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Abstract

Transparent conductors (TCs) are applied in electromagnetic interference shielding and transparent electronic heaters due to
their superior optoelectronic performance. Herein, a bio-template-based self-assembly strategy for silver nanowires (AgNWs)
is employed to create novel “island-like” AgNW cluster morphologies, distinguishing from traditional random or circular
shapes of AgNWs on PEN substrate. The unique structure ensures multidimensional pathways for free electron migration
while concentrating visible light channels. Utilizing ultrasonic spray coating, AgNW random networks cover the clusters,
bridge inter-cluster gaps, and ensure outstanding optoelectronic performance. Employing patterned self-assembled AgNWs
combined with random networks marks a pioneering approach to achieving precise tunable electromagnetic interference
shielding efficiency (EMI SE) in the X-band and optical transmittance, accommodating the diverse needs of various environ-
ments. The composite structure, featuring bottomed AgNW clusters and topped AgNW random networks (CRS), displays
high transmittance with single-layer coating, achieving a remarkable figure of merit (FoM) of 15,481 (T @550 nm =99.90%,
Rs=25.26 Q/sq). This configuration also provides EMI shielding of 20.04 dB in the X-band, meeting commercial standards.
Additional layers enhance the CRS films’ optoelectronic stability accompanied by tunable EMI shielding and excellent Joule
heating performance.
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1 Introduction

Transparent conductors (TCs) have demonstrated significant
application potential in electromagnetic interference (EMI)
shielding and electronic heating [1]. Indium tin oxide (ITO)
has been extensively utilized due to its superior conductivity
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and transparency; however, its brittleness and inadequate
mechanical performance restrict its application in flexible
and bendable devices [2]. In search of alternatives, research-
ers have explored materials such as doped zinc oxide (AZO),
graphene [3], and 2D conductive materials like MXene [4],
each offering unique benefits. Among these, silver nanowires
(AgNW5s) stand out for their outstanding electrical conduc-
tivity, significant aspect ratio, and adaptability in assembly
techniques, positioning them at the forefront of TC research
[5]. Efforts to optimize AgNW films have involved innova-
tive material improvements and diverse assembly methods,
including ultrasonic spraying, rod coating, and dip coating.
In our previous work, AgNWs and MXene were combined
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to form flexible films for EMI shielding and heating per-
formance [6]. However, balancing high conductivity with
optimal light transmittance continues to be a challenge in
AgNW film development.

Two improvements were focused on AgNW films: (1)
reducing the junction resistance of AgNW networks and (2)
creating more optical transmittance channels. The applica-
tion of transparent coatings, such as rGo [7], MXene [8, 9],
and PEDOT: PSS layers [10], significantly reduces the films’
contact resistance. Gao utilized ultrasonic spraying to cre-
ate a nested structure of AgGNW grids, enhancing the opto-
electronic performance of TCs through the vertical stacking
of AgNWs while ensuring sufficient optical channels [11].
Another method to enhance optical performance involves
utilizing the self-assembly capability of AgNWs or templat-
ing methods to establish patterned AgNW networks. Xiong
utilized the coffee-ring effect during droplet evaporation to
drive the AgNWs at the droplet peripheries, thus forming
AgNW rings [12]. Yang employed a mechanical templating
method to precisely modulate the morphology of AgNWs
[13].

Patterned AgNW films concentrate light channels in
specific areas, significantly optimizing light transmission
efficiency. This approach increases the proportion of light
channels across the film, thereby aggregating the distribu-
tion of optical transparency windows and improving the vis-
ible light transmittance [14]. Conversely, random networks
exhibit scattered light channels, leading to an inconsistent
distribution of light transmittance and constraining enhance-
ments in optical performance [15]. Previous research lev-
eraging AgNWs’ self-assembly characteristics typically
resulted in ring-shaped or microchannel patterns adhering
to the substrate [16]. These configurations, while increasing
light channels, fail to preserve effective electron migration
pathways and require the use of costly, eco-adverse tech-
niques like photolithography and chemical etching for tem-
plating [17].

While ring-patterned AgNW films maintain high light
transmittance, their electron pathways are notably limited,
restricted to the pathways within their ringed configurations,
potentially limiting electron transport efficiency. Hence, by
guaranteeing elevated transparency, the enhancement of
electron pathways can substantially amplify the benefits
associated with self-assembly structural configurations [18,
19].

