NANO 5

pubs.acs.org/NanolLett

Roll-to-Roll Encapsulation of Metal Nanowires between Graphene
and Plastic Substrate for High-Performance Flexible Transparent

Electrodes

Bing Deng,Jr Po-Chun Hsu,* Guanchu Chen,” B. N. Chandrashekar,” Lei Liao,” Zhawulie Ayitimuda,§
Jinxiong Wu,T Yunfan Guo,T Li Lin,Jr Yu Zhou,Jr Mahaya Aisijiang,§ Qin Xie,T Yi Cui,*"“t’|| Zhongfan Liu,*’Jr

and Hailin Peng*’Jr

Center for Nanochemistry, Beijing Science and Engineering Center for Nanocarbons, Beijing National Laboratory for Molecular
Sciences (BNLMS), College of Chemistry and Molecular Engineering, Peking University, Beijing 100871, People’s Republic of China

iDepartment of Materials Science and Engineering, Stanford University, Stanford, California 94305, United States
§College of Chemistry and Biological Sciences, Yili Normal University, Yining, Xinjiang 83500, People’s Republic of China
IStanford Institute for Materials and Energy Sciences, SLAC National Accelerator Laboratory, 2575 Sand Hill Road, Menlo Park,

California 94025, United States

© Supporting Information

Grahene on Cu foil
Roll

) ¢
gro (

cufoil (&

_‘o«(o
wth

Cu/G/NWs/EVA/PET

EVA/PET plastic

Flexible transparent conductive plastics

ABSTRACT: Transparent conductive film on plastic substrate is a critical component in low-cost, flexible, and lightweight
optoelectronics. Industrial-scale manufacturing of high-performance transparent conductive flexible plastic is needed to enable
wide-ranging applications. Here, we demonstrate a continuous roll-to-roll (R2R) production of transparent conductive flexible
plastic based on a metal nanowire network fully encapsulated between graphene monolayer and plastic substrate. Large-area
graphene film grown on Cu foil via a R2R chemical vapor deposition process was hot-laminated onto nanowires precoated EVA/
PET film, followed by a R2R electrochemical delamination that preserves the Cu foil for reuse. The encapsulated structure
minimized the resistance of both wire-to-wire junctions and graphene grain boundaries and strengthened adhesion of nanowires
and graphene to plastic substrate, resulting in superior optoelectronic properties (sheet resistance of ~8 Q sq™' at 94%
transmittance), remarkable corrosion resistance, and excellent mechanical flexibility. With these advantages, long-cycle life flexible
electrochromic devices are demonstrated, showing up to 10000 cycles.
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ransparent conductive electrodes are important compo-

T

solar cell, organic light emitting diodes (OLED), touch screens,
and smart windows.' * The use of indium tin oxide (ITO) as a

nents for various optoelectronic devices such as thin-film

conventional transparent electrode material hinders the
application in flexible electronics due to film brittleness, low
infrared transmittance, scarcity of indium, and high-cost of the
preparation procedure.>® To overcome the deficiencies of ITO,
many alternative nanomaterials have been studied including
metal nanowires (NWs),”*® carbon nanotubes (CNTs),"* ™'

and graphene.3’l7’18 As for metal NWs, post-treatment is
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essential to deal with the high wire-to-wire junction

78 21
) the surface

resistance, % the low corrosion resistance,20
roughness,22 and the low adherence to the substrate.>"** Efforts
have been made to fabricate hybrid electrodes of graphene and
metal NWs to enhance the overall performance.** > As flexible
building blocks, metal NWs provide highly conducting

