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ABSTRACT

Copper nanowires (CuNWs), with excellent electronic properties and high cost-effectiveness, have tremendous
potential in the field of transparent conductive electrodes for flexible electronics, large touch screen display and
triboelectric energy harvesters, while their vulnerability to oxidation in air has impeded possible practical ap-
plications. Fortunately, it has been recognized that graphene encapsulation of CuNWs is capable of protecting
CuNWs. However, neither self-assembled reduced graphene oxide nor chemical vapor deposition-grown poly-
crystalline graphene coatings can guarantee full protection to CuNWs, due to their ubiquitous voids, grain
boundaries and wrinkles that allow water and oxygen molecules to pass through and result in the accelerated
electrochemical corrosion at the graphene-copper interface, especially under folding conditions. Herein, we
demonstrate a sandwich-structured single-crystal graphene/copper nanowire network/UV-curable resin (SCG/
CuNW/UVR) composite film with ultrahigh electronic performance stability. The SCG/CuNW/UVR electrode
exhibits a good optical and electrical performance (~19 Q sq~! under 84.3% transmittance), excellent me-
chanical robust and remarkably high oxidation resistance (AR/Rg < 0.2 within 180 days), in sharp contrast with
the bare CuNWs (AR/Rq > 1 after 1 day) and polycrystalline graphene-covered CuNWs counterparts (AR/Rg > 1
after 7 days). Furthermore, the SCG/CuNW/UVR electrodes can replace indium tin oxide (ITO) electrodes to
construct the triboelectric nanogenerators (TENG) and quantum dot light emitting diodes (QLED), comparable to
the flexible commercial ITO counterparts. The fabrication of such high-performance SCG/CuNW/UVR electrode
is facile to be scaled-up with low cost, providing the feasibility for industrial applications of flexible ITO-free
electronic and optoelectronic devices.

1. Introduction

production cost [4,5]. Therefore, tremendous efforts have been made to
exploit novel TCE materials such as metal nanowires [6-12], graphene

Emerging technologies for flexible, smart and wearable energy de-
vices raise a high demand on transparent conductive electrodes (TCEs)
[1-3]. Indium tin oxide (ITO) as a most common transparent electrode
material is facing a gradual shrinking space in the applications of flex-
ible display, touch screen, light emitting diodes and triboelectric energy
generators, etc, because of its intrinsic brittleness, toxicity and rising
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[13-15], carbon nanotubes [16-18] and conductive polymers [19,20] in
the recent years. Silver nanowires with excellent conductive perfor-
mance and mechanical flexibility have become an alternative candidate
for ITO [21-24], but they are very expensive due to the scarcity of the
mineral resources. Copper nanowires (CuNWs) have comparable elec-
trical conductivity (94.6% of Ag) but more significant economic benefits
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(1000-times more abundant and 9% price of Ag) [25,26]. However, the
severe Cu oxidation in air, causing rough surface and degraded electrical
conductivity of CuNWs, has impeded their practical applications in
TCEs.

In order to prevent Cu oxidation, most of the researches have been
focused on encapsulation of CuNWs with diverse coatings such as
metals, polymers, oxides, amorphous carbon [27-29], etc. Nevertheless,
such surface passivation coatings could decrease the transmission and
conductivity of the CUNW network, due to the intrinsic light absorption
or scattering, as well as the enhanced electron-surface scattering and
contact resistance of CuNWs. Graphene has naturally stimulated the
interests in transparent electrodes because of its ultrahigh conductivity,
excellent optical properties, as well as high chemical impermeability
[30-34]. The critical role of graphene integrated with CuNWs is not only
to serve as a transparent conductor but also to protect Cu from harsh
environments [35-37]. In this context, reduced graphene oxide (rGO)
sheet and polycrystalline graphene (PG) films grown by chemical vapor
deposition (CVD) method have been applied to cover the CuNWs to
improve their stability [38-41]. Unfortunately, both solution-processed
rGO sheets and CVD-grown graphene layers are generally of abundant
voids and intrinsic defects such as domain boundaries, vacancies and
wrinkles [37,42]. These voids and defects allow small corrosive mole-
cules (e. g. O2 and Hy0) to penetrate through and thus result in the
oxidation of CuNWs and the increase of their junction resistance.

