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B Introduction

Electromagnetic waves have found exten-
sive use in a large variety of applications
on electronic devices and equipment [1],
but they not only interfere with the nor-
mal operation of surrounding equipment
[2, 3] but also have many adverse effects
on human health [4]. Therefore, various
electromagnetic shielding fabrics to pro-
tect human beings from electromagnetic
waves are always in demand. In recent
years, the protecting fabrics available
have been mainly made of hybridising
conductive metal and common fibre/
yarn [5, 6]. However, the comfort and
softness of these fabrics would be neg-
atively affected due to the existence of
stiff and heavy metal [7, 8]. Even worse,
secondary or multiple electromagnetic
pollutions generated by the reflection of
metal on fabric will cause further dam-
age to human health and electronic prod-
ucts. In order to endow common fabric
with the microwave absorbing property
and weight or flexibility preservation,
pioneering studies have been reported on
the application of lightweight, electrical-
ly conductive materials such as carbon
nanotubes, graphene, as well as incorpo-
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Abstract

In order to endow cotton fabric with the electromagnetic shielding property while preserving
comfort and softness, carbon nanotubes (CNTs) were coated onto NaOH pretreated fabrics
via a binder-free dip-coating approach. Scanning electron microscopy (SEM) and Infrared
spectroscopy were utilised to investigate the surface morphology and modification of the CNT
Sfunctionalised fabrics. The effects of the number of dip-coatings, the concentration of carbon
nanotubes, and the impregnation temperature on electrical conductivity, electromagnetic
(EM) shielding effectiveness (SE), and wave absorbing efficiency of cotton fabrics were
evaluated, respectively. The SE value of the CNT functionalised cotton fabrics increased with
the dip-coating time and reached 16.5 dB after CNT dip-coating ten times, which indicates
that 97.76% of the electromagnetic wave was shielded. Meanwhile, by adding layers of stac-
king fabrics, the SE of CNT coated fabrics was further improved to 26.4 dB. The shielding
mechanism was also studied by comparing its reflection and absorption behaviour, which
demonstrates that 65.7% of the electromagnetic wave was absorbed.
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rating polymer in fibres and fabric mod-
ification [9].

Carbon nanotubes have drawn substan-
tial interest for fabric modification with
its surprising microwave absorption
performance because of its outstand-
ing physical, chemical, and mechanical
properties [10], as well as high conduc-
tivity and light weight [11, 12]. Du et al.
[4] studied the electromagnetic shielding
and microwave absorbing properties of
carbon nanotube composites. Pang et al.
[13] prepared a paper (cellulose) fibre
and carbon nanotube suspension by the
high-speed shearing method, and then
rolled it into carbon nanotube-paper fibre
composite conductive paper. The sur-
face resistance of the carbon nanotube
conductive paper was 28 Q/Sq; and the
electromagnetic (EM) shielding efficien-
cy (SE) reached -24 ~ -37 dB. Zhang and
Wu [7] prepared conductive fabrics by
coating single-walled carbon nanotubes
on the surface of cotton and nylon via
the dipping-drying method. The results
demonstrated that the conductive net-
work in the fabric became more uniform
and concentrated with an increase in the
number of dippings, and consequently
reduced the resistance of the fabric. In
our previous work [14], Nafion-CNTs
was coated onto cotton fabric for EM
shielding; however, as a polymer, Nafion
compromised the cotton fabric’s flexi-
bility during the deposition process. In
order to preserve the flexibility, the CNT
coating process without polymer is re-
quired. However, it is still a challenge

as to how to improve CNT deposition on
fabrics without the polymer binding and
preserve their comfort and softness. Qu’s
group deposited graphene onto fabric via
capillarity to fabricate flexible electronic
textiles [15-17], which greatly extended
the potential application of electronic
textile to other smart textiles [18-20].

