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Abstract

Recently, the rapid popularization of modern communication technologies represented by 5SG will inevitably aggravate the
deterioration of the electromagnetic environment. Electromagnetic interference (EMI) and electromagnetic radiation have
more and more serious impacts on human production and life, and EMI shielding materials have emerged as the times require.
Herein, we reported a cellulose nanofibril/silver nanowire (CNF/AgNW) nanopaper, manufactured through a step-by-step
(SbS) self-assembly process, which has a unique layered structure and improved two-sidedness. The results showed that the
obtained AgNWs have an ultra-high aspect ratio (up to 2857), which enabled them to form conductive paths in nanopaper at
low addition levels (0.5 wt.%). When the AgNW content was 5.0 wt.%, the obtained nanopaper with a thickness of ~50 pm
exhibited an excellent tensile strength of ~98.6 MPa and a high conductivity of ~ 1673 S/cm. The unique layered structure
of CNF/AgNW nanopaper and the excellent synergistic interaction between CNF and AgNWs enabled the optimized CNF/
AgNW nanopaper to exhibit a high EMI shielding effectiveness (SE) of up to 67.27 dB in the X band. Therefore, this strong
and highly conductive CNF/AgNW nanopaper is expected to broaden new application areas including smart clothing, wear-

able electronic devices, and other emerging applications.
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1 Introduction

With the rapid development of electronics industry, emerg-
ing electronic devices are widely used in human life [1-7].
While bringing convenience to people, electromagnetic
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radiation pollution is inevitable. Many experiments have
proved that long-term exposure to electromagnetic radia-
tion will reduce human immunity and will cause irreversible
effects in severe cases [8]. On the other hand, electromag-
netic radiation will affect the normal working electronic
equipment around it, and there is a huge risk for the preci-
sion equipment without shielding measures [9—12]. Now-
adays, electromagnetic pollution has become a serious
problem. The usage of electromagnetic interference (EMI)
shielding materials has been considered as the main method
to effectively eliminate the harm of electromagnetic waves
[13]. Therefore, it is urgent to explore high-performance
EMI shielding materials for human society, the ecological
environment and even the economic and national defense
construction.

Metals and metal alloy compounds possess high con-
ductivity and are therefore widely used as traditional EMI
shielding materials [14]. However, the poor flexibility, high
density, difficulty in processing, and susceptibility to cor-
rosion limit their applicability, especially in the field of
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portable and wearable devices [15]. In recent years, the
fabrication of metal nanowires has received a great deal
of attention due to the significantly improved properties
(e.g., surface area, processability) [16]. Among them, silver
nanowires (AgNWs) have become a promising candidate for
EMI shielding application, considering their excellent char-
acteristics of high aspect ratio, high specific surface area,
good chemical stability, high electrical conductivity, and
ease for mass production [17-19]. Nevertheless, AgNWs
lack the ability to form mechanically robust self-assembly
structures (e.g., films), which limited their practical appli-
cations. To solve this issue, AGNWs are widely applied as
conductive coatings on different substrates or used as con-
ductive nanofillers for a variety of polymeric matrix [20].
The obtained conductive AgNW/polymer composite films
or foams have received extensive attention due to their good
corrosion resistance, light weight, easy processing, and ver-
satile designability [21]. However, most of these polymers
are derived from petroleum-based materials, which face the
problems of resource depletion and environmental pollution
[22-25].

