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ABSTRACT: A novel architecture of graphene paper is proposed to consist of
“1D metallic nanowires/defect-free graphene sheets”. Highly conductive and
flexible papers of 1D silver nanowires (Ag NWs) and chemical vapor deposition
(CVD) graphene sheets as an example were fabricated by a simple filtration
method. CVD graphene paper possesses much higher electrical conductivity of
1097 S/cm, compared with other reported carbon-related papers (graphene,
carbon nanotube, etc.). With the addition of Ag NWs to form Ag NWs/
graphene paper, the electrical conductivity is further improved up to 3189 S/
cm, even higher than ∼2000 S/cm of bulk graphite. Ag NWs/graphene papers
have very good flexibility with the only <5% loss of electrical conductivity over 500 times mechanical bending. Highly conductive
composite papers have potential in high-performance, flexible energy conversion and storage devices.

KEYWORDS: graphene, silver nanowires, flexible paper, highly electrical conductivity

Paperlike conductive materials, widely used as electrodes,
have attracted more and more interest because of their

potential applications in portable electronics, energy storage
devices, photovoltaic cells, etc. However, it remains a major
challenge to fabricate reliable materials combining electronically
superior conductivity, high mechanical flexibility, and high
chemical stability.
Among various materials (e.g., carbon, silver, copper, etc.),

graphene has become a rising star because of its two-
dimensional (2D) honeycomb structure.1−3 Unique properties,
such as excellent electronic mobility,4 high specific surface
area,5 high thermal conductivity,6 and high mechanical
strength,7,8 etc., make graphene attractive. Reduced graphene
oxide (RGO), chemically exfoliated from commercially
available graphite, can be assembled into well-ordered and
free-standing carbon-based membrane materials (hereafter
referred to as graphene paper).9 Graphene papers are extremely
superior to many other paperlike materials [carbon nanotube
(CNT) or graphite paper] with mechanical strength and show
potential applications in batteries, supercapacitors, and fuel
cells.5,10−12 However, the electronic conductivity of graphene
paper is as low as ∼200 S/cm because of graphene domain
boundaries, defects, and residual oxygen-containing groups.
Although various reduction approaches were used, the electrical
properties of intrinsic graphene are difficult to completely
recover. Moreover, a large number of contact resistances

between small-size graphene sheets also drastically degrade the
electrical transport properties. In addition, some adhesives or
surfactants have been added to improve the dispersion or
binding of graphene, but these can also cause an undesirable
decrease in the film conductivity. These additional procedures
increase the complexity of solution processing and result in
high cost and low throughput. Thus, highly conductive and
flexible papers with low cost and simple preparation processes
are still demanded for the energy storage and photovoltaic
devices.
A novel architecture of graphene papers is proposed to

consist of “1D metallic nanowires/defect-free graphene sheets”.
Long one-dimensional (1D) metallic nanowires (silver,13

copper,14 CNT,15 TiN,16 etc.) play the role of framework to
enhance the electrical conductivity and mechanical flexibility. In
this paper, highly conductive and flexible papers of 1D silver
nanowires (Ag NWs) and graphene sheets were fabricated. The
paperlike material preparation involves in the simple filtration
of chemical vapor deposition (CVD) graphene sheets and Ag
NWs without any adhesives or surfactants. CVD graphene and
Ag NWs/CVD graphene papers (hereafter referred to as
graphene and Ag NWs/graphene papers, respectively) not only
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have outstanding mechanical flexibility but also exhibit
extremely high electrical conductivities (up to 3189 S/cm),
significantly superior to the reported graphene- and CNT-based
papers.

■ RESULTS AND DISCUSSION

The 1D Ag NWs were synthesized at 160 °C for 2.5 h using a
solvothermal method. The diameters of Ag NWs range from
150 to 200 nm, and their lengths reach up to several tens to
hundreds of micrometers, as shown in Figure 1a,b. No other
morphology of Ag NWs was observed, the yield of Ag NWs is
almost 100% under the present synthetic conditions, and the
large-scale production of Ag NWs is able to be carried out by

increasing the content of AgNO3 or scaling up the reaction
volume.
The microstructure of Ag NWs was investigated by X-ray

diffraction (XRD) and high-resolution transmission electron
microscopy (HRTEM). Four diffraction peaks from the XRD
pattern (Figure 1c) were observed and indexed to the (111),
(200), (220), and (311) planes of face-centered-cubic silver
crystals. The calculated lattice constant based on the XRD
pattern is 4.09 Å, close to the reported data.17 Moreover, no
peaks are attributed to silver oxide to indicate the purity and
high quality of Ag NWs. Furthermore, in order to obtain the
detailed structural information of the Ag NW, Figure 1d shows
a HRTEM image and the corresponding selected-area electron

Figure 1. (a) Low- and (b) high-magnification SEM images of the as-synthesized Ag NWs by a solvothermal method. (c) XRD pattern of Ag NWs.
(d) HRTEM image of an individual Ag NW with the SAED pattern in the inset.

