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Silver nanowires (AgNWs) are one of the best material substitutes for indium tin oxide (ITO) in next-
generation flexible, foldable, and bendable transparent conducting electrodes (TCEs) due to their very
low sheet resistance, good transparency, higher flexibility, and ease of processing. However, they still
suffer from some drawbacks such as larger surface roughness, poor stability, high haze, and poor
adhesion to substrates. In this work, we report the fabrication of flexible and bendable TCEs with good
mechanical stability and optical and electrical properties from the hybrid of AQNWs and neutralized
PEDOT:PSS by simple one-step roll-to-roll coating. Imidazole was employed to neutralize the
commercial grade PEDOT:PSS for minimal loss of conductivity. Hydroxypropyl methylcellulose (HPMC)
was used to improve the hybrid dispersion and as a binder to enhance the adhesion with the substrate.
Polysiloxane was used as the overcoating protective layer on the AgNWs/N-PEDOT:PSS TCF to enhance
stability against oxidation and corrosion. The AGNW hybrid TCF showed a sheet resistance of 20 Q sq~*
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and optical transmittance over 95% with a low haze value of ~1. The AgNW hybrid TCFs displayed
better adhesion and exceptional mechanical stability with almost no difference in sheet resistance after
5000 repeated bending cycles. This method of hybrid TCF fabrication offering exceptional stability, low
sheet resistance, good transparency and lower haze holds great potential in the context of highly
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Introduction

Transparent conducting electrodes (TCEs) are extensively used
in optoelectronic devices such as displays, touch panels, solar
cells, heaters, supercapacitors, organic light-emitting diodes,
etc."™" Flexible transparent electrode materials are specifically
favourable for next-generation electronic applications due to
being thin, lightweight, foldable, and bendable."'° In the
recent past, flexible and foldable TCEs have fascinated much
attention due to the increasing demand for flexible and wear-
able electronics. Flexible TCEs have been extensively explored
in various fields including energy storage, display and lighting,
wearable electronics, and medical equipment, which have a
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large impact on human living and, at large, society. At present,
indium tin oxide (ITO) TCEs are most commonly used in
electronic applications owing to their higher conductivity and
optical transmittance. However, the use of ITO in flexible
electronics is limited due to drawbacks such as inflexibility
(highly brittle), a high-temperature fabrication process, higher
costs for production, and shortage of rare earth metals.”'®
Due to the above shortcomings, the production of large-size
flexible and bendable devices using ITO is difficult. Hence it is
very essential to find alternative materials to ITO with easy TCE
fabrication processes and flexibility and bendability characteristics.

In the last decade, there has been growing interest in
developing ITO alternatives for flexible electronic devices.
Flexible electronics have been widely explored based on carbon
nanotubes (CNTs),*** graphene,®*>° conducting polymers
(PEDOT:PSS),**** metal meshes and metal grids,***° and silver
nanowires (AgNWs).> ®'82% Conducting polymers and carbon-
based nanomaterials are extremely flexible and allow low-
temperature solution processing for the fabrication of
electrodes. However, the sheet resistances of conducting poly-
mer and carbon material transparent electrodes are higher in
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the range between 100 and 500 Q sq ™" (transparency, 80-95%)
when compared with ITO (10-50 Q sq ™).

AgNWs are considered a suitable replacement material for
ITO because of their high electrical conductivity, transparency,
and simple and low-cost solution fabrication process. However,
AgNWs cannot be used directly as transparent electrodes due to
disadvantages such as weak bonding between nanowires, poor
adhesion with substrates, high haze (strong light scattering),
limited mechanical and electrical stability, large-sized holes
and inhomogeneous resistance distribution due to surface
roughness.’*>® However, there have been a lot of efforts which
include mechanical pressing, thermal annealing, plasmonic
welding, introduction of conducting materials (PEDOT:PSS,
SWCNTs, graphene, MXenes, etc.), binders (PVA, PDMS, epoxy)
and overcoating (conductive polymer/silica binder) which over-
came certain drawbacks of AgNW TCFs.”*’"%® However, the
reliability and mechanical stability of AgNW TCFs remain an
important issue. AgNW TCF fabrication with hybrid approaches
and post-processing (thermal annealing, mechanical pressing,
and protective layer overcoating) which are done in multiple
steps would also increase the manufacturing cost and restrict
scalable fabrication for commercial applications.

