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absolute EMI SE of 8194.7 dB-cm 2 -g -1 . In addition, the silver-coated PMIA non-
woven fabric maintained high electrical conductivity and EMI SE after being subjected
to washing, bending and torsion deformations, high/low temperature, strong
acidic/alkaline solutions and different organic solvents. These results have clearly
demonstrated that PMIA nonwoven fabric can be made highly electrically conductive
by using a simple and highly scalable method. It holds great promise for the
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Cover Letter

Dear editor,

Thank you very much for all you support in processing our manuscript entitled
“Lightweight and highly conductive silver nanoparticles functionalized meta-aramid
nonwoven fabric for enhanced electromagnetic interference shielding” (Manuscript
number: JMSC-D-20-06871). We have revised the manuscript according to the
reviewer’s comments. The detailed responses to the reviewer’s comments are attached
in a separate “Response to Reviewer Comments” file.

We look forward to hearing from you regarding our submission. We would be glad to
respond to any further questions and comments that you may have.

Thank you and best regards.
Yours sincerely,

Liang Jiang (Email: liang.jiang@qdu.edu.cn)


https://www.editorialmanager.com/jmsc/download.aspx?id=2149380&guid=54848b03-b664-456d-8715-7dcf5cc004d9&scheme=1
https://www.editorialmanager.com/jmsc/download.aspx?id=2149380&guid=54848b03-b664-456d-8715-7dcf5cc004d9&scheme=1

Response to Reviewer Comments

Responses to Reviewer

The authors greatly appreciate the reviewer’s very useful and constructive comments
and suggestions and have revised the manuscript accordingly. The detailed responses

to the reviewer are listed as follows:

Reviewer #1: The manuscript entitled "Lightweight and highly conductive silver
nanoparticles  functionalized meta-aramid nonwoven fabric for enhanced
electromagnetic interference shielding™ The results of this manuscript are interesting,
such as high electric conductivity, and EMI shielding properties of the PMIA/PDA/Ag
composite fabric. But there are still some shortcomings in this paper that need to be
further modified."”

1. When the AgNOs concentration is 8g/L, the value of EMI SE is 5.54dB. When the
AgNO3 concentration is increased to 10g/L, the EMI SE value reaches 92.68dB.
However, it can be seen from the SEM image of PMIA/PDA/Ag-8 that a lot of Ag
nanoparticles are deposited on PMIA fibers, which can also form a complete conductive
network. But the dB value is lower than 10, the author should repeat the experiment to
verify.

Response to 1: We thank the reviewer for pointing this out. The EMI shielding
performance of the silver-coated PMIA nonwoven fabric prepared with AgNO3
concentration of 8 g/L (PMIA/PDA/Ag-8) was measured again and an average EMI SE
of 5.97 dB over the frequency of 8.2-12.4 Hz was obtained. In fact, when the AgNO3
concentration was 8 g/L, the sheet resistance of silver-coated PMIA nonwoven fabric
was 24.58 Q/sq, which is much higher than that of the silver-coated PMIA nonwoven
fabric prepared with AgNOs concentration of 10 g/L (0.29 Q/sq). This indicates that the
conductive network for PMIA/PDA/Ag-8 was not as complete as that of
PMIA/PDA/Ag-10.
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Figure R1. The EMI SE of PMIA/PDA/Ag-8
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2. How identify the density of the samples? The authors should give the calculation
methods.

Response to 2: The authors thank the reviewer for this suggestion. The area density of
silver-coated PMIA was determined based on the content of PDA and AgNPs in PMIA
nonwoven fabric from TG test. This information has been added in the manuscript and

highlighted in yellow on page 15.

3. The microporous structure of PMIA will affect the shielding of electromagnetic
waves. In the introduction, the effect of sample morphology and microporous structure
on electromagnetic shielding should be added.

Response to 3: We thank the reviewer for pointing this out. The effect of sample
morphology and microporous structure on electromagnetic shielding has been added in
the introduction and highlighted in yellow.

4. PMIA/PDA/Ag composite fabrics are used in a variety of complex environments, the
rubbing fastness of Ag nanoparticles and PMIA is very important. The author should
add this test.

Response to 4: We thank the reviewer for this good suggestion. Actually, we did the
abrasion test of PMIA/PDA/Ag-10 nonwoven fabric by using a Martindale fabric
abrasion tester (Model: YG 401-H), and found that the sheet resistance increased by
10.97% after 100 abrasion cycles, showing decent coating durability. However, because
the PMIA nonwoven fabric is a kind of spun-laced nonwoven fabric which has a poor
abrasion resistance itself, fabric surface fuzzing and pilling of short PMIA fibers
occurred rapidly and even some PMIA fibers fell off during the abrasion test before
AgNPs peeled off from its surface (as can be seen from Figure R2), which made it tricky
to effectively evaluate the rubbing fastness of AgNPs on PMIA fibers. Therefore, we
did not put this result in the manuscript. A feasible solution to improve the abrasion
resistance of the silver-coated PMIA nonwoven fabric could be to introduce another
polymer as the protective layer, such as PDMS, TPU, PFDT, SEBS, PPy and so on as
reported in the literature (ACS Appl. Mater. Interfaces 2019, 11, 10883-10894; Carbon
144 (2019) 101-108; Chemical Engineering Journal 364 (2019) 493-502; ACS Appl.
Mater. Interfaces 2019, 11, 34338-34347; Adv. Funct. Mater. 2019, 29, 1806819).
Those polymer coating layers could also help to protect the silver coating layer from

oxidation. We are currently working on this and hope to contribute to this part of work



Figure R2. SEM image of the PMIA/PDA/Ag-10 nonwoven fabric after 100 abrasion

cycles

5. For the silver-coated PMIA nonwoven fabric, although its SEA value is greater than
SER. But its shielding mechanism is mainly reflection, the author should further explain
the reason. You can refer to the literature to further explain.

