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Abstract
Textile-substrate electromagnetic interference (EMI) shielding materials show great promise for next-
generation electronic communication technology challenges. However, new strategies based on structure
optimization are desired for improving EMI shielding performance. Here, we demonstrate the controlling
effect of fabric structure on the shielding effectiveness of the EMI fabrics. Plain fabrics with different
fabric densities were weaved and used as the substrate to be layer-by-layer assembled by graphite oxide
(GO) and polypyrrole (PPy). The conductive GO/PPy nanocomposite coating endows commercial cotton
fabrics with an EMI shielding ability. In comparison, the EMI shielding effectiveness of the GO/PPy
fabrics is depended on the fabric density, that is, the pore size. The EMI shielding effectiveness of the
100 × 100 picks/ 10cm coated fabric was 19.2 dB in 3.9−6.0 GHz frequency range, which is increased by
about 71% through the control of the textile-substrate pore size. Interestingly, the EMI shielding
effectiveness always peaks at the fabric density of 100 × 100 picks/ 10cm, different from the electrical
conductivity. Moreover, the sueding treatment can further improve the EMI shielding effectiveness of the
GO/PPy coated fabrics. It is because that the creation of plush increases the multi-re�ection of
electromagnetic waves in the fabric. This work presents the signi�cance of fabric structure to EMI
shielding performance, offering new opportunities for the development of high e�ciency EMI shielding
fabrics.

Introduction
Radio-frequency electromagnetic interference (EMI) from computers, mobile phones, the Internet and
electronic organizers, often causes undesirable damages to electronic devices and human beings. With
the advent of the 5G era, materials capable of shielding against EMI are recognized increasingly due to
their applications in reducing and eliminating temporary electronic interference, system failures and data
loss (Lian et al. 2020; Liu et al. 2021; Saffer and Thurston 1995; Wang et al. 2020; Yang et al. 2020; Zhao
et al. 2020). Textile-substrate EMI shielding materials have been used in civil, commercial, military, and
aerospace applications, attributing to the unique characteristics of fabrics such as �exibility, air
permeability, wearability (Lee et al. 2016; Li et al. 2018; Wang et al. 2019; Zhu et al. 2021). Coatings of
conductive nanocomposites can endow commercial textiles with the capability of shielding against EMI,
based on the interactions with electromagnetic waves (Yao et al. 2020; Zhang et al. 2018; Zhao et al.
2017). Under electromagnetic radiation, the nanocomposite coatings generate induced charge carriers
(electrons or holes) and transport them by the conductive network, thereby consuming electromagnetic
energy. Many efforts have been devoted to the exploration of the coated EMI shielding fabrics, in view of
the easy processing and broad application of the coating technologies (Jia et al. 2020; Liu et al. 2019;
Zhang et al. 2019). As such, the high-e�ciency EMI fabric necessitates excellent electrical conductivity.
To this end, increasing the loading content of nano�llers (Cao et al. 2018; Zeng et al. 2016) and
optimizing the dispersion and distribution of nano�llers (Verma et al. 2015; Wang et al. 2018) have been
employed to enhance the electrical conductivity and EMI shielding performance. Besides of these
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approaches, more new strategies are desired to improve EMI shielding for next-generation EMI shielding
materials.

