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ABSTRACT: Cotton fabrics with multiwalled carbon nanotubes (MWCNTs) dispersed by Nafion, a polyelectrolyte, and sodium dodecyl
benzene sulfonate (SDBS), a surfactant, were prepared for electromagnetic interference (EMI) shielding. The fabrics were character-
ized by scanning electron microscopy and vector network analysis. The fabrics with the Nafion-MWCNT coating possessed a better
shielding efficiency (SE) than those with the SDBS-MWCNT coating because of a more uniform dispersion of MWCNTs, which
improved the electrical conductivity and EMI shielding properties. The maximum SE value of the fabric reached 11.48 dB, and the
specific SE was 39.6 dB cm’/g. The reflectivity and absorptivity were calculated separately to determine the main mechanism of EMI
shielding. The absorptivity was 68.6% at 12 GHz for the Nafion—-MWCNT-coated fabric; this showed that the dominant mechanism

of EMI shielding for the treated fabrics was absorption. © 2014 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2014, 131, 40588.
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INTRODUCTION

Electromagnetic interference (EMI) shielding fabrics have drawn
more and more attention because electromagnetic (EM) radia-
tion pollution is becoming a serious public health problem,'™
especially for persons exposed to EM fields for a long time or
those sensitive to EM radiation, such as pregnant women and
young children, with the widespread use of cell phones, com-
puters, and other electronic apparatuses, such as microwave
ovens, TV sets, and refrigerators. To shield EM radiation, vari-
ous metals, ferrites, and conductive polymers, including copper,
silver, stainless steel, carbonyl iron, polypyrrole, and polyani-
line,” "% have been used in fabrics to obtain high EMI shielding
efficiencies (SEs). Nevertheless, when either metal or conducting
polymers are used, the EM power is most likely realized by a
reflection mechanism, and this, consequently, causes secondary
radiation in the environment. Moreover, these materials are also
heavy, easily corroded, and poor in mechanical properties. Also,
fabrics made of these materials are often thick, stiff, and heavy;
this makes them uncomfortable or inappropriate for apparel.

Carbon nanotubes (CNTs) could be more attractive candidates for
functional fabrics'"'? because of their light weight and unprece-
dented mechanical, electrical, and thermal properties.'>™"
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M&‘«\;F%U’B WWW.MATERIALSVIEWS.COM
]

40588 (1 of 9)

Although CNTs have been well documented as fillers in composites
and macrofilms for EMI shielding applications,"*™® few studies
have been published on CNT-coated fabrics as EMI shielding
materials.'” Apart from CNTs intrinsic characteristics, such as
their aspect ratios and electrical conductivities, their dispersion is
the most important factor influencing the EMI shielding properties
of the substrate at a certain loading. Many relevant studies have
shown that a homogeneous dispersion is necessary for producing a
high conductivity with a low concentration of CNTS; this is critical
for improving the EMI shielding properties.”** To acquire a sta-
ble CNT suspension for coating without damaging the CNT struc-
ture or sacrificing the electrical conductivity, researchers have used
two systems for dispersing CN'Ts, that is, polyelectrolytes®® and sur-
factants,”® both of which have been applied to functional textiles
by a dip-coating method because of the availability of equipment
and effectiveness.”>*® Kotov et al.*> found that cotton yarns coated
with Nafion (a sulfonated tetrafluoroethylene)-stabilized CNTs had
an electrical conductivity that was two orders of magnitude higher
than those coated with polystyrene sulfonic acid (PSS)-stabilized
CNTs at the same CNT-polymer ratio. Among the surfactants,
sodium dodecyl benzene sulfonate (SDBS) exhibited the best dis-
persability of CNTs because of the benzene rings and suitable
length of alkyl chain in its structure.”* Furthermore, a good
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Table I. Masses of Coatings and Amounts of MWCNTs Dispersed by Nafion and SDBS with Various Numbers of Dip Coatings

Mass of coating:
Nafion-MWCNTs

Amount of MWCNTs (mg/cm?)

