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Abstract The military and industry have multiple

needs for Electromagnetic interference (EMI) shield-

ing textiles, but it is still a huge challenge to realize

integration of inorganic nanomaterials and fabric with

good interface adhesion. Therefore, carefully chosen

EMI materials and preparation techniques are key to

provide commercially acceptable fabrics. Herein, a

flexible and durable EMI shielding cotton fabric was

fabricated by a layer-by-layer assembly of multi-

walled carbon nanotubes (MWCNTs) and nickel

ferrite (NiFe2O4) nanoparticles, following by an

organic poly (dimethylsiloxane) (PDMS) coating.

Benefiting from the strong interfacial interactions

between MWCNTs and NiFe2O4, the efficient elec-

trical, magnetic and thermally conductive pathways

were successfully constructed on the cotton fabric.

The resultant composite fabrics exhibited high

electrical-magnetic properties, superior EMI shielding

effectiveness of & 84.5 dB in X-band with a 0.96 mm

thickness, and markedly enhanced thermal conductiv-

ity (2.52 W m- 1K- 1). Furthermore, the external

PDMS coating not only imparted a water-resistant

feature, but also improved the structural and perfor-

mance stability while maintaining satisfactory air

permeability. Based on these results, the layer-by-

layer assembly approach can be viewed as an efficient

tool to fabricate protective textiles against EMI

radiation pollution.
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Introduction

Electromagnetic interference (EMI) shielding materi-

als, which can block the propagation path of electro-

magnetic waves by reflections, absorptions and

multiple reflections, are critical to resolve the prob-

lems caused by EMI radiation like undesirable damage

to human beings, information security, and high

precision electronic devices (González et al. 2019;

Wang et al. 2019b; Xu et al. 2019). Among various

EMI shielding materials, EMI shielding textiles have

attracted considerable attention due to lightweight,

breathable, and washable as well as high EMI

shielding performance (Ghosh et al. 2018a; Huang
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et al. 2016; Jia et al. 2019). Therefore, EMI shielding

materials based on textiles with delicate surface design

and fabrication can make them applied to all parts of

the textile markets against EMI radiation pollution.

Generally, textiles are intrinsically electrical insulat-

ing materials and have no EMI shielding performance

(Wang et al. 2019b). Empirical research indicates that

the combination of textiles and multiple inorganic

materials including carbon-based materials [graphene,

(Zhan et al. 2018b) carbon nanotubes (CNTs), (Zhu

et al. 2019) metal carbides/nitrides (MXene) (He et al.

2019)], magnetic nanoparticles [such as Fe, (Liu et al.

2016) ferrite, (Yang et al. 2016) carbonyl iron-nickel

alloy (Ren et al. 2018)], and so on (Lv et al. 2016;

Zhang et al. 2016) can impart promising EMI shield-

ing performance to them. Where these supported

electrical or magnetic materials will respond to EMI

radiation and then pose surface reflection and absorp-

tion of EMI waves. Despite certain EMI shielding

composite materials have mushroomed nowadays,

almost all studies devote to the mere improvement of

EMI shielding effectiveness (SE) or these composite

materials exist in the form of solid powder, (Varshney

et al. 2014) films, (Li et al. 2018; Wang et al. 2019a;

Zhou et al. 2018) aerogel, (Liu et al. 2018a, b) and

foam, (Cui et al. 2017) it is still a formidable challenge

to realize integration of multiple inorganic materials to

textiles with uniform and good compatibility.

Many studies have attempted to endow textiles with

excellent EMI shielding performance by electroless

plating, (Hang et al. 2016) dip-coating, (Ghosh et al.

2019a, b; Liu et al. 2017b) screen printing (Huang

et al. 2016) and vacuum filtration (Cataldi et al. 2017).

For example, Jia et al. (2019) fabricated a highly

electrically conductive fabric for ultrahigh perfor-

mance EMI shielding by integrating silver nanowires

and polyurethane on carbon fiber textile. Ghosh et al.

(2018b) developed a conducting carbon black coated

cotton fabric with a SE value of 37.7 dB. In another

study, a high-performance EMI shielding textile was

prepared by using collagen fiber membrane as sub-

strate and MWCNTs-encapsulated metal nanoparti-

cles as efficient nanofillers (Liu et al. 2017a). Note that

a thick coating containing those nanofillers is usually

necessary on textile to realize the target EMI SE value

(20 dB) needed for commercial applications (Chen

et al. 2016). Clearly, these traditional methods hinder

the practical applications of their products owing to

the complicate process, high cost investment, and the

impaired softness, comfort, and breathability as a

textile. Furthermore, since the service environment is

full of complex and diverse, the exploitation of

advanced EMI shielding materials with durability in

the life time and resistance to various conditions is also

needed to meet the ever-growing demands. Thus, it is

highly desirable to develop an efficiency strategy for

constructing robust and durable EMI shielding textiles

with appropriate structure while retaining the inherent

properties.

