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Flexible transparent electrodes (FTEs) have become a vital component of many devices such as heaters,
solar cells, light-emitting diodes (LEDs), and smart windows. Recently, great endeavors have been
undertaken to develop new-generation FTE materials as an alternative to conventional rigid indium tin
oxide (ITO). Owing to their outstanding conductivity and flexibility, metallic nanowires have been
considered as one of the most potential candidates for FTEs. This review summarizes recent advances in

understanding the relationship among the dispersion uniformity of metallic nanowires, the optical and
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1 Introduction

The past decade witnessed rapid development of flexible elec-
trodes with transparent characteristics for the realization of
deformable optoelectronics.’™* Unlike conventional electronics
that rely on rigid glass, these devices are fabricated onto flexible
or even stretchable polymer substrates (e.g. polyethylene tere-
phthalate (PET), poly(ethylene 2,6-naphthalate) (PEN), poly-
imide (PI), polydimethylsiloxane (PDMS), and polyurethane
(PU)) with intrinsic tolerance to strain.>” This allows for the use
of a combination of a variety of conductive components as
flexible transparent electrodes (FTEs) for display electronics,'**?
photovoltaic energy conversion,"™” electrochromic smart
windows,'®*?" and many other advanced technologies.

Critical to FTEs is the selection of conductive materials and
ensuring their uniform distribution on flexible substrates.
Metals or metal oxides with high electron conductivity and cost-
effectiveness are attracting significant interest. Indium tin oxide
(ITO) is the most commonly used conductive material for
manufacturing transparent electrodes as it can be uniformly
deposited onto transparent substrates using the sputtering
method.**?* However, being a ceramic material, its intrinsic
brittleness makes it prone to fracturing during deformation in
flexible electronics.>° In contrast, a metallic nanowire network
offers high electronic properties without compromising
deformability at the device level, presenting a promising
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on metallic nanowire FTEs with high stability and reliability are presented.

alternative for emerging flexible optoelectronics.***> However,
achieving a uniform coating of metallic nanowire ink onto
large-area flexible polymer substrates remains challenging. The
uniformity of FTEs is crucial for the performance of subsequent
devices. For example, in flexible heaters, nonuniform distribu-
tion of conductive materials can lead to uneven conductivity,
resulting in localized overheating.*® This issue can degrade user
safety and accelerate device failure. In another scenario, flexible
displays incorporating numerous light-emitting diodes (LEDs)
based on nonuniform FTEs may suffer from inconsistent
brightness and color due to uneven conductivity, posing chal-
lenges for achieving high-quality, accurate visual imaging.**
Many reviews have covered topics such as the synthesis of
metallic nanowires,**¢ fabrication techniques, and structure
design for FTEs,”'™* as well as the applications of metal
network FTEs,***° providing comprehensive insights into the
development of FTEs. However, to the best of our knowledge,
there is a lack of reviews focusing specifically on strategies for
achieving metallic nanowire FTEs with high uniformity. In this
progress report, we highlight some recent strategies for
improving the uniformity of metallic nanowire-based FTEs for
application in highly reliable flexible devices, as shown in Fig. 1.
We begin with a summary of the effects of uniformity on the
transmittance, electrical conductivity, and stability of FTEs,
which are crucial for the architecture of flexible optoelectronic
devices. The discussion expands to cover a range of methodo-
logical tools for enhancing uniformity. The uniformity of
metallic nanowires strongly depends on the printing process of
conductive ink. The printing method is crucial for the disper-
sion state of the metallic nanowires. In the modification of
conductive ink formulation, the introduction of surfactants on
the nanowire surface or additives in the solvent can enhance the
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Fig.1 Schematic illustration of the importance of uniformity for high-
performance FTEs.

dispersibility and processability of nanowires. Substrate treat-
ment is essential for the homogeneous wetting of nano-ink.
Furthermore, potential influences on advanced flexible
devices are evaluated. The examples discussed in the following
sections represent diverse strategies for constructing uniform
FTEs, suggesting numerous exciting opportunities for opto-
electronic research.

2 The influence of uniformity on the
properties for FTEs

With the rapid development of wearable devices and artificial
intelligence, flexible electronics have attracted more and more
attention due to their potential for precise human-machine
integration. However, before these applications can be realized, it
is crucial to enhance the performance of FTEs. The most impor-
tant properties for FTEs are optical and electrical properties;
however, there is a trade-off between these two properties.***
When the areal mass density increases with more loading of
metallic nanowires, the transmittance declines and the conduc-
tivity improves with more conductive pathways.* In this section,
we focus on the optical and electrical property improvement by
fabricating metallic nanowire FTEs with high uniformity.

2.1 Optical property

When light is directed through metallic nanowire FTEs, it
undergoes adsorption, reflection, and transmission.** The

18816 | J. Mater. Chem. A, 2024, 12, 18815-18831

View Article Online

Review

optical property of metallic nanowire FTEs refers to the
percentage of transmitted light. The transmittance of the
metallic nanowire network is related to the wavelength of light,
and the transmittance at 550 nm is always used to evaluate the
optical property of FTEs. Normally, the transmittance of
metallic nanowire FTEs has a linear relationship with the
amount of metallic nanowire on the films.** Therefore, the
dispersion of nanowires affects the uniformity of transmittance:
areas where nanowires are densely stacked tend to have lower
transmittance, while regions with lower nanowire density
exhibit higher transmittance. Liu et al** prepared uniform
copper nanowire (Cu NW) FTEs and examined the transparency
in various spots. The as-prepared FTEs exhibited an average
transmittance of 91.1% and the transmittance distribution
varied from 89.5% to 92.0% even when the Cu NWs dispersion
was homogenous. The transmittance was strongly related to the
dispersion of nanowires in that the FTEs showed higher trans-
parency with a higher open area.*® Therefore, nonuniformity,
agglomeration, or segregation significantly affect the trans-
parency of FTEs. Obvious clusters of metallic nanowires
perhaps visible to human eyes is a fatal flaw for optoelectronic
devices such as screens, LEDs, etc.

