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Abstract: We prepared the hybrid conductor of the Ag nanowire (NW) network and irregularly
patterned graphene (GP) mesh with enhanced optical transmittance (~98.5%) and mechano-electric
stability (∆R/Ro: ~42.4% at 200,000 (200k) cycles) under 6.7% strain. Irregularly patterned GP
meshes were prepared with a bottom-side etching method using chemical etchant (HNO3). The GP
mesh pattern was judiciously and easily tuned by the regulation of treatment time (0–180 min) and
concentration (0–20 M) of chemical etchants. As-formed hybrid conductor of Ag NW and GP mesh
exhibit enhanced/controllable electrical-optical properties and mechano-electric stabilities; hybrid
conductor exhibits enhanced optical transmittance (TT = 98.5%) and improved conductivity (∆Rs:
22%) compared with that of a conventional hybrid conductor at similar TT. It is also noteworthy that
our hybrid conductor shows far superior mechano-electric stability (∆R/Ro: ~42.4% at 200k cycles; TT:
~98.5%) to that of controls (Ag NW (∆R/Ro: ~293% at 200k cycles), Ag NW-pristine GP hybrid (∆R/Ro:
~121% at 200k cycles)) ascribed to our unique hybrid structure.

Keywords: irregular patterning; graphene mesh; silver nanowire; hybrid conductor; chemical etching;
flexible transparent conducting film; bending stability

1. Introduction

Owing to growing demand of the modern electronic devices including smart phones, touch screens,
and light-emitting displays, there have been massive demands on the transparent conductive electrodes
(TCEs) and TCE materials (e.g., indium tin oxide (ITO)) [1–4]. Although it suffices for its job at the
current technological stage, a combination of brittle nature, limited global supply of indium, and its
high processing cost makes the conventional ITO based TCE unsuitable for next-generation applications
such as flexible/stretchable displays and wearable devices. Therefore, there has been increasing drive
to replace it with new classes of flexible TCE materials [1–4].

There have been reported many candidates for flexible TCE materials including metallic nanowires
(e.g., Ag NW, Cu NW), graphene, carbon nanotube (CNT), and their hybrids (metal NWs-graphene and
metal NWs-CNT) as TCE alternative to ITO for stretchable and flexible electronics [4–11]. For instance,
graphene (GP)—the single atomic layer of carbon—has received attention as promising TCE material
because of its superior mechanical strength and high conductivity [10,12,13]. Particularly, Ag NW-based
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conductors gained considerable interest owing to the low process cost as well as their mechanically
durable flexibility and higher optical transparency than ITO at equivalent sheet resistance (Rs) [4].
Despite the high stretchability of Ag NWs, however, the low intrinsic mechanical strength (4.8 GPa
fracture strength for silver), low adhesion with other materials, and lack of functionalization methods
hamper the production of a highly stretchable Ag NW-based TCE [4]. What is worse, Ag NW networks
have a high junction resistance associated with charge transport between randomly oriented NWs
which reduce the electrical conductivity of NW [4].

Ag NW-GP hybrid, thus, has received considerable attention as one of the most promising
candidates for flexible TCE because of the complementary properties of Ag NW and GP [8–11]. Note that
as-formed Ag NW network-GP hybrids exhibit high conductivity and mechanical robustness/flexibility
through the inter-nanowire connection of Ag NW forged by GP. However, despite the potential of the
Ag NW-GP hybrid conductors as alternative TCE material, their applications in commercial devices
are limited due to their low optical transmittance (TT) stemming from reduced TT (2.3%) per single
layer of GP [8–12]. It is required to increase TT of hybrid conductors by combining an Ag NW network
with a patterned GP mesh with large void areas [11].

In order to make the hybrid conductor of Ag NW-GP with high optical and electrical properties,
there has been big progress in GP mesh engineering by tailoring its pattern into predefined shapes,
position, and sizes at atomic scale mainly through (i) vacuum processes of He-ion/electron beam
lithography, O2 plasma etching, nanoimprint lithography, catalytic passivation, catalytic etching and
hot embossing imprinting [13–20], and (ii) non-vacuum approaches of laser-assisted transfer printing,
laser ablation, micro-molding, and masking layer based mesh- patterning [21–27].

However, despite the intense research efforts towards GP patterning methods through various
routes [13–33], the above GP patterning processes failed to make a patterned GP for commercialized
flexible display or electronic devices due to following issues. First, most GP patterning approaches
require complicated, low durability and expensive lithographic steps, instruments, and materials,
leading to lacked scalability and low production speed of GP meshes [13–29]. Specifically,
the as-mentioned patterning process for GP involves multiple steps of complicated template/mask
preparation (mask lithography), lifting/stamping of patterned GP onto a substrate, photoresist (PR)
developing, etching, PR/mask removal, and laser ablation [13–27]. Second, the optical interference
effect (i.e., Moire phenomenon) can be observed in the display image because of a constructive and
destructive interferences by regularly arrayed voids in GP mesh [34,35]. Third, there can be a constraint
by the patterning conditions depending on the target substrate [13–15]. To our best knowledge,
a cost-effective process for GP patterning and its hybridization remains as the major technological
obstacle limiting the large-scale manufacturing of TCEs based on GP mesh hybrid [13,14]. It is required
to develop a facile and scalable process for GP mesh based flexible TCE conductor on target substrates
with desired conformation.