Layer-by-Layer (L-b-L) assembly, namely sequen-

tial deposition of monolayers with oppositely charged

nanomaterials to construct a multilayered structure, is

a useful composite materials preparation method

(Weng et al. 2018). Herein, this technique is very

suitable for the precise construction of EMI shielding

surface of textiles by controlling the building blocks

and multiple L-b-L assembly cycles. To date, certain

composite fabrics have been successfully fabricated

by L-b-L assembly, and exhibit favorable EMI

shielding performance. However, the building blocks

are limited to carbon-based materials and/or conduc-

tive polymers, resulting in a lower EMI SE value

(B 30 dB) due to the simplicity of shielding mecha-

nism, such as (graphene oxide/polypyrrole)*n assem-

bled wool fabric (Zou et al. 2016) and reduced

graphene oxide assembled waterborne polyurethane

composites (Hsiao et al. 2014). Scalable methods that

can achieve the assembly of nanomaterials on textiles

for further improving their EMI shielding performance

while maintaining textile’s intrinsic features are

therefore highly needed. Among the pursued nano-

fillers, conductive CNTs have been regarded as one of

most promising candidates for next-generation EMI

shielding materials thanks to its ultrahigh electrical

conductivity, low-cost and high stability (Wang et al.

2019a), while magnetic nanoparticles, like nickel

ferrite (NiFe2O4), have attracted extensive attention

because of their relatively high permeability and

permittivity (Jiao et al. 2016; Wang et al. 2017).

Following these efforts, the L-b-L assembly of con-

ductive CNTs and magnetic NiFe2O4 nanoparticles on

a textile with proper composition and structure may be

an effective strategy to produce high-efficient EMI

shielding textiles that possess both dielectric loss and

magnetic loss. To the best of our knowledge, although

carbon-based materials- and/or conductive polymer-

assembled textiles have been developed for EMI

shielding, effective assembly of both electrical and
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magnetic components onto a textile for EMI shielding

applications have not been explored so far.

In this work, an L-b-L assembled EMI shielding

cotton fabric (CF) consisting of inorganic nanomate-

rials of MWCNTs and NiFe2O4 as dielectric-loss and

magnetic-loss components, respectively was prepared

and schematically described in Fig. 1a–c. Positively

charged MWCNTs (P-MWCNTs) and negatively

charged NiFe2O4 nanoparticles were L-b-L assembled

on the outer part of MWCNTs-decorated CF and

followed by the coating of organic poly (dimethyl-

siloxane) (PDMS) to construct an external water-

resistant layer. As illustrated in Fig. 1d, the PDMS-

coated NiFe2O4/MWCNTs/Cotton (PDMS/NMC)

fabric presents robust and durable EMI shielding

performance thanks to the good electrical-magnetic

network constructed by L-b-L assembly. In addition,

the EMI shielding mechanism is also discussed in

detail.

Experimental

Materials

Cotton fabric (180 g/m2) was selected as the textile

substrate and commercially available from Saintyear

Holding Group Co., Ltd, China. MWCNTs powder

Fig. 1 Schematic illustration of the processes used to prepare

the segments used in L-b-L assembly: a P-MWCNTs and b N-

NiFe2O4. c Schematic illustrating of the fabrication of PDMS/

NMC. d Illustration of how this multifunctional PDMS/NMC

can be designed by controlling the building components and

composite structures
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(average diameter\ 8 nm, length 10–20 um, and

purity[ 98 wt%) was supplied by Beijing Boyu

Gaoke New Materials Technology Co., Ltd. NiFe2O4

nanoparticles (20–30 nm) were obtained from Ashine

Advanced Carbon Materials Co., Ltd, China. PDMS,

ethylene diamine tetraacetic acid (EDTA), dimethyl-

dioctadecylammonium bromide (DDAB), (sodium

dodecylbenzene sulfonate (SDBS) and etc. were

purchased from Adamas Reagent and used as received

without further purification.

Preparation of P-MWCNTs and N-NiFe2O4

As illustrated in Fig. 1a, the P-MWCNTs solution was

synthesized by a facile surface modification process.

Briefly, to obtain uniform P-MWCNTs solution,

DDAB (50 mg) was dissolved into MWCNTs aqueous

solution (5 mg/mL, sonication for 1 h) and the mixture

was then ultrasonicated (40 KHz) in hydrochloric acid

surrounding at room temperature for 12 h. In a typical

approach for fabricating N-NiFe2O4 solution, the

EDTA-functionalized NiFe2O4 nanoparticles were

first synthesized as presented in Fig. 1b. Specifically,

NiFe2O4 nanoparticles (200 mg) and EDTA (100 mg)

were dispersed into 50 ml distilled water with

mechanical stirring (600 r/min) at 60 �C for 6 h, and

then the product was collected by a magnetic separa-

tion. Afterwards, the uniform N-NiFe2O4 solution was

obtained by dispersing the EDTA-functionalized

NiFe2O4 nanoparticles into alkaline aqueous solution.