2.2 Electrical property

The resistance of the metallic nanowire FTEs commonly
includes the resistance in the nanowires themselves and the
resistance between the adjacent nanowires, known as contact
resistance or junction resistance. It's widely acknowledged that
the conductivity of metallic nanowire FTEs is predominantly
determined by the junction resistance.*””** For example, the
resistance of a single silver nanowire (Ag NW) was reported to be
around 300 Q, while the junction resistance between two Ag
NWs was larger than 1 x 10° Q in comparison.*® Therefore,
numerous methods have been reported to reduce the junction
resistance of metallic nanowire networks, including thermal
annealing,”*** acid washing,* light sintering,>"" electro-
induced welding,”®* mechanical pressing,”* nanosoldering,*
etc. The electrical conductivity of the metallic nanowire FTEs is
affected by several factors, including the size,*>** the areal mass
density,*>®® the dispersion uniformity®* of metallic nanowires,
etc. Among these factors, we focus on the function of uniformity
on the conductivity of metallic nanowire FTEs.

The uniformity of the FTEs is represented by a nonunifor-
mity factor (NUF) to evaluate the standard deviation of sheet
resistance from the average value as given below,*>*°

NUF =

where N is the number of measurements of different sites on
the film and R; and R are the measured and average sheet
resistances of all the measurements, respectively. A smaller
value of NUF indicates a more uniform distribution of metallic
nanowires on the substrate. Wang et al.*” systematically inves-
tigated the effects of the thickness of Ag NWs on the FTE
properties and the results revealed that with the increase of the
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amount of Ag NWs, the sheet resistance and NUF of Ag NW
FTEs decreased. Thus, it was difficult to achieve metallic
nanowire FTEs with excellent conductivity and high uniformity,
especially at high transparency. Chen et al.** fabricated Ag NW
FTEs with ultra-low haze and ultra-high uniformity by purifying
Ag NWs with less nanoparticle containment. The achieved Ag
NW FTEs showed good uniformity with a NUF of 5%. Fig. 2
shows the sheet resistance distribution of the Ag NWs in an area
of 8 x 8 cm” Owing to the small NUF, the Ag NW FTEs
exhibited outstanding performance with a high transparency of
99.4% and a sheet resistance of 71.2 Q sq . In comparison,
spin-coated Ag NW FTEs affected by gradient Ag NW distribu-
tion had a much higher NUF of 101.1%.%

2.3 Stability

Metallic nanowire FTEs are prone to degradation under harsh
or air environments due to the active features of metal. The
failure mechanisms of Ag NW FTEs include exposure to corro-
sive gas in the atmosphere, Rayleigh instability induced by
external heating or local Joule heating effects, and electro-
migration under electric field force.®** Among these failure
modes, the degradation of metallic nanowire FTEs under
current is considered to be strongly related to the uniformity of
the metallic nanowire networks.

Dorina et al.” reported the failure of non-homogeneous Ag
NW FTEs under electrical stress, demonstrating that the
temperature distribution and the current density were strongly
influenced by the non-homogeneities of Ag NW FTEs. This
study indicated that the variations in conductivity resulted in
degradation at hot spots due to current fluctuations, particu-
larly in areas where the Ag NWs were thinner than others in the
non-homogeneous FTEs. Wang et al.”* introduced chitosan-
lactic acid (Chi-LaA) to Ag NW inks for fabricated FTEs with
good uniformity and improved stability. After the addition of
Chi-LaA, the Ag NWs dispersed homogenously, while the pris-
tine Ag NWs formed obvious clusters, as shown in Fig. 3(a) and
(b). As discussed in the above section, the optical and electrical
properties were greatly affected by the dispersion of Ag NWs, as
seen in the sheet resistance and transmittance of Ag NW FTEs
with and without Chi-LaA given in Fig. 3(c) and (d). The Chi-
LaA/Ag NW FTE exhibited more homogenous distribution
thanks to the uniform Ag NW networks. Furthermore, the Ag
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NW FTEs with Chi-LaA exhibited improved stability in the
ambient environment and improved thermal annealing and
current stress compared with pure Ag NW FTEs. For example,
the Ag NW FTE with Chi-LaA exhibited a much longer lifetime of
1272 h than that of pristine Ag NW FTEs under a DC current of
250 mA (Fig. 3(e)). The Chi-LaA inhibited the migration of Ag
atoms under electrical stress, and the improved uniformity of
Ag NWs eliminated the hot spots generated by Joule heating.
The pristine Ag NW FTEs lost conductivity completely after only
10 h, while the sheet resistance of Chi-LaA/Ag NW FTEs
increased from 16 to 48 Q sq~ ' after 20 h in contrast (Fig. 3(f)).

3 Engineering strategies for
uniformity improvement

Metallic nanowire FTEs are usually fabricated by solution
processes to achieve random conductive networks.”> Normally,
there are three steps involved in the fabrication of metallic
nanowire FTEs: synthesizing the metallic nanowires, printing
them on flexible substrates, and post-treating the resulting
films to improve their optoelectronic performance.’”** The
uniformity of the metallic nanowire networks strongly relies on
the printing process, including the printing method and the
states of the inks and substrates. In this part, we will discuss the
strategies to fabricate homogeneous metallic nanowire FTEs by
selecting appropriate printing techniques, adjusting the
formulation of inks and employing substrate treatment
methods.

3.1 Printing technology selection

Metallic nanowires can be processed using solution methods,
which are simpler and cheaper compared to complex physical
methods. Various printing methods have been investigated to
create random metallic networks, including drop coating,
vacuum filtration, spin coating, spraying, and roll-to-roll
printing.

Drop coating involves directly dropping and drying liquid
containing metallic particles on a substrate. The dried particles
tend to assemble into a ring-like structure due to the “coffee
ring effect”.”®”* As a result, films fabricated by the drop coating
method often lack uniformity, which is undesirable in indus-
trial applications.” Layani et al.”® reported a fabrication process
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(a) Well dispersed Ag nano-ink and a SEM image of Ag NW networks. (b) UV-vis curves of haze and transmittance vs. wavelength. (c)

Optical image of the Ag NW FTE and its sheet resistance distribution. Reproduced with permission.®* Copyright 2017, the Royal Society of

Chemistry.
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Fig. 3 The stability of the pristine Ag NW and uniform Chi-LaA/Ag NW FTEs. (a and b) Optical images. (c and d) Sheet resistance and trans-
mittance of FTEs with a size of 6 x 6 cm?. (e) Resistance as a function of time under a current of 250 mA cm™2. (f) Sheet resistance as a function of
time at high temperature of 180 °C. Reproduced with permission.” Copyright 2020, the Royal Society of Chemistry.