pathways that connect graphene domains, while graphene
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Figure 1. Schematic and structure of graphene and metal nanowire hybrid films produced by a continuous roll-to-roll process. (a) Schematic diagram
of the fabrication process includes coating of metal nanowires on polymer substrate (EVA/PET), hot-press lamination with graphene/Cu foil,
delamination of graphene and Cu foil by electrochemical bubbling method, and the reuse of Cu foil to grow graphene by a continuous chemical
vapor deposition system. The detailed structural schematic of the hybrid film labeled in the red cycle shows that nanowires are partly embedded into
the EVA substrate and fully encapsulated by monolayer graphene film. (b) A photograph of a roll of graphene/Cu foil with length of S m and width
of S cm grown by roll-to-roll chemical vapor deposition. (c) Raman spectra of graphene films transferred onto SiO,/Si. Inset shows the I/I; (D to
G peak intensity ratio) varies with the times of growth, revealing the improved quality of graphene. (d) A photograph of a roll of hybrid film of
graphene and AgNWs on EVA/PET plastic with length of S m and width of S cm, which can lighten up a red LED indicator. (¢) SEM image of the
hybrid film of graphene and AgNWs on the EVA/PET plastic, showing that AgNWs are partly embedded into EVA substrate and fully covered by
monolayer graphene. The fully embedded portions of AgNWs are indicated by blue arrows. The pinholes of graphene are indicated by yellow arrows.
(f) Enlarged side-view SEM image of the hybrid film of graphene and AgNWs, showing a good contact of AgNW junctions. (g) AFM image of the
hybrid film of graphene and AgNWs, showing that AgNWs are partly embedded into the polymer substrate.

may protect metal NWs from oxidation and corrosion. In this graphene film and a flexible transparent plastic substrate. In our
regard, the quality and coverage area of graphene layers proposed method, there are four essential steps to realize the
determine how effective this passivation layer is. Nevertheless, R2R encapsulation procedure (Figure 1a): (i) R2R growth of a
combining metal NWs and graphene in an efficient procedure large-area monolayer graphene film on an industrial Cu foil via
to realize all the post-treatment with industrial-scale fabrication chemical vapor deposition (CVD); (ii) coating or transfer of
remains a challenge. metal nanowires onto the commercial ethylene vinyl acetate/

Here we developed a full roll-to-roll (R2R) production of polyethylene terephthalate (EVA/PET) plastic film; (iii) hot-
high-performance flexible transparent electrodes based on lamination of graphene/Cu foil onto metal NWs precoated

metal NWs fully encapsulated by a large-area monolayer EVA/PET plastic; and (iv) electrochemical bubbling delami-
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Figure 2. Graphene and metal nanowire hybrid films as transparent, conductive electrodes. (a) Sheet resistance versus optical transmission (at 550
nm) for the hybrid film of graphene and AgNWs or Cu nanotrough. The performances of AgNWs,® ITO,? pristine graphene,> HNO;-doped
graphene,® and CNTs'® are shown for comparison. Note that the measured transmittance mentioned does not include the absorption and
reflectance from the substrate. (b) Sheet resistance versus number density of AgNWs for pure AgNW film and graphene/AgNW hybrid film. (Inset)
SEM image of hybrid films with different nanowire densities, scale bar: 1 gm. (c) UV—vis-NIR spectra of graphene/AgNW hybrid films with
different sheet resistance, showing a flat spectrum for broad wavelength range and much better near-infrared transmittance than a commercial ITO
electrode. (d) A 2D mapping image of the sheet resistance for a graphene/AgNW hybrid film with the size of 4 X 4 cm? showing considerable

uniformity of conductivity.

nation of graphene film from Cu foil. Detailed Experimental
Section can be seen in Supporting Information.

First, we grow a roll of continuous graphene film on an
industrial Cu foil with size of 5 cm in width and 5 m in length
using continuous R2R low-pressure CVD method (Figure 1b).
Supporting Information Movie S1 shows the roll-to-roll growth
of graphene. Note that the graphene grown by this R2R process
is almost monolayer continuous film which has high optical
transmittance and electrical conductivity (Supporting Informa-
tion Figure S2). Remarkably, the Cu foil can be preserved after
the subsequent process of electrochemical transfer and reused
for graphene growth. Three cycles of growth of graphene were
conducted, and their quality was compared using Raman
spectroscopy. Figure 1c shows the evolution of Raman spectra
for a series of monolayer graphene films repeatedly grown and
transferred from the same Cu foil. As the growth cycle
increases, the characteristic disorder-induced D band at ~1350
cm™" decreases. This observation indicated that the quality of
graphene R2R grown on the reused Cu foil was enhanced,
which presumably was attributed to the surface flattening and
grain size enlargement of Cu foil during repeated high-
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temperature annealing and graphene growth (Supporting
Information Figure S3).