Preparation of PDMS/NMC fabrics

EMI shielding coating was L-b-L assembled on CF, as

shown in Fig. 1c by selecting N-NiFe2O4 and

P-MWCNTs as building blocks. Firstly, CF was

treated withMWCNTs by a chemical vapor deposition

method to form a negatively charged surface in order

to increase the adhesion fastness between CF substrate

and NiFe2O4/MWCNTs coatings to be deposited. In

brief, CF (5 9 5 cm2) and MWCNTs dispersion

solution (0.2 mg MWCNTs and 0.1 g SDBS were

dispersed in 50 mL distilled water) were added

successively into a well-closed container, then the

container was placed in an infrared-ray dyeing proof-

ing machine and followed by holding at 130 �C (0.35

MPa pressure) for 1.5 h. Here, the driving forces for

the formation of MWCNTs/Cotton fabric are due to

hydrogen bonding and physical combination between

cotton fabric and MWCNTs (Fig. S1 in the supporting

information). After that, the anionic MC fabric was

immersed into the above P-MWCNTs solution for 3

min and dried at 80 �C for 2 min to deposit a layer of

the cationic P-MWCNTs. Subsequently, the sample

was dipped into the N-NiFe2O4 dispersion solution

(sonication for 1 h) for 30 min and dried at 80 �C for

2 min to form negatively charged N-NiFe2O4 layer.

These two deposition procedures repeated until the

satisfactory magnetic-electric NiFe2O4/MWCNTs/

Cotton fabric was obtained, designated as NMC-n

for convenience, where n is the number of NiFe2O4/

MWCNTs layer deposition cycles. In this process, the

adhesion forces for multilayer NiFe2O4/MWCNTs

formation are the electrostatic and Van Der Waals

interactions between N-NiFe2O4 and P-MWCNTs. To

achieve the hydrophobicity and durability, the NMC-n

fabrics were immersed into a PDMS/isopropanol

solution (1:50 volume ratio) for 10 s and followed

were cured at 100 �C for 10 min. The resulting PDMS

coated NMC-n fabrics were denoted as PDMS/NMC-

n. For comparison, the PDMS coated MC (PDMS/

MC) fabric was also prepared according to the same

approach.

Material characterizations

The chemical structure was characterized by a Nicolet

6700 FTIR spectra (USA). Morphological and com-

positional characterizations were carried out using a

field-emission transmission electron microscope (FE-

TEM, FEI Tecnai 20, USA) at an acceleration voltage

of 200 kV, a Hitachi S4800 scanning electron

microscope (SEM, USA) coupled with energy disper-

sive spectroscopy (EDS, Quanta250, UK). The Zeta

potentials were measured by aMalvern Particle Size &

Zeta Potential Analyzer (Nano S90, UK). The contact

angle (CA) was recorded using a Date physics TUB

90E goniometer. Electrical conductivity was mea-

sured using a standard four-point probe surface

resistance tester (MCP-T370, Japan). The hysteresis

loops were characterized by a vibrating sample

magnetometry (Squid-VSM, USA) at room tempera-

ture. The air permeability was recorded using air

permeability tester (Model YG461E, Ningbo Textile

Instrument Co. Ltd.) according to the standard for

fabric air permeability (ISO 9237 - 1995) with the

test area of 20 cm2 and the pressure difference of 100

123

2832 Cellulose (2020) 27:2829–2845



Pa. The thermal conductivity was determined using a

thermal constants analyzer (Hot Disk, Sweden).

The scattering parameters (S11 and S12 or S21 and

S22), relative complex permittivity (�r ¼ �0 � j�00) and
complex permeability (lr ¼ l0 � l00) were measured

by an Agilent N5244A vector network analyzer in the

frequency range of 8-12.4 GHz (X band) using the

waveguide method. All tested samples (22.86

mm 9 10.16 mm) were tightly fixed with the copper

sample holder and connected between the waveguide

flanges. The reflection coefficient (R) and transmis-

sion coefficient (T) are determined by S parameters

(S11, S12, S21, and S22). There is a balance between R,

T, and absorption coefficient (A), which can be

evaluated by the following equations:(Ghosh et al.

2018b)

R ¼ S11j j2 ¼ S22j j2 ð1Þ

T ¼ S12j j2 ¼ S21j j2 ð2Þ

Rþ Tþ A ¼ 1 3ð Þ ð3Þ

According to Schelkunoff’s theory, the total EMI SE

(SET) is the sum of reflection loss (SER) at surface,

multiple reflection loss (SEM) and absorption loss

(SEA) inside the material. SET is defined as the

logarithmic ratio of incident power (PI) and transmit-

ted power (PT) of radiation and can be expressed in the

following equation:(Ren et al. 2018)

SET dBð Þ ¼ �10log
PT

PI

� �
¼ SER þ SEM þ SEA ð4Þ

SEA dBð Þ ¼ �10log
S12

2

1� S11
2

� �

¼ �10log
S21

2

1� S11
2

� �
ð5Þ

SER dBð Þ ¼ �10log 1� S11
2

� �
¼ �10log 1� S22

2
� �

ð6Þ

The SEM can be neglected when the SET[15dB and it

can be described as:

SET � SER þ SEA ð7Þ

Results and discussion

L-b-L assembly of P-MWCNTs and N-NiFe2O4

on CF

Figure 1 illustrated the fabrication process of PDMS/

NMC fabrics, in which MWCNTs, NiFe2O4, and

PDMS were utilized as the major building blocks. To

complete the L-b-L assembly of conductiveMWCNTs

and magnetic NiFe2O4 on the cotton matrix, the

oppositely charged MWCNTs and NiFe2O4 were

essential. In this work, DDAB, the cationic surfactant,

was used to modify the MWCNTs denoted as

P-MWCNTs, where the hydrophobic parts of DDAB

can adsorb onto the hydrophobic basal plane of

MWCNTs and the hydrophilic part exhibit the positive

charges. We then used FTIR and FE-TEM to inves-

tigate the chemical structure and morphology of the

as-prepared P-MWCNTs, respectively. In the FTIR

spectrum of P-MWCNTs (Fig. 2a), the peaks appeared

at 1488 and 1375 cm- 1 corresponded, respectively, to

C-N asymmetric stretching vibration (CH3-N) and

C-H stretching vibration (-CH3) of DDAB, suggesting

the adsorption of DDAB on the MWCNTs. Moreover,

compared to the smooth MWCNTs, (Cao et al. 2012)

the P-MWCNTs displayed a rougher surface with

bright edges (Fig. 2b), indicating DDAB had been

randomly absorbed on the MWCNTs surface as

expected. In a higher-resolution FE-TEM image

(Fig. 2c), it could be observed that the excessive

DDAB even formed many micelles on the MWCNTs

surface, which was attributed to the fact that the

hydrophobic long alkyl chains of DDAB easily

entangle when solvent evaporated, and thus generate

globular structures. All these results revealed the

successful modification of MWCNTs with DDAB.

According to our previous study, (Wang et al. 2017)

the NiFe2O4 nanoparticles could be functionalized

using carboxyl group through conjugate and hydrogen

bonding, therefore, we selected the EDTA with four

carboxyl groups to prepare the N-NiFe2O4. As

depicted in Fig. 1d, the FTIR spectrum of N-NiFe2-
O4 contained all characteristic peaks of NiFe2O4 and

EDTA, implying the successful functionalization.

This result was also further confirmed by the FE-

TEM images (Fig. 2e and f), as the bright amorphous

EDTA layer was distinctly different from the NiFe2O4

cores.

123

Cellulose (2020) 27:2829–2845 2833



Since the charge of P-MWCNTs and N-NiFe2O4

can be controlled by the degree of ionization of DDAB

and EDTA, respectively, an optimal pH value of

P-MWCNTs and N-NiFe2O4 solutions is critical to

obtain highly charged P-MWCNTs and N-NiFe2O4.

Figure 2g showed the dependence of zeta potential of

P-MWCNTs and N-NiFe2O4 solutions on different pH

values. Note that the zeta potential decreased gradu-

ally with increasing pH value in both P-MWCNTs and

N-NiFe2O4 solutions. In the case of P-MWCNTs

solution, the acidic environment reduced the

hydrophilicity of MWCNTs by inhibiting the ioniza-

tion of carboxyl groups on the MWCNTs surface,

which was propitious to the adsorption of DDAB on

the hydrophobic basal plane of MWCNTs, thus made

the zeta potential increasingly positive. As for the

N-NiFe2O4 solution, the alkaline environment would

increase the number of the ionized carboxylic groups

(–COO-) on the NiFe2O4, thus the zeta potential

became increasingly negative charge with increasing

pH value. Because a sufficiently large zeta potential

difference between P-MWCNTs and N-NiFe2O4

would effectively facilitate L-b-L assembly, we

therefore selected the optimal pH conditions as

following: P-MWCNTs solution at pH 3 (? 44.7

mV) and N-NiFe2O4 solution at pH 11 (- 32.1 mV).

To further testify the formation of NiFe2O4/MWCNTs

layers deposited on the CF substrate, the surface

potential of composite fabrics was also measured

(Fig. 2h). As expected, a negatively charged surface

Fig. 2 a FTIR spectra of MWCNTs, DDAB, and P-MWCNTs.

b, c FE-TEM images of P-MWCNTs. d FTIR spectra of

NiFe2O4, EDTA, and N-NiFe2O4. e, f FE-TEM images of

N-NiFe2O4. g Zeta potentials of P-MWCNTs and N-NiFe2O4 as

a function of different pH values of solutions. h Surface

potentials as a function of the cycles of L-b-L assembly. i The
growth of NiFe2O4/MWCNTs layer expressed by the average

mass per unit area as a function of cycles of L-b-L assembly
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(- 12.7 mV) was induced on the CF substrate after

treatment by MWCNTs, which helped to increase the

surface adhesion between CF substrate and NiFe2O4/

MWCNTs coatings. Afterwards, the P-MWCNTs and

N-NiFe2O4 layers were alternatively assembled on the

MC fabric, which caused oscillations of the surface

potentials roughly between these two potentials of

oppositely charged components, suggesting that a

stepwise NiFe2O4/MWCNTs layer growth had taken

place. The average mass per unit area of NMC-n

fabrics displayed a linear growth behavior (0.438 mg/

cm2 per NiFe2O4/MWCNTs layer) with increasing

cycles of NiFe2O4/MWCNTs layer assembly (Fig. 2i).

After 20 cycles of L-b-L assembly, the obtained NMC-

20 sample presented brownish black with average

thickness of 0.319 mm, indicating that the NiFe2O4/

MWCNTs layer had been completely deposited on the

CF substrate.

Morphologies and water-resistant performances

of PDMS/NMC fabrics

Figure 3a–f presented the morphologies and

microstructures of pristine CF, MC, and NMC-n

fabrics. The pristine CF displayed a smooth surface

and numerous pores among the interlaced fibers. After

treatment, a thin MWCNTs film was formed on the CF

surface (Fig. 3b and Fig. S1). While the NiFe2O4/

MWCNTs layer assembled NMC-n samples exhibited

rougher fiber surface conformally coated with inten-

sive MWCNTs and tiny NiFe2O4 nanoparticles.