for uniformly patterned Ag FTEs utilizing the coffee ring effect.
The dropped Ag nanoparticles formed a 2D array of inter-
connected rings with a width less than 10 pm. These arrays
exhibited excellent performance, with a transparency of 95%
and resistance of 0.5 Q sq ', which is better than commercial
ITO. Zhang et al.”” also constructed conductive patterns with
a 2D reticular structure based on the coffee ring effect on
a hydrophilic glass substrate. The patterns exhibited high
uniformity in which the randomly selected spots showed
similar electrical conductivity. Although the drop coating
method always leads to uneven dispersion of nanoparticles,
uniform conductive patterns were achieved using the coffee
ring effect by special design. Compared with drop coating, more
uniform films can be formed using the vacuum filtration
process.”®”® This method involves pumping the solvents
through a filter and leaving the nanowires on the filter. Then,
the nanowires are easily transferred to a flexible substrate
without material waste.*>*" De et al.®* prepared Ag NW FTEs with
the desired transparency by adjusting the thickness of Ag NWs
using the vacuum filtration method. Ag NW FTEs with a sheet
resistance of 13 Q sq ' and transmittance of 85% were
successfully achieved. The films also showed high uniformity in
which the transmittance varied less than 2% across different
spots. Lyons et al.* prepared thin networks of Au nanorods with
high transparency and conductivity. The Au nanorods exhibited
extreme uniformity on flexible substrates using the vacuum
filtration method. Homogeneous Cu NW films have been
prepared by the vacuum filtration method because the Cu NWs
were coated with hydrophobic amine compounds, making the
Cu NWs easily aggregate on PET or glass substrates using the
normal drop coating method.*®** Chu et al** demonstrated
sintering-free Cu NW FTEs using a vacuum filtration coating

18818 | J Mater. Chem. A, 2024, 12, 18815-18831

process and pointed out that the vacuum filtration method was
superior to other coating methods due to the wide selection of
target substrates. In addition, the Cu NWs were firmly attached
to the membrane filter during the vacuum filtration process,
preventing unnecessary aggregation of the Cu NWs.** The
optical images in Fig. 4(a) illustrate the good uniformity of Cu
NW FTEs prepared by vacuum filtration method.

Although the vacuum filtration method is suitable for
achieving homogenous metallic nanowire networks, it is not
scalable. Spin coating and spraying are scalable techniques for
coating metallic nanowires onto flexible substrates. Spin
coating involves the deposition of nanowire suspension onto
a flat substrate, followed by rapid rotation at high speeds to
spread the nanowires uniformly across the surface through
centrifugal force.*® This method is simple, cheap, and allows for
precise control over the thickness of the nanowires by adjusting
the spin speed and cycles.* Shi et al.°* fabricated Ag NW FTEs
using a two-stage spin coating process and the Ag NW films
exhibited high transmittance and no obvious aggregation.
Mayousse et al.*” reported that the spin-coated Ag NW FTEs on
glass substrate exhibited an anisotropic orientation resulting in
an electrode with low optoelectronic performance. In compar-
ison, the spraying technique led to better performance by
forming a randomly oriented mesh. As shown in Fig. 4(c), the Ag
NW FTEs prepared by spray coating method exhibited higher
transmittance with lower sheet resistance compared with those
prepared by spin coating. Spraying requires a nozzle to spray the
metallic nanowire suspension onto heated substrates to evap-
orated the solvent.***>** Sannicolo et al.* studied the impact of
printing techniques on the electrical homogeneity of Ag NW
FTEs using a 1-probe mapping method (Fig. 4(b)). The equipo-
tential lines of the spin-coated FTE were non-isotropic and

This journal is © The Royal Society of Chemistry 2024


https://doi.org/10.1039/d4ta03027c

Published on 25 June 2024. Downloaded on 7/17/2025 7:51:27 PM.

Review

(@)

Areal density 116 155
(mg/m?)
.
|
!
TOHOKU TOHOKU
pakheh vervenry
Resistance (/o) 126.7 81.7
Transmittance (%) 90 86
(b) y

T(550) = 86 % — Spin-coater
40 [ T(550) = 94 % — Spray
T(550) = 89 % — Spray

Sheet Resistance (€/sq)

View Article Online

Journal of Materials Chemistry A

258 409 511

Voltage (V)
1

-
o
@

@2
£

=

CA
o
o
c
8
s

5
@
o

o
-
°
o

<

[

i 25y - P2y - i ly
Time (years)

Point Position

Fig. 4 Printing techniques for uniform metallic nanowire FTEs. (a) Uniform Cu NW FTEs with different areal densities coated using vacuum
filtration. Reproduced with permission.®* Copyright 2019, Elsevier. (b) Schematic representation of the one-probe electrical measurement (1-
probe mapping) set-up and the 1-probe maps of Ag NW FTEs deposited via spray and spin coating processes. The left silver paste electrode is
connected to ground, whereas 1.0 V is applied to the right silver paste electrode. The probe contacted the surface, and voltage was applied to
measure the electric potential step by step. Reproduced with permission.®® Copyright 2018, American Chemical Society. (c) Sheet resistance of
Ag NW FTEs using spray and spin coating methods as a function of storage duration. Reproduced with permission.®” Copyright 2015, the Royal
Society of Chemistry. (d) Picture of the Ag NW FTEs prepared using a roll-to-roll method, and sheet resistance at different positions indicating
good uniformity. Reproduced with permission.®® Copyright 2016, Nature Publishing Group.

centripetally orientated due to the centrifugal force during the
printing process. In contrast, the spray-coated FTE displayed
parallel equipotential lines corresponding to a homogenous
distribution of Ag NWs. Tao et al.** fabricated highly uniform Ag
NW conductors on paper substrates through an optimized
spraying process with the proper spraying path and parameters.
The NUF was reduced to below 10% and even 5% under certain
conditions. Chu et al.>® reported the preparation of large-area
(>50 cm?) Cu NW FTEs by the low-cost spraying method, and
the Cu NWs partially fused due to the high kinetic energy during
the spray deposition process. Thus, the uniform Cu NW FTE
exhibited high performance with a transmittance of 90% and
sheet resistance of 52.7 Q sq . The spraying method is an
efficient printing method to achieve uniform networks and is
suitable for scalable production on flat or curved substrates.
The roll-to-roll method is a typical printing process for mass
production and always integrates with a post treatment process
to form an assembly line.**** Kim et al.® printed a 400 mm wide
Ag NW FTEs using a continuous roll-to-roll slot die coating

This journal is © The Royal Society of Chemistry 2024

process to make large-area flexible touch screen panels. The
resistance of the Ag NW FTEs was measured along the width
direction to evaluate the uniformity of Ag NWs, and the results
demonstrated that the resistance had a small fluctuation
around 50 Q sq " (Fig. 4(d)). The dispersion of Ag NWs is related
to the physical properties of the ink (viscosity and tension) and
the feeding of the substrate during the roll-to-roll coating
process.”**® Therefore, the uniformity of the metallic nanowires
can be optimized by adjusting the properties of the nanowires
and substrates, which will be introduced in the following
sections.

