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Herein, an efficient approach to prepare flexible, transparent, and lightweight films based on graphene
nanosheets (GNS) and silver nanowires (AgNWs) for high electromagnetic interference (EMI) shielding
effectiveness (SE) has been explained. High-conductive GNS were fabricated by liquid phase stripping
and composited with AgNWs by a two-step spin-coating method. Owing to the high transparency, good
conductivity, and homogeneous distribution of both GNS and AgNWs, the obtained GNS/AgNWs film
exhibits superb EMI SE and light transmittance, yielding a significantly high EMI SE up to 26 dB in both
Ku-band and K-band and light transmittance higher than 78.4%. Moreover, this GNS/AgNWs film shows
good flexibility and excellent structural stability. The obtained flexible, light and transparent film could
have a great potential for transparent EMI shielding and smart electronics.

� 2019 Science China Press. Published by Elsevier B.V. and Science China Press. All rights reserved.
1. Introduction

With the rapid development of modern electronics and wireless
communication technology, the electromagnetic interference
(EMI) of radio frequency radiation is becoming a new and serious
global pollutant source [1–4]. More and more attention has been
paid to the development of high-performance EMI shielding mate-
rials [5]. Currently, metal materials, such as copper and aluminum
shrouds, are well-known and conventionally used as the EMI
shielding materials, but their wide applications still suffer from
poor mechanical flexibility and excessive weight [6–8], which lim-
its their development on EMI shielding materials in biomedical and
wearable electronics [9–11]. On the other hand, the high EMI
shielding effectiveness (SE) in visual observation modern electron-
ics, like electronic displays, observation windows, is very impor-
tant but really difficult to obtain [12–14]. Therefore, it is highly
desirable to develop a flexible, lightweight, transparent, and effi-
cient EMI shielding material.

In the past decades, the flexible transparent conductive films,
which are made by adding appropriate content of conductive com-
ponents, such as carbon nanotubes (CNTs) [15–20], silver nano-
wires (AgNWs), and metal mesh, into the polymer film matrix
Elsevier B.V. and Science China Pr
[21,22], have raised great attention in flexible electronics and
EMI shielding field [23]. For example, Umrao et al. [24] reported
that CNTs films achieved both high EMI SE and light transmittance,
but the large-scale production with high uniformity is littered with
challenges [25,26]. Also, conductive metal grids with micron line
width, such as AgNWs, are promising candidates for high transpar-
ent EMI shielding materials [27,28]. Jin et al. [29] used AgNWs to
embed glass fiber to make reinforced transparent composite film
and the EMI SE is 12.5–16 dB when the light transmittance is
80% at 8–12 GHz. The metal mesh can be fabricated on different
substrates to meet the requirements of optical transmittance and
EMI SE and it can be fabricated in a large area at low cost. Besides,
Vishwanath et al. [30] made a metal mesh structure with the light
transmittance of 88.2% and the EMI SE of 20 dB at 8–12 GHz. How-
ever, the main shielding mechanism of metal is based on reflection,
which will bring profound secondary pollution to the environment.
In addition, AgNWs exposed to the air are threatened by chemical
attack and their lifespan are severely shortened.