In this study, the pretreatment of cotton
with NaOH was implemented to improve
CNT deposition onto fabrics. Multiwalled
carbon nanotubes (CNTs) were uniform-
ly coated onto pretreated cotton fabrics
by the binder-free approach for electro-
magnetic shielding and microwave ab-
sorption application. Existing dyeing and
sizing process equipment is available to
prepare electromagnetic shielding fabric
with CNT coating without any special
equipment required, which is easy to op-
erate and favourable for industrial-scale
production. The effects of the number
of dip-coatings, CNT concentration and
impregnation temperature on the micro-
wave absorbing properties were system-
atically studied. Scanning electron mi-
croscopy (SEM), adigital multi-meter,
fabric permeability apparatus, a fabric
style meter, and vector network analyser
were utilised to investigate their surface
morphology, electrical surface resistance,
permeability, bending stiffness and elec-
tromagnetic shielding properties, respec-
tively. The innovation of this absorbing
product was demonstrated by our sys-
tematic studies and NaOH pretreatment
process, as compared to current materials
used for wave absorption.
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Figure 1. SEM images of a) pristine cotton fibre, b) CNT coated cotton fibre, c) NaOH pretreated cotton fibre, d) CNT coated pretreated

cotton fibre.

@ Materials and methods

Materials

Cotton fabric (Ctn) was provided by
Shandong Lutai Co.ltd. Sodium hydrox-
ide (NaOH), sodium dodecylbenzene
sulfonate (C,gH,9NaOsS), and anhydrous
alcohol (C,HsOH) were purchased from
China Pharmaceutical Chemical Reagent
Co.ltd. Carboxylated multi-walled car-
bon nanotubes (CNTs, purity > 95 wt%,
density 0.15 g/cm3, specific surface area
> 233 m?/g, inner diameter 3-5 nm, outer
diameter 8-15 nm, length ~ 50 um) were
obtained from Suzhou Henggqiu Technol-
ogy Co., Ltd.,

Method
Pretreatment of cotton

The cotton fabric cut to asize of
10 cm*10 ¢cm was immersed in 15 g/l
of NaOH solution, oscillated at 80 °C
for 30 min, and then washed with dis-
tilled water several times until the pH
was neutral [21]. The surface of the pre-
treated fabric was cleaned to facilitate
the adsorption of carbon nanotubes. Af-
ter dip-coating with CNTs, the fabrics
were dried in an oven at 105 °C and then
weighed.

Preparation of carbon nanotube coated
cotton fabric

A binder-free dip-coating process was
adopted to prepare the wave-absorbing
fabrics. Dispersions with different CNT
concentrations (0.5 mg/ml, 1.5 mg/ml,
2.5 mg/ml) were obtained using sodi-
um dodecylbenzene sulfonate surfactant
(SDBS, 10 mg/ml) together with ultra-
sonication for 30 minutes. The pretreat-
ed cotton fabric (Ctn) was soaked in the
CNT dispersions prepared for 5 min,
whose weigh bath ratio was 1:50. In or-
der to achieve the desirable CNT depo-
sition, the dip-coating operation was re-
peated multiple times. For convenience,
the sample with one CNT deposition was
recorded as S1, twice as S2, thrice as S3,
four-times as S4, and n-times as Sn. After

FIBRES & TEXTILES in Eastemn Eurgpe 2020, Vol. 28, 5(143)

the treatment with carbon nanotubes, the
colour of the cotton fabrics turned from
white to black.

Testing and characterisation
FTIR spectra

Fourier Transform-Infrared (FT-IR)
transmittance of the NaOH pretreat-
ed cotton fibre before and after CNT
coating was performed using a Fou-
rier transform-infrared spectrometer
(Nicolet 5700) in the spectrum range of
4000-400 cm'!.

Loading of CNTs

The loading of CNTs was obtained by
weighing the mass of the Ctn before and
after CNT deposition utilising an elec-
tronic balance with a sensitivity of 10 g,
as according to the following Equa-
tion (1):

W=m; —m, (1)

Where, my and m; are the mass of Ctn
fabrics before and after CNT coating, re-
spectively.