Cellulose is the most abundantly stored natural poly-
mer compound on earth, with an annual output of about
1.0%x 10'? t [26-35]. It has the characteristics of low den-
sity, renewability, good biodegradability, and biocompatibil-
ity [36-47]. By physical or chemical means, cellulose can
be processed into nanocellulose mainly including cellulose
nanocrystal (CNC) and cellulose nanofibril (CNF) [48-53].
Compared to CNC, CNF has a higher aspect ratio and exhib-
its a significant tendency to form a three-dimensional net-
work structure [54]. Thus, CNF has been widely used to
produce flexible and mechanically robust cellulose nanopa-
per (CNP) through a self-assembly process (e.g., filtration,
casting) [55]. Intriguingly, a variety of active materials such
as conducting polymers, carbon nanomaterials, and metal
nanomaterials can be compounded with the CNF through
chemical or physical interactions, endowing the obtained
CNP with multifunctional properties [27] Therefore, the
CNP composites have broad application prospects in the
fields of flexible electronics, energy harvesting and conver-
sion [33, 56], EMI shielding [57], energy storage [28, 58],
biomedicines [59, 60], and so on [61-63].

Herein, we developed a step-by-step (SbS) assembly pro-
cess for manufacturing a strong and highly conductive CNF/
AgNW nanopaper with layered structure. CNF can facili-
tate the dispersion of AgNWs and interact with the AgNWs,
resulting in relatively uniform distribution of AgNWs within
the composite nanopaper. Therefore, a high conductivity of
1673.36 S/cm was achieved for the CNF/AgNW nanopa-
per with only 5.0 wt.% AgNWs. Since the AgNW surface
was coated with a layer of polyvinylpyrrolidone (PVP), the
interaction between AgNWs and CNF was significantly
enhanced, resulting in the formation of the composite

nanopaper with high mechanical strength (~98.6 MPa). The
layered structure of the composite nanopaper and the high
electrical conductivity endow the CNF/AgNW nanopaper
with high electromagnetic shielding performance (67.27 dB)
even at a low thickness (~50 pm). The obtained CNF/AgNW
nanopaper is expected to have broad application prospects
in smart wearable electronics, national defense, aerospace,
and so forth.

2 Materials and methods
2.1 Materials

The bleached softwood kraft pulp (BSKP) was provided by
Shandong Taian Bai Chun Paper Co., Ltd., which contains
79.1£0.2% of glucan, 15.2 +£0.5% of xylan, and less than
0.1% of lignin. Formic acid (FA) (> 88.0%) was bought from
Fuchen (Tianjin) Chemical Reagent Co., Ltd. Anhydrous
ferric chloride (FeCl;) was purchased from Aladdin Reagent
Co., Ltd. Silver nitrate (AgNO;, > 99.8%) and was obtained
from Sinopharm Chemical Reagent CO., Ltd. (Shanghai,
China). Polyvinylpyrrolidone (PVP, Mw = 1.3 x 10°) was
purchased from Shanghai Macklin Biochemical Co., Ltd.
Acetone was bought from Luoyang Haohua Chemical Rea-
gent Co., China. Ethylene glycol (EG) was obtained from
Tianjin Fuyu Fine Chemical Co., China. Sodium chloride
(NaCl) and Sodium bromide (NaBr) were provided by
Thermo Fisher Scientific (China) Co., Ltd.

2.2 Methods
2.2.1 Fabrication of CNF

CNF aqueous suspension was produced from BSKP follow-
ing the procedure we reported previously [27, 28]. Briefly,
20 g of BSKP and 1.2 g of FeCl; were added into 600 mL
88% FA and hydrolyzed at 95 °C for 6 h. After that, the
solid residue was washed to neutral pH and diluted with DI
water to a concentration of 0.5 wt.%. Finally, the diluted
suspension was subjected to a high-pressure homogenizer
(AH-PILOT 2015, Antos Nanotechnology (Suzhou) Co.,
Ltd.) at a constant pressure of 100 MPa for ten times to
obtain CNF.