More recently, the two-dimensional graphene has become a
choice for manufacturing macroscale flexible conductors because
of their light weight, good mechanical flexibility and high light
transmittance [31–34]. It is reported that the EMI shielding mech-
anism of graphene nanosheets (GNS) is mainly absorption [5].
However, it is difficult to obtain high transparency and strong SE
by pristine GNS. In order to further improve the EMI shielding per-
formance, the GNS material is usually compounded with a metal
ess. All rights reserved.
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material [35–38]. Han et al. [39] used a combination of GNS and
metal mesh structure to make a film, and the EMI SE was 14.1 dB
in the 12–18 GHz when the light transmittance was 90.5%. Kim
et al. [23] fabricated the polymer-coated/reduced graphene
oxide/silver nanowires with an EMI SE of 24.1 dB in 0.5–3 GHz
and a light transmittance of 82.5%. Ma et al. [40] fabricated a poly-
methyl methacrylate (PMMA)/graphene/metal mesh hybrid film
with the EMI SE of up to 28.9 dB at 12–18 GHz when the light
transmittance was 91%. Lu et al. [41] prepared graphene/metallic
mesh/transparent dielectric hybrid structure with the EMI SE of
34.5 dB at 26.5 GHz when the light transmittance was 85%. Never-
theless, the frequency bands in the previous reports need to be fur-
ther broadened with simplified the sample preparation process
and further improved EMI SE. Moreover, graphene produced by
chemical vapor deposition (CVD) suffers from the complex prepa-
ration process and uncontrollability. And the graphene oxide can-
not achieve enough high EMI SE because of low conductivity.

In this paper, a high conductive GNS, fabricated by liquid phase
stripping, is introduced and composited with AgNWs by a two-step
spin-coating method. The composite film shows a strong EMI SE in
wide frequency range and excellent light transmittance, which are
tunable by controlling the amount of the GNS. The combination of
GNS and AgNWs solves the problem that a single material cannot
be balanced in terms of light transmittance and EMI SE. This work
will be of great significance for EMI shielding materials.
2. Experimental

2.1. Materials

GNS was synthesized from natural graphite flakes by a liquid
phase stripping method [42] (the synthesizing details can be seen
in Supplementary Data online). The AgNWs solution was prepared
using a modified polyol method [43] (preparation details can be
seen in Supplementary Data online). Norland Optical Adhesive 63
(NOA63) was purchased from Norland Products, Inc. Poly(3,4-ethy
lenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) was pur-
chased from Xi’an Polymer Light Technology Co.
2.2. Fabrication of transparent GNS/AgNWs film

The previously prepared AgNWs and GNS were separately dis-
persed in ethanol. The glass pieces were ultrasonically cleaned
with ultra-pure water (r = 5.5 � 10�6 S/m) and ethanol for
15 min, then dried and placed under UV light for 20 min. PEDOT:
PSS was spin-coated on one side of the as-prepared glass piece at
2,500 r/min for 30 s, and then placed on a heating table at 120 �C
for 20 min. The AgNWs solution was spin coated on PEDOT:PSS
at the same speed and time, then heated at 150 �C for 20 min. Then,
the graphene solution was spin-coated on AgNWs at 1,500 r/min
for 30 s, and heated at 120 �C for 20 min. Finally, the obtained com-
posite film was packaged with the NOA63 by spin-coating, then
placed under UV light for about 2 min. Then glass piece was placed
in ultra-pure water for 20 min to dissolve PEDOT:PSS and separate
the glass piece from the GNS/AgNWs film. The GNS/AgNWs film
characterizations are shown in Supplementary Data (online).

Among them, GNS-1L, GNS-2L and GNS-3L indicate the films
with GNS of 0.8, 1.6 and 2.4 mL, respectively. AgNWs-1L,
AgNWs-2L and AgNWs-3L indicate the films with AgNWs of 0.12,
0.36 and 0.6 mL, respectively. GNS/AgNWs-1L, GNS/AgNWs-2L
and GNS/AgNWs-3L respectively indicate the films combining
AgNWs of 0.12, 0.36 and 0.6 mL with GNS of 1.6 mL. Graphene
oxide (GO)/AgNWs-1L, GO/AgNWs-2L and GO/AgNWs-3L indicate
the films combining AgNWs of 0.12, 0.36 and 0.6 mL with GO of
1.6 mL, respectively.
2.3. Measure of optical transmittance

Using the same thickness of NOA63 film as a reference, the opti-
cal transmittance of the GNS/AgNWs films was measured by a UV–
visible spectrophotometer (Shimadzu UV2600) in the wavelength
range from 400 to 800 nm.