PEDOT:PSS is a suitable material for hybrid AgNW TCFs due
to its exceptionally high electrical conductivity, transparency,
and good compatibility for the one-step fabrication
process.>>® However, the highly acidic nature of PEDOT:PSS
(sulfonic acid groups of PSS) adversely impacts AgNWs via
acidic corrosion.”®”* To the best of our knowledge, only a
few reports currently exist on the fabrication of TCFs from
the hybrid of AgNWs with neutralized PEDOT:PSS to solve the
corrosion stability problem of AgNWs. Chen et al.>® explored
the multi-step fabrication of AgNWs/PEDOT:PSS TCFs using
neutralized PEDOT:PSS (guanidine as a neutralizing agent) as
the overcoating layer. Unfortunately, the neutralized PED-
OT:PSS exhibited lower conductivity (~60% lower compared
to pristine) and the resulting AgNW hybrid film showed poor
uniformity and high surface roughness. Recently, Bhargavi
et al. reported the fabrication of a similar AgNW hybrid based
on commercially available neutral PEDOT:PSS.”* In that report,
the hybrid film was prepared using an extrusion-based direct
write system and tested as a printed heater. The length of the
AgNWs was purposefully reduced using ultrasonication for
extrusion printing. Kim et al.® fabricated hybrid AgNW TCFs
by a simple roll-to-roll method using neutralized PEDOT:PSS
and AgNWs. In that work, imidazole was used as a mild base
material to neutralize the PEDOT:PSS. Due to its highly hygro-
scopic and brittle nature, excessive PSS which was used to
adjust the ratio of PEDOT for the fabrication of electrodes
resulted in lower stability and durability of the TCFs. These
problems need to be solved for practical flexible electronic
applications.

In this work, we describe the fabrication of a flexible,
bendable, transparent conducting electrode from the hybrid
of AgNWs with neutralized PEDOT:PSS by a simple roll-to-roll
approach. Hydroxypropyl methylcellulose (HPMC) is used as a
binder to improve the compatibility and adhesion properties of
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the hybrid dispersions.’>®* Neutralized PEDOT:PSS and HPMC
improve the adhesion strength between AgNWs and the PET
substrate. Also, PEDOT:PSS acts as an interconnector (soldering
material) between AgNWs for better charge transport, resulting
in enhanced electrical conductivity and higher surface smooth-
ness. In addition, the hybrid film with polysiloxane overcoating
can enhance mechanical stability and durability. The mechan-
ical stability of AgNWs hybrid TCFs is investigated with
repeated bending and adhesive peel-off tests. The fabricated
AgNWSs/N-PEDOT:PSS hybrid film displayed a lower sheet resis-
tance of 20 Q sq ™" with optical transparency over 95% without
any post-treatment.

Results and discussion

PEDOT:PSS was utilized as a conducting material for the
fabrication of hybrid AgNW TCFs to decrease the haze and
roughness while increasing the mechanical stability and dur-
ability. Besides, PEDOT:PSS in the AgNWs acts as a soldering
material between nanowires, leading to higher conductivity and
a homogenous resistance distribution. However, the highly
acidic and hygroscopic behaviour of PEDOT:PSS implies infer-
ior stability due to oxidation and acidic corrosion by the excess
sulfonic acid groups of PSS. PEDOT:PSS is generally neutralized
with base materials including diethanolamine or triethanola-
mine, guanidine, imidazole derivatives, NaOH, KOH, and
ammonia as reported elsewhere.”**>”* Among them, imidazole
as a mild base is the best candidate for neutralization of
PEDOT:PSS with a marginal reduction in conductivity. In addi-
tion, imidazole acts as a corrosion inhibitor against metals
(ITO, copper, aluminium, silver) due to the azole group with
free electron pairs of nitrogen atoms which strongly binds with
the metallic surface preventing corrosion.’®”" In this work, 1 M
imidazole solution was used for neutralization of PEDOT:PSS,
which was then utilized for the preparation of the hybrid
dispersion of AgNWs.

