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ABSTRACT: Cotton fiber (CF)-based electroconductive papers Epoxy/cF-30- Fe304 3OGNP’5 il
were prepared by facile aqueous dispersion and drying processes ;

combined with carbon nanotubes (CNTs) or graphene nanosheets
(GNPs). To enhance the electromagnetic interference (EMI)
shielding performance of the manufactured nanocomposites, the
electroconductive papers were soaked with epoxy resin, which
cooperated with the inner sprayed Fe;O, nanoparticles. The EMI
shielding effectiveness of Epoxy/CF-30-Fe;0,-30GNPs reached 33.1
dB, of which over 85.0% is attributed to absorption, which is mainly
believed to be caused by the combination of GNPs and Fe;O,
nanoparticles due to their special structures and synergetic effects.
Moreover, the infiltration of epoxy between the randomly distributed
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loose CFs and the multiple reflections inside the interconnected
networks could also help to improve the EMI shielding performance
of GNP-added samples. The prepared lightweight and stiff Epoxy/CF-30-Fe;0,-30GNP composites have promising applications in

civil or military fields.

1. INTRODUCTION

Being one of the rapidly increasing pollutions induced by the
inventions of advanced electronic information technology,
electromagnetic (EM) pollution is becoming a potential
serious hazard to human beings and adjacent precision
electronic equipment.' > To maximally eliminate or reduce
the damage of such EM pollutions, novel electromagnetic
interference (EMI) shielding materials, such as electrically
conductive polymer composites (CPCs),*”'* intrinsically
conducting polymers (ICP), MXenes,””~"” and textile or
paper-shaped materials, have been successively developed in
the past decade.”'®'” Compared with traditional metal EMI
shielding materials, the above EMI shielding protection
categories have the advantages of lightweight, corrosion
resistance, and flexible processability.'””°~** Among them,
carbon-based electroconductive papers arise promisingly due
to their superior features, such as low cost, balanced
mechanical properties, easy formability, and excellent service
condition adaptability.">*"**** Using renewable biomass as an
applicable component in CPCs is one of the most promising
alternatives, with respect to the green ecological development
tendency and the current requirements for the fabrication of
multifunctional EMI shields.”'>'**!

Cellulose fibers are renewable natural materials with
abundant reserves, which are frequently involved in paper
and pulp making industries.”® The superior biodegradability,
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hydrophilicity, and low toxicity of the papers made from
cellulose fibers make them one of the prospective substrates for
EMI shielding composites.”*'*”*® In general, the key factor
to endow cellular paper with conductivity is the addition of
conductive additives, such as conductive nanoparticles or
fibers, among which carbon-based materials, like carbon black
(CB), carbon nanotubes (CNTs), graphene nanosheets
(GNPs), and carbon fibers (CFs), are usually used.***~**
CNTs are one-dimensional carbon materials with a high aspect
ratio, which have been chosen as an effective nanoscale
functional filler to produce polymer- or natural cellulose fiber-
based conductive nanocomposites® due to their exceptional
electric conductivity, thermal stability, and mechanical proper-
ties.** ™’ GNPs are two-dimensional carbon nanosheets that
are also frequently used in the fabrication of conductive
nanocomposites because of their super high specific surface
area, exceptional carrier mobility, and excellent ballistic
electron transport property.'”*>**~*" Typically, carbon-filled
cellulose composite papers derived from a facile papermaking
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technology are known to be eco-friendly materials, compared
with the ionic or toxic polar solvents involved in fabricating
processes.””*" Lee et al.”’ prepared a series of multiwalled
carbon nanotube (MWCNT)-coated cellulose papers by using
the dip-coating process. The influences of dip-coating cycles
(from 1 to 30) on the EMI shielding performance and electric
conductivity were investigated, showing that both EMI
shielding effectiveness (SE) and electric conductivity of
MWCNT/cellulose papers increased with increasing dip-
coating cycles. The highest EMI shielding effectiveness of
20.3 dB and an electric conductivity of 1.11 S/cm were
achieved with a dip-coating cycle of 30. Jia et al.** reported a
high EMI shielding eftectiveness of 46.0—82.0 dB for epoxy
coating-reinforced carbonized waste corrugated boards. Lu et
al.*? produced a nonwoven fabric CEF-NF (nonwoven fabric)
with 40 wt % CF (carbon fiber) and an area density of 50 g/
m? through a two-step wet-papermaking/thermal-bonding
process. A total EMI shielding value of 30.29 dB was achieved
for the composite in the frequency range of 30—1500 MHz.
According to previous reports, filter papers were applied as
templates for EMI shielding purposes, but they usually have a
large-scale processing limitation.”® The use of cellulose fibers
in composites is a promising direction for the production of
lightweight EMI shielding materials.**"*” In this study, a facile
method, similar to the traditional wet-papermaking process,
was adopted to fabricate the lightweight cellulose fiber-based
electroconductive papers, in which CNTs or GNPs were used
as conductive fillers. To avoid the negative transmitted effects
of the conductive papers, epoxy was further used to fill the
small pores around the anisotropically distributed cellulose
fibers. Furthermore, ferromagnetic nanoparticles were sprayed
onto the surface of one epoxy-dipped conductive paper, before
clinging with another conductive paper. The characteristics of
the obtained EMI shielding composites were also investigated.
The results show that comparatively high EMI shielding
performances of such nanocomposites can be achieved,
through this cheap, easy, and green processing strategy,
which cooperated with a synergism shielding mechanism.

