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Ruptured liquid metal microcapsules enabling
hybridized silver nanowire networks towards high-
performance deformable transparent conductors
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Extensive studies have been carried out on silver nanowires (AgNWs) in view of their impressive conductivity
and highly flexible one-dimensional structure. They are seen as a promising choice for producing deform-
able transparent conductors. Nonetheless, the widespread adoption of AgNW-based transparent conduc-
tors is hindered by critical challenges represented by the significant contact resistance at the nanowire junc-
tions and inadequate interfacial adhesion between the nanowires and the substrate. This study presents a
novel solution to tackle the aforementioned challenges by capitalizing on liquid metal microcapsules
(LMMes). Upon exposure to acid vapor, the encapsulated LMMs rupture, releasing the fluid LM which then
forms a metallic overlay and hybridizes with the underlying Ag network. As a result, a transparent conductive
film with greatly enhanced electrical and mechanical properties was obtained. The transparent conductor
displays negligible resistance variation even after undergoing chemical stability, adhesion, and bending tests,
and ultrasonic treatment. This indicates its outstanding adhesion strength to the substrate and mechanical
flexibility. The exceptional electrical properties and robust mechanical stability of the transparent conductor
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position it as an ideal choice for direct integration into flexible touch panels and wearable strain sensors, as
evidenced in this study. By resolving the critical challenges in this field, the proposed strategy establishes a
compelling roadmap to navigate the development of high-performance AgNW-based transparent conduc-

rsc.li/nanoscale tors, setting a solid foundation for further advancement in the field of deformable electronics.

in deformable electronic devices.'? Currently, various func-
tional materials are being investigated to substitute ITO,

Introduction

Various conventional electronic devices including solar
cells," touch screens,® transparent heaters,”’ electromag-
netic interference shielding,®’ light-emitting diodes (LEDs)
and others'®'! are being developed towards high deformabil-
ity. Transparent conductors that possess excellent conductivity,
high optical transmittance, and superior mechanical stability
are essential for the advancement of these flexible electronic
devices. Despite the dominance of Indium Tin Oxide (ITO)
electrodes in the market for transparent conductors, their brit-
tleness and the scarcity of indium constrain their extensive use
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including metal grids,"® carbon nanotubes,'*** graphene,'®"”
conducting polymers (PEDOT:PSS) and metal nanowires.'®2°
Among the various materials, silver nanowires (AgNWs) have
attracted considerable interest due to their superior intrinsic
conductivity and optical properties, well-established solution-
based processing techniques, and notable mechanical
flexibility.>** Conductors based on silver nanowires have
been used for various applications, including color changing
soft  robotics,>*** stretchable and transparent
supercapacitors,”>*® flexible sensors,>”*® air filters and flexible
fuel cells.>** Despite the progress made, there are still signifi-
cant challenges that need to be addressed in achieving high-
performance transparent conductors using AgNWs. These
challenges include the presence of high contact resistance,
surface roughness, and inadequate adhesion between the con-
ductive networks and the substrates.** The high contact resis-
tance between silver nanowires is a result of the insulating sur-
factant coating of polyvinylpyrrolidone (PVP) and weak contact
at the junctions. Various post-treatment techniques have been

This journal is © The Royal Society of Chemistry 2024


http://rsc.li/nanoscale
http://orcid.org/0000-0001-9599-9993
https://doi.org/10.1039/d3nr06508a
https://doi.org/10.1039/d3nr06508a
https://doi.org/10.1039/d3nr06508a
http://crossmark.crossref.org/dialog/?doi=10.1039/d3nr06508a&domain=pdf&date_stamp=2024-03-25
https://doi.org/10.1039/d3nr06508a
https://pubs.rsc.org/en/journals/journal/NR
https://pubs.rsc.org/en/journals/journal/NR?issueid=NR016013

Published on 29 February 2024. Downloaded on 1/23/2026 12:06:17 AM.