AgNWSs/PEDOT:PSS hybrid dispersion was prepared using
AgNWs, neutralized PEDOT:PSS, and HPMC (1.0 wt% aqueous
solution) through a roll mixer for 1-2 h. HPMC was used as an
adhesive binder to improve the stability/compatibility of the
hybrid dispersion and the adhesion between the AgNWs and
substrate. HPMC also helps to enhance the extensive contact
between the AgNWs with homogenous resistance distribution.**
The AgNWs/N-PEDOT:PSS hybrid dispersion was used to fabricate
TCFs via simple one-step roll-to-roll coating (Scheme 1) using a
Mayer rod on a PET substrate, followed by drying at 130 °C for
5 min in a hot air oven. Hybrid TCFs were then overcoated with
polysiloxane (thanks to Solvay Korea) by the Mayer rod and dried at
130 °C for 5 min. The fabricated hybrid TCFs (Fig. S1, ESIt)
showed relatively high R, values between 85 and 125 Q sq~* with
haze values in the range of 1.0-2.0. The higher R, of the hybrid
TCFs was due to the higher weight percentage of PEDOT:PSS
(1.3 wt%) with AgNWs (0.5 wt%).

Thus, the N-PEDOT:PSS (1.3 wt%) dispersion was adjusted
to a weight percentage of ~0.5 wt% by diluting with isopropyl

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Schematic illustration of the fabrication of highly conductive
flexible, transparent conducting films from pure AgNWSs and the AgNWs/
N-PEDOT:PSS hybrid by a one-step solution process using Mayer rod
coating.

alcohol (IPA), dimethyl sulfoxide (DMSO) and distilled water to
reduce the R, value. The AgNW hybrid dispersion (Fig. S2, ESIt)
was prepared by mixing AgNWs (0.5 wt% in water) and neu-
tralized PEDOT:PSS (0.5 wt%) at varying weight ratios (1:0,
1:1, 2:1, and 0:1). Then 5 wt% HPMC (1.0 wt% aqueous
solution) was added to the hybrid solution and mixed well for
1-2 h using a roll mixer. Hybrid TCFs (Fig. S3, ESIt) were
fabricated by the same coating method mentioned above and
used for further characterization. The results are shown in
Table S1 (ESIt) and Fig. 1. The developed hybrid TCFs showed
lower R values in the range of 20-30 Q sq ™" with haze values of
~1 and transmittance over 95%. The comparison of TCF
results (resistance, transmittance, and haze) between this work
and the literature is presented in Table S1 (ESIf) and Fig. 1. It
was observed that the developed AgNWs/N-PEDOT:PSS hybrid
TCFs showed lower R, higher transmittance, and lower haze
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Fig. 1 Sheet resistance, transmittance, and haze of the pristine AQNW
film, AgNWs/N-PEDOT:PSS hybrid TCFs and already reported TCFs
(M, % - transmittance and @,A - haze).
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than previously reported TCFs based on AgNWs, SWCNTs,
DWCNTs, graphene, AgNWs/graphene, and AgNWSs/PED-
OT:PSS.»%11:22,24,28,37,50,54,56,62,75-84 'Thig i5 due to the specific
hybrid formulation with an optimal ratio of PEDOT:PSS with
AgNWs, and the mild roll mixing and simple roll-to-roll fabri-
cation process. The mild roll mixing and roll-to-roll fabrication
process might also have maintained the AgNW structure intact,
resulting in higher electrical conductivity, very good transpar-
ency and lower haze.