Therefore, we introduce a technique based on a bio-
template (tomato epidermis), transferring the morphology
of tomato epidermal cells onto a polyethylene naphthalate
(PEN) substrate via a straightforward mechanical pressing
approach [20]. Subsequently, the application of ultrasonic
spraying initiates a self-assembly process, resulting in the
formation of “island-like” AgNW clusters by morphologi-
cal constraints. This structure differs from traditional ring
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patterns by offering a greater relative proportion of light
channels across the total film area. Simultaneously, this
innovative structure provides varied and abundant pathways
for electron migration, facilitating free electron movement
in a multidimensional space and thus markedly improving
electron dynamics [21]. Such advancements are crucial for
optoelectronic devices, including touch screens, displays,
and solar cells, which depend on high light transmittance
for optimal performance and efficiency [22]. Furthermore,
utilizing bio-template has three advantages: (1) It can gener-
ate complex and precise micro-scale structures, challenging
to achieve with traditional chemical or physical techniques.
(2) They are renewable and biodegradable. (3) It can offer
a high degree of customizability, allowing for the adjust-
ment and optimization of templates to produce the desired
specific structures and shapes. This strategy paves the way
for biomimetic design, replicating structures and functions
observed in nature, and propelling the creation of innovative
materials and technologies.

Herein, the flexible transparent films named “A-TEP”
exhibiting “island-like’” AgNW clusters were fabricated,
featuring concentrated optical channels that result in a trans-
mittance of 99.9% at 550 nm. For enhanced electrical prop-
erties, a layer of random AgNW network was sprayed on
the foundational AgNW clusters, creating a composite CRS
(bottomed cluster and topped random structure) architecture.
This innovation film named “A-TEP” with CRS boasts excel-
lent optoelectronic properties that can be applied in EMI
shielding and electronic heating fields.

2 Experimental section
2.1 Materials

The materials used encompassed silver nanowires (AgNWs),
polyethylene naphthalate (PEN), sodium dodecyl sulfate
(SDS), isopropanol (IPA), and anhydrous ethanol (AE).
AgNWs (10 mg/mL) with 25-30 nm diameter and 10-30 pm
length were obtained from Zhejiang Kechuang Advanced
Materials Technology Co., Ltd (Zhejiang, China). Tomatoes
for the experiment were acquired from a local supermarket.

2.2 Fabrication of TEP

The TEP fabrication process involved carefully removing a
section of tomato skin using tweezers, immersing it in a 10%
SDS solution, and subjecting it to ultrasonication at 450 W for
12 min to remove surplus tomato pulp, achieving decellular-
ized tomato skin. This skin was then dried at 80 “C in ambient
conditions, placed between two pristine PEN sheets, and sub-
jected to a 4-h mechanical press at 3 MPa. The PEN replicated
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from the tomato skin’s outer side was termed TEP, which,
upon microscopic analysis, revealed distinct cell wall patterns.

2.3 Ultrasonic spraying AGNWs

The initial layer of AgNWs was applied via ultrasonic spray-
ing with a 0.32 mg/mL AgNW-ethanol solution at room tem-
perature. Adjusting the spray flow, droplets were tailored to
match TEP’s cellular dimensions, creating “island-like” clus-
ters through the interaction of AgNW droplets with the TEP
substrate. A second layer of AgNW random network was then
added to improve the film’s electrical performance. For sub-
sequent layers, a 0.25 mg/mL AgNW solution in a mixture of
deionized water and IPA (1:5:5) was sprayed at 100 °C, 0.1
mL/min flow rate, fine-tuning the number of applications to
optimize AgNW coverage for superior optoelectronic prop-
erties. Following the spraying process, the AgNW film was
soaked in a 10% NaCl solution for 25 s, subsequently washed
with fresh water, and dried, resulting in the final AgNW films.