Beyond the conventional printing techniques, there are
specialized structural designs for uniform metallic networks
using self-assembly methods.®”~*° Duan et al.** reported a water-
bath assisted convective assembly process to fabricate hierar-
chically aligned Ag NW FTEs. A uniform Ag NWs grid structure
was formed simply by several dip-coating cycles under the
function of convection flow. Thanks to the ordered structure,
the roughness of the as-prepared Ag NW FTEs was lower than

J. Mater. Chem. A, 2024, 12, 18815-18831 | 18819
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that of spin coating films, which is helpful for the application of
FTEs in photoelectric devices. Han et al.® realized large-area Ag
NW FTEs with desired patterns through a 2D ice-templating
approach. The Ag NW FTE achieved a high transmittance of
91% and low sheet resistance of 20 Q sq~". Yang et al.** fabri-
cated Ag NW FTEs with an ordered network structure using
interface assembly and wetting induced climbing transfer
process. The ordered Ag NW FTEs exhibited a uniform grid
structure (Fig. 5(a)) and the surface roughness, sheet resistance
and transparency showed higher uniformity than the random
Ag NW networks. Thanks to the highly ordered structure, the Ag
NW FTEs showed remarkable performance, with a sheet resis-
tance of 10.6 Q sq ' and transmittance of 96%. Cho et al.'®
demonstrated a bar-coating assembly technique for the fabri-
cation of cross-aligned Ag NW FTEs with sheet resistance of 21
Q sq " at 95% transparency. The cross-aligned Ag NW FTEs
showed a uniform distribution of sheet resistance with a small
deviation of 1.2 due to the ordered geometry of the Ag NW

(a)

10
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networks and uniform nanowire-nanowire junctions, as shown
in Fig. 5(b). Likewise, the transmittance distribution of the
cross-aligned Ag NW FTEs showed a better uniformity with
a standard deviation of 0.3 in comparison to the deviation for
random Ag NW FTE of 0.8. Feng et al.'® also presented a cost-
effective strategy to prepare aligned Ag NW FTEs with excel-
lent uniformity. The as-fabricated Ag NW FTEs exhibited an
ultrahigh transmittance of 99.1% and sheet resistance of 91 Q
sq ' with a low areal mass density of only 8.3 mg m 2. In
comparison, the random Ag NW FTEs exhibited a sheet resis-
tance of 228.3 Q sq ' and a transmittance of 94%.%*

From the above introduction, the vacuum filtration and
spraying methods are excellent techniques to fabricate uniform
metallic nanowire FTEs on various substrates. The performance
of the metallic nanowire FTEs strongly depends on the unifor-
mity of the nanowires. We summarize the selection of printing
method for different applicable uses in Table 1.

Fig. 5 Comparison of ordered and random Ag NW FTEs. (a) SEM images, AFM height profile, sheet resistance distribution. Reproduced with
permission.’** Copyright 2024, Wiley-VCH. (b) Photograph of large scale (20 x 20 cm?) FTE and the mapping showing the distribution of sheet
resistance and transmittance for the cross-aligned and random Ag NW FTEs. Reproduced with permission.’? Copyright 2017, American

Chemical Society.
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Table 1 Comparison of different printing methods
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Methods Advantages Disadvantages Applications

Drop coating Simple Nonuniform Devices with low uniformity
Low cost requirements, e.g. flexible

conductive track

Vacuum filtration Uniform Not applicable to large areas Small size device, e.g., OLEDs, SCs,
Ink-saving ECDs
Strong controllability

Spin coating Simple Ink-wasting e.g. OLEDs, SCs, ECDs

Compatible with non-planar
transparent substrates

Spraying

Roll-to-roll Large-scale production

3.2 Improvement of ink formulation

To achieve homogenous metallic nanowire FTEs, the uniformity
of the printing inks is crucial. However, the metallic nanowires
easily agglomerate or precipitate in solvent during storage.
Aggregated metallic nanowires will cause bad uniformity. Some
techniques have been employed to prevent the agglomeration of
metallic nanowires through surface modification of nanowires
or selecting proper additives.

3.2.1 Surface modification of metallic nanowires. Gener-
ally, metallic nanowires are synthesized using a surfactant to
generate 1 dimensional structure and prevent agglomeration.
The surfactants are strongly adsorbed on the metallic nano-
wires with a thickness of several nanometers. Thus, the prop-
erties of surfactants affect the dispersion of metallic nanowires
on various substrates.'*

The surface properties of the metallic nanowires can be
chemically modified via ligand exchange reactions, which can
improve the uniform distribution of metallic nanowires in the
polymer matrix."®® Choi et al.'*” fabricated stretchable heaters
made of homogeneous Ag NWs in styrene-butadiene-styrene
elastomer. The original polyvinylpyrrolidone (PVP) on the Ag
NWs was changed to hexylamine to improve the dispersion of
Ag NWs in the polymer. The well-dispersed Ag NWs network
increased the conductive paths and exhibited an enhanced
conductivity. Lu et al*® presented a stretchable conductor
using surface-modified Ag NWs and thermoplastic PU. The Ag
NWs after surface modification were well dispersed in PU
polymer and had enhanced electrical property due to the
homogenous network.