Herein, we report a novel approach to prepare the flexible TCE based on a hybrid of irregularly
patterned GP mesh and Ag NW networks through the chemical etching-driven patterning without
employing vacuum technology-based semiconductor processes. Our idea is to make a patterned
GP mesh by the chemical etching of the edge atom on a grain boundary of GP. Specifically, as grain
boundary or defects of GP are relatively vulnerable to oxidation/reduction chemicals compared to
its basal planes, the island GP along with line defects (grain boundaries) can be easily etched and
separated by the chemical etching, resulting in the formation of irregularly etch-patterned GP mesh.
Considering the presence of many voids of disconnected GP (GP mesh), it might be logical to expect
the superior electro-optical property and bending stability of Ag NW-GP mesh hybrid to that of an Ag
NW or the Ag NW-GP hybrid [36].

Very different from conventional patterned GP, our GP mesh has following advantages. First,
our GP mesh can be prepared on various substrates and scalable to wafer-scale through the low-cost
solution process without using the vacuum process-based patterning instruments. Second, the patterned
GP mesh structure by chemical etching can be achieved in a short time (<10 min) without requiring
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extra preparation steps because carbon atoms of the GP films are removed through a reaction between
GP and etching radicals. Third, the hybrid conductor of Ag NW-GP mesh exhibits high optical
transmittance without the chemical deterioration with time.

Based on our current approach, we prepared hybrid conductors of Ag NW and GP mesh with
high optical transmittance and mechano-electric stability after systematical investigation on their
morphological, physico-chemical, and mechanical properties as a function of concentration and
treatment-time of chemical etchant.

2. Materials and Methods

2.1. Material Syntheses

Conducting materials including graphene (GP) nanosheet and Ag NW were used as received
from makers. Other unspecified reagents were purchased from Sigma-Aldrich (St. Louis, MO, USA)
and used without further purification.

Preparation of irregularly patterned graphene (GP) mesh: A schematic of the preparation procedure for
the irregularly patterned TCEs is illustrated in Figure 1A. Briefly, as-received chemical vapor deposition
(CVD) grown polycrystalline graphene (GP, Graphene Square Inc., Seoul, Korea) on Cu foil was covered
with polymethylmethacrylate (PMMA) through spin-coating, followed by removal of Cu substrate
by a FeCl3-based etchant. After washing the Cu etchant with deionized water, the free-standing
polycrystalline GP/PMMA bilayer was subsequently floated onto acidic chemical etchant (aqueous
HNO3) to form line defects on the GP layer. Further chemical etching caused the grain separation
of GP along the boundaries, resulting in an irregularly patterned GP mesh. The GP mesh was then
transferred onto a glass or PET substrate, followed by removal of PMMA by acetone washing.

Hybrid conductor of Ag NW network and irregularly patterned graphene (GP) mesh: Networks of
randomly distributed Ag NWs (NW length = 20 ± 5 µm; NW diameter = 30 ± 5 nm) were purchased
from a commercial maker (Aiden) to be formed onto the GP mesh by one time bar-coating, followed by
annealing at 100 ◦C for 5 min.

2.2. Material Characterizations

For the characterization of the structural, morphological, and surface properties of hybrid
conductors, we used an optical microscope (OM, IX71, Olympus, Tokyo, Japan), scanning electron
microscope (SEM, Nova 400 Nano SEM, FEI, Hillsboro, OR, USA) at an accelerating voltage of 5 kV,
an X-ray photoelectron spectroscopy (XPS, PHI 5000 VersaProbe, ULVAC-PHI, Kanagawa, Japan)
with an Al Kα (1486.6 eV) source, and a Raman spectrometer (Renishaw, inVia Raman microscope,
Gloucestershire, UK) under backscattering geometry with the 633 nm laser at 2.5 mW. We also used
a haze meter (NDH 5000, Nippon Denshoku Industries, Tokyo, Japan) and surface resistivity meter
(R-CHEK, model RC2175, EDTM, Toledo, OH, USA) to measure the optical transmittance and the sheet
resistance of the hybrid conducting films.

2.3. Mechano-Electric Characterization

The mechano-electric properties of hybrid conductor Ag NWs and irregularly patterned GP mesh
were characterized by measuring the fractional bending-resistance change (∆R/Ro (%)) of conductive
film with a cyclic folding tester (CFT-200, Covotech, Hwaseong, Korea). In the bending fatigue test,
the strain of the conducting films was fixed to 6.7% (bending radius: 1 mm) by setting the PI substrate
thickness to 125 µm. The bending-resistance (∆R/Ro (%)) of hybrid conductor films was measured and
recorded after 40,000 and 200,000 bending cycles at a bending frequency of 1 Hz.
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3. Results and Discussion

