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A large-area AgNW-modified textile with high-performance
electromagnetic interference shielding
Junchen Liu 1,2, Sen Lin1, Kai Huang1, Chao Jia2, Qingmin Wang1, Ziwei Li2, Jianan Song2, Zhenglian Liu2, Haiyang Wang2,
Ming Lei 1✉ and Hui Wu 2✉

Manufacturing a flexible, light, large-area, and high-efficiency electromagnetic shielding materials in a straightforward and cost-
effective manner presently remains a significant challenge. In this work, we propose a conductive network design and verify its
electromagnetic interference (EMI) shielding effectiveness (SE) by simulation. Using the structure and parameters obtained by
simulation, we prepare a flexible EMI shielding material using silver nanowires (AgNWs)/polyvinyl butyral (PVB) ethanol solution and
textile substructure via a facile immersing method. In the frequency range of 5–18 GHz, the AgNWs/PVB textile with 1.4 mm
thickness achieves an EMI SE of 59 dB, which exceeds the requirements for commercial applications. Due to the low density of
56mg/cm3, specific shielding effectiveness (SSE) of this material reaches 1053 dBm3/g. It is found that the AgNWs/PVB textile is
more resistant to washing with water and oxidation than AgNWs textile without a PVB protector. As a result, the conductivity of
AgNWs/PVB textile exhibits no change after washing with water and varies slightly after being kept in hot air. We find that a signal
monitor is unable to detect a signal emitted by a mobile phone from a jacket lined with AgNWs/PVB textile. AgNWs/PVB textile with
these properties can be mass-produced as high-efficiency EMI shielding material for commercial applications.
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INTRODUCTION
With the development of wireless-telecommunication technology,
the human environment is becoming increasingly congested with
electromagnetic radiation, which may be a health hazard1–3. In
particular, X-Band electromagnetic with a frequency from 8 to
12 GHz play an important role and are frequently used in military
and telecommunications devices4–6. In addition, certain high-end
precision scientific and military equipment require environment
without electromagnetic interference7,8. EMI shielding is most
commonly based on electromagnetic wave reflection by charge
carriers. Therefore, high electrical conductivity is required for EMI
shielding materials9,10. Electrical conductors such as copper, silver,
and carbon-based materials are widely used for EMI shielding11–17.
However, due to skin effect, the thickness of the EMI SE material
cannot be too low, which means that pure metal or carbon-based
materials are not suitable for practical use18,19.
Along with high EMI SE, low weight, flexibility, and mass

production are also essential for EMI shielding materials in
practical applications20–23. Loading conductive nanomaterials on
a light and flexible substructure is a promising approach for
preparation of light, flexible, and high-efficiency EMI shielding
materials24–27. For example conductive nanomaterials can be
uniformly dispersed and integrated on the surface of a flexible
substrate. Although this procedure is straightforward on a 2D
plane, certain issues can appear when increasing the thickness of
the conductive 3D structure in order to improve the EMI SE28,29.
For example, certain nanomaterials cannot enter and adhere on a
3D skeleton or are not sufficiently compatible with the 3D
structure.
1D metal nanomaterials are used in flexible electronic materials

and devices because they have a large length-diameter ratio and
can form a 2D or 3D network on various substrates30, e.g., silver

nanowires (AgNWs), silver nanofibers, copper nanowires and gold
nanowires31–35. Silver is more stable than copper and more
affordable than Au, making 1D silver nanomaterial (AgNWs) and
silver nanofibers commonly used for EMI SE. However, the
nanofibers are always collected on a plane and are difficult to
integrate into a 3D substrate. In order to increase the thickness of
EMI SE materials while preserving flexibility, AgNWs can be loaded
on a flexible substrate with 3D structure36–38. Many research
papers have reported materials with high EMI SE, however, the
methods proposed are difficult to scale for the requirements of
large markets.
In this work, by using numerical simulations, we find a

conductor with a network structure that can reach high EMI SE
with a conductivity five orders of magnitude below that of pure
silver. To verify the simulation results in practice, we deposit a few
AgNWs deposited by a simple dropping method on a type of
cotton textile with a network structure. This EMI shielding material
does not only achieve a high EMI SE with a very small amount of
silver but is also lightweight and flexible. Moreover, a large-area
EMI SE cloth can be produced in this way. Herein, we placed the
EMI shielding textile in a jacket and the signal of the in-jacket
mobile phone couldn’t be detected by a signal detector,
demonstrating the high EMI SE of this material. In addition, it
remains conductive after immersion in water and oxidation.
Consequently, we propose this material for applications requiring
a light and flexible EMI shielding material.

