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ABSTRACT: This work demonstrates a one-step process to
synthesize uniformly dispersed hybrid nanomaterial containing silver
nanowires (AgNWs) and p-type reduced graphene (p-rGO). The
hybrid nanomaterial was coated onto a polyethylene terephthalate
(PET) substrate for preparing high-performance flexible transparent
conductive films (TCFs). The p-rGO plays the role of bridging
discrete AgNWs, providing more electron holes and lowering the
resistance of the contacted AgNWs; therefore, enhancing the
electrical conductivity without sacrificing too much transparence of
the TCFs. Additionally, the p-rGO also improves the adhesion
between AgNWs and substrate by covering the AgNWs on the
substrate tightly. The study shows that coating of the hybrid
nanomaterials on the PET substrate demonstrates exceptional
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optoelectronic properties with a transmittance of 94.68% (at a wavelength of S50 nm) and a sheet resistance of 25.0 + 0.8
€/sq. No significant variation in electric resistance can be detected even when the film was subjected to a bend loading with a
radius of curvature of 5.0 mm or the film was loaded with a reciprocal tension or compression for 1000 cycles. Furthermore, both
chemical corrosion resistance and haze effect were improved when p-rGO was introduced. The study shows that the fabricated

flexible TCFs have the potential to replace indium tin oxide film in the optoelectronic industry.
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B INTRODUCTION

Recently, transparent conductive films (TCFs) have been
widely used in optoelectronic devices such as organic light-
emitting diodes, liquid crystal displays, touch panels, and solar
cells. Indium tin oxide (ITO) is by far the most popular
material adopted in TCFs.' However, ITO has many drawbacks
such as brittleness, low adhesion to polymeric materials, a
decrease in supply of indium, and the growing cost of indium
metal, which have caused restrictions in its applications.z’3 In
addition, the ITO layer is usually fabricated in an expensive
vacuum sputter system, resulting in a significant cost increases
of the ITO-based products. Thus, there is an imperative
demand in finding new materials to replace ITO in the
fabrication of TCFs; in this regard, several materials including
conductive polymers,* carbon nanotubes,”® graphene,”® and
metal grids’ have been proposed for the purpose. Among these
alternatives, graphene can be a promising material for the
substitution of ITO due to its superior mechanical flexibility
and excellent optical transparency as well as outstanding
thermal and electrical properties.”*

Single layer graphene is usually synthesized by chemical
vapor deposition (CVD) which has the advantages of
controlled growth parameters and large area production.
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However, it inevitably requires a long processing time, high
processing temperature up to 1000 °C, and low out-
throughput, resulting in a high power consumption for mass
production.*'’ In addition, the CVD method requires an
etching process to remove the metal substrate and a
transferring process to fabricate flexible TCFs, resulting in
ripples, wrinkles, folds, cracks and polymer residues, which
degrade the electrical properties of the graphene.'’

Reduced graphene oxide (rGO) is also an alternative material
to fabricate TCFs. The solution-based processing for preparing
graphene oxide (GO) possesses the characteristics of simple,
exceptionally low cost, and large-scale or mass production.'"'*
However, the rGO converted from GO inevitably contains
oxygen functional groups and lattice defects, which definitely
degrade its electrical properties.”> The reduction process
usually produces nonuniform films due to difficulty in
dispersing rGO in solution and favoring in restacking during
reduction.”'*'* In addition, the reducing agents such as
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hydrazine might be highly toxic to humans and the environ-
ment."?

Recently, silver nanowires (AgNWs) have attracted increas-
ing attention to TCFs due to its excellent electrical and optical
properties which is arousing intensive interest in studying the
feasibility of the AGNWs-based film to replace the ITO film.">"¢
Importantly, AgNWs can be uniformly dispersed in ink and
printed on a large-scale substrate, which has exhibited excellent
mechanical flexibility.'>'® However, there are several serious
challenging issues on the applications of optoelectronic devices.
One of them is that the high resistance of the AgNW films
arises at the network junctions of wires—wires. In addition, the
films have large noncontacted areas in the partially percolated
network, which result in high electrical resistance.' !’
Furthermore, the poor adhesion between the AgNW films
and the plastic substrates also restrict their applications into
commercial devices.'” ™"

Preparation of AgNWs-related films for flexible TCFs have
been proposed. In Chen’s work,™ the authors synthesized
single-layer graphene and subsequently percolated with AgNWs
to produce a conductive electrode on the PET substrate, which
possessed an electrical resistivity of 22 ohm/sq and a
transmittance of 88%. In Naito’s work,”" AgNWs and graphene
were synthesized separately, which were then coated sequen-
tially onto a transparent substrate; a conducted film with an
electrical resistivity of 4 ohm/sq and a transmittance of 75%
was reported. In Lee’s work,”> AgNWs were first synthesized
onto a substrate which was subsequently deposited with
graphene through the CVD method. The film with an electrical
resistivity and a transmittance of 34.4 ohm/sq and 92.8%,
respectively, was prepared.