For Cu NWs, the synthesis process always involves linear
alkyl amines as the surfactant, as they are water insoluble and
hydrophobic.*®> However, the commonly used substrates for
FTEs are hydrophilic glass, PET or PEN, etc. As mentioned
above, Cu NWs with hydrophobic surfactants easily aggregate
on substrates during the printing process. Li et al.** obtained
well dispersed PVP-capped Cu NWs via a ligand exchange
method and prepared Cu NW FTEs with excellent properties (30
Q sq ' at 86% transmittance) using a spin coating process. Liu
et al.*® prepared high-performance Cu NW FTEs using a pick-
ling-chemical sintering approach at room temperature. The
Cu NWs were pickled to remove the hydrophobic oleylamine
and uniform Cu NWs FTEs were achieved, showing

This journal is © The Royal Society of Chemistry 2024

Weak controllability
Ink-wasting

Almost all areas, especially for non-
planar electronics, e.g. curved
displays

Expensive equipment Commercial mass production

homogeneous photoelectric properties in an area of 5 x 5 cm”.
Zhong et al.'*® fabricated Cu NW FTEs with high uniformities
using surface modified Cu NWs inks in isopropyl alcohol (IPA).
The Cu NWs capped with hexadecylamine (HDA) surfactant
were poorly dispersed in polar IPA. To improve the dispersion,
the surfactant on the Cu NWs was changed to PVP by a ligand
exchange process (Fig. 6). The Cu NW FTEs prepared with the
ligand exchanged Cu NWs showed good electrical and optical
uniformity. The large-area Cu NW FTE exhibited an average
sheet resistance of 24.5 Q sq~ ' with a small deviation of 1.9 Q
sq~' and average transmittance of 83% with a deviation of
1.1%. From the above, we can conclude that the Cu NWs with
hydrophobic surfactants are usually modified by a ligand
exchange process to improve the dispersion in polar solvent and
further enhance the uniformity on substrates, especially when
using the drop coating, spin coating or roll-to-roll coating
methods.

In short, surfactants such as PVP used during the synthesis
of metallic nanowires effectively prevent agglomeration and
enhance uniformity. Therefore, by modifying the surface of
nanowires with appropriate surfactants depending on the
solvent used for dispersion, excellent uniformity can be ach-
ieved, laying a solid foundation for the fabrication of highly
uniform FTEs.

3.2.2 Selecting proper additives. Beyond the metallic
nanowires, the composition of the ink includes the solvent and
additives.” The additives are usually employed to improve the
printing quality of conductive inks by adjusting the dispersion
of Ag NWs or the wettability of inks, modifying the drying
process, etc.'*’

Wang et al.” introduced Chi-LaA to Ag NW aqueous solution
to improve the dispersion of Ag NW ink. Highly uniform and
stable Ag NW FTEs were achieved with a NUF of 7%. In
comparison, the NUF of Ag NW FTEs prepared with aqueous ink
was as high as 49%, demonstrating poor uniformity. From the
optical and infrared images in Fig. 7(a), after the addition of
Chi-LaA, the Ag NWs exhibited high uniformity in the whole
area. The Ag NWs were agglomerated into clusters and exhibi-
ted uneven heating property without Chi-LaA. Sun et al.'** re-
ported high-performance Ag NW FTEs with a sheet resistance of
10 Q sq ! and a transmittance of 92% using water-processed Ag
NWs and poly(sodium 4-styrenesulfonate) (PSSNa) as a poly-
electrolyte. Relying on the electrostatic charge repulsion caused
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Fig. 6 Surface modification of Cu NWs for uniform FTEs. (a) Schematic illustration of the ligand exchange process for highly dispersed Cu NW
ink. (b) Photograph of large-scale (150 x 200 mm?) Cu NW FTE divided into 16 zones to characterize its sheet resistance (center) and trans-

mittance (right) uniformity. Reproduced with permission.t®® Copyright 2016, the Royal Society of Chemistry.

() uniform and stable chi-Laa/agNW composite TCF Chi-taA/AGNW (0.2:1)

(b) Without PSSNa

With PSSNa
100 100 500
—a—Rei N -
= 80 {80
o L e =S 5 {400
= =
3 60 {60 &
§ Z 4300
g 40f 440 2
g ° S 2 1200
& 201 T~ 12
B
- : - o Jio0
0 20 40 60

Concentration of PSS Na (mg ml™")

£

-s-Mean Value
~o-Standard Deviation F1.4

@
LT

v g
g @

: i

3 3

i éu. -10§

377 387 399 Wetfimleveling 255 260 260 a2 °s
= §3°' 052

370 378 387 253 256 255 5% o
S 264 U8

365 367 372 263 283 283 AT TR N “a

n-Pentanol Concentration / %

o4
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by the PSSNa on the Ag NWs, the ink was homogeneous and
stable. The as-prepared Ag NW FTEs exhibited higher unifor-
mity compared with those without PSSNa with similar Ag NW
coverage, as shown in Fig. 7(b). Various polyelectrolytes were
used in this report including neutral PVA, PVP, PEO and nega-
tive PAAS, but these positive electrolytes did not offer the
improved performance of the Ag NW FTES with PSSNa. Chen
et al.'™ reported a suitable agent (cellulose nanofibril (CNF)) to
promote the uniformity of Ag NW FTEs and revealed that the
CNF dramatically enhanced the Ag NW dispersity and opti-
mized the drying process. The conductivity and uniformity were
promoted. The zeta potential was much higher with 0.25 wt%
CNF, indicating a large electrostatic repulsion among Ag NWs;
thus, the dispersion of Ag NWs was greatly promoted. Chen
et al."" proposed a wet film leveling process for promoting the
uniformity of Ag NW FTEs, as shown in Fig. 7(c). The leveling
agent eliminated the surface tension gradient and led to a flat
surface through the reflow process of wet film. When n-pentanol
was selected as the leveling agent, the sheet resistance and
corresponding variation coefficient of the Ag NW FTEs decrease
from 38.3 Q sq /3.83% to 25.7 Q sq /1.88%. Chen et al.**
explored several additives to promote the whole printing
process, including the dispersion of Ag NWs and the wetting
and drying processes of the films. 2-Amino-2-methyl-1-propanol
was used to reduce the aggregation of the Ag NWs by
strengthening the repulsive force between Ag NWs. Zonyl FSO-
100 adjusted the surface tension to endow excellent wetta-
bility of the ink on substrates. Diacetone alcohol was used as
a leveling regent to obtain flat films. Using the as-prepared Ag
NW ink, a uniform and large-scale FTE (0.5 x 10 m®) was
printed by a roll-to-roll process and applied on a touch screen.