2.4 Characterization

Optical surface morphology and surface roughness were cap-
tured using a light microscope (Nikon, Japan, LV-UEPI) and a
white light three-dimensional optical microscope (Veeo Con-
tour GT-K1). X-ray diffraction analysis of crystalline structures
and focused configurations was performed with a MiniFlex600
Desktop X-ray diffractometer (XRD, Japan). Surface morphol-
ogy and microstructural details were further investigated using
a scanning electron microscope (SEM, Thermofisher Verios
460 +EDX, America), an atomic force microscope (AFM,
HORIBA, OmegaScope, Japan), and a transmission electron
microscope (TEM, Fei, Tecnai f20, America). Chemical bonds
were analyzed through Fourier transform infrared spectros-
copy (FTIR, Bruker, VERTEX70, Germany) and X-ray pho-
toelectron spectroscopy (XPS, Thermo Scientific, K-alpha,
America). Transmittance data, using a blank PEN substrate
for auto-zeroing, was obtained with an UV-visible-infrared
spectrometer (UV-Vis-IR, PerkinElmer, Lambda 407508,
America).

The EMI SE of films in the 8.2-12.4 GHz range (X-band)
was assessed using the vector network analyzer (VNA, Agi-
lent, PNA-N5234A, America) with the waveguide technique,
featuring a window size of 22.86x 10.16 mm. The compre-
hensive analysis includes calculations for total shielding effec-
tiveness (SE7), shielding effectiveness due to reflection (SEy),
absorption (SE,), and the overall shielding efficiency (%) as
follows:

R=S11)* = |522)2 )

T =|S21)7 = |S12)? )

T+A+R=1 3)
SE, = —10log(1 — R) 4)
SE, = —10log(T/(1 - R)) (5)
SE, = SE, + SEj 6)

Additionally, the electromagnetic interference (EMI)
shielding efficiency (%), which reflects the proportion of
electromagnetic waves (EMWs) obstructed by the shielding
material, is calculated using the formula:

Shieldingefficiency(%) = 100 — (1/10%/1°) x 100 o)

A FOTRIC infrared thermal camera from China was uti-
lized to observe and document temperature variations on
the surface of the film. The film was sectioned into 3 X3 cm
squares, with rectangular silver electrodes about 0.5 cm wide
applied to both sides through vacuum thermal evaporation.
These electrodes were connected to an external power sup-
ply with conductive silver paste and copper foil. To capture
temperature changes, the infrared camera focused on the
reverse side of the AgNW surface, leveraging the substrate’s
superior heat retention properties. The methodology for tem-
perature measurement and the associated formulas for the
film are detailed below:

T, =Ty + U*/RA ®)

P=UI/A 9)

Here, T,) denotes the initial temperature, U represents the
input drive voltage, R is the resistance across the copper
electrodes, A signifies the surface area, 4 is the total heat
transfer coefficient, and / is the current flowing between
electrodes when a drive voltage is applied.

3 Results and discussion
3.1 Fabrication and characterization of AgNWs-TEP

Transparent AgNW films were synthesized on patterned
PEN substrates, following a detailed methodology illustrated
in Fig. 1. The initial template utilized for patterning was
sourced from fresh tomato epidermis, as depicted in Fig. 1a,
characterized by its microscale cellular architecture [23].
SEM revealed cell walls offering substantial structural sup-
port, with the spaces between cells collapsing inward. After
decellularization with a 10% sodium dodecyl sulfate (SDS)
solution as shown in Fig. 1b, a tomato cytoskeleton was
formed [24]. Placing it as a template on PEN and applying
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(a) Peel off the
epidermis

10% SDS
solution

A-TEP TCs

Fig. 1 Preparation process of transparent AgNW films with bottomed
“island-like” AgNW cluster and topped random network structure.
a Fresh tomato epidermis, b decellularized tomato cytoskeleton, ¢
mechanically pressed tomato epidermis PEN (TEP), d low-tempera-

mechanical pressing at 3 MPa for 4 h as seen in Fig. 1c
transferred the tomato cytoskeleton to PEN, referred to as
TEP (tomato epidermis morphology on PEN). The success-
fully fabricated TEP is displayed in Fig. 1d, with low-tem-
perature (27 °C) ultrasonic spraying creating “island-like”
AgNW clusters. Low temperature is utilized to mitigate the
rate of evaporation, thereby facilitating the stable liquid
droplet configurations on the substrate, in order to facilitate
“island-like” structural formation. For further improvement
of electrical properties, high-temperature (100 °C) ultrasonic
spraying (Fig. le) was employed to apply a random AgNW
network as a covering layer and bridge the gaps between
AgNW inter-clusters. Ultimately, this resulted in (Fig. 1f)
AgNW-TEP films (A-TEP) with bottomed AgNW clusters
and topped AgN'W random network structure (CRS).
AgNWs are presented in Fig. 2a with XRD diffraction
patterns showcasing distinct peaks that correspond to the
(111), (200), (220), and (311) planes. Figure 2b depicts a
high-resolution HRTEM image of an individual AgNW,
both verifying the high crystallinity structure [25]. The
FTIR spectroscopy in Fig. 2¢ reveals transmittance peaks
at 3448 cm™! and 1610 cm™', corresponding to O-H and
C =0 bonds, respectively, which are critical for the stabil-
ity and functionality of the AgNW film. The absorption
peak around 2900 cm™! is related to C-H bond stretching,
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(b) Decellularization