In this study, we developed a facile and fast one-step process
to prepare the AgNW/graphene slurry for the preparation of
flexible TCFs. The process contained concurrent synthesis of
AgNWs, reduction of GO, and formation of chloride-ion-doped
graphene. The presence of doped graphene reduces the contact
resistance and improves the connection between AgNWs;”’
furthermore, adhesion between AgNWs and substrate can also
be enhanced and, as a result, significantly alleviates the
reduction of electrical conductivity under bending.

B EXPERIMENTAL SECTION

Materials. Silver nitrate (AgNO;), ethylene glycol (EG), poly-
(vinylpyrrolidone) (PVP, MW ~ 360000) were purchased from
Sigma-Aldrich. Potassium bromide (KBr) was purchased from Fluka,
and sodium chloride (NaCl) was purchased from Showa. All chemicals
were used without further purification. GO was synthesized from
nature2 graphite powder (325 mesh, Alfa Aesar) through our previous
work.”

One-Step Process for Preparing p-rGO/AgNW Slurry. A
mixture of 0.3 g of PVP, 0.002 g of KBr, and 15 mL of EG was heated
at 165 °C in an oil bath. Then 0.025 g of AgCl (synthesized by AgNO,
and NaCl) dispersed in 5 mL of EG solution was added to the mixture
slowly for obtaining Ag nucleation seeds. After 3 min, 0.11 g of AgNO;
dissolved in 15 mL of EG solution was introduced slowly in 10 min for
obtaining desirable nanowire configuration. After reaction for 2 h, 2
mg of GO dispersed in EG (1 mg/mL) was added to the mixture and
thermally stabilized at 165 °C for another 48 h. The cooled-down
solution was then precipitated with acetone and centrifuged at 1000
rpm for 5 min. Then, the supernatant containing the long/thin wires
was washed three times with ethanol through centrifugation at 5000
rpm and dispersed into methanol (0.5 mg/mL) to obtain the hybrid
nanomaterials of p-rGO/AgNWs.

Fabrication of Flexible TCFs. The PET films were first cleaned
with ethanol and DI water and subsequently treated with O, plasma

for 3 min to implant polar oxygen groups onto the PET surface, as a
result, produced a PET film possessing high hydrophilicity. The
presence of oxygen groups contributes an electrostatic interaction
between the hydrophilic PET substrate and p-rGO, which enhance the
adhesion between the coated film and PET substrate. The wire-wound
coating method was utilized to fabricate the TCFs on the treated PET
film.

Characterizations. Film morphologies of the samples were
characterized by a field emission scanning electron microscope
(FESEM, JEOL JSM-6500F) and a high-resolution transmission
electron microscope (HRTEM, JEM 3000F). The thickness of the
sample was measured by an atomic force microscope in tapping mode
(Nanoscope Ila, Digital Instruments Co.). The phase structures were
verified using an X-ray diffraction (XRD 6000, Shimadzu). A Raman
spectroscope (Horiba Jobin Yvon LABRAM HR 800 UV) equipped
with a 632.8 nm He—Ne laser was used to characterize the
nanostructures of EG, GO, and p-GO. The chemical states of the
films were measured by an X-ray photoelectron spectroscopy (XPS,
ESCA Ulvac-PHI PHI 1600). The sheet resistance was measured using
a two-probe method where the probes were positioned at two different
square copper contacts deposited on a TCF. The optical transmittance
was measured using a UV—vis-NIR spectrophotometer (U-3010,
Hitachi). The haze value was measured using a UV—vis spectropho-
tometer (Rainbow Light TSM-01).