3.3 Surface treatment of substrates

1 when the surface tension of

According to the Young equation,
the metallic nanowire ink is higher than that of the substrate,
the ink exhibits bad wettability. Then, the metallic nanowires
cannot disperse uniformly on the substrates. In general, to
achieve good wettability, adjusting the ink formulation or
modifying the surface of the substrate are effective methods.***
By tuning the properties of substrate and printing ink, it is
possible to achieve metallic networks with different structures
by changing the capillary force between the ink and
substrates.'*® The commonly used substrates for metallic FTEs
are glass, PET, PEN, PI, PDMS, PU, etc. Unfortunately, metallic
nanowires in organic solvent are not able to disperse uniformly
on these substrates without further treatment. Thus, surface
treatment or coating with an underlying layer is another
strategy to improve the dispersion of metallic nanowires during
the coating process.""”

The hydrophilic property of the PET, PEN or PI substrates
can be improved by plasma treatment.”® For example, the
contact angle of water on PET decreased from 84.5° to 34.6°
after air plasma treatment."™® The decrease of contact angle
revealed the improved hydrophily of PET substrates, which
benefits the metallic nanowire dispersion during the printing
process. Wu et al.**® prepared Ag NW FTEs on pre-treated PET
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substrate and achieved uniform Ag NW networks by a simple
drop casting process. Moon et al.*** produced large scale, high-
performance Ag NW/GO FTEs on PET substrates. To improve
the dispersion of Ag NWs on PET substrates, the PET surface
was treated with O, plasma to reduce the water contact angle
from 62.37° to 15.14°. The as-prepared Ag NW/GO FTE exhibi-
ted superior properties, including high conductivity (24.8 Q
sq '), high transparency (92%), high durability under bending,
good chemical stability, and high electrical uniformity. The
sheet resistance deviated only 1.07% from the average value of
24.8 Q sq ! for a large-area FTE with size of over 50 mm?®.
Beyond plasma treatment, hydrophilic polymers or materials
have been designed to coat the original substrates as an
underlying layer to improve the wetting and adhesion of
metallic nanowires on the flexible substrates. Akter et al'*
prepared stretchable Ag NW FTEs on polydopamine modified
PDMS substrates. The contact angle for PDMS was 115° and it
was difficult to disperse hydrophilic Ag NWs on the highly
hydrophobic PDMS. The contact angle declined to 25.7° after
polydopamine modification and the Ag NWs were evenly
distributed on the treated surface. The creation of a hydrophilic
surface is important for the printing of uniform Ag NW films.
Kim et al.** demonstrated a patterned Ag NW FTE prepared
using the photolithography method. Before coating the Ag NWs
on a PET substrate, a cross-linked poly(vinyl cinnamate) (x-
PVCn) film was introduced as the underlayer to improve the
uniformity and adhesion. As shown in Fig. 8(a), the Ag NW FTEs
on untreated PET exhibited poor uniformity and the sheet
resistance varied from 14 Q sq ™" to more than 100 Q sq™*. In
comparison, the Ag NW FTEs on x-PVCn coated PET showed
good homogeneity with a sheet resistance of 29.5 + 7.2 Q sq".
Kwon et al.**® prepared high-performance Ag NW FTEs on
a surface treated PEN substrate using poly(2-hydroxyethyl
methacrylate) (PHEMA) as an underlayer. The contact angle of
PEN was reduced from 84.2° to 46.5° after the surface coating of
PHEMA, showing much better hydrophilic property, as shown
in Fig. 8(b). Az NWs with hydrophilic PVP on the surface were
distributed more uniformly than on the original hydrophobic
PEN. Graphene oxide (GO) has also been used as the underlayer
to improve the uniformity of Ag NWs on flexible substrates.
Naito et al.*** prepared GO/Ag NW/GO composite FTEs on PET
substrate. On the underlayer GO, Ag NWs dispersed uniformly
with a small sheet resistance deviation because GO has many
hydrophilic hydroxyl and carboxyl functional groups. Li et al.**
prepared high-performance FTEs consisting of Ag NWs and
poly(diallyldimethyl-ammonium chloride) (PDDA) with a layer-
by-layer assembled structure. In this study, the surface treat-
ment of PET with PDDA played an essential role in the FTE
fabrication process. The Ag NWs exhibited obvious aggregation
on the O, plasma-treated PET substrate without PDDA modifi-
cation. In comparison, the Ag NWs dispersed uniformly on the
PDDA modified PET substrate thanks to the strong electrostatic
interactions between PDDA and Ag NWs. The Ag NWs and
PDDA composite FTEs showed outstanding performance with
a sheet resistance of 12.3 Q sq~ " at 91.7% transmittance, which
was much better than those of pure Ag NW FTEs (184 Q sq " at
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Fig. 8 The substrate treatment or coating for uniform dispersion of
metallic nanowires. (a) Optical images and sheet resistance distribution
of Ag NW based FTEs on bare PET and the x-PVCn coated PET
substrate. Reproduced with permission.*> Copyright 2020, American
Chemical Society. (b) Contact angle and optical images of Ag NW FTEs
on PEN and PHEMA coated PEN substrates. Reproduced with
permission.*?* Copyright 2022, American Chemical Society.

88% transmittance) due to the uniform Ag NW network with
small variations at different locations.

In brief, by controlling the surface state of the substrate,
different morphologies of metallic nanowire networks can be
obtained. Metallic nanowire inks often exhibit poor wettability
on common substrates such as glass, PET, and PEN. Therefore,
plasma treatment or the application of modifying materials can
be used to improve the wettability of nanowires on these
substrates, resulting in highly uniform FTEs.

To sum up, the uniformity of the metallic nanowire FTEs has
been improved using the mentioned strategies, mainly selecting
printing techniques, adjusting the ink formulation, and treat-
ing the surface of substrates. There are also some other factors
that affect the uniformity of the metallic nanowires, but have
not been sufficiently studied in previous papers. For example,
the morphology and distribution of the Ag NW network was
different at various concentrations. When the Ag NW ink was
4 mg mL™", the Ag NW FTEs exhibited better uniformity.'** The
drying process of the conductive ink can be adjusted by heating
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processes.”® Jia et al.* reported a dynamic heating process to
achieve Ag NW FTEs with high uniformity. The dynamic heating
method overcomes the coffee ring effect by adjusting the drying
process of the wet film. The NUF of the Ag NW FTE was as low as
6.7%, which was comparable to those of commercial ITO films.
The previous achievements for uniform metallic nanowire FTEs
are summarized and compared in Table 2.