RESULTS
Simulation of EMI shielding effectiveness of the network structure
According to theory, EMI shielding effect decreases greatly with
thickness below skin depth. In order to determine the exact
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relationship between the thickness and EMI SE, we calculate this
relationship for silver by using the equation from Supplementary
Note. In addition, to visually determine the consumption of silver,
we convert the thickness to mass by using the density of silver
and the cross-sectional area of an X-band waveguide. It can be
seen from Fig. 1a that the EMI SE of a silver plate can reach 60 dB
at 12 GHz with a thickness of 3 μm. On the other hand, a silver
plate of this thickness in an X-Band waveguide contains about
7 mg of silver, making this design insufficiently affordable and
flexible. Moreover, such a silver plate is cumbersome to use across
a large surface area in practice. Herein, we design a conductor
model in a 22.86 mm× 10.16 mm network structure, which
matches a square waveguide for 8–12 GHz frequency (Fig. 1b).
Each unit of the network structure is a square frame with an
interior side length of 0.9 mm and width of 0.15 mm. The
conductivity of the frame is 630 S/m, which is five orders of
magnitude lower than pure silver. We simulate the EMI SE of this
model with different thickness in a square waveguide for
frequencies in the 8–12 GHz range. Figure 1c shows the results
of this simulation. We find that S-parameter of S21 of this network
structure can reach 35 dB for 0.4 mm thickness and 55 dB for
1.4 mm, showing that a conductor with low conductivity can be an
excellent EMI shielding material if shaped into a network. In
addition, we monitored the electric field distribution at 10 GHz

(Fig. 1d). Electromagnetic waves emitted from left are obstructed
by the conductive network structure placed at the middle of the
square waveguide. Consequently, a very diminished electromag-
netic field is observed at the other side of the EMI shielding
material.

Preparation of the network structure for EMI shielding material
After obtaining the parameters for the shielding material from the
simulation described above, we proceed to prepare a physical
sample and investigate it experimentally. One of the most
promising approaches is conductive nanomaterials integration
on existing flexible and light network structures. We select a type
of textile made of cotton due to its lightness, flexibility and cost
effectiveness, as well as network structure which matches the one
used in the simulation (Supplementary Fig. 1). Its unique cotton
fiber skeleton is also advantageous with conductive 1D nanoma-
terials with high length-diameter ratio that adhere on it. We select
AgNWs as the nano-conductive material, since its high conductiv-
ity and length-diameter ratio provides electronic access. Moreover,
its high chemical stability and cost-effectiveness in comparison
with noble metals enable a wide range of future applications
(Supplementary Fig. 2). Figure 2a shows the methods we use to
prepare large area EMI shielding textile. We immerge the textile in
AgNWs/PVB ethanol solution and then dry it. In this way, we

Fig. 1 Simulation and calculation. a Calculation based on the plane wave theory. The dependence of EMI SE of silver plates on thickness and
frequency is shown in color. The “m” label on the right axis denotes the mass calculated with the density of the silver and the surface area of
the 8–12 GHz waveguide taken into account. b Model used in the simulation with a network structure unit enlarged. c The result of simulation
for various thicknesses. d Electromagnetic field intensity distribution at 10 GHz.
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produce a piece of conductive textile with a conductivity of about
600 S/m, conforming to simulation parameters. With a density of
56mg/cm3, it is light and flexible, benefiting from the large duty-
cycle of the flexible textile substrate as well as the high length-to-
diameter ratio of AgNWs. A roll of EMI SE textile is shown in Fig.
2b, c shows the scanning electron microscope (SEM) picture of an
AgNWs/PVB textile unit cell, which retains the initial textile
network structure prior to immersion processing. Unlike the initial
textile, we see a marked change in the SEM picture of the AgNWs/
PVB textile’s cotton skeleton. Figure 2d shows a single cotton
skeleton on which many AgNWs are distributed and intercon-
nected, which is the reason the AgNWs/PVB is a conductor. Figure
2e shows the X-Ray diffraction (XRD) of textile and AgNWs/PVB
textile, showing that after being processed by AgNWs/PVB ethanol
solution, apart from the peaks of the textile, the XRD peaks of Ag
can also be detected39. The X-ray photoelectron spectroscopy
(XPS) scan has also been used to investigate the elements C and
Ag. Within the peak of C 1 s, three separate peaks can be
discerned: unoxidized carbon (C–C or C–H at 285.0 eV), carbon
with one oxygen bond (C–OH or C–O– at 286.6 eV) and carbon
with two oxygen bonds (O–C–O or C=O, respectively (Fig. 2g))40.
The peak of Ag3d consists of two metal peaks at 367.5 eV and
373.5 eV, and two tiny featureless peaks at 371.1 and 377.2 eV
which correspond to all metallic Ag peaks (Fig. 2g). We also
investigate the thermogravimetric (TG) properties of AgNWs/PVB
textile (Fig. 2h) and pure textile (Supplementary Fig. 3) in air with
the temperature varying from room temperature to 900°C and
find that both samples exhibit a large decrease at 350°C. A

negligible difference between the samples is seen after the
process. The residue of AgNWs/textile exceeds that of pure textile
by 3%. Since the temperature is below the vaporization
temperature of Ag, we can roughly estimate that the mass
fraction of silver in the AgNWs/PVB textile is no more than 3%. The
consumption of silver in AgNWs/PVB textile prepared by this
method does not exceed that of a silver plate.