B RESULTS AND DISCUSSION

XRD analysis revealed that the dominant peak for the (002)
plane at 26.5° is shifted to 9.6° after the graphite was oxidized
to GO (see Figure 1), indicating that the interlayer distance of
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Figure 1. XRD patterns of graphite and GO; the graphitic peak (002)
has shifted to a lower angle after oxidation, indicating the exfoliation of
the graphite layer.

graphite layer increases from 0.34 to 0.92 nm. The increment of
layer distance in GO is due to the presence of oxygen
functional groups on the GO surface as well as the intercalation
of oxygen functional groups between GO.”’

When AgNWs were growing, the GO was slowly added into
this solution and reduced to rGO by EG (EG has high
reduction ability for GO at high temperature) to prepare the p-
rGO/AgNWs hybrid nanomaterials. During the reduction
process, the chloride ions were adsorbed onto the surface of
graphene and react with the carbon atoms; in addition,
halogenating preferentially occurs along the edges, where they
are more energetically favorable. Because of chlorine possessing
higher electronegativity than carbon, electrons on graphene are
attracted by the chlorine, as a result, generating electron holes
on the §raphene which contributes to the p-type doped
effect.***® Besides, the PVP-coated AgNWs are known to be
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negatively charged;”’ therefore, through the new one-step
process, the p-rGO can be dispersed uniformly in the hybrid
system due to the electrostatic interactions with the AgNWs.
FESEM was used to provide evidence for understanding

morphologies of the hybrid films. Figure 2a shows that the

T

P

Figure 2. FESEM images of (a) the AgNWs network uniformly
covered and wrapped by p-rGO as shown, indicating the well
incorporation of the AgNWs and p-rGO via the one-step process; (b)
aggregation of rGO causes the difficulty in coating process and affects
the optoelectronic performances of TCFs.

AgNWs with the lengths of 10—20 um and the diameters of
40—70 nm are covered and wrapped by p-rGO (as depicted by
the arrow in Figure 2a). In contrast, if the GO has been reduced
in advance, it became difficult for the hybrid nanomaterials to
be uniformly coated onto the substrates due to poor dispersity
as well as aggregation of rGO in nature (Figure 2b). Dispersion
of the hybrid nanomaterials without the p-type doped effect are
observed in Figure S1, Supporting Information. Figure 3 is a

0.2 um —
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Figure 3. TEM image of the hybrid nanomaterial, indicating AgNWs
are covered by large scale graphene.

TEM image of the hybrid nanomaterial. The red line is the
edge of single layer graphene, which shows that the large-scale
prGO can cover the AgNWs uniformly and provide more
conductive pathways.

Raman spectroscopy was used to further understand the
doping effect of chloride ions on graphene, as shown in Figure
4a, the prominent peaks at ~1330 and ~1580 cm™' were
assigned as D- and G-bands, respectively. The D-band is
referred to the disordered sp® hybridized carbon as found in
defects or impurities in carbon materials, while the G-band is
resultin§ from the E2g vibrational mode of sp® bonded
carbon.”” The G-band in graphitic materials typically upshifts
for electron-acceptor dopants and downshifts for electron-
donor dopants.”® Once the chloride ions were adsorbed onto
the graphene surface, electrons on the graphitic framework are
attracted toward the more electronegative chloride atoms,
leading to G-band upshift. As shown in Figure 4a, the Raman

spectrum G-band of the hybrid nanomaterials is over rGO
shifting from 1583 to 1591 cm™ (~8 cm™).

XPS was used to characterize the chemical bonding of the
hybrid film. In the wide XPS spectrum of the hybrid
nanomaterials, as shown in Figure 4b, the peaks at ~284.8
and ~200.0 eV correspond to, respectively, C 1s of sp*
hybridized carbon and Cl 2p of covalent bonds between
carbon and chloride.”**” High-resolution C 1s and Cl 2p XPS
spectra are shown in Figure 4¢,d, suggesting that the Cl atoms
have doping interaction with graphene. The low intensity of
functional groups present in the C 1s peak confirms the
successful reduction of GO.”” The Cl 2p spectrum shows two
peaks separated by ~1.6 eV, CI 2p3/2, and Cl 2p1/2, which
resulting from spin—orbit coupling.”* The peak at ~200.5 and
~198.3 eV are assigned as C—ClI covalent bondings and C—CI~
ionic bondings, respectively.