2. RESULTS AND DISCUSSION

2.1. Morphologies of the Cellulose Fiber-Based
Conductive Papers. Based on the facile preparation process
of the fiber-based conductive composites, different cotton
fiber-loaded electrically conductive papers were produced, and
the morphologies of these conductive papers are presented in
Figure 1. Figure lab shows the surfaces of CF-20CNT
conductive papers. Compared to the non-CNT-loaded original
fibers (Figure S1), looser, rougher, and more randomly
distributed cotton fibers were captured, as indicated by the
arrows.

Due to the existence of abundant hydroxyl groups in cotton
fibers, CNT's could be easily attracted to the surfaces of these
micro-sized cellulose fibers. The relatively uniform brightness
of the CNT-coated papers in Figure 1 indicates the good
conductive properties of the manufactured samples, which
assisted with the construction of the electrically conductive
circuits or channels, through the fine distribution of the CNTs.
Figure lc,d shows the morphologies of CF-20GNP papers;
because of the two-dimensional structures of the GNPs,
comparatively smooth cotton fiber surfaces and irregular fiber
distribution, similar to the case of CNT-loaded conductive
papers, can be identified, as illustrated in the ellipse.

Figure 1. SEM pictures of (a) CF-20CNTs and (c) CF-20GNPs; (b)
and (d) are the enlarged pictures of (a) and (b), correspondingly.

2.2. Performance of the Cellulose Fiber-Based
Conductive Papers. The electric conductivities of the CF-
CNT and CF-GNP papers are presented in Figure 2. It is very

2
=

(2]

= 3

A 1074

N’

>

=

2 107 —=— CF-GNPs
b5 —e— CF-CNTs
=

: 10_5'

o

[

= 106

S 10°5

- -

S

~—

< -7

2 10 —
= 10 15 20 25 30

contents(wt.%)

Figure 2. Electric conductivities of CF-CNTs and CF-GNPs, with
different carbon contents.

clear that the electric conductivity of CF-based papers
increased gradually with increasing contents of CNTs or
GNPs. For the one-layered conductive papers with a thickness
of around 1.0 mm, the tested SE values are shown in Figure 3,
which are relatively low (below 10.0 dB) and not ideal for
commercial EMI shielding applications. The EMI shielding
performance of GNP-loaded papers is higher than that of the
CNT-added samples at the same loading level, which is mainly
attributed to the better conductive circuits constructed by the
two-dimensional sheet structures of the GNPs, compared to
that of CNTs. It should be noted that absorptions are the
dominating shielding mechanisms, as shown in Figure S2.