Unlike rGO and polycrystalline graphene, single-crystal graphene
(SCG) is highly impermeable, conductive and strong owing to its nearly
perfect lattice. Large-area SCG films have been epitaxially grown on Cu
(111) substrate by CVD method [43-46]. However, to date the
high-efficiency transfer of SCG onto the rough and porous surface of
CuNW network remains inaccessible. Herein, we prepared a
SCG-stabilized CuNW network electrode by a layer-by-layer (LbL)
coating approach, which includes: (i) the large-area SCG film was grown
on single-crystal Cu(111) transformed from industrial polycrystalline Cu
foils; (ii) the sandwich-structured graphene/CuNW/resin composite film
was prepared by spray coating of CuNWs on SCG film, followed by a
blade coating of UV-cured resin (UVR, Norland NOA 63); (iii) the Cu foil
was etched via wet chemistry method. The LbL coating technique can
avoid the extra defects and even micro-cracks of graphene. The SCG
cover is capable of isolating CuNWs from the Cu etching solution to
retain the intact sandwich structure of SCG/CuNW/UVR. Also, the
embedding of CuNWs in UVR can reduce shape fluctuation and build an
ultra-smooth uniform surface of SCG/CuNW/UVR electrodes. As a
proof-of-principle, the SCG/CuNW/UVR TCEs showed excellent
conductive-transparent properties (comparable to ITO electrode) and
mechanical robust, as well as high anti-oxidation stability (AR/Rg < 0.2
within 180 days) and acid corrosion resistance. By employing the
SCG/CuNW/UVR films as the transparent electrodes, furthermore, the
flexible triboelectric nanogenerators (TENG) and quantum dot light
emitting diodes (QLED) were successfully demonstrated, respectively.

2. Experimental method
2.1. Synthesis of copper nanowires

In a typical synthetic process of CuNWs, cupric chloride dehydrate
(Aladdin, 99.99%), 1-hexadecylamine (Aladdin, 90%) and glucose
(Kermel) were dissolved in deionized water and stirred for 8 h at room
temperature to obtain a blue emulsion. The homogeneous emulsion was
then transferred into a Teflon-lined autoclave and kept at 120 °C for 18
h. After reaction, chloroform was added to the as-synthesized reddish
brown solution at the volume ratio of 3:1 to extract CuNWs. The red
brown precipitation was separated from chloroform by centrifugation at
6000 rpm and re-dispersed in the solution of polyvinylpyrrolidone (PVP)
(Aladdin, M,y = 58000) in ethanol or isopropanol. To remove excess PVP
and traces of chloroform, CuNWs were centrifuged at 7000 rpm and then
rinsed twice with ethanol.
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2.2. Fabrication of hybrid graphene/copper nanowire electrodes

The SCG film (Rgn ~ 300 Q sq~ ') was grown on single-crystal Cu
(111) annealed from the commercial polycrystalline foils (25 pm thick,
99.8%, Sichuan Oriental Stars Trading Co. Ltd.) at 1030 °C by an at-
mospheric pressure CVD process with the mixture of CH4 and H,. After
that, the as-synthesized CuNW ink was sprayed onto the SCG/Cu(111)
foil at 110 °C using an airbrush with a distance of 13 cm from the nozzle
(0.3 mm in diameter, spraying pressure: 0.2 MPa) to the foil. Subse-
quently, the CuNWs/SCG/Cu(111) was dipped in glacial acetic acid
(Aladdin) and HCI (1 M) solution in 2 min and 15 s, respectively, in order
to remove surfactant and surface oxide layer. A UV-curable resin
(Norland Optical Adhesive (NOA 63), Norland Products Inc.) was then
blade-coated onto the surface of CUNW/SCG/Cu(111) substrates. The
NOAG63 wet film was of 500 pm in thickness and cured under 365 nm UV
irradiation at 48 W for 1.5 h at room temperature. Finally, the under-
lying copper foil was etched away using a ferric trichloride solution (2 M
in deionized water), and the sandwich-structured SCG/CuNW/UVR film
was obtained after ethanol washing and N3 gas drying. A polycrystalline
graphene film was grown and subsequently integrated with the copper
nanowire network by the similar method for comparison.