Bending tests to study the flexibility of the hybrid TCFs were
performed. Figure Sa shows the electrical sheet resistance and
the variation in relative electrical sheet resistance as a function
of radius of curvature. The relative electrical sheet resistance is
defined as (Rs — R,)/R,, where Rs and R, are the electrical
sheet resistances of the TCFs with or without subjecting
bending, respectively. No significant increase in sheet resistance
of the hybrid TCF was detected as the sample was bent to a
radius of 4.5 mm. Even though the radius of curvature was
further decreased to 0.2 mm, the sheet resistance of the hybrid
TCEF only slightly increased from 25.0 + 0.8 to 28.0 & 1.5 €/
sq, indicating the outstanding flexibility of the hybrid films as
compared with ITO.>’

The electromechanical stabilities of the hybrid TCFs and the
AgNW films as a function of bending cycles are compared in
Figure 5b. The films on PET substrates were bent to a radius of
curvature of 7.5 mm. The sheet resistances of the hybrid film
on PET substrate subjected to compressive and tensile bending
stresses were individually tested. In addition, the sheet
resistances of the hybrid film subjected to tension and
compression are 44.3 & 0.8 and 32.2 + 0.4 Q/sq, respectively.
All the films showed nearly constant sheet resistance within the
initial 100 cycles. The sheet resistance of the AgNW film
increase slowly in the subsequent tests; on the other hand, the
sheet resistance of the hybrid film remained unchanged during
the first 300 cycles and slightly increased but no higher than 5%
after 1000 bending cycles. The results indicate that the
electromechanical stability of the TCFs is improved due to
the presence of p-rGO. The stabilities of chemical corrosion of
hybrid and AGNW TCFs were depicted in Figure 6. In the test,
the hybrid dispersion and AgNW were coated on PET
substrates followed by immersion in water, ethanol, or acetone
for 24 h or exposure to H,S gas for 10 min. The sheet
resistance of the hybrid film showed almost no change after
immersion in water, ethanol, and acetone for 24 h; on the other
hand, 1.1, 1.4, and 1.6-fold increase in sheet resistance of the
AgNW films after immersion in water, ethanol, and acetone,
respectively, were detected. In addition, the hybrid TCFs
showed 1.5-fold increase after exposure in H,S for 10 min
indicating that the hybrid film possessed excellent corrosion
resistance because uniform coating of p-rGO on AgNWs could
prevent exposure of AgNWs from H,S. In contrast, the AgNW
film was oxidized quickly and the sheet resistance showed a
16.75-fold increase when exposed to H,S for 10 min. The
results indicate that the hybrid TCFs have prominent stability
due to the presence of a p-rGO layer.
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Figure 4. (a) Raman spectrum G-band of hybrid film is observed upshifted by ~6 cm™ compared with pristine rGO. (b) XPS spectrum of the

hybrid film. High-resolution of the (c) C 1s and (d) Cl 2p XPS spectra.
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Figure S. (a) Sheet resistance and relative difference in resistance as a function of the radius of curvature. (b) Variation of sheet resistance of the
hybrid and AgNW films on the PET substrate as a function of bending cycles. The films were bent to the radius of curvature of 7.5 mm.

The adhesion of the hybrid TCFs is significantly improved
through the electrostatic interaction among the p-rGO,
AgNWs, and O, plasma treated PET. The FESEM image of
the surface morphology of the hybrid film shows that the
AgNWs are stacked against each other and tightly adhered to
the substrate, in which the AgNWs are covered with p-rGO (as
depicted by the arrows in Figure 7a). Adherence tests were
performed using a 3 M Scotch tape, as shown in Figure 7b, and
the FESEM image depicted that the p-rGO covers the AgNWs

18556

and protects them from detaching during the tape test.
Therefore, majority of the AgNWs in the hybrid film could
still adhere to the PET substrate, while the AgNWs film
(without p-rGO covering) was completely detached by the tape
(Figure S2, Supporting Information).

The mechanisms for the enhancement of the adhesion and
conductivity of the hybrid TCFs are schematically illustrated in
Figure 8. The p-rGO adhere tightly to the hydrophilic PET
surfaces and negatively charged AgNWs owing to the
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Figure 6. Changes of sheet resistance of hybrid films and AgNW films
after separate exposure to water, ethanol, and acetone for 24 h and
H,S gas for 10 min.

Figure 7. FESEM images of the hybrid film on PET substrate (a)
before and (b) after the tape test.