Tomato

(C) Mechanical Pressing

Pressure
3 MPa
4 hours

Temperature
27°C

ture ultrasonic sparing of bottomed “island-like” AgNW cluster layer,
e high-temperature ultrasonic sparing of topped random AgNW net-
work layer, f A-TEP film with CRS

typically from organic stabilizers like PVP used in the
AgNW synthesis [26]. A comprehensive XPS analysis in
Fig. 2d reveals prominent peaks correlating with the core
levels of Ag 3d (368.1 eV), 0O 1s(531.1eV),andC 1s
(284.6 eV). The high-resolution XPS spectrum of AgNWs
in Fig. 2e, detailing the doublet peaks of Ag 3ds,, (367.4
eV) and Ag 3ds,, (373.4 eV), is consistent with the charac-
teristic peak positions of metallic silver. Fig. 2f shows the
high-resolution XPS spectrum of O 1 s, indicating the pres-
ence of a small amount of silver oxide and surface-adsorbed
hydroxyl groups.

AgNW-ethanol solution (0.31 mg/mL) was ultrasoni-
cally sprayed onto PEN and TEP substrates at varying flow
(0.21-0.25 mL/min) under identical ambient conditions,
resulting in distinct patterns of deposition. Sheet resist-
ance measurements, as shown in Fig. 3a, indicate that on
PEN substrates, AgNW films exhibit reduced sheet resist-
ance with increased spray flow, due to the enhanced drop-
let size and density [27]. On TEP substrates, however, the
sheet resistance follows an unusual pattern of decrease-
increase—decrease as spray flow rises. Figure 3b, ¢ displays
the differences in surface roughness between PEN and TEP,
where TEP’s arithmetic average roughness (R, =0.0256 pm)
surpasses that of PEN (R, =0.0234 pm). The water contact
angles presented in Fig. 3d indicate an improvement in
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Fig.2 a XRD diffraction patterns of AgNWs, b HRTEM image of AgNWs, ¢ the FTIR spectroscopy of AgNWs, d full spectrum XPS analysis
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Fig.3 a Sheet resistance of AgNW films on PEN and TEP substrates
with varying spray flow, b arithmetic average roughness of PEN sub-
strate, ¢ arithmetic average roughness of TEP substrate, d water con-

hydrophilicity with an increase in substrate roughness from
a macroscopic perspective (Fig. S1, Supplementary Informa-
tion: roughness and water contact angle), influenced by the
compression of rough fibers from the cellular cytoskeleton
[28]. The evaporation dynamics of AgNW droplets on TEP

Scan range (um)

Spray Droplet

1000 o 200 400 600 800

Scan range (pm)

1000

“Island-like"

AgNWs Cluster

Evaporation, Formation

tact angle of the PEN, TEP substrate, and A-TEP film, e schematic
illustration of “island-like” AgNW cluster on TEP substrate

are illustrated in Fig. 3e. The texture on TEP transferred by
tomato cytoskeletons exhibits an irregular and rough mor-
phology, creating separated basin structures that prevent the
merging of droplets between adjacent basins. Additionally,
the intercellular areas display smooth basin morphologies,
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leading to droplet aggregation in these parts, supported by
the surrounding protuberances. When the droplets formed
by the spraying flow precisely exhibit the aforementioned
dynamic behavior, isolated AgNW clusters are produced,
resulting in a sudden increase in sheet resistance at a flow
rate of 0.23 mL/min. As the size and density of the droplets
continue to increase (0.24 mL/min), a bundle of connections
forms between the AgNW clusters, leading to a decrease in
sheet resistance.