3.1. The Hybrid Conductor of Ag NW and Irregularly Patterned GP Mesh

Hybrid transparent conducting films of silver nanowires (Ag NW) and irregularly patterned
graphene (GP) mesh were prepared by bottom-etching of GP followed by hybridization with Ag NWs)
networks, as illustrated in Figure 1A [9,11]. First, CVD-grown polycrystalline GP on a copper (Cu)
substrate was covered by poly(methyl methacrylate) (PMMA), acting as a carrier and a protection
layer during the etching. The Cu layer in the Cu/GP/PMMA multilayer was then removed by FeCl3
etchant (Figure 1A: a→b). After Cu removal, the bottom of polycrystalline GP/PMMA bilayer was
etched by placing the film on an etchant solution (HNO3) with a controlled concentration and time
to form irregular patterns on GP (Figure 1A: b→c). The initial line defect patterns were formed
beneath on polycrystalline GP/PMMA by the bottom-chemical etching under a relatively low etchant
concentration (<1.5 M), inducing separation of grains (Figure 1A: c→d). Further grain separations
beneath on GP/PMMA took place under a higher etchant concentration (1.5–5 M) (Figure 1A: d→e).
As-isolated grains from others were formed on GP/PMMA after long etching time (>10 min) or under
higher etchant concentration (>5 M). That is, collection of isolated grains of GP resulted in patterned
GP mesh with irregular patterns. After chemical etching, GP mesh/PMMA was transferred onto a
plastic substrate (polyethylene terephthalate; PET) followed by removal of the PMMA layer by acetone
washing/rinsing, resulting in GP mesh on a PET substrate (Figure 1A: e→f). Then, the flexible hybrid
conductor of Ag NW networks and GP mesh were formed by bar-coating of Ag NW solution on
GP mesh/PET (Figure 1A: f→g). The hybrid conductor (Ag NW/GP mesh) films had a high optical
transmittance (TT: 97.4%; 90.5% including the PET substrate) with a moderate conductivity (sheet
resistance, Rs = 800 Ω/sq.). Note that the Rs and TT can be regulated by judicious control of precursor
concentration and etching conditions.

Figure 1B displays the optical/electronic microscopic or digital photographic images of GP mesh
(Figure 1B-a) and its hybrid conductors of Ag NW-GP mesh (Figure 1B-b,c). All insets (Figure 1B-a,b)
included in optical microscopic (OM) figures are the corresponding digital images of the conductor
films of patterned GP mesh and its hybrid with Ag NW, respectively. Figure 1B-a,b displays the OM
image of irregularly patterned GP mesh by HNO3 etchant and its hybrid conductor of Ag NW and
GP mesh. Note that, although pristine polycrystalline GP before etch-patterning shows a smooth
surface with a little line defect yet noticeable splits (Figure S1), GP mesh shows many obviously visible
splits from removed grains after etch-patterning (Figure 1B-a). Then, as observed by scanning electron
microscopy (SEM), a hybrid conductor of Ag NW and GP mesh (Figure 1B-b) exhibits a clear network
of Ag NWs formed on the irregular patterned GP mesh. Figure 1B-c displays the digital photograph of
the hybrid conductor of Ag NWs and patterned GP mesh on a plastic substrate (PET), exhibiting high
flexibility and optical transparency.
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Figure 1. (A) schematic illustration for preparation of irregularly patterned GP mesh and its hybrid
with Ag NWs (Ag NW-GP mesh hybrid). (a) polycrystalline GP prepared by chemical vapor deposition
method, (b) PMMA coated pristine polycrystalline GP floated on chemical etchant, (c) formation of
line defect by chemical etchant on the GP, (d) more line defects formation leading to the etched grain
boundary of GP, (e) formation of irregularly patterned GP mesh of separated GP grains, (f) as-formed
irregularly patterned GP mesh transferred on substrate, (g) hybrid conductor film of Ag NW and
patterned GP mesh; (B) morphology of conductors: (a) optical image of irregularly patterned GP mesh
(HNO3) by OM, (b) electron image of an Ag NW hybrid with irregularly patterned GP mesh (HNO3)
by SEM, (c) digital-photo image of transparent conductive film of Ag NW-GP mesh hybrid.

Figure 2 compares the X-ray photoelectron (XPS, Figure 2a–c) and Raman spectroscopic (Figure 2d)
information of the pristine GP and patterned GP mesh with HNO3 etching (10M, 10 min). Figure 2a–c
show the XPS results for nitrogen 1s (N1s), oxygen 1s (O1s) and carbon 1s (C1s) signals, respectively.
These N1s and O1s peaks were not present in the pristine GP but detected after etching while the
C1s signals are present both in pristine GP and patterned GP mesh. In Figure 2a, N1 signals were
analyzed by deconvolution of XPS curves through the Gaussian fitting. We found three peaks at
406.2 eV (NOx bond), 401.1 eV (N-H (or pyrrolic bond)), and 399.2 eV (C-N (pyridinic bond)) [9,37–39].
As-assigned peaks suggest the chemical doping of GP mesh with etchant (HNO3), considering the
various nitrogen related bonding formations including NOx, pyrrolic, and pyridinic bonds [9,37–39].
As displayed in Figure 2b, O1s peaks (532.1 eV) are observed only in GP mesh, indicating the presence
of chemical dopant (NOx) on the GP mesh. Figure 2c compares the XPS C1s of pristine GP and GP mesh.
The shift of the C1 peak position (or binding energy) from pristine GP (283.5 eV) to GP mesh (284 eV)
suggests the partial oxidation of carbon by chemical etching with HNO3 [3,9]. Figure 2d compares the
Raman spectra of the pristine GP and patterned GP mesh to investigate the chemical etching effects on
GP mesh. As displayed in the spectra, blue shifts of both G and 2D peaks are observed in patterned GP
mesh; the G-band (1586 cm−1) in the pristine GP shifted to a new position (1597 cm−1) in GP mesh by
11 cm−1 by HNO3 etching. Such a blue shift (upward shift) of G-band upon etching is attributable to
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the phonon stiffening by HNO3 induced charge extraction [9,39]. In addition, consistent with the XPS
results, the Raman shift in the 2D-peak from 2649 to 2654 cm−1 for GP mesh is observed due to the
nitrogen doping on GP mesh [9,37–39].
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Figure 2. Structural analyses of irregularly patterned GP mesh and pristine GP by chemical etchants
(treatment: 5 M HNO3 for 10 min) X-ray Photoelectron Spectroscopy (XPS) of pristine and patterned
GP meshes by etch-patterning (a) N1s, (b) O1s, (c) C1s; Raman spectroscopy of pristine and GP meshes
before and after etch-patterning, (d) D and G band of pristine and patterned GP mesh.