Thickness of coated fabric

The thickness of the cotton fabrics before
and after CNT coating was measured by
a fabric thickness gauge (YG141N) ac-
cording to standard GB 3820-1997.

Electrical surface resistance

According to the AATCC 2005-76 stand-
ard, the surface resistance of the coated
cotton fabric was measured by a digi-
tal multimeter (Fluke 15B) via the two
probe method.

Characterisation of surface
morphology

Field emission scanning electron micros-
copy (FE-SEM, Hitachi S-4800) was
used to observe the micro-surface mor-
phology of the CNTs on cotton fibres.
A thin layer of gold was coated onto the
cotton fabrics before the measurement to
neutralise the charging issue.

Bending stiffness of fabric

The bending stiffness of the samples
before and after CNT deposition were
tested by a KES fabric style meter (KES-
FB2-S).

Air permeability

Air permeability of the fabrics was
measured by a YG(B)461E-III digital
fabric permeability instrument accord-
ing to ASTM D737-2018 Standard Test
Method. The tests were performed in
the standard atmosphere for testing tex-
tiles, which was at 21 +1 °C and under
65 + 2% relative humidity. The values re-
ported were the average of five samples
obtained under the same condition.

Microwave absorbing property test

The electromagnetic  shielding perfor-
mance of the cotton fabrics coated with
CNTs was tested by a vector network
analyser (ROHDE & SCHWARZ ZVL6)
at a frequency range of 3.5-6 GHz [21].

Durability test

CNT functionalised cotton fabrics were
washed according to standard AATCC
61-2013 test No.1A to estimate its colour
fastness and EM SE durability. Samples
were sewn together with standard lining
fabrics and then washed at 40 °C in an
aqueous solution of common laundry de-
tergent (OMO, 0.15 wt%). After washing
treatment, the fabrics were cleaned and
dried. The discolouration degree of the
treated samples was evaluated by the col-
our-changing grey card. The first grade
is the worst and the fifth the best [22].
The EM SE value of the washed fabrics
was also assessed.

B Results and discussion

The electromagnetic shielding effective-
ness represents the attenuation ability of
shielding materials with respect to a elec-
tromagnetic wave. According to the defi-
nition of electromagnetic shielding effec-
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Figure 2. FTIR spectra of cotton fabrics with and without CNTs.
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Figure 4. SE of fabrics with different numbers of dip-coatings at

a frequency range of 4.6 GHz.

tiveness, SE = -10 log (P/P;) = -10 logT
(where Py, P;, and T are the power of the
transmitted EM wave, that of the inci-
dent EM wave through the shield, and
the transmittance respectively). A previ-
ous work [14] showed that cotton fabric
coated with SDBS-CNTs displayed little
shielding effectiveness, because of the
obvious aggregation of CNTs on the cot-
ton fabric.

Here, NaOH solution was used to pre-
treat the cotton fabric, which was ben-
eficial for removing impurities and the
sizing agent from the sample [23-25]. In
this case, it would promote the uniform
adsorption of CNTs onto Ctn, which
improves its EM shielding property. As
shown in Figure l.a, impurities can be
observed on the surface of pristine cot-
ton fibre, which hinder the uniform ad-
sorption of CNTs (Figure 1.b). After the
NaOH pretreatment, the surface became
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Figure 3. SE of fabrics with different numbers of dip-coatings.
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cleaner and groove features appeared
(Figure 1.c), which favours the uniform
deposition of CNTs (Figure 1.d). There-
fore, pretreating the cotton fabrics with
NaOH was successful in removing im-
purities, increasing the roughness of the
surface, and then promoting the uniform
deposition of CNTs, which would further
improve the electromagnetic shielding
effectiveness of the fabric.

