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Abstract: High-performance multifunctional textiles are highly demanded for human
health-related applications. In this work, a highly conductive nonwoven fabric was
fabricated by coating silver nanowires (AgNWs)/poly(3,4-ethyl
enedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) on a commercial poly(m-
phenylene isophthalamide) (PMIA) nonwoven fabric through a multi-step dip coating
process. The as-prepared PMIA/AgNWs/PEDOT:PSS composite nonwoven fabric
showed an electrical resistance as low as 0.92 + 0.06 /sq with good flexibility. The
incorporation of the PEDOT:PSS coating layer improved the adhesion between AgNWs
and PMIA nonwoven fabric, and also enhanced the thermal stability of the composite
nonwoven fabric. Electromagnetic interference (EMI) shielding and Joule heating
performances of the PMIA/AgNWs/PEDOT:PSS composite nonwoven fabric were
also investigated. The results showed that the average EMI shielding effectiveness (SE)
of the single-layer nonwoven fabric in X-band was as high as 56.6 dB and retained a
satisfactory level of SE after being washed, bended and treated with acid/alkali solution
and various organic solvents. The composite nonwoven fabric also exhibited low
voltage-driven Joule heating performance with reliable heating stability and
repeatability. It can be envisaged that the multifunctional PMIA/AgNWs/PEDOT:PSS
nonwoven fabric with reliable stability and chemical robustness could be used in EMI
shielding devices and personal thermal management products.

Keywords: Nonwoven fabric; Silver nanowires; PEDOT:PSS; Electromagnetic
shielding; Joule heating

1. Introduction

With the arrival of 5G communication era, the introduction of high frequencies, the
upgrading of hardware components and the increase in the number of networked

devices have caused increasingly serious electromagnetic interference and



electromagnetic radiation [1, 2]. Meanwhile, with the emerging wearable technology,
electronic devices with integrated thermal management capabilities are highly desired
[3]. Therefore, it is essential to develop high-performance electromagnetic shielding
and thermal management materials to meet the requirement of various wearable
electronic devices, as well as to protect humans from electromagnetic radiation.

Due to the shortcomings of heavy weight, high cost and poor flexibility, traditional
electromagnetic shielding materials based on metals can no longer meet the
requirements of modern electronic devices for light-weight and flexible EMI shielding
[4]. As an alternative to metals, conductive polymer composites have been explored
extensively in the past few years due to their lightweight, high flexibility, together with
effective and tunable EMI shielding effectiveness and joule heating performance [5-7].
Many conductive components, such as silver nanoparticles (AgNPs)/nanowires
(AgNWs) [8-10], carbon nanotubes (CNTs) [11, 12], graphene [13] and new emerging
transition metal carbide/carbonitride (MXene) [14, 15] and their hybrids [16], have
been employed as fillers or coating materials to construct conductive polymer
composites. Among these, AgNWs have excellent transparency, conductivity,
flexibility and hence have been used extensively in fabricating conductive polymer
composites with high EMI shielding and electrical heating performances [17-20]. One
of the most commonly used method to combine AgNWs with polymers is to coat
AgNWs on the surface of various polymer substrates [8, 17, 21, 22]. However, several
problems associated with AgNWs, including easy oxidation, large wire-to-wire
junction resistance and poor adhesion to polymer substrates, need to be addressed
considering the long-term practical applications of their polymer composites [23]. In
order to solve those problems, an over-coating layer was generally introduced to protect

the AgNWs [24] and at the same time improve the adhesion to the substrates [25].



However, the incorporation of nonconductive protecting layer will inevitably decrease
the electrical conductivity and thus lead to diminished EMI shielding and electrical
heating performance of the resultant materials. Consequently, conductive polymer
coating such as polyaniline or polypyrole has been introduced [26, 27]. However, the
drawbacks of poor solubility in different solvents, difficulty in processing and
irreproducibility have reduced their applicability. Among various conductive polymers,
poly(3.4-ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) has been
demonstrated as a promising candidate for producing conductive coatings, not only
owing to its superior inherent characteristics including high electrical conductivity,
excellent dispersibility in various solvents and high transparency [28], but also the
advantage of easy fabrication through a simple and highly reproducible process [29].
Due to the advantages of light-weight and porous structure, nonwoven fabrics have
been exploited as an ideal substrate for constructing various composites with desirable
EMI shielding and electrical heating performances [30-32]. Herein, we demonstrate a
facile dip-coating approach for fabricating flexible and highly conductive AgNWs
decorated poly-m-phenyleneisophthalamide (PMIA) nonwoven fabric. PEDOT:PSS
was employed as an over-coating layer to improve the adhesion of AgNWs and PMIA
fibers and the thermal stability of AgNWs. The electrical conductivity and EMI
shielding effectiveness of the PMIA/AgNWs nonwoven fabric were enhanced after
PEDOT:PSS coating. The Joule heating performance of the functionalized PMIA
nonwoven fabric was also investigated.