3.2. Electro-Optical and Mechano-Electric Characteristics of Conducting Films

We systematically investigated the effect of etching condition (etchant concentration and treatment
time) on the morphology of GP meshes. Figure 3 shows morphological changes of irregularly
patterned GP meshes treated with chemical etchant (HNO3) by displaying their optical microscopic
images at various treatment time (Figure 3A; 0–180 min) and concentrations (Figure 3B; 0–20 M) of
chemical etchant.

Figure 3A display the optical microscopic (OM) images of patterned GP meshes formed by HNO3

(10 M) obtained at various etchant treatment time (0–180 min). In the initial stage of etching (<1 min),
there are only dimmed grain boundaries visible in the pristine polycrystalline GP (Figure 3A-a) while
formation of many etched points are observed at short treatment time (1 min, Figure 3A-b). After
elongated treatment (>5 min), however, many line defects of GP grain boundaries are observed
(Figure 3A-c–f). As-formed line defects are intensified with elongated treatment time (>10 min) until
severe separation of grains (grain island) and formation of secondary line defects in the grain islands
(Figure 3A-f). Note that all the GP meshes show similar pattern morphology under the circumstance of
any range of treatment time (>10 min) with the etchant of 10 M HNO3. As shown in Figure 3B, various
pattern shapes are formed at different concentrations of etchant (0.1–20 M) at fixed treatment time
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(10 min). Similar to the result of treatment time effect on the morphologies in Figure 3A, there were
no noticeable line defects formed at low etchant concentration (<0.5 M; Figure 3B-a,b). However,
it begins to show isolated grains (or more intensified grain boundaries) on GP at higher etchant
concentration (>5 M), forming irregularly patterned GP meshes (Figure 3A-c–f). We found that isolated
grain patterns of GP mesh are formed at higher etchant concentration (>10 M), indicating accelerated
defect formations on polycrystalline GP by a higher dose of etchant treatment.
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Overall, considering the relationship between etching condition (concentration and treatment
time) and pattern morphologies of GP mesh, the interaction between etching chemicals and grain
boundary of GP plays a crucial role to determine the morphology of GP mesh such as the pattern
size, etched grain number, and etching direction. Interestingly, thanks to such irregular pattern of GP
mesh, our GP mesh does not have superimposed visual interference, a so-called Moiré effect, possibly
leading to enhanced image resolution of display devices.
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As shown in Figure 4, assuming the enhanced electrical and optical properties of the GP mesh
by suitable treatment, we further investigated the effect of etching condition (HNO3 concentration
and treatment time) on the optical (Figure 4a,b) and electrical properties (Figure 4c,d) of GP meshes.
Figure 4a,b display that the optical transmittance (TT) of the GP mesh as a function of etchant
concentration (Figure 4a) and treatment time (Figure 4b). Figure 4a displays that the TT of GP mesh
increases linearly with the etchant concentration (0–10 M), suggesting more vacant space (or emptied
space among the grains) formation on GP mesh at higher concentration. As shown in Figure 4b,
although there is some enhancement of TT of GP mesh by the elongated treatment for the short time
range (0–10 min), the TT of GP meshes do not change much after certain etching time (>40 min). That is,
in the comparative optical characterization of GP mesh, we found that the concentrated etchant can
more effectively enhance the TT of GP mesh than that of the etching time does under constant etchant
concentration. We also evaluate the effect of etching concentration (Figure 4c) and treatment time
(Figure 4d) on the electrical properties (conductivity) of the GP meshes. As shown in Figure 4c, the sheet
resistance (Rs) of GP mesh increased almost proportional to the etchant concentration (0–10 M) owing
to the disturbance of charge-transport pathways by GP grain boundaries (or enhanced line defects).
However, under low concentration range of HNO3 (<2 M) and short treatment time (<30 min), GP mesh
shows reduced resistance (enhanced conductivity), attributable to the more HNO3 doping effect on the
GP mesh rather than disturbed charge transport. Figure 4d displays the electrical conductivity of GP
mesh as a function of treatment time, suggesting the increased Rs of GP meshes treated with HNO3 by
elongated etching time under same concentration, owing to the disconnected grains under elongated
treatment time.
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Figure 4. Optical and electrical properties of irregularly patterned GP meshes prepared by chemical
etchant (HNO3); plot of optical transmittance (%) measured at 550 nm as a function of (a) HNO3

concentration and (b) HNO3 treatment time; electrical conductivity (sheet resistance, Ω/sq.) of
irregularly patterned GP meshes prepared by chemical etchant (HNO3); plot of sheet resistance (Ω/sq.)
of irregularly patterned GP meshes as a function of (c) etchant (HNO3) concentration and (d) etchant
(HNO3) treatment time.
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Overall, in the optical and electrical characterization of GP mesh, the transmittance and
conductivity (sheet resistance) of GP meshes can be regulated by etchant concentration and treatment
time as such conditions can affect the vacant space formation and grain connections (electrical pathway
among grains) of GP meshes.