Porous structures have been proven to be useful in improving the EMI shielding performance of
conductive nanocomposites (Pitkanen et al. 2019; Zeng et al. 2020; Zhang et al. 2020; Zhou et al. 2019).
The pores inside a material can induce multi-re�ections of electromagnetic waves at their internal
interfaces and thus consume additional electromagnetic energy. As the interfacial area increases, the
multi-re�ection effect grows in magnitude (Chung 2001; Lan et al. 2020; Singh et al. 2018). In order to
pursuing the high-e�ciency and lightweight EMI shielding materials, a series of researches have been
done to investigate the preparation of porous materials and the effect of pore sizes (Jiao et al. 2020;
Menon et al. 2018; Zeng et al. 2016). As reported, cellulose-derived carbon aerogels achieved high-
e�ciency EMI shielding and heat dissipation performance through the small pores and dense three-
dimensional sheet-like structure (Zhou et al. 2019). Considering of the porous and complex fabric
structures, textile-substrate EMI shielding materials exhibit primary absorption mechanism in
electromagnetic loss and are considered as promising next-generation EMI shielding materials (Chen et
al. 2020; Gupta et al. 2020; Huang et al. 2019; Zhou et al. 2020). The EMI shielding fabrics have exhibited
excellent performance based on the nature of coating materials and the multi-re�ection in fabric
structures (Ghosh et al. 2019; Ghosh et al. 2018; Ghosh et al. 2020; Ghosh et al. 2018). Woven fabrics
possess good structural design ability and dimensional stability and thus have been widely used in
household textiles and automobile decorations (Choogin and Valeriy 2013; Michielsen and Lee 2007;
zdemir and Baser 2007). Herein, the woven cotton fabrics with different fabric densities were weaved and
used as the substrate to be coated with the EMI shielding graphite oxide/ polypyrrole (GO/PPy). We
focused on the effect of fabric density on the EMI shielding performance of GO/PPy coated fabrics. The
conductive GO/PPy coating has been demonstrated to be useful in providing a satisfactory EMI shielding
performance to commercial cotton fabrics, as described in our previous work (Zou et al. 2016). This work
showed that the EMI shielding effectiveness of the GO/PPy fabrics is depended on the fabric structure,
for example, the fabric density. Interestingly, the EMI shielding effectiveness always peaks when the
fabric density is 100 × 100 picks /10cm.

Experimental
Materials

Graphite oxide (GO) powder was provided from XFNANO Materials Tech Co., Ltd (Nanjing). Pyrrole (Py)
monomer, ferric chloride (FeCl3•6H2O), sodium hydroxide (NaOH), sodium dodecylbenzene sulfonate
(SDBS), and ethanol were purchased from Sinopharm Chemical Reagent Co., Ltd. (3-Chloro-2-
hydroxypropyl) trimethylammonium Chloride (CHP3MAC ca. 65% in Water) was purchased from TCI
(Shanghai) Co., Ltd. All chemicals were used without further puri�cation.

Preparation of woven fabrics
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The used cotton yarn is made by twisting two single yarns with a �neness of 32 gauzes and was
purchased from Miaomiao Yarns (Changzhou). By using an automatic rapier loom (Sakura TNY501C-20),
plain cotton fabrics were weaved with different fabric densities, which are 50 × 50, 70 × 70, 100 × 100,
150 × 150, 200 × 200, and 250 × 250 picks/10cm.

Layer-by-layer assembly of GO/PPy coatings

The as-prepared woven cotton fabrics as textile substrates were treated with a mixed solution of 50 g•L–1

NaOH and 5 g•L–1 SDBS at 60 °C for 2 h for cleaning. Subsequently, the fabrics were immersed into a
cationic solution of 50 mg/mL CHP3MAC and 18 mg/mL NaOH for 24 h to covalently bond cationic
EP3MAC molecules on �ber surfaces, and then washed in deionized water and dried in an oven at 60 °C.
The pre-treated fabric with cationic charges was decorated with GO/PPy coatings by dipping into the 0.4
mg/mL GO dispersion for 10 min, 0.5 mol•L–1 Py ethanol solution for 10 min, 0.5 mol•L–1 FeCl3 solution
for 30 min under an ice bath condition. Here, the GO suspension solution was obtained by ultrasonic
treatment of GO powder in DI water. Washing steps were conducted after each dipping step to remove
additional physical adsorption. And all fabrics were dried in an oven.

Characterization

Photographs of uncoated and coated woven fabrics were captured by a camera (Canon PC1680). The
morphologies were obtained by an optical microscope (Nikon Eclipse LV100POL) and SEM (Hitachi S-
4800). EMI shielding performance of fabrics was measured by a vector network analyzer (Rohde &
Schwarz ZVL6) in 3.9-6 GHz frequency ranges. The surface resistances of fabrics were measured a
digital multimeter (FLUKE 15B) according to AATCC test method 76–2005. The capillary �ow analysis
was conducted by a PMI capillary �ow porometer (Porous Materials Inc. CFP-1100AI).