[1] Tan Y-J, LiJ, Gao Y, Li J, Guo S, Wang M. A facile approach to fabricating silver-
coated cotton fiber non-woven fabrics for ultrahigh electromagnetic interference
shielding. Applied Surface Science. 2018;458: 236-44.

[2] Li T-T, Wang Y, Peng H-K, Zhang X, Shiu B-C, Lin J-H, Lou C-W. Lightweight,
flexible and superhydrophobic composite nanofiber films inspired by nacre for highly
electromagnetic interference shielding. Composites Part a-Applied Science and
Manufacturing. 2020;128.

Response to 5: We thank the reviewer for this good suggestion and the related
references. The explanation of the shielding mechanism has been improved and the
corresponding references have been cited.
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Abstract: High performance electromagnetic interference (EMI) shielding material that that
can function properly under extreme working conditions is critical for their practical
applications. Herein, flexible and highly conductive meta-aramid (PMIA) nonwoven fabrics
were fabricated by combining polydopamine (PDA) modification and electroless silver plating.
The PDA modification greatly enhanced the efficient deposition of silver nanoparticles (AgNPs)
and the interfacial cohesion between the AgNPs and the PMIA fibers. The silver-coated PMIA
non-woven fabric exhibited an electrical conductivity as high as 0.29 Q/sq, an excellent EMI
shielding effectiveness (SE) of 92.6 dB and a high absolute EMI SE of 8194.7 dB-cm?-g. In
addition, the silver-coated PMIA non-woven fabric maintained high electrical conductivity and
EMI SE after being subjected to washing, bending and torsion deformations, high/low
temperature, strong acidic/alkaline solutions and different organic solvents. These results have
clearly demonstrated that PMIA nonwoven fabric can be made highly electrically conductive
by using a simple and highly scalable method. It holds great promise for the applications in
EMI shielding materials that can be used in various harsh conditions.

KEYWORDS: meta-aramid nonwoven fabric; silver nanoparticles; electrical conductivity;
electromagnetic interference shielding

1. Introduction

With the widespread use of various mobile communications and electronic devices,
electromagnetic pollution has attracted increasing attention [1]. There has been an increasing
interest in developing functional materials that can effectively shield the electromagnetic
radiation [2-6]. Metals and metal alloys have mostly been employed as electromagnetic
interference (EMI) shielding materials owing to their excellent electrical conductivity [7].
However, the intrinsic heavy weight, limited physical flexibility and corrosion of metals
seriously restricted their practical applications in aircraft, aerospace, automobiles and next-

generation flexible electronics. Therefore, there is a large demand for the development of
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lightweight and highly flexible functional materials with high EMI shielding effectiveness (SE).
Conductive polymer composites consisting of polymer matrices and electrical conductive
components are ideal candidates for EMI shielding materials due to their light weight and
flexibility [8, 9]. Various conductive components including metal nanoparticles/nanowires [10-
14], carbon nanotubes (CNTs)/nanofibers [15-17], graphene [18-20], transition metal carbide
and/or nitride [21, 22] and their hybrids [23, 24] have been used as effective fillers to fabricate
conductive polymer composites. Among them, silver has the highest conductivity (1.65 x 108
Q-m of resistivity) and hence has been widely used in constructing EMI shielding polymer
composites [12, 25]. Conductive polymer composites were generally fabricated by using two
methods: one was directly incorporating the conductive fillers into polymer matrix [26-28] and
the other one was depositing conductive components on the surface of polymeric substrates
[29-31].

For polymer composites based EMI shieling materials, a desirable EMI SE was often achieved
via high loading of conductive fillers or large coating thickness, which unavoidably caused an
increase in the weight of resultant polymer composites. Previous studies have shown that the
morphology of the conductive polymer composites has great influence on the EMI shielding
effectiveness. For example, the formation of segregated structures helps to improve the
electrical conductivity and EMI SE of conductive polymer composites because the conductive
fillers form denser conductive paths around polymer regions instead of random dispersion in
the entire polymer matrix [32, 33]. In addition, porous structures also help to reduce the density
and improve the EMI SE of conductive polymer composites because the micrometer-sized
pores provide large interfaces between air and the composite cell walls, which promotes
multiple reflections in the composites and hence result in improved EMI shielding ability [34,
35].

More recently, nonwoven fabrics formed of randomly oriented polymeric fibers have emerged
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as promising substrates for constructing EMI shielding materials because of their light weight
and excellent flexibility [10, 36]. In addition, the porous structure of nonwoven fabrics helps to
improve the EMI shielding ability through repeatedly reflection of electromagnetic waves. For
example, Gao et al. [10] prepared highly conductive silver nanoparticle coated polypropylene
nonwoven fabric with the average EMI SE of 48.2 dB in the frequency range of 8.2-12.4 GHz,
Tan et al. fabricated silver-coated cotton fibers non-woven fabrics with the EMI SE as high as
71 dB [36]. Though high EMI SE values were achieved in ambient environment, the
performance of those silver nanoparticle coated PP or cotton fiber nonwovens could be
significantly deteriorated when exposed to extreme temperature and/or harsh corrosive
chemicals. Therefore, the application of these materials in harsh conditions, such as high/low
temperature or corrosive conditions is severely limited.

