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Abstract

A new strategy is reported to fabricate free stand Reduced Graphene oxide
sheets using small and large-size Copper Nanowires (CU SNWs and CU
LNWs) with rGO film as an over-coating protective layer. The results show that
ultrathin rGO micro sheets provide the best combination of a protective effect
and electrical properties on CU LNWs networks and thus could enable the
design of high-performance electrical conductivity which as-made rGQO/CU
LNWs film. The electrical conductivity of rGO/CU LNWs composites was
significantly improved compared to rGQ/CU SNws, CU and rGO alone.
Moreover, the conducting path between rGO and CU LNWs formed because
the structural defects in rGO were effectively repaired by decoration with CU
LNWs. Qur results may pave the way for a new promising rGO/ CU LNWs
hybrid film applications.
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INTRODUCTION

Graphene research was originally motivated by its
peculiar electrical transport properties and the
promise of future applications in Nano electronics.',?
» Graphene sheets, owing to their exceptional
thermal and mechanical properties and high
electrical conductivity, are also of great interest to
serve as new nanoscale building blocks to create
unique macroscopic materials.’,* > Recent studies
have shown that graphene film can be prepared in
large quantities through chemical conversion from
graphite,® ¢ © 7 8 which has facilitated the fabrication
of graphene-based electronic devices ? '© and has also
made it possible to create new bulk materials
comprising graphene sheets for a broader range of
applications.”!" Graphene dispersions were prepared
by controlled reduction of GO dispersions with
hydrazine using the procedure reported in one of our
publications.'” * Graphene paper was then fabricated
by filtration of a measured amount of graphene
dispersion through an Anodisc membrane filter,
followed by air-drying and peeling from the filter.
The samples of graphene paper were annealed at
different temperatures before being cooled to room
temperature for various measurements.

*CONTACT: shahnawazphulpoto@sbbusba.cdu.pk  Department of Physics, Shaheed
Benazir Bhutto University, Benazir Abad Sindh Pakistan

We observe that as-prepared graphene paper displays
a shiny metallic lustre on both sides (Fig. 2A).
Scanning electron microscopy (SEM) analysis reveals
that the surface of the graphene paper is relatively
smooth (Fig. 2B), and the fracture edges of the paper
exhibit a layered structure throughout the entire
cross-section (Fig. 2A). These results indicate that,
identical to hydrophilic GO sheets, '* chemically
reduced graphene sheets can also be assembled to
form highly ordered microscopic structures under
vacuum filtration. The thickness of the graphene
paper can be varied from 10-15 nm by adjusting the
volume of the colloidal dispersion. Nevertheless, only
stable and agglomerate- free graphene colloids can
produce uniform, smooth, and shiny paper. In
contrast to GO paper, '* graphene film cannot be re-
dispersed into the by ultra-sonication,
exhibiting excellent water-resistance behavior. After
the pioneering work of graphene, there have been a
lot of efforts to investigate a chemical route to
produce exfoliated graphene oxide (GO) and reduced
graphene oxide (rGO)."”. The chemical approach for
producing GO and rGO is suited for a mass
production process and a low-cost procedure. It can
especially render us a large variety of different
variants of graphene with chemical modifications.

water

Several fabrication methods for Cu NWs have been
developed, such as electrospinning,'®
electrochemical ~ depositions,'®  templates  or
membrane method,” and reverse micelle system.?
However, the above methods are generally not
applicable because of the limitation in mass
production and process complexity.?! The newly
developed chemical reduction method in aqueous
solution has drawn much attention since it is facile
and low cost '8 22 1 228323 Thijs technique mainly
relies on reducing Cu LNWS in an aqueous solution
with the help of a reducing agent (hydrazine hydrate )
and a capping agent like Ethylanadiomine.”* However,
the procedure often produces nanowires with bad
dispersion and is easy to be oxidised.”’