Results And Discussion
Plain fabrics with a same warp density and weft density were chosen as the fabric substrate to
investigate the effect of fabric structures on the EMI shielding performance of the coated fabrics. As
shown in Figure 1a, the pore size can be controlled by the fabric density. In this work, the plain weave
fabric adopts 32s /2 cotton yarns, which refers to the double-ply yarn with a �neness of 32 gauzes in
English count. The average value of yarn diameter was determined to be 285.6 μm, as shown in Figure
1b. The double yarns were weaved to the plain fabrics with different fabric densities, which are 50 × 50,
70 × 70, 100 × 100, 150 × 150, 200 × 200, and 250 × 250 picks/10cm. The obtained plain fabrics were
denoted as S50, S70, S150, S200, and S250. The structure of the fabric and the change of the pore size
can be clearly observed by microscope, as shown in Figure 1c. With the increase of the fabric density, the
pores created by interlacing the warp and weft yarns became smaller. The pore size of S50 cannot be
shown completely in the microscopy image, because a single fabric structure unit is larger than the �eld
of the microscope. From S70 to S150, the average pore sizes were determined to be 960.6, 660.3, 158.9,
63.7 and 22.3 μm. Besides, theoretical pore sizes were calculated based on the fabric density and the
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yarn diameter, assuming the pores are uniform and straight round. The theoretical results were 1714.4,
1144.4, 714.4, 384.4, 214.4 and 114.4 μm, respectively. The theoretical and experimental results both
were drawn in Figure 1d, exhibiting a similar trend as a function of fabric density, where the warp density
is always same with the weft density. All experimental data are smaller than the theoretical, attributing to
the �exibility and mobility of yarns.

The plain-woven cotton fabric as the substrate was layer-by-layer assembled by GO/PPy for EMI
shielding, as illustrated in Figure 2a. The pretreated fabric with positive charges was alternately immersed
in a 0.2 mg mL−1 GO dispersion, 0.5 mol L−1 pyrrole ethanol solution and 0.5 mol L−1 ferric chloride
aqueous solution. The deposition steps could be repeated until a desired �lm is obtained. The coating
after 5 deposition cycles was denoted as (GO/PPy)*5. The used GO sheets were obtained by exfoliating
GO powder. Figure 2b shows two Raman characteristic peaks of GO sheets, corresponding to the D band
at 1350 cm–1 and the G band at 1601 cm–1. The XRD pattern of the GO sheets in Figure 2c exhibites a
sharp peak at 2θ=10.8°, indicating that the d-spacing was 8.2 Å. The result is consistent with that of AFM
(Figure 2d), in which the thickness of a GO sheet was determined to be 8.9 nm. The thickness is larger
than that of graphite sheets of 3.35 Å, because of the oxygen-containing groups on surfaces. The in-situ
polymerized PPy can be absorbed on the GO layer through the electrostatic and π–π* interactions
between PPy and GO. Elemental analysis of the resulting GO/PPy coating on a cotton fabric was
conducted by X-ray photoelectron spectroscopy (XPS). As shown in Figure 2e, the survey-scanning XPS
spectra displayed three characteristic peaks of carbon (C 1s, 286.0 eV), oxygen (O 1s, 532.4 eV) and
nitrogen (N 1s, 393.6 eV), which belong to the GO and PPy. The N 1s can be deconvoluted to two peaks at
393.1 and 401.7 eV. The peak at 401.7 eV corresponds to the binding energy for quaternary ammonium
groups, which can interact with GO by electrostatic interaction (Ma et al. 2007) The obtained (GO/PPy)*5
fabric (Figure 2f) remained the softness and air permeability of the uncoated cotton fabric, but changed
in color to black. From the scanning electron microscopy (SEM) images in Figure 2g and h, the
(GO/PPy)*5 coating covered the surface of each �ber and increased the surface roughness but
maintained the original morphological feature of cotton �bers. Besides, a layered structure within the
GO/PPy coating was constructed by GO sheets, as described in our previous work (Zou et al. 2016).The
conductive polymer of PPy provides the necessary conductive network to EMI shielding, while the GO
sheets acts as separators to multire�ect electromagnetic waves in the coating. The layered GO/PPy
coating has been proven to be highly e�cient to prolong the propagation path of electromagnetic waves
and accelerate the heat dissipation. Combined with the porous fabric structure, electromagnetic waves
can multi-interact with the high e�ciency GO/PPy coating, resulting in an excellent EMI absorption
performance.

