~2.5
mm). Such rGO-Ag NWs composite sprinkled carbon tape was
pasted on a stainless steel holder (diameter ~ 4.5 mm), which
acted as a cathode. The FE measurements were carried out at
fixed cathode-anode separation of ~ I mm. The emission current
was measured by Keithely electrometer (6514) by sweeping DC
voltage applied to cathode with a step of 40 V (0-40 kV,
Spellman, U.S.). The FE current stability was recorded at
different preset current values using a computer controlled data
acquisition system. Special care has been taken to avoid any
leakage current using shielded cables and ensuring proper
grounding. Before recording the FE measurements, pre-
conditioning of the cathode was carried out by keeping it at ~
500 volts for 30 min, so as to remove loosely bound particles
and/or contaminants by residual gas ion bombardment.

2.8 Computational details

The first principles spin polarized calculations were
performed using Vienna Ab initio Simulation Package (VASP)
that is based on density functional theory (DFT) calculation
using the plane-wave basis set.’® ' Core electrons were
described with the Projector Augmented Wave (PAW)
method.”® The gradient-corrected functional, developed by
Perdew, Burke, and Ernzerhof (PBE), was used to describe the
electrons exchange-correlation potentials.*> The kinetic energy
cut-off was set to 400 eV. The k-points meshes were sampled
using the scheme of Monkhorst-Pack. All the structures were
deemed to have fully relaxed when the total energy converged
within 10™ eV/atom and the max force converged within 0.001

100 eV/ A.
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3. RESULT AND DISCUSSION
3.1 FESEM, XRD, and Raman investigations

Here, we report the synthesis of Ag NWs by a polyol method.
In this method, ethylene glycol acts both as a solvent and
reducing agent. During the reflux reaction, the silver nitrate gets
reduced to form small sized silver nanoparticles followed by the
growth of larger particles through Ostwald ripening process.
With the assistance of PVP (that controls the growth rate of
different faces of silver by means of surface coordination) these
larger particles were directed to grow in a definite direction to
form nanowires like structures as found in the fig. 1(a).® The
FESEM images (Fig.la) show the formation of randomly
distributed ultra long nanowires (length up to a few micrometer)
having diameter in the range of 55 to 70 nm. It is clearly visible
that the Ag NWs have very smooth surface, and some of them
are protruding outside the substrate surface Fig. 1 (b) shows the
FESEM image the rGO-Ag NWs composite. As it can be seen,
the Ag NWs are embedded in the rGO network. A typical XRD
pattern of the rGO-Ag NWs nanocomposite (Fig. 2a) exhibits a
set of well-defined diffraction peaks which implying its
crystalline nature. The observed diffraction peaks could be
indexed to the Ag NWs (JCPDS card, No# 04-0783) and rGO
phases. Interestingly the XRD pattern does not show diffraction
peak(s) corresponding to the other impurity phases, indicating
high purity of the as-synthesized product. Thus, the XRD
analysis clearly reveals the formation of high purity crystalline
rGO-Ag NWs nanocomposite phase under the prevailing
experimental conditions.

The as-synthesized GO and rGO has been characterized by
different techniques. The folding and the wrinkles present in the
GO sheets are clearly visible from the FESEM images (Figure
Sla, b, ESIT). The TEM images show the transparency nature of
the GO sheets (Figure Slc, ESIf). The existence of well
distinguished diffraction points in the SAED pattern (Figure
S1d, ESI¥), indicates the crystalline nature of GO. This is also
supported by the appearance of a sharp XRD peak (26=10.43")
having interlayer spacing of 0.76 nm (002 plane) (Figure S2,
ESIt). But in the case of rGO, this prominent XRD peak pattern
disappeared and a small hump was appeared 26 (260). This
observation revealed the efficient reduction of GO to form rGO.
Further, the Raman analysis of the samples were carried out to
know the efficient reduction of GO and the formation of the
rGO-Ag NWs composites (Figure 2b). In the Raman spectrum
of GO and rGO, two prominent peaks appears clearly at 1346
em™ (D-band), 1585 cm™ (G-band) assigned for the in-plane
vibration of k-point phonons of A;, symmetry and first order
scattering of the E, phonon for the in phase stretching vibration
of sp® carbon atoms, respectively.”>* The intensity ratio of D
and G band (Ip/Ig) was found to be increased from GO (0.85) to
rGO (1.07) standing for the formation of small sized sp’
domains in the rGO. This observation further confirms the
formation of rGO-Ag NWs composite.