In this work, a large-scale synthesis procedure for Cu
LNWs was developed we done. Well dispersed single-
crystalline Cu LNWs with large aspect ratios were
successfully synthesised through the facile aqueous
reduction route at low temperatures. Our research
developed a largescale synthesis procedure for Cu
ILNWs  with  Well-disposed  single-crystalline
synthesised by the solvothermal method. The
reduced graphene oxide (rGO) film constructs
rGO/CU SNws and tGO/CU LNws hybrid film
architecture. The rGO/CU LNws have unique
architecture that can provide a high electrical
conductivity of the overall film based on the well-
interacted CU LNWs and rGO film. By controlling
the surface chemistry, reduced graphene oxide (rGO)
is wrapped onto the Cu LNWs surface to form a
uniform distribution with a thickness of around 10-
15 nm. To the best of our knowledge, this is the first
time to use ultradlong Cu LNWSs as Electrical
conductive fillers with reduced graphene oxide to
achieve high electrical conductivity.
EXPERIMENTAL SECTION

Synthesis of CU LNws

Preparation of Cu LNWs. Herein, we demonstrate
that those high-quality ultralong copper nanowires*®
2128 (all freestanding: 7090 nm in diameter, 40-60
nm in length can be synthesised on a large scale with
a facile aqueous reduction route at low
temperatures.”’ In each synthesis, 20-30 mL of NaOH
(3.5-15 M) and 0.5-1.0 mL of Cu (NO3)2 (0.10 M)
aqueous solution were added to a glass reactor
(capacity 50 mlL). Varying amounts of
ethylenediamine (EDA; 0.050-2.0 mL; 99 wt %) and
hydrazine (0.020-1.0 mL; 35 wt %) were also added
sequentially, followed by thorough mixing of all
reagents. The reactor was then placed in a water bath
with temperature control over 20-90 °C (optimized at
60 °C) for 15 min to 1 h; copper products were
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washed and harvested with centrifugation-re-
dispersion cycles. The final products were then kept
in a water-hydrazine solution at room temperature.
Both large-size and small-size CU Nanowires (denoted
as CU LNws and CU SNws) were prepared from
Copper Nanowires. We also found that the above
ultra-long Cu LN'Ws could break into short ones SCu
NWs (<20 ym) through sonication.

Synthesis of Graphene Oxide (GO) and tGO

GO was synthesized from natural graphite powders
via a modified Hummer’s method '* *° . The GO was
thoroughly purified by washing cycles with deionized
(DI) water and centrifuging. The GO hydrogel was
finally obtained by decanting the supernatant after
centrifuging. The concentration of the GO hydrogel
was determined by drying a portion of the GO
hydrogel in a vacuum oven at 50 °C overnight. A GO
suspension (3mgml™') was prepared by diluting the
GO hydrogel with DI water. GO hydrogel was
obtained after the pH value of the supernatant was
close to 6. tGO was produced from the GO (25.0 mL,
0.05 wt %) and was mixed with 25.0 mL of water and
11.0 WL of hydrazine solution (80 wt %) in a glass vial.
After vigorously shaken or stirred for a few minutes,
the vial was put in a water bath (60 C) for one h.
Preparation of tGO/CU LNWs Composites

0.1 ml of an aqueous suspension of rGO sheets were
mixed evenly with 0.2 ml of an aqueous suspension
of CU NWs (0.5 mg ml?). For the fabrication of neat
rGO/CU, rGO/CU SNWs, and rGO/CU LNws
films, the aqueous dispersed rGOs (50 mg) were
prepared by a vacuum filtration method using a
Millipore filter (50mm in diameter and 0.45 lm in
pore size). and dried (50 C, 5 min) was used to
produce graphene films in free stand. To the best of
our knowledge, this is the first time to use LCuNWs
for the electrical conductivity and achieve the high
electrical conductivity.

CHARACTERISATION

The surface morphologies of the films were carried
out by scanning electron microscopy (SEM). The
reduction of GO, rGO, rGO/CU SNWs and
rGO/CU LNws in hybrid films was testified using X-
ray diffraction, Fourier transforms infrared (FTIR
spectrometer), and Raman spectra. And also GO and

rGO content  was determined  through

Thermogravimetric analysis (TGA). The electrical
resistivity of the films was measured by using the
Conductivity meter. We demonstrate a solution-
based method to produce high-quality ultrathin
copper  reduced-graphene-oxide
controlling the surface chemistry, graphene oxide
(GO) film are wrapped onto the Cu NWs surface to
form a uniform coating with a thickness of around 1-
15 nm. The rGO/CU LNWs are highly stable in
various polar solvents stored in air. We fabricated
transparent conducting films using the rGO/CU
LNWs colloidal suspensions that show excellent
conductivity and significantly improved resistance
toward oxidation.