The surface morphology of the neat AgNW and hybrid AgNW
TCFs was investigated using SEM (Fig. 2). As shown in Fig. 2a,
the pristine AgNW film showed a very rough surface; each
nanowire was loosely in contact with the other one and part
of them were even out of contact with the substrate (poor
adhesion) which resulted in low electrical conductivity. Thus,
the neat AgNW film had less durability under mechanical
stress, resulting in a drastic increase in sheet resistance. In
contrast, the AgNWs/N-PEDOT:PSS hybrid film (Fig. 2b) showed
a comparatively smooth surface. The SEM image suggests that
AgNWs were closely embedded and the gaps between AgNWs
were completely covered with PEDOT:PSS and HPMC. In the
SEM images, the AgNW microstructure remained almost the
same as the pure AgNW system. Similar observations are
reported elsewhere.**®° The presence of PEDOT:PSS and HPMC
in the hybrid structure substantially improves the adhesion
between the AgNWs and the PET. Besides, PEDOT:PSS as a
bridge or soldering material between AgNW junctions reduces
the contact resistance which results in improved electrical
properties. Nonetheless, the high surface roughness of AgNW
films usually leads to an acute problem of light scattering
(haze) which restricts their use as TCEs. Due to blurriness (less
clarity) caused by a high haze value, the TCEs from AgNWs even
with high transmittance and low resistance are not suitable for
display applications. Thus, a lot of research studies are focused
on lowering the haze (higher transparency) to the ITO level
(approximately 1-3%) as an essential limit for display applications

PNU CRF

Fig. 2 SEM images of AgQNWs (a and c) and AgNWs/N-PEDOT:PSS hybrid
(b and d) TCFs. [(a) and (b) - low magnification and (c) and (d) - high
magnification images].
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(OLEDs, OPVs, etc.).**7>7%%* In AgNW hybrid TCFs, the introduc-
tion of PEDOT:PSS and HPMC as interconnecting/filling materials
improved the surface roughness with a dramatic reduction in the
haze value. The haze value of the AgNWs/N-PEDOT:PSS film was
~1.0 which was well comparable to ITO.

The surface topology and roughness of the neat AgNW and
AgNWs/N-PEDOT:PSS hybrid films were also studied using
AFM (Fig. 3). The roughness (RMS) values of the neat AgNW
and AgNWs/N-PEDOT:PSS hybrid (weight ratio of AgNWs to
PEDOT : PSS of 1:1) TCFs were 20.5 and 9.4 nm, respectively. In
Fig. 3a, the surface of the pristine AgNW TCF with bulged
AgNW clusters can act as electrical shortcuts which may lead to
the deterioration of device performance. The large sized holes
in the AgNW network restrict the efficient collection of charge
carriers and result in an uneven distribution of resistance
throughout the entire film surface. These problems could
certainly be resolved by the inclusion of PEDOT:PSS into
AgNWs (Fig. 3b). The hybrid AgNWs/PEDOT:PSS films showed
a much smoother surface with lower surface roughness than
the pristine AgNW film. Here, the PEDOT:PSS acted as a
reinforcing material to fill the voids between AgNWs, resulting
in a smoother surface morphology (reduction of surface rough-
ness) and higher conductivity. Thus, this method is favourable
for the fabrication of TCEs with a smoother surface. However,
the roughness of AgNW TCFs makes it extremely critical to use
them as electrodes in OLEDs, in which the surface roughness is
usually needed to be below 2 nm."® This could be attained by
mechanical pressing and other formulation techniques.

For long-term stability, AgNWs were hybridized with non-
neutralized PEDOT:PSS and N-PEDOT:PSS and their resistance
was compared over time (Fig. S5, ESIt). The resistance of non-
neutral PEDOT:PSS drastically increased with time in compar-
ison with the negligible resistance change in N-PEDOT:PSS.
This is due to the acidic nature of PEDOT:PSS which reduces
the stability of AgNWs via corrosion and increases the
resistance.>’* To demonstrate the mechanical durability and
flexibility, the pristine AgNW and AgNWs/N-PEDOT:PSS hybrid
TCFs were also investigated in terms of changes in resistance
against repeated bending cycles and peel-off tape adhesion test
(the photo image of the flexible AgNWs/N-PEDOT:PSS hybrid
TCF on the PET substrate is shown in Fig. S4, ESIt). The TCFs
were tested by bending with a radius curvature of 10 mm for
5000 bending cycles. Fig. 4 shows the Ry of TCFs over 5000
repeated bending cycles. A nominal increase of 10-15% in the
R, value of the hybrid TCF was observed after 5000 repeated