Polymetaphenylene isophthamide (PMIA), which is prepared by polycondensation of
isophthalic chloride (ICI) and m-phenylenediamine (MPD), has excellent thermal stability, high
mechanical strength, flame retardancy and corrosion resistance [37, 38]. PMIA nonwoven
fabrics are considered to be an promising substrate material for applications under extreme
conditions. However, to date there has been little investigation of PMIA nonwovens as EMI
shielding materials.

To develop EMI shielding materials integrating light weight, high flexibility, outstanding
electrical conductivity, reliable thermal and chemical stability, in the present study,
commercially available PMIA nonwoven fabric was explored as a substrate to prepare first-of-
its kind EMI shielding materials by combining bio-inspired polydopamine modification and
highly scalable electroless silver plating. The effect of polydopamine modification on the
deposition of silver nanoparticles (AgNPs) on PMIA nonwoven fabric was firstly investigated.
Then, the bonding fastness of silver coating on the surface of PMIA non-woven fabric was

determined. The focus was on the evaluation of electrical conductivity and electromagnetic
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shielding performance of silver coated PMIA non-woven fabric under various conditions such
as washing, mechanical bending, exposing to wide range of temperature (-80 to 200 °C),
acid/alkali solutions and several organic solvents.

2. Experimental

2.1 Materials

The meta-aramid non-woven fabric with an area density of 50 g-m and a thickness of 0.3 mm
(the average diameter of a single fiber is 13.5 um) was supplied by Jiangsu Kaidun New
Material Co., Ltd, China. The non-woven fabric was prepared by web-forming and spun-lacing
of meta-aramid staple fibers. Dopamine hydrochloride (DA-HCI) was purchased from Macklin
Biochemical Co., Ltd, China. Trimethylol aminomethane (Tris) was purchased from Beijing
Solarbio Science and Technology Co., Ltd, China. Silver nitrate (AgNOs3), glucose, sodium
hydroxide (NaOH), ethanol and ammonia (NHs-H2O) were purchased from Sinopharm
Chemical Reagent Co., Ltd, China.

2.2 Dopamine polymerization on PMIA non-woven fabric surface

First of all, dopamine solution with a concentration of 2 g/L was prepared by dissolving a certain
amount of DA-HCI in deionized water, pH of the solution was adjusted to 8.5 by adding Tris.
Then, the PMIA non-woven fabric was immersed in the above dopamine aqueous solution for
24 h at room temperature. Finally, the PMIA non-woven fabric was separated and rinsed
thoroughly with deionized water and dried in vacuum oven at 60 °C overnight. The obtained
sample was denoted as PMIA/PDA.

2.3 Electroless deposition of silver nanoparticles on PMIA/PDA surface

Firstly, a silver-plating bath was prepared as follows: a certain amount of silver nitrate was
dissolved in deionized water to form silver nitrate solution with the concentration ranging from
4 to 12 g/L, the ammonia solution with a volume fraction of 2% was added dropwise to the

silver nitrate solution under vigorous magnetic stirring until the solution became transparent.
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pH of the above solution was adjusted to 11 by using NaOH solution and then ammonia solution
was added dropwise to the ammoniacal silver nitrate solution until the solution became
transparent again. The PMIA/PDA nonwoven fabrics were immersed into the solution and
activated for 30 min. Then, glucose solution as a reducing agent was added dropwise to the
silver-plating bath. The reaction was allowed to proceed under magnetic stirring at 30 °C for 1
h. Finally, the silver-plated PMIA non-woven fabric was separated, rinsed with deionized water
three times and dried in vacuum at 60 °C for 24 h. The silver-plated PMIA nonwovens obtained
at AgNOs concentration of 4 g/L, 6 g/L, 8 g/L, 10 ¢g/L and 12 g/L were referred as
PMIA/PDA/Ag-4, PMIA/PDA/Ag-6, PMIA/PDA/Ag-8 PMIA/PDA/Ag-10 and
PMIA/PDA/Ag-12 respectively. The overall preparation process of electrically conductive

PMIA nonwoven fabric is illustrated schematically in Figure 1.
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Figure 1. Schematic illustration of the procedure for preparing silver-coated PMIA non-woven
fabric.
2.4 Characterization
Surface morphology of PMIA non-woven fabrics was observed by using scanning electron

microscopy (SEM) (VEGAS3, TESCAN, Czech). The samples were sputter-coated with a thin
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layer of gold prior to observation and SEM images with various magnifications were taken at a
voltage of 10 kV.

The surface chemical composition of PMIA non-woven fabric was measured by using an X-ray
photoelectron spectroscopy (XPS) (ESCALAB 250X1, Thermo Fisher Scientific, USA) with an
Al Ka X-ray source (1486.6 eV photons). The X-ray source was run at a reduced power of 150
W. The pressure in the analysis chamber was maintained at 10 Torr during each measurement.
All binding energies (BEs) were referenced to the C1s hydrocarbon peak.

The formation of PDA on the surface of PMIA non-woven fabric was characterized by using
fourier transform infrared spectroscopy (FTIR) (NICOLET iS10, Thermo Fisher Scientific,
USA). The tests were conducted in ATR mode and the spectrum was collected at a resolution
of 16 cm™ and a wavelength range of 4000 — 675 cm™.