Figure 2. (a) Photograph of the CVD graphene sheets after nickel-foam etching. (b) SEM image of graphene on the substrate of nickel foam. (c)
SEM image of the graphene sheets. (d) Raman spectra of graphene.
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diffraction (SAED) pattern taken from the edge of an individual
Ag NW. The fringe spacings of the lattice planes are measured
as 0.24 and 0.142 nm, which are consistent with separation of
the Ag(111) and -(220) planes. The spot feature also confirms
the single-crystalline nature of Ag NWs.
3D porous structure nickel foams were used as templates for

the large-scale preparation of graphene sheets by a conventional
CVD method, as shown in Figure 2a. Parts b and c of Figure 2
show that graphene grew on the entire surface of nickel foam,
and many suspended graphene bridging these gaps between the
interfacial nickel grains were found to form continuous large-
size graphene sheets. After etching of the nickel foams, the
graphene sheets reveal a curved and crumpled structure with
some wrinkles, and their sizes are in the range from 10 to 50
μm, much larger than graphene prepared by the Wurtz-type
reductive coupling (WRC) process and RGO (their preparation
procedure is described in the Supporting Information, SI).18

The quality and layer number of the graphene were further
confirmed by Raman spectra,19 as shown in Figure 2d. Only G
and 2D bands were observed in the absence of D bands in all of
the graphene samples, suggesting a high graphene quality.20 It is
clear from Figure 2d that the 2D band positions are 2700, 2704,
and 2706 cm−1, the intensity ratios are 6.5, 1.4, and 0.8, and the
full-width at half-maxima (fwhm) of the 2D band are 30, 44,
and 65 cm−1, respectively. These indicate that the graphene
sheets are a few-layer structure, and the average layer number of
graphene is 8.21

The graphene and Ag NWs/graphene papers were fabricated
by simply filtering graphene and an Ag NWs/graphene
suspension through a sheet of filter membrane, as illustrated
in Figure 3a. The Ag NWs/graphene paper preparation is taken
for an example. During vacuum filtration, the Ag NWs/
graphene suspension penetrated throughout the filter mem-
brane, and some small graphene sheets and Ag NWs were first

attached to the cellulose fibers by electrostatic interactions and
were subsequently assembled onto the filter membrane surface.
As the filtration time further increased, the cellulose surfaces
and voids of the filter membrane were completely covered by
graphene and Ag NWs to form a sandwich structure of Ag
NWs/graphene/filter membrane (Figure 3b). The composite
membrane is mechanically stable and flexible and can be shaped
into desired structures and bent into large angles, as shown in
Figures 3c and S1a and S1b in the SI. The free-standing
graphene and Ag NWs/graphene papers can also be obtained
by peeling off the filter membrane from the composite structure
(Figure S1c in the SI) and easily transferred onto any desired
substrates, such as conductive fluorine-doped tin oxide (FTO)
and flexible and insulating polyethylene terephthalate (PET)
substrates, as shown in Figure 3d,e. It is interesting to note that
the Ag NWs/graphene paper on the PET was bent over 100
cycles without any damage to show its excellent flexibility.
On the basis of the above assembly procedure, a series of Ag

NWs/graphene papers were prepared, and the Ag NW content
varies from 0% (graphene only) to 50%. Figures 4a and S2a in
the SI show typical scanning electron microscopy (SEM)
images of the surface morphology of pure graphene papers. It is
clear that the graphene sheets are microscale flat in the lateral
dimension and only a few layers thick with some wrinkles.
Figure S2b in the SI also shows the cross-sectional SEM image
of the original graphene paper. The oriented layered structure
was observed from the fracture edge of the original graphene
papers. In contrast, for the Ag NWs/graphene papers, the
graphene sheets still maintained a flat morphology, while
randomly crumpled Ag NWs (tens of micrometers in length)
were dispersed between graphene sheets (Figures 4b and S3a in
the SI). At the same time, the Ag NWs appear to fill the pores
and bridge the grain boundary between graphene sheets before
starting to dominate the papers, as shown in Figure S3b,c in the
SI. The inserted Ag NWs can not only effectively prevent self-
stacking of graphene sheets after filtration but also act as a
conductive bridge between the graphene sheets to provide
effective electron-transport channels.22