In pursuit of elucidating the reasons for the pronounced
variation in sheet resistance observed at the flow rates of
0.23-0.24 mL/min, a comprehensive morphological charac-
terization was undertaken. Fig. 4 illustrates that spray flow
variations lead to distinct AgNW morphologies on PEN and
TEP substrates, differentiated by their surface roughness
and tension [29]. AgNWs form a uniform random network
without notable features on the PEN substrate (Fig. 4a—e).
In contrast, on TEP, the interplay between AgNW drop and
microstructures of TEP leads to the formation of AgNW
clusters upon the selection of suitable droplet densities and
dimensions (Fig. 4 h). As the dimensions and density of the
droplets expand to match the micro-morphological charac-
teristics of the substrate, which facilitates the AgNW clus-
ters’ connectivity and separation, resulting in well-defined,
interconnected clusters (Fig. 4i). At spray flows ranging
from 0.21 to 0.22 mL/min, droplet size remains minimal,
allowing for smaller droplets to uniformly attach across both
smooth basins and rugged textures on the TEP, creating a
random network appearance (Fig. 4f, g). With an increase
in flow to 0.23-0.24 mL/min, the spray droplets’ size and
density gather specifically at the center of smooth basins,
resulting in the formation of distinctive “island” struc-
tures (Fig. 4 h, i). Advancing the spray flow to 0.25 mL/
min amplifies the droplets’ size and density to submerge the

(3 . [ (b) B2 (c)
; :
o
25]:!;m“_ % "V”2l5‘_pm
()
o
=

>

TEP’s structure, culminating in a random network (Fig. 4j).
This dynamic behavior of droplets throughout the spraying
process is instrumental in developing unique “island-like”
AgNW clusters.

Figure 5a—c displays an overview and detailed SEM
images of “island-like” AgNW clusters, with each cluster
approximately 40 pm in diameter. Adjacent clusters are
linked by AgNW bundles, consisting of tens of longitudi-
nally interconnected AgNWs, each about 15 pm long. A
detailed AFM view of an AgNWs cluster’s edge in Fig. 5d
reveals densely woven AgNW aggregations accompanied
by an empty PEN area. Such concentrated clustering boosts
light channel density, thus improving the film’s optical quali-
ties. However, considerable junction resistance and absent
electrical paths inter-clusters diminish the film’s electrical
properties. Therefore, to enhance electron transit between
clusters, a top-layered random AgNW network covers the
clusters. Figure Se, f shows the overview and detailed SEM
images of AgNW clusters covered by a random network
structure (CRS), with the dense network effectively bridging
inter-cluster gaps. This approach significantly reduces sheet
resistance, maintaining excellent optical attributes.

3.2 Optical transmittance and sheet resistance

The process of coverage of AgNW random networks over
AgNW clusters and the subsequent changes in the films’
sheet resistance are depicted in Fig. 6. Fig. 6a illustrates the
process of overlaying a single layer of random network on
AgNW clusters. “R1 (PEN)” acts as the control, representing
the random AgNW film applied to PEN substrates. “CR1”
describes adding a single random network layer to the “C
(TEP)” film, while “NaCl CR1” signifies the NaCl solu-
tion treatment. Initially, the “C (TEP)” film demonstrates an

023} 0.24J T

25um| s 25 ym

0.22/f YRR SN0 23 (s N 0.24/(1)

Fig.4 a— e SEM images of AgNWs on PEN substrate with varying spray flow, f — j SEM images of AgNWs on TEP substrate with varying

spray flow
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Fig.5 a— ¢ Overview and detailed SEM images of “island-like” AgNW clusters, d AFM image of the edges of AgNW cluster, e , f overall and
detailed SEM images of AgNW clusters covered by random AgNW networks

(a)

(b)

C (TEP)

111.63 131.89

127.68 117.91

154.61

126.32

C (TEP)
105.99 100.83
100.87 | 89.48

147.73 127.11

R1 (PEN)

513.90 428.18 884140

577.08 405.74 759.73

551.74 536.71

1.07 k

R2 (PEN)