In particular, the comparisons of EMI shielding performance
between one- and three-layered composites are illustrated in
Figure S3, showing that the SE values of the latter (thicker)
ones increased dramatically faster than the one-layered
composites, when tested in the same frequency zone. To
further compare the influence of the sample thickness and
carbon contents on the EMI shielding effectiveness, the EMI
SE values of three-layered composites with different cotton
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Figure 3. EMI SE (shielding effectiveness) of one-layered composites (a) CF-CNTs and (b) CF-GNPs (the average thickness of the compressed

samples is 1.0 + 0.1 mm).

contents are shown in Figure S4. The average thickness of the
obtained three-layered composites is in the range of 3.6—4.0
mm, laminated by glue. As shown, the highest SE; value was
found for the sample CF-20-5-20GNPs, which was 16.8 dB at a
frequency of 18 GHz (Figure S4a); it is obviously higher than
that of the one-layered composite in Figure 3. In the cases of
CNT-coated samples, the EMI efficiencies are all below 11.0
dB at 18 GHz, which is much lower than that of the
commercially accepted limitation of 20.0 dB. Figure S4b
presents the SEp, SE,, and SE values of the three-layered
samples of CF-15-15-15SCNTs (for convenient comparison and
control of the sample thickness, we used three CF-15CNT
composite samples herein) and CF-20-5-20CNTs, showing
that the absorptions are still the predominant mechanisms in
these CF-based EMI shielding materials. For example, at a
frequency of 26.0 GHz, the SE, SE,, and SE; values for the
sample CF-20-5-20CNTs are 11.2, 9.7, and 1.5 dB,
respectively, which indicate the absolute dominance of
absorption (86.6%). Compared to CF-15-15-1SCNTs, with a
CNT distribution gradient in CF-20-5-20CNTs, the con-
ductive network could be rearranged, and multiple reflections
in the adjacent layers might be induced; thus, the EMI
shielding performances are improved compared with those of
CF-15-15-15CNTs. As the highest SE value among these one-
and three-layered conductive papers is still lower than that of
the commercially accepted requirement, the EMI shielding
performance of the electrically conductive papers obtained in
this section (similar to the literature) is not suitable for
practical applications, which should be modified to meet the
commercial demand.””*’

2.3. Performance and EMI Shielding Mechanism of
Epoxy-Soaked Composites. To fabricate CF-based EMI
shielding composites with high efficiency, Fe;O, nanoparticles
were generally used as a magnetic loss effect resource, which
might interact with the coupled electric and magnetic (EM)
radiation fields.* Figure 4 shows the X-ray graphs of CF-
CNTs/GNPs, as well as the Fe;O,-sprayed CF-CNT samples.
The existence of the peaks at 26 = 30.12, 35.46, 43.08, 53.73,
57.26, and 62.73° for CF-20CNTs-SFe;O, indicated the
successful introduction of Fe;O, which correspond to the
(220), (311), (400), (422), (511), and (440) planes of the
Fe;0, crystal, respectively, as presented in our previous study
and the literature.'""** The diffraction peaks in the (002)
planes are attributed to the presence of graphite.'”'"*
Meanwhile, peaks in the (020) plane, at 26 = 22.6° are
typical signals of cellulose fibers (Figure $5).%
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Figure 4. XRD graphs of CF-20CNTs-5Fe;0,, CF-5CNTs, and CF-
SGNPs.