In order to inspect the interaction be-
tween CNTs and Ctn, FTIR measure-
ments were carried out. As shown in Fig-
ure 2, alot of vibrational peaks can be
identified. It was obvious that the peaks
at 2989.66 and 2987.74 cm™! correspond-
ed to the vibrational signal of -OH, while
the peaks at 1820.80 and 1784.15 cm'!
corresponded to that of -COOH stretch-
ing. It demonstrates that the peaks of car-
boxyl and hydroxyl groups both redshift
slightly with CNT deposition onto fab-

4 6 8 10

Dip-coating times

Figure 5. Effect of the number of dip-coatings on mass and fabric

rics, which proves that there is a strong
hydrogen bond interaction between the
CNTs and Ctn surface. This force is like-
ly to occur in the combination between
CNTs and Ctn. Therefore, NaOH pre-
treated cotton fabrics were further used
to our investigation.

Effect of the number of dip-coatings
on electromagnetic shielding
effectiveness

The electromagnetic shielding effective-
ness of materials is related to their elec-
trical conductivity. The better electrical
conductivity of the material, the higher
the electromagnetic shielding effective-
ness it shows [26, 27].

In order to study the effect of the number
of dip-coatings on the electromagnet-
ic shielding performance of the coated
cotton fabrics, we chose an immersion
temperature of 25°C and a CNT con-
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Figure 6. SEM of fabrics with different numbers of dip-coatings, a) one, b) two, c) three, d) four.
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resistance.

centration of 2.5 mg/ml. The relationship
between the electromagnetic shielding
effectiveness and number of dip-coatings
at the frequency range of 3.5-6 GHz is
shown in Figure 3. It is obvious that the
electromagnetic shielding effectiveness
increases with the number of dip-coatings.
As shown in Figure 4, the electromagnet-
ic shielding effectiveness with dip-coating
once was 2.45 dB, twice — 3.04 dB, thrice
—5.61 dB, four-times — 6.42 dB, and ten-
times — 16.47 dB at 4.6 GHz. As a result,
the SE value was improved steadily with
an increase in the number of dip-coatings.

A variety of studies have shown that the
electromagnetic shielding property is
affected by the electrical conductivity,
magnetic permeability and thickness of
the material [5]. The materials used in
this study were all non-magnetic, hence
the influence of electrical conductivity
and thickness on the absorbing properties
was further analysed. As shown in Fig-
ure 5, the mass of CNTs and the thick-
ness gradually increased with the number
of dip-coatings. Additionally, the CNTs
become much denser on the surface of
the fabric with the increasing of dip-coat-
ings (Figure 6). It is reasonable to spec-
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sion.

ulate that tremendous grooves and -OH
groups promote the conformal coating of
CNTs onto NaOH pretreated cotton fibre,
which, in turn, is beneficial to the forma-
tion of a more conductive network on the
surface of the cotton fabric and improves
its electrical conductivity (Figure 7).

As shown in Figure 7, the surface resist-
ance of cotton fabric with CNT coating
decreased with an increase in the number
of dip-coatings, which means its electrical
conductivity increased. Specifically, com-
pared with the fabric with once dip-coat-
ing, the electrical surface resistance of
the fabric decreased by 75.0% after twice
dip-coating and further decreased by
95.1% after four-times dip-coating. This
could be attributed to the formation of
amore conductive network. Consequent-
ly, it could provide more carriers to inter-

Figure 8. SE of fabrics with different concentrations of CNT disper-

act with electromagnetic waves, which
improves the electromagnetic shielding
performance.

Effect of concentration of CNT
dispersion on wave absorbing
property

In order to study the effect of CNT con-
centration on the electromagnetic shield-
ing properties of cotton fabrics, CNT dis-
persions at concentrations of 0.5 mg/ml,
1.5 mg/ml, and 2.5 mg/ml were chosen to
coat cotton fabrics, at an immersion tem-
perature of 25 °C and with four dip-coat-
ings. The result shows that the value of
EM SE improves with an increase in the
concentration of CNTs. However, it is not
an equally proportional increase along
with the concentration of CNTs from
0.5 mg/ml to 1.5 mg/ml and to 2.5 mg/ml
(Figure 8). To analyse the cause, the

