
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

5 
Fe

br
ua

ry
 2

02
6.

 D
ow

nl
oa

de
d 

on
 3

/3
1/

20
26

 9
:5

4:
03

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Durable and brea
aSchool of Arts, Hubei University of Arts a

E-mail: xjwang2023@outlook.com
bSchool of Textile Science and Engineering

China. E-mail: liuyuanjunsd@163.com
cInstitute of Smart Wearable Electronic Texti

China
dKey Laboratory of Advanced Textile Comp

Tiangong University, China
eState Key Laboratory of Bio-based Fiber M

liuhao_0760@163.com; jiangyaming@tiang

† These authors contributed equally to th

Cite this: RSC Adv., 2026, 16, 11077

Received 21st November 2025
Accepted 29th December 2025

DOI: 10.1039/d5ra09013j

rsc.li/rsc-advances

© 2026 The Author(s). Published by
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The proliferation of high-power electronics and 5G technology has created an increasing demand for high-

performance electromagnetic interference (EMI) shielding materials that are durable, breathable, and

comfortable for wearable applications. Although silver-coated textiles offer excellent shielding, their

limited durability and susceptibility to corrosion hinder their practical use. This study develops a flexible,

breathable, and corrosion-resistant electromagnetic interference (EMI) shielding spacer fabric using

a multi-step coating strategy. The fabric features a conductive network formed by PDA-assisted

electroless silver plating, followed by a thiol self-assembled layer (HDT) and finally encapsulated with

a thermoplastic polyurethane (TPU) coating. The optimized composite fabric demonstrates an EMI

shielding effectiveness (EMI SE) of up to 57.74 dB in the X-band, with excellent air permeability

(2436.1 mm s−1), superior corrosion resistance (only 7.8% resistance change after immersion in Na2S

solution), and mechanical durability (negligible resistance changes after 3000 compression cycles).

Combined with its superhydrophobicity (contact angle >140°), this fabric offers a promising solution for

wearable electronics and personal protective applications.
1. Introduction

The rapid proliferation of high-power electronic devices and
communication systems, particularly driven by the global
deployment of 5 G networks, has intensied electromagnetic
interference (EMI) and electromagnetic radiation (EMR) pollu-
tion.1,2 Such pollution not only compromises the reliable oper-
ation of sensitive electronic equipment3 but also raises
increasing concerns regarding its potential adverse effects on
human health.4 Consequently, there is a growing demand for
high-performance personal protective materials capable of
providing effective electromagnetic shielding.5,6

The detrimental effects of EMI have motivated extensive
research efforts toward efficient shielding solutions.7 Among
these, electromagnetic interference shielding textiles have
attracted considerable attention as a promising approach for
wearable electromagnetic protection.8 Recent review studies
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have systematically summarized progress in this eld. For
example, Akram et al. reviewed EMI shielding mechanisms, key
performance parameters, and the fabrication of conductive
textile materials based on metals, conductive polymers, and
carbon-based llers.9 In addition, Wang et al. emphasized the
importance of wearing comfort in EMI shielding textiles,
particularly for winter-use sandwich structures, highlighting
the need to balance shielding effectiveness with thermal and
mechanical comfort.10

Tomeet the practical requirements of wearable applications,
increasing research attention has been devoted to lightweight
and exible shielding materials. Fiber-based electromagnetic
shieldingmaterials (FESMs) are especially attractive due to their
low density, intrinsic exibility, ease of processing, and struc-
tural designability.11,12 Textile systems can be engineered across
multiple hierarchical levels, including bers, yarns, and fabrics,
and can be further functionalized through the incorporation of
conductive polymers,13 metallic coatings,14 or conductive yarn
blends,15 thereby imparting the electrical conductivity required
for effective EMI shielding.

Metals have traditionally been the dominant materials for
EMI shielding owing to their high electrical conductivity.
However, their application in wearable systems is oen limited
by high density, mechanical rigidity, and poor corrosion resis-
tance.16 Conductive polymer composites (CPCs) offer an alter-
native strategy with improved processability and design
exibility.17 Nevertheless, achieving high electrical conductivity
in CPCs generally requires high loadings of conductive llers,
RSC Adv., 2026, 16, 11077–11089 | 11077
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which can adversely affect mechanical properties such as exi-
bility and toughness.18,19

An effective approach to address these limitations involves
the direct integration of conductive components onto textile
substrates.20,21 The porous and multiscale architecture of
textiles provides an ideal framework for constructing inter-
connected conductive networks that attenuate electromagnetic
waves through combined reection and absorption mecha-
nisms.22 Among various surface modication techniques, elec-
troless silver plating has been widely employed to fabricate
shielding fabrics with high shielding effectiveness (SE), typically
in the range of 40–80 dB.23,24 However, the durability of metal-
coated textiles remains a major challenge. Mechanical defor-
mation, such as bending and friction, as well as exposure to
corrosive environments, can readily damage the conductive
layer, leading to a signicant deterioration in EMI shielding
performance.25,26

With the rapid development of wearable electronics and
advanced communication technologies, including 5 G and the
Internet of Things (IoT), research interest has expanded beyond
EMI shielding performance alone.27 Consequently, the devel-
opment of multifunctional EMI shielding materials has
emerged as an important research direction. Considerable
progress has been achieved in integrating additional function-
alities, such as thermal management,28 electrothermal
response,29 ame retardancy,30 and self-healing behavior.31

More recently, stimuli-responsive shielding materials with
tunable EMI shielding performance have been reported,
enabling adaptive responses to dynamic electromagnetic
environments.32