Second, metal nanowires were coated on an EVA/PET (50
um/75 pm thick) sheet using a Mayer rod,® where EVA is
mostly used as high-quality adhesive transparent films for
encapsulating commercial solar panels and PET is a typical
flexible transparent plastic substrate. The EVA surface is
pretreated by air plasma (power for 99 W, time for 2 min) to
enhance its hydrophilicity because of the formation of polar
oxygen groups,”” which is beneficial for the uniform dispersion
of NW suspension on the EVA/PET substrate (Supporting
Information Figure S$4). In this work, silver NWs (AgNWs) and
copper NWs (CuNWs) were tested. The AgNWs or CuNWs
form a conductive network whose number density can be
controlled by the coating conditions such as concentration of
NW suspension. In addition, CuNW networks consisting of
copper nanotrough (CuNT)" with different mesh densities
were transferred onto the EVA/PET film.

Then the graphene film grown on Cu foil was hot-laminated
onto the NWs/EVA/PET film to form Cu/graphene/NWs/
EVA/PET laminated structure at the temperature of ~100 °C
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by two rollers Froviding heat and mechanical pressure
simultaneously®”*' (Supporting Information Movie S2). The
EVA layer melts at the specific temperature to partially embed
NWs on its surface and adhere to the graphene/Cu film. This
process ensures good contact of graphene and NWs with
minimal formation of air traps, cracks and wrinkles of graphene,
forming a Cu/graphene/NWs/EVA/PET laminated structure.

Finally, the graphene film is continuously R2R delaminated
from Cu foil by an efficient electrochemical bubbling
delamination transfer method®>*> (Supporting Information
Figure S5 and Movie S3). Note that the Cu/ graphene/NWs/
EVA/PET cathode was partially immersed in water (Support-
ing Information Figure SSb), where a large amount of hydrogen
bubbles can generate and propagate in the confined area
through water electrolysis, thus efliciently delaminate the
graphene film and Cu foil at very low electrolysis voltage.
The transfer speed is much faster than previously reported
works*>*? based on electrochemical delamination method and
can reach up to 2 cm/s, which is enough for an efficient roll-to-
roll process. Because the cathode is negatively charged during
delamination process, the obtained graphene/NWs/EVA/PET
films can avoid oxidation while the Cu foil can be preserved for
further R2R CVD growth of graphene.

Figure 1d shows a typical photograph of a roll of graphene/
AgNWs/EVA/PET plastic with the size of S m long and 5 cm
wide, which can act as a flexible transparent tape to light up a
red LED indicator (3.0 V, 20 mA). The microstructure of the
encapsulated graphene/NWs/plastic film was characterized by
scanning electron microscopy (SEM) and atomic force
microscopy (AFM). Pure AgNWs coated on a PET substrate
were first characterized by AFM, in which case the junction of
two NWs is weakly connected. From the profile of AFM
(Supporting Information Figure S7), the diameter of an
individual AgNW is about 35 nm and a junction of two
AgNWs is about 70 nm, which implies that the two adjacent
NWs are simply stacked rather than fused together. As for the
encapsulated graphene/AgNWs/EVA/PET film, the AgNWs
are covered by a continuous graphene monolayer without
creating cracks of graphene (Figure le), which is significant for
the role of graphene as a protective layer against corrosion for
AgNWs. The AgNWs are partially embedded into the EVA
layer according to the decrease in height of single NW from
~35 nm to ~15 nm (Figure 1g, blue line). This embedding
behavior reduces the surface roughness and also benefits the
passivation of AgNWs by decreasing the exposure area of
AgNWs to the environment.”’