Table 1. Relationship between the concentration of CNT dispersion and properties of coated

cotton fabric.
Cor:ncentr_ation of CNT Mass, g'm?2 Fabric thickness, Surface resistance,
dispersion, mg/ml mm Q-Sq'
0.5 13.54+1.27 0.546 +0.045 150.03+13.75
1.5 15.17£1.39 0.583+0.051 96.85+8.37
2.5 15.54£1.29 0.586 +0.049 82.55+7.61
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Figure 9. SE of fabrics with different dipping temperatures.

mass, thickness and electrical surface re-
sistance of the fabrics coated with differ-
ent concentrations of CNTs were further
investigated.

Asshownin Table 1, the mass of CNTsand
the thickness of the fabric increase with
an increase in CNT concentration, whose
tendencies are similar to EM SE. Specif-
ically, the mass increased by 1.63 g-m™
and 0.37 g'm? and the thickness by
0.037 mm and 0.003 mm when the CNT
concentration increased from 0.5 mg/ml
to 1.5 mg/ml and from 1.5 mg/ml to
2.5 mg/ml, respectively. In this case, the
surface resistance of the fabric decreased
by 53.15 Q-Sq!' and 14.30 Q-Sq’l.
Therefore, we speculate that there is
a saturation point of CNT adsorption
between 1.5 mg/ml and 2.5 mg/ml
The deposition of CNTs onto the fabric
would not increase after approaching
the saturation point, and hence the elec-
tromagnetic shielding property of the
CNTs-coated fabric either. The loading
of CNTs and the thickness of the fabrics

300
250 —
200 -
150 -

100

Surface resistance, Q-Sq™'

—o— Surface resistance

and fabric thickness

both increased with an increase in CNT
concentration. However, the surface re-
sistance of CNT coated fabrics decreased
with CNT concentration, indicating that
increasing the concentration of CNT dis-
persion can improve the conductivity of
Ctn/CNTs to some extent [28].

Lower than the saturation point of CNT
concentration [29], an increase in the
concentration of CNTs is beneficial
to the deposition and the formation of
a conductive network. Furthermore, the
Van der Waals force and hydrogen bond-
ing promotes the combination between
CNT and cotton fibre, thereby enhancing
the electrical conductivity [29]. The EM
shielding property of CNT-coated cotton
fabric increases with the improvement of
electrical conductivity, which depends on
the uniform deposition of CNTs.

Effect of dipping temperatures on EM
shielding property

The finishing process of CNT-coated
cotton fabric is similar to the dyeing pro-

Temperature, °C

86

Figure 11. Relation-
ship between tempe-
rature and resistance.

Temperature, °C

Figure 10. Effect of temperature on the unit area upload capacity

cess. The solution temperature has an im-
portant influence on the dye uptake rate
during the dyeing process. Therefore, we
further studied the effect of the temper-
ature of the CNT loading and explored
its effect on the EM shielding property.
The concentration of CNT dispersion
chosen was 1.5 mg/ml and the number of
immersions — four. As shown in Figure 9,
the electromagnetic shielding effective-
ness of the CNT-coated cotton fabric
increased slightly with a temperature
rise from 25 °C to 40 °C, but the electro-
magnetic shielding effectiveness signifi-
cantly decreased at a higher temperature
(85 °C), which suggests that high tem-
perature goes against improving wave
absorption performance.

As discussed above, the mass of CNTs
loaded onto cotton fabric significantly
influences the EM shielding property of
CNT-coated cotton fabric. Thus, the mass
of CNTs and the thickness of the fabrics
were further measured, as shown in Fig-
ure 10, to establish the cause of this result.