2. Experimental

2.1. Materials

PMIA nonwoven fabric with thickness of 0.3 mm was provided by Jiangsu Kaidun New

Material Co., Ltd, China. AgNWs (ethanol dispersion with 1g AgNWs per 100 ml



ethanol) were purchased from Beijing Deke Daojin Science and Technology Co., Ltd,
China. Poly (3,4-ethylene dioxythiophene/polystyrene sulfonate) (PEDOT: PSS) was
purchased from Shanghai Ouyi Organic Photoelectric Materials, China. Ethanol
dimethyl sulfoxide (DMSO) were purchased from Sinopharm Chemical Reagent Co.,
Ltd, China.

2.2. Preparation of PMIA/AgNWs/PEDOT Composites

Firstly, the aramid non-woven fabric was washed with deionized water to remove the
impurities on the surface and dried at 50 °C in a vacuum oven. Secondly, the cleaned
aramid nonwovens were immersed in ethanol dispersion of AgNWs with different
concentrations of 0.1 wt%, 0.2 wt%, 0.3 wt% and 0.4 wt% for different periods of time.
The AgNWs ethanol dispersions with 0.1-0.4 wt.% concentration were prepared by
diluting a commercial AgNW dispersion with certain amount of ethanol. After being
dried in vacuum oven at 50 °C, the PMIA /AgNWs nonwoven fabric was immersed in
aqueous solution of PEDOT: PSS (prepared by mixing of 18 g PEDOT:PSS and 1 g
DMSO) for 1 min, and then dried at room temperature for 30 min followed by being
dried 50 °C under vacuum for 12 h. The obtained sample was denoted as
PMIA/AgNWs/PEDOT:PSS. The procedure for preparing

PMIA/AgNWs/PEDOT:PSS nonwoven fabric is shown schematically in Figure 1.
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Figure 1. Schematic illustration of the procedure for preparing



PMIA/AgNWs/PEDOT:PSS nonwoven fabric

2.3. Characterization and Measurement

The surface morphology of nonwoven fabric was observed by using a field emission
scanning electron microscope (FE-SEM, Regulus 8100, Hitachi, Japan). The chemical
composition was analyzed by exploiting an X-ray photoelectron spectroscopy (XPS,
ESCALAB 250XI, Thermo Fisher Scientific, USA) with an Al Ko X-ray source
(1486.6 eV photons). The crystalline structural features of pristine PMIA and
PMIA/AgNWs nonwoven fabrics were identified by using an X-ray diffractometer
(XRD, Rigaku Ultima IV, Japan). The thermal property of pristine PMIA and
PMIA/AgNWs and PMIA/AgNWs/PEDOT:PSS nonwoven fabrics was studied by
using a TG/DSC thermal analyzer (STA 449 F3, NETZSCH GmbH, Germany). The
measurement was conducted in nitrogen atmosphere from 40 to 800 °C with a heating
rate of 20 °C/min. The mechanical properties were measured by using a universal
tensile testing machine (Instron 5965, USA). Rectangular specimens (20 mm % 10 mm)
were used for tensile tests. The electrical sheet resistance was measured by using a four
probe resistance measuring instrument (ST-2258C, Suzhou Jingge Electronic Co., Ltd,
China). The electrical properties upon bending were investigated by employing a
precision power supply (B2901A, Keysight, USA). For Joule heating performance test,
the nonwoven fabric with a dimension of 50 mm x 20 mm was used with the working
distance of 20 mm. Conductive copper tape as the electrode was mounted on both ends
of the nonwoven fabric. Voltages were applied to by using the precision power supply
(B2901A, Keysight, USA). The surface temperature was measured by using a contact
thermometer (UT320A, Uni-Trend Technology Co. Ltd, China). The infrared thermal
images were captured by using an infrared thermal imager (TiS50, Fluke Electronic