The X-ray diffraction pattern of the samples was obtained by exploiting an X-ray diffractometer
(XRD, Rigaku Ultima 1V, Japan) using Cu Ko radiation with a wavelength of 1.54056 A. The
measurements were conducted in a reflection mode at the 26 range of 5 — 90° with a scanning
speed of 5°/min.

Thermal stability and the weight percentage of Ag nanoparticles of the PMIA composite
nonwoven fabrics were measured by exploiting a TG/DSC synchronous thermal analyzer (STA
449 F3, NETZSCH GmbH, Germany). The samples were dried in vacuum at 60 °C for 24 hours
before testing. The thermal decomposition curves were recorded in the temperature range of 40
- 800 °C with a heating rate of 20 °C /min in an N2 atmosphere.

The water contact angle test was conducted by using an automatic contact angle measuring
instrument (XG-CAMD3, Shanghai Xuanyichuangxi Industrial Equipment Co., Ltd. China).
The electrical sheet resistance of silver-coated PMIA non-woven fabric was measured
according to GB/T 1552-1995 by using a four-probe tester (ST-2258C, Suzhou Jingge

Electronic Co., Ltd, China). The measurements were taken at five different locations and the
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average electrical resistance was used.

The electrical resistance changes upon bending and torsion deformations of the nonwovens
were recorded using a precision source/measure unit (B2901A, Keysight, USA).

The EMI shielding performance of the silver-coated PMIA non-woven fabric was investigated
by using an ENA network analyzer (ZNB 20, Rohde & Schwarz, Germany) in the frequency
range of 8.2 — 12.4 GHz (X band) by means of waveguide method at room temperature [39].
The nonwoven fabrics were cut into rectangle plates with a dimension of 22.9 mm x 10.2 mm
for measurement.

The tensile test of the PMIA nonwoven fabric was carried out according to GB/T 24218.3-2010
by using an universal testing machine (Model 5956, Instron Instruments, USA) with a loading
rate of 100 mm/min and a gauge length of 20 mm. Five specimens were tested to for each
material and the average value of tensile strength and elongation at break was used.

3. Results and Discussions

3.1 Surface PDA modification of PMIA non-woven fabric

It is widely known that dopamine is easily oxidized by dissolved oxygen in an aqueous solution,
which then initiates a self-polymerization-crosslinking reaction to form a tightly adhered layer
on almost all types of organic/inorganic surfaces [40, 41]. When the PMIA nonwoven fabric
was put into a freshly prepared dopamine aqueous solution and soaked for a period of time,
surface modified PMIA nonwoven fabric with a polydopamine layer attached to the surface
would be obtained. It can be seen from the upper image in Figure 2a that the pristine PMIA
nonwoven fabric appeared to be white and PMIA fibers had smooth surface (Figure 2b). After
dopamine modification, the PMIA nonwoven fabric turned dark brown (the lower image in
Figure 2a) and the surface of the PMIA fibers became coarse (Figure 2c) due to the formation
of polydopamine.

The presence of polydopamine on the surface of PMIA fibers were confirmed by XPS
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measurement. Figure 2d - i shows the XPS wide-scan spectra, C 1s and N 1s core-level spectra
of pristine PMIA (Figure 2d - f) and PDA modified PMIA (Figure 2g - i) nonwoven fabrics. It
can be seen from Figure 2d and 2g that the wide-scan spectrum of both PMIA and PMIA/PDA
sample comprised three distinct peaks at about 285 eV, 400 eV and 532 eV corresponding to C
1s, N 1s and O 1s, respectively. Figure 2e shows that the C 1s core-level spectrum of pristine
PMIA could be curve-fitted with three peaks with binding energies of 284.4 eV for -C-C-
species, 285.5 eV for -C-N- species and 287.8 eV for -C=0- species respectively. An additional
fitted peak at 286.1 eV ascribed to the -C-O- species appeared in the C 1s peak of PMIA/PDA
(Figure 2h). Moreover, compared with pristine PMIA nonwoven fabric, the N 1s core-level
spectrum of PMIA/PDA (Figure 2i) had a new peak with the binding energy of 398.5 eV for -
N=, which was associated with the indole group during dopamine self-polymerization [42].
These results confirmed that polydopamine was successfully deposited on the surface of PMIA
fibers. The presence of characteristic peaks at 1569 cm™ and 1350 cm™, which belonged to the
vibration of aromatic ring and indole group in dopamine, in the FTIR spectrum of PMIA/PDA
(Figure S1, Supporting Information) also indicated the presence of PDA layer on the PMIA
nonwoven fabric. The interaction between PDA and PMIA substrate is probably intermolecular

force due to the insert surfaces of PMIA fibers [43].
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Figure 2. The optical picture of pristine PMIA and PMIA/PDA nonwoven fabric (a); SEM
image of pristine PMIA nonwoven fabric (b) and PMIA/PDA nonwoven fabric (c); XPS wide-
scan spectra (d), C 1s peaks (e) and N 1s peaks (f) of pristine PMIA non-woven fabric; XPS
wide-scan spectra (g), C 1s peaks (h) and N 1s peaks (i) of PMIA/PDA nonwoven fabric.