Apparently, as increasing cycles of L-b-L assembly,

the fiber surfaces also became rougher with large

aggregated NiFe2O4/MWCNTs, indicating that more

NiFe2O4/MWCNTs were wrapped on the fibers.

Despite certain narrow slits were covered by the

NiFe2O4/MWCNTs layers, the overall fabric structure

was well preserved and the large pores among the

intertwined fibers were not blocked after L-b-L

assembly. In addition, the chemical composition and

elemental distribution on the surface of NMC-20

sample revealed the uniform and continuous NiFe2O4/

MWCNTs layers on the interconnecting fibers (Fig. 4g

and Fig. S2), which would produce more perfect

conducting network. The results were attributed to the

strong electrostatic and Van Der Waals interactions

between N-NiFe2O4 and P-MWCNTs, this is why a

durable and uniform NiFe2O4/MWCNTs layer was

formed on the CF.

Owing to the strong affinity between the external

N-NiFe2O4 layer and water, the NMC samples exhib-

ited a good hydrophilicity (Fig. S3a), however, which

made NMC fabrics susceptible to contamination and/

or corrosion in practical application. Therefore, it is

crucial to convert the hydrophilic NMC fabrics into

hydrophobic by a PDMS coating for long-term

stability and self-cleaning applications. SEM image

(Fig. 3h) and FTIR spectra (Fig. S3b–d) demonstrated

that PDMS coating was wrapped the NMC samples

surface tightly. Apparently, the surface of composite

fabric after PDMS coating treatment became smoother

with root mean square surface roughness values

reduced from 36.1 nm to 25.5 nm. In contrast to

hydrophilic NMC-20 sample, the PDMS coating

covered the hydrophilic groups on NMC-20 surface

and reduced the surface tension, and thus exhibited

hydrophobic performance. To quantify the hydropho-

bic degree, the water contact angle was measured. As

presented in Fig. 3i, the PDMS/NMC-20 exhibited an

initial water contact angle of 139.8� and the water

droplet were still well preserved within 60 s, which

allow for waterproof and corrosion resistance when it

was exposed to a high-humidity environment. More

importantly, the satisfactory hydrophobicity also

made water droplets roll off the hydrophobic surface,

which can remove the adsorbed contaminants and/or

dust, realizing a self-cleaning function.

Electrical, magnetic, and electromagnetic

properties

The electrical, magnetic and electromagnetic proper-

ties are of major significance for EMI shielding

materials, which can reflect the EMI SE value to

some extent. Figure 4a presented the dependence of

electrical conductivity (r) and the numbers of L-b-L

assembly cycles. Significantly, the NMC samples

presented a higher electrical conductivity than its

corresponding PDMS/NMC samples due to the slight

detrimental effect of the insulating PDMS layer on the

conductive network. In addition, the electrical con-

ductivity of NMC and PDMS/NMC rapidly increased

with increasing cycles of L-b-L assembly. Benefiting

to the strong chemical bonding and physical adhesion

between CF and MWCNTs, both MC and PDMS/MC

samples (0 cycle of L-b-L assembly) exhibited the

electrical conductivity of 1.26 and 1.13 S/m, respec-

tively, which were higher than 1 S/m needed for
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commercial applications of EMI shielding materials.

Furthermore, a superior electrical conductivity of up to

18 S/m was obtained after twenty cycles, which could

light up a small bulb when connected as a wire with a

12 V battery, indicating that the completely conduc-

tive network of electrical conduction had been fabri-

cated. To endure a discretional deformation during

practical applications, the conductive fabrics should

possess satisfactory structural stability andmechanical

flexibility. Figure 4b presented the relative surface

resistance changes of NMC-20 and PDMS/NMC-20

subjected to bending and torsion tests. The as-fabri-

cated fabrics exhibited excellent flexibility as they

could be readily twisted into desirable shapes and

angles. Moreover, it was worth noting that the PDMS

coating markedly reduced the surface resistance

change sensitivity when the sample was bent and/or

twisted. In the case of NMC-20, the NiFe2O4/

MWCNTs layer was liable to yield more fractures

and cause apparent resistance change. But for PDMS/

NMC-20, the insulating PDMS layer effectively

prevents the fractures, resulting in less resistance

change. These results revealed the favorable mechan-

ical and performance stability of PDMS/NMC-20,

allowing for great applications, such as flexible

electronic textiles, sensors, and EMI shielding.