It has been reported that heat annealing and mechanical
pressure contribute to the fusing of junctions of silver
nanowires.”>* The hot-lamination process provides simulta-
neously heat and mechanical pressure and causes the fusing of
junctions according to the side-view SEM image (Figure 1f).
The junction fusion can also be demonstrated in AFM by the
reduced height of junctions from 70 nm (Supporting
Information Figure S7b, red line) to ~40 nm (Figure lg, red
line). The flattening and fusion of NW junctions enable
excellent optical and electrical properties of NW network
electrodes. The bridge effect of AgNWs and graphene domains
also facilitates the electrical conduction of the hybrid film. As
shown in Figure 2a, encapsulated graphene/CuNT/EVA/PET
hybrid films exhibit excellent optoelectronic properties (94%
optical transmittance at 550 nm with sheet resistance of ~8 Q
sq7'). The encapsulated graphene/AgNWs/EVA/PET films
also show outstanding performance with 90% optical trans-
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mittance (550 nm) at 22 Q sq " and 84% at 10 Q sq~", superior
to other transparent electrodes based on solution-processed
AgNWs or CuNWs, ITO, pristine CVD graphene, chemical-
doped CVD graphene, and carbon nanotubes.*>”%%1¢35

The sheet resistance of the encapsulated graphene/NWs/
EVA/PET films can be tuned by varying the number density of
NWs (Figure 2b). For pure AgNW film whose number density
is larger than a percolation critical density, N¢, continuous NW
network can be formed, and electrons can percolate across this
NW network.>® Hence, if the number density of AgNWs is
larger than Nc, the conductance is dominated by the relatively
high conductive AGNW networks, rather than graphene (Figure
2b). Note that in this number density region, the encapsulated
AgNW film shows 60—90% decrease in sheet resistance than
the random pure AgNWs networks with the same NW number
densities, which is presumably due to the graphene conduction
channel and the decrease of the internanowire contact
resistance due to the fusion of wire-to-wire junction in the
hot-lamination process as discussed above. When the number
density of AgNWs is smaller than Nc (Figure 2b), the
conductivity of encapsulated AgNW film is mostly dominated
by the graphene channel. Moreover, the encapsulated film
possesses lower resistance than pristine graphene because the
AgNWs act as additional conduction channels across graphene
grain boundaries to bridge graphene domains.*>>”

In addition to the outstanding electrical property, the
encapsulated graphene/AgNWs/EVA/PET film demonstrates
a flat, high transmittance in a broad wide spectrum from 400 to
2000 nm, much better than the commercial ITO electrode that
is opaque in the near-infrared region (Figure 2c). Wideband flat
spectra of the transparent electrode is beneficial for many
optoelectronic devices such as near-infrared sensors and may
improve the efficiency of solar cell by using light energy in the
near-infrared region.”®* For practical applications where
production yield and controllability are critical, high uniformity
in the conductivity of transparent electrode is essential. As
shown in Figure 2d, a sheet resistance distribution of an
encapsulated graphene/AgNWs/EVA/PET film with the area
of 4 X 4 cm’ tested at the interval of 0.5 X 0.5 cm’ reveals a
mean value of 10.3 Q sq~' and a standard deviation of 0.4 Q
sq~', which indicates a reasonably high electrical homogeneity.
The homogeneity of conductivity is attributed to the optimized
coating conditions of NWs and the usage of graphene. The
AgNWs film coated on substrate is a conductive mesh with
many holes. This porous structure results in inhomogeneity
because of the nonconductive and open spaces within the
networks. On the contrast, for the graphene encapsulated
AgNWs electrode, graphene occupies empty spaces in the
nanowire networks, allowing the charge transport across the
original nonconductive open space, which greatly improves the
electrical homogeneity.*