2.4. Measure of sheet resistance

The sheet resistance (Rs) was measured by using a four-point
probe (RTS-8, Guangzhou Four Point Probe Technology Co., Ltd.).
Based on the fact that NOA63 is non-conductive while both AgNWs
and graphene are conductive, we measured the sheet resistance of
the GNS/AgNWs film to characterize their electrical properties.

2.5. Measure of EMI SE

The EMI SE of the GNS/AgNWs film was tested by the N5247A
vector network analyzer using the transmittance-reflection-load
technique at both ends of the waveguide. The measured frequency
ranges were Ku-band (12.4–18 GHz) and K-band (20–26 GHz) with
an intermediate frequency bandwidth of 300 Hz. The sample was
cut to a size slightly larger than the waveguide window
((15.799 � 7.899) mm2 for Ku-band and (10.668 � 4.318) mm2

for K-band), then sandwiched tightly between the two waveguides.
The principle of EMI SE is explained in Supplementary Data
(online).
3. Results and discussion

The GNS film, AgNWs film and GNS/AgNWs film are all pro-
duced by a spin coating method. Fig. 1 shows the specific fabrica-
tion process of the GNS/AgNWs films. Firstly, PEDOT:PSS, AgNWs,
GNS and NOA63 are sequentially coated on one side of a glass piece
substrate in turn. Then the glass piece is immersed in ultra-pure
water to dissolve the PEDOT:PSS, and the GNS/AgNWs film is
finally obtained.

In order to explore the internal structure information, GNS/
AgNWs was deposited onto a silicon wafer to obtain X-ray diffrac-
tion (XRD) pattern and Raman spectrum. As shown in XRD pattern
(Fig. 2a), the diffraction peak of (0 0 2) lattice plane in GNS, which
is located at 2h = 26.33�, indicates that interlayer spacing
d = 0.34 nm [44]. The diffraction peaks situated at 2h = 37.92� and
44.62� represent the (1 1 1) and (2 0 0) lattice plane of AgNWs,
respectively. The diffraction peak situated at 2h = 69.18� belongs
to (1 0 0) lattice plane of Si substrate. These results prove the exis-
tence of GNS and AgNWs, which are in agree consistent with
Raman spectra. Raman spectra of GNS/AgNWs film are shown in
Fig. 2b. The D peak and G peak of GNS are located at 1,392.92
and 1,565.04 cm�1, respectively. In addition, Raman peak of AgO
located at 221.30 cm�1 can prove indirectly the existence of
AgNWs [45]. The peaks lay on 517.17 and 966.31 cm�1 belong to
Si substrate. In order to observe microscopic morphology of GNS,
transmission electron microscope (TEM) images were taken. It
can be found in Fig. 2c and d that there are many wrinkles on
the GNS, which provide the possibility to resist bending and
enhance flexibility. The normal GO with more oxygen-containing
functional groups [46], is easy to be twisted by itself (Fig. 2e),
increasing the sheet resistance. Therefore, the sheet resistances
of GNS/AgNWs films are smaller than that of GO/AgNWs films
(Fig. 2f). In theory, EMI SE of a conductive material increases with
its sheet resistance Rs decreasing [47,48], which is mentioned in
Supplementary Data and the experimental results in Fig. 2f verify
this conclusion. Furthermore, as the number of layer increases,
the corresponding sheet resistance of the film gradually decreases.



Fig. 1. (Color online) Preparation process of the GNS/AgNWs film.