97.18  99.64 110.84

81.19 69.71 71.26

9596 76.59  76.52

CR1 NaCl CR1

28.08 25.95 32.04

21.57 2226 23.94

22,99 2343 2712

CR2 NaCl CR2

16.94 1541  16.93

16.42 1442 15.06

17.96 1511 16.74

Fig.6 Resistance optimization process for “island-like” AgNW clusters. a Coated with a layer of random AgNW networks and subjected to
NaCl treatment, b coated with two layers of random AgNW networks and subjected to NaCl treatment

uneven resistance distribution, following the addition of one
layer of the AgNW random network. The random AgNW
network fills the gaps between isolated islands with conduc-
tive pathways, thereby significantly enhancing the electron
transport efficiency between the islands, which can notably

reduce the “CR1” film’s sheet resistance from 121.63 to
29.79 Q/sq. Subsequent NaCl treatment, which exposes Ag™
on the surface, effectively welds the contacting AgNWs,
further lowering the resistance to 25.26 Q/sq [30-34]. As
illustrated in Fig. 6b, overlaying AgNW clusters with two
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«Fig.7 a Transmittance variation with coverage of random AgNW
networks compared to pure random AgNW networks, b simulated
electric field diagram of random AgNW network, ¢ simulated electric
field diagram of “island-like” AgNW clusters, d transmittance vari-
ation after NaCl treatment, e transmittance corresponding to differ-
ent spray coating layers, f relationship between sheet resistance and
transmittance @550 nm under different spray coatings compared with
other AgNW-assembled research

layers of random networks leads to a sharp reduction in the
“C (TEP)” film from 119.36 to 16.11 Q/sq. As the layers in
the random AgN'W networks increase, the electron pathways
also increase, leading to a decrease in sheet resistance. How-
ever, this also results in increased parasitic absorption of
light, adversely affecting the transparency of the film. Con-
tinuing to overlay the “C (TEP)” film with several layers of
AgNW network, the complete process of resistance changes
is listed in Fig. S2 (Supplementary Information: Resistance
optimization process).

Fig. 7 elucidates the impact of coverage variation and
post-treatment on the optical and electrical properties of
AgNW films. In Fig. 7a, the comparison of transmittance
among C film on TEP, CRS film, and R film on PEN shows
that the transmittance of the CRS film decreases with
increased layers of AgNW random network. C film exhibits
a stronger plasmonic resonance effect at 390 nm compared
to the random AgNW networks (R film) [35]. To elucidate
the factors contributing to the changes in the absorption peak
observed at 390 nm, detailed modeling was executed for
comprehensive understanding. The established modeling by
adjusting only the spatial arrangement of AgNWs within
a fixed total quantity. Simulation results shown in Fig. 7b
exhibit a minor absorption peak at 390 nm in the random
network’s transmittance curve (R), attributed to the resonant
absorption of surface plasmon dipole moments generated by
the longitudinal cross-section of AgNWs. The enhanced res-
onant absorption observed in Fig. 7c is likely due to stronger
plasmonic coupling between closely stacked AgNWs. This
clustering amplifies the local electromagnetic fields, lead-
ing to a more pronounced absorption peak (Supplementary
Information: simulation model schematic and design, Fig.
S4, 5). Post-NaCl treatment significantly improves transmit-
tance across all films, maintaining it above 90% as shown in
Fig. 7d. The NaCl solution can reconfigure silver nanowires
(Fig. S3), decrease aggregation for improved film uniform-
ity, and promote the etching away of oxidized layers, thereby
potentially enhancing the AgNWs’ conductivity and trans-
parency [36]. Subsequent layers of AgNW random network,
detailed in Fig. 7e, sustain transmittance above 79.55% at
550 nm. The critical relationship between sheet resistance
and optical transmittance at 550 nm, depicted in Fig. 7f,
employs the figure of merit (FoM) for comprehensive opto-
electronic performance evaluation [37]. (Supplementary
Information: Formula S1) The island-like AgNW clusters

(NaCl C) demonstrated a supremely high FoM of 9372,
attributed to its high transparency to visible light. Covering
with a first layer of random networks (NaCl CR1) slightly
affected the light transmittance of the island-like shape but
significantly reduced sheet resistance to 40% of its origi-
nal value, causing a remarkable enhancement in the FoM to
15,481. With the continuous addition of random layers, the
FoM value gradually decreased to about 250 and remained
stable. Compared with other patterned AgNW self-assem-
bled films, this work has an incomparable advantage in opto-
electronic performance due to the synchronized concentra-
tion on light and electron channels [38—49].