2.3. Characterization

The sheet resistance (Rs,) was measured using a four-point square
resistance tester with a digital multimeter. The Raman spectrum was
measured using a Renishaw inVia microscope with a 532 nm excitation
laser. The optical, transmission electron spectroscopy (TEM), scanning
electron spectroscopy (SEM) and atomic force microscopy (AFM) images
were recorded using an upright microscope (PSM-1000, Motic), a
transmission electron microscope (JEOL, JEM-2100), a scanning elec-
tron microscope (Nova NanoSEM 450, FEI) and an atomic force micro-
scope (Dimension Icon, Bruker), respectively. The high-resolution TEM
(HRTEM) characterization was conducted on a special aberration cor-
rected transmission electron microscope (FEI Titan 80-300). The
transmittance spectrum was obtained by UV-vis spectrophotometer (PE
Lambda 950, PerkinElmer).

2.4. Flexible TENG and QLED devices

In order to build a TENG, an electrode of silver nanowire network
embedded in polyimide (AgNWs/PI) was firstly fabricated, and the
AgNWs/PI electrode (7.5 x 2.5 cm?, 6-8 Q sq~ ) was then placed onto
the SCG/CuNW/UVR electrode (7.5 x 2.5 cmz, 9-11 Q sq’l). The
conductive sides of these two electrodes were stucked to copper wire
electrodes with silver glue, respectively, and the opposite insulating
sides were stitched together with adhesive tape to ensure the good
contact. TENG test was conducted in air at room temperature. The open-
circuit voltage was measured by Keithley 6514 system electrometer, and
the short-circuit current was measured by SR570 low noise current
amplifier (Stanford Research System).

The QLED device was fabricated based on the layer-by-layer spin-
coating of various functional materials. A solution of PEDOT: PSS
(Heraeus, Al 4083) was firstly mixed with the fluorine non-ionic sur-
factant of Capstone® FS-31 (Dupont) with a volume ratio of 5.5% to
match the wettability between graphene layer and PEDOT: PSS. And
then the mixture as a hole injection layer (HIL) was spin-cast onto the
SCG/CuNW/UVR film at 4000 rpm in 60 s. The PEDOT:PSS film was
baked at 50 °C for 5 min in air. Subsequently, the film was transferred
into the Ny filled glove box and annealed at 100 °C for 10 min. A hole
transport layer (HTL) of TFB (American Dye Source, Inc., 8 mg mL 7},
chlorobenzene), an active layer of quantum dots (18 mg mL’l, toluene)
and an electrode transport layer (ETL) of ZnO nanoparticles (30 mg
mL™}, ethanol) was in turn spin-coated at 3000 rpm and annealed at
100 °C, respectively. Finally, the aluminum electrode (100 nm) was
deposited by e-beam evaporation. The characteristics of current-voltage,
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luminance-voltage and electroluminescence were collected with a
Keithley 2400 Source Meter and a Photo-research PR735 spectrometer.

3. Results and discussion
3.1. Preparation of SCG/CuNW/UVR film

The LbL preparation process of SCG/CuNW/UVR film is schemati-
cally illustrated in Fig. 1a. First, single-crystal Cu (111) was obtained by
thermal annealing of industrial polycrystalline Cu foil and served as the
substrate to epitaxially grow graphene. Single-crystal Cu (111) is free of
grain boundaries (inducing deep thermal grooves) and step bunches,
and thus has a very smooth surface (Figs. Sla-b), showing a uniform
lighter color compared with that of polycrystals after slight oxidation
(Fig. 1b). Well-aligned graphene domains can be grown on Cu (111) and
then stitched seamlessly to form a continuous SCG film (Fig. 1c). The low
energy electron diffraction (LEED), Raman spectra and 2D mapping, as
well as HRTEM characterizations over the large-area SCG film indicate
its monolayer and single crystal nature (Fig. 1d and Figs. S1c-d).

The CuNW network was spray-coated on the SCG/Cu (111) using a
disperse solution of CuNWs. The CuNWs were prepared by a scalable
hydrothermal synthesis method modified from the previous report [47]
and had a twin-crystal structure with an average diameter of ~30 nm
(Fig. S2). Then the NOA63 film was blade-coated and subsequently
UV-cured on the dried CuNW/SCG/Cu (111) surface (Fig. le and
Fig. S3). After removing the Cu (111) foil by chemical etching, the
4-inch sandwich-structured SCG/CuNW/UVR film was finally obtained
(Fig. 1f). The SEM images reveal a randomly interweaved CuNW
network encapsulated between SCG and UVR, and the CuNWs are
surface-embedded onto the UVR film (Fig. 1g). The fabricated
SCG/CuNW/UVR film possesses very smooth surface with
root-mean-square surface roughness (RMS) of 1.85 nm, as analyzed by
AFM (Fig. 1h), which is comparable to that of the commercial ITO film
(RMS of 1.64 nm, Fig. S4). Such ultrasmooth surface benefits from the
synergistic and intact encapsulation of CuNWs network by SCG and
UVR. This structure design can also avoid protuberances even tips that

\/scu(»]m

SCG growth

NOA63 UVR

SCG/CuNW/UVR film
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give rise to the short circuit and breakdown of CuNWs based electrode,
and is crucial for fabricating solution-proceed optoelectronic devices
(Fig. S5).