EMI SE of AgNWs/PVB textile
We measured the EMI SE effect of the as-prepared AgNWs/PVB
textile by using a vector network analyzer in S11 and S21 channels.
First, we scan S21 channel with samples of different thickness in
square waveguides of 5–8, 8–12, and 12–18 GHz. Figure 3a–c
show that samples with thickness of 0.4 and 1.4 mm reach ~25
and 50–55 dB, respectively, which is a remarkable EMI SE effect.
Particularly, in the frequency range of 8–12 GHz, the EMI SE effect
of the 0.4 mm and 1.4 mm thick samples is ~30 and 59 dB,
respectively. The experimental results are found to be in good
agreement with the simulation. Moreover, the materials with low
density (about 56 mg/cm3) have a specific EMI SE of 1053 dBm3/g
or an SSE/d of 7521 dB cm2/g. A table of various EMI SEs is shown
in Supplementary Table section and it can be seen that our EMI SE
material compares favorably in both SSE and SSE/d with other
listed materials. Figure 3d–f shows the S11 and S21 of a 1.4 mm
thick sample in frequency ranges of 5–8, 8–12, and 12–18 GHz. We
find that S21 is high, while S11 is not higher than 5 dB for all
spectra. Taking into account low S11, high S21 and power

Fig. 2 The preparation process for AgNWs/PVB textile and properties of materials. a AgNWs/PVB textile preparation process schematic.
b Photograph of a roll of AgNWs/PVB textile. c SEM image of a unit cell of the AgNWs/PVB textile. d SEM image of a single skeleton of the
AgNWs/PVB textile. e XRD spectrum of AgNWs/PVB and pure textile. Chemical bond analysis of the surface of AgNWs/PVB textile using XPS,
including peak-differentiation-imitating analysis of f C1s and g Ag3d. h TGA (blue) and DSC (red) results for AgNWs/PVB textile from room
temperature to 900 °C.
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coefficient of reflectivity, transmissivity and absorptivity in
Supplementary Note, we find that the principal mechanism of
EMI SE is reflection rather than absorption, as shown by the
schematic in Fig. 3g.

Filling AgNWs/PVB textile in a jacket
As a light and flexible EMI SE material, the AgNWs/PVB textile can
be suitable for fitting into garments. However, it is necessary to
test water and hot air resistance of the material beforehand. In
order to measure water resistance, the AgNWs/PVB textile with
and without PVB was immerged into deionized water for 48 h, and
then the content of Ag in water was measured via inductively
coupled plasma (ICP). Figure 4a shows that fewer AgNWs fall off
the textile substrate after PVB processing. Moreover, the water Ag
content is high after washing the sample without PVB, which
indicates that the PVB protects AgNWs from pilling off. In addition,
we found that little variation in resistance appears when water is
applied to the sample with PVB in comparison to the sample
without PVB (Fig. 4b). The SEM image in Fig. 4c shows that after
washing with water the AgNWs on the cotton skeleton remains
stable with the PVB protector present. However, without the
protection of PVB, the AgNWs fall off during washing and the

network structure is broken (Supplementary Fig. 4). For testing
heat resistance, we place the sample in hot air at 60 °C and record
the half-life of conductivity (Fig. 4d). It can be seen that the half-
life of the sample with PVB exceeds one week while the half-life of
the sample without PVB is below two days. It can be concluded
that the PVB is essential for resistance to water and hot air. Finally,
we place the large-area AgNWs/PVB textile material inside a
garment (jacket). Figures 4e, f show the schematic overview of the
jacket. The EMI SE of the jacket was then measured by placing a
mobile phone inside the jacket and measuring the electromag-
netic field outside with a signal detector. It was found that the
signal is significantly diminished when the phone is placed into a
jacket with AgNWs/textile, while unchanged for the jacket without
the AgNWs/PVB textile (Fig. 4g, h and Supplementary Video 1).

