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ABSTRACT: Composites consisting of silicone rubber and

conductive fillers are extensively utilized in electronic devices due -
to their high performance in the field of electromagnetic interference
(EMI) shielding. Traditional electromagnetic shielding polymer
composites often use metal fillers such as silver, which suffer from eeceauaes 4
drawbacks such as high costs and increased density. This study meuentuaves
details the synthesis of silver-coated glass microspheres (Ag@GMs)  Refiectedwaves ¢m
via an ethylene glycol activation method, followed by their
application in the formulation of lightweight, flexible, and effective
EMI shielding silicone rubber composites. The deposition of a silver
coating on the surface of the glass microspheres promotes the
constitution of three-dimensional conductive networks, achieving a maximum density of 1.83 g/cm® and an electrical conductivity of
204.63 S/cm. At the core—shell interface of the silver-coated glass microspheres, interface polarization loss and the internal reflection
of electromagnetic waves are significantly enhanced, resulting in the electromagnetic shielding efficiency of up to 120 dB. Moreover,
the composite exhibits excellent bending resistance and aging stability, indicating its promising potential for EMI protection in
wearable, smart, and precision electronic applications.
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Bl INTRODUCTION

Over the past decades, significant advancements in information
technology have coincided with the growing popularity of

It is a well-established fact that materials possess high
electrical conductivity to achieve optimal EMI SE.****
However, this often necessitates the incorporation of

various consumer electronics, electronic components, sophis-
ticated equipment, and related products.'~* The utilization of
electromagnetic waves as information carriers has greatly
enhanced the transmission of data. However, the uncontrolled
proliferation of electromagnetic waves can disrupt the normal
functioning of devices and pose risks to human and animal
health.>~” Consequently, electromagnetic interference (EMI)
has garnered considerable attention. Effective management of
EMI can be achieved through the reduction of electromagnetic
radiation via shielding."~"*

As a result, numerous polymer-based EMI shielding
composites have been developed, finding diverse applications
in aerospace, automotive, and rapidly evolving electronic
sectors.”>'° Nonetheless, these composites often exhibit
limitations such as low electromagnetic shielding effectiveness
(EMI SE), high density, elevated modulus, and high costs.
Additionally, the increasing prevalence of emerging intelligent
electronic and wearable devices has amplified the demand for
flexible, lightweight, and efficient electromagnetic shielding
materials.'”’~"” Silicone rubber demonstrates excellent flexi-
bility, radiation resistance, weather resistance, and biocompat-
ibility, making it an essential matrix for the production of
flexible functional composites.”’™**
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substantial amounts of conductive fillers into the polymer
matrix, which can increase manufacturing costs, complicate
processing, and elevate material density. The structural design
of conductive fillers presents an opportunity to significantly
reduce the quantity required while simultaneously enhancing
conductivity. Metal-coated core—shell fillers not only demon-
strate excellent conductivity but also mitigate the drawbacks
associated with the high cost and density of metal
materials.”> ™" Because silver has excellent electrical con-
ductivity, it is a commonly used material in the manufacture of
EMI shielding composites. Consequently, silver can be
deposited on the surface of glass microspheres (GMs) through
an electroless plating process, which facilitates the effective
distribution of the deposited silver particles and thus enhances

the shielding network composed of conductive fillers.”*~*°
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The introduction of metal particles via electroless plating has
garnered significant attention due to its low cost, energy
efficiency, simplicity, and effectiveness. But traditional electro-
less plating processes require complex surface treatments,
including sensitization and activation, along with additional
procedures. Furthermore, noble metal catalysts have high costs,
which limits the broader application of this technique.”’ The
use of ethylene glycol for the reduction of silver nitrate-
activated materials facilitates high-efficiency activation without
the need for coarsening or sensitization, thereby reducing
production costs.*”

In this study, silver-coated glass microspheres (Ag@GMs)
were synthesized using ethylene glycol activation. The results
indicate that the silver layer is deposited uniformly and densely
on the surface of the GMs. Silicone rubber/silver-coated glass
microsphere composites (PDMS/Ag@GMs) were prepared
using the n-hexane solvent method. The unique core—shell
structure of the filler enhances the composites’ electromagnetic
shielding capabilities and electrical conductivity. Additionally,
the silicone rubber matrix exhibits favorable flexibility and
aging resistance, allowing the composites to maintain excep-
tional EMI shielding effectiveness even after 400 bends and
3600 h of aging.