4 Applications
4.1 Effects of uniformity on transparent heaters (THs)

Transparent heaters (THs) are one of the most common and
structurally simple devices based on FTEs."™° They have
found widespread applications in various fields, such as trans-
portation, construction, and healthcare, where they are used as
smart windows,?*"** de-icing devices,**'* defoggers,"**'*
thermal therapy pads,***™*° and more. THs typically consist of
a two-layer structure: a transparent substrate layer at the bottom
and a conductive layer on top (Fig. 9(a)). Additionally, a trans-
parent encapsulation layer can be optionally coated to the
surface to provide protection.'® When a current passes through
the conductive layer, heat (Q) is generated according to Joule's

Law,““"““‘

2

0= @)
where U, R, and ¢ represent the voltage, resistance, and time,
respectively. It is obvious that the heat generated by the heater is
highly correlated with the value of electrical resistance. There-
fore, achieving uniform heating performance relies on elec-
trodes having uniform conductivity. The uneven distribution of
resistance has three main effects. Firstly, uniform heating
performance ensures uniform surface temperature distribution
during the heating process, avoiding issues such as localized
overheating.'*”**¢ This is particularly crucial for specific appli-
cations like smart windows and thermal therapy pads, as it
ensures users' comfort and safety. For example, Kim et al.**
reported that the self-aggregation phenomenon during the
drying process results in the uneven distribution of Ag NWs,
creating “hot spots” in local regions (Fig. 9(b)). Secondly,
a uniform heating performance extends the lifespan of the
heaters. Uneven heating can cause certain components to
remain at high temperatures for prolonged periods, leading to
issues such as excessive temperature and thermal stress,
thereby shortening the device's lifespan.*” Huang et al.>® found
that, under constant current density, regions with larger local
resistance generate more heat, leading to the decomposition of
Ag NWs. The increase in resistance caused by this rupture
further elevates the temperature, creating a vicious cycle that
ultimately results in the severing of the conductive pathway and
device failure, termed the “avalanche effect”. Khaligh et al.**’
systematically analyzed the uneven Joule heating distribution in
Ag NW networks using a combination of finite element simu-
lations and experiments. They found that when a current
density of 20 mA cm™> was applied to the metallic nanowire
electrodes, the average current density in the nanowire network
reached the order of 10° A cm > This resulted in local
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Table 2 Comparison of properties of metallic nanowire FTEs
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Transmittance Sheet resistance
Materials Printing methods (%) (Qsq™) NUF (%) Ref. no
Cu NWs Meyer rod 91.1 34.7 — 45
Ag NWs Spray coating 80 10 — 47
Cu NWs Spray coating 90 52.7 — 52
Cu NWs Spray coating 78 22.1 — 55
Ag NWs Vacuum filtration 91.7 71.2 5 64
Ag NWs Spin coating 95.5 35 6.7 65
Ag NWs Meyer rod 90 38 ~0.53 67
Ag NWs Meyer rod 91.9 21 7 71
Ag NWs Drop coating 95 0.5 — 76
Ag NWs Spray coating ~20 — <10 93
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Fig.9 The effect of FTE uniformity on heating performance. (a) Schematic illustration of the transparent heater.*** Copyright 2020, Wiley-VCH.
(b) Uneven temperature distribution caused by a nonuniform electrode. Reproduced with permission.**? Copyright 2013, Wiley-VCH. (c) The
change in resistance and maximum temperature on a Ag NW network sample with an initial resistance of 8.9 Q when applying a voltage ramp. (d)
The damage of Ag NWs caused local overheating and the infrared image of the crack beginning from the green hot spots. Reproduced with

permission.*** Copyright 2021, the Royal Society of Chemistry.

temperature increases of up to 500 °C, leading to rapid nano-
wire rupture and damage to the underlying flexible substrate
(such as PET). In the continuous voltage ramp conducted by
Charvin et al., they found that when the voltage reached 10 V,
there was a significant increase in resistance accompanied by
a sharp rise in temperature (Fig. 9(c)).*** From the SEM image in
Fig. 9(d), it can be observed that the silver nanowire network
experienced pronounced damage. The degradation started at
hot spots caused by the uneven dispersion of Ag NWs. In
another work, the research findings of Duc et al. indicate that
the uneven current density distribution mainly concentrates at
the junctions of NWs rather than at the NWs themselves. This
suggests that improving the interconnection of nanowires could
contribute to enhancing the uniformity of the THs."*® Lastly,
uniform heating performance enhances heating efficiency and
reduces energy waste. If the electrical resistance distribution of
the heater is uneven, with some areas having excessively high or
low resistance values, it leads to uneven energy distribution.
Some areas may experience excessive heating while others fail to

This journal is © The Royal Society of Chemistry 2024

reach the desired temperature. This not only impacts heating
efficiency but also increases energy consumption. Therefore,
ensuring that electrodes have uniform conductivity effectively
improves the stability and durability of the heater, reducing
maintenance costs and the frequency of replacements.***

4.2 Effects of uniformity on solar cells (SCs)

Solar cells are devices that directly convert light energy into
electrical energy through the photovoltaic effect or photo-
chemical effect.’***** The electricity generated by solar cells is
clean and harmless, producing no pollution or carbon dioxide
emissions. Therefore, they play a positive role in mitigating
climate change, improving air quality, and protecting the
environment."*>*** Although conventional rigid silicon-based
solar cells currently dominate the commercial market,
emerging technologies, such as organic SCs (OSCs) and perov-
skite SCs (PSCs), with the compatibility of flexibility, solution
processability, and broad spectral response, have attracted
increasing attention.'****® Typically, the OSCs or PSCs contain
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five layers: TE (including transparent substrate and conductive
layer), electron transport layer, photosensitive layer (e.g., poly(3-
hexylthiazol), perovskite), hole transport layer and metallic
electrode.’ Clearly, non-uniformity of the TE would directly
lead to uneven absorption of light energy, as well as uneven
collection and transport of electrons, thereby diminishing the
overall PCE. Furthermore, the deterioration of electrical
performance caused by Joule heat during SCs' operation
reduces the lifespan of the entire device. Although the current
density generated in OSCs is relatively low (on the order of
about 10 mA cm ), the current density generated in NWs is
very high. For instance, if we assume that a NW TE with
conductivity of 12 Q sq ™' participates in current conduction,
then a current density of 17 mA cm ™ in the solar cell would
result in an approximate current density of 4 x 10’ mA cm™ 2 in
the NWs (ie., current passing through a single nanowire
divided by its cross-sectional area).®® Such high current stress
would cause the “avalanche effect” and make the whole SC fail.
Additionally, the large surface roughness caused by the uneven
distribution of NWs can also lead to the failure of SCs. More-
over, low surface roughness can reduce light scattering and
enhance the light utilization efficiency.'® On the other hand,
the large surface roughness caused by the nonuniform distri-
bution of NWs can make the device prone to breakdown and
short-circuit failures.””