Several recent studies exemplify this multifunctional design
strategy. Meng et al. fabricated a hierarchical polypyrrole
nanostructure on cotton fabric followed by a PDMS coating,
resulting in a lightweight and breathable textile with integrated
EMI shielding, superhydrophobicity, and self-cleaning proper-
ties.33 Zhao et al. employed a layer-by-layer assembly of
electrospun bers to construct multifunctional smart textiles
that combine visualized thermotherapy, motion sensing,
superhydrophobicity, and EMI shielding within a breathable
structure.34 Beyond textile-based systems, advanced composite
architectures have also been explored. Moaref et al. reported an
environmentally friendly sandwich-structured composite con-
sisting of a PP/CaCO3 matrix with graded concentrations of
ground tire rubber (GTR) and multiwalled carbon nanotubes
(MWCNTs). This design improved impedance matching and
achieved an EMI SE of 55.2 dB, while simultaneously enhancing
mechanical performance and reducing MWCNT consumption
using recycled rubber.35

Recent efforts have further addressed key challenges
through innovative material and structural designs. Zhang et al.
developed a gradient structural foam-coated fabric that ach-
ieved absorption-dominated EMI shielding through impedance
matching, yielding an EMI SE of 63.2 dB with low reection and
additional photothermal functionality.36 Yang et al. reported
a multifunctional wearable conductive nanober membrane
exhibiting high EMI shielding efficiency, efficient Joule heating,
antibacterial activity, and breathability.37 Furthermore, Wang
11078 | RSC Adv., 2026, 16, 11077–11089
et al. demonstrated a breathable and waterproof conductive
cotton fabric that integrates pressure sensing, efficient EMI
shielding (>102 dB), and electrothermal performance.38

Improvements in environmental stability have also been re-
ported, as demonstrated by Yang et al., who developed exible
polyimide/carbon nanotube composite lms maintaining
stable EMI shielding and Joule heating performance under
harsh thermal, chemical, and mechanical conditions.39

Despite these advances, signicant challenges remain.
Achieving durable EMI shielding while maintaining mechanical
robustness, wearer comfort, and multifunctional integration
remains challenging for wearable applications.40 Moreover, the
integration of the intrinsic pressure-buffering capability,
thermal–moisture comfort, and corrosion resistance of three-
dimensional spacer fabrics with high-level and durable EMI
shielding performance remains relatively underexplored.

This study aims to address this gap by developing a syner-
gistic coating strategy to enhance the interfacial interaction and
environmental stability of a conductive spacer fabric. Spacer
fabric was selected as the substrate due to its excellent pressure-
buffering capability, thermal-wet comfort, and favorable inter-
facial adhesion. By combining a thiol-based self-assembled
interfacial layer with a thermoplastic polyurethane (TPU)
protective coating, a exible and corrosion-resistant conductive
spacer fabric with high EMI shielding performance, breath-
ability, and mechanical durability was successfully fabricated.
This study provides a practical and scalable strategy for wear-
able electromagnetic protection, suitable for advanced personal
protective applications.
2. Experimental section
2.1 Materials

Warp-knitted spacer fabric (SF) was purchased from Changshu
Zhengfangyi Weaving Co., Ltd (China), with a thickness of 5.5±
0.5 mm and an area density of 300 g m−2. Dopamine hydro-
chloride (DA, 98%), D-(+)-glucose (AR), and 1-hexadecanethiol
(HDT) were sourced from Shanghai Aladdin Biochemical
Technology Co., Ltd. Sodium hydroxide (NaOH), ethanol, and
tris(hydroxymethyl)aminomethane (Tris, 99%) were purchased
from Tianjin Comeo Chemical Reagent Co., Ltd. Silver nitrate
(AgNO3, 99.8%) and ammonia solution (NH3$H2O) were
supplied by Tianjin Fengchuan Chemical Co., Ltd. Sodium
sulde (Na2S) and N,N-dimethylformamide (DMF) were
purchased from Tianjin Fengchuan Chemical Reagent Tech-
nology Co., Ltd. Sodium chloride (NaCl) was obtained from
Tianjin Yuyuan Technology Co., Ltd. Thermoplastic Poly-
urethane (TPU, grade 60A) was provided from BASF, Germany.
All materials and reagents were used as received, without
further purication.
2.2 Fabrication process of TPU/HDT/Ag/PDA/SF composite
fabric

A multifunctional TPU/HDT/Ag/PDA/SF composite fabric was
fabricated through a multi-step electroless plating and dip-
coating/spin-coating process. The fabrication procedure
© 2026 The Author(s). Published by the Royal Society of Chemistry
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primarily consists of ve stages (as illustrated in Fig. 1): fabric
pre-treatment, polydopamine surface modication, silver
plating, thiol-based anti-corrosion treatment, and TPU protec-
tive coating.41

2.2.1 Fabrication of PDA/SF composite fabric. To enhance
the stability of the modier's bonding with the fabric, the SF
was immersed in an ethanol solution and treated at room
temperature for 15 min to remove residual impurities from the
surface. A dopamine solution with a pH of 8.5 was prepared by
dissolving 0.4325 g of tris(hydroxymethyl)aminomethane (Tris
base) and 2 g of dopamine hydrochloride in 500 mL of an
ethanol/water mixture (VEthanol : VH2O = 7 : 3). The cleaned SF
was then immersed in the dopamine solution (with a material-
to-liquid ratio of 1 : 50) and stirred at room temperature for
24 h.42 During this period, dopamine (DA) self-polymerized into
polydopamine (PDA) on the fabric surface. The treated fabric
was then removed, rinsed thoroughly with deionized water, and
dried at room temperature.43

2.2.2 Fabrication of Ag/PDA/SF composite fabric. A specic
amount of silver nitrate was used to prepare aqueous silver
nitrate solutions of varying concentrations (60, 80, 100, 120, and
140 g L−1). First, 35.3 mL of sodium hydroxide solution
(1 mol L−1) was added to the solution, causing it to become
turbid. Then, ammonia solution (200 mL L−1) was added
dropwise until the solution became clear again, yielding the
desired Tollens' reagent (silver–ammonia complex solution).44

The PDA/SF fabric was immersed in the prepared Tollens'
Fig. 1 Schematic diagram illustrating the fabrication process of the TPU

© 2026 The Author(s). Published by the Royal Society of Chemistry
reagent and treated in a water bath at 40 °C for 8 h. Aerwards,
a glucose solution, prepared by dissolving 3.177 g of glucose in
100 mL of distilled water, was added to the mixture and allowed
to react for 1 h. Finally, the fabric was removed, rinsed, dried,
yielding the silver-plated spacer fabric (Ag/PDA/SF).