(mglcm?) Nafion-MWCNTs SDBS-MWCNTs
Number of
dip coatings Mean SD Mean SD Mean SD
1 0.63 0.033 011 0.006 0.10 0.004
2 1.02 0.052 0.18 0.009 0.15 0.005
3 1.24 0.058 0.22 0.010 0.19 0.009
4 1.56 0.074 0.28 0.010 0.24 0.010
5 1.84 0.083 0.33 0.013 0.28 0.011
6 2.09 0.088 0.37 0.016 0.32 0.013
SD, standard deviation.

dispersion of CNTs in solution improved the uniformity of CNTs
on fabrics, but a well-dispersed CNT solution could not guarantee
the homogeneous distribution of the CNTs onto fabrics."> How-
ever, few reports have been published on the comparison of the
CNT dispersion performances of polyelectrolyte and surfactants
with the same CNT concentration. Therefore, it is of significance
to investigate the dispersion and electrical properties of CNT-
coated fabrics with those two dispersant systems for EMI shielding
applications.

In this study, Nafion was chosen as a polyelectrolyte dispersant;
it endowed a polar side chain and a hydrophobic backbone,
which were suitable for the preparation of a stable and homoge-
neous suspension of multiwalled carbon nanotube (MWCNTSs)
as reported by Wang et al.”> Meanwhile, SDBS was selected as a
surfactant dispersant because it had the best performance in the
dispersal of CNTs among several surfactants.”* The main objec-
tive of the study was to compare the dispersion of MWCNTs by
Nafion and SDBS and the EMI SE properties of the correspond-
ing MWCNT-coated cotton fabrics. The reflectivity and absorp-
tivity of the fabrics coated with MWCNTs were evaluated to
identify the main mechanism of the EMI shielding.

EXPERIMENTAL

Materials

The MWCNTs were purchased from Chengdu Organic Chemicals
Co. (diameters = 8—15 nm, length ~ 50 pum, and purity > 95%).
Desized, scoured, and bleached plain woven cotton fabrics (330 X
210/10 cm, thickness = 0.5 mm, 96.4 g/mz) were obtained from
Shandong Lutai Textile Co., Ltd. A commercial Nafion dispersant
with a concentration of 5 wt % and an average molecular weight
of 70,000-120,000 Da (viscosity = 10-40 mPa-s) was purchased
from DuPont Co. SDBS was provided by Sinopharm Chemical
Reagent Co., Ltd. All of the chemicals were used without further
purification.

Preparation of the MWCNT-Dip-Coated Cotton Fabrics

The MWCNT suspension was prepared as follows: 50 mL of
Nafion solution (5%, 0.93 g/cm3) was first added to 150 mL of
solvent, which was a mixture of 75 mL of deionized water and
75 mL of anhydrous ethyl alcohol. The suspension of MWCNTs
at a concentration of 2.5 mg/mL was then treated in an ultra-
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sonic cleaner (power =50 W and frequency = 53 kHz) for 2 h.
The stable suspension was used for the coating process.

The cotton fabric was first treated with acetone for 15 min to
remove contaminants or impurities; it was then rinsed with
deionized water several times and dried in an oven. A 15 X 15
cm® cotton fabric was dipped in the aforementioned MWCNT
suspension for 5 min. Then, the MWCNT-coated cotton fabrics
were dried in an oven at 80°C for 10 min. This process was
repeated to increase the MWCNT loading in the fabric up to six
times, and no water or ethanol was used to wash the fabrics. For
comparison, a 2.5 mg/mL MWCNT suspension dispersed with 10
mg/mL SDBS was also used to dip-coat the cotton fabric under the
same experimental conditions. However, for the SDBS—-MWCNT-
coated fabrics, water was used to wash the SDBS away until no
bubbles appeared when the fabric was dipped into water and
pressed” to decrease the residual SDBS in the fabric, which could
act as an insulator. For convenience, the samples named S1-S6 rep-
resented 1-6 dip coatings with Nafion-MWCNTS, and samples
S1'-S6' represented 1-6 dip coatings with the SDBS-MWCNTS.
The mass of the coating was obtained by the dry mass difference of
the cotton fabric before and after deposition. The mass of coating
and the add-on amount of the MWCNTSs in terms of mass per
square centimeter with various numbers of dip coatings are pre-
sented in Table I. We assumed that the MWCNT/Nafion mass ratio
in the coating was maintained the same as the mass ratio of
MWCNTs to Nafion in the suspension, namely 20:93, whereas for
the SDBS-MWCNT-coated fabrics, the add-on mass of the
MWCNTs was equal to the mass of the coating because the SDBS
was almost completely washed away after the coating.

Scanning Electron Microscopy (SEM)

SEM analyses of the cotton specimens were carried out with a
Hitachi S-4800 field-emission scanning electron microscope
(Japan) at an accelerating voltage of 5 kV. Each specimen was
coated with gold before observation.