DISCUSSION
By employing an approach based on calculations and simulations,
we designed and prepared a conductive network structure with
high EMI SE via a facile immersing method employing AgNWs/PVB
solution and textile. The AgNWs/PVB textile achieves a high EMI SE
of 55 dB for a thickness of 1.4 mm. Due to its very low density of

Fig. 3 Effectiveness of the EMI shielding and AgNWs/PVB textile schematic. a–c EMI SE AgNWs/PVB textile of various thickness in 5–8, 8–12,
and 12–18 GHz frequency ranges, including the S-parameter result of S21. d–f EMI SE of 1.4 mm thick AgNWs/PVB textile in 5–8, 8–12, and
12–18 GHz frequency ranges, including the S-parameter result of S21 (blue) and S11 (red). g EMI shielding schematic of AgNWs/PVB textile
including the incident, reflected and transmitted electromagnetic fields.
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56mg/cm3, the SSE reaches 1053 dB·m3/g. In addition, the
material is flexible and resistant to water washing and oxidation,
and can be used in EMI shielding clothing. These unique
properties make the AgNWs/PVB textile suitable for cost-
effective mass-produced EMI shielding materials.

METHODS
Simulation of the EMI SE effect
Time domain simulation was performed with Computer Simulation
Technology Microwave Studio (CST MWS) software. The selected material
was a metal with a conductivity of 630 S/m2.

Reagents
Silver nanowires (AgNWs, 50 nm diameter, 100–200 nm length) (XFNANO
Tech. Co., Ltd, Nanjing, China), polyvinyl butyral (PVB, M.W.=
170,000–250,000) ethanol (99.7%) (Aladdin, USA), and textile were
obtained commercially and used without further purification.

Preparation of the EMI SE AgNWs/PVB textile
In all, 150mg of PVB was dissolved in 30 g of ethanol and 1 g 20mg/ml
AgNWs ethanol was fully dispersed to obtain the PVB ethanol solution. A
piece of textile was then immerged into the dispersion. Finally, the wet
AgNWs/PVB textile was dried in a drying box at 60 °C for 15min. The
sample without PVB was prepared by same method with the PVB omitted.

Material microscopic characterization
The micro-morphological properties of AgNWs/PVB textile were measured
with a field emission scanning electron microscope (FE-SEM, LEO-1530,
Zeiss, Germany) and the micro-morphological properties of AgNWs were
measured with a transmission electron microscope (TEM, JEOL-2100, JEOL
Ltd. Japan). The crystal lattice parameters of samples were obtained with
an X-ray diffractometer (XRD, D/max 2500, Rigaku, Japan) with Cu Kα
radiation (λ= 1.54178 Å). Thermogravimetric analysis and differential
thermal gravity data were obtained with a thermogravimetric analyzer
(STA 449 F3, Jupiter, Germany). XPS measurements were obtained with an
X-ray photoelectron spectrometer (Escalab 250Xi) equipped with an Al Kα
radiation source (1487.6 eV) and hemispherical analyzer with pass energy

Fig. 4 Water washing and hot air resistance and example of application in an EMI shielding jacket. a The concentration of Ag in the water
which is used to wash the AgNWs/PVB and AgNWs textile. b The resistive stability of AgNWs/PVB textile and AgNWs textile after moistened by
water. c SEM image of a single skeleton of AgNWs/PVB textile after washing with water. d The changes in the resistance of AgNWs/PVB textile
and AgNWs textile in 60 °C hot air. e Schematic of a jacket with AgNWs/PVB textile and f the detail of every layer (the blues are the jacket shell
fabric). A photograph with a magnification of the signal bar of a mobile phone signal detector with the phone placed inside the jacket pocket
lined with AgNWs/PVB textile (g) and without AgNWs/PVB textile (h) (grey square denotes the position of the mobile phone).

J. Liu et al.

5

Published in partnership with Nanjing Tech University npj Flexible Electronics (2020)    10 



of 30.0 eV and a step size of 0.05 eV. The C 1 s peak at 284.8 eV was taken
as a reference for binding energy.

Electronic EMI shielding characterization
A CHI 760E electrochemical workstation (CHI Instrument, Shanghai, China)
was used to test the stability of resistance with a stable voltage of 0.5 V.
EMI SE of AgNWs/PVB textile was measured with a vector network analyzer
(VNA, E5063A 100kHz-18GHz, KEYSIGHT, USA). The cross-sectional area of
5–8, 8–12, and 12–18 GHz waveguides were 34.849mm× 15.799mm,
22.86mm × 10.16mm and 15.799mm× 7.899mm. The microwave was
emitted from port 1 and the S21 signal was received by port 2. The S11
signal is received by port 1.

DATA AVAILABILITY
The authors declare that all data supporting the findings of this study are available
within the paper and its supplementary information files.
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