Electrical measurements of graphene and Ag NWs/graphene
papers with a thickness of about 25 μm were conducted using
the four-probe technique with silver electrodes. The electrical
conductivity as a function of the Ag NW content is plotted in
Figure 4c. It clearly reveals that the pure graphene papers show
extremely outstanding electrical properties, and the electrical
conductivity reaches up to 1097 S/cm, much higher than those
of graphite flake (291 S/cm), WRC graphene (3.0 S/cm), and
RGO (1.2 S/cm) assembled papers prepared from the same
procedure. The specific electrical conductivities are listed in
Figure 4d and Table 1.
Such high electrical conductivity of the graphene paper is

mainly attributed to the high quality of graphene and the
preparation procedure. First, the graphene sheets directed by a
3D nickel foam template have high crystalline and perfect
crystal structure, which greatly reduces the possibility of
scattering electrons inside graphene. Moreover, although
graphite flakes have nearly the same crystalline quality, the
graphene sheets are much larger than the graphite flakes in size,
as shown in Figure S4 in the SI. Thus, the large-size graphene
sheets assembled into graphene papers also significantly
eliminate the contact resistance between graphene sheets.
Furthermore, the simple fabrication process forms self-
assembling order graphene papers without needing any extra
adhesives or surfactants. Therefore, the electrical properties of

Figure 3. (a) Schematic fabrication procedure of the Ag NWs/
graphene papers and photographs of (b) Ag NWs/graphene/filter
membrane, (b) free-standing Ag NWs/graphene paper, and Ag NWs/
graphene papers on (d) FTO and (e) PET substrates, respectively.
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graphene papers are significantly superior to those of papers
assembled from graphene, CNT, activated carbon, graphite, and
other carbon-based materials reported previously.9,23−25

In order to further improve the electrical properties of
graphene papers, Ag NWs were used as 1D conductive agents
to assemble into Ag NWs/graphene papers, and the
corresponding electrical conductivities are shown in Figure

4c. At the low concentrations (∼4.0 wt %) of Ag NWs, the Ag
NWs/graphene papers show almost the same conductivity as
the pure graphene paper. When the content of Ag NWs further
increases to 6.0%, the electrical conductivity rapidly increases
up to 1131 S/cm, as shown in the inset of Figure 4c. After 8%,
10%, 12.5%, 25%, 37.5%, and 50% Ag NWs are added, the
electrical conductivities of the CVD Ag NWs/graphene papers
reach up to 1176, 1271, 1378, 1957, 2626, and 3189 S/cm,
respectively, showing an almost 3-fold increase with respect to
the pure CVD graphene paper. The value is far larger than that
of bulk graphite (2.0 × 103 S/cm). The conductive behavior is
similar to the reported results.26 These data demonstrate that
the Ag NWs have an enhanced effect on the electrical
properties of the graphene papers, which is mainly due to the
very highly conductive Ag NW bridges between graphene
sheets to form a continuous conducting network, as shown
Figures 4b and S3 in the SI. Therefore, it is reasonably
considered that the Ag NWs/graphene papers will be tailored
to satisfy the requirements of practice applications.
The free-standing and highly conductive papers possess

excellent mechanical flexibility, as shown in Figure 4e,f. In order
to evaluate the mechanical stability performance of Ag NWs/
graphene, bend cycles using a radius of curvature of 5 mm were
conducted for Ag NWs/graphene papers with different Ag NW
contents (∼50 wt %). The conductive paper was bent over 500
times to result in better mechanical flexibility, and their

Figure 4. SEM images of (a) graphene and (b) Ag NWs/graphene papers. (c) Electrical conductivities of Ag NWs/graphene papers. Inset: electrical
conductivities of Ag NWs/graphene papers with the low concentrations of Ag NWs. (d) Comparison of the electrical conductivities of the RGO,
WRC graphene, graphite, graphene, and Ag NWs/graphene papers. (e) Photograph of the Ag NWs/graphene papers to reveal their flexibility. (f)
Sheet resistance deviations of the different Ag NWs/graphene papers in the bending tests at a constant radius of curvature of 5 mm.