2.2.2 Fabrication of AgNWs

AgNWs were synthesized using a modified one-pot polyol
method based on a previous report [17]. Firstly, 0.8 g of PVP
was added to a three-necked flask containing 80 mL of EG,
and the PVP was completely dissolved by magnetic stirring
at 160 °C. Then, 20 mg of NaCl and 10 mg of NaBr were
added, and the oxygen in the reaction system was removed
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by flowing nitrogen gas. Finally, 40 mL of AgNO; EG solu-
tion with a concentration of 0.02 g/mL was slowly added to
the reaction system. After two minutes, both the stirring and
the nitrogen flow were stopped. The reaction was left at 160
°C for 1.5 h, and the color of the reaction medium changed
from white to gray green. The reaction mixture was cooled
rapidly to room temperature in a cold-water bath. Twice the
volume of acetone to the mixture was added, and the super-
natant was removed when the solution comes out clearly
delaminated. The lower precipitate was washed twice with
ethanol and DI water by centrifugation (7000 rpm) to obtain
pure AgNWs. The obtained AgNWs were dispersed in DI
water for further use.

2.2.3 Fabrication of CNF/AgNW nanopaper

CNF/AgNW nanopaper was fabricated by SbS assembly
method, as shown in Fig. 1. The CNF suspension was soni-
cated with a probe ultrasonicator at a power input of 300 W
for 5 min. Then, a certain volume of AgNW suspension was
mixed with CNF suspension, and magnetically stirred over-
night to make them uniformly mixed. The mixture was used to
manufacture CNF/AgNW nanopaper through vacuum filtration
using a polypropylene filter membrane (diameter of 5 cm, pore
size of 0.45 pm). Since the density of AgNWs is greater than
that of CNEF, if the mixture is filtered directly, AgNWs will be
deposited on the bottom and layered with CNF, resulting in a
serious two-sided difference in the obtained nanopaper. To avoid
this problem, a SbS self-assembly method was adopted, i.e.,
filtering the mixture in batches. Take a portion of the mixture
and add it to the suction filter bottle. After forming a thin film,
slowly added an equal amount of the mixture to form another
film on top of the previous one. Repeat the above steps until the
mixture was completely used up. Finally, the wet CNF/AgNW
nanopaper was placed between the two filter membranes and
dried at 95 °C for 20 min to remove water. The obtained sample
was labeled CNF/AgNWs-X, where X represented the mass
percentage of AgNWs in the nanopaper. As a comparison, pure
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CNF nanopaper was also obtained by the above SbS assembly
process.

2.2.4 Characterization

Scanning electron microscope (SEM, JEOL-JSM IT300LV,
Japan) was used to observe the morphology of AgNWs and the
surface and cross-sectional morphology of the CNF/AgN'W nano-
paper. Transmission electron microscope (TEM, JEOL-JEM 2100
F, Japan) was used to observe the surface morphology of AgNWs
in details. The chemical structures of CNF, AgNWs, PVP, and
CNF/AgNW nanopaper were analyzed by FTIR-650 infrared
spectrum analyzer in the wavelength range of 4000-400 cm™".
X-ray photoelectron spectroscopy (XPS) spectra of samples
were collected on a photoelectron spectrometer (Thermo Scien-
tific ESCALAB Xi+, America). The crystal structure of CNF,
AgNWs and CNF/AgNW nanopaper were characterized by X-ray
diffraction analyzer (XRD, Rigaku Smart lab, Japan) in the range
of 20=5-70° at a scanning rate of 5° min™".

Tensile tests of all nanopaper samples were measured by a
3360 universal material testing machine. The nanopaper sam-
ples were cut into 40 mm X 10 mm strips for tensile strength
test at a speed of 2 mm/min. Each sample was tested three
times to determine the average value.

The sheet resistance of the CNF/AgNW nanopaper was
measured according to the van der Pauw four-point probe tech-
nique using a digital multimeter (KEITHLEY 2450). Before
test, the nanopaper samples were cut into square specimens
(15% 15 mm?), and four corners of the specimen were coated
with silver paint to ensure good electrical contacts. Then, the
four probes were contacted on the four corners of the specimen
and the resistance (R) was recorded. The sheet resistance (Ry)
was calculated based on Eq. (1) [64], as follows:

R
R, = — ~4.53R
¥ In2 M
Further, the conductivity (p) can be calculated from Eq. (2),
as follows:

\’\{\Step-b)’-step self-assembly

Peeling-off

CNF/AgNWs nanopaper

Fig.1 Schematic illustration of the assembly process for the CNF/AgNW nanopaper
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R, xt 2)

where t is the thickness of the specimen. Three independent
measurements were performed, and the averaged value was
reported.