P-type doped rGO

%%

PVP-capped AgNWs

Figure 8. Schematic illustration the incorporation of the AgNWs and
the p-rGO for preparing hybrid TCFs shown enhanced conductivity
through the electrostatic interactions. In the film, p-rGO bridges the
discrete AgNWs, which provide more conductive pathways through
the defects and grain boundaries of p-rGO.

electrostatic interactions.” Figure 9a depicted that the contact
area is relatively small without p-rGO, while the contact area
was increased and AgNWs performed more comfortably when
p-rGO was introduced, as shown in Figure 9b. The contact area
of AgNWs is effectively increased and the adhesion is enhanced
due to the presence of the p-rGO, leading to the decrease of
junction resistance between AgNWs. The p-rGO can also
bridge the discrete AgNWs and cover the void space formed by
the entangled AgNWs, as indicated by the red arrows in Figure
7a, as a result, providing more conductive pathways for electron

Figure 9. FESEM images of (a) pristine AgNWs film and (b) hybrid
nanomaterials films.

transfer. Moreover, AgNWs can function as conductive bridges
through the defects and grain boundaries of graphene. In
addition, the p-type doped behavior of rGO cannot only
increase the hole carriers but also improve the uniformity of
TCFs by reducing the aggregation of rGO.”* Although the
mechanical pressing and the heating methods to 1m£>rove the
conductivity of AgNWs films have been reported,'**"**

methods are not appropriate for fragile and low-melting pomt
substrates. As compared with the published data shown in
Figure 10,%%'%?972%31733 this study demonstrated an one-step
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Figure 10. Transmittance values versus sheet resistance of previous
studies and this work (the AgNWs/p-rGO hybrid film). The
transmittance data of refs 22, 32, and 33 include the values of
substrates, which are polymer, PET, and PET, respectively. The upper
right inset image shows a flexible hybrid TCF on a PET
substrateGSlZZO 2,31—-33

process for preparing high-performance flexible TCFs which
show exceptional optoelectronic properties with a trans-
mittance of 94.68% (at a wavelength of S50 nm) and a sheet
resistance of 25.0 + 0.8 £2/sq.

Thickness of the hybrid film was measured using atomic
force microscopy, and the image shown in Figure 11a illustrates
that the thickness of the p-rGO layer is approximate 1.29 nm.
Figure 11b shows the transmittance and reflection spectra of
the AgNW film and hybrid film. Although the transmittances of
AgNW film and hybrid film are similar (~91% at 550 nm), the
AgNW film possesses a mean reflectance of ~8.36%, while the
hybrid film exhibits low haze effect with a mean reflectance of
~4.25% (the mean reflectance of PET substrate is ~2.26%).
The haze effect may cause by the uniformity of the film.>* The
results indicate that the uniform coating of p-rGO can decrease
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Figure 11. (a) AFM height images of hybrid materials. The plot beneath the topography is the height data of the hybrid film indicated by a white line
in the AFM height image. (b) Optical transmittance (T ~ 91% at 550 nm) and reflection spectra of AgNWs/PET, hybrid/PET, and PET substrate in

the visible light range.

the effect of light scattering, achieving the preparation of highly
transparent and low-haze TCFs.

B CONCLUSIONS

In conclusion, this study demonstrated the preparation of
superiorly conductive, extremely transparent, and highly flexible
hybrid TCFs via a facile and fast one-step process. The process
can not only synthesize AgNWs, reduce and dope graphene
oxide collaboratively, but also prevent the aggregation of p-
rGO, leading to highly dispersible AgNWs and p-rGO in the
hybrid TCF film. The presence of p-rGO plays the role of
providing more electrical conductive pathways between non-
contacted AgNW5s and increasing the contact area of AgNWs.
Moreover, the doping effect of rGO increases the hole carriers
and results in strong electrostatic interactions between p-rGO,
AgNWs, and O, plasma-treated PET substrates. Resistance to
chemical corrosion of the hybrid films can also be enhanced
because the p-rGO can prevent exposure of AgNWs from the
oxidant. The electrostatic interactions can enhance the
adhesion of AgNWs on the substrates, achieving the
preparation of highly bendable and uniform TCFs with a
transmittance of 94.68% and a sheet resistance of 25.0 + 0.8 €2/
sq. Additionally, the hybrid film prepared through the facile
process possesses very low haze effect with a mean reflectance
of ~4.25%. The processing was completed using economical
and all-solution processes, indicating the proposed methods can
be applied to commercial applications in producing large-area
TCFs for optoelectronic devices.
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