In order to investigate the effect of fabric structures on the EMI shielding, the plain-woven fabrics with
different fabric densities were assembled by the (GO/PPy)*n (n=1 to 5) and compared in electrical
conductivity and EMI shielding performance. Considering that the main shielding mechanism of EMI
materials is dielectric loss, electrical conductivity of materials is an important index to estimate EMI
performance. The surface resistance of these coated fabrics was measured to present their electrical
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conductivity, as illustrated in Figure 3a. The surface resistance of the coated fabrics decreases, i.e. the
conductivity increases, with the assembly of GO/PPy. Meanwhile, the surface resistance decreases with
the increase of fabric density, at the same deposition cycles of GO/PPy. It is because that the number of
conductive paths increases. It is worth noting that the effect of fabric density on the conductivity get
weaken with the thickening of the conductive GO/ PPy coating. EMI shielding effectiveness (SE), which is
a critical factor to evaluate the shielding performance of materials, is the logarithmic ratio of the
transmitted electromagnetic power (Pt) through the material to the incident electromagnetic power (Pi),
i.e.   (Gahlout and Choudhary 2019). The EMI SE of the coated fabrics in 3.9−6.0 GHz frequency range (C
band) was measured. The C band is an important frequency band widely used in Wi-Fi devices and
wireless phones. The average EMI SE in 3.9−6.0 GHz was calculated and shown in Figure 3b. Like the
electrical conductivity, the SE value also increases with the assembly of GO/PPy. The difference is that
the SE value of coated fabrics is maximum at 100 × 100 picks/10cm. For different deposition cycles of
GO/PPy, the trend is same. The SE of the (GO/PPy)*5 fabric at 100 × 100 picks/10cm was close to 20 dB,
which is the standard of EMI shielding materials to meet the requirement for commercial applications.
More importantly, the maximum shielding performance of the coated fabrics with different layer numbers
always appears at the same fabric density of 100 × 100 picks/10cm, indicating that the pore size of
fabrics plays an important role in the EMI shielding performance of textile-substrate materials. The EMI
SE at 100 × 100 picks/10cm (19.2 dB) was increased by about 71%, compared to that of 250 × 250
picks/10cm (11.2 dB). We further analyzed the re�ection loss (SEr) and absorption loss (SEa) of the
GO/PPy coated fabrics, as show in Figure 3c. By contrast, SEa accounts for a large proportion of the total
EMI attenuation. It indicated that the main shielding mechanism is absorption, which is admirable for
reducing the secondary damage of electromagnetic waves. The ratios of SEa to the total EMI attenuation
maintained at a high level, that is, the shielding mechanism of the GO/PPy coated fabric is always
absorption. Additionally, the ratio of SEa was similar for different fabric densities, for example, that is
always ~84% for the (GO/PPy)*5 coated fabric. The results indicated that the peak at 100 × 100
picks/10cm is attributed to that appropriate fabric pores prolong the propagation path of electromagnetic
waves in fabrics.

In order to investigate the effect of fabric structures on the EMI shielding performance, the pore sizes of
the uncoated and coated fabrics with (GO/PPy)*3 were analyzed by capillary �ow porometer. Fabrics are
known to have complex and hierarchical structures. The fabric pores has a hierarchical distribution,
including 0.2~200 μm pores between �bers and 20~1000 μm pores between yarns. Commonly, the fabric
pore are permeable. From Figure 4, the plain-woven cotton fabric at 100 × 100 picks/ 10cm has been
proven to possess hierarchical porosity. They were distributed in the range of 40~140 μm and 180~380
μm. After 3 deposition cycles of GO/PPy, the pore size decreased obviously and were distributed in the
rage of 4.7~300 μm. It was attributed to the deposition of GO/PPy and the deformation of fabric
structure after the wet assembly and drying step. The wide range of fabric pore sizes makes it di�cult to
determine which pore matches the wavelength of electromagnetic waves, resulting in an increase in
electromagnetic shielding. As depicted in Figure 5, the GO/PPy build a representative layered conductive
coating on the fabric, where the conductive polymer of PPy forms a conducting network to e�cient carry
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charge carriers and attenuate electromagnetic energy, whereas the GO sheets with a poor conductivity act
as nanoseparators to change the direction of electromagnetic waves and prolong the paths of
electromagnetic waves. When electromagnetic waves hits a GO/PPy coated �ber, a part of
electromagnetic waves is absorbed and a part is re�ected off. The high e�ciency GO/PPy coating
generates an excellent EMI shielding performance through the multi-re�ection of porous fabric against
electromagnetic waves. The incident electromagnetic waves were re�ected multiple times and acted with
the GO/PPy coating multiple times, leading to the shielding mechanism of absorption.