Instrumentation, USA). The EMI shielding performance was measured by using an



ENA network analyzer (ZNB 20, Rohde & Schwarz, Germany) by means of waveguide
method. The scattering parameters were recorded in the frequency range of 8.2-12.4
GHz and used to calculate the coefficients. The total EMI SE (SE7), reflection loss (SER),
absorption loss (SE4), multiple internal reflections (SEy) and power coefficients of
transmission (7)), reflection (R) and absorption (4) were calculated based on the S

parameters as follows:

R = |511|2 = |522|2 (1)
T = |521|2 = |S12|2 (2)
A=1-R-T (3)

SER = —10log (1 — R) (4)

SE; = —10log (=) (5)

SEr =SE, +SER +SEy,  (6)

where SEy can be ignored in cases when the absorption loss is higher than 10 dB [33].
3. Results and discussion

3.1 Morphology, XRD, XPS and electrical conductivity of PMIA/AgNWs/PEDOT:PSS
nonwoven fabric

Figure 2a shows the surface appearance of PMIA nonwoven fabric before and after
being dipped with AgNWs ethanol dispersion. It can be seen that after the ethanol
evaporated, the color of the PMIA nonwoven fabric changed from white (the upper
image in Figure 2a) to grey (the lower image in Figure 2a). Compared with the
morphology of pristine PMIA nonwoven fabric (Figure 2b and c), the individual fibers
in PMIA/AgNWs nonwoven fabric were uniformly coated with a percolated network
of randomly oriented AgNWs (Figure 2e and f). The effect of AgNWs dispersion
concentration and dipping times on the electrical conductivity of the PMIA/ AgNWs

nonwoven fabric was investigated. As can be seen from Figure 2d, for the same AgNWs



dispersion concentration, the electrical sheet resistance of all PMIA/AgNWs nonwoven
fabric samples decreased obviously (maximum 85.82% and minimum 70.60%) as the
number of dip-coating cycles increased from 1 to 8 times, indicating enhanced electrical
conductivity. When the dipping cycle increased from 8 to 10 times, the sheet resistance
only changed slightly, showing that 8 cycles of dipping was sufficient. For the same
dipping cycle, the sheet resistance also decreased with increasing AgNWs dispersion
concentration. In particular, when the AgNWs dispersion concentration was 0.3 wt%, a
sheet resistance of 0.97 + 0.07 Q/sq was achieved after 8 dipping cycles, which was
relatively close to the sheet resistance of the PMIA/AgNWs nonwoven fabric dipped
into the 0.4 wt% dispersion for 8 times (0.80 £ 0.08 €)/sq). Therefore, PMIA nonwoven
fabric sample immersed in 0.3 wt% AgNWs dispersion solution for 8 times was chosen
for following PEDOT:PSS coating.

XPS was used to confirm the successful deposition of AgNWs on the PMIA nonwoven
fabric. Figure 2h shows the XPS wide scan of pristine and PMIA/AgNWs nonwoven
fabrics. Compared with the spectrum of PMIA nonwoven fabric, the spectrum of
PMIA/AgNWs nonwoven fabric showed strong signal of Ag at a BE of about 370 eV,
indicating the presence of silver in the PMIA/AgNWs nonwoven fabric [34]. The core-
level spectrum of Ag 3d (Figure 2h) consisted of two peak components of Ag 3d3/2 at
BEs of 374.0 eV and Ag 3d5/2 at 368.0 eV, respectively. Those peaks were attributed
to the Ag0 species, confirming that the deposited AgNWs in the PMIA nonwoven fabric
was in zerovalent state.

XRD was performed to further confirm the deposition of AgNWs. As shown in Figure
2i, compared with the XRD pattern of pristine PMIA nonwoven fabric, the
PMIA/AgNWs nonwoven fabric showed five distinct characteristic peaks at 26 values

of 38.2°, 44.4°, 64.6°, 77.4°, and 81.6°, which correspond to the (1 1 1), (2 00), (22



0), 31 1), and (2 2 2) fcc crystal planes of AgNWs, demonstrating that AgNWs
successfully deposited on the PMIA fiber surface. No diffraction peak for silver halide
or silver oxide was observed in the XRD pattern of PMIA/AgNWs nonwoven fabric,
suggesting that the AgNWs covered on the surface of PMIA fibers were in elemental

form.
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Figure 2. Digital image of PMIA (upper) and PMIA/AgNWs (lower) nonwoven
fabric (a); SEM images of PMIA nonwoven fabric (b and c); the change of electrical
sheet resistance of PMIA/AgNWs nonwoven fabric with AgNWs dispersion
concentration and dipping times (d); SEM image of PMIA/AgNWs nonwoven fabric
(e and f); XPS wide scan (g) and Ag3d spectrum (h) of PMIA/AgNWs nonwoven
fabric; XRD pattern of PMIA and PMIA/AgNWs nonwoven fabric (1).
PMIA/AgNWs/PEDOT:PSS nonwoven fabrics were prepared by immersing