As shown in Fig. 4c, the magnetic hysteresis loops

presented soft magnetic behaviors with a slender

S-like shape, which was helpful to obtain high EMI

shielding performance.(Wang et al. 2019a) The satu-

ration magnetization (Ms) of PDMS/NMC fabrics

indicated an increasing behavior with increasing

cycles of L-b-L assembly, and the PDMS/NMC-20

sample demonstrated the highest Ms value (10.3 emu/

g). Meanwhile, the fact that PDMS/NMC-20 sample

could be easily attracted by a magnet also revealed the

excellent magnetic property. Based on these pleasant

electrical-magnetic properties, a simple circuit was

assembled by conductive lines, a small bulb, battery,

and a switch of PDMS/NMC-20 sample (Fig. 4d). As

Fig. 3 SEM images of a pristine CF, bMC, c NMC-5, d NMC-10, e NMC-15, f NMC-20. g EDS elemental maps of NMC-20. h SEM

image of PDMS/NMC-20. i Water contact angle measurements of PDMS/NMC-20
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expected, the PDMS/NMC-20 sample was driven to

move closer to the magnet when a magnet was placed

near it, the circuit thus was turned on and the small

bulb was lightened up. Compared with reported

mechanical sensors and/or magnetic metal-based

switches, the electrical-magnetic PDMS/NMC-20

with favorable mechanical and performance stability

were considered as a promising magnetic-controllable

switch that can be applied in various circuits or other

electronic devices.

Electromagnetic properties can be explained by

complex permittivity and complex permeability,

which determine the EMI performance of the material

interacts with the electromagnetic fields. Figure 5

showed the electromagnetic properties of PDMS/

NMC-n fabrics in X-band. As seen from Fig. 5a–d,

both the complex permittivity and complex perme-

ability indicated an increasing behavior with increas-

ing cycles of L-b-L assembly, implying the increasing

dielectric loss and magnetic loss properties. For

example, when the cycles of L-b-L assembly increased

from 0 to 20, the real (�0) and imaginary (�00) parts of
the complex permittivity rose from 8.1–9.2 and 3.9–

6.2 to 13.3–20.8 and 10.1–12.5 ranges, respectively.

The obviously increasing �0 value was attributed to the
L-b-L assembly configuration. With the increase of

cycles of L-b-L assembly, the higher content of

MWCNTs was added on the fabric substrate, more

interfaces were formed, which doubtlessly increased

the �0 value of such composite fabrics. While the �00 of

Fig. 4 a Electrical conductivity of NMC and PDMS/NMC

fabrics as a function of the cycles of L-b-L assembly. b The

relative surface resistance changes of NMC-20 and PDMS/

NMC-20 fabrics during bending and torsion tests. c Magnetic

hysteresis loops of PDMS/NMC fabrics (inset showed that the

PDMS/NMC-20 sample could be attracted to a magnet easily).

d The demonstration of the PDMS/NMC-20 sample used as a

magnetic-controllable switch in circuit
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the composite fabrics depended on the high electrical

conductivity and conductive network fromMWCNTs,

which engendered the strong space charge polariza-

tion and electron polarization. These results confirmed

that the dielectric loss properties of composite fabrics

originated mainly from MWCNTs. As for the increas-

ing complex permeability, it is accessible that the

higher real (l0) and imaginary (l00) parts of complex

permeability were attributed to the strong interfacial

interactions between MWCNTs and NiFe2O4, and

hence conduce to higher content of NiFe2O4 was

assembled on the fabric. The combined loss tangent

(tan dE ? tan dM = �00=�0?l00=l0) and attenuation

constant (a) also provides a distinct understanding

about the ability of microwave absorption. The larger

a value is propitious to strengthen the microwave

absorption performance, and can be estimated accord-

ing to the following equation:(Zhang et al. 2016)

a¼
ffiffiffi
2

p
pf
c

�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
l00�00�l0�0ð Þþ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðl00�00�l0�0Þ2þð�0l00þ�00l0Þ2

qr

ð8Þ

where f and c are the frequency and velocity of light

(3 9 108 m/s), respectively. Evidently, the increasing

tan dE ? tan dM and a demonstrated the capability of

composite fabrics in converting the electromagnetic

energy to other forms of energy grew gradually with

increasing L-b-L assembly cycles (Fig. 5e, f).

Fig. 6 aAverage R, A, and T values of the PDMS/NMC fabrics

with different cycles of L-b-L assembly in the X-band at a

thickness of 0.319 mm. The EMI SE characterization setup used

in this work was showed in Fig. S4. b Average R, A, and T

values versus the electrical conductivity and saturation magne-

tization. Comparison of c SET, e SEA and f SER of the PDMS/

NMC fabrics. d Effect of thickness on EMI SE for PDMS/NMC-

20 fabric. gAverage SET, SEA, SER and specific EMI SE (SSE/t)

values of the PDMS/NMC fabrics in the X-band. Average SET,

SEA, and SER values versus the h electrical conductivity and

i saturation magnetization
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Therefore, the combination of electrical/dielectric

properties of MWCNTs and magnetic properties of

NiFe2O4 facilitated the enhancement of EMI shielding

performance.

EMI shielding performance

Generally, a good EMI shielding material must

effectively attenuate the propagating electromagnetic

energy mainly through the reflection and/or absorption

mechanisms.(Shahzad et al. 2016) To gain a compre-

hensive understanding of EMI shielding properties,

the reflection coefficient (R), absorption coefficient

(A), and transmission coefficient (T), namely the

ability of a material to reflect, absorb, and transmit

electromagnetic waves, respectively, were evaluated

from the S-parameters (Fig. 6a). Note that the PDMS

coating did not significantly affect the EMI shielding

performances of composite fabrics (Fig. S5). For the

all PDMS/NMC samples, R was always larger than A,

suggesting that reflection was the dominant EMI

shielding mechanism.With increasing cycles of L-b-L

assembly, the PDMS/NMC fabrics exhibited an

incremental A and a decreasing R, which was

attributed to the augments of electrical and magnetic

properties (Fig. 6b). This result also demonstrated that

the surface impedance matching characteristic of

PDMS/NMC fabrics was improved with the increase

of L-b-L assembly cycles. Furthermore, T decreased

gradually from 0.0981 to* 10- 5 with the increase of

L-b-L assembly cycles from 0 to 20; when exceeding

10 cycles, more than 99.99% of incident electromag-

netic waves were shielded by the sample. As a result,

our PDMS/NMC fabrics were expected to possess

good surface impedance matching characteristic and

EMI shielding performance by controlling the L-b-L

assembly cycles.