B EXPERIMENTAL SECTION

Materials. Glass microspheres (>98%) were purchased
from Shanxi Hainuo Technology Co., Ltd., acetone (AR) was
purchased from Tianjin City Concord Technology Co., Ltd.,
silver nitrate (>99.8%) was purchased from Sinopharm
Chemical Reagent Co., Ltd., ethylene glycol (AR) purchased
from Tianjin City Concord Science and Technology Co., Ltd,,
ammonia (25 wt %) purchased from Xilong Science Co., Ltd.,
glucose (AR) purchased from Sinopharm Chemical Reagent
Co., Ltd., tartaric acid (>99.0%) was purchased from Tokyo
Chemical Industry Co., Ltd., hydroxyl-terminated polyethylene
glycol (>98%) was purchased from SIGMA-Aldrich, sodium
hydroxide (AR) was purchased from Beijing Chemical Plant,
and ethanol (AR) was purchased from Tianjin City Concord
Technology Co., Ltd., hydroxyl terminated polydimethylsilox-
ane (5000 mPa-S) was self-made in the laboratory, Tetraethyl
silicate (98%) was purchased from Shanghai Maclin Bio-
chemical Technology Co., Ltd., dibutyl tin dilaurate (>96%)
was purchased from Beijing Yili Fine Chemicals Co., Ltd., and
hexane (GR) was purchased from Tianjin City Concord
Technology Co., Ltd.

Preparation of Ag@GMs. A range of glass microsphere
(GMs) masses was immersed in a solution of 27.7 g/L silver
nitrate in ethylene glycol, subjected to mechanical stirring
under ultrasonic agitation for several hours (Table 1). The
resulting suspension was then centrifuged to separate the
precipitate, which was subsequently washed three times with
deionized water and twice with ethanol. Eventually, the
samples were vacuum-dried at 60 °C for 4 h, yielding the
desired products, designated as A-GMs.

Table 1. Reaction Conditions for Different Activated GMs”

amount of GMs (g/L)

(1) 50/75/100/125 18
(2) 75 6/12/18/24

activation time (h)

“The concentration of silver nitrate in ethylene glycol solution of each
group was 27.7 g/L.

The solution was prepared by means of the dissolution of
3.0 g of silver nitrate in 17.22 mL of deionized water, followed
by the dropwise addition of ammonia. Initially, a brownish
precipitate formed in the solution, and stirring was continued
until the precipitate dissolved completely. The dropwise
addition of ammonia was then halted to obtain a silver—
ammonia complex solution. Subsequently, a reducing solution
was prepared by heating a mixture of 6.32 g of glucose and
0.64 g of tartaric acid in 287.5 mL of deionized water and
28.75 mL of ethanol to boiling for 15 min. This solution was
then cooled and utilized as the reducing agent.

A-GMs of varying mass were dispersed in a reducing
solution, 0.06 g of polyethylene glycol was added, mechanical
stirring was performed under ultrasonic action for 0.5 h,
NaOH was added to adjust pH, and a silver ammonia solution
prepared beforehand was added dropwise to the solution.
Subsequently, the mixture was then subjected to a reaction in
an oil bath at various temperatures for a period of several
hours, as detailed in Table 2. The mixture was subjected to

Table 2. Preparation Conditions of Different Ag@GMs

amount of reaction reaction
A-GMs (g/L) time (h)  temperature (°C) pH
(1) 5/15/25/3S 6 25 11
(2) 15 2/4/6/8 25 11
3) 15 6 15/25/35/45 11
(4) 15 6 25 10/11/12/13

centrifugation to separate the precipitate, which was then
washed on three occasions with deionized water and twice with
ethanol. Ultimately, vacuum drying at 60 °C for 4 h yielded the
desired samples, designated Ag@GMs.

Preparation of PDMS/Ag@GMs. A quantity of 5.0 g of
silver-coated glass microspheres was weighed and immersed in
100 mL of n-hexane. The solution was mechanically stirred to
ensure even dispersion, resulting in component 1. Con-
currently, 10 g of hydroxy-terminated polydimethylsiloxane
(PDMS) was weighed and dissolved in SO mL of n-hexane,
serving as component 2.

Components 1 and 2 were combined and subjected to
magnetic stirring for 0.5 h following a 0.5 h sonication process.
The mixture was then concentrated to approximately 50 mL
using rotary evaporation, and the hexane solvent was
subsequently evaporated by heating to 50 °C for 12 h under
a nitrogen atmosphere.