The EMI shielding performance of CNF/AgNW nanopapers
were evaluated by a vector network analyzer (PNA-N5234A,
Agilent, USA) in the frequency range of 8.2-12.4 GHz (X
bands) based on a waveguide method. The total EMI shield-
ing effectiveness (SE), microwave reflection (SEg), and
microwave absorption (SE,) can be obtained by the following
equations:

SE; = SEg + SE, + SEy 3)
SE; = —101og( |321|2|) @)
SEg = —10log(1 =[S, [") )

(6)

where S|, and S,, are the scattering parameters and SE,
is the microwave multiple internal reflection, which can be
negligible when SE> 10 dB [65].

3 Results and discussion

As shown in Fig. 2a—c, the obtained AgNWs display smooth
surface, uniform length, and diameter distribution, and
almost no silver nanoparticles can be observed. Accord-
ing to the statistics, the length and diameter of the AgNWs
are about 80+ 5 pm and 28 + 3 nm, respectively, indicat-
ing that the as-prepared AgNWs have a high aspect ratio
(up to 2857). From Fig. 2b, we can notice that the tip of
the AgNWs is relatively sharp, showing a pentagonal cross
section. Meanwhile, it can be observed in Fig. 2b, c that the
surface of AgNWs is wrapped by a thin layer of PVP with a
thickness of about 1.2 nm, which can be proved by the FTIR
analysis (Fig. 2d). All typical peaks of PVP can be observed
in the FT-IR spectrum of the obtained AgNWs. Theoreti-
cally, Ag does not have infrared absorption peaks. However,
the characteristic peak of PVP appeared in the infrared spec-
trum of the prepared AgNWs, indicating that the surface
of AgNWs was wrapped with PVP [21]. The presence of
PVP can effectively prevent the oxidation of AgNWs and
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Fig.2 Characterization of AgNWs. (a) SEM. (b), (¢) TEM images AgNWs. (d) FTIR spectra of AgNWs and PVP. (e) UV-Vis spectrum of

AgNWs. (f) XRD pattern of AgNWs
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increase the dispersion stability of AgNWs in water [66]. It
should be noted that AgNWs are difficult to combine with
other substances. The oxygen-containing functional groups
in the PVP layer can form hydrogen bonds with the hydroxyl
groups on the surface of CNF, which greatly increases the
interface interaction between the AgNWs and CNF [67].
Figure 2e shows the UV-Vis spectrum of AgNWs, which
is relatively smooth and without impurity peaks, indicat-
ing that the prepared AgNWs are of good quality. The peak
at 353 nm corresponded to the longitudinal resonant peak
of the one-dimensional AgNW pentagonal twin seed crys-
tal, and the lateral characteristic peak at 372 nm was the
characteristic peak of AgNWs [68]. As shown in Fig. 2f,
the diffraction peaks of the AgNWs at 26=38.28°, 45.50°,
and 64.80° correspond to the (111), (200), and (220) crystal
planes of silver, respectively [69]. Except for these diffrac-
tion peaks, no other impurity peaks can be observed, indi-
cating that the synthesized AgNWs are composed of pure