Figure 6c–f presented the comparison of total EMI

SE (SET), microwave absorption (SEA) and micro-

wave reflection (SER) of PDMS/NMC fabrics with

different L-b-L assembly cycles in X-band. Both SEA

and SER contributed to the SET. The PDMS/MC fabric

with zero-cycle assembly exhibited a poor EMI

shielding performance (\ 15 dB). After the L-b-L

assembly, the obtained PDMS/NMC fabrics had a

linear growth of EMI SE, which increased with

increasing numbers of L-b-L assembly cycles. The

PDMS/NMC-10 fabric possessed a SET value of[ 20

dB in the whole X-band, satisfying the minimum

requirement for commercial application. After 20

cycles of L-b-L assembly, the SET value was up to 35

dB, superior to most of reported EMI shielding

materials coated with carbon-based materials(Song

et al. 2015) or conductive polymers(Zhang et al.

2016). It is reasonable that the enhancement of EMI

SET for PDMS/NMC fabrics was attributed to the

continuous addition of electrical MWCNTs layers and

magnetic NiFe2O4 layers. On the one hand, the

increasing dipole polarization and interfacial polar-

ization at the interfaces between MWCNTs and

NiFe2O4, leaded to a linear growth in EMI shielding

due to the almost same deposited mass of MWCNTs/

NiFe2O4 layer for each assembly cycle (Fig. 2i). On

the other hand, the multilayer structure induced more

microwave reflections at the interfaces between

MWCNTs and NiFe2O4 with different permittivity

and permeability, thus resulting in more electromag-

netic loss. The linear dependence of EMI shielding

performance with the L-b-L assembly of MWCNTs/

NiFe2O4 layer displayed the controllability of EMI

SE, contributing to premeditated fabrication of EMI

Fig. 7 a Schematic illustration of the EMI shielding mecha-

nism of PDMS/NMC fabrics. b Comparison of the EMI SE as a

function of the sample thickness, and the detailed specification

of each data point was summarized in Table S2
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shielding materials. Furthermore, it could be seen

from Fig. 6d that the EMI SE was increased to & 69

and & 84.5 dB by laminating two and three pieces of

PDMS/NMC-20 fabric (0.319 mm), which reached

‘AAAAA’ grade for professional use (Table S1).

To further explore the EMI shielding mechanism of

PDMS/NMC fabrics, the average SET, SEA and SER in

the X-band were calculated (Fig. 6g). Apparently, SEA

was always larger than SER for all samples, for

example, the average SET, SEA and SER of PDMS/

NMC-20 fabric reached 37.0, 25.7, and 11.3 dB,

respectively, revealing the contribution from the SEA

to the SET (69.5%) was even larger than that of SER

(30.5%). This finding indicated that the electromag-

netic waves penetrated into this material were mainly

attenuated by absorption. Figure 6h, i depicted the

relationship of values of average SET, SEA and SER

and electrical-magnetic properties. Both SEA and SER

indicated an increased substantially behavior with

increasing r and Ms, whereas a more markedly

increasement of SEA was observed than that of SER,

further affirming that microwave absorption was the

predominant attenuation. Based on the above analysis,

a feasible mechanism was proposed in Fig. 7a: when

the incident electromagnetic waves attacked the

surface of PDMS/NMC fabrics, a part of electromag-

netic waves were directly bounced back. The remain-

ing part penetrated into the MWCNTs/NiFe2O4 layer,

where electromagnetic waves were attenuated by

dielectric loss and magnetic loss. Meanwhile, the

abundant MWCNTs/NiFe2O4 interfaces also facilitate

the interfacial polarization and internal multiple

reflections, further leading to the energy dissipation

of the electromagnetic waves. As a result, the syner-

getic effects of dielectric loss, magnetic loss, and

interfacial loss contributed to the good EMI shielding

performance of PDMS/NMC fabrics.

In addition to the EMI SE, sample thickness also

plays a vital role in determining the application

potential for EMI shielding, the specific SE value

(SSE/t, SE divided by the samples of density and

thickness) therefore is a more credible parameter to

evaluate the EMI shielding performance of different

shields. As shown in Fig. 6g, the SSE/t value of

PDMS-20 fabric reached 1382 dB cm2 g- 1, which

was higher than those reported shielding materials

such as the Reduced Graphene Oxide/Polymer Com-

posites (692 dB cm2g- 1) (Yan et al. 2015), and carbon

foam (1250 dB cm2 g- 1) (Moglie et al. 2012). For

traditional metal-based shielding materials, like silver

nanowire/polyurethane nanocomposites(Zeng et al.