3.2. Performance of SCG/CuNW/UVR electrode

We systematically probed the optical and electrical properties of
SCG/CuNW/UVR film. The sheet resistance and transmittance of SCG/
CuNW/UVR electrodes can be tailored by the cycling spray deposition of
CuNWs on SCG (Fig. 2a-b). With 3 cycles of CuNWs deposition, the sheet
resistance of SCG/CuNW/UVR film was detected to be 19 + 1.5 Q sq
under the transmittance of 84.3% at 550 nm, which is comparable to
that of commercial ITO film (R, = 18 Q sq’l,T550 mm = 85.8%).
Furthermore, the optical transmittances of SCG/CuNW/UVR films were
almost unabated and high in the near-infrared regions, essential for
broadband optoelectronic devices. In addition, the SCG/CuNW/UVR
electrode with an area of 3 x 3 cm? exhibited high conductivity and
homogeneity, the sheet resistances of which revealed a mean value of
19.25 Q sq ! and a standard deviation of 0.56 Q sq~! (Fig. 2c).
Furthermore, the conductive-AFM (C-AFM) analysis was applied to
probe the electrical uniformity of film. In the contact mode, for the
graphene covered CuNWs, the current was large and current distribution
was uniform on the entire surface, indicating that the SCG covers voids
within the CuNW network, and thus greatly improves the electrical
homogeneity of the composite electrode (Fig. S6). In contrast, in the case
of CuNWs partially embedded in polymer surface, only the CuNWs
exhibited better electronic conductivity.

The deformation tolerance of electrode is also a critical factor for
flexible electronic devices. The flexible transparent conductive SCG/
CuNW/UVR film can serve as an electrode for LED lighting even if
strongly bent and twisted (Fig. 2d). Furthermore, we probed the elec-
tronic properties of SCG/CuNW/UVR electrodes under bending condi-
tion. The SCG/CuNW/UVR electrode retained high conductivity even if
the bending radius was up to 1 mm (AR/Rg < 0.18) (see Video S1), while
the AR/R( value of CuNWs/UVR electrode increased to 0.75 at the
bending radius of 1 mm (Fig. 2e). Besides, the SCG/CuNW/UVR

Cu (111)
etching

Lu50m

w 100
it

c sce@cu (111) d

g "n-r‘,
i
e

Height (nm)

Fig. 1. (a) Schematic of preparation procedure of SCG/CuNW/UVR film. (b) Photograph of a single-crystal Cu (111) foil with light color on the right. (c) Optical
image of aligned SCG domains on Cu (111) substrate. (d) LEED patterns of SCG film. (e, f) Photographs of Cu/SCG/CuNW/UVR foil and SCG/CuNW/UVR composite
film. (g) SEM images of the SCG/CuNW/UVR composite film. Inset: cross-section image, showing the CuNW network embedded in the UVR basement. (h) AFM image
of the SCG/CuNW/UVR composite film. The white curve shows the profiled height.
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Fig. 2. (a-b) Visible and near-infrared transmittance spectra (a) and sheet resistances & transmittances (b) of SCG/CuNW/UVR films with different spray-coating
cycles of CuNWs compared with ITO/PET film. (c) A map of sheet resistance for SCG/CuNW/UVR film with a size of 3 x 3 cm? showing good uniformity of
conductivity. (d) Photographs of the bent and twisted SCG/CuNW/UVR film serving as an electrode to light up a blue LED. (e) Sheet resistance change of SCG/
CuNW/UVR film over bending radius. (f) Sheet resistance change of SCG/CuNW/UVR film over bending cycle (the radius of curvature: 2.5 mm).

electrode exhibited a superior mechanical durability without obvious
conductivity degradation, the AR/R value of which increased to 1 upon
1000 bend cycling, compared with the cover-free CUNW network (AR/
Ro = 135) (Fig. 2f). It benefits from the compact covering of SCG layer
on CuNW network. Such intact graphene package could also be revealed
from the more highly stable conductivity of SCG/CuNW/UVR after
scotch tape (3 M) peeling-off test, compared with that of the bare CUNWs
electrode (Fig. S7).