PMIA/AgNWs samples into the PEDOT:PSS aqueous solution. After the evaporation



of water, the PMIA/AgNWs were uniformly wrapped with a layer of PEDOT:PSS to
form the desired PMIA/AgNWs/PEDOT:PSS nonwoven fabric with good flexibility
(as shown in Figure 3a). SEM images in Figure 3b and c revealed that the deposited
AgNWs were tightly embedded in PEDOT:PSS matrix. This matrix acted as the
adhesion layer between the AgNW networks and PMIA fibers due to the capillary force
during the solvent evaporation process of aqueous solution of PEDOT:PSS [35]. In
addition, PEDOT:PSS bridged the void spaces between adjacent AgNWs and provided
additional conducting paths. Figure 3d and e show the XPS wide scan and S2p core-
level spectrum of PMIA/AgNWs/PEDOT:PSS nonwoven fabric, respectively. The S2p
core-level spectrum showed the BEs at 164.2 eV for the sulfur signal of PEDOT and
168 eV for the sulfur signal of PSS [28], indicating the successful coating of
PEDOT:PSS layer. After coating the PEDOT:PSS on the PMIA/AgNWs, the sheet
resistance decreased by 5.15% to 0.92 + 0.06 Q/sq. As shown in Figure 3f, the
connected light-emitting diode (LED) bulbs forming the logo of “QDU” was lighted
with a power supply of 36 V when the PMIA/AgNWs/PEDOT:PSS nonwoven fabric

was connected in the circuit.
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Figure 3. Digital image showing high flexibility (a), SEM images at different



magnifications (b) and (c¢), XPS wide scan (d) and S2p spectra (e), the logo of “QDU”
lighted with a power supply of 36 V when the PMIA/AgNWs/PEDOT:PSS nonwoven
fabric was connected in the circuit (f).

3.2 Effect of PEDOT:PSS coating on the bonding fastness and thermal stability of
AgNWs

To evaluate the effect of PEDOT:PSS on improving the adhesion between AgNWs and
PMIA nonwoven fabric substrate, a peel-off test was conducted manually by using a
commercial tape. The electrical sheet resistance of PMIA/AgNWs and
PMIA/AgNWs/PEDOT:PSS nonwoven fabrics after peel-off test was measured to
quantify the improved adhesion after PEDOT:PSS coating. As can be seen from Figure
4a, the sheet resistance of PMIA/AgNWs nonwoven fabric increased substantially from
0.97 £ 0.07 Q/sq to 80.48 + 3.13 Q/sq after 3 times of peel-off. The sheet resistance
was too high to be measured after being peeled off for 4 times, indicating the loss of
electrical conductivity. SEM images in Figure 4b and ¢ show that the AgNWs on the
PMIA fibers were peeled off after 3 peeling off tests. In contrast, the sheet resistance of
PMIA/AgNWs/PEDOT:PSS nonwoven fabric only increased from 0.92 + 0.06 €/sq to
1.51 +0.14 Q/sq after 3 peel-off tests. As can be seen from Figure 4d and e, the surface
of PEDOT:PSS coating maintained well after the same peeling off tests. The above
results suggest that the adhesion between AgNWs and PMIA nonwoven fabric was
greatly improved after PEDOT:PSS coating. This could be attributed to the strong
physical adsorption and van der Waals force of the PEDOT chains on PMIA nonwoven