Volume Resistivity

The volume resistivity of the samples was obtained as the sur-
face resistance multiplied by the thickness of the fabric. Because
there are two methods to test the surface resistance, that is,
two-probe and four-probe methods, we measured our samples
with both methods and found that the difference in the results
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Figure 1. Schematic configuration of the measurement setup for the sur-
face resistance of the fabrics. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]

of the two methods was smaller than 5%. The two-probe
method was finally adopted for the measurement of the surface
resistance of the samples according to AATCC test method 76-
2005, which is recommended for textile materials that are not
highly conductive.”” Two rectangular visually smooth and flat
copper electrodes (50 X 10 X 0.5 mm’) separated by 50 mm
were placed on the sample and pressed by a constant load (20
N) to ensure a good contact, as shown in Figure 1.*® The
resistance was recorded by a Fluke 15B multimeter with copper
probes that were 2 mm in diameter and 20 mm in length and
were placed on the copper electrodes. The surface resistance
was calculated from the resistance value and probe dimensions
according to the following equation:

R,=RW/L (1)

where R; is the surface resistance ({/square, per any square as
long as the measurement is related to a square), R is the resist-
ance (Q) of the fabric measured by the multimeter, and L and
W are the length and width of the square between two probes
(here, L=W=50 mm), respectively. The thickness (in milli-
meters) of the fabric was measured with a YG141N digital fabric

Table II. Thickness of the Fabrics Coated by the Nafion-MWCNTs and
SDBS-MWCNTs with Various Numbers of Dip Coatings

Thickness (mm)

Nafion-MWCNTs SDBS-MWCNTs

Number of

dip coatings Mean SD Mean SD

0 0.500 0.015 0.500 0.015
1 0.491 0.012 0.507 0.021
2 0.482 0.019 0.516 0.023
3 0.471 0.014 0.523 0.020
4 0.463 0.017 0.528 0.019
5 0.455 0.018 0.537 0.021
6 0.446 0.011 0.542 0.025
SD, standard deviation.
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thickness gauge (Nantong Hongda Experiment Instruments Co.,
Jiangsu, China) in accordance with ASTM D 1777-96
(“Standard Test Method for Thickness of Textile Materials,”
2011). The results are presented in Table II. To prevent the
influence of the temperature and humidity change on the test-
ing results, all measurements were carried out under standard
textile testing conditions of 65 2% relative humidity and
23+ 1°C.

EMI Shielding Testing

The EMI shielding effectiveness of MWCNT—-cotton was measured
with the waveguide method on an Agilent N5424A type vector net-
work analyzer (VNA) in the frequency range 8-12 GHz. This fre-
quency range was in the X band of the microwave and is widely
used in many applications, such as Doppler radar, TV signal trans-
missions, mobile phone relay systems, and other communication
technologies. The fabric (22.86 X 10.86 mm?) was sandwiched
between two waveguide adapters (black box, Figure 2) connected
to separate ports of the VNA through a coaxial transmission line,
and the assembly was tightened with two screws. The two wave-
guide adapters were the same, and one of them is shown in Figure
2. The VNA sent an EM wave signal, which was coupled by the
adapter and could be reflected or transmitted when it encountered
the sandwiched sample interface. Then, the reflected and transmit-
ted signals were evaluated with the VNA.

RESULTS AND DISCUSSION

Distribution of the MWCNTs on Cotton

MWCNTs have a tendency to aggregate because of their large
aspect ratio and specific surface area. Herein, we focus on the
influence of two representative dispersants, namely, Nafion and
SDBS, on fabric electrical conductivity and EMI shielding
properties. To evaluate the distribution of MWCNTs on fabrics
with different dispersion agents, coated fabrics were observed
with SEM. The SEM images of the fabrics that were dip-
coated six times with Nafion-MWCNTs and SDBS-MWCNTs
are shown in Figure 3. MWCNTs dispersed by Nafion were
distributed uniformly on the fiber surface with very little
aggregation, whereas the MWCNTs dispersed by SDBS showed
larger and more aggregation [Figure 3(b)]. A similar result was
reported by Gongalves et al.,'> who also used a surfactant, Lev-
egal RL, as the dispersant for MWCNTs. They attributed the
variation in the uniformity of MWCNTs on the coated cotton
fabrics to the difference in the dispersion of MWCNTs in the
initial solutions; this suggested that the poor initial dispersion
in the solution led to more aggregation on cotton fabrics
coated with the MWCNT solution. For the same reason, it
could have been possible that the MWCNTs were more ho-
mogeneously dispersed in the Nafion solution than in the
SDBS solution; this generated a more uniform distribution of
MWCNTs on the fiber surface. Moreover, for Nafion, its polar
side groups could have been attached to the hydroxyl groups
in cotton, and its hydrophobic backbone could have been
attracted to the MWCNTs. This enhanced the stability and
fastness of the MWCNTs onto cotton, as observed previously
by Kotov et al.*> On the other hand, for the SDBS-MWCNT
system, SDBS was washed away after coating; this led to a
poor attraction between the hydrophilic cotton surfaces and
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Figure 2. Photograph of one of the waveguide adapters. [Color figure can
be viewed in the online issue, which is available at wileyonlinelibrary.com.]