Supplementary video related to this article can be found at https
://doi.org/10.1016/j.nanoen.2020.104638

In general, corrosive molecules such as water and oxygen may
penetrate monolayer graphene through its grain boundaries and va-
cancies and react with CuNWs, and this process will be accelerated by
deformation under which the cracks generate easily at the defects. The

SCG with perfect lattice structure can completely protect CuNWs from
water and oxygen molecules, especially together with UVR, and ensure
the robust stability of the CuNW network even if it was bent, twisted and
stretched (Fig. 3a). We measured the aging behaviors of the bare
CuNWs, CuNWs/UVR, PG/CuNW/UVR and SCG/CuNW/UVR under
ambient atmosphere (Temperature: 25 °C, relative humidity: 30-70%)
(Fig. 3b). The bare CuNW network failed to conduct electricity after 13
days and the CuNW network embedded in UVR also became unavailable
after 30 days. The covering of PG delayed the electrode degradation,
while the resistance increased up to 4.5 kQ sq~! after 180 days. In
contrast, the SCG/CuNW/UVR electrode had a low resistance of 17.8 Q
sq~! and always maintained the AR/Rg value less than 0.2 within half a
year. According to a linear oxidation kinetics law [48], a lifetime of ~2.5
years for SCG/CuNW/UVR electrode was estimated based on the
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Fig. 3. (a) Schematic of the flexible SCG/CuNW/UVR and PG/CuNW/UVR films under ambient atmosphere. (b-e) Stability tests of bare CuNWs, CuNW/UVR, PG/
CuNW/UVR and SCG/CuNW/UVR films in atmosphere environment (b-c), at elevated temperature (d) and in strong acidic solution (e). The data in (c) is extracted

for AR/Rqy < 1 from (b).
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acceptable AR/Ry =1 (i. e., two times of sheet resistance) for most TCE
applications (Fig. 3c). Furthermore, SCG/CuNW/UVR electrodes
exhibited remarkable stability in much harsher environment (Fig. 3d). It
showed an almost constant value of AR/Ry at the elevated temperature
(humidity: 60%), only with a little increase above 160 °C. In contrast,
the AR/Rq values of the bare CuNWs electrode and the embedded in
UVR one drastically increased above 130 °C. The PG-covered CuNW
network also showed an obvious increased resistance, from 18.6 Q sq !
at room temperature to 536 Q sq’1 at 180 °C. Even in a solution of strong
oxidizing acid (1 M HNO3), the SCG/CuNW/UVR film showed a signif-
icant improvement of stability comparing to that of PG/CuNW/UVR
counterpart. In such environment the CuNW/UVR electrode degraded
rapidly, suggestive of the severe Cu corrosion (Fig. 3e).

To further probe the protection of SCG to CuNWs against oxidation, a
sheet of SCG film was directly-contact transferred onto CuNW network
with the CuNWs partially uncovered (Fig. 4a). As observed by SEM, the
surface of bare CuNWs became rough after oxidation in air due to the
formation of copper oxides particles and adsorbates, but the SCG
covered ones remained smooth (Fig. 4b). A bundle of CuNWs partially
covered with SCG was oxidized in hot air (130 °C) for 20 min (Fig. 4c).
The photoluminescence (PL) spectrum was measured at the regions of
bare and SCG-covered CuNWs before and after the oxidation, respec-
tively (Fig. 4d). Note that Raman signal of the surface copper oxides on
CuNWs is weak and difficult to be detected in the background of strong
PL signal of CuNWs. Before oxidation, strong PL signals can be observed
in both exposed regions and SCG covered regions on CuNWs, which
could be related with local plasmon resonance effect of CuNWs [49].
After complete oxidation, the characteristic PL signal for CuNWs greatly
decreased in exposed regions of CuNWs, indicating the formation of CuO
surface [50], while the one of SCG covered CuNWs almost remained
unchanged (Fig. 4e-f). These results consolidated again that the SCG
could isolate the CuNWs from the water and oxygen to prevent Cu
oxidation (Fig. S8).