2.2.3 Fabrication of HDT/Ag/PDA/SF composite fabric. A
0.05 mol L−1 solution of 1-hexadecanethiol (HDT) was prepared
using ethanol as the solvent. The dried silver-plated SF was
immersed in this solution for 1 h to form a self-assembled thiol
lm. The fabric was then dried at 80 °C, yielding the HDT/Ag/
PDA/SF composite fabric.

2.2.4 Fabrication of TPU/HDT/Ag/PDA/SF composite
fabric. TPU pellets were mixed with N,N-dimethylformamide
(DMF) solution in a sealed conical ask according to a pre-
determined mass fraction. The mixture was stirred at 60 °C for
4 h, resulting in a transparent and homogeneous TPU solution.
The SF was immersed in the TPU solution for 5 min, removed,
and then placed in a centrifuge for 3 min at 600 rpm. Subse-
quently, it was dried in a vacuum oven at 80 °C for 5 min. Aer
repeating this centrifugation/drying cycle twice, the SF was
vacuum-dried at 80 °C for 2 h, ultimately yielding the TPU/HDT/
Ag/PDA/SF composite fabric.

2.3 Coating characterization

The surface morphology of the conductive composite fabrics
was observed using a Regulus 8100 cold eld emission scanning
electron microscope (SEM, Hitachi). Elemental composition
/HDT/Ag/PDA/SF conductive composite spacer fabric.

RSC Adv., 2026, 16, 11077–11089 | 11079
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and distribution data on the sample surface were obtained
using an OXFORD energy dispersive X-ray spectrometer (EDS).
Fourier transform infrared (FTIR) spectra of the SF, PDA/SF, Ag/
PDA/SF, HDT/Ag/PDA/SF, and TPU/HDT/Ag/PDA/SF fabrics were
recorded using a Nicolet iS10 FTIR spectrometer (Thermo
Fisher Scientic), with a scanning frequency range of 4000–
400 cm−1. The crystal structure of the Ag particles was identied
using an X-ray diffractometer (XRD, BRUKER). The weight
percentage of silver particles in the Ag/PDA/SF composite was
determined using a TG209F thermogravimetric analyzer
(NETZSCH, Germany).

2.4 Electrical conductivity test

The electrical conductivity of the composite fabrics was
measured using a U3402A multimeter (Agilent Technologies).
The composite fabric was placed between two copper sheets,
with a 20 g weight placed on the top copper sheet. Wires were
soldered to the copper sheets to connect the electrodes to the
Agilent multimeter, and the resistance of the composite fabric
was recorded.

2.5 Electrochemical performance test

Electrochemical performance tests were conducted using
a CHI660E electrochemical workstation (Shanghai Chenhua
Instrument Co., Ltd). A three-electrode system was employed,
with the composite fabric as the working electrode, a platinum
electrode as the counter electrode, and a saturated calomel
electrode (SCE) as the reference electrode. The test temperature
was maintained at (25 ± 1) °C. Cyclic voltammetry (CV) curves
were measured within a potential range of −1.5 to 1 V at a scan
rate of 100 mV s−1. Potentiodynamic polarization curves were
measured within a potential range of−1.5 to 1 V at a scan rate of
10 mV s−1. Electrochemical impedance spectroscopy (EIS) was
performed over a frequency range of 1 to 105 Hz with an
amplitude of 5 mV. The medium for CV tests was a 0.1 mol L−1

NaOH solution, while the medium for both polarization curve
and EIS measurements was a 0.05 mol L−1 NaCl solution.

2.6 Electromagnetic shielding performance test

The electromagnetic shielding performance of the samples in
the X-band was tested using an Agilent E5071C vector network
analyzer (USA) via the waveguide method. The sample size was
24 × 22 × 6 mm. The test frequency range was 8.2–12.4 GHz.
The shielding effectiveness (SE) of the Ag/PDA/SF, HDT/Ag/PDA/
SF, and TPU/HDT/Ag/PDA/SF fabrics was measured.

2.7 Air permeability and hydrophobicity tests

The air permeability of the Ag/PDA/SF composite fabric and
pure cotton fabric was measured using a fully automatic air
permeability tester (YH461h, Ningbo Textile Instrument Co.,
Ltd, Ningbo, China). The contact angle of the fabrics was
measured using a JC2000DM contact angle tester (Shanghai
Zhongchen Digital Technology Equipment Co., Ltd). The re-
ported contact angle is the average of ve measurements taken
at different locations on the material surface.
11080 | RSC Adv., 2026, 16, 11077–11089
2.8 Soness and stability tests

Fabric soness was evaluated by testing the relationship
between displacement and load using a TP-550 fabric
mechanics tester (Tianjin Zhirou Technology Co., Ltd). The load
magnitude indirectly reects the fabric soness. Compression
displacements were set to 10, 20, 30, 40, and 50% of the fabric
thickness, with a compression speed of 0.1 mm s−1. The load
change from the balance was recorded and converted into
pressure for easier comparison, reecting the fabric soness.
For the same compression displacement, a higher pressure
indicates a stiffer fabric, and vice versa.

For fabric stability testing, cyclic compression tests were
performed using the TP-550 tension/compression tester. The
compression displacement was set to 3 mm, and the compres-
sion speed was 0.3 mm s−1, for 3000 cycles. The electrical signal
of the fabric was collected to determine the degree of resistance
change.