261.9 nm 160.1 nm

200.0 120.0

100.0
150.0
80.0
100.0 60.0
40.0

20.0

0.0

Fig. 3 AFM phase images of AgNWs and AgNWs/N-PEDOT:PSS hybrid
TCFs.
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Fig. 4 Mechanical bending test in terms of change in sheet resistance
(R/Ro) for pristine AQNW and AgNWs/N-PEDOT:PSS hybrid TCFs with
repeated bending cycles. Ro — initial sheet resistance and R — sheet
resistance after repeated bending cycles (inset: photograph of TCF for
mechanical bending).

bending cycles. In contrast, the pristine AgNW TCF showed a
drastic increase in the R; after repeated bending cycles. Further,
AgNW hybrid TCFs were overcoated with polysiloxane to
enhance the stability. As a result, the sheet resistance of the
overcoated AgNW hybrid TCF remained the same as the initial
resistance value after 5000 repeated bending cycles. The poly-
siloxane overcoating layer improved the mechanical durability
of the TCF without affecting the electrical conductivity.

To check the adhesive strength, the peel-off test was carried
out on the neat AgNW and AgNWs/PEDOT:PSS hybrid TCFs. In
this test, the Scotch™ tape (3M) was first stuck on the TCF by
rubbing the entire surface with constant force, and then the
Scotch tape was peeled off from the TCF. In the hybrid TCF, no
visible difference was noticed before and after the tape test
(Fig. 5). In contrast, the pristine AgNW TCF was detached from
the PET substrate during the peel-off tape test. This indicated
the poor adhesion of the pristine AgNW film to the substrate.

1.4
[ = AgNWs/N-PEDOT:PSS]|

1.2
n\:o 1.04 n n ] " ] "
v

AgNWs/N-PEDOT :PSS
0.84
No damage
06 T T T T T T

No. of peel-off test

Fig. 5 Adhesive peel-off tape test (3M Scotch™ tape) for pristine AgQNW
and AgNWs/N-PEDOT:PSS hybrid TCFs.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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In the hybrid system, PEDOT:PSS and HPMC tightly embedded
in the AgNW junction networks increased the adhesion
between the substrate and AgNWs, resulting in higher durabil-
ity of the TCFs. These results reveal that this method is suitable
for the fabrication of films as TCEs for application in flexible
display electronics, including touch screen, OLEDs, and OPVs.

Conclusions

We successfully developed a simple and cost-effective one-step
solution fabrication process of a highly transparent, highly
conducting, flexible, and durable AgNWs/N-PEDOT:PSS films
by roll-to-roll coating without any post-treatment. The R, value
of the resulting TCF was observed to be as low as 20 Q sq*,
with higher transmittance over 95% and lower haze <1. The
neutralization of the acidic PEDOT:PSS dispersion with imida-
zole was used to prevent acidic corrosion for higher stability.
The AgNW hybrid TCF with a much smoother surface and low
surface roughness was achieved by filling the holes between
AgNWs using N-PEDOT:PSS and HPMC. Besides, HPMC and
PEDOT:PSS as soldering materials improved the adhesion of
AgNWs with the PET substrate along with the bonding between
AgNWs, resulting in lower contact resistance and higher elec-
trical conductivity. In the bending test over 5000 cycles, the
polysiloxane overcoating as a protecting layer improved the
mechanical stability and durability in terms of almost no
variation in the resistance. TCFs were also stable during the
tape peel-off test. We believe that this fabrication method will
inspire the large-scale production of TCEs with improved
properties for flexible optoelectronic applications.
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