fabric which had high porosity and large surface area [36].
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Figure 4. The change of sheet resistance with stripping tlmes for PMIA/AgNWs and
PMIA/AgNWs/PEDOT:PSS nonwoven fabric (a); SEM image of PMIA/AgNWs (b,
c¢) and PMIA/AgNWs/PEDOT:PSS (d, ) nonwoven fabric after 3 peel-off tests.
Thermal stability of the conductive nonwoven fabrics is very important for their
application as electrical heaters. Previous study showed that AgNWs would decompose
into nanoparticles at temperatures above 200 °C [37]. The sheet resistance of
PMIA/AgNWs and PMIA/AgNWs/PEDOT:PSS nonwoven fabric after being heated at
different temperatures was measured and plotted against the initial sheet resistance. It
can be seen in Figure 5a that the sheet resistance of PMIA/AgNWs nonwoven fabric
increased by 12.6% and 24.8% after being treated at 50 °C and 100 °C for 1 h
respectively. The R/Ry increased to 2.10 after being treated at 150 °C for 1 h and further
increased significantly to 84.37 after being treated at 200 °C for 1 h. After being treated
at 250 °C for 1 h, the sheet resistance of PMIA/AgNWs nonwoven fabric could not be
measured, indicating the loss of electrical conductivity. Figure 5b and ¢ shows SEM
images of PMIA/AgNWs nonwoven fabric after heating at 200 °C for 1 h. The
decomposition of the AgN'Ws into nanoparticles can be clearly seen on the PMIA fibers.
The fusing of AgNWs decreased their junctions and consequently led to the decrease in
electrical conductivity. In contrast, the R/Ry of PMIA/AgNWs/PEDOT:PSS nonwoven

fabric maintained nearly unchanged after being treated at the temperature of 150 °C and



only increased slightly to 1.94 after being treated at 200 °C for 1 h. The SEM image in
Figure 5d shows PEDOT:PSS coating layer remained on the nonwoven fabric after
heating at 200 °C for 1 h. These results suggest thermal stability of the
PMIA/AgNWs/PEDOT:PSS nonwoven fabric was greatly improved compared with
that of PMIA/AgNWs nonwoven fabric.

Mechanical properties are crucial for the practical applications of conductive polymer
composites. Figure Se shows the stress-strain curves of PMIA, PMIA/AgNWs and
PMIA/AgNWs/PEDOT:PSS nonwoven fabrics while the average tensile strength and
elongation at break are given in Figure 5f. As the PMIA nonwoven fabric is randomly
oriented fiber network, the low physical entanglement among the fibers allow them
easily to be pulled apart, resulting in a lower tensile strength and a greater elongation
at break. The deposition of AgNWs strengthened the fiber network, which increased
the tensile strength and lowered the elongation at break slightly. The introduction of
PEDOT:PSS coating layer filled in the void gaps among the individual fibers and
therefore increased the tensile strength to 11.7 + 0.42 MPa, but the elongation at break

decreased to 24.89% + 2.45 as the deformation of fibers was restricted.
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nonwoven fabrics after being treated at different temperature for 1 h (a); the SEM

image of PMIA/AgNWs (b, ¢) and PMIA/AgNWs/PEDOT:PSS (d) being treated at
200°C for 1 h; the stress-strain curves (e), the tensile strength and elongation at break

(f) of PMIA, PMIA/AgNWs and PMIA/AgNWs/PEDOT:PSS nonwoven fabrics.
3.4 EMI shielding performance of PMIA/AgNWs/PEDOT:PSS nonwoven fabric
The feasibility of wusing the developed highly conductive and flexible
PMIA/AgNWs/PEDOT:PSS composite nonwoven fabric in the field of high-
performance EMI shielding was investigated here. Figure 6a shows the EMI shielding
effectiveness of PMIA, PMIA/AgNWs and PMIA/AgNWs/PEDOT:PSS nonwoven
fabrics. It can be seen that the EMI SE of pristine PMIA nonwoven was close to zero,
indicating no EMI shielding ability; after deposition of AgNWs, the EMI SE of
PMIA/AgNWs reached an average value of 52.6 dB and in particular, after being coated
by conductive PEDOT:PSS, the average EMI SE of PMIA/AgNWs/PEDOT:PSS
nonwoven fabric increased to 56.6 dB. According to Simon formalism [38], the EMI
SE of electrically conductive materials are positively correlated with their electrical
conductivity and thickness. Compared with PMIA/AgNWs nonwoven fabric,
PMIA/AgNWs/PEDOT:PSS nonwoven fabric achieved both increased electrical
conductivity and  thickness  (the  thickness of PMIA/AgNWs and
PMIA/AgNWs/PEDOT:PSS nonwoven fabric was 0.310 mm and 0.446 mm

respectively), therefore exhibiting a higher EMI SE.
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Figure 6. The EMI SE over 8.2-12.4 GHz of PMIA, PMIA/AgNWs and
PMIA/AgNWs/PEDOT:PSS nonwoven fabrics (a); the average SE1, SE4 and SEr of
PMIA/AgNWs/PEDOT:PSS (b); the transmission process of EM waves (c); the EMI

SE (d) and sheet resistance (e) of pristine PMIA/AgNWs/PEDOT:PSS,
PMIA/AgNWs/PEDOT:PSS after ultrasonic washing for 2h, 1000 bending cycles,
being treated at 200 °C for 1h and immersed in acid/alkali solution and various
organic solvents for 3 days, the inserted image in (¢) shows SEM image of
PMIA/AgNWs/PEDOT:PSS nonwoven fabric treated with acid solution for 2h.