As illustrated previously, conductive cellulose papers with a
high CNT or GNP content of 30 wt % could not achieve the
ideal EMI shielding performance, partially due to their loose
structure. To improve the EMI shielding effectiveness of these
composites, epoxy resin was used to fill the crevices or cells
between the CF fibers, cooperating with a 5 wt % Fe;O, layer
sprayed in the interface of two CF-CNT or CF-GNP papers.
After curing and pressing, a special sandwich structure of the
CF-based composites was produced, and a relatively stiff
feature of the Epoxy/CF-Fe;0,-CNTs (GNPs) was ob-
tained.”” Figure 5 shows the SEM pictures of the fractured
Epoxy/CF-30-Fe;0,-30GNP composite surfaces. The holes
and concaves presented in Figure 1 were filled by epoxy, which
is critical for the improvement of the EMI shielding
performance because the epoxy could prevent the direct
penetration of the incident waves through the holes and
concaves originally. Furthermore, cooperating with the
reconstruction of the conductive circuits, the EMI shielding
performance of the cotton fiber-based nanocomposites could
be clearly enhanced, as further illustrated. The fractured cross
sections of the composites are rather coarse, and the fibers
were tightly anchored in the epoxy basement, which could
absorb energy during the fracturing process, so rough fiber
section shapes could be obviously identified, pointed by the
arrows in Figure 5. Herein, the epoxy not only provided a
barrier to prevent the penetration of the incident electro-
magnetic waves but also offered a strong casting base to
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Figure S. SEM pictures of Epoxy/CF-30-Fe;0,-30GNPs with different magnifications: (a) 200X, (b) S00X, and (c) 1000X.
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Figure 6. EMI SE performance of sandwich Epoxy/CF-30-30CNT and Epoxy/CF-30-30GNP composites (the average thickness is 2.58 mm) with
or without Fe;O, nanoparticles: (a) EMI SE and (b) SEr, SE,, and SEg (the average thickness of the Fe;O,-loaded samples is 2.68 mm).

produce stiff nanocomposites, which can withstand the harsh
service circumstances.

The EMI SE efficiency graphs of the manufactured samples
are presented in Figure 6. The robust EMI shielding
performance of Epoxy/CF-30-Fe;0,-30GNPs can be found
from Figure 6a,b. Interestingly, the SE; of the Epoxy/CF-30-
Fe;0,-30CNTs is much lower than that of Epoxy/CFE-30-
Fe;0,-30GNPs in the whole test frequency range. We
speculate that the introduction of epoxy and Fe;O, nano-
particles blocked some electrically conductive circuits, in the
cases of CNT-added samples, mainly because of their one-
dimensional structure, which is rather different from that of the
GNPs. For the GNP-coated case of Epoxy/CF-30-Fe;0,-
30GNPs with a thickness of 2.68 mm, the two-dimensional
structures and mass surfaces of GNPs could help to broaden
the transition scope of the electrons, both in in-plane and
cross-sectional directions, as illustrated in Figure 7. In other
words, the mass surfaces could positively provide chances for
multiple internal reflections and scatterings, both around the
cellulose fibers and in the interlayered surfaces of the GNPs,
between the directions of alignment as well as perpendicular to
them, through the “tunneling” effects.” Furthermore, the
distribution of Fe;O, nanoparticles could be magnified to
affect the magnetic loss.""** Thus, the average SEr value of the
GNP-added samples (33.1 dB at a frequency of 26.5 GHz) is
much higher than that of the CNT-coated counterparts in the
same frequency range, so we can draw a conclusion that the
synergetic effect of the dielectric loss, magnetic loss, and
multiple reflections on the interlayered surfaces causes this
higher SE value of 33.1 dB. The results in Figure S6 can also
positively prove our conjectures; the SE values of Epoxy/CF-
10CNTs and Epoxy/CE-10GNPs are rather lower than that of
Epoxy/CF-30GNPs. Moreover, the highest SEt of Epoxy/CF-
30-30GNPs in Figure 6a, at a frequency of 26.5 GHz, is 15.5
dB, which is much lower than the shielding efficiency of its

15218

Transmitted Waves

—)

Dielectric Losses

~"Incident Waves >

(I1) Epoxy Dipped Sample

Figure 7. Schematic SEM interference mechanism illustration of the
two composites.

Fe;O,-filled counterpart. Clearly, Fe;O, nanoparticles play a
crucial role in achieving the high EMI shielding performance in
the case of Epoxy/CF-30-Fe;0,-30GNPs.