Nanoscale

proposed to tackle these issues, such as heat treatment,**°
mechanical pressing,’” capillary-force-induced welding,
laser nano-welding,® chemical reactions,*! nano-joining at the
junctions with CNTs,** atomic layer deposition (ALD),*’ plas-
monic treatment,** etc. However, these methods are character-
ized by complexity and high cost, requiring specialized con-
ditions and equipment, as shown in Table S1.{ For instance,
heat treatment necessitates precise control over heat duration
and temperature to prevent oxidation and fracture of AgNWs.>*
Mechanical pressing, when applied with excessive pressure,
can impair the functional integrity of devices.*® Capillary force
can effectively weld silver nanowire junctions. However, in
order to obtain the ideal welding effect, it is necessary to con-
sider the viscosity coefficient of the solution and the volatility
rate and other factors, which greatly increases the difficulty of
the operation.*® Similarly, laser nano-welding, ALD and plas-
monic treatments require expensive, specialized equipment,
posing obstacles for mass production. Moreover, after post-
treatment with these methods, AgNW networks need to be
transferred into flexible substrates, which cannot directly
enhance the adhesion with the substrate. Furthermore, it is
important to note that following post-treatment using these
methods, the AgNW networks require transfer onto flexible
substrates. This transfer process does not inherently improve
the adhesion between the AgNW networks and the substrate.
Therefore, a simple and effective approach to improve the per-
formance of transparent conductors is in high demand to spur
the development of deformable electronics.

Gallium-based liquid metals are an emerging class of con-
ductive materials that possess both the high conductivity of
metals and the fluidity of liquids.”” Compared to conventional
conductive materials, the unique properties of liquid metals
with intrinsic conformability, excellent conductivity, and good
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biosafety make them highly attractive for applications in the
field of deformable electronics. Liquid metals exhibit excellent
wettability to rigid metals such as silver,"® nickel, and
copper,” leading to irreversible bonding through the formation
of an intermetallic-phase.’™** This characteristic allows liquid
metals to provide both electrical robustness and mechanical
conformity when welding metallic materials and achieving
intermetallic bond-assisted LM patterning.”*** For example, a
liquid metal micro/nanomotor has been developed to weld
silver nanowire junctions at room temperature.” A novel liquid
metal-based conductor of a LM and AgNW backbone has been
developed to achieve direct patterning of the stretchable conduc-
tor. Through a laser-induced photothermal reaction, the oxide
shell of the microcapsules ruptures and the liquid metal con-
nects to the adjacent LM and silver nanowires.>®>’

In this study, we present a post-treatment method for the
AgNW network that utilizes a LM to effectively improve the per-
formance of transparent conductors. Through acid treatment,
the homogeneously distributed LMMs rupture to release the
fluid LM that subsequently covers and hybridizes with the
underlying AgNW network. This immediately remedies the
sheet resistance and enhances the mechanical robustness of the
transparent conductor. This transparent conductor exhibits out-
standing adhesion to the substrate, making it suitable for direct
application as a touch panel. It demonstrates stable operation
even after undergoing a rigorous adhesion test with 3M VHB
tape. Furthermore, the deformable transparent conductor, com-
posed of AgNWs-LM, can be utilized as a wearable strain sensor
to monitor various human movements, such as finger bending,
wrist motions, feet gait, and throat swallowing.

Experimental
Materials

Silver nanowires with diameters of ~50 nm and lengths of
100-150 um were provided by Nanjing XFNANO Materials
Technol. (China) in the suspension form in isopropyl alcohol
(IPA) (concentration: 10 mg ml™", the molecular weight of PVP:
58 000). The gallium-indium alloy LM (gallium 75%/indium
25%) was purchased from Dongguan Huatai Metal Materials
Technology Co., Ltd. IPA was provided by Macklin. HCI solu-
tion (36-38 wt%) was obtained from Chengdu Kelong
Chemical Reagent Co., Ltd.

Preparation of LM microcapsules

The LM (60 mg) was dispersed in 20 ml of IPA and then soni-
cated at a power of 600 W for 20 minutes. After sonication, a
grey suspension was obtained, which was subsequently further
diluted to 1 mg ml™" with IPA.