Fig. 2. (Color online) Characterizations of GNS/AgNWs films. The XRD pattern (a) and Raman spectrum (b) of the GNS/AgNWs. (c), (d) The TEM image of a GNS with many
wrinkles. (e) The TEM image of the normal graphene oxide. (f) The sheet resistance of GNS/AgNWs films and GO/AgNWs films.
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The light transmittance results of the GNS film, AgNWs film and
GNS/AgNWs film are also investigated. As shown in Fig. 3a–c, the
GNS film exhibits high light transmittance, while AgNWs film
and GNS/AgNWs film show a little lower light transmittance. This
can be further proved by the spectrophotometer (Shimadzu
UV2600) test results. GNS-1L film has excellent light transmit-
tance, which can reach up to 94.7% (Fig. 3d). And light transmit-
tance value of the AgNWs-1L film can reach to 81.5% (Fig. 3e).
Based on these two components, the light transmittance of the
GNS/AgNWs-1L film can be up to 78.4%, which is close to that of
AgNWs-1L film (Fig. 3f). Moreover, the light transmittance
decreases with the content of any component increases. Scanning
electron microscopy (SEM) images of the three types of films
explain the difference of their light transmittance results. The light
transmittance of single-layer graphene is as high as 97.3% [49],
thus making GNS films have ultrahigh light transmittance
(Fig. 3g). In terms of AgNWs, the network structure allows light
to go through the mesh, making AgNWs possess good light trans-
mittance (Fig. 3h). As for GNS/AgNWs film (Fig. 3i), GNS attaches
on AgNWs network, and blocks some meshes of the AgNWs,
decreasing light transmittance a little (Fig. S1 online). In addition,
we also tested light transmittance of GO/AgNWs films, which are
inferior to that of GNS/AgNWs films (Fig. S2 online).

The GNS/AgNWs film with a thickness of � 30 lm can be folded
into a zigzag shape and bent without any damage, exhibiting excel-
lent flexibility (Fig. 4a). The relative volume resistance of the GNS/
AgNWs film is maintained at 181.5 ± 0.3X during bending process
(Fig. S3 online). The relative volume resistance of the GNS/AgNWs
Fig. 3. (Color online) Light transmittance results and morphology of the films. The digi
respectively. The light transmittance results of GNS films (d), AgNWs films (e) and GNS/A
the curves. The SEM image of GNS film (g), AgNWs film (h) and GNS/AgNWs film (i), re
film is almost unchanged during 100 times bending test with the
bending angle of �80� (Fig. S4 online). Apart from superb light
transmittance and flexibility, the GNS/AgNWs films show out-
standing EMI SE. As shown in Fig. 4b, when electromagnetic wave
radiation goes through the GNS/AgNWs film, the attenuation of
electromagnetic waves is caused by the following three scenarios:
(1) reflected and attenuated on the surface of GNS/AgNWs film; (2)
absorbed and attenuated gradually in the GNS/AgNWs film; (3)
reflected and attenuated again and again in GNS/AgNWs film.

This EMI shielding mechanism can be proved by the EMI SE
testing results. Fig. 4c shows the Network Analyzer (PNA-X,
N5247A) that investigate the EMI SE of films at 12.4–18 and 20–
26 GHz via the waveguide method. The inset is a partial enlarged
view of the waveguide device.

Fig. 4d, e shows the EMI SE in Ku-band of the AgNWs films and
GNS/AgNWs films, respectively. With the same content of AgNWs,
GNS/AgNWs films possess higher EMI SE than AgNWs films. Partic-
ularly, the EMI SE of AgNWs-3L film is only 32.6 dB at maximum,
while the EMI SE of GNS/AgNWs-3L film can reach up to 38.5 dB.
The addition of GNS improves electrical conductivity, and two-
dimensional (2D) structure of GNS can block and absorb the leak-
age of electromagnetic radiation through the meshes of the
AgNWs. Fig. 4f shows the EMI shielding efficiency of GNS/AgNWs
films is higher than that of AgNWs films at 12.4–18 GHz. At the
same time, the efficiency error of the GNS/AgNWs films is lower
than that of AgNWs films, exhibiting higher EMI SE stability of
the GNS/AgNWs films at 12.4–18 GHz. The reflection efficiency
and absorption efficiency of AgNWs films and GNS/AgNWs films
tal images of the GNS-2L film (a), AgNWs-2L film (b) and GNS/AgNWs-2L film (c),
gNWs films (f) at 400–800 nm, respectively. The inset in (d) is the enlarged view of
spectively.