4.3 Effects of uniformity on electrochromic devices (ECDs)

Electrochromic devices (ECDs), with the ability to reversibly
adjust optical properties, have found widespread applications
in various fields, such as smart windows for buildings,****%
displays,'**'* and sensing,'**"*® attracting considerable atten-
tion from both industry and academia. These devices typically
consist of a five-layer structure, with top and bottom layers
comprised of transparent electrodes made of transparent
substrates and conductive layers, respectively, onto which
electrochromic layers and counter electrode layers are depos-
ited to achieve color-changing functionality and ion storage
during this process. Sandwiched between them is an electrolyte
layer for ion transport.**® Clearly, transparent electrodes are one
of the key components for applying electric fields to the elec-
trochromic materials. Firstly, the nonuniformity of transparent
electrodes can result in non-uniform distribution of electric
fields in the active layer, thereby affecting the optical uniformity
of the device.”® In the investigation of zinc-based electro-
chromic devices, Li and colleagues’ found that placing
metallic zinc on only one side of the device leads to an uneven
distribution of electric fields on the opposite ITO electrode
surface, causing inconsistencies in the coloring process
(Fig. 10(a)). Hu et al.'” effectively improved the uniformity of
the electric field by introducing a copper mesh within the flex-
ible ITO electrode, achieving a more uniform coloring process
(Fig. 10(c)). Secondly, the uneven distribution of conductive
materials can result in nonuniform coating of electrochromic
materials. Research conducted by Zhang et al'’>'* suggests
that the nonuniformity of nanowire-based electrodes led to

uneven electrodeposition of polyaniline electrochromic

18826 | J. Mater. Chem. A, 2024, 12, 18815-18831

View Article Online

Review

(a) . (b)
[ e

1T0 - Trmm—T—

o Electric 5 S
fiold lines. Electrochromic energy

storage device

Cu-Au NWs FTEs

.w.m
.
23
83
3
W s
4 ,
17
[—
!
E

X (em)

e s s

f “‘ THE| 2

i 05s) 3 D> D1sD DD M55) D)) D2s) )

R ; : : [
Llalalas

0s
Cu mesh-ITO

]
- 9em— -1

Fig. 10 The effect of FTE uniformity on electrochromic performance.
(a) Electric field distribution of Zn-based ECD while placing a metallic
zinc electrode on only one side. Reproduced with permission.t”
Copyright 2020, Wiley-VCH. (b) Nonuniform colored state caused by
the uneven deposition of polyaniline electrochromic materials.
Reproduced with permission.*”2 Copyright 2021, Elsevier. (c) Improved
uniformity of electric field distribution and electrochromic process by
introducing copper mesh onto ITO FTE. Reproduced with permis-
sion.?”® Copyright 2022, Wiley-VCH.

materials, resulting in excessive coloring in specific localized
areas (Fig. 10(b)). Thirdly, the uniformity of transparent elec-
trodes also affects the stability of the device: the uneven
coloring is essentially an uneven state of oxidation-reduction
reactions. Excessive oxidation or reduction in localized areas
can lead to a decrease in the device's lifespan. Moreover, as
mentioned above, locally elevated temperatures and high
roughness resulting from a non-uniform electrode distribution
can also lead to device failure.

5 Conclusion

Traditional ITO has been the primary choice for transparent
electrodes for decades in rigid electronics and continues to hold
its position due to its exceptional properties and reliability
across various applications, including touch screens, SCs, LEDs
and ECDs. However, with the evolution of electronics, flexible or
wearable electronics must be raised up to meet the desires of
modern life with convenience and intelligence. Metallic nano-
wires represent a promising alternative to ITO, particularly for
flexible electronics, owing to their impressive optoelectronic
performance and inherent flexibility. Extensive research efforts
have been dedicated to developing fabrication techniques and
structural designs for high-performance metallic nanowire
FTEs. Prior to deployment, it is imperative to ensure the
uniformity and reproductivity of the metallic nanowire FTEs to
meet stringent production quality standards.

Given the importance of uniformity for the metallic nano-
wire FTEs, it is essential to explore strategies for optimizing the
uniform dispersion of metallic nanowires on flexible substrates.
In this review, we discussed how the dispersion of metallic
nanowires influences the optical and electrical properties and
stability of the FTEs. Remarkable advancements have been

This journal is © The Royal Society of Chemistry 2024


https://doi.org/10.1039/d4ta03027c

Published on 25 June 2024. Downloaded on 7/17/2025 7:51:27 PM.

Review

made in developing suitable printing techniques for nano-inks,
exchanging surfactants, and selecting proper additives to
modify the ink formulation, and diverse techniques to improve
the substrate wettability have been reviewed to realize highly
uniform metallic nanowire FTEs. Moreover, the performance of
flexible devices, including FTs, SCs and ECDs integrated with
uniform FTEs, has been introduced. The importance of this
review lies in providing a system for understanding the
importance of the uniformity of metallic nanowires for the
properties and applications of FTEs.

Despite the importance of the uniformity for metallic
nanowire FTEs having been recognized and studied, the exist-
ing literature on this topic is still relatively limited, and signif-
icant challenges remain in achieving uniform metallic
nanowire FTEs in high-quality production lines. For example,
1D metallic nanowires tend to precipitate in solution or even
form clusters during storage, posing challenges in achieving
homogeneous networks using uneven nano-inks. Additionally,
ensuring the stability of metallic nanowires in various envi-
ronments remains an important challenge for flexible FTEs.
Although many methods have been reported to protect metallic
nanowires, they are still susceptible to inevitable exposure to
the air, high temperatures or electrical fields.

Flexible electronics are gaining increasing attention, and
FTEs as an essential component have also been researched
intensely. Continuing efforts in both fundamental study and
application exploration are essential for the development of
flexible electronics. Thanks to the current intensive research on
metallic nanowire FTEs, we hope the era of flexible devices will
soon become part of everyday life for humans.
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