Fig.3 SEM and EDS spectra
images of CNF/AgNWs-
2.0wt.% surface (a, b, e) and
cross-section (c, d, f)

surface cubic phase. The sharp peak shape with narrow
half-width indicates the high crystallinity of the obtained
of AgNWs. In addition, as can be seen from Fig. 2f that the
(111) crystal plane has the strongest diffraction peak (peak
7595 cm™1), and its ratio to the diffraction peak intensity of
(200) crystal plane (peak 709 cm™") reaches 3.1, which is
higher than the theoretical value (2.5) [70]. This indicates
that during the nucleation growth of the synthesized silver
crystals, the growth rate of the (111) crystal plane is much
higher than that of the other crystal planes, resulting in the
growth of the material mainly in the one-dimensional direc-
tion, which leads to the generation of AgNWs [66]. All these
results verify the high purity of the as-prepared AgNWs.
The surface and cross-sectional morphologies of CNF/AgNW
nanopaper were characterized by SEM, as shown in Fig. 3 and
Fig. S1. AgNWs can be clearly observed on the surface of nano-
paper even at low content. For example, when the AgNW content
was 0.5 wt.% (Fig. S1b), an interwoven AgNW network could
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be observed on the surface of the nanopaper. When the AgNW
content increased to 5.0 wt.%, the surface (Fig. 3a, b, Fig. S1f) of
the nanopaper was almost completely covered by AgNWs. More
importantly, from the cross-sectional SEM images (Fig. 3c, d),
a clear layered structure could be observed with AgNWs pen-
etrating through it. This is due to the SbS self-assembly process
and the strong interface between CNF and AgNW interaction.
In addition, the EDS spectra images of the surface (Fig. 3e) and
cross-section (Fig. 3f) of CNF/AgNWs-5.0 wt.% can further
illustrate that AgN'Ws were uniformly distributed between lay-
ers of nanopaper.

In order to investigate the interaction between CNF and
AgNWs in the CNF/AgNW nanopaper, FT-IR spectroscopy
was performed. As shown in Fig. 4a, the CNF exhibited typi-
cal characteristic peaks of cellulose If}, which was consistent
with the previous results [71-73]. The peak at 1720 cm™!
was attributed to the tensile vibration of C=0 in the ester
group on CNF [74]. Additionally, the characteristic peaks
of CNF can be observed in all samples. However, with the
increase of AgNW content, a blue shift of -OH group can
be observed, and the characteristic peak intensity related to
CNF decreased, which was attributed to the intermolecular
hydrogen bond interaction between -OH in CNF and -C=0
group in PVP wrapped on the surface of AgNWs (Fig. 4d). It
is precisely because of this special intermolecular interaction

between CNF and PVP that AgNWs can be evenly and sta-
bly dispersed in the CNF suspension, which further ensured
the uniform distribution of AgNWs within the composite
nanopaper.

In addition, the crystalline structure of CNF/AgNW nano-
paper with different AgNW content was analyzed by XRD
(Fig. 4b, c). As shown in Fig. 4b, all samples exhibited the
typical crystalline structure of cellulose and AgNWs. In the
case of pure CNF, two main diffraction peaks are observed
at 20=16.2° and 22.5°, corresponding to the (101) and (200)
crystal planes of the typical crystal structure of cellulose I8
[75, 76]. With the addition of AgNWs, for all CNF/AgNW
nanopaper samples, the characteristic peaks at 260 =38.28°,
45.50°, and 64.80° corresponding to the (111), (200), and
(220) crystal planes of silver can be observed [69], which was
consistent with the XRD results of the pure AgNWs (Fig. 2d).
In addition to these peaks, there were no other new peaks, indi-
cating that CNF/AgN'W nanopaper was a composite composed
of CNF and AgN'Ws without any other impurities. Moreover,
the diffraction peak intensity related to CNF decreased with
the increase of AgNW content, indicating that there was inter-
molecular interaction between CNF and AgNWs, which was
consistent with the analysis results of FTIR.