Figure 5 displays the optical (Figure 5a) and electrical (Figure 5b) properties and morphologies
(Figure 5b,c) of the hybrid conductor of Ag NW and GP mesh. As displayed in the TT plot of hybrid
conductor and Ag NW as a function of etchant concentrations at constant treatment time (10 min)
(Figure 5a), the TT of hybrid conductor increases proportional to the etchant (HNO3) concentration.
Such a high dependence of etchant concentration of hybrid on their TT is attributable to more formation
of voids (or defective vacant spaces) by using higher concentration etchants (HNO3), consistent with
the result of TT vs. etchant concentration of GP meshes (Figure 4a). Figure 5b displays higher electrical
conductivity (∆Rs: 22%) of hybrid conductor than that of control (Ag NW), suggesting the synergic
electrical percolating effect of hybrid conductor by convolution of electrical pathways of Ag NW
network and GP meshes. Figure 5c,d display the morphologies of hybrid conductors of Ag NW and
GP meshes obtained by photo-microscopy (Figure 5c) and SEM (Figure 5d). As shown in dashed circle
of microscopic photo-image (Figure 5c), pattern morphology of hybrid conductor is retained without
destruction of GP mesh structure after hybridization with Ag NW. In the enlarged image of hybrid
conductor by scanning electron microscopy (SEM) (Figure 5d), the void area of GP meshes under Ag
NW networks is clearly visible, indicating the retained mesh pattern of GP.
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Figure 5. Optical and morphological characterization of Ag NW-GP mesh hybrid. (a) optical
transmittance and (b) electrical conductivity of Ag NW-GP mesh hybrid; morphologies of Ag NW-GP
mesh hybrid (c) global image of GP mesh in the hybrid by photo-microscopy, (d) magnified electronic
image of hybrid conductor by SEM.

Figure 6 compares the mechano-electric stability of conductors (Ag NW, Ag NW-GP hybrid
and Ag NW-GP mesh hybrid) by measuring the resistivity changes (∆R/Ro) under repeated bending
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conditions at 1 mm bending radius (1R, 6.7% strain) up to 200,000 (200k) cycles. Before the cyclic
bending fatigue test, the electrical conductivities (resistivity) of Ag NW, Ag NW-GP hybrid, and Ag
NW-GP mesh hybrid are 134.4-Ω, 128.7-Ω, and 129.5-Ω, respectively. After the cycles, a difference
of the linear resistance (∆R) between the initial (Ro, before cycles) and final resistance (R200,000, after
200,000 cycles) for conductors are measured as a function of bending cycles. Noticeably, our hybrid
conductor (Ag NW-GP mesh) exhibits superior bending stability (or reduced resistance change (∆R/Ro)
of 42.4% after 200k cycles) to that of control conductors (Ag NW (∆R/Ro: ~293% at 200k cycles),
Ag NW-pristine GP hybrid (∆R/Ro: ~121% at 200k cycles)) under repetitive bending cycles. Such an
enhanced mechano-electric stability of our hybrid can be attributed to (i) combined electronic path
formation with Ag NWs and GP mesh, (ii) elastic nature of Ag NW, and (iii) better interaction with Ag
NW with substrate by unique mesh structure [9,11,40,41].
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pristine GP hybrid (Ag NW-GP hybrid) and Ag NW-irregularly patterned GP mesh hybrid (Ag NW-GP
mesh hybrid).

In the comparison of mechano-electric characteristics, we can observe the enhanced
mechano-electric stability of hybrid conductor to Ag NW network owing to provided auxiliary local
electron transport pathways by GP layer (pristine and patterned GP). Note that the Ag NW-GP mesh
hybrid exhibits superior mechano-electric stability to that of Ag NW-GP hybrid using non-patterned
pristine GP, attributable to the alleviated detachment of Ag NW and GP mesh layers. Specifically,
filled space between Ag NW and GP mesh thus reduces deformation and resistance of the Ag NW
network. That is, considering internal friction induced mechanical instability of hybrid conductor
caused by poor adhesion of GP on Ag NWs during the repetitive folding and stretching, void spaces
on GP mesh could effectively enhance the mechanical strength of hybrid conductor by preventing
sliding/detachment of hybrid conductor from the substrate [11].

4. Conclusions

In summary, we prepared a hybrid conductor of Ag NW and irregularly patterned graphene (GP)
mesh through the simple and scalable processes of chemical etching and solution coating. For the
hybrid conductor preparation, the irregularly patterned GP mesh was prepared via the separation
of grains in the polycrystalline GP by utilizing the vulnerable nature of grain boundary to acidic
chemical etchant (HNO3). The hybrid conductor of Ag NW and irregularly patterned GP mesh, then,
was constructed on flexible supports (i.e., plastic substrates) through subsequent film transfer and Ag
NW hybridizations.
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Our unique structure of Ag NW and GP mesh hybrid endows us with the following advantages
as described below:

1. Facile and simplified fabrication process: The hybrid conductor of Ag NW-irregularly patterned
GP meshes on various flexible plastic substrates can be prepared via simple and facile chemical
etching and solution deposition process without using complicated vacuum technology process.

2. Tunable pattern shape and size: The shape and size of patterned GP mesh can be judiciously
regulated by controlling the concentration and treatment time of etchant chemicals.

3. Controllable electrical-optical properties: The optical transmittance and electrical conductivity
of the GP mesh can be regulated by the concentration and treatment time of chemical etchant
(HNO3). Judicious control of etching condition allows the enhanced optical transmittance and
controlled conductivity of the hybrid conductor.

4. Prevented Moiré effect: In contrast to conventional GP mesh containing regular array patterns,
GP mesh with irregular patterns can prevent the Moiré phenomena, allowing high resolution
display image in the flexible TCE.

5. Enhanced mechano-electric stability: A hybrid conductor of Ag NW and GP mesh exhibits
enhanced mechano-electric stability (∆R/Ro: 42.4% at 200k cycles) at elongated bending/unbending
cycles under 1R curvature (6.7% strain), superior to that of controls (Ag NW and Ag NW-pristine
GP hybrid). Such an improved bending stability of our hybrid conductor can be ascribed to
(i) combined electronic pathway formation among Ag NWs and GP mesh, (ii) elastic nature of Ag
NW, and (iii) enhanced adhesion with Ag NW with substrate caused by GP mesh.