We further conducted the sueding on the plain-woven cotton fabrics to investigate its in�uence on the
EMI shielding performance. According to GB/T 4802.1-2008 fabric pilling performance test, the fabrics
were forced to grind with the abrasive under a certain pressure, so that the �bers in the yarn were pulled
out, shifted and broken, and plush was produced. The plain-woven cotton fabrics at 100 × 100
picks/10cm before and after sueding as examples were shown in Figure 6a and b. The microscopic
images show that the surface of the fabric is relatively �at with a small amount of hairiness. After
sueding, a large number of long �bers appeared on the fabric surface, and the long �bers were basically
perpendicular to the fabric surface. Meanwhile, the thickness of the suede treated fabric looks to be
reduced, because the yarn structure of the fabric is loosened by the sueding treatment. Subsequently, the
plain-woven cotton fabrics with different fabric densities were layer-by-layer assembled by a (GO/PPy)*3
coating. The EMI shielding performance was measured and shown in Figure 6a. The peaks of EMI SE
were found in both single-sided and double-sided sueding samples when the fabric density was 100 ×
100 picks / 10cm. In addition, the SE values of the fabrics after sueding are all higher. It is attributed to
the creation of plush, which increases the multi-re�ection of electromagnetic waves in the fabric. In
comparison, the SE value of the double-sided sueding samples were slightly higher than the single-side
samples but �uctuated markedly. It is also because that the sueding treatment makes the yarn structure
of the fabric loose and even break.

Conclusions
In summary, we have demonstrated the effect of fabric structure on the shielding effectiveness of the EMI
fabrics. The plain fabrics with different fabric densities were weaved and used as the substrate to be
layer-by-layer assembled by graphite oxide (GO) and polypyrrole (PPy). The conductive GO/PPy coating
endowed commercial fabrics with an EMI shielding ability. In comparison, the EMI shielding effectiveness
of the GO/PPy fabrics was depended on the fabric density. Interestingly, the EMI shielding effectiveness
always possessed a maximum at the fabric density of 100 × 100 picks/ 10cm, different from the
electrical conductivity. Moreover, the sueding treatment was conducted to further improve the EMI
shielding effectiveness of the GO/PPy fabrics. It is because that the creation of plush can increase the
multi-re�ection of electromagnetic waves in the fabric. This work presents the important effect of fabric
structure on the EMI shielding performance, offering new opportunities for the development of high
e�ciency EMI shielding fabrics.
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(a) Structural schematics of the plain woven fabric. (b) Microscopy image of a 32s/2 cotton yarn. (c)
Optical pictures and microphotographs (insets) of the obtained woven fabrics with different fabric
densities. (d) Evolution of pore size of the woven fabrics with the increase of fabric density.

Figure 2

(a) Schematic illustration of the layer-by-layer assembly procedure of the GO/PPy on fabrics. (b) Raman
spectrum and (c) XRD pattern of the used GO sheets. (d) AFM image and height pro�le of a GO sheet. (d)
XPS N 1s spectrum of in-situ polymerized PPy in an ice bath. (e) XPS spectra of the GO/PPy coating. (f)
Photographs of the uncoated and coated fabrics (70 × 70 picks/10cm) with the (GO/PPy)*5. (g)
Microphotograph and (h) SEM image of the (GO/PPy)*5 fabric (70 × 70 picks/10cm).
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Figure 3

(a) Surface resistance values, (b) EMI SE values and (c) Shielding indexes of the woven fabrics covered
with a (GO/PPy)*n coating (n=1~5).

Figure 4

Pore size distributions of the uncoated and coated fabrics (100 × 100 picks/10cm) with a (GO/PPy)*3
coating.
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Figure 5

Schematically depiction of EMI shielding on the CNT coated fabric.

Figure 6

Optical images of the woven fabric (a) before sueding and (b) after sueding. (c) EMI SE values of the
(GO/PPy)*3 fabrics under different sueding conditions.