Mechanical properties are of great significance to EMI
shielding materials, especially in the field of wearable
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Fig.4 Characterization of CNF/AgNW nanopaper. (a) FTIR spectra. (b) XRD patterns. (¢) XPS survey spectra. (d) Schematic diagram of the

interaction between CNF and AgNWs
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or portable electronic devices, which require sufficient
strength and toughness to withstand mechanical deforma-
tion. Figure 5a and b show the stress—strain curve of nano-
paper and the corresponding mechanical data. It can be seen
that the pure CNF nanopaper exhibited the highest tensile
strength (124.52 MPa) and breaking strain (~9.1%). With
the gradual increase of AgNW content, the tensile strength
and breaking strain of CNF/AgNW nanopaper gradually
decreased, which was mainly attributed to the relatively
inactive surface of AgNWs. Compared with the strong
interaction among CNF, the interaction between CNF and
AgNWs was relatively weak. Even so, when the AgNW
content was 5.0 wt.%, the nanopaper still showed a high
tensile strength of ~98.6 MPa, which was higher than most
of those reported in the literature (Fig. S2). The main reason
for such excellent mechanical performance is probably due
to the uniform distribution of AgNWs within the composite
nanopaper. In addition, the high aspect ratio of AgNWs and
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Fig.5 Mechanical and electrical properties of CNF/AgNW nanopa-
per: (a) Stress—strain curves. (b) The corresponding tensile strength
and Young’s modulus. (c¢) Electrical conductivity of CNF/AgNW
nanopaper, the inset image exhibits the good electrical conductivity
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the interactions between CNF and the AgNWs could be
other factors [77, 78].

The conductivity of CNF/AgNW nanopaper with different
content of AgNWs was further investigated, and the results
are shown in Fig. 5c. In fact, the conductivity of pure CNF
nanopaper is extremely low due to the insulating nature of
cellulose. With a 0.5 wt.% addition of AgNWs, the conduc-
tivity of the CNF/AgNW nanopaper was greatly increased to
1615 S/cm, showing excellent conductivity. This is because
AgNWs formed an interpenetrating conductive network
on the surface and inside of the composite nanopaper (as
shown in Fig. S1). With the continuous increase of AgNW
content, the increase in conductivity of CNF/AgNW nano-
paper gradually tends to be gentle. This is because once the
conductive network is formed, too many AgNWs just form a
repeated conductive network on this basis, resulting in lim-
ited conductivity improvement [21]. It can be seen that when
the AgN'W content was 5.0 wt.%, the conductivity of CNF/
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of CNF/AgNW nanopaper. (d) Tensile strength and electrical proper-
ties of the CNF/AgNW nanopaper in comparison with those reported
in the literature
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AgNW nanopaper was 1673 S/cm, which was only about 60
S/cm higher than CNF/AgNWs-0.5 wt.%. In addition, the
CNF/AgNWs-5.0 wt.% nanopaper also showed high conduc-
tivity in the thickness direction, indicating that a conductive
channel overlapped by AgNWs was also formed in its verti-
cal direction, which was consistent with the results observed
in Fig. 2¢, d. Through comparison (Fig. 5d, Table S1), it can
be concluded that the CNF/AgNW nanopaper prepared in
this work exhibited higher mechanical and electrical proper-
ties than those reported in other literatures, indicating con-
siderable advantages in the practical application of electronic
equipment or EMI shielding.

Figure 6a shows the EMI SE| value of CNF/AgNW
nanopaper in the X-band frequency range. It can be clearly
seen that the EMI SE value of CNF/AgNW nanopaper had