As demonstrated in this report, we believe that our hybrid conductor prepared with chemical
etching-solution deposition process can be an effective and practical TCE candidate for flexible
electronic devices [8,9,11,41]. Considering various chemical etchants and flexible substrate candidates,
the improved physico-chemical property of our conductor and process feasibility can be expected,
and it is still underway to further enhance their device performance.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-666X/11/6/578/s1,
Figure S1: Digital photo-image of pristine graphene nanosheet.

Author Contributions: H.S. conceived the idea and performed the basic study. H.S. wrote the manuscript with
technical support from T.L., W.H.S., D.S. C.P., J.-M.O. S.Y.K. and A.S. All authors discussed the results and
commented on the manuscript. All authors have read and agreed to the published version of the manuscript.

Funding: This research was supported by a research grant from Kwangwoon University. Additionally, this research
was supported by the Nano-Material Technology Development Program through the National Research Foundation
of Korea (NRF), funded by the Ministry of Science, ICT and Future Planning (2009-0082580). It was also
supported by an NRF grant funded by the Korean government (MSIT) (No. NRF-2018R1C1B5033164 and
NRF-2020R1F1A1065536).

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design of the
study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to
publish the results.

References

1. Hecht, D.S.; Hu, L.; Irvin, G. Emerging Transparent Electrodes Based on Thin Films of Carbon Nanotubes,
Graphene, and Metallic Nanostructures. Adv. Mater. 2011, 23, 1482–1513.

2. Kumar, A.; Zhou, C. The Race to Replace Tin-Doped Indium Oxide: Which Material Will Win? ACS Nano
2010, 4, 11–14.

3. Sohn, H.; Kim, S.Y.; Shin, W.; Lee, J.M.; Moon, K.-S.; Lee, H.; Yun, D.-J.; Han, I.T.; Kwak, C.; Hwang, S.-J. Novel
Flexible Transparent Conductive Films with Enhanced Chemical and Electro-Mechanical Sustainability:
TiO2 Nanosheet-Ag Nanowire Hybrid. ACS Appl. Mater. Interfaces 2018, 10, 2688–2700.

4. Sohn, H.; Park, C.; Oh, J.-M.; Kang, S.W.; Kim, M.-J. Silver Nanowire Networks: Mechano-Electric Properties
and Applications. Materials 2019, 12, 2526. [CrossRef]

http://www.mdpi.com/2072-666X/11/6/578/s1
http://dx.doi.org/10.3390/ma12162526


Micromachines 2020, 11, 578 12 of 13

5. Hwang, C.; An, J.; Choi, B.D.; Kim, K.; Jung, S.-W.; Baeg, K.-J.; Kim, M.-G.; Ok, K.M.; Hong, J. Controlled
Aqueous Synthesis of Ultra-Long Copper Nanowires for Stretchable Transparent Conducting Electrode.
J. Mater. Chem. C 2016, 4, 1441–1447.

6. Yu, L.P.; Shearer, C.; Shapter, J. Recent Development of Carbon Nanotube Transparent Conductive Films.
Chem. Rev. 2016, 116, 13413–13453.

7. Liu, B.; Li, C.; Liu, Q.-L.; Dong, J.; Guo, C.-W.; Wu, H.; Zhou, H.-Y.; Fan, X.-J.; Guo, X.; Wang, C.; et al. Hybrid
film of Silver Nanowires and Carbon Nanotubes as a Transparent Conductive Layer in Light-Emitting
Diodes. Appl. Phys. Lett. 2015, 106, 033101. [CrossRef]

8. Liang, J.; Li, L.; Tong, K.; Ren, Z.; Hu, W.; Niu, X.; Chen, Y.; Pei, Q. Silver Nanowire Percolation Network
Soldered with Graphene Oxide at Room Temperature and Its Application for Fully Stretchable Polymer
Light-Emitting Diodes. ACS Nano 2014, 8, 1590–1600.

9. Sohn, H.; Woo, Y.S.; Shin, W.; Yun, D.-J.; Lee, T.; Kim, F.S.; Hwang, J. Novel Transparent Conductor with
Enhanced Conductivity: Hybrid of Silver Nanowires and Dual-Doped Graphene. Appl. Surf. Sci. 2017, 419,
63–69.

10. Lee, H.; Kim, I.; Kim, M.; Lee, H. Moving Beyond Flexible to Stretchable Conductive Electrodes using Metal
Nanowires and Graphenes. Nanoscale 2016, 8, 1789–1822.

11. Cho, E.H.; Kim, M.-J.; Sohn, H.; Shin, W.H.; Won, J.Y.; Kim, Y.; Kwak, C.; Lee, C.S.; Woo, Y.S. A Graphene
Mesh as a Hybrid Electrode for Foldable Devices. Nanoscale 2018, 10, 628–638. [CrossRef]

12. Guenes, F.; Han, G.H.; Kim, K.K.; Kim, E.S.; Chae, S.J.; Park, M.H.; Jeong, H.-K.; Lim, S.C.; Lee, Y.H.
Large-Area Graphene-based Flexible Transparent Conducting Films. Nano 2009, 4, 83–90. [CrossRef]

13. Feng, J.; Li, W.; Qian, X.; Qi, J.; Qi, L.; Li, J. Patterning of graphene. Nanoscale 2012, 4, 4883–4899. [CrossRef]
14. Shukla, S.; Kang, S.-Y.; Saxena, S. Synthesis and patterning of Graphene: Strategies and Prospects. Appl. Phys.