For washing stability testing, a washing experiment was
designed with reference to the relevant procedures of GB/T
8629–2017. A beaker was used to simulate the washing
machine environment, and a magnetic stirrer provided the
agitation force, set to 500 rpm. The Ag/PDA/SF, HDT/Ag/PDA/SF,
and TPU/HDT/Ag/PDA/SF fabrics were placed in separate
beakers for washing. They were removed every 30 min, dried in
a constant temperature blast drying oven at 60 °C, and then
weighed and tested for resistance. The resistance and weight
aer each washing cycle were recorded.
3. Results and discussion
3.1 Characterization of spacer fabric coatings

The surface morphology and structure of the ve composite
fabrics—SF, PDA/SF, Ag/PDA/SF, HDT/Ag/PDA/SF, and TPU/
HDT/Ag/PDA/SF—were characterized using scanning electron
microscopy (SEM) (Fig. 2).

As depicted in Fig. 2a, the surface of the pristine SF fabric is
smooth, with a small number of impurities on and between the
bers. In contrast, the surface of the silver-plated bers
becomes notably rougher, displaying a distinct granular Ag
layer deposited on the ber surface (Fig. 2b). To enhance
chemical reactivity of the ber surface, polydopamine (PDA) was
adsorbed onto the bers via the self-polymerization of dopa-
mine under alkaline conditions. The interaction between Ag+

ions and the catechol groups, primarily through chelation,
facilitated the migration of Ag precursors onto the PDA layer.
The amount of adsorbed Ag+ ultimately depended on the
concentration of AgNO3. Aer reduction by glucose, the Ag+ ions
were fully converted into Ag particles that coated the bers.
These interconnected micron-sized particles form a conductive
network within the fabric.

Oxidation and corrosion of metallic materials remain
signicant challenges. Encapsulating the Ag particles with 1-
hexadecanethiol (HDT) can effectively mitigate the corrosion
issues.2,37 Following immersion in the HDT solution for 1 h,
a self-assembled thiol lm formed on the fabric surface,
resulting in wrinkles and a less granular appearance (Fig. 2c).
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 SEM images of spacer fabrics with different surface modifications: (a) pristine spacer fabric (SF); (b) Ag/PDA/SF; (c) HDT/Ag/PDA/SF; and
(d) TPU/HDT/Ag/PDA/SF. SEM images of silver-plated spacer fabrics prepared with different AgNO3 concentrations: (e) pristine SF, (f) 60 g L−1, (g)
80 g L−1, and (h) 100 g L−1. SEM images of TPU/HDT/Ag/PDA/SF treated at an AgNO3 concentration of 80 g L−1 with a TPU immersion time of
5 min and different centrifugation times: (i) 1 min and (j) 3 min. (k) EDS elemental mapping of Ag on the fabric surface. (l) EDS elemental mapping
of S on the fabric surface after thiol coating. (m) FTIR spectra of the composite fabrics. (n) XRD patterns of TPU/HDT/Ag/PDA/SF. (o) TG curves of
the fabrics before and after silver plating.
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Although the introduction of PDA between the Ag particles
and the bers enhanced their interfacial adhesion, the silver
particles were still susceptible to detachment under external
force, leading to decreased conductivity and consequently
reduced electromagnetic shielding performance. To further
improve the interfacial adhesion between the Ag particles and
between the particles and the fabric, the conductive fabric was
immersed in a TPU solution. A centrifuge was used to aid the
diffusion of TPU into the fabric. Aer curing, TPU acted as an
adhesive layer, rmly binding the Ag particles to the bers, thus
signicantly enhancing the stability of the composite fabric,
allowing it to retain its performance under external stress. As
shown in Fig. 2d, TPU tightly adhered the silver particles to the
fabric surface, improving the interfacial adhesion of the bers.
The concentration of silver nitrate inuenced the thickness of
the silver layer on the fabric surface. In this study, samples were
prepared using silver nitrate concentrations of 80, 100, and
120 g L−1, with a xed dopamine concentration of 4 g L−1.
Fig. 2a–f show that as the silver nitrate concentration increased,
the silver layer on the fabric surface became denser, and the
© 2026 The Author(s). Published by the Royal Society of Chemistry
gaps between the silver particles narrowed. When the silver
nitrate concentration reached 100 g L−1, a dense and contin-
uous silver layer formed on the fabric surface (Fig. 2g),
contributing to the enhanced electrical conductivity and EMI
SE. A further increase in the silver nitrate concentration led to
the formation of numerous silver particle aggregates on the
fabric surface (Fig. 2h), which adversely affected the appearance
and stability of the conductive composite fabric.

Fig. 2 i–j show SEM images of TPU/HDT/Ag/PDA/SF. The TPU
coating strengthened the binding between the silver particles
and the bers, causing the Ag particles to adhere more closely to
the ber surface. The TPU content on the fabric surface was
inuenced by the centrifugation time. At a centrifugation time
of 1 minute, TPU formed large-area agglomerates on the fabric
surface (Fig. 2i), which impaired both air permeability and
electrical conductivity. With a centrifugation time of 2 minutes,
the TPU layer became thinner. At 3 minutes, the interfaces
between the Ag particles were dened (Fig. 2j), and a minimal
amount of TPU adhered to the ber surface, thereby improving
the interfacial adhesion of the composite fabric.
RSC Adv., 2026, 16, 11077–11089 | 11081
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Fig. 2k–l illustrate the elemental compositions and propor-
tions on the surfaces of the Ag/PDA/SF, HDT/Ag/PDA/SF fabrics.
The results reveal that, following silver plating, the composite
fabric surface is uniformly coated with silver, with a content
exceeding 85%, demonstrating that silver particles evenly
distributed and completely cover the fabric surface. Subsequent
thiol treatment results in the presence of sulfur (S) on the fabric
surface, conrming the successful self-assembly of thiol onto
the fabric. Moreover, the elemental distribution is homoge-
neously spread throughout the matrix, indicating a well-
integrated and uniform modication.