Figure 6b exhibits the components of EMI effectiveness of
epoxy-soaked composites; as expected, SE, is the dominating
shielding mechanism, which is in favor of avoiding the
potential secondary pollution, mainly induced by the reflection
waves.'" These results can be ascribed to the multifunctional
effects of the sandwich structures of the Epoxy/CF-30-Fe;0,-
30GNPs, which could trigger multiple reflections between
different layers and bulky surfaces of randomly distributed
cellulose fibers and GNPs. This Epoxy/CF-30-Fe;O0,-30GNP
composite has advantages of lightweight, stiffness, and low
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cost, which can make it a promising prospective material in the
related EM radiation protection areas.

3. CONCLUSIONS

In summary, lightweight cellulose cotton fiber-based EMI
shielding nanocomposites were prepared by combining them
with carbons and Fe;O, nanoparticles, clung with glue or
epoxy. The highest EMI performance of 33.1 dB at a frequency
of 26.5 GHz was achieved for the sandwich-structured Epoxy/
CF-30-Fe;0,-30GNP nanocomposites. The excellent EMI
shielding efficiency was derived from the synergetic effects of
the dielectric loss, magnetic loss, multiple reflections,
scattering, and impedance matching. The filling of epoxy in
the micro-sized pores between cotton fibers could obviously
improve the EMI shielding performance of the GNP-coated
composites. Compared to the CNT- and Fe;O,4 nanoparticle-
filled samples, much higher EMI values were measured for the
GNP-coated samples, which are attributed to the special two-
dimensional structure and the mass surface areas of the GNPs.
Thus, the obtained lightweight nanocomposites have promis-
ing applications in the areas of novel electronics, aerospace,
and military stealth equipment.

4. EXPERIMENTAL SECTION

4.1. Materials. Cotton fibers with an average length of
2.0-3.0 mm and a width of 15—20 um (Figure S1) were
supplied by the China National Pulp and Paper Research
Institute, originally planted in the Hebei province of China.
The received pulp cotton fibers were manufactured through an
alkali treatment and three-stage bleaching, after removing
lignin and c01101ds, retaining most of the cellulose and
semicellulose.” Carbon nanotubes (CNTs), with the trade
number TNM2 (manufactured by Chengdu Organic Chem-
icals Co., Ltd,, Chinese Academy of Sciences, China) were
used as the electrically conductive filler, with a purity of >95%.
The outer diameter of the CNT's was in the range of 8—15 nm,
and the length was about 50 ym. Graphene nanosheets
(GNPs) were purchased from Aladdin Co., Ltd., Shanghai,
with a purity of >99.5%. Fe;O, nanoparticles with an average
diameter of 20 nm were bought from Maikelin Biochemistry
Company, with a purity of >99.5%. Epoxy and the curing agent
were homemade products, provided by the Product Engineer-
ing Department of Zhengzhou Yutong Bus Co., Ltd., and
PVAL glue was produced by Deli Group Co., Ltd.

4.2, Preparation of the EMI Shielding Composites.
According to the multifunctional mechanisms of high EMI
shielding composites, electric conductivity is a predominant
factor that can be achieved through the addition of CNTs or
GNPs, as mentioned above. Also, the magnetic property is
another influencing element that can affect the EMI efficiency.
Fe;O, nanoparticles are recognized as a group of cheap and
effective additives that are frequently used in the fabrication of
magnetic materials to improve the magnetic losses.'”'"*>*
Moreover, the surface feature is another key factor, which
should be carefully considered in the fabrication of EMI
shielding composites.*” On the basis of mechanism-oriented
design conception, two fabrication methods had been applied
in this work. On the one side, the CNT- or GNP-added
conductive papers were simply bonded by glue (way I in
Figure 7). On the other side, epoxy was introduced to fill the
textile pores, and Fe;O, was sprayed to enhance the EMI
shielding efficiency (way II in Figure 7). Finally, the EMI

shielding properties of the prepared samples were tested and
compared subsequently.