hydrophobic MWCNTs so that the MWCNTs tended to rear-
range and aggregate. It is well known that a uniform distribu-
tion of MWCNTs is crucial for electrical conductivity and EMI
shielding,'#20-222°

The surface morphologies of the pristine cotton fiber, fibers
dipped one time (S1), fibers dipped two times (S2), and fibers
dipped five times (S5) with Nafion-MWCNTSs are shown in
Figure 4. We observed that the flexibility of the MWCNTs
made them well conformed to the surface of the cotton fibers,
which had a ribbonlike morphology with grooves. Moreover,
it was also obvious that the amount of MWCNTs deposited
on cotton fabric increased as the number of dipping
increased; this was consistent with the results in Table I and
resulted in an increased electrical conductivity in the fabrics
(see Table III).

Volume Resistivity of Cotton with MWCNT Coating

The dispersion of the MWCNTs on cotton influenced the for-
mation of the conductive network; this was verified by volume
resistivity measurement. The variation of the volume resistivity
with different numbers of Nafion-MWCNT or SDBS-MWCNT
dippings is depicted in Table III. As expected, the volume resis-
tivity of the cotton fabrics with the Nafion-MWCNT coating
was much lower than that with the SDBS-MWCNT coating
with the same number of dippings. In fact, the volume resistiv-
ity of the fabric with six dippings of the SDBS-MWCNTs was
3.40 Qm (MWCNT loading = 0.32 mg/cm?); this was just a
little larger than that with only one dipping of the Nafion—
MWCNTs, whose volume resistivity was 3.33 Q-m (MWCNT
loading = 0.11 mg/cm?). In comparison with other CNT-coated
textiles, the surface resistance of the Nafion—-MWCNTs (<7 kQ/
square) was much lower than that of nylon/CNT textiles (31
MQ/square) reported in literature.®® So, it was demonstrated
that the better the dispersion of MWCNTs was, the greater the
electrical conductivity of the fabric was. In addition, the vol-
ume resistivity decreased with increasing number of dippings
for both the Nafion-MWCNT and SDBS-MWCNT coatings.
This was attributed to the interconnection between the
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MWCNTs, which could form conductive networks. When more
MWCNTs were coated onto the fabric, denser conductive net-
works could be formed, and this led to the formation of more
effective electrical carrier paths on the fabric surfaces, as shown
in Figure 4. The volume resistivity values are not presented for
the fabrics with one and two dippings with the SDBS—
MWCNTs because their resistances were higher than 40 MQ,
the multimeter’s upper limit, and we were not able to measure
them. The volume resistivity decreased three orders of magni-
tude from 12.7 kQ-m for three dippings to 14 Q-m for four
dippings with the SDBS—-MWCNT fabric. This was attributed
to the percolation threshold® of the SDBS—-MWCNT-coated
fabrics, which was reached after four dipping treatments.
Although the electrical conductivities of the fabrics increased
with increasing number of dippings with both types of coat-
ings, the Nafion-MWCNT-coated fabrics had a much higher
electrical conductivity. There were three potential reasons: (1) a
better dispersion of MWCNTs with Nafion as the dispersant,
which led to a more uniform distribution of MWCNTs on the
fiber surfaces; (2) the fact that the Nafion solution
(viscosity > 10 mPa-s) was more viscous than the SDBS solu-
tion (viscosity ~ 1 mPa-s) was beneficial for more MWCNTs