Characterization

The optical transmittance was characterized using a UV-visible
spectrometer (UV-1900, UV-3600, Shimadzu). The sheet resis-
tance was determined through a four-probe resistivity tester
(HPS2662, Changzhou Helpass Electronic Technology Reagent
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Co., Ltd). The microstructure of the samples was examined by
using scanning electron microscopy (SEM, JSM7500F, Japan).
The cyclic bending test on the transparent conductor was
carried out on a single arm universal testing system (JHY-5000,
Suzhou Xingsuo Intelligent Device Reagent Co., Ltd).

Results and discussion

A schematic depicting the workflow to obtain the AgNW-LM
conductor is shown in Fig. 1a. Initially, these suspensions
were prepared at a concentration of 0.5 mg ml™, with volumes
ranging from 0.25 to 0.5 ml, and sprayed to the substrate
measuring 25 x 25 mm? (glass, PET, or TPU). The application
of increased quantities of AgNWs inversely affected both the
sheet resistance and transmittance of the resulting transparent
conductors. Then, 0.25 ml of LMM suspension was applied
onto the Ag NW network. The substrate was eventually inverted
and positioned 1 cm above the Petri dish filled with HCI solu-
tion (36-38 wt%). The substrates treated with HCl vapor were
subsequently dried in a controlled drying oven at 35 °C for
4 hours to effectively remove any residual moisture and HCI

i. Spraying AGQNW solution

VR

ii. Spraying LM microcapsules

V'

View Article Online

Nanoscale

from the substrate’s surface. SEM images confirm the trans-
formation of LMMs into a thin metallic film that covers the
silver nanowires following HCI vapor treatment. As illustrated
in Fig. 1b and ¢, LMMs of varying sizes (1-2 pm) were present
on the surface of the AgNW networks before HCI vapor treat-
ment. An oxide layer is present on the surface of LMMs, which
stabilizes them in solution and facilitates their uniform dis-
persion onto substrates via spray-coating. Upon exposure of
the substrate containing AgNWs and LMMs to HCI vapor, the
Ga,0; oxide layer on LMMs, typically 2-3 nm thick, is swiftly
eliminated.®® The LMMs correspondingly rupture, releasing
the fluid LM to involve in reactive wetting by forming metallic
bonds with the percolating AgNWs underneath. Finally, a
hybridized conductive network was constructed as shown in
Fig. 1d-f. The thickness of the liquid metal film is around
0.3-0.4 pm, as shown in Fig. S1.f The Energy-Dispersive X-ray
Spectroscopy (EDS) pattern (Fig. 1g) further validates the exist-
ence of gallium, indium, and silver in the hybridized conduc-
tor. As shown in Fig. S2, when without LMMs, silver nano-
wires react with HCl to generate insulating silver chloride
aggregates, which ultimately lead to the fracture of the silver
nanowires, causing an increase in the sheet resistance of the

iii. HCl-vapor treated

'
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Fig. 1 (a) Schematic illustrating the process to obtain transparent AQNW-LM conductors. (b and c) SEM images of the transparent conductor
before HCl vapor treatment. (d—f) SEM images of the transparent conductor after HCl vapor treatment. (g) EDS pattern of the hybrid conductor on

the substrate.
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conductive network. In addition, the incorporation of Ag is
crucial in addressing the inherent high surface tension charac-
teristic of LM. This strategic integration of Ag enables reactive
wetting with LM, facilitating its seamless integration onto
target substrates. In the absence of Ag, LM tends to demon-
strate poor wetting properties, leading to its coalescence into
larger microcapsules rather than forming a uniform layer on
the substrates (Fig. S37).

Fig. 2a illustrates the impact of spayed LMMs and HCI
vapor-induced microcapsule rupture on optical transmittance
and sheet resistance. After spraying LMMs, both the optical
transmittance and sheet resistance of the conducting films
decrease. As shown in Fig. S4,f the transmittance decreases
while the haze increases due to the presence of LMMs, which
act as scattering centers and impede the transmission of light.
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Paper