Fig. 4. (Color online) The EMI SE of the AgNWs films and GNS/AgNWs films. (a) The digital photo of flexible GNS/AgNWs films. (b) Schematic diagram of EMI shielding
mechanism of the GNS/AgNWs film. (c) The digital photo of EMI SE measurement system, and the inset is a partial enlarged view of the waveguide device. W is the width of
the film and L is the length of the film. The EMI SE of different content of AgNWs films (d) and GNS/AgNWs films (e) at 12.4–18 GHz, respectively. (f) The EMI shielding
efficiency of different content of AgNWs films and GNS/AgNWs films at 12.4–18 GHz. The EMI SE of different content of AgNWs films (g) and GNS/AgNWs films at 20–26 GHz
(h), respectively. (i) The EMI shielding efficiency of different content of AgNWs films and GNS/AgNWs films at 20–26 GHz.
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at 12.4–18 GHz are shown in Figs. S5 and S6 (online), respectively.
Fig. 4g, h shows that with the same AgNWs content, GNS/AgNWs
films possess higher EMI SE than AgNWs films in the K-band,
which exhibits the same trend as that in Ku-band. Fig. 4i shows
that the EMI shielding efficiency of GNS/AgNWs film is higher than
that of AgNWs film at the 20–26 GHz. The EMI shielding efficiency
of GNS/AgNWs films can reach more than 99.5%, and its error is
smaller than that of AgNWs films. The reflection efficiency and
absorption efficiency of AgNWs films and GNS/AgNWs films at
20–26 GHz are shown in Figs. S7 and S8 (online), respectively. In
addition, increasing the content of the composites, no matter
AgNWs or GNS, will enhance the EMI SE. As shown in Figs. S9
and S10 (online), the EMI SE of the GO/AgNWs films in Ku-band
and K-band were inferior to the GNS/AgNWs films. As shown in
Table S1 (online), GNS/AgNWs films can achieve the maximum
EMI SE of 40.1 dB with 47.0% light transmittance, and the maxi-
mum light transmittance of 78.4% with 28 dB EMI SE. Therefore,
GNS/AgNWs films exhibit excellent EMI SE among transparent
EMI shielding materials and are able to reach the balance of the
EMI SE and light transmittance according to the requirement.

The EMI SE of AgNWs film and GNS/AgNWs film before and
after 100 times bending were tested at 12.4–18 and 20–26 GHz.
The results show that GNS/AgNWs film is more stable than AgNWs
film (Fig. S11 online). Besides, the prepared AgNWs film and GNS/
AgNWs filmwere placed in air for one month, and the EMI SE of the
films were re-tested (Fig. S12 online). Fig. S12 (online) shows that
the EMI SE of the AgNWs film decreases, while that of the GNS/
AgNWs film remians the same. Therefore, GNS/AgNWs film pos-
sesses great flexibility and structural stability.
4. Conclusions

In conclusion, this work mainly involved the spin-coating
method to prepare flexible, transparent and lightweight GNS/
AgNWs film for high EMI shielding. By controlling the content of
GNS, the light transmittance and EMI SE of the film can reach a bal-
ance. GNS/AgNWs films can achieve the maximum EMI SE of
40.1 dB with 47.0% light transmittance, and the maximum light
transmittance of 78.4% with 28 dB EMI SE. The EMI SE and EMI
shielding efficiency of GNS/AgNWs film are higher than that of
AgNWs film with the same AgNWs content. At the same time,
the GNS/AgNWs film has a strong flexibility and structural stabil-
ity. This work provides a new research direction for transparent
EMI SE, and has important scientific significance for promoting
the development and realization of lightweight and high-
efficiency graphene-based EMI shielding materials and smart
electronics.
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