To elucidate the EMI shielding mechanism, the total EMI shielding effectiveness (SE7),
the effectiveness of reflection loss (SEr) and absorption loss (SE4) were calculated by

using Eqn. 4 and 5. As can be seen from Figure 6b, the average SE4 was much higher



than SEr for both PMIA/AgNWs and PMIA/AgNWs/PEDOT:PSS nonwoven fabrics.
However, this is not sufficient to conclude that the shielding mechanism is absorption
dominant because EMI shielding often involves both reflection and absorption loss. As
shown in Figure 6¢, when the incident EM waves propagated to the surface of
PMIA/AgNWs/PEDOT:PSS nonwoven fabric, part of them were reflected due to the
impedance mismatch at the interface between air and PMIA/AgNWs/PEDOT:PSS
nonwoven fabric, causing reflection loss. The other part entering the
PMIA/AgNWs/PEDOT:PSS nonwoven fabric were reflected multiple times across
large amounts of surface area of fibers in the porous nonwoven fabric, the energy
attenuated, causing absorption loss [39]. As reflection occurred before absorption, the
SE 4 value only represents the ability to absorb EM waves penetrating into the materials
excluding the reflected waves [40, 41]. The power coefficients of R and 4, representing
the actual reflection and absorption of the EM waves, are often used to study the
shielding mechanism [31, 33, 42, 43]. The power coefficients of R and A for
PMIA/AgNWs/PEDOT:PSS nonwoven fabric were 0.85 and 0.15 respectively,
indicating that most of the EM waves were reflected by the
PMIA/AgNWs/PEDOT:PSS nonwoven fabric with high electrical conductivity.

Skin depth (), denoted as the depth where the intensity of EM waves drops to 1/e of
its original value, is an important parameter in reflecting the shielding ability and can
be calculated by 6 = (afuc)'’?, when 6 >> 2mfeo, where f'is the frequency, o is the
electrical conductivity, u is the magnetic permeability (u = pour, po = 4m x 107 Hm'!
and u- = 1 for nonmagnetic materials) and & represents the vacuum permittivity. The
calculated o0 values for PMIA/AgNWs/PEDOT:PSS nonwoven fabric were 0.113 mm
and 0.092 mm at 8.2 GHz and 12.4 GHz respectively, which was lower than its

thickness (0.446 mm) and thus contributed to the a high EMI SE [30, 44].



The theoretical EMI SE of the PMIA/AgNWs/PEDOT:PSS nonwoven fabric was

calculated by exploiting the following equations:
SEx = 8.7d\[nfuo = 8.75 7)

g
SER =395+ 10logm (8)

Where d is the sample thickness, £, o, u and o0 are defined as above.

The calculated value of SE4 and SEr at 12.4 GHz was 42.26 dB and 23.47 dB,
respectively, contributing to an SE7 of 65.73 dB; the calculated value of SE7 at 8.2 GHz
was 59.63 dB (SE4 of 34.37 dB and SEr of 25.26 dB). Those theoretical results of SE7
were in good agreement with the experimental value (61.37 dB at 12.4 GHz and 56.82
dB at 8.2 GHz). The theoretical value of R was 0.995, which was higher than its
experimental value (0.85), while the theoretical result of 4 was 0.005, which was lower
than its experimental value (0.15). The higher experimental value of 4 can be explained
by the fact that PMIA/AgNWs/PEDOT:PSS nonwoven fabric had a porous structure
with high fiber surface area, in which the EM waves were reflected and scattered for
multiple times, and were finally absorbed or dissipated as heat [2].