Fig. 2m presents the FTIR spectra of SF, PDA/SF, Ag/PDA/SF,
HDT/Ag/PDA/SF, and TPU/HDT/Ag/PDA/SF. The chemical
interactions between PDA and HDT were conrmed by FTIR
analysis. The SF spectrum exhibits characteristic absorption
peaks at approximately 1722 cm−1, 1251 cm−1, and 727 cm−1,
among others. The peak at 1722 cm−1 corresponds to C]O
stretching vibrations, the peak at 1251 cm−1 corresponds to the
C–O stretching, and the peak at 727 cm−1 is attributed to the in-
plane rocking vibration of –CH2 on para-disubstituted benzene
rings, consistent with the standard polyester spectrum. The
PDA/SF spectrum shows a peak at 3434 cm−1, corresponding to
O–H groups, conrming the polymerization of dopamine on the
fabric. The HDT/Ag/PDA/SF spectrum exhibits a peak at
2999 cm−1, corresponding to the S–H stretching vibration
region, which conrms the self-assembly of 1-hexadecanethiol
on the fabric surface.

Fig. 2n shows the XRD analysis of the TPU/HDT/Ag/PDA/SF
fabric. Comparing the test results with the standard JCPDS
patterns reveals distinct crystal plane diffraction peaks corre-
sponding to the (111) and (200) planes of Ag at 2q values of 38.3°
and 44.5°, respectively.

The peaks are sharp and narrow, with no signicant
secondary phases observed, indicating high purity and crystal-
linity of the silver grains. The modication with HDT and TPU
does not alter the crystal structure of the Ag particles.

Fig. 2o shows the thermogravimetric (TG) analysis of the
fabric before and aer silver plating. Aer thermal degradation
at 800 °C in a nitrogen atmosphere, the residual mass
percentages of SF and Ag/PDA/SF are approximately 6.8% and
45.1%, respectively, which allows for the determination of the
silver content in the Ag/PDA/SF composite fabric.
3.2. Electromagnetic shielding performance of silver-plated
SF

Fig. 3 presents the electromagnetic shielding effectiveness (EMI
SE) of SF prepared with varying silver nitrate concentrations, as
well as those with different coatings.

As illustrated in Fig. 3a, the reection loss (SER) of the Ag/
PDA/SF fabric initially increases and then decreases as the
silver nitrate concentration rises. The absorption loss (SEA) is
lowest at a concentration of 60 g L−1 and remains nearly
constant (with a deviation of less than 10%) between 80–140 g
L−1. The total shielding effectiveness (SET) reaches its
maximum value of 57.74 dB at 80 g L−1. Fig. 3b shows the EMI
SE across the 8.2–12.4 GHz frequency range, revealing that for
11082 | RSC Adv., 2026, 16, 11077–11089
concentrations between 80–140 g L−1, the EMI SE uctuates
within a certain range, with the 80 g L−1 sample peaking at 10.2
GHz. From Fig. 3a and b, it can be observed that as the silver
nitrate concentration increases, the EMI SE of the fabric rises
initially. However, once the concentration reaches 80 g L−1, the
EMI SE peaks and then stabilizes. As shown in Fig. 3c, the
shielding effectiveness components of Ag/PDA/SF spacer fabrics
prepared at different silver nitrate concentrations. For all
samples, the absorption loss (SEA) is signicantly higher than
the reection loss (SER), indicating an absorption-dominated
EMI shielding mechanism. At a silver nitrate concentration of
60 g L−1, the total shielding effectiveness (SET) is 37.92 dB, with
SEA and SER values of 26.41 and 11.51 dB, respectively, corre-
sponding to an SEA contribution of 69.6%. Upon increasing the
silver nitrate concentration to 80, 100, and 120 g L−1, the SET
increases to 57.74, 54.07, and 54.83 dB, respectively, while SEA
dominates the shielding performance with values of 45.35,
44.49, and 48.39 dB. In all cases, the contribution of SEA
exceeds 75%, reaching a maximum of 88.3% at 120 g L−1,
conrming the dominant role of absorption in electromagnetic
wave attenuation. This behavior is attributed to the formation
of hierarchical heterogeneous interfaces and interconnected
conductive networks within the Ag/PDA/SF structure. The PDA
interlayer enhances interfacial adhesion and introduces addi-
tional dielectric loss, which synergistically couples with the
conductive loss of the silver network. Increasing silver deposi-
tion results in a more continuous conductive pathway,
promoting multiple internal reections, scattering, and polari-
zation relaxation, thereby enhancing energy dissipation.
Meanwhile, the moderate electrical conductivity and structural
gradient improve impedance matching with free space, sup-
pressing excessive surface reection and maintaining low SER
values. These results demonstrate that regulating the silver
nitrate concentration effectively optimizes the conductive
architecture and interfacial characteristics of Ag/PDA/SF
fabrics, enabling efficient absorption-dominated EMI shield-
ing suitable for lightweight and exible textile-based
applications.

The total EMI shielding effectiveness (SET) of a material can
be expressed by the following equation:

SET(dB) = SER + SEA + SEM (1)

where SER, SEA, SEM represent the reection loss, absorption
loss, and multiple reection loss, respectively, during the
shielding process. Furthermore, in transmission line theory,
SEM is closely related to SEA. When SEA > 15 dB, the multiple
reection loss (SEM) can generally be neglected.