Corrosion resistance is a significant concern for metal NWs-
based transparent electrodes because the chemical instability
and the ease of oxidation may hinder the practical applications
of AgNW and CuNW electrodes. Surface passivation of AgNW
and CuNW films is necessary to significantly improve their
chemical stability. It has been reported that graphene is
chemically inert”’ and can be used for corrosion-inhibiting
coating for metallic nanostructures” that are susceptible to
atmospheric corrosion.* Metal NW network films can be
hybridized with the reduced graphene oxide (RGO) nanosheets
for the improvement of stability.”” However, it is difficult to
fulfill a uniform large-area lamination using the RGO
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Figure 3. The durability of graphene and metal nanowire hybrid transparent electrodes. (a) Changes in sheet resistance of pure AgNW films and the
graphene/AgNW hybrid films exposed in air at room temperature for 2 months. (b) SEM image of the graphene/AgNW hybrid film and pure
AgNW films exposed in air for 2 months, revealing that AgNWs without the protection of graphene were oxidized to break. (c) Changes in sheet
resistance of pure AGQNW films and the graphene/AgNW hybrid films under the attack of aqueous Na,S (4 wt %). (Inset) Morphologies of AgNWs
with or without the graphene coverage attacked for 30 s, respectively. Scale bar: 1 ym. (d) Variations in sheet resistance of pure AgNW films and
graphene/AgNW hybrid films as a function of the number of cycles of repeated peeling by 3M Scotch tape. (e) Variations in sheet resistance versus
bending radius for the hybrid transparent plastic electrodes and ITO films on 150 um thick PET. (f) Variations in sheet resistance of the hybrid
transparent plastic electrodes and ITO films on PET as a function of the number of cycles of repeated bending to a radius of 20 mm.

nanosheets. In contrast, our fully encapsulated graphene/
AgNWs/EVA/PET films demonstrate outstanding chemical
stability and corrosion resistance. Figure 3a shows the changes
in resistances in an uncovered AgNWs/EVA/PET film and an
encapsulated graphene/AgNWs/EVA/PET film with the same
number density of AgNWs upon exposure in atmosphere at
room temperature for two months. The graphene encapsulated
AgNW films show long-term chemical stability, superior to the
uncoated AgNW films. The morphology of the encapsulated
film remained unchanged while the exposed AgNWs were
corroded after exposure in air for two months (Figure 3b). On
the other hand, copper is more susceptible to corrosion than
silver. The encapsulated graphene/CuNT/EVA/PET (Sup-
porting Information Figure S8) and graphene/CuNWs/EVA/
PET (Supporting Information Figure S9) both show much
better corrosion resistance than their uncovered Cu nanostruc-
ture counterparts. Remarkably, the fully encapsulated gra-
phene/AgNWs/EVA/PET can bear chemical attack by
corrosive liquids, such as sulfurization in Na,$ solution (Figure
3c). The excellent corrosion resistance of graphene/NWs/
EVA/PET film can be attributed to the partially embedded
structure of NWs into the EVA substrate and the full
encapsulation of the inert graphene film as a passivation layer.

Another important issue of the metal NWs network-based
transparent electrodes is the weak adhesion of NWs to the
substrate. Usually, precoated metal NWs do not stick to and
can be easily wiped off from the substrate due to the weak
adhesive forces. In contrast, since the metal NWs are partially
embedded into EVA substrate during the lamination process,
the encapsulation of NWs between graphene and EVA layer
dramatically enhanced the adhesion to the substrate. As shown
in Figure 3d, the conductivity of the encapsulated graphene/
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AgNWSs/EVA/PET electrodes does not degrade upon repeated
Scotch tape peeling test up to 100 cycles. Note that graphene
film is also not damaged even after repeated peeling
(Supporting Information Figure S10) because the whole
graphene film adheres firmly to the EVA supporting layer.
These observations indicated the full encapsulated graphene/
AgNWs/EVA/PET film can withstand repeated tape peeling,
far superior to the uncoated NW film electrode.

We then examined the mechanical durability of the
encapsulated graphene/AgNWs/EVA/PET film by measuring
the sheet resistance change at various bending tests with
different radius from 100 to 1 mm (Figure 3e). In contrast to
commercial ITO films on 150 ym thick PET substrate, which
easily degrade with a bending radius of less than ~20 mm, the
encapsulated films remain highly conductive with little variation
in resistance up to a bending radius of 1 mm, which is
comparable to the best results for both graphene films and
AgNWs electrodes. In addition, unlike ITO/PET films, the
encapsulated film can kept their structural integrity and
mechanical stability after repeated dynamic bending tests
(Figure 3f). The encapsulated film can be bent at 20 mm for
1000 bending cycles without the degradation of conductance,
indicating its excellent mechanical durability. The high
flexibility of the encapsulated film is essential in some flexible
electronics application.