éO*‘jumlw

5.0kV x10.0k

Figure 3. Cotton fiber surface morphology of six dip coatings with (a)
Nafion—-MWCNTs and (b) SDBS—-MWCNTTs.
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Figure 4. SEM images of the (a) pristine cotton fiber and cotton fibers treated with (b) one dip coating (S1), (c) two dip coatings (S2), and (d) five dip

coatings (S5) of Nafion—-MWCNTSs.

being deposited onto the fabric; and (3) Nafion itself was more
conductive (the surface resistance for the Nafion-coated fabric
without MWCNTs was 600 kQ/square) than cotton or air; this
could have potentially reduced the percolation threshold of the

Table III. Volume Resistivity of the Fabrics Coated by the Nafion—
MWCNTs and SDBS-MWCNTs with Various Number of Dip Coatings

Volume resistivity (Q-m)

Nafion-

MWCNTs SDBS-MWCNTs
Number of
dip coatings Mean SD Mean SD
1 3.83 011 Beyond range =
2 0.91 0.04 Beyond range —
3 ©.53 0.02 12,708.9 641.6
4 0.39 0.02 1417 0.71
5 0.27 0.01 7.44 0.31
6 017 0.01 3.40 0.16
SD, standard deviation.
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MWCNTs on the coated fabric surfaces. The improvement of
the electrical conductivity in turn was expected to enhance the
microwave shielding capability of the MWCNT-coated fabrics.

EMI SE of the MWCNT-Coated Cotton Fabrics

In Figure 5(a), the EMI SEs of the fabric dipped one time in
Nafion—-MWCNT and the fabric dipped six times in SDBS—
MWCNT were compared because their electrical conductivities
were similar. The EMI SE was calculated as the logarithmic
function of the ratio of the transmitted power (P;) to the inci-
dent power (P;) of the EM wave, which was equal to that of
Sy1 (or Sp,) the scattering parameter of shielding material for
transmission, representing the power transmitted from port 1 to
port 2, with the following equation:**

SE = —10log (P, /P;) (decibel, dB) (2)

As expected, the fabric with one Nafion-MWCNT dipping with
0.11 mg/cm® MWCNTs had almost the same EMI SE with the
fabric dipped six times in SDBS-MWCNT with 0.24 mg/cm®
MWCNTs. Moreover, Figure 5(b) shows that the EMI SE of the
Nafion-MWCNT-coated fabrics exhibited a similar pattern of
frequency dependency in the measured frequency range. All of
the SEs (>3dB) in our study were higher than those of the
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Figure 5. EMI SE of the fabrics with (a) six SDBS-MWCNT dip coatings (S6’) and one Nafion-MWCNT dip coating (S1) and (b) different numbers of
Nafion-MWCNT dip coatings in the frequency range 8-12 GHz. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com. ]

MWCNT/butanetertracarboxylic acid (BTCA)-coated cotton
fabrics (the fabric with a surface resistance ~ 2 kQ/square
exhibited an SE of about 1.5 dB) reported by Alimohammadi
et al."” To understand the EMI SE performance of the fabric
with Nafion, we prepared fabric coated by Nafion only (surface
resistance = 600 = 16 kQ/square, similar to the sheet resistance
of a Nafion film**) and found that the SE was below 0.5 dB.
Therefore, the EMI shielding properties of the fabrics almost
exclusively depended on the MWCNTs. The Nafion-MWCNT-
coated fabric after one dipping possessed an SE of 3.57 dB; this
ascended to 6.29, 8.83, and 10.24 dB at 10 GHz and corre-
sponded to one, two, five, and six dippings, respectively. As dis-
cussed previously, with increasing dippings, the loading of the
MWCNTs on fabric increased [Table I and Figure 4(b)]; this led
to denser and more effective conductive networks and was ben-
eficial for improving the EMI SE value. These results agreed
well with what has been reported in the literature.**** The EMI

100
s
£
=
Rl
=9
T
2
2 40'—33
—— 84|
—ss
20— : . :
8 9 10 11 12

Frequency (GHz)

SE of a shielding material depends on the mobile charge carriers
and the interfacial polarization in the shielding material.'” The
greater the mobile charge carriers and interfacial polarization
were, the larger the SE value was. With increasing MWCNT load-
ing, the mobile charge carriers increased in the cotton fabric, and
this gave a higher EMI SE value. In addition, when the MWCNTs
were coated on both sides of the insulating cotton fiber, a large
number of microcapacitors were formed, and this led to a high
interfacial polarization and high EMI SE. In general, MWCNT
products contain catalyst particles, such as Fe or Ni, but the con-
centrations of these catalyst particles or clusters were so low that
the magnetic effect induced by these particles could be negligibly
weak.'