Rev. 2019, 6, 021311. [CrossRef]
15. Cagliani, A.; Lindvall, N.; Larsen, M.B.B.S.; Mackenzie, D.M.A.; Jensen, B.; Booth, T.J.; Bøggild, P.

Defect/Oxygen Assisted Direct Write Technique for Nanopatterning Graphene. Nanoscale 2015, 7, 6271–6277.
[CrossRef]

16. Melinte, G.; Moldovan, S.; Hirlimann, C.; Baaziz, W.; Bégin-Colin, S.; Pham-Huu, C.; Ersen, O. Catalytic
Nanopatterning of Few-Layer Graphene. ACS Catal. 2017, 7, 5941–5949. [CrossRef]

17. Bell, D.C.; Lemme, M.C.; Stern, L.A.; Williams, J.R.; Marcus, C.M. Precision Cutting and Patterning of
Graphene with Helium Ions. Nanotechnology 2009, 20, 455301. [CrossRef]

18. Ding, J.; Du, K.; Wathuthanthri, I.; Choi, C.-H.; Fisher, F.T.; Yang, E.-H. Transfer Patterning of Large-Area
Graphene Nanomesh via Holographic Lithography and Plasma Etching. J. Vac. Sci. Technol. B 2014, 32, FF01.
[CrossRef]

19. Mashiyama, D.; Tobe, T.; Ogino, T. Nanopatterning of Suspended Graphene Films by Local Catalytic Etching
Using Atomic Force Microscopy Equipped with an Ag-coated Probe. J. Phys. Chem. C 2015, 119, 11914–11921.
[CrossRef]

20. Hong, B.H.; Han, J.H. Patterning Method of Graphene using Hot Embossing Imprinting. Korean Patent
KR10-1571317, 8 May 2018.

21. Vicarelli, L.; Heerema, S.J.; Dekker, C.; Zandbergen, H.W. Controlling Defects in Graphene for Optimizing
the Electrical Properties of Graphene Nanodevices. ACS Nano 2015, 9, 3428–3435. [CrossRef]

22. Sommer, B.; Sonntag, J.; Ganczarczyk, A.; Braam, D.; Prinz, G.; Lorke, A.; Geller, M. Electron-Beam Induced
Nano-Etching of Suspended Graphene. Sci. Rep. 2015, 5, 7781–7785. [CrossRef]

23. Kumar, P.; Subrahmanyam, K.S.; Rao, C.N.R. Graphene Patterning and Lithography Employing
Laser/Electron-Beam Reduced Graphene Oxide and Hydrogenated Graphene. Mater. Exp. 2011, 1,
252–256. [CrossRef]

24. Climent-Pascual, E.; Garcia-Velez, M.; Alvarez, A.L.; Coya, C.; Munuera, C.; Diez-Betriu, X.;
Garcia-Hernandez, M.; de Andres, A. Large Area Graphene and Graphene Oxide Patterning and
Nanographene Fabrication by One-step Lithography. Carbon 2015, 90, 110–121. [CrossRef]

25. Zhu, S.; Huang, Y.; Li, T. Extremely Compliant and Highly Stretchable Patterned Graphene. Appl. Phys. Lett.
2014, 104, 173103. [CrossRef]

26. Pérez-Mas, A.M.; Álvarez, P.; Campos, N.; Gómez, D.; Menéndez, R. Graphene patterning by Nanosecond
Laser Ablation: The Effect of the Substrate Interaction with Graphene. J. Phys. D Appl. Phys. 2016, 49, 305301.
[CrossRef]

http://dx.doi.org/10.1063/1.4906351
http://dx.doi.org/10.1039/C7NR07086A
http://dx.doi.org/10.1142/S1793292009001538
http://dx.doi.org/10.1039/c2nr30790a
http://dx.doi.org/10.1063/1.5055624
http://dx.doi.org/10.1039/C4NR07585D
http://dx.doi.org/10.1021/acscatal.7b01777
http://dx.doi.org/10.1088/0957-4484/20/45/455301
http://dx.doi.org/10.1116/1.4895667
http://dx.doi.org/10.1021/acs.jpcc.5b00884
http://dx.doi.org/10.1021/acsnano.5b01762
http://dx.doi.org/10.1038/srep07781
http://dx.doi.org/10.1166/mex.2011.1024
http://dx.doi.org/10.1016/j.carbon.2015.04.018
http://dx.doi.org/10.1063/1.4874337
http://dx.doi.org/10.1088/0022-3727/49/30/305301


Micromachines 2020, 11, 578 13 of 13

27. Erps, J.V.; Ciuk, T.; Pasternak, I.; Krajewska, A.; Strupinski, W.; Put, S.V.; Steenberge, G.V.; Baert, K.;
Terryn, H.; Thienpont, H.; et al. Laser Ablation- and Plasma Etching-based Patterning of Graphene on
Silicon-On-Insulator Waveguides. Opt. Exp. 2015, 23, 026639–026650. [CrossRef]

28. Xu, Q.; Wu, M.-Y.; Schneider, G.F.; Houben, L.; Malladi, S.K.; Dekker, C.; Yucelen, E.; Dunin-Borkowski, R.E.;
Zandbergen, H.W. Controllable Atomic Scale Patterning of Freestanding Monolayer Graphene at Elevated
Temperature. ACS Nano 2013, 7, 1566–1572. [CrossRef]