The LMMs are weakly connected with adjacent silver nano-
wires through physical adsorption. After HCI vapor treatment,
the LMMs transform into a metallic film covering the AgNW
networks. The sheet resistance of the conductor is significantly
improved through the welding of the inter-wire junction by the
LM during this process. This reduces contact resistance and
creates an additional conducting pathway through the metallic
film. Fig. 2b shows the transmittance spectra of typical
AgNWs-LM conductors of different sheet resistances on the
PET substrate. The transparent conductor, with a sheet resis-
tance of 13.00 Q sq ', delivers a transmittance of 78% at
550 nm; by comparison, the electrode exhibiting a slightly
larger sheet resistance of 17.58 Q sq~' shows an improved
transmittance of 80% at 550 nm. Moreover, as shown in
Fig. S5,1 the sheet resistance and transmittance in the central
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Fig. 2

(a) The impact of spayed LMMs and HCl vapor-induced microcapsule rupture on optical transmittance (UV-1900, with the transmittance of

the substrate subtracted) and sheet resistance. (b) The transmittance spectra of the AQNW-LM conductor of different sheet resistances on the PET
substrate (UV-3600, using the integrating sphere with the reference of bare air). (c) The electro-optical performance of the AQNW-LM transparent
conductor compared with reported works based on ITO, PEDOT:PSS, graphene, CNTs, AQNWs, and CuNWs. (d) The sheet resistance variation of the
AgNW-LM conductor after immersion in various solvents, including DI water, IPA, acetone, acidic (HCL, pH = 2.0), and alkaline (NaOH, pH = 12.0)
solution. (e) Variation in sheet resistance following cyclic adhesion tests with 3M VHB tape on the AQNW—-LM conductor. (f) The sheet resistance
variation of the AQNW—-LM conductor after 60 seconds of ultrasonic treatment at varying power levels in DI water. (g) The sheet resistance variation
of the AQNW-LM conductor under 600 W ultrasonic treatment in DI water for 20 min. (h) Analysis of the sheet resistance variation of the AQNW-LM
conductor in tensile and compressive modes with a bending radius of 3 mm. (i) Inward and outward bending tests on the AQNW—-LM conductor and

ITO films at a gradually reduced bending radius.
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region of the transparent conductor did not significantly differ
from those at the edge, which suggests the excellent uniform-
ity of the electrode in terms of electrical and optical properties.
A representative AgNW-LM conductor is able to deliver 10.23
Qsq ' at T=75%, 13.00 Q sq~* at T = 78%, and 17.58 Q sq
at T = 80% (Fig. 2c), which are on par with ITO and surpass
the majority of previously reported transparent conductors
including CNTs,” graphene,®® PEDOT:PSS,®! AgNWs, and
CuNws.*>

Achieving chemical stability and mechanical robustness is
essential for the practical use of transparent conductors in
deformable electronic devices. However, this is challenging
with exposed AgNWs, which are susceptible to damage in
open environments. The formation of a metallic overlay from
LMM rupture results in significantly improved stability of the
transparent conductors under harsh conditions. As shown in
Fig. 2d, the sheet resistance of the transparent conductor
remains virtually unchanged even after 3 h of immersion in
different solvents, including deionized (DI) water, IPA,
acetone, acidic solution (pH = 2.0), and alkaline solution
(pH = 12.0). Remarkably, this stability extends to highly cor-
rosive environments, such as a concentrated HCl vapor
environment, underscoring the conductor’s robustness under
diverse chemical conditions, as shown in Fig. S6.f In
addition, due to the protection of the LM film, the transpar-
ent conductor exhibits stable conductivity after 12 days of
exposure to air (R¢/R, < 1.3), whereas the nanowires on the
substrate surface are rapidly oxidized (Rs/R, > 9), as shown in
Fig. S7.1 To further investigate the mechanical robustness of
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the AgNW-LM conductor, adhesion test, ultrasonic treatment
and cyclic bending tests were performed. The sheet resis-
tance of the samples used for testing is listed in Table S2 of
the ESI.f The sheet resistance of the AgNW-LM conductor
remains stable even after undergoing 20 adhesion tests with
3M VHB tape (3M VHB tape 4910), as depicted in Fig. 2e.
The SEM images depicting the electrode morphology before
and after the adhesion test are presented in Fig. S8.}
Following the adhesive testing, the liquid metal film remains
intact over the Ag NWs, while the silver nanowires on the
substrate surface become detached in the absence of the LM
film’s protection. Moreover, the sheet resistance of the
AgNW-LM conductor shows minimal variation following
ultrasonic treatment at different power levels for 60 seconds
and at 600 W for 20 minutes, both in DI water and IPA solu-
tion, as demonstrated in Fig. 2f, g and Fig. S9, S10.f By com-
parison, the sheet resistance of the AgNW conductor exceeds
the measurement range of our instrument (>2 MQ) after
undergoing the first adhesion test and ultrasonic treatment.
These test results indicate that the LM film significantly
enhances the adhesion strength of the AgNW network to the
substrate. Compressive and tensile bending tests were also
conducted using a bending stage. As shown in Fig. 2h, the
transparent conductor maintains its sheet resistance nearly
unchanged even after undergoing 2000 bending cycles with a
3 mm bending radius. Unlike commercial ITO electrodes
that are limited by their inherent brittleness, the transparent
AgNW-LM conductor demonstrates remarkable mechanical
stability. As shown in Fig. 2i, the resistance of the AgNW-LM