In a comparison of the SEs for the fabrics with the two solution
systems, with similar MWCNTs loadings, S6' (six dippings with
SDBS-MWCNTs) had an MWCNT loading of 0.32 mg/cm? an

(b)

ST
S2)
0] :
"; S5
3 s6
£
=
E 204
=
L
(=4
0-
8 9 10 11 12
Frequency (GHz)

Figure 6. (a) Absorptivity and (b) reflectivity of fabrics with different numbers of Nafion-MWCNT dip coatings in the frequency range 8-12 GHz.
[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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average SE of 3.59 dB, and a volume resistivity of 3.4 Q-m,
whereas S5 (five dippings with Nafion-MWCNTs) had an
MWCNT loading of 0.33 mg/cm? an average SE of 7.64 dB,
and a volume resistivity of 0.27 Q-m. This showed the great
advantage of using Nafion as the dispersant. Here, the more
uniformly distributed MWCNT conductive networks formed on
the fiber surfaces in the Nafion-MWCNT-coated fabrics played
a significant role in EMI shielding."*

In addition to the electrical conductivity of the samples, the thick-
ness also played a significant role in the EMI shielding properties.
The achieved SE for a single layer of the coated fabric was still low
compared to those reported in prior works.'”?>** However, in
most previous reports, the materials were much thicker. There-
fore, if more layers of the coated fabrics were stacked, the SE of
the assembly could be greatly improved.*® Furthermore, the spe-
cific EMI SE (per unit density) is a more appropriate index for
comparing the shielding properties of various materials.>> In our
study, the specific EMI SE of the fabrics dipped six times was
39.59 dB cm’/g; this was much higher than that of typical metals,
such as 10 dB cm’/g for copper.”

Absorption and Reflection of the Nafion—-MWCNT-Coated
Fabrics

The shielding mechanisms of MWCNT-coated fabrics, to our
knowledge, have not been well reported. To compare the contri-
bution of reflection and absorption to the overall EMI SE of the
MWCNT-coated cotton fabrics, the reflectivity and the absorptiv-
ity of the EM wave power of the Nafion-MWCNT-coated fabrics
were analyzed. The SE included the shielding effectiveness due to
reflection (SERr), the shielding effectiveness due to absorption
(SEa), and shielding effectiveness due to multiple reflection
(SEn). The multiple-reflection effect was not discussed in this
study because of the fact that it was usually a minor effect and
because it was difficult to evaluate separately. The scattering
parameters [S;; representing the power transmitted from port 1
to port 2 and S,; (dB)] of the VNA adopting two-port network
test method were related to the reflectivity (RF) and transmissibil-
ity (T), respectively, that is, T=10(%1/19 RF=10(%1/19_ Then, the
absorptivity (A) of the EM wave power was calculated as follows:

A=1 — RF - T (3)

Furthermore, the relative intensity of the EM wave inside the
shield (by exclusion of the reflection wave from the incidence
wave) was based on the value 1 — RE and the effective absorp-
tion (Acg) was written as follows:

Ag= (1 — RF — T) /(1 — RF) (4)

So, SEr and SE, could be expressed as follows:'*
SEr =—10 log (1—RF) (5)
SEx, =—10 log (1—Aeff) =—10 log [T/(1—RF)] (6)

Figure 6(a) shows the absorptivity as a function of the frequency
for the cotton fabrics treated with different numbers of Nafion—
MWCNT dippings. For all of the coated fabrics, the absorptivity
was above 50%, whereas for the fabrics dip-coated two or more
times, their absorptivities were larger than 60%. The S1 sample
had the lowest absorptivity because of the insufficient amount of
MWCNTs so that EM wave could transmit the fabric easily. How-
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ever, its absorptivity (57.8% at 8 GHz) was still much larger than
its reflectivity [17.4% at 8 GHz; Figure 6(b)]. There are two ways
to define the shielding mechanism. One is the comparison of the
absorptivity and reflectivity (RF).'>*"*® The other is the compari-
son of SE, and SEg.'**” Recently, Liu et al.?® summarized the dif-
ference between the absorptivity and SEA, stated as “absorptivity
is a value describing the ratio of power dissipated by the sample
toward the overall incident power, while SEA is a measure of the
ability to attenuate the electromagnetic power that has transmit-
ted into the sample.” Thomassin et al.*® reviewed carbon-based
composites as EMI shielding materials and pointed out that the
proportion of the EM power truly absorbed by the materials
never surpassed 50% for carbon-based composites. In this way,
we investigated the absorptivity (A > 50%), which demonstrated
that more than 50% of EM power was dissipated by the fabrics
toward the overall incident power. Therefore, it was reasonable to
conclude that the dominant shielding mechanism of the Nafion—
MWCNT-coated fabric was absorption rather than reflection.