Following this, the mixture underwent vacuum drying at 40
°C for 24 h to remove residual hexane solvent. Subsequently,
3—5% tetraethyl silicate and 0.5—1% dibutyl tin dilaurate were
added and mixed uniformly. The resulting mixture was
transferred to a specialized mold and subjected to bubble
discharge treatment. The mixture was subsequently permitted
to stand at ambient temperature for 24 h, thereby completing
the curing process (Figure S1).

Characterization. X-ray diffractometers (XRD, Empyrean,
Panaco) were employed to corroborate the deposition of silver
particles on the surface of glass microspheres, as well as the
activation and electroless plating of the glass microspheres.
The micromorphology of the glass microspheres was observed
using a field emission scanning electron microscope (SEM,
SU8020, Hitachi, Japan). A semiconductor characterization
tester (Scs-4200, Keithley Instruments, Inc.) is employed for
the measurement of electrical conductivity in composite

https://doi.org/10.1021/acsomega.5c00148
ACS Omega 2025, 10, 11516—11524


https://pubs.acs.org/doi/suppl/10.1021/acsomega.5c00148/suppl_file/ao5c00148_si_001.pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.5c00148?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

materials. The test samples are formed into dumbbell-shaped
structures (Figure S2). Thermal conductivity tests are
conducted using thermal conductivity testers (TCI, C-
Therm) (Figure S3). The electromagnetic interference
(EMI) shielding performance scattering parameters (S;; and
S,1) of the samples (Figure S4) were evaluated using a vector
network analyzer (VNA) (ES071C, Keysight Technology Co)
and a straight waveguide (HD-100WAL100, Xian Hengda
Microwave Technology Development Co., Ltd.) (Figure SS).
The reflected power coefficient (R), transmission power
coefficient (T), absorbed power coefficient (A), reflected
electromagnetic shielding effectiveness (SER), absorbed
electromagnetic shielding effectiveness (SEA) and total
electromagnetic shielding effectiveness (SET) were calculated
using a VNA (Keysight Technology Co., Ltd.) in the X-band
frequency range (8.2—12.4 GHz).””*>** Detailed calculation
process is outlined in Formulas 1-6 in the Supporting
Information. After the test sample is made into a dumbbell
specimen (Figure S2), the specimen is tested using a universal
tensile tester (Instron 5565, Inc., USA) testing. The hardness
of composite materials is evaluated through the utilization of a
rubber hardness tester (LX-A, Shanghai Liuling Instrument
Factory).

B RESULTS AND DISCUSSION

Morphology and Phase Characterization of GMs,A-
GMs and Ag@GMs. Figure la presents scanning electron
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Figure 1. (a) SEM images of GMs; (b) SEM images of A-GMs
obtained by 75 g/L GMs and activation for 18 h; (c) SEM images of

Ag@GMs obtained by 15 g/L A-GMs ,pH 11 at 25 °C and reaction
for 6 h; (d) XRD images of GMs, A-GMs and Ag@GMs.

microscopy (SEM) images of glass microspheres (GMs),
characterized by a regular spherical shape, a smooth surface,
and minimal impurity presence. Figure 1b displays an SEM
image of A-GMs, revealing a uniform layer of nanosized silver
particles generated on the surface. These silver nanoparticles
serve as nucleation centers, facilitating the deposition of
reduced silver during the electroless plating process. Upon the
addition of the silver ammonia solution, a color change from
dark brown to light gray (Figure S6) was observed, indicating
that an in situ chemical reduction reaction had occurred on the
surface of the A-GMs. Figure 1c shows an SEM image of Ag@
GMs, where a uniform and complete layer of silver

nanoparticles is deposited on the surface. Compared with A-
GMs, the particle diameter increased significantly. The results
demonstrate that substantial quantities of silver deposit on the
surface of A-GMs during electroless plating, forming a dense
and uniform silver layer, which yields Ag@GMs with a
pronounced core—shell structure. A comparison of the X-ray
diffraction (XRD) patterns (Figure 1d) for GM, A-GMs, and
Ag@GMs reveals that the signal intensity for A-GMs is weaker
due to the smaller size and lower total amount of silver
particles. The XRD pattern for Ag@GMs exhibits five
characteristic peaks at 38.20, 44.40, 64.60, 77.50, and 81.60°,
corresponding to the diffraction crystal planes (111), (200),
(220), (311), and (222), respectively. These crystallographic
characteristics of silver align well with the standard data from
JCPDS 89-3722, confirming that the glass microspheres have
been successfully coated with a silver layer.”***