~
M 50 = —&—0.5wt.% —*—1.0wt.%
3 —— 2 0wt.% ——5.0wt.%
= 40 4
&
n - B S NN

10 T T T T
8 9 10 11 12

Frequency (GHz)

a weak frequency dependence, and the EMI SE; value of
the entire X-band had a small difference, indicating that the
composite nanopaper prepared by this method showed a
wide working frequency band and stable shielding perfor-
mance [79, 80]. When the AgNW content was only 0.5 wt.%,
the EMI SE of CNF/AgNW nanopaper reached ~ 18 dB.
When the AgNW content was 1.0 wt.%, the EMI SE of
CNF/AgNW nanopaper exceeded ~30 dB, which was higher
than the requirements of general commercial shielding
materials [81]. When the AgNW content was 5.0 wt.%, the
SEr of nanopaper was as high as 67.26 dB, and the sam-
ple thickness was only ~50 pm. The increase in the loading
of AgNWs made the surface and inside of the nanopaper
produce a denser and more complete conductive network,
which attenuated electromagnetic waves efficiently through

(b))
- 0-0-0-0-0-5-0-0-0-0-0
60 4
50 AAAAAA A A A4 a A AAAALAAA
o -
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e
= 404 —a—SE,
7 0] ——SE,
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Fig.6 (a) EMI shielding performances of the CNF/AgNW nanopaper with different AgNW contents. (b) Comparison of SE, SEg, SE, of CNF/
AgNW-5.0 wt.%. (¢) Schematic diagram of EMI shielding mechanism of CNF/AgNW nanopaper
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multiple reflections and absorptions. In addition, it can be
found that the content of AgNWs had little effect on the con-
ductivity increase of nanopaper (Fig. 5c), but significantly
improved its SE value (Fig. 6a), which indicated that the
EMI shielding performance depended not only on the con-
ductivity of the composite, but also on the number of con-
ductive channels, which was consistent with previous reports
[9, 82]. In addition, the SE, SE,, and SE; of CNF/AgNWs-
5.0 wt.% were calculated and compared (Fig. 6b). Within
the X band, the SE}, SE,, and SE; of CNF/AgNWs-5.0
wt.% were ~67.26 dB,~50.17 dB, and ~ 17.09 dB, respec-
tively. It is obvious that SE , made major contributions to the
EMI SEr. The high SE value was attributed to the conduc-
tive network formed on the surface and inside of the CNF/
AgNW nanopaper and the interaction between CNF and
AgNWs [15, 83, 84]. As shown in Fig. 6¢, when the exter-
nal incident electromagnetic wave contacted its surface, the
highly conductive surface of CNF/AgNW nanopaper would
immediately reflect part of the electromagnetic waves. Due
to the special interlayer structure of CNF/AgNW nanopaper,
most of the remaining electromagnetic waves would interact
with the layered network structure composed of CNF and
AgNWs in the interlayer of the nanopaper and converted
them into heat energy, resulting in a large amount of micro-
wave absorption and energy dissipation. Finally, after sur-
face reflection, layer-by-layer absorption and energy dissipa-
tion, almost no electromagnetic waves could pass through
the CNF/AgNW nanopaper. As shown in Table S2, the
CNF/AgNW nanopaper in this work exhibited an amazing
high EMI shielding performance even with the thickness of
only ~50 pm, which was better than other materials reported
in the literature.

4 Conclusions

In summary, the CNF/AgN'W nanopaper with a typical lay-
ered structure was prepared through a SbS self-assembly
process. Surprisingly, the as-prepared AgNWs has a super
large aspect ratio (up to 2857), which can form an effective
conductive network at a low content (e.g., 0.5 wt.%) in the
CNF/AgNW nanopaper. Furthermore, given the low content
of AgNWs in the nanopaper (5.0 wt.%) and the interfacial
interaction between AgNWs and CNF, the electrical con-
ductivity and EMI shielding performance in X-band of the
layered CNF/AgNWs-5.0 wt.% nanopaper with a thickness
of 50 pmis 1673.36 S/cm and 67.26 dB, respectively. Impor-
tantly, it also exhibits excellent tensile strength (98.6 MPa).
Overall, this work provides a facile and versatile approach
for the fabrication of mechanically strong and highly con-
ductive CNF/AgNW nanopaper with excellent EMI shield-
ing performance, which has promising application prospects
in the field of wearable or portable electronic devices.
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