The electromagnetic shielding mechanism is typically
analyzed using the absorption (A), reection (R), and trans-
mission (T) coefficients, which correspond to the proportions of
incident wave power absorbed, reected, and transmitted by the
shielding material, respectively. These parameters can be
calculated from the scattering parameters (S11 and S21)
measured by a vector network analyzer. The relationships are
given by:
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Electromagnetic shielding performance and shielding mechanism of Ag/PDA/SF silver-plated spacer fabrics. (a) Three-dimensional
contour maps of electromagnetic shielding effectiveness (SE) for Ag/PDA/SF samples prepared with different silver nitrate concentrations in the
8–12 GHz frequency range. (b) Frequency-dependent SE curves of the corresponding samples. (c) Average total shielding effectiveness (SET),
absorption loss (SEA), and reflection loss (SER) for each sample in the 8–12 GHz band. (d–f) Comparison of shielding performance of three
functionalized samples (Ag/PDA/SF, HDT/Ag/PDA/SF, and TPU/HDT/Ag/PDA/SF) at a silver nitrate concentration of 80 g L−1 in the 8–12 GHz
band: (d) three-dimensional SE contourmaps; (e) SE as a function of frequency; (f) average values of SET, SEA, and SER. (g) Schematic illustration of
the chemical modification process of the silver-plated spacer fabric. (h) Conceptual model of electromagnetic power dissipation during
shielding, including reflection loss (Pref), absorption loss (Pin), and transmission (Pout). (i) Attenuation mechanisms of incident microwaves in
shielding materials, including reflection, absorption, and multiple internal reflections.
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R = jS11j2 (2)

T = jS21j2 (3)

A + R + T = 1 (4)

Furthermore, the values of SET, SER and SEA can be further
calculated from these electromagnetic parameters as follows:

SET(dB) = −10 logT (5)

SER(dB) = −10 log(1 − R) (6)

SEA(dB) = SET − SER (7)

Here, SET, SER, SEA represent the total, reection, and absorp-
tion EMI shielding effectiveness, respectively.

As shown in Fig. 3d–f, all three spacer fabrics exhibit
continuous and stable EMI shielding responses throughout the
X-band (8–12 GHz), indicating that the silver-based conductive
networks formed within the three-dimensional spacer
© 2026 The Author(s). Published by the Royal Society of Chemistry
structures are effective over the entire frequency range. The
three-dimensional distribution maps in Fig. 3d clearly reveal
distinct shielding levels among the samples: Ag/PDA/SF
displays the lowest EMI shielding intensity, whereas
a pronounced enhancement is observed aer HDT modica-
tion. Upon further TPU encapsulation, the maximum shielding
level slightly decreases, but the overall distribution becomes
more uniform, suggesting improved broadband stability. The
corresponding frequency-dependent SET curves in Fig. 3e
quantitatively conrm this trend, with Ag/PDA/SF exhibiting
SET values of approximately 52–58 dB, HDT/Ag/PDA/SF
achieving signicantly higher values of about 63–72 dB, and
TPU/HDT/Ag/PDA/SF maintaining a high SET of approximately
55–67 dB, which remains consistently superior to that of the
unmodied fabric.

Further insight into the shielding mechanisms is provided
by the quantitative decomposition shown in Fig. 3f. For all
samples, absorption loss (SEA) contributes dominantly to the
total shielding effectiveness, far exceeding the reection loss
(SER), which is characteristic of porous three-dimensional
RSC Adv., 2026, 16, 11077–11089 | 11083
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architectures that promote multiple internal reections and
electromagnetic energy dissipation. Compared with Ag/PDA/SF
(SET = 54.07 dB, SEA = 44.49 dB, SER = 9.58 dB), HDT modi-
cation markedly increases SET to 66.57 dB, accompanied by
simultaneous enhancements in both SEA and SER. This
improvement can be attributed to the thiol-based HDT layer,
which strengthens interfacial bonding between silver particles
and the ber substrate, enhances electrical continuity, and
improves impedance matching, thereby reinforcing conductive
loss and interfacial reection. Aer TPU coating, the SET
slightly decreases to 58.86 dB; however, SEA remains high at
47.63 dB, while SER is maintained at a relatively low level (11.23
dB). Although the electrically insulating TPU layer partially
suppresses surface reection, it introduces additional hetero-
geneous interfaces and prolongs electromagnetic wave propa-
gation pathways within the spacer fabric, thereby intensifying
polarization loss and multiple scattering. Overall, the syner-
gistic regulation achieved by HDT and TPU balances high
absorption-dominated shielding, low reection leakage, and
broadband stability, accounting for the performance differ-
ences observed in Fig. 3d–e and highlighting the TPU/HDT/Ag/
PDA/SF fabric as a promising candidate for advanced wearable
and protective EMI shielding applications.

As illustrated in Fig. 3g–i, the schematic diagram provides
a systematic interpretation of the EMI shielding mechanism of
the Ag-based spacer fabrics from the perspectives of structural
evolution and energy transmission. Fig. 3g indicate that, aer
PDA pretreatment, silver particles are uniformly deposited on
the ber surface to form a continuous coating (Ag/PDA/SF),
which serves as stable conductive pathways for electromag-
netic shielding. Fig. 3h show that, when an incident electro-
magnetic wave with power Pin impinges on the three-
dimensional spacer fabric, a portion of the energy is initially
reected (Pref) due to impedance mismatch between the
conductive surface layer and air. The remaining electromag-
netic waves penetrate the interior of the fabric, where the
conductive framework formed by the silver coating induces free
charge carrier motion and converts electromagnetic energy into
Joule heat, thereby signicantly reducing the transmitted power
(Pout).

Meanwhile, the unique three-dimensional porous architec-
ture of the spacer fabric promotes multiple scattering and
internal reections of electromagnetic waves at the interfaces
between the brous skeleton and the pores, effectively pro-
longing the propagation pathways and enhancing energy
dissipation. The enlarged schematic Fig. 3i further demon-
strates the synergistic contributions of reection, absorption,
and multiple internal reection within the structure, with
absorption playing the dominant role. This qualitative mecha-
nism is fully consistent with the quantitative results in Fig. 3f,
where SEA is signicantly higher than SER. Overall, Fig. 3g–i
visually elucidates a cooperative EMI shielding mechanism
involving surface reection, bulk absorption, and multiple
internal reections, directly correlating the structural charac-
teristics of the spacer fabric with its macroscopic shielding
performance.
11084 | RSC Adv., 2026, 16, 11077–11089
3.3 Electrochemical performance of silver-plated spacer
fabric

Fig. 4 illustrates the changes in surface morphology and resis-
tance over time for Ag/PDA/SF, HDT/Ag/PDA/SF, and TPU/HDT/
Ag/PDA/SF composite fabrics immersed in a 0.1% Na2S
solution.