RESULTS & DISCUSSIONS

Scanning Electron Microscope (SEM):

Figure 1C and 1D shows the Cu NWs with an
average diameter of 10-15 pm were synthesised. We
observe that as-prepared reduced graphene oxide
(rGO) paper displays a shiny metallic lustre on both
sides (Fig. 2A). Scanning electron microscopy (SEM)
analysis reveals that the surface of the reduced
graphene oxide (rGO) paper is relatively smooth (Fig.
2C), and the fracture edges of the papers exhibit a
layered structure throughout the entire cross-section
(Fig. 2A), which looks similar to the microstructure
obtained for GO paper prepared using the same
method.” **These results indicate that similar to
hydrophilic GO  sheets,’’ chemically reduced
graphene sheets can also be assembled to form highly
ordered microscopic structures under
filtration-induced directional flow. The thickness of
the reduced graphene oxide paper can be varied from
tens of nanometers to around 10-15 nm by adjusting
the volume of the colloidal dispersion. Nevertheless,
only stable and agglomerate-free graphene colloids
can produce uniform, smooth, and shiny paper. In
contrast, to GO paper,’” ** reduced graphene oxide
paper cannot be re-dispersed into the water by ultra-
sonication, exhibiting excellent waterresistance
behavior. A highly aligned structure can be assembled
in a reduced Graphene sheet, as evidenced by SEM
images shown in Figure 2A. Graphene sheets overlap
horizontally and stack up to form a layer-by-layer
structure in the vertical direction.

nanowires. By

vacuum
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Fig. I - (a) Low- and (b) XRD pattern of Cu LNW5, high-magnification SEM images of as-synthesized Cu LNWs,
(c) SEM images of assynthesized Cu LNWs, and (d) SEM image of Cu SNWs. Inset of (a) is the photograph of
aqueous suspension of Cu LNWs5,

As shown in these images, the prepared nanowires
are straight (Figure 1A, C and D), with constant
diameters in the range of 60-160 nm (mostly in 90-
120 nm). The wires are ultralong, having lengths of
more than 40 nm, our experiments indicate that a
high concentration of NaOH is essential to prevent
the copper ions from forming copper hydroxide

precipitates. On the other hand, a certain amount of
EDA is also indispensable to control product
morphology. The high concentration of NaOH, the
needed amount of EDA is small, while for a lower
concentration of NaOH, the amount of EDA has to
be increased accordingly in order to obtain high
regularity for the 1D product

Fig. 2 - (a) Cross-sectional SEM images of (rGO/Cu LNWs) film with free stand film. (b) Scanning electron
microscope (SEM) images of rGO/CU LNWS (c) SEM image of reduced Graphene oxide (rGO) thin film and
(d) SEM image of rGO/Cu SNWs films.
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Xerays diffraction (XRD)