2017), silver-plating carbon fibers(Li et al. 2015), and

fabric-supported polyaniline/cobalt-nickel coatings

(Zhao et al. 2017), possess relatively high EMI

shielding performance, but strong surface reflection

of electromagnetic waves coupled with adding addi-

tional weight limit their applications. Recently, car-

bon-based EMI shielding materials and magnetic

materials exhibit enchanting potential for EMI shield-

ing due to high microwave absorption and low density,

for example, Fe3O4@reduced graphene oxide/natural

rubber composites(Zhan et al. 2018a), phthalonitrile-

based carbon foam(Chen et al. 2016), and others(Kong

et al. 2019; Zhang et al. 2019; Zhao et al. 2018).

Nevertheless, few EMI shielding materials can inte-

grate superior EMI SE with thin thickness. As

presented in Fig. 7b, our PDMS/NMC-20 fabric with

thin thicknesses ranked at the top of comparison

chart and exhibited outstanding EMI shielding per-

formance compared with most of metal-based and

carbon-based shielding materials at larger thicknesses,

suggesting the huge potential for applications as

lightweight shielding materials.

Practical application properties

Performance stability is critical to practical applica-

tions in different environments, in this work, the

electrical conductivity variation of PDMS/NMC-20

fabric were investigated by undergoing physical

(washing and tape peeling) and chemical (pH and

solvents) tests. The PDMS/NMC-20 fabric maintained

a good electrical conductivity and EMI SE, with only

less than 10% decrease after washing used commercial

detergent solution for 30 cycles (Fig. 8a, Fig. S6a), and

the results surpass other previous studies (Ghosh et al.

2018a, 2019a). The tape peeling test indicated that no

residual particles were observed on the tape after

stripping the tape away (Fig. S7), implying the good

adhesion fastness between PDMS/NM layer and CF

substrate. Additionally, the PDMS/NMC-20 fabric

showed favorable electrical conductivity stability in

almost all the solvents after immersing for 24 h, the

retention rate was up to 90% in 0.1 mol/L HCl, 50 g/L

NaOH and acetone (Fig. 8b, Fig. S6b). The robust

performance and structural stability mainly originated

from the excellent protection of external PDMS layer

and strong interfacial interactions between MWCNTs
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and NiFe2O4, allowing for a long-term and stable elec-

tromagnetic shielding effectiveness in real applica-

tions. Besides, the appropriate breathability and

mechanical properties are also advantageous in textile

field as well as EMI shielding application. Compared

with pristine CF sample, the NMC-20 fabric and its

PDMS-coated counterpart displayed a slight decrease

in air permeability due to the blocking effect of

additional deposited layer on the air voids, but still

keep well-retained breathability (Fig. 8c). Table S3

indicated that the process did not significantly affect

the tensile properties and flexibility of cotton fabrics.

In addition to the above significant functions, the

thermal conductivity should also be taken into

consideration because absorbed electromagnetic wave

will converse into heat, and good heat dissipation

helps to protect the electrical devices in the practical

use. Figure 8d showed the thermal conductivity of

composite fabrics. Evidently, the NMC-20 and

PDMS-NMC-20 fabrics demonstrated an improved

thermal conductivity as compared to pristine CF

sample, for example, the PDMS/NMC-20 fabric

possessed a high thermal conductivity of 2.52 W

m- 1K- 1, about 4.34 times as high as that of pristine

CF. The enhancing thermal conductivity could be

attributed to two aspects: The L-b-L assembled

MWCNTs/NiFe2O4 layers promoted the formation

of effective heat conduction path; the strong interfacial

adhesion interaction between P-MWCNTs and

N-NiFe2O4 increased the connecting point and thus

decreased the interfacial thermal resistance. There-

fore, the combination of excellent EMI shielding

performance, good water-resistant feature, electrical-

magnetic properties, breathability, thermal

Fig. 8 The effects of a washing and b solvents on electrical conductivity of PDMS/NMC-20 fabric. c The air permeabilities and

d thermal conductivity of pristine CF, MC, NMC-20, and PDMS/NMC-20
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conductivity, robust structural and performance sta-

bility make the resultant fabrics applied in all parts of

textiles fields-for clothing, home and technical tex-

tiles, such as protective clothing for pregnant women

who want to protect fetus from EMI radiation, work

clothing or tents used to prevent radar detection by the

enemy, and the sophisticated electronics that need

shielding shell to block the radiation interference from

nearby electronic devices.

Conclusions

In summary, a flexible and durable PDMS/NMC

fabric with excellent EMI shielding performance was

successfully prepared by a L-b-L assembly method

involving MWCNTs and NiFe2O4 alternatively fol-

lowed by a PDMS coating on the external surface.

Thanks to the L-b-L structure and the synergistic

effect between electrical and magnetic components,

the resultant PDMS/NMC-20 fabric possessed supe-

rior electrical conductivity (up to 18 S/m), high EMI

SE (& 37.0 dB for one piece and & 85 dB for three

pieces), and good thermal conductivity (2.52 W

m- 1K- 1). Furthermore, the external PDMS layer

offered a hydrophobic surface, which enhancing the

long-term stability of electrical conductivity and EMI

shielding efficiency in the practical use. We believe

this material with such excellent features can be a

good candidate applied in EMI shielding fields.
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