As shown in Fig. 4a, aer corrosion in the Na2S solution,
both the Ag/PDA/SF and TPU/Ag/PDA/SF fabrics exhibit signi-
cant discoloration, which intensies with prolonged immer-
sion. This discoloration is attributed to the reaction between
Na2S and silver, resulting in the formation of blackish-brown
Ag2S on the surface of the silver coating. In contrast, the
HDT/Ag/PDA/SF and TPU/HDT/Ag/PDA/SF fabrics display no
notable discoloration, suggesting superior corrosion resistance
provided by the HDT self-assembled lm. The HDT forms
a dense self-assembled layer on the silver coating surface,
effectively isolating the silver particles from direct contact with
the Na2S solution. In comparison, TPU coating alone does not
sufficiently isolate the silver layer from Na2S, failing to provide
effective corrosion protection.

As shown in Fig. 4b, with prolonged exposure to the Na2S
solution, the resistance of the Ag/PDA/SF and TPU/Ag/PDA/SF
fabrics increases gradually, followed by a sharp rise aer 30
minutes, with resistance changes of 1104% and 433%, respec-
tively. In contrast, the resistance changes for the HDT/Ag/PDA/
SF and TPU/HDT/Ag/PDA/SF fabrics are much lower, at 7.8%
and 36.7%, respectively. Moreover, the resistance of these
fabrics remains nearly constant as the corrosion time increases,
indicating that the 1-hexadecanethiol self-assembled lm
effectively protects the silver layer from corrosion, demon-
strating excellent anti-corrosion performance.

Fig. 4c–e compare the electrochemical performance of HDT/
Ag/PDA/SF and Ag/PDA/SF fabrics. Fig. 4c shows that the cyclic
voltammetry (CV) curve of Ag/PDA/SF exhibits distinct oxidation
and reduction peaks. In contrast, the CV curve of HDT/Ag/PDA/
SF is nearly a straight line, with no observable oxidation or
reduction peaks, indicating a signicant reduction in both peak
currents. This suggests that the 1-hexadecanethiol self-
assembled lm effectively inhibits the oxidation process. The
polarization curves in Fig. 4d further demonstrate that the 1-
hexadecanethiol self-assembled lm signicantly inhibits the
corrosion of the silver coating, as both the cathodic and anodic
current densities are markedly reduced. These results indicate
that the self-assembled lm suppresses both anodic and
cathodic reaction processes. The polarization curves were tted,
and the inhibition efficiency (h) was calculated according to eqn
(8) to evaluate the corrosion inhibition effect of the self-
assembled lm. The calculation reveals that aer protection
with 1-hexadecanethiol, the corrosion current density decreased
from 23.64 mA$cm−2 to 3.17 mA$cm−2, yielding an inhibition
efficiency of 86.60%.

h ¼ J0;corr � Jcorr

J0;corr
� 100% (8)

where: J0,corr and Jcorr represent the self-corrosion current
densities measured in the Na2S solution for the silver coating
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (a) Appearance and (b) resistance-time curves of the four samples immersed in Na2S solution over time. (c) CV curves, (d) Tafel plots, (e)
Nyquist plots.
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without and with the self-assembled lm, respectively (Table
1).

As shown in the impedance spectra in Fig. 4e, the Ag/PDA/SF
fabric exhibits a semicircular arc in the high-frequency region of
the corrosion medium, while the impedance spectrum of the
HDT/Ag/PDA/SF fabric with the 1-hexadecanethiol protective
coating shows a larger semicircle in the high-frequency range.
This behavior is attributed to the self-assembled lm, which
effectively suppresses the electrochemical corrosion reaction at
the interface between the silver electrode and the solution. The
larger radius of the semicircle indicates a higher resistance to
charge transfer, suggesting enhanced corrosion protection
provided by the self-assembled lm.

The corrosion inhibition effect of HDT can be further
understood from the perspective of charge carrier transfer at the
metal–electrolyte interface. The thiol group (–SH) in HDT
exhibits a strong chemical affinity toward silver, forming stable
Ag–S bonds and generating a densely packed self-assembled
monolayer on the Ag surface. This organic layer acts as an
effective physical and electronic barrier, which blocks direct
contact between the silver surface and corrosive ions in the
electrolyte.

More importantly, the HDT self-assembled layer signicantly
suppresses interfacial charge transfer by increasing the electron
tunneling resistance between the silver surface and the
surrounding electrolyte. As a result, both anodic dissolution of
Ag and cathodic reduction reactions is effectively inhibited,
leading to reduced corrosion current density and enhanced
charge transfer resistance, as evidenced by the CV, Tafel, and
EIS results. Therefore, the “carrier-transfer inhibition” refers to
the restricted migration of charge carriers across the Ag/
Table 1 Corrosion resistance test parameters

Samples Ecorr/mV Jcorr/(mA cm−2) h/%

Ag −0.987 23.64 —
Ag-HDT −0.031 3.168 86.60

© 2026 The Author(s). Published by the Royal Society of Chemistry
electrolyte interface induced by the compact HDT molecular
layer, rather than bulk conductivity degradation within the Ag
network.
3.4 Wearable performance of silver-plated SF

Air permeability, a key factor in evaluating wearing comfort, is
dened as the ability of gas molecules to pass through a fabric.
While pure cotton fabric exhibits an air permeability of
585.3 mm s−1, recent advancements in breathable composite
materials have led to the development of various conductive
textiles, such as reduced graphene oxide (RGO)/MXene-
integrated cotton (RMC),45 Ti3C2T3-coated cotton (M-CF),46

PEDOT:PSS-modied 3D spacer fabric for e-skin sensing
(PPSF),40 and screen-printed CNT textiles (CNTs-CF).47 Although
these materials demonstrate reasonable breathability, the
silver-plated spacer fabric developed in this study exhibits an
exceptional air permeability of 2436.1 mm s−1, which is
approximately 4.2 to 27.6 times higher than that of the refer-
enced materials (Fig. 5a). This remarkable performance high-
lights the potential of our fabric as a highly breathable EMI
shielding material, signicantly enhancing wearer comfort.