a
SCU
% Output
SCU - r~
Input
Controller
Touch panel Computer

Fig. 3 (a) Schematic illustrating the components of the touch system, including the touch panel, controller and computer. (b) Digital image of the
touch panel (50 x 40 mm?) based on the AQNW—LM transparent conductor. (c) Touch panel function showcased through the writing of the letters
"SCU". (d) Image of the touch panel being subjected to adhesion test with 3M VHB tape. (e) Confirmation of the operation stability of the touch

panel by reflecting “SCU” letters on the screen after the adhesion test.
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conductor remains nearly constant as the bending radius
gradually decreases, regardless of inward or outward bending
tests. In contrast, the conductivity of the commercial ITO-
coated PET (ITO/PET) conductor significantly decreases
during outward bending. To visually demonstrate the
improved mechanical stability, LED lights were connected to
the ITO and AgNW-LM conductors, as depicted in Fig. S11.}
Following the bending test, the brightness of the LED signifi-
cantly decreases as a result of the elevated resistance in the
ITO electrode. Conversely, the AgNW-LM electrode maintains
a consistent conductivity, ensuring stable light emission. The
changes in the resistance of the ITO/PET electrode and
AgNW-LM/TPU electrode under stretching are shown in
Fig. S12-S14.1 The ITO/PET electrode lost its conductivity at
a strain of 7%, while the AgNW-LM conductor remains
highly conductive even at a strain of 50%. The results
suggest that constructing a metallic overlay that hybridizes
with the AgNW networks from ruptured LMMs is an effective
approach for achieving high-performance transparent con-
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ductors. The LM film reduces the contact resistance between
the silver nanowires while protecting the AgNW networks
against damage. It also enhances the adhesion of the conduc-
tive layer to the substrate, resulting in excellent mechanical
reliability of the transparent conductor. In addition, this
method is further applied to copper nanowire (CuNW) net-
works, as shown in Fig. S15.1 After HCI vapor treatment, the LM
reactively wets the underlying CuNWs, forming a hybridized
electrode, and the sheet resistance of the CUNW-LM electrode
is decreased significantly. Therefore, the method presented in
this study possesses broad applicability and potential for adap-
tation to other metallic systems beyond silver.

The exceptional mechanical stability and high conductivity
of the transparent conductor make it highly suitable for a wide
range of deformable optoelectronic devices.®* For instance, a
touch sensing device is an important application that utilizes
transparent conductive materials. In this case, a surface
capacitive touch panel based on the AgNW-LM conductor is
presented. Fig. 3a schematically illustrates the operation of the
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Fig. 4 (a) Gauge factor of the deformable strain sensor with a sheet resistance of 9.8 Q sq~™. (b) Current—voltage (I-V) curve of the strain sensor
under varying applied strains. (c) Change in resistance of the strain sensor in 100 loading—unloading cycles at 10% strain. Inset: a magnified view of
the resistance during loading and unloading. (d) Schematic figure illustrating the sensor being attached to different parts of the human body.
Response curves for the detection of human body motion: (e) finger bending; (f) wrist bending; (g) gait behaviors; and (h) swallowing.
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touch sensing system. The system includes the touch panel
fabricated with the AgNW-LM conductor, an electrical board
to detect the capacitance change in the touch panel, and a
computer to display the touch signal. A digital image showcas-
ing the touch panel is presented in Fig. 3b. A copper film was
employed to establish a connection between the touch panel
and the external controller, and the interface between the
copper film and the transparent conductive layer was further
improved using the LM. The input figures on the touch panel
were effectively displayed on the computer via the integrated
controller, as illustrated in Fig. 3c. Notably, the touch panel
maintains its sensing capabilities even after undergoing the
adhesion test with 3M VHB tape, as shown in Fig. 3d and e.
The touch signal was consistently captured and displayed on
the monitor, even after 10 repetitions of the peeling test. The
observation illustrates the effective protection provided by the
LM overlay to the percolating AgNWs, resulting in a substantial
improvement in the adhesion stability of the hybrid
conductor.