Figure 10 displays atrend of first ris-
ing and then decreasing. When the tem-
perature rose from 25 °C to 40 °C, the
mass of CNTs increased by 2.14%, and
the thickness of the fabric increased by
1.24%. However, as the temperature
continued to increase, the mass of CNTs
and the thickness of fabrics decreased
significantly compared to the fabric de-
posited at 25 °C. Specifically, the mass
and thickness of the fabrics decreased by
40.24% and 10.28% at 85 °C, respective-
ly. The probable reason behind this is that
the molecular chain of CNTs moves fast-
er at higher temperature, which, on the
one hand, is beneficial for the deposition
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of CNTs onto cotton fabric, but on the
other hand, accelerates CNTs separating
away from the cotton fabric. Therefore,
there is an optimum temperature that
maximizes the mass of CNTs deposited
onto cotton. Generally, the internal void
volume between the cotton fibres and
yarns is constant. When the temperature
of CNT dispersion increased, the cotton
fibres swelled, which narrowed the gap
between the fibres. In this case, it was
difficult for CNTs to enter into the gap
between fibres, which reduced the dep-
osition of CNTs, and consequently the
electrical conductivity of the fabric [30].

The increase in the surface resistance of
CNT-coated fabric further confirmed that
a much higher temperature of deposition
was detrimental to the electrical conduc-
tivity of the fabric. It can be seen from
Figure 11 that the surface resistance of
the cotton fabric with CNT coating first
decreased and then rose with the temper-
ature. This means that the conductivity
first increases and then decreases. When
the temperature was raised from 25 °C
to 40 °C, the electromagnetic shielding
performance increased slightly, and the
surface resistance decreased by 12.3%.
At 85 °C, the electromagnetic shielding
effectiveness  decreased ~ significantly,
and the surface resistance increased by
233.1%. Therefore, considering the con-
sumption of energy and practicability of
the operation, it is feasible to carry out the
dip-coating process at room temperature.

Absorption shielding effectiveness
and reflection shielding effectiveness

In order to clarify the main shielding
mechanism of CNT-coated cotton fab-

FIBRES & TEXTILES in Eastemn Eurgpe 2020, Vol. 28, 5(143)
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Figure 13. Absorptivity and reflectivity of fabrics with different

numbers of dip-coatings.

rics, the absorption and reflection shield-
ing effectiveness, absorptivity and reflec-
tivity of CNT-coated cotton fabric were
further studied [31].

Absorptivity (A, the percentage of ab-
sorption to incidence of EM weave ), re-
flectivity (R, the percentage of reflection
to incidence of EM weave), absorption
shielding effectiveness (SE,) and reflec-
tion shielding effectiveness (SEg) were
calculated according to the scattering pa-
rameters S;; and S,; measured by a vec-
tor network analyser, the computational
formula is as follows:

Sy1 = 10logT 2)
T=10% 3)
S;, =10logR @)
R= 10%l 4)

According to the principle of conserva-
tion of energy, the value of absorptivity
can be calculated as (A):

A=1-R-T (6)
In addition, the electromagnetic wave
that can enter the inside of the shielding
material needs to be subtracted from the
reflected portion, which is 1-R, hence the
effective absorption rate A is:

1-R-T
Ay =—— 7
eff 1-R ( )
Based on the above analysis, the reflec-
tion shielding effectiveness SEr and ab-
sorption shielding effectiveness SE, can
be expressed as

SE, = -10log(1- R) (8)

SE, =-10log(1-4,,) = —101og1 T

©)

According to Equations (8) and (9),
the reflection shielding effectiveness
SER and absorption shielding effective-
ness SE, were calculated, respectively.
The absorption shielding effectiveness
and reflection shielding effectiveness of
CNT-coated cotton fabric with different
numbers of dip-coatings are shown in
Table 2, demonstrating that as the num-
ber of dip-coating increases, both the ab-
sorption shielding effectiveness and re-
flection shielding effectiveness increase,
which could attribute to the formation
of a more conductive network. For those
samples, SE, was more than four-times
larger than SEjR at most frequency points,
which indicates that the shielding mech-
anism of CNT-coated cotton fabrics is
mainly caused by absorption. This result

Table 2. SE, (dB) and SEy (dB) of cotton fabrics with various numbers of dip-coatings.