As shown in Figure 6(b), the reflectivities of the cotton fabrics
with different numbers of dippings at different frequencies ranged
from 31.3 to 4.7% (at 12 GHz). The low reflectivity demonstrated
a better impedance match between air and the MWCNT-coated
fabric surface; this provided a necessary condition for the absorp-
tion of EM energy. Thus, we concluded that EM wave power
absorption was the dominant shielding mechanism.

The detailed data for SEx and SE, of the samples with Nafion—
MWCNTs for five typical frequencies are listed in Table IV. It
could be seen clearly that the value of SEA was at least five times
higher than that of the corresponding SER for each sample at a
given frequency. This again proved that the predominant function
of shielding was realized by the absorption mechanism.

The absorption of EM waves was partially attributed to the mod-
erate conductivity of the fabrics (Table III)."* Similar findings
were also reported in the investigation of the shielding mecha-
nism of PMMA/MWCNT coatings."*'> This was different from
fabrics woven with metal wires, in which reflection was the domi-
nant shielding mechanism™ because much higher electrical con-
ductivity of metal enhanced the surface reflection effect and
shallow skin depth.***” It was also reported that polymers rein-
forced with single-walled CNTs showed reflection as the domi-
nant shielding mechanism.”"*' The reason could be that
MWCNTs are not as conductive as single-walled CNTs, and the
structures of the MWCNTs had more varieties, which ranged
from metal-like to semiconductor-like. Therefore, it is possible
that MWCNTs could have greater potential to absorb EM waves.
EM wave absorption for MWCNTs should be investigated further
to determine the exact mechanism. In addition to MWCNTs,
polar groups, such as the hydroxyl groups in cotton and Nafion,
may also play a role in EM wave absorption because they could be
mobilized in an EM field and thus transfer EM energy into heat.
The microporous structure of woven fabrics could also be a factor
enhancing the absorption of EM waves because of the reflection
and multiple absorptions, which could cause more energy to be
dissipated inside the fabric because of a longer traveling distance
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A "H B for the microwave. These are all potential mechanisms for EM
»|oocoooo wave absorption, although more studies need to be done to test
o oLy these hypotheses.
L o — el ©
© n|Z2[d oo Because absorption is the predominant mechanism of EMI
o o ey shielding, this technique could be a more attractive alternative
»|o oo oo for the fabrication of EM-radiation-protection fabrics, which
< 0 © o< O would absorb more EM energy instead of reflecting EMI,
L ® O O~ M : :
NSl oo N NN which leads to secondary EMI pollution.
© < mmnm
Nn|lo oo oo CONCLUSIONS
»|cocooo
. - M- Cotton fabrics with Nafion-MWCNT and SDBS-MWCNT
L St QB © coatings were fabricated. The distribution of MWCNTs on the
n|=2|doo oo Lo .
a fabric with Nafion as the dispersant was much more homoge-
A 2 E‘) S Q % neous than that with SDBS as the dispersant; this resulted in a
2l © B © =g © greater electrical conductivity and EMI SE value. The SE value
5 " H of the Nafion-MWCNT-coated cotton fabric increased with
N|=|o~N © © © increasing deposition of MWCNTs and achieved a maximum
© O ol Al o value of 11.48 dB (92.9% of the EM energy was shielded by
2 8 8 g g g the fabric, and the specific EMI SE reached 39.59 dB cm’/g).
N N The absorptivity of the Nafion-MWCNTs fabrics was much
% u s AN B higher than 60%; this indicated that the main EMI shielding
% S @ "M O mechanism of the fabrics was absorption because of the mod-
S a o S B S E erate electrical conductivity and the formation of microcapaci-
-é’“ »w|ooooo tors. The Nafion-MWCNT-coated fabric has potential as a
ui . 5 'C\’. 8 8 % (,l.l promising EM wave-absorbing fabric.
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