Table 1. Sheet Resistance (Rs) and Electrical Conductivity
(σ) Comparisons of the Ag NWs/Graphene Papers

sample Rs (Ω/sq) σ (S/cm) reference

RGO 400 1.2 this work
WRC graphene 118 3.0 this work
graphite flakes 3.01 291 this work
CVD graphene 0.33 1097 this work
2.0 wt % Ag NWs/CVD graphene 0.33 1099 this work
4.0 wt % Ag NWs/CVD graphene 0.32 1101 this work
6.0 wt % Ag NWs/CVD graphene 0.31 1131 this work
8.0 wt % Ag NWs/CVD graphene 0.30 1177 this work
10.0 wt % Ag NWs/CVD graphene 0.28 1272 this work
12.5 wt % Ag NWs/CVD graphene 0.26 1378 this work
25 wt % Ag NWs/CVD graphene 0.18 1957 this work
37.5 wt % Ag NWs/CVD graphene 0.14 2626 this work
50 wt % Ag NWs/CVD graphene 0.11 3189 this work
highly RGO 72−160 23
RGOHI−AcOH 304 25
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resistance deviations are less than 5%. The outstanding
mechanical flexibility is likely due to the combined effect of
the intrinsic flexibility of an individual Ag NW and graphene
and the strong binding between the graphene and Ag NWs.
The flexibility and free-standing properties of the composite
papers provide them with potential applications in flexible
electronics, energy storage, photovoltaic devices, etc.

■ CONCLUSION

The architecture of the graphene papers, “1D metallic
nanowires/defect-free graphene sheets”, consists of 1D Ag
NWs and CVD graphene sheets as an example. The large-scale
preparation of high-quality graphene and Ag NWs was
performed by the CVD method and a solvothermal process.
The as-prepared free-standing graphene and Ag NWs/graphene
papers have excellent electrical conductivity and good flexibility,
superior to those of the other reported graphene, CNT-based
papers. Because of excellent electrical conductivity, high
thermal and chemical stability, and desirable flexibility, the
graphene and Ag NWs/graphene papers may find applications
in high-performance, flexible energy conversion and storage
devices.

■ EXPERIMENTAL SECTION
Graphene Preparation. High-quality graphene sheets were

deposited by the CVD method on fresh nickel foams in a quartz
tube, and a mixture gas of 300 sccm Ar and 50 sccm H2 was
introduced to remove the residual air for 30 min. The quartz tube was
heated rapidly to 1000 °C and annealed for 10 min under the H2 and
Ar gas flow. Then, a 10 sccm CH4 flow was introduced to grow
graphene on the nickel foam surface for 10 min, and the sample was
subsequently cooled rapidly to room temperature. Finally, the sample
was immersed in a 5 M HCl solution for completely etching the nickel
foam, and the CVD graphene was obtained by filtering the solution
and drying in a vacuum oven at 70 °C for 12 h.
Ag NW Preparation. Ag NWs were prepared using a solvothermal

method. Briefly, a 10 mL ethylene glycol (EG) solution of 0.1 mM
FeCl3 was vigorously stirred after the addition of 0.15 M poly-
(vinylpyrrolidone). The mixed solution was injected drop by drop
using a syringe into 10 mL of a magnetically stirred EG solution of
AgNO3 (0.1 M). Then, the solution was placed in a 25 mL Teflon-
lined autoclave tube. The tube was sealed and heated at 160 °C for 2.5
h and then cooled naturally to room temperature. Ag NWs were
collected by the addition of a large amount of acetone, followed by
sonication and centrifugation.
Ag NWs/Graphene Paper Fabrication. CVD graphene and Ag

NWs were dispersed in deionized water, and the concentration was
about 0.2 mg/mL. After bath sonication for 5 min, the Ag NWs/
graphene suspension was further probe-sonicated at a power of 200 W
for 30 min and filtered to form Ag NWs/graphene/filter membrane.
The thickness of Ag NWs/graphene was controlled by adjusting the
volume and/or concentration of the Ag NWs/graphene suspension.
The Ag NWs/graphene membrane was peeled off from the filter to
obtain free-standing papers, which can be transferred onto a desired
substrate (e.g., PET, glass, quartz, FTO, etc.).
Characterization and Measurement. The morphologies and

structures of the graphene papers were investigated by SEM (JEOL
JSM-6510 and Hitachi S-4800), XRD (Bruker D8 Advance), HRTEM
(JEOL JEM 2100F), and SAED. Raman spectra of graphene were
obtained with Raman spectroscopy with a laser excitation energy of
532 nm. The electrical properties of graphene papers were measured
by the Van der Pauw method with an Accent HL5500.
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