The water contact angle of pristine PMIA nonwoven fabric was 132° (Figure S2, Supporting
Information), indicating its hydrophilicity, but in contrast, the water droplet spread immediately
on the surface of PMIA/PDA nonwoven fabric (Movie 1, Supporting Information). This
dramatic change in surface hydrophilicity of PMIA nonwoven fabric after polydopamine
modification was expected to greatly favor the efficient absorption of silver ions and hence
increase the amount of silver nanoparticles deposited on the PMIA nonwoven fabric.

3.2 Silver nanoparticles functionalized PMIA non-woven fabric

After electroless silver plating, the PMIA nonwoven fabric appeared to silver color but retained
good flexibility as shown in Figure 3a. Continuous silver coating was observed clearly on the

surface of PMIA fibers (Figure 3b). The strong peaks for Ag in the XPS wide-scan shown in
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Figure 3c confirmed the successful deposition of silver nanoparticles on the PMIA fiber surface.
The two peaks at 367.5 eV and 373.5 eV corresponding to Ag 3ds> and Ag 3ds» were
contributed to the Ag® species, indicating that the silver deposited on the surface of PMIA fiber

was in elemental form.
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Figure 3. Optical picture (a), SEM image (b), XPS wide scan and Ag 3d spectrum (c), electrical
conductivity (d) and I-V curve (e) for PMIA/PDA/Ag nonwoven fabric.

As shown in Figure 3d and 3e, silver nanoparticle functionalized PMIA nonwoven fabric
showed excellent electrical conductivity with a surface electrical resistance as low as 0.33 Q
over a length of 1 cm (Figure 3d) and a sheet resistance of 0.29 + 0.026 Q/sq, respectively. The
I-V behavior of the PMIA/PDA/Ag nonwoven fabric (4 x 1.5 cm?) adhered to the Ohs’ Law
(Figure 3e).

To further demonstrate the electrical performance of the AgNPs functionalized PMIA
nonwoven fabric, the silver-coated PMIA nonwoven fabric was connected into an electric
circuit with a DC power supply of 3 V. The electrical current of the circuit with only one light
bulb (3.8 /0.3 A) was 0.28 A (Figure S3a, Supporting Information). When the silver-coated

PMIA nonwoven fabric (4 x 1.5 cm?) was connected in series into the circuit, the light bulb
1
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remained well illuminated as shown in Figure S3b (Supporting Information) but the electrical
current of the circuit was found to decrease by 7.1% to 0.26 A. This finding reveals the excellent
electrical conductivity of the AgNPs functionalized PMIA nonwoven fabric.

In order to determine the effect of PDA modification on the deposition of AgNPs, silver-coated
PMIA nonwoven fabric which was not pre-treated with PDA was also prepared. A relatively
small amount of AgNPs were deposited on the PMIA fiber surface (Figure S4a and b,
Supporting Information), and a conductive layer was not well formed. The light bulb connected
with the AgNPs functionalized PMIA nonwoven fabric which was not treated with PDA did not
glow up under a DC power supply of 3 V (Figure S4c, Supporting Information). It could be
explained by that Ag precursor was not sufficiently absorbed onto fiber surface due to the
absence of functional groups on the PMIA. Whereas in contrast, after PDA modification, the
catechol and nitrogen-containing groups present in the PDA structure has strong metal-binding
ability, resulting in effectively chelation with silver ions and silver nanoparticles reduced in situ
[42, 44].

3.3 The effect of silver precursor solution concentration on the morphology and electrical
conductivity of silver-coated MAFP nonwoven fabric

SEM images of silver-coated PMIA non-woven fabrics obtained at AgNOs concentrations
ranging from 4 to 12 g/L are shown in Figure 4. It can be clearly seen that at relatively low
AgNO3 concentrations of 4 and 6 g/L, the amount of AgNPs was not sufficient to form a
continuous coating layer on PMIA fibers (Figure 4a-b). As the AgNOs concentration increased
to 8 g/L and 10 g/L, a relative uniform and continuous layer of AgNPs was found (Figure 4c-
d). When the AgNO3 concentration reached 12 g/L, some AgNP agglomerates formed on the

PMIA fiber surface due to the excessive silver deposition (Figure 4e).
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Figure 4. The SEM images of PMIA/PDA/Ag-4 (a), PMIA/PDA/Ag-6 (b), PMIA/PDA/AQ-8
(c), PMIA/PDA/Ag-10 (d), PMIA/PDA/Ag-12 (e) nonwoven fabric; the XRD patterns (f) and
thermogravimetric curves (g) of pristine PMIA, dopamine modified PMIA and silver-coated
PMIA prepared at different AQNO3z concentrations; the sheet resistance and silver content of
PMIA/PDA/Ag nonwoven fabric prepared with different AgNO3 concentration (h).

The formation of AgNPs was confirmed by X-ray diffraction (XRD) pattern, as show in Figure
4f. Obviously, the characteristic peaks of silver-coated PMIA non-woven fabrics were seen at
26 values of 38.3°, 44.6°, 64.7°, 77.7° and 81.7° corresponding to (111), (200), (220), (311) and
(222) planes of face-centered cubic lattice phase silver, respectively. The crystallite size of the
silver deposited at different AgNOs concentration was estimated according to the following

equation:

kA

b= [31/2cose

1)

where k = 0.89, 1 = 0.154 nm, B is the full width at half-maximum of the peak for crystal
plane, and @ is the diffraction angle. The crystallite size of silver nanoparticles was 13.86, 13.35,

13.09, 13.58 and 13.09 nm for PMIA/PDA/Ag-4, PMIA/PDA/Ag-6, PMIA/PDA/AgQ-8
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PMIA/PDA/Ag-10 and PMIA/PDA/AgQ-12 respectively.