EMI shielding performance under mechanical deformation and chemical environment
is highly desirable for practical applications. Therefore, the EMI shielding performance
of PMIA/AgNWs/PEDOT:PSS nonwoven fabric after bending, washing, high-
temperature treatment and various chemical corrosion was evaluated. As can be seen
from Figure 6d, the average EMI SE over X-band of PMIA/AgNWs/PEDOT:PSS
nonwoven fabric changed from 56.6 dB to 43.87, 44.57 and 50.19 after 1000 bending
times, washing under ultrasonication for 2h and treated at 200 °C for 1 h, respectively;
different changes in EMI SE values of PMIA/AgNWs/PEDOT:PSS nonwoven fabric
were observed after being treated with various organic solvents including n-heptane,

xylene, acetone and ethanol, as well as acid and base solutions. In particular, the sample



treated with acid solution with pH = 2 showed the lowest EMI SE of 22.29 dB, which
still meet the industrial requirement of 20 dB [45]. The obvious decrease in EMI SE
after acid soaking is because the H' in the acid solution combined with the PSS,
resulting the phase separation of PEDOT:PSS and subsequently the removal of part PSS
protecting layer [46] (as shown in the inserted SEM image in Figure 6¢). In addition,
the infiltration of the acid solution also caused the oxidization of AgNWs [40], and
hence decreased the electrical conductivity of the PMIA/AgNWs/PEDOT:PSS non-
woven fabric (Figure 6e) and led to diminished EMI SE.

3.4 Joule heating performance of the PMIA/AgNWs/PEDOT:PSS nonwoven fabric

In addition to the high EMI shielding effectiveness and reliable mechanical properties,
the Joule heating performances of PMIA/AgNWs/PEDOT:PSS nonwoven fabric was
also investigated for use as electrical heaters. Figure 7a shows the relationship between
surface temperature and voltage for a PMIA/AgNWs/PEDOT:PSS nonwoven fabric
based electrical heater. It can be seen that the heater reached the highest temperature of
152 °C at an applied voltage of 2.9 V and then sharply dropped to 43.8 °C with further
increasing voltages. Figure 7b shows the change of 7 with the four-step change in
voltage first from 0.3 V to 2.0 V and then to 0.3 V. When the voltage was changed by
0.5 V, the surface temperature of PMIA/AgNWs/PEDOT:PSS electrical heater was
found to change by 36%-78%, showing rapid and striking response. This indicates that
the PMIA/AgNWs/PEDOT:PSS nonwoven fabric has great potential to be used as an
electrical heating devices with good temperature management. Figure 7c shows the
change of saturation temperature (7%) under different applied voltages. It can be seen
that 7, increased as increasing voltage because of the more generated Joule heat power.
It can also be noted that the PMIA/AgNWs/PEDOT:PSS nonwoven fabric could be

heated from room temperature to 7 within 20 s, indicating rapid heating response to



voltage; when the power was switched off, the surface temperature decreased to room
temperature within 30 s, indicating the rapid cooling response. At a low voltage of 2 V,
the PMIA/AgNWs/PEDOT:PSS electrical heater reached a 7§ of around 110 °C, which
was higher than previous values reported electrical heaters based on AgNWs based
polymer composites [17, 20].

The PMIA/AgNWs/PEDOT:PSS based electrical heater also showed high long-time
stability as demonstrated by the stable 7 at around 55 °C for a period of 10000 s under
a constant voltage of 1 V (Figure 7d). Figure 7e shows the change in surface
temperature upon an alternating voltage of 0 V and 1 V. It can be seen that the
PMIA/AgNWs/PEDOT:PSS electrical heater showed highly repeatable alterations in

surface temperature between about 25 °C and 55 °C for 10000 s (200 cycles).
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Figure 7. The relationship between surface temperature and voltage (a); surface
temperature upon gradiently changed voltages (b); time-dependent temperature at
different supplied voltage (c); the long-term stability upon a supplied voltage of 1.0 V
(d) and the heating repeatability upon alternating voltage of 0 V/1 V (e) for
PMIA/AgNWs/PEDOT:PSS electrical heater.