Because of many unique advantages and features of
encapsulated graphene/AgNWs/EVA/PET plastic electrodes,
including facile large-scale R2R manufacturing, high broadband
transparency, super electrical conductivity, remarkable corro-
sion resistance, strong adhesion to substrates, excellent
flexibility, and outstanding mechanical durability, these electro-
des are readily applicable to the fabrication of practical
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Figure 4. Electrochromic device demonstration. (a) Photos of PEDOT electrochromic devices in bleach state (left) and color state (right). The
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transparent electrodes made of graphene/AgNWs and pure AgNWs. The transmittance of PEDOT/graphene/AgNWs switches reversibly between
80 and 60% for 1000 cycles and then gradually decays until 10000 cycles. In contrast, PEDOT/AgNW only shows 5% of transmittance change and

rapidly fades away after only ~10 cycles.

optoelectronic devices. Here, we demonstrated a high-perform-
ance graphene/AgNWs/EVA/PET plastic transparent elec-
trode incorporated into a transparent flexible electrochromic
device. Electrochromic devices are widely used in smart
windows and glasses for improving indoor energy efficiency
or personal visual comfort.*> The emergence of metallic
nanowire transparent electrode has triggered many novel
researches toward higher performance or more unprecedented
features.”**”* In our electrochromic device, poly(3,4-ethyl-
enedioxythiophene) (PEDOT) was used as the electrochromic
layer and 0.1 M of LiClO, in propylene carbonate as the
electrolyte. The electrochemical reaction can be expressed as
follows

PEDOT"*: nClO, + ne” < PEDOT + nClO;
(Light blue) (Dark blue)

Figure 4a shows the photos of PEDOT/graphene/AgNWs in
bleach and color states. Because of the mechanical flexibility of
both our hybrid transparent electrode as well as PEDOT thin
film, the electrochromic device can function without any
difficulty under bending scenario. When the potential changes
between +0.8 and —1.0 V (versus Ag/AgCl), the transmittance
at 550 nm promptly switches between 80.6 and 59.6% with
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switching time (90% of state change) of 3.4 s for bleaching and
4.1 s for coloring (Supporting Information Movie S4). These
fast switching times are attributed to the low sheet resistance
(~30 Q/sq) of graphene/AgNWs transparent electrodes.
Besides switching time, cycle life is also one of the most
critical criteria to assess an electrochromic device. As shown in
Figure 4c, PEDOT/graphene/AgNWs show high cycle stability
up to 1000 cycles with 20% of transmittance change that slowly
decays until 10000 cycles. To understand how effective the
passivation layer is, one has to consider the electrochemical
condition inside the device. The bleaching potential is +0.8 V
versus Ag/AgCl, which is much higher than the reduction
potential of silver (+0.603 V). Moreover, LiClO, is a strong
oxidizing agent that could also degrade the transparent
electrode. Even under such a harsh environment, the
encapsulated graphene layer successfully protects AgNWs, so
the whole device remains highly stable during cycling. In
contrast, the electrochromic device made by AgNWs trans-
parent electrode without graphene has only 5% of trans-
mittance change and instantly decays after 10 cycles. This
dramatic improvement of chemical stability and the mechanical
flexibility open up many potential opportunities for long-term
wearable electrochromic devices.
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In conclusion, fully encapsulated graphene/nanowire/plastic
films are fabricated by a continuous large-scale roll-to-roll
production for transparent conductive electrodes, which shows
high optoelectronic performance, remarkable corrosion resist-
ance, good flexibility, and strong adhesion to substrate. This
method can be easily extended to build other graphene-
encapsulated nanostructures such as 2D colloid crystals, carbon
nanotubes, and nanoparticles. The high-efficiency roll-to-roll
procedure shows its potential in mass production of various
encapsulated nanostructures in low cost, which may accelerate
its application in industry.
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