Figure 4g shows the thermogravimetric curves of pristine, PDA modified and silver-coated
PMIA nonwoven fabrics obtained at different AgNOgz concentrations. For pristine PMIA
nonwoven fabric, there was a weight loss of 3.5% between 30 and 400 °C corresponding to the
elimination of water and residual solvent, and then a weight loss of 45.8% between 400 and
800 °C due to partial dehydroxylation and alkoxide decomposition. The initial thermal
decomposition temperature of the pristine PMIA nonwoven fabric was 441.9 °C, indicating
excellent thermostability. The initial decomposition temperature of PMIA/PDA,
PMIA/PDA/Ag-4, PMIA/PDA/Ag-6, PMIA/PDA/Ag-8, PMIA/PDA/Ag-10  and
PMIA/PDA/Ag-12 nonwoven fabric was 440.3 °C, 441.6 °C, 441.2 °C, 442.0 °C, 440.2 °C and
440.8 °C respectively, revealing that the high thermal stability of PMIA nonwoven fabric was
well maintained after PDA modification and AgNPs functionalization. The silver content was

calculated from the thermogravimetric data according to the following equation:

_ Wa—Wp

Wag = (2)

1-wp
where wa and wy is the residual mass fraction of silver-coated PMIA and PDA modified PMIA
respectively. Figure 4h shows that the content of AgNPs in silver-coated PMIA nonwoven
fabric increased with increasing AgNOz concentration and the electrical sheet resistance
decreased accordingly. When the AgNOs concentration was 10 g/L, the silver content reached
49.67% and the sheet resistance was as low as 0.29 + 0.026 Q/sq, which outperformed
previously reported conductive fabrics [23, 45-47]. The significant increase in electrical
conductivity with increasing AgNOs concentration was mainly attributed to the formation of
highly conductive AgNP networks. There was no significant change in the electrical
conductivity when the AgNOsz concentration was increased further to 12 g/L (0.2 £ 0.022 Q/sq),
indicating that the concentration of 10 g/L was sufficient to form continuous AgNP networks
on PMIA nonwoven fabrics. The above results indicate that the AgNOs precursor concentration
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had a great influence on the amount of AgNPs deposited on the PMIA nonwoven fabric surface
and the electrical conductivity of the AgNPs functionalized PMIA nonwoven fabric, but did not
introduce significant effect on the crystallite size of AgNPs.

The EMI shielding effectiveness in X-band (8.2-12.4 GHz) of silver-coated PMIA non-woven
fabric prepared with different AgNO3 concentrations was evaluated. Figure 5a shows that
pristine PMIA non-woven fabric does not have EMI shielding effectiveness. Silver-coated
PMIA non-woven fabric prepared at AgQNO3 concentration of 4, 6 and 8 g/L had the value of
EMI SE of 1.38 dB, 2.05 dB and 5.54 dB respectively, which were far lower than the
requirement for commercial EMI shielding materials (30 dB). When the AgNOs concentration
was increased to 10 g/L, the EMI SE of silver-coated PMIA non-woven fabric reached a mean
value of 92.6 dB over 8.2-12.4 GHz, which was higher than those of previously reported AgNPs
or AgNWs functionalized composite EMI shielding materials [10, 12, 23, 48, 49]. The increased
electrical conductivity was responsible for increased EMI SE for silver-coated PMIA nonwoven
fabric. When the AgNO3s concentration increased further to 12 g/L, the EMI SE increased to
110.9 dB.

It is well known that the density and thickness of the shielding material have great influence on
the EMI shielding performance. Thus, in the present study the specific EMI shielding
effectiveness (SSE, EMI SE divided by the density of the sample) and the absolute EMI
shielding effectiveness (SSE/t, SSE divided by the thickness of the material) were further
introduced to evaluate the EMI shielding performance. The EMI shielding material reported in
the literatures are summarized in Fig. 5b, it can be found that the PMIAPDA/Ag-10 possessed
high SSE of 245.8 dB cm®/g and SSE/t of 8194.7 dB cm?/g (the area density of PMIAPDA/Ag-
10 was approximated to be 113 g/m?, which was determined based on the content of PDA and
AgNPs in PMIA nonwoven fabric from TG test). These results highlight that the AgNPs

functionalized PMIA nonwoven fabrics are promising candidates for EMI shielding
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applications.
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Figure 5. The EMI shielding effectiveness of pristine PMIA and silver-coated PMIA prepared
at different AgNOs concentrations (a); comparison of the EMI shielding performance of various
materials (b); the shielding mechanism of the AgNPs functionalized PMIA nonwoven fabric
(c); the SEa and SEr of PMIA/PDA/Ag-10 and PMIA/PDA/Ag-12 (d); The stress-strain curves
of pristine PMIA, PMIA/PDA and PMIA/PDA/Ag-10 nonwoven fabrics (e).