Strain sensors capable of conforming to human skin play a
crucial role in gathering biophysical data for human motion
detection, healthcare monitoring, and human-computer inter-
actions. The AgNW-LM transparent conductor serves effec-
tively as a strain sensor, owing to its excellent mechanical com-
pliance and strong adhesion of the conductive layer to the sub-
strate. Fig. 4a displays the gauge factor (GF) of the strain
sensor made with AgNWs-LM coated on thermoplastic poly-
urethane (TPU), capable of stretching up to 550% strain
(Fig. S147). The strain sensor, with a sheet resistance of 9.8 Q
sq~!, operates within a strain range of 0-95%, exhibiting a
lower GF of 23 in the 0-60% strain range and a higher GF of
1218 in the 60-95% range. Fig. 4b shows the current-voltage
(I-V) curves of the strain sensor at different tensile strains. As
the voltage gradually increases, the current exhibits a linear
increase. The I-V curve consistently demonstrates ohmic be-
havior within the 0-70% strain range. Durability is a key per-
formance indicator for strain sensors in practical applications.
Fig. 4c shows that the AgNW-LM sensor maintains excellent
stability and repeatability over 100 loading and unloading
cycles at a strain of 10%. Fig. 4d demonstrates the sensor’s
ability to attach to various parts of the human body for motion
detection with kinesiology tape and thin VHB tape (as shown
in Fig. S167). Fig. 4e shows the change in resistance when the
sensor is adhered to a human finger. The change in relative re-
sistance accurately indicates the extent of finger bending.
Additionally, the sensor can be affixed to the wrist or knee
joint, providing high-quality measurements of individual
physical activities. As depicted in Fig. 4f, the monitored resis-
tance signal correlates with the frequency and amplitude of
wrist bending. The strain sensor’s excellent conformability
and sensitivity enable it to monitor real-time knee joint
motions. Different knee-related movements, such as squatting,
jumping, walking, and running, can be easily identified
through the variations in the resistance signal, as shown in
Fig. 4g. Besides tracking large-scale human movements, the
sensor is also capable of detecting subtle body movements. As
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illustrated in Fig. 4h, when the sensor is attached to a volun-
teer’s neck, it can detect glottal movements during swallowing.

Conclusions

In conclusion, this study proposes a straightforward yet highly
efficacious method for creating high-performance, deformable
transparent conductors with versatile functionality, leveraging
the unique physicochemical properties of LM. When subjected
to acid vapor, the enclosed liquid metal microcapsules
rupture, releasing the fluid metal. The liberated metal sub-
sequently forms a metallic overlay and hybridizes with the
underlying Ag network, yielding a transparent conductive film
with significantly improved electrical and mechanical pro-
perties. A transparent conductor with a sheet resistance of
15.27 Q sq~" and an optical transmittance of 81% at 550 nm
was successfully fabricated on a PET substrate. Significantly,
the AgNW-LM conductor demonstrated outstanding deform-
ability and reliability, enduring a series of rigorous stability
tests such as chemical stability, adhesion tests (with 3M VHB
tape), ultrasonic treatment, and 2000 cycles of compressive
and tensile bending. The versatile functionality of the trans-
parent conductor was demonstrated through its integration
into touch panels and strain sensors. The exceptional perform-
ance and stable operation of the assembled devices highlight
the effectiveness of the hybrid deformable electrode design
and its potential for driving innovations in advanced deform-
able electronics.
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