The XRD pattern of natural graphite reveals the
characteristic intense diffraction peak of graphite at
20 = 26.4° (Fig 3A), which corresponds to the
graphene interlayer of (002) with the d spacing of
0.34 nm.** * The disappearance of the characteristic
graphite peak at 26.4° and the formation of a broad
peak at 9.7° of dried GO indicate the intercalation of
hydroxyl, carbonyl, and epoxide groups in graphite
interlayer during the chemical oxidation process.'” *
7 Abundant amounts of those functional groups on
the surface of GO were removed and simultaneously
leading to a fast exfoliation after the reduction to
obtain tGO. The absence of a significant diffraction
peak in the XRD Notes that the d-spacing of the
resulting reduced graphene oxide (GO) paper is
slightly greater than, but quite close to, that of
graphene layers in pristine natural graphite,
indicating that chemically prepared graphene sheets
are similar to the pristine sheets. The slightly
increased d-spacing of chemically prepared graphene
paper can be ascribed to the presence of a small
amount of residual oxygen-containing functional
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groups or other structural defects. After Hydrazine
hydrate reduction, the peak of Graphene Oxide at
8.92 disappeared. This meant that many oxidized
functional groups were removed from the interlayer
spacing of Graphene Oxide (GO). The quick removal
of oxidized functional groups led to fast exfoliation of
rGO. (Fig. 3) shows XRD patterns of Graphite, GO,
rGO, and CU/rGO. The diffraction peak is at
around angle 11.5, corresponding to the (001)
rejection of GO. According to the Bragg equation,
the calculated interplanar crystal spacing of GO is
from 0.335 nm (pristine graphite powder) to 0.769
nm, which demonstrates that the GO has completely
exfoliated. The oxygen-containing functional groups
of GO could not be entirely eliminated by reducing
elemental copper. Characteristic diffraction peaks of
graphite oxide (001 and 002) at approximately 14°
and 11.3° respectively, remained in the XRD pattern
of rGO film, besides a broad diffraction peak (002) of
graphite at about 24°. The broadening and shift of
the characteristic diffraction peak of graphite from
26.48° to 24° were due to the shortrange order in

stacked stacks.’®
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Figure 3 XRD pattern of a (a) Graphite, (b) Graphene oxide (GO), (c) reduced Graphene oxide (rGO) and (d)
reduced Graphene oxide with large copper nanowires

Fourier Transform Infrared Spectroscopy (FTIR)
Analysis:

The thick rGO films prepared with the immersion
time of 1 h were peeled off from the copper substrate
with tweezers and used for XRD and Fourier
transform infrared spectroscopy (FT-IR)
investigations. The reduction of Graphene Oxide to
Reduced Graphene Oxide should result in structural
change, especially in the distance between the layers.

(Figure 4) shows FT-IR spectra of GO and rGO. The
presence of different types of oxygen functionalities
in GO was confirmed at 3,400 cm™ (O-H-stretching
vibrations), at 1,720 cm™" (stretching vibrations from
C=0), at 1,600 cm™ (skeletal vibrations from
unoxidized graphitic domains), at 1,220 cm™ (C-
OH-stretching vibrations), and at 1,060 cm™ (C-O-
stretching vibrations) *. FTJIR peak of RGO film
presents that O-H-stretching vibrations observed at
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3,400 cm™' were significantly reduced due to
deoxygenation. However, C-O-stretching vibrations
at 1,060 cm™ were still observed, caused by
remaining carboxyl groups *. From the FT-IR and
XRD characterisations of the produced rGO film, it
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can be concluded that elemental copper partially
reduced the GO while
groups remain. To improve its conductivity, the
produced rGO needs to be further reduced.

some oXxygen-containing
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Figure 4 Fourier Transform Infrared Spectroscopy (FTIR) Analysis of (a) Graphite, (b) Graphene oxide (GO), (c)
reduced Graphene oxide (rGO) and (D) Coppers

Raman Spectroscopy:

Raman spectra of graphite, rGO, rtGO/CU SNWs
and rGO/CU LNWs are shown in Fig. 5;

The Raman results are also consistent with the
previous report.*! After the reduction of GO, we
notice two distinctive features which are related to
the chemical reduction of GO. First, I(D)/I(G) of
rGO is increased by some percentage, implying that
small graphitic domains are formed after the
reduction. In contrast, GO before the reduction is
highly disordered to have small I(D)/I(G) to start
with.# % Second, the increase of 12D)/I(G) is
observed, and this is another indication of
graphitization. Raman spectra of graphite, GO, tGO,
and rGO/Cu LNWs are shown in Fig. 5. A couple of