The outstanding EMI shielding performance of the AgNPs functionalized PMIA could be
attributed to the high electrical conductivity and the continuity of the fibrous structures of the
silver-coated PMIA nonwoven fabric. A shielding mechanism has been proposed to understand
the EMI shielding performance of silver-coated PMIA nonwoven fabric, as shown in Figure 5c.
When the EM waves reached the silver-coated PMIA nonwoven fabric, some of EM waves
could be reflected directly on the surface due to the abundant free electrons at the surface of
AgNPs [50]. Then, the remaining EM waves would enter the nonwoven fabric, where they

strike the high-electron density of AgNPs inside the silver-coated PMIA nonwoven fabric, the
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induced currents would produce ohmic losses [10, 11] and weaken the EM wave energy. As the
silver-coated PMIA nonwoven fabric had a porous structure present in interfiber spaces, the
EM waves could be reflected back and forth among the large amount of interfacial areas and be
effectively attenuated inside the porous nonwoven structure before they were emitted [10, 51].
Furthermore, after AgNPs deposition, the surface of PMIA fibers became rough with many
voids, which could also efficiently attenuate EM waves through multiple internal reflections
and then absorptions [36].

Generally, the total EMI SE (SEtotar) is the sum of the effectiveness of absorption loss (SEa),
reflection loss (SEr) and multiple reflection (SEwm). SEwm is generally negligible when the value
of SErotal IS above 15 dB [52]. The reflection loss is determined by an impedance mismatch
between air and the shielding material, while the absorption loss is determined by both the
conductivity and the thickness of shielding materials [11]. As shown in Figure 5d, SEA was
much higher than SEr over the frequency range of 8.2-12.4 GHz for both PMIA/PDA/Ag-10
and PMIA/PDA/Ag-12 nonwoven fabrics. The power coefficient of reflectance (R) and
absorbance (A) and transmittance (T) was used for analyzing the shielding mechanism [10].
The R and A for PMIA/PDA/Ag-10 was 94.3% and 5.7% respectively, indicating the reflection
dominant shielding mechanism.

Skin depth (o) is an important parameter in determining the shielding capability. ¢ is defined as
the depth where the amplitude of EM waves decreases to 1/e of its original value and can be
calculated by using the equation (3) [53].

1
6= p— when 6>> 2nfeo, 1 = pour (3)

where f is the frequency, o is the electrical conductivity, x represents the magnetic permeability
of the material and &o is the vacuum permittivity. As the silver-coated PMIA nonwoven fabric
is nonmagnetic, uo = 4 x 107 Hm™ and i = 1 [54].

For PMIA/PDA/Ag-10 nonwoven fabric, the calculated ¢ value at 8.2 GHz and 12.4 GHz was
17
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0.052 mm and 0.042 mm respectively, which is thinner than the thickness of the tested sample
(0.3 mm). The theoretical EMI shielding performance of the PMIA/PDA/Ag-10 nonwoven

fabric was calculated using the following equations [48]:
SE, = 8.7d\[nfuc = 8.7 (4)

= 7
SEr = 39.5+ 10log — (5)

Where d is the sample thickness.

The theoretical value of SEr, SEa and SErotal at 12.4 GHz was 30.03 dB, 61.7 dB and 91.73 dB,
respectively, which was in good agreement with the experimental value. Compared with the
theoretical analysis results, the experimental value of R was lower while the experimental value
of A was higher. It could be explained that the large surface and interface areas in the porous
silver-coated PMIA nonwoven fabric can effectively prevent electromagnetic waves from
passing through the fabrics via reflection and scattering, which causes electromagnetic waves
to be absorbed or dissipated as heat [25].

Besides high EMI shielding effectiveness, appropriate mechanical performance is also crucial
for practical engineering application of EMI shielding materials under extreme conditions.
Figure 5e shows the typical stress-strain curves which were plotted based on the tensile tests of
pristine PMIA, PMIA/PDA and PMIA/PDA/Ag-10 nonwoven fabrics. It can be noted that the
introduction of PDA coating and/or AgNPs improved mechanical properties of PMIA
nonwoven fabrics in terms of tensile strength and Young’s modulus. For example, the tensile
strength and Young’s modulus of AgNPs functionalized PMIA nonwoven fabric was 14.81 +
0.59 MPa and 61.34 + 4.82 MPa respectively, which was 55.6% and 78.8% higher than those
of pristine PMIA nonwoven fabric.

3.4 Washing and bending fastness of silver-coated PMIA non-woven fabric

The stability of EMI shieling effectiveness under washing and mechanical deformation is a

decisive factor enabling the practical application of shielding materials in flexible and wearable
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electronic devices. Herein, the coating durability of the PMIA/PDA/Ag-10 nonwoven fabric
subjected to washing and mechanical bending and torsion was evaluated. The washing fastness
of silver-plated PMIA non-woven fabrics was tested on a textile-color fastness meter (SW-20B,
Quanzhou MeiBang Instrument Co., Ltd). Specifically, a piece of PMIA/PDA/Ag-10
nonwoven fabric (4 x 1.5 cm?) was placed in a sample cup containing a standard water bath of
50 ml. Silver-plated PMIA non-woven fabric samples were washed for five cycles and for a
single washing cycle the washing condition was set at 40 °C for 30 min with the sample cup
rotating at 40 rpm. After washing three times with distilled water, silver-plated PMIA non-
woven fabric samples were dried in a vacuum oven at 60 °C overnight and used for further
testing. As shown in Figure 6a, the value of sheet resistance of the PMIA/PDA/Ag-10
nonwoven fabric increased from 0.29 + 0.026 Q/sq to 0.34 = 0.03 Q/sq after 5 washing cycles.
The corresponding SEM observation after washing shown in Figure 6b revealed that the AgNP
networks were well preserved with only some small amount peeling-off of the silver coating on
the fiber surface.