Sample S1
Frequency, GHz SEp SEgr SEa
4.0 1.29 0.28 3.28
4.5 1.44 0.17 3.59
5.0 2.09 0.1 3.89
55 0.69 0.24 2.7
6.0 1.08 0.21 2.95

s3 S5 s7
SEr | SE, | SEg SE, | SEg
164 | 526 | 218 | 123 | 3.06
1.09 | 581 2.2 135 | 321
092 | 648 | 234 | 145 | 346
0.8 438 | 196 | 12.1 2.82
065 | 476 | 209 | 129 | 3.35
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Figure 14. Micromorphology of carbon nanotubes: a) between cotton fibres, and b) on
a single cotton fibre.

Table 3. Bending rigidity and air permeability of CNT-coated fabric.

Number of dip-coatings 0 1 2 3 4 6 8 10
Bending stiffness, 102 cN-cm2/cm 3.36 | 3.91 452 | 525 593 698 | 7.89 871
Air permeability, mm/s 2295 | 2127 @ 1915 | 1693 | 1421 1154 | 907.9 ' 751.3

also proves that CNT-coated cotton fab-
ric has great potential for application in
flexible absorbing materials.

Besides increasing the number of
dip-coatings, the stacking of CNT-coat-
ed fabric also improves its EM shielding
effectiveness. As shown in Figure 12,
the EM SE value increased with the
augmenting of the stacking layer, which
is consistent with the result of previous
studies [6, 32]. The SE value reached
26.4 dB when four layers were stacked,
which meet the requirement of commer-
cial utilisation. Besides this, the EM ab-
sorbing ability of flexible materials can
be improved by adjusting the stacking
angle, stacking space and stacking mode
of fabrics [8, 32].

Absorptivity and reflectivity

Furthermore, the reflectivity R (%) and
absorptivity A (%) of the CNT-coated
fabrics were compared at 5 GHz (Fig-
ure 13). The CNT concentration and
the immersion temperature used were
1.5 mg/ml and 25°C (room tempera-
ture), respectively. Figure 13 indicates
that the absorptivity increases with an
increase in the number of dip-coatings.
When the number of dip-coatings was
one, the absorptivity was the lowest be-
cause the carbon nanotubes deposited on
the fabric were too few to form a uniform
conductive network [33]. Moreover,
there were not enough electrical carriers
to interact with the EM wave, and the
fabric itself is an EM wave-transparent
material [34]. Therefore, most of the EM
waves passed through the fabric without
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being absorbed or reflected. With an in-
crease in the number of dip-coatings, the
absorptivity and reflectivity increased,
but the reflectivity was still relatively less
than the absorptivity. The relatively low
reflectivity indicates that the impedance
of the fabric with the carbon nanotube
coating matches well with that of an EM
wave in airspace, which allows more EM
waves to enter the interior of the fabric.
It provides the necessary condition for
the absorption of EM waves inside the
fabric.

Bending rigidity of the fabric

In order to learn the change in flexibil-
ity of fabric after coating with CNTs.
The bending rigidity of the NaOH pre-
treated fabric and the fabric with differ-
ent numbers of CNT dip-coatings was
investigated. As shown in Table 3, the
bending rigidity of fabric with CNTs
increased with an increase in the num-
ber of dip-coatings. When the number
of dip-coatings reached 10, the bend-
ing stiffness increased from 0.0336 to
0.0871 cN-cm?/cm, which was still flexi-
ble enough compared with the fabric coat-
ed with (CNT/PAH, PAH is a high-mo-
lecular polymer)*10, whose bending
rigidity reached 0.3835 c¢cN-cm?/cm
[35, 36]. Therefore, it is feasible to coat
a cotton fabric with CNTs instead of pol-
ymer so as to improve the electromagnet-
ic shielding property while retaining the
fabric’s flexibility.