Raman active bands can be observed for the pristine
graphite. One is the G band at 1575 cm™; the other
is the weak D band (defects inherent in the graphite
and the edge effect of graphite, Alg mode) around
1350 cm™". The significant structure changed during
the oxidation from graphite to GO; the G band was
broadened and shifted to high frequency, and the D
band became higher relative intensity. It reflected the
reduction in the size of the in-plane sp’ domains.
When GO transformed to reduced graphene oxide,
the G band slightly shifted back to the location of the
G band in graphite. Meanwhile, the decrease of D
band intensity was attributed to graphite by
reduction.”
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Figure 5 Raman Spectroscopy of (a) Graphene oxide, (b) Copper nanowires, (c) reduced Graphene oxide (rGO)
and (d) rGO/ Cu LNWS respectively

Thermogravimetric analyser (TGA):

The first weight-loss stage below 250 °C is due to the
decomposition of surface carboxyl or hydroxyl groups
on GO.*" For the thermally reduced GO sample, the
weight loss below 250 °C is negligible, indicating the
successful removal of the oxygen-related functional
groups during the heat treatment. Another
remarkable property of rGO paper is its high thermal
stability, especially when compared with GO using
thermogravimetric analysis (TGA) (Fig. 6). The mass
loss below 200 C can be attributed to the evaporation
of adsorbed water. A slight mass loss appears between
200 and 500 C, presumably owing to the
decomposition of some residual oxygen-containing
groups.

Instrument: SOT D600 V20 9 Buid 20

In contrast, to the GO paper (Fig. 6A), there is no
sharp weight loss at around 200 C for the rGO paper,
indicating that the hydrazine reduction has removed
most oxygen-containing groups. The total weight loss
(<10%) of graphene paper between 200 and 500 C is
much lower than that of GO paper. When graphene
paper is annealed between 200 and 500 C, the
mechanical integrity of the paper, as well as the
physical appearance (smooth, shiny surface), are
retained. The lustrous appearance is enhanced by
thermal annealing. These results clearly indicate that
paper composed of chemically reduced graphene is
much more thermally stable than unreduced GO

paper.

instrument SOT Q800 V209 Buld 20

200 00 80 800
Temperature (*C) .

Temgperature (°C. e VASA TA

Figure 6 Thermogravimetric analyzer (TGA) of (a) Graphene oxide (GO) and (b) reduced Graphene oxide (rGO)

Measures the Electrical Conductivity:
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The mechanical properties of the GO, rGO, and
rGO/CU hybrid films were investigated by a tensile
test, as shown in Fig. 7. Compared with GO, tGO,
and rGO/CU hybrid films exhibit enhanced Young's
modulus with a simultaneous slightly decrease in
tensiles strength. The values are much larger than
that of commercial flexible graphite paper (about 10
Mpa).¥ The electrical conductivity of the GO, rGO,
and tGO/CU hybrid films was measured using the

354
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conductivity meter without additional annealing
treatment. Fig. 8 shows high electrical conductivity
(180 Ohms per sq), and the electrical conductivity of
the prepared hybrid films significantly reduces from
GO, which is all lower than that of rGO and
rGO/CU films. The lowest sheet resistance is
obtained from the rGO/CU hybrid film.
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Fig. 7 Mechanical properties of GO, rGO and rGO/Cu NWS films for different mass ratio: (a) Young’s
modulus; (b) tensile strength.
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Fig. 8 Electrical Conductivity of GO, rGO, Cu, rGO/Cu SNWs and rGO/Cu LNWs composite film.

CONCLUSION

In summary, we have demonstrated a new solution-
based approach to rGO nanosheets on the surface of
ultrathin copper nanowires by mild Hydrazine
hydrate. Both rtGO/CU LNws and rGO/CU SNws
hybrid free stand films were fabricated through
vacuum-filtrating,  controlled  transferring and
subsequent thermal reduction. As-made hybrid films,
especially rGO/CU LNW hybrid films, exhibit good
transparency and electrical conductivity, good
oxidation resistance and thermal stability. It is mainly

due to the correct combination of the electrical
networks of CU NWs and the protective effect of the
rGO over-coating layer. This work demonstrates a
new approach to improving and stabilising ultrathin
Graphene along metal nanowires. It takes one step
further toward commercialising Graphene with
copper nanowites as a low-cost transparent conductor
for electrical conductivity applications.
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