Figure 6¢ shows that PMIA/PDA/Ag-10 nonwoven fabric (4 x 1.5 cm?) presented small
changes in electrical resistance subject to bending or torsion, with a maximum 4R/Ro of 0.16
occurring to a torsion of 540°. Furthermore, the long-term stability of the PMIA/PDA/Ag-10
nonwoven fabric (4 x 1.5 cm?) was also evaluated by performing cyclic bending/releasing
testing under a chord length of 20 mm (Figure 6d). The gradual change in electrical resistance
might be attributed to the fracture of the weak and fragile conductive AgNP pathways upon
bending deformation [21]. A relatively small increase in the resistance from 0.65 Q to 0.73 Q
was observed after bending 1000 cycles. The reliable electrical conductivity during the bending
deformation was due to the well-preserved conductive AgNP networks, although small cracks
appeared on some individual fiber (Figure 6e).

As shown in Figure 6f, the EMI SE of PMIA/PDA/Ag-10 nonwoven fabric decreased slightly
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from 92.6 dB to 89 dB after 5 washing cycles and to 84.5 dB after 1000 bending cycles. These
results indicate the AgNPs functionalized PMIA nonwoven fabric had good long-term structural

and performance stability and could act as a promising flexible EMI shielding material

candidate.
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Figure 6. The relationship between sheet resistance with washing cycles (a); the SEM image
after 5 washing cycles (b); the relative electrical resistance change during bending and torsion
tests (c); the relative electrical resistance change during 1000 cycles of bending tests (d); the
SEM image after 1000 bending/releasing cycles (e) and the EMI SE after 5 washing cycles and
1000 bending cycles for PMIA/PDA/Ag-10 nonwoven fabric (f).

3.5 Temperature and chemical stability of silver-coated PMIA nonwoven fabric

To further demonstrate the performance of AgNPs functionalized PMIA nonwoven fabric, the
electrical conductivity and EMI shielding performance of silver-coated PMIA nonwoven fabric
were evaluated under conditions of high/low temperature, acid/alkali solutions and various
organic solvents. Figure 7a shows the change of electrical resistance of PMIA/PDA/Ag-10
nonwoven fabric in the temperature range of -80 — 200 °C. The sheet resistance was measured
after the sample was placed under the corresponding temperature for 2 h. The result showed

that when the temperature changed between -80 to 200 °C, the sheet resistance slightly varied
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between 0.28 Q/sq and 0.33 Q/sq, indicating that silver-coated PMIA nonwoven fabric can
maintain excellent electrical conductivity in a wide temperature range.

To demonstrate the chemical stability of silver-coated PMIA nonwoven fabric, samples with 55
mm in length and 15 mm in width was firstly immersed in hydrochloric acid with a pH value
of 2.0, sodium hydroxide with a pH value of 12.0 and various organic solvents (N-heptane,
acetone, ethanol, xylene and DMF) for 7 days. Then the sheet resistance and EMI SE
performance of the samples were measured after being dried. As can be seen from Figure 7b,
the PMIA/PDA/Ag-10 nonwoven fabric maintained excellent electrical conductivity after being
soaked in the acid/alkali solutions and the above-mentioned organic solvents. The sheet
resistance of the sample after acid/alkali and organic solvents treatment was below 0.39 Q/sq
except for the DMF treated sample, whose sheet resistance increased to 0.54 Q/sq. The more
remarkable increase in sheet resistance for DMF treated sample might be due to the destruction
of PMIA nonwoven fabric by DMF. The solutions in the bottle remained clear and transparent
after the silver-coated PMIA nonwoven fabric were immersed for 7 days, as shown in the
inserted image of Figure 7b. The above results verified the chemical stability of AgNPs
functionalized PMIA nonwoven fabric. Figure 7c shows that the EMI SE of silver-coated PMIA
nonwoven fabric after being exposed to high/low temperature, acid/alkali solutions and various
organic solvents was above 65 dB, which was far above the requirement for commercial EMI

shielding materials of 30 dB.
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Figure 7. The variation of sheet resistance for PMIA/PDA/Ag-10 nonwoven fabric after being
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treated for 2 h at different temperature (a) and after being immersed 7 days in acid/alkali
solution and various organic solvents (b); The EMI SE of pristine silver-coated PMIA and
silver-coated PMIA treated at different temperature for 2 h and immersed in acid/alkali solution
and various organic solvents for 7 days (c).

4. Conclusions

AgNPs functionalized PMIA non-woven fabric with high electrical conductivity and excellent
electromagnetic shielding efficiency was fabricated by combining polydopamine modification
and electroless silver plating. The presence of polydopamine greatly enhanced the efficient
deposition of AgNPs and the interfacial cohesion between the AgNPs and the PMIA fibers. The
silver-coated PMIA non-woven fabric thus prepared exhibited a high electrical conductivity of
0.29 Q/sq, an excellent EMI SE of 92.6 dB and a high absolute EMI SE of 8194.7 dB-cm?-g™*
(when the AgNOs concentration was 10 g/L). In addition, the silver-coated PMIA non-woven
fabric presented high resistance to washing, bending and torsion deformations, high/low
temperature, strong acidic/alkaline solutions and different organic solvents, as reflected by the
retention of high electrical conductivity and EMI SE. The findings of this work provide a novel
methodology into the preparation of high-performance flexible electromagnetic shielding
materials that have the capability to be used in various harsh conditions.
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