29. Kim, K.S.; Zhao, Y.; Jang, H.; Lee, S.Y.; Kim, J.M.; Kim, K.S.; Ahn, J.-H.; Kim, P.; Choi, J.-Y.; Hong, B.H.
Large-Scale Pattern Growth of Graphene Films for Stretchable Transparent Electrodes. Nature 2009, 457,
706–710. [CrossRef]

30. Jin, Z.; Sun, W.; Ke, Y.; Shih, C.-J.; Paulus, G.L.C.; Wang, Q.H.; Mu, B.; Yin, P.; Strano, M.S. Metallized DNA
Nanolithography for Encoding and Transferring Spatial Information for Graphene Patterning. Nat. Commun.
2013, 4, 1663–1671. [CrossRef]

31. Dimiev, A.; Kosynkin, D.V.; Sinitskii, A.; Slesarev, A.; Sun, Z.; Tour, J.M. Layer-by-Layer Removal of Graphene
for Device Patterning. Science 2011, 331, 1168–1172. [CrossRef]

32. Zhang, L.; Diao, S.; Nie, Y.; Yan, K.; Liu, N.; Dai, B.; Xie, Q.; Reina, A.; Kong, J.; Liu, Z. Photocatalytic
Patterning and Modification of Graphene. J. Am. Chem. Soc. 2011, 133, 2706–2713. [CrossRef]

33. Choi, D.; Kuru, C.; Choi, C.; Noh, K.; Hong, S.-K.; Das, S.; Choi, W.; Jin, S. Nanopatterned Graphene
Field Effect Transistor Fabricated Using Block Co-polymer Lithography. Mater. Res. Lett. 2014, 2, 131–139.
[CrossRef]

34. Jin, C.; Olsen, B.C.; Luber, E.J.; Buriak, J.M. Preferential Alignment of Incommensurate Block Copolymer Dot
Arrays Forming Moireé Superstructures. ACS Nano 2017, 11, 3237–3246. [CrossRef]

35. Yoon, J.-W.; Park, Y.-G.; Park, C.-J.; Kim, D.-I.; Lee, J.-H.; Chung, N.-K.; Choe, B.-Y.; Suh, T.-S.; Lee, H.-K.
Reduction of a Grid Moiré Pattern by Integrating a Carbon-Interspaced High Precision x-ray Grid with a
Digital Radiographic Detector. Med. Phys. 2007, 34, 4092–4097. [CrossRef]

36. Trung, T.N.; Kim, D.-O.; Kim, E.-T. Direct and Self-Selective Synthesis of Ag Nanowires on Patterned
Graphene. RSC Adv. 2017, 7, 17325–17331. [CrossRef]

37. Li, X.; Xie, D.; Park, H.; Zhu, M.; Zeng, T.H.; Wang, K.; Wei, J.; Wu, D.; Kong, J.; Zhu, H. Ion Doping of
Graphene for High-Efficiency Heterojunction Solar Cells. Nanoscale 2013, 5, 1945–1948. [CrossRef]

38. Das, S.; Sudhagar, P.; Ito, E.; Lee, D.-Y.; Nagarajan, S.; Lee, S.Y.; Kang, Y.S.; Choi, W. Effect of HNO3
Functionalization on Large Scale Graphene for Enhanced Tri-iodide Reduction in Dye-Sensitized Solar Cells.
J. Mater. Chem. 2012, 22, 20490–20497. [CrossRef]

39. Bae, S.; Kim, H.; Lee, Y.; Xu, X.; Park, J.-S.; Zheng, Y.; Balakrishnan, J.; Lei, T.; Kim, H.R.; Song, Y.I.; et al.
Roll-to-roll Production of 30-inch Graphene Films for Transparent Electrodes. Nat. Nanotech. 2010, 5, 574–578.
[CrossRef]

40. Li, T.-T.; Zhong, Y.; Yan, M.; Zhou, W.; Xu, W.; Huang, S.-Y.; Sun, F.; Lou, C.-W.; Lin, J.-H. Synergistic Effect
and Characterization of Graphene/Carbon Nanotubes/Polyvinyl Alcohol/Sodium Alginate Nanofibrous
Membranes Formed Using Continuous Needleless Dynamic Linear Electrospinning. Nanomaterials 2019, 9,
714. [CrossRef]

41. Lee, M.-S.; Kim, J.; Park, J.; Park, J.-U. Studies on the Mechanical Stretchability of Transparent Conductive
Film based on Graphene-Metal Nanowire Structures. Nano Res. Lett. 2015, 10, 27–35. [CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1364/OE.23.026639
http://dx.doi.org/10.1021/nn3053582
http://dx.doi.org/10.1038/nature07719
http://dx.doi.org/10.1038/ncomms2690
http://dx.doi.org/10.1126/science.1199183
http://dx.doi.org/10.1021/ja109934b
http://dx.doi.org/10.1080/21663831.2013.876676
http://dx.doi.org/10.1021/acsnano.7b00322
http://dx.doi.org/10.1118/1.2775743
http://dx.doi.org/10.1039/C6RA28389F
http://dx.doi.org/10.1039/c2nr33795a
http://dx.doi.org/10.1039/c2jm32481d
http://dx.doi.org/10.1038/nnano.2010.132
http://dx.doi.org/10.3390/nano9050714
http://dx.doi.org/10.1186/s11671-015-0748-z
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Material Syntheses 
	Material Characterizations 
	Mechano-Electric Characterization 

	Results and Discussion 
	The Hybrid Conductor of Ag NW and Irregularly Patterned GP Mesh 
	Electro-Optical and Mechano-Electric Characteristics of Conducting Films 

	Conclusions 
	References