3.3. Applications of SCG/CuNW/UVR electrodes

To evaluate the performance of SCG/CuNW/UVR electrodes for

c

SCG covering
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practical applications, a flexible transparent TENG was fabricated based
on the SCG/CuNW/UVR electrode (Fig. 5a). In principle, the UVR and
polyimide polymers have different triboelectric polarity in the tribo-
electric sequences. When the TENG was bent, the two material surfaces
rubbed against each other and yielded equal and opposite charges,
respectively (Fig. 5b). When the two material surfaces were separated by
external force, the surface charges could flow between electrodes to
form an electric current (Fig. 5c¢). During periodical bending and
releasing processes of TENG in a cyclic agitation on the human wrist
(~1 Hz, Video S2), the maximum output voltage and current signals
were up to ~62 V and ~3.6 pA, respectively (Fig. 5d). This demon-
stration suggests the potential of SCG/CuNW/UVR electrodes for large-
scale wearable electronics and smart textiles.

Supplementary video related to this article can be found at https
://doi.org/10.1016/j.nanoen.2020.104638

A green QLED was assembled by a layer-by-layer spin-coating with
the SCG/CuNW/UVR electrode as an anode (Fig. 5e). A gold layer was
partly deposited onto the surface of SCG/CuNW/UVR film for Kelvin
probe force microscopy (KPFM) analysis to evaluate the work function
(Fig. S9). According to the equation Vg - Vo = —1/e (dp - ¢pa) (Where V is
the surface potential and ¢ is the work function), the work function of
the SCG/CuNW/UVR film was calculated to be 4.87 eV. This means the
faster hole injection from SCG/CuNW/UVR anode into poly(3,4-
ethylenedioxythiophene)/poly(styrene sulfonate) (PEDOT:PSS) layer,
compared with that from ITO anode with work function of 4.7 eV
(Fig. 5f). Apparently, the SCG/CuNW/UVR-based QLED exhibited a
normal lighting state even if it was bent (Fig. 5g). And its electrolumi-
nescent peak maintained stable at 530 nm when the applied drive
voltage ranges from 2 to 5 V (Fig. 5h), indicating its good color purity.
Furthermore, the current density-voltage characteristic curves indicate
the higher current density of the SCG/CuNW/UVR-based QLED than
that of the flexible ITO-based counterpart at low voltage (<1.3 V)
(Fig. 5i). This could benefit from the better matching of work functions
between SCG/CuNW/UVR and PEDOT: PSS and the faster hole injection
at the interface. The luminance-voltage measurement (Fig. 5j) of the
SCG/CuNW/UVR-based QLED shows the comparable performance to
that of flexible ITO-based QLED, suggesting in return the high
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Fig. 5. (a) Schematic of flexible SCG/CuNW/UVR-based TENG device. Inset: real TENG device. (b, ¢) Operating principle and performance of flexible SCG/CuNW/
UVR-based TENG during periodical bending and releasing process on the human wrist. (d) Short-circuit current of SCG/CuNW/UVR-based TENG. (e) Schematic of a
green QLED structure with the patterned SCG/CuNW/UVR film as the anode. (f) The corresponding energy band diagram of the QLED device. (g) Photographs of the
SCG/CuNW/UVR-based QLED operating at normal state (top) and bending state (down). (h) Electroluminescence spectra of the SCG/CuNW/UVR-based QLED at
different driving voltages. (i—j) Characteristic curves of current density and luminance of the flexible SCG/CuNW/UVR-based QLED and ITO-based QLED over driving
voltage. (k) Characteristic curves of current efficiency of the flexible SCG/CuNW/UVR-based QLED and ITO-based QLED over luminance.

conductivity of SCG/CuNW/UVR electrode (19 + 1.5 Q sq 1) and good
balance of electron-hole injection. The curves of current efficiency versus
luminance (Fig. 5k) reveal that the maximum current efficiency of SCG/
CuNW/UVR-based QLED was achieved at c.a. 4.25 cd Al at 8760 cd
m~2, which was higher than that of the flexible ITO-based QLED (1.2 cd
A™! at 5883 cd m™?).

4. Conclusion

In summary, we demonstrate a flexible transparent sandwich-
structured SCG/CuNW/UVR electrode using a layer-by-layer coating
approach. The SCG/CuNW/UVR electrode exhibits high conductivity
and flexibility, as well as extremely improved stability. Both SCG/
CuNW/UVR-based TENG and QLED devices show good performance
and promising potential for practical applications. Such electrode
fabrication technique is ready to be scaled-up, paving the way for the
industry-level applications of CuNWs and SCG, further providing a
platform for two-dimensional material based flexible electrodes towards
next-generation smart wearable optoelectronics.
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