The detailed fabrication processes of the cotton fiber-based
EMI shielding nanocomposites are schematically illustrated in
Figure 8. To prepare the electrically conductive cellulose

Watw
Cotton fibers

CNTs/GNPs

Conductive Papers

e, —

Stirring @Heating

Glue Bonded Samplem Q
:':'_ Spraylng /‘
= .

Sandwich Sample
After Curing and Pressing Epoxy Dipping

Figure 8. Schematic illustration of the sample preparation.

papers, cotton fibers (1.5 g weighted) were first added into 100
mL of deionized water to obtain the CF suspensions, in which
different contents of CNTs/GNPs (for example, in a 10 wt %
CNT-filled cotton fiber paper, CNTs and fibers were 0.15 and
1.35 g weighted, respectively) were added under ultrasonic
stirring. After that, the obtained CF/CNT or CF/GNP
suspensions were heated to 100 °C to evaporate water and
get porous cakes from them. After several heating operations in
a vacuum oven at 80 °C for 4 h each before a constant
measurement, the electrically conductive CF-based papers
were pressed to a circle shape, with an average diameter of 60
mm and a thickness of about 1.0 mm, under a pressure of 10
MPa at a room temperature of 25 °C and a humidity of 30%.
To prepare multilayer CF-based conductive papers with
different internal structures, the glue clinging and epoxy
dipping methods were applied, as shown in Figure 8-® and
Figure 8-®. For curing of the epoxy-dipped samples (the
weight ratio of the epoxy and the curing agent was S5:1), the
oven was preheated to 60 °C, and the samples were loaded and
held for 30 min; after that, the oven temperature was elevated
in sequence to 120 and 130 °C and held for 30 min at each
temperature, intermittently. Finally, the obtained multilayer
CF-based papers were pressed tightly using a laboratory press
under a pressure of 10 MPa, at room temperature.

The samples were demonstrated by indicating the weight
content of individual carbon components. For example, a
sample code of CF-15-15-15CNTs refers to a three-layered CF
composite coated with CNTs in each layer and the CNT
contents are 15 wt % individually, in which the three of them
were clung together by glue. The Epoxy/CF-30-Fe;0,-30GNP
sample is a two-layered nanocomposite with a 30 wt % GNP
content coated in each layer and 5 wt % Fe;O, sprayed
between them. These two layers were soaked with epoxy resin
and compressed together using the same laboratory press
finally.

4.3. Characterization. The morphologies of the prepared
CNT- and GNP-added conductive CF-based papers as well as
the epoxy-soaked nanocomposites were scanned by a field-
emission scanning electron microscope (SEM, EM-30Plus,
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COXEM Company, Korea). X-ray diffraction (XRD) tests
were carried out by using an X-ray diffractometer (Rigaku
Ultima IV, Japan) with Cu Ka (4 = 1.5418 A) radiation with a
voltage of 40 kV and a current of 40 mA, to examine the phase
compositions of the nanocomposites, in the scanning range of
10—80°.

The electric conductivities of the cellulose conductive papers
were measured by a Tektronix DMM4050. The EMI shielding
performance was investigated using a vector network analyzer
(VNA, Agilent N5234A) at room temperature, combined with
two face-to-face waveguide-to-coaxial adaptors, in the range of
18—26.5 GHz (Ku band).'’ The VNAS scattering parameter
was calibrated before the measurements. The samples that
must be measured were cut into a rectangle shape with a size of
10.6 mm (length) X 4.3 mm (width) to match the waveguide
holders. The incident electromagnetic wave power was 0 dBm,
corresponding to 1 mW. The EMI parameters SE total, SE
reflection, and SE absorption (SEr, SEy, and SE,, respectively)
were calculated from ), and S,,.">*’

R=1s," (1)
T =18, )

=1-R-T 3)
SEx = —101log(1 — R) (4)
SE, = —lOlog[%] )
SEr = SEg + SE, (6)
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