The electrical heating performance and sheet resistance were measured under different



bending conditions to assess the reliability of the PMIA/AgNWs/PEDOT:PSS
nonwoven fabric as flexible electrical heaters. As shown in Figure 8a, a
PMIA/AgNWs/PEDOT:PSS sample with dimensions of 40 mm % 10 mm was subjected
to outward bending under a constant voltage of 1.0 V. The surface temperature showed
an increase from 46.3 °C to 55.1 °C with the decreasing chord length from 40 mm to
20 mm (Figure 8a). This is because during the bending process, the adjacent individual
fibers tended to contact each other to form tight conductive networks, which enhanced
the electrical conductivity of the nonwoven fabric [47]. The stable electrical-
mechanical property and joule heating performance of PMIA/AgNWs/PEDOT:PSS
nonwoven fabric were evaluated through repeated bending-relaxation cycles at a
bending chord length of 20 mm. As shown in Figure 8b, the electrical resistance
increased slightly by 5.2% from 2.88 Q to 3.03 Q after 1000 bending/releasing cycles.
This could be attributed to the enhanced AgNWs-AgNWs and AgNWs-PMIA fibers
adhesion, which prevented the sliding of conductive layer at the interface during
bending. As a distinct contrast, the R/Ry of PMIA/AgNWs nonwoven fabric without
PEDOT:PSS coating increased remarkably by 86% from 5.54 Q to 10.30 Q after 1000
bending/releasing cycles (Figure 8c) due to the slipping and/or delamination of AgNWs
[48]. These results also confirmed the improved adhesion between AgNWs and PMIA
nonwoven fabric after PEDOT:PSS coating. The excellent electrical conductivity
stability upon bending could endow the PMIA/AgNWs/PEDOT:PSS nonwoven fabric

with stable heating performance during practical applications.



PMIA/ANWs/PEDOT:PS,S\

= 4
)= 2.880Q R,=3.030Q

0
0 5000 10000 15000 20000 25000 30000 35000
Time (s)

(c) = PMIA/AgNWs

0 1 1 1 1 1 1 1
5000 10000 15000 20000 25000 30000 35000

Time (s)

o

Figure 8. Illustration of the bending test, the digital images and IR image of
PMIA/AgNWs/PEDOT:PSS under different bending conditions (a); real-time relative
change of electrical resistance for PMIA/AgNWs/PEDOT:PSS (b) and PMIA/AgNWs

(¢) upon repeated bending and releasing.
We here demonstrated the feasibility of using PMIA/AgNWs/PEDOT:PSS nonwoven
fabric as electrical heaters for personal thermal management. Informed consent was
obtained from the human volunteer before conducting the experimental study. Figure 9
shows the IR images of the electrical heaters attached to human index finger, wrist and
ankle with supplied voltages of 0, 0.5 and 1.0 V, respectively. With a low supplied
voltage of 0.5 V, the electrical heaters affixed to the figure, wrist and knee were heated
from room temperature of about 26.5 °C to about 33.6 °C, which is in the range of

comfortable temperature (between 33 and 38 °C) for human body [49]. When the



supplied voltage increased to 1.0 V, the heater temperature reached around 52.7 °C,

which could be used to relieve joint pain and stiffness [50].

°C e °C

Figure 9. The IR images of electrical heaters based on PMIA/AgNWs/PEDOT:PSS
nonwoven fabric attached to human finger (a), wrist (b) and ankle (¢) with supplied
voltages of 0 V, 0.5 Vand 1.0 V.

4. Conclusions

Flexible and electrically conductive PMIA nonwoven fabric consisting of
AgNWs/PEDOT:PSS composite coated on a commercial PMIA nonwoven fabric was
prepared through a two-step dipping coating method. The fabricated flexible
PMIA/AgNWs/PEDOT:PSS composite nonwoven fabric exhibited an electrical
resistance as low as 0.92 £ 0.06 Q/sq. The PEDOT:PSS as the over-coating layer
improved the adhesion between AgNWs and PMIA nonwoven fabric and protected the
AgNWs from decomposition at high temperature. The high electrical conductivity of
the PMIA/AgNWs/PEDOT:PSS nonwoven fabric endowed it with excellent EMI

shielding and Joule heating performances. For a single layer of



PMIA/AgNWs/PEDOT:PSS nonwoven fabric, the EMI SE reached 56.6 dB over X-
band and was above the industrial requirement after being washed, bended and treated
with acid/alkali solution and various organic solvents. The electrical heaters based on
PMIA/AgNWs/PEDOT:PSS nonwoven fabric could reach a saturation temperature of
around 110 °C at a low voltage of 2 V and exhibited rapid response to the voltage on/off
switching. The heaters also presented reliable heating stability and repeatability during
long-term and repeated heating/cooling cycles. Owing to its simple and low cost
fabrication procedures, reliable stability under high temperature and mechanical
deformations, enhanced EMI shielding and Joule heating performances, the
PMIA/AgNWs/PEDOT:PSS nonwoven fabric holds great promise for use in wearable
protective devices and high-performance heating components.
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