The surface wettability of the fabrics was assessed through
contact angle measurements (Fig. 5b). The pristine SF exhibited
a contact angle of 58.38°, indicating its hydrophilic nature. In
contrast, aer modication with 1-hexadecanethiol (HDT), the
contact angle increased substantially to 142.49°, imparting
superhydrophobicity. This transition is attributed to the
synergistic effect of the micro-scale roughness induced by silver
particles and the low surface energy provided by the HDT layer.
The resulting HDT/Ag/PDA/SF fabric, with a contact angle
exceeding 140°, exhibits excellent waterproong, ensuring
operational reliability even under harsh conditions such as rain
or salt spray.

Visual inspection aer 10 manual pressing cycles (Fig. 5c)
revealed that the TPU/HDT/Ag/PDA/SF fabric exhibited no
visible shedding of silver particles, whereas the other fabric
variants showed varying degrees of particle detachment. These
ndings highlight the protective role of the TPU coating and
RSC Adv., 2026, 16, 11077–11089 | 11085

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra09013j


Fig. 5 (a) Air permeability and (b) water contact angle of SF, Ag/PDA/SF, HDT/Ag/PDA/SF, and TPU/HDT/Ag/PDA/SF fabrics; (c) powder shedding
after 10 presses for different fabrics. (d) Schematic diagram of the sample test principle, (e) load values at 50% strain for different fabrics, (f) load
values for TPU/HDT/Ag/PDA/SF fabric at different compression levels. (g) Cyclic compression stability of the spacer fabrics. (h) Electrical
resistance variation and (i) weight change of the fabrics after repeated washing cycles.
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demonstrate the superior stability of the TPU/HDT/Ag/PDA/SF
fabric under cyclic mechanical stress, in comparison to the
other three fabrics.

Soness was evaluated by measuring the pressure–
displacement relationship during compression tests (schematic
in Fig. 5d). As shown in Fig. 5e, the load values at 50% strain
reveal that both thiol immersion and TPU coating improved
fabric soness, with recorded pressures of 4.35 kPa and 4.36
kPa, respectively. This improvement can be attributed to the
partial removal of loosely bound silver particles during the thiol
reaction, followed by the centrifugal spinning process of TPU,
which together contributed to a reduction in the overall stiff-
ness of the composite fabric. Additionally, the load values for
the TPU/HDT/Ag/PDA/SF fabric at different compression levels
(Fig. 5f) demonstrate a progressive increase in pressure with
strain, indicating a corresponding rise in fabric hardness.

The electrical stability of the TPU/HDT/Ag/PDA/SF fabric
under cyclic compression is illustrated in Fig. 5g. Aer 1000,
2000, and 3000 compression cycles, the resistance increased by
only 1.377 U, 2.802 U, and 5.009 U, respectively, demonstrating
exceptional mechanical durability. Washing stability was
assessed following the procedures outlined in GB/T 8629-2017.
As shown in Fig. 5h, the Ag/PDA/SF fabric exhibited a signicant
11086 | RSC Adv., 2026, 16, 11077–11089
increase in resistance aer the second wash, while the HDT/Ag/
PDA/SF fabric experienced notable degradation aer the fourth
wash (120 min). By the sixth wash, the Ag/PDA/SF fabric failed
electrically. In contrast, the TPU/HDT/Ag/PDA/SF fabric main-
tained stable conductivity, with a minimal resistance change of
4.3 U aer six washing cycles. The corresponding mass loss
trends (Fig. 5i) conrmed that the TPU encapsulation effectively
mitigated the detachment of the conductive material,
preserving the integrity of the conductive network during
repeated laundering.

4. Conclusion

In this study, we have successfully developed a exible,
breathable, and multifunctional TPU/HDT/Ag/PDA/SF
composite fabric for high-performance EMI shielding using
a simple yet effective synergistic coating strategy. The approach
combines a robust electroless silver coating, a corrosion-
inhibiting thiol self-assembled layer, and a protective polymer
encapsulation. The optimized composite fabric demonstrates
exceptional EMI shielding effectiveness, achieving up to 57.74
dB in the X-band, primarily attributed to a reection mecha-
nism. A notable achievement of this work is the remarkable
breathability of the shielding fabric (2436.1 mm s−1), which
© 2026 The Author(s). Published by the Royal Society of Chemistry
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signicantly outperforms many conventional materials, high-
lighting its potential for comfortable wearable applications.

The incorporation of a 1-hexadecanethiol self-assembled
lm played a critical role in providing outstanding corrosion
resistance, as evidenced by a minimal resistance change of only
7.8% aer immersion in a Na2S solution and a corrosion inhi-
bition efficiency of 86.60%. Furthermore, the TPU outer layer
served as a mechanical barrier, signicantly enhancing the
durability and reliability of the conductive network. The
composite fabric exhibits excellent operational stability, with
negligible changes in electrical resistance aer 3000 compres-
sion cycles and multiple washing tests, demonstrating superior
resistance to mechanical stress and laundering.

This work presents a scalable and viable strategy for
designing durable, comfortable, and high-performance EMI
shielding textiles. The successful integration of robust shield-
ing, superior breathability, superhydrophobicity, and enhanced
durability positions the presented spacer fabric as a promising
candidate for advanced applications in next-generation wear-
able electronics, personal protective equipment, and smart
textiles. Future work will focus on further investigating the
environmental impact of the fabrication process and exploring
the integration of additional smart functionalities, such as
physiological sensing, into this versatile platform.
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