3.3 EMI shielding performance

Figure 8a showcases the X-band EMI shielding effective-
ness (SE) for AgNW films with “island-like” clusters under
different layers of random networks. Post NaCl treatment,
Ag™ ions on AgNW surfaces effectively weld the junctions,
boosting conductivity and EMI shielding by enriching elec-
tron transport pathways [50]. The “NaCl C” film exhibits
a 14.07 dB EMI SE, blocking 96.09% of electromagnetic
waves (EMWs). This is due to the impedance mismatch,
leading primarily to wave reflection rather than penetration
into the AgNWSs’ intricate network [51]. Adding one layer of
random AgNW networks fills the inter-cluster gaps, raising
the EMI SE to 20.04 dB, hence blocking 99.01% of EMWs
and achieving commercial-grade performance of 20 dB [52].
Figure 8b reveals that the reflection loss (SEg), driven by the
films’ high conductivity, escalates with additional AgNW
network layers, enhancing the barrier against EMW pen-
etration [53]. Achieving a 4-layer AGNW configuration, the
sample NaCl CR4 showcases an SE of 26.27 dB, effectively
obstructing 99.76% of EMWs. This enhancement primarily
results from ohmic loss, induced by free electron collisions
within the multiple reflections between AgNW network with
incident EMWs, leading to notable absorption loss (SE,)
[54, 55]. Figure 8c displays the reflection (R), transmission
(T), and absorption (A) coefficients, highlighting that R
significantly exceeds T and A. With an increase in layers,
the rise of the R coefficient indicates that reflection is the
dominant shielding mechanism for AgNW films, closely
associated with conductivity [56]. Figure 8d, e demonstrates
that overlaying AgNWs with random networks gradually
enhances electromagnetic shielding, achieving a peak SE
of 29.68 dB in the sample NaCl CRS8 of this CRS system.
This configuration effectively blocks 99.89% of EMWs,
showcasing exceptional shielding performance. Compar-
ing Fig. 8a—e, as the coverage of AgNW random network
increases, the sheet resistance decreases, and the EMI SE
value gradually reaches a threshold, which is limited by the
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singular contribution of silver’s high conductivity to elec-
tromagnetic energy loss.

Figure 8f depicts the electromagnetic interference
(EMI) shielding mechanism in CRS AgNW films, featur-
ing a dual-layer design with “island-like” clusters at the
bottom and a random AgNW network on top. Incident
EMW first encounter and are predominantly reflected by
the random network, incurring SE;. The waves that pen-
etrate films engage in extensive interactions within the
dense conductive mesh, including multiple reflections
and collisions with free electrons, which generate eddy

Fig.9 The visual transparency
comparison of “island-like”
AgNW films covered with vary-
ing numbers of random AgNW
network layers to blank PEN

NaCl C

X-band SE T with 5-8 layers, e bar chart of SE A and SE R with
5-8 layers, f schematic illustration of the electromagnetic interference
shielding mechanism of CRS films

currents and ohmic loss. The closed-loop configurations
within clusters facilitate uninterrupted electron movement,
amplifying SE,. Moreover, the CRS films’ elaborate archi-
tecture mirrors a resistance-inductance-capacitance (RLC)
circuit, based on the transmission line theory [57]. This
design efficiently absorbs and transforms incoming elec-
tromagnetic waves (EMWs) into alternate forms of energy,
predominantly thermal energy.

Figure 9 showcases the visual transparency comparison
of a blank PEN sample to A-TEP films with CR structure.
The visual transparency is not significantly affected by the

NaCl CR1 NaCl CR2 NaCl CR3

Transparen

& Shielding

NaCl CR4
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bio-template strategy; the films ensure exceptional light
transmittance in the visible light spectrum while achieving
effective electromagnetic shielding performance.

Figure 10 compares the electromagnetic shielding per-
formance and optical transmittance of this study with other
AgNW-based research. Due to the unique clustering and ver-
tical stacking of random networks, the concentrated distribu-
tion of light channels enables CRS AgNW films to achieve
exceptionally high optical transmittance while ensuring
good electromagnetic shielding performance [58-61].