Air permeability of fabric

The air permeability of fabric with-
out and with different numbers of CNT

dip-coatings was also investigated. As
shown in Table 3, the air permeability
of fabric with CNTs decreased with the
number of dip-coatings. When the num-
ber of dip-coatings reached 10, the air
permeability decreased to 751.3 mm/s,
but it was still permeable enough com-
pared with other wave absorbing materi-
als. For instance, the air permeability of
woven fabric with 30 weft yarns per cen-
timeter is 400 mm/s [37]. In our study,
the addition of CNTs in cotton fabric can
form numerous nano pores, which can
also improve air permeability. Therefore,
CNT coated cotton fabrics are promis-
ing alternatives in the electromagnetic
shielding field.

EM SE durability of CNT coated
fabric

AATCC 61-2013 standard test No.lA
was used for evaluating the EM SE dura-
bility of CNT coated fabric. The S8 and
S10 samples were washed at 40 °C in
an aqueous solution with common laun-
dry detergent (OMO, 0.15 wt%). After
washing, the EM SE of the fabrics had
decreased insignificantly, and remained
at 8.91 dB and 10.61 dB, corresponding
to retention rates of 91.79% and 90.77%,
respectively.

The washing colour fastness of CNT
coated fabrics was assessed via compar-
ing with the standard grey card. After
washing, the colour of the CNT coated
fabric had changed a little bit, and the
carbon nanotubes had not significantly
fallen off. It was observed that the wash-
able fastness of both sample S8 and S10
is 4. The reasons of the moderate durabil-
ity may be as follows: (1) the grooves of
the cotton fibre act as anchors”, which
favours the deposition of CNTs [38];
(2) the carboxyl group of CNTs can
combine with the hydroxyl group of the
cotton fabric to form hydrogen bonds
[39], which increases the binding fast-
ness between the CNTs and cotton fab-
ric. The fastness of the coated fabrics can
be further increased by plasma treatment
[407.

Further observation of SEM images of
the washed cotton fabric revealed that
a little agglomeration existed, as shown
in Figure 14 (a) and (b), which may be
due to the rearrangement of CNTs, drived
by the large Van der Waals force.

In fact, the rearrangement of CNTs not
only promoted their aggregation but also
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built “bridges” between fibres. The ag-
gregation of CNTs formed a conductive
network with many nano-holes, which
was similar to the micro-porous structure
of the fabric. The nano- and micro-po-
rous structure enhanced the chance of
EM wave reflection and, consequently,
extended the path of EM propagation,
dissipating more EM energy. The “bridg-
es” connecting fibre to fibre are benefi-
cial in constructing a more conductive
network structure in the cotton fabric,
thereby improving the wave absorbing
performance.

B Conclusions

In this paper, NaOH pretreated cotton
fabric (Ctn) was dip-coated with CNTs
for EM shielding application. The ef-
fects of the numbers of dip-coatings,
CNT concentration and temperature of
the dip-coating on EM shielding prop-
erties were discussed. The results show
that the EM shielding effectiveness in-
creased with the number of dip-coatings.
The EM shielding effectiveness obvious-
ly increases when the CNT concentration
increases from 0.5 mg/ml to 1.5 mg/ml,
while the EM shielding effectiveness
decreased significantly at high tempera-
ture. Based on this, the process of CNT
dip-coating can be carried out at room
temperature, which is simple and con-
venient. Moreover, the EM SE of Ctn
fabric after ten dip-coatings reached
16.5 dB, which shielded 97.76% of EM
energy. By stacking four layers of Ctn
fabric with CNTs, the EM SE was fur-
ther improved to 26.4 dB, and we found
that the EM wave absorption is the major
contributor to the shielding mechanism.
After washing, the EM SE value of CNT
coated Ctn fabrics remained more than
90%, and the washing fastness was fourth
grade. Therefore, it can be concluded that
carbon nanotube coated cotton fabric is
a flexible material which has great po-
tential for application in wave absorbing
protective clothing.
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