Fig. 1 FESEM images of the Ag NWs (a) and rGO-Ag NW
composites (b)

Fig. 2 (a) X-ray diffraction patterns for the as prepared Ag NWs
and composite of tGO-Ag NWs. The presence of sharp peaks at
20°=38.11, 44.38 , 64.38 , 77.37 and 81.48 corresponds to the
(111), (200), (220) (311) and (222) planes respectively indexing
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the face centered cubic (fcc) structure (JCPDS: 04-0783) of the
0 silver nanowires. (b) Raman spectrum of GO, rGO and rGO-Ag
NWs composites.

3.2 Field Emission

For comparison, herein we report the FE behaviour of the
pristine GO, AgNWs and rGO-AgNWs nanocomposite

This journal is © The Royal Society of Chemistry [year]
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emitters. The characteristic field emission current density versus
applied field (J-E) plots of the rGO, AgNWs and rGO-AgNWs
nanocomposite emitters are depicted in Fig. 3(a). The values of
the turn-on and threshold field, defined as field required to draw
an emission current density of ~lpA/cm®> and ~10pA/cn’,
respectively compiled in Table 1. Furthermore, very high
emission current density of ~2.9 mA/cm? has been drawn from
the rGO-Ag NWs nanocomposite emitter at relatively lower
applied field of ~6.80 V/um (Comparison of field emission
10 parameter of GO, Ag NWs, rGO-Ag NWs and various reported

metal/metal oxide-rGO nanocomposite are compiled in Table 1).

The observed lower values of the turn-on and threshold field
are attributed to the high aspect ratio of the Ag NWs, sharp
edges of the rGO sheets in the rGO-Ag NWs nanocomposite,

15 owing to their nanometric dimensions. Furthermore, as seen
from the FESEM images of the hybrid nanocomposite
(charactraized by presence of a few bare Ag NWs, rGO
nanosheets covering the Ag NWs), its FE behavior is due to
combine effect of high aspect ratio of Ag NWs and rGO

20 nanosheets, along with synergic effect due to formation of
heterostructure resulting in modulation of electronic property.
Furthermore it can be said that the hybrid nanocomposite emitter
exhibits less field screnning effect, and thus the high field
enhancement at the ‘protruding” Ag NWs and atomically sharp

25 edges of rGO nanosheets is responsible for lowering of the turn-
on and threshold values.

The extraction of very high emission current density (~2.9
mA/cm?) at relatively lower applied field (~6.80 V/um) can be
attributed to its modulation of electronic properties of the hybrid

3 nanocomposite. For field emission, such unique surface

topography of the emitter and enhanced electrical property of the
hybrid composite should have enhanced its emission behavior.

As per the F-N theory, emission of electrons via tunneling

through deform potential barrier is exponentially dependent on
the work function (¢) of the emitter. The difference between
potential energy of an electron between Fermi level (Ef and
vacuum level (E,) is defined as ($). The vacuum level is the
potential energy that approaches a nearly constant value in the
energy distributions at the vacuum region. Here (3x2+3)
supercell of Ag (111) surface (three layers) on (2x3+/4)
supercell of a graphene layer with minimal lattice mismatch has
been considered to estimate the work function of the hetro-
structure (Ag (111)/graphene). Side view of the model structure
is shown in the Fig. 4 (a). The electrostatic potential as a
ss function of coordinate along c-axis of Ag (111)/graphene
surface is depicted in the Fig. 4(b). The estimated work function
of the Ag(111)/graphene surface has been estimated to be about
4.25 eV, which is about 0.28 eV lesser than pure graphene
surface (¢ = 4.53 eV). The estimated electrostatic potential is
so shown in Fig.5.

The modified form of the Fowler-Nordehim (F-N) equation
for multi-tip emitters deposited on flat substrates is as follows®'”
36

w

3

a

4

S

s

H 3

J = Aag ™ E2pexp (— =) (M)

ss where J is the emission current density, E is the applied average
electric field, a and b are constants, typically 1.54 x 10 (AV-
%eV) and 6.83 x 10°(VeV*?um™), respectively, ¢ is the work
function of the emitter material, A, is a macroscopic pre-
exponential correction factor, vp is value of the principal

6 Schottky-Nordheim barrier function (a correction factor), and f
is the field enhancement factor

Table 1. Turn-on field values of and various metal/metal oxide-rGO
nanocomposite reported in the literature