3.4 Joule heating performance

Based on Joule’s Law (Q = U?-R™'t), where U stands for
the external drive voltage, R for the resistance between the
electrodes of the film, and ¢ denotes the operating time [62].
Figure 11a shows the NaCl CR4 film’s temperature—time
response at different voltages, with a sheet resistance of
10.62 Q/sq. With the drive voltage increasing from 2.0 to
5.5V, the saturation temperature rises from 52.8 to 170.0
°C, and the film exhibits a swift response time of around
50 s. Figure 11b shows the NaCl CRS film’s response, with
a lower sheet resistance of 6.72 Q/sq, peaking at 170.8 'C
under lower drive at 4.0 V and a faster response time of
about 38 s. As the drive voltage increases from 3.5 to 4.0
V, the NaCl CRS film exhibits more significant fluctua-
tions and spikes in the heating curve. When the tempera-
ture reaches the maximum tolerance of PEN (150 °C), rapid
temperature changes cause thermal deformation of the sub-
strate, resulting in fluctuations in the saturation temperature.
Consequently, this causes localized heating instability in the
AgNWs, ultimately resulting in their fracture. Comparing
Fig. 11a, b, at the same driving voltage range (2.0-4.0 V),
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c
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Fig. 10 Comparison of X-band SE; and transmittance @550 nm with
other research

the NaCl CRS film exhibits a higher heating saturation tem-
perature and quicker response, suggesting more heat is gen-
erated with lower sheet resistance at equivalent drive volt-
ages. Figure 11c captures the saturation current of NaCl CR4
and NaCl CRS films at changing drive voltages, showing that
NaCl CRS8 film’s inter-electrode resistance remains below
NaCl CR4’s and increases gradually with the rise in heating
temperature [63]. Figure 11d illustrates the NaCl CRS film’s
temperature response to steadily increasing voltages, high-
lighting the heater’s operational stability across a range of
voltages. Finally, Fig. 11e details 100 cyclic reheating tests
on the NaCl CRS film at 3.0 V, confirming its reliability and
environmental stability as a heater [64].

Fig. 12a demonstrates remarkable thermal homogene-
ity, achieving a uniform temperature during the heating
process. Remarkably, this uniformity is still retained even
under bending (Fig. S6), evidencing the film’s substantial
capability as a flexible heater in dynamic conditions [65].
Figure 12b presents the oxidative stability of NaCl CR4
and NaCl CR8 films under atmospheric conditions across
33 days. The NaCl CR4 film exhibits an increasing trend in
sheet resistance, with a relative change ((AR/R) X 100%, AR
is the change in resistance, R, is the initial resistance.) reach-
ing 55% by day 33, reflecting its vulnerability to oxidation.
Conversely, the NaCl CRS8 film shows enhanced oxidation
resistance, with only a 20% relative change in resistance at
the end of the observation period, suggesting a higher resist-
ance to oxidation.

4 Conclusion

Utilizing a bio-template approach combined with a two-step
ultrasonic spray method, transparent conductive films with
a dual-layer structure were developed for applications in
EMI shielding and Joule heating. This dual-layer structure
features a bottomed layer of “island-like” AgNW clusters
and a topped layer of random AgNW networks (CRS). The
AgNW cluster layer displays a unique “island-like” mor-
phology, attributed to the employment of a tomato epider-
mis PEN (TEP) template, which features microscale cellu-
lar frameworks. This morphology differs from conventional
self-assembled AgNW structures by centralizing light chan-
nels, simultaneously facilitating multi-dimensional electron
transport routes. This unique morphology simultaneously
concentrates light and electron channels, exhibiting an
extremely high FoM value of 9372. The integration of the
topped AgNW network layer ensures optimal linkage among
clusters, thus amplifying the optoelectronic characteristics.
Substantially enhanced electrical properties without compro-
mising optical transmittance led to a remarkable FoM value
of 15,481, accompanied by an EMI SE of 20.04 dB, satisfy-
ing commercial requirements. The TEP template, derived
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from tomato epidermis through a mechanical pressing tech-
nique, exemplifies a novel paradigm in AgNW self-assem-
bly, characterized by its simplicity, environmental benignity,
and structural precision. Exhibiting tunable optoelectronic
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performance within the visible light (T@550 nm=91.26%,
Rs=10.62 Q/sq; T@550 nm=79.54%, Rs=6.72 Q/sq),
these films are appropriate for transparent EMI shielding
and heating applications. It demonstrates EMI SE of 26.28
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dB and 29.68 dB, respectively, and maintains a steady high
heating temperature of 170.8 °C at a 4.0 V driving voltage.
The films hold the potential for transparent heating windows
against electromagnetic interference, facilitating defrosting
and defogging, or serving as an effective photonic absorbent
conductive layer integrated with photovoltaic devices.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s42114-024-00957-9.
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