Page 4 of 8

Field
. Turn-on field
Composite urn-on fie enhancement Ref.
factor (B)
1 pA/em’” at 2.65
snsyrGo | Ve A 3700 37
V/pm
1 pA/em®at 2.0
ws,igo | MO A 2978 38
V/pm
1 pA/em?® at 3.40
Ag NWs 427 39
V/pm
)
Si-Zno 10 pA/cm” at 7.8 i 40
V/pm
RGO ~3.92 V/um 1013 Present study
Ag NWs ~5.0 V/pm 1047 Present study
rGO-Ag NWs | ~2.40 V/um ~1985 Present study

s The Fowler-Nordheim (F-N) plots, derived from the observed J-
E characteristic, are shown in fig.3 (b) for the rtGO, Ag NWs and
rGO-Ag NWs nanocomposite emitter. The ratio of the local
electric field to the applied average electric field is nothing but
the field enhancement factor (Ejocat = SEaverage)- The value of B

70 can be estimated from the slope (m) of the F-N plot and,
quantifies the degree of enhancement in an electric field at the
emission sites due to their nanometric dimension.*”* In the
present case, the field enhancement factor is calculated from the
slope of the F-N plot (fitted linearly).

—6.8x10° 4"
m

75 ﬂ

Where S represents the field enhancement factor, m is slope of
F-N plot and ¢ is the work function of the emitter rGO (4.53
eV), Ag NWs (4.73 eV) and rGO-Ag NWs (4.25 eV calculated
using DFT calculations). Thus, the calculated field enhancement
factor (B) is ~1013, 1047, 1986, for rGO, Ag NWs and rGO-Ag
NWs respectively. Furthermore, the density functional theory
(DFT) calculations show that in addition to the surface
protrusions and edge effects, the enhanced field emission may
also be aptly attributed to the overlapping electronic structure of
ss the composite.
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Fig. 3 Field emission characteristics of the rGO, Ag NWs and
rGO-Ag NWs nanocomposite emitter (a) emission current
s density versus applied electric field (J-E) curve, (b) Fowler-
Nordheim (F-N) plot, (¢) emission current versus time (I-t) plot.
The inset of (c) shows typical field emission micrographs of
rGO-Ag NWs recorded at current density of ~150 pA/cm?’.

10 Along with the emission characteristics, current stability is one
of the important parameters in the context of practical
applications of cold cathodes. Fig. 3(c) depicts the emission
current versus time (I-t) plot corresponding to preset values of
~1 pA and ~5 pA for Ag NWs and rGO-Ag NWs, respectively

1s recorded over a period of 3 hours at a base pressure of 1 x
107® mbar. The emission current exhibits small excursions along
with ‘spike’ type fluctuations superimposed on the base level.
The average emission current is seen to remain extremely stable
in case of rGO-Ag NWs as compared to Ag NWs emitter, which

2 indicates good physical and chemical stability of the emitter.
The inset of Fig. 3¢ shows a typical field emission micrograph

of the hybrid rGO-Ag NWs nanocomposite cathode recorded at
a current density of ~150 pA/cm?.
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»s Fig. 4 (a) Side view of Ag (111) on graphene surface, (b)
electrostatic potential energy average along x and y axis and
plotted along z-axis. E, and E; are denoted for vacuum and
Fermi energy
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30 Fig. § Electrostatic potential energy of graphene average along x

and y axis and plotted along z-axis. E, and E; are denoted as
vacuum and Fermi energy.

Interestingly, it shows a large number of bright tiny spots,
35 confirming that the emission is indeed from the most protruding
Ag NWs and atomically sharp edges of the rGO nanosheets.
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The overall superior field emission characteristics suggest that
the hybrid rGO-Ag NWs nanocomposite cathode can be
considered as a promising electron source for practical
applications in various vacuum micro-nano electronic devices.

4. CONCLUSION

In conclusion, Polyol reflux technique was successfully used
to synthesize the rGO-Ag NWs composites under optimized
experimental condition. Furthermore, the field emission
properties of Ag NWs, rGO and rGO-Ag NWs nanocomposite
have been investigated at the base pressure of ~1x10™ mbar. The
turn on field required to draw a current density of 1pA/cm? is
found to be 5.0, 3.92 and 2.40 V/um for Ag NWs rGO and the
rGO-Ag NWs composite, respectively. Enhanced field emission
behaviour is observed for rtGO-Ag NWs nanocomposite sample
due to its high field enhancement factor associated with surface
protrusions. In addition, the DFT results show that the enhanced
field emission is due to overlapping in electronic structures of
Ag NWs and rGO. The outstanding emission current density of
rGO-Ag NWs composite at a low turn on field and its
nanometric structure morphology can be attracted as a suitable
emitter for vacuum micro/nano-electronics and flat panel display
device applications.
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