The activation of the material’s surface is a critical stage in
the electroless silver plating process, aimed at generating a
specific quantity of silver nuclei on the surface to initiate silver
deposition. A comparative analysis of SEM images of A-GMs
prepared under different activation conditions (Table 1)
revealed a significant reduction in silver particle density on
the surface of A-GMs with increasing GMs dosage. A-GMs
produced under conditions of S0 g/L (Figure 2al) and 7S g/L
(Figure 1b) exhibited greater uniformity and completeness in
silver particle coverage. As the quantity of GMs increases, the
available surface area for plating also increases, while the total
amount of silver deposited remains constant. This results in a
decreased density of silver particles on the surface of A-GMs,
ultimately leading to insufficient uniform coverage of the
microspheres (Figure 2a2,a3). Figure 2b1—b3 illustrate SEM
images of A-GMs obtained at varying activation times. At an
activation time of 6 h (Figure 2bl), the degree of reaction is
low, with a significant amount of silver nitrate remaining
unreacted and only a modest quantity of silver particles
deposited on the surface of the GMs. As the reaction time is
extended, a larger proportion of silver nitrate participates in the
reaction, resulting in increased silver particle coverage on the
GMs. The silver particles on the surface of A-GMs obtained
after 18 h of reaction time (Figure 1b) are observed to be more
densely packed. However, the concentration of silver nitrate in
the solution decreases markedly, the reaction rate slows
significantly, and the density of silver particles on the surface of
GMs remains relatively unchanged, as the reaction time is
extended to 24 h. These findings demonstrate that the
encapsulation of silver particles on the surface of A-GMs can
be controlled by varying both the dosage of GMs and the
activation reaction time. The final optimized activation
conditions were established at 18 h with a GM concentration
of 75 g/L, which were utilized for subsequent studies.

Figure 3 shows SEM images of Ag@GMs obtained under
varying reaction conditions, as detailed in Table 2. The
addition of § g/L of activated glass microspheres results in a
reduction in the number of nucleation centers, coupled with an
increase in the quantity of silver ions associated with each
nucleation center. This leads to an enhanced crystal growth
rate and the formation of a substantial amount of flake silver on
the surface of the glass microspheres (Figure 3al). At a dosage
of 15 g/L, silver is deposited as nanoparticles on the surface of
the glass microspheres, resulting in a uniform and dense silver
layer (Figure 1c). However, as the dosage of A-GMs is
increased further, the available surface area for silver deposition
also increases, leading to a decrease in the density of silver
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Figure 2. SEM images of A-GMs obtained under different activation conditions; (al—a3) SEM images of A-GMs obtained when GMs dosage is
50/100/125 g/L; (b1-b3) SEM images of A-GMs obtained when activation time is 6/12/24 h.
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Figure 3. SEM images of Ag@GM:s obtained under different reaction conditions; SEM images of Ag@GM:s obtained when (al—a3) A-GMs dosage
is 5/25/35 g/L; SEM images of Ag@GMs obtained when (b1—b3) reaction time is 2/4/8 h; SEM images of Ag@GMs obtained when (c1—c3)
reaction temperature is 15/35/45 °C; SEM images of Ag@GM:s obtained when (d1—d3) plating solution pH is 10/12/13.

particles on the microsphere surfaces. Consequently, the silver
coating becomes loose and uneven (Figure 3a2,a3). This
indicates that the dosage of GMs significantly influences the
activation effect during the same activation process; both
excess and insufficient amounts of A-GMs adversely affect the
formation of a high-quality silver coating. Therefore, the
optimal dosage of A-GMs was determined to be 15 g/L.
Figure 3bl1-b3 illustrate the silver coating morphology of
Ag@GMs obtained at varying reaction times (2, 4, and 8 h). At
a reaction time of 2 h, the silver particles on the surface of Ag@
GMs are relatively small and sparsely distributed, making it

11519

challenging to form a macroscopic silver layer (Figure 3bl).
This is attributed to insufficient reaction time and a low degree
of reaction, preventing a significant number of silver ions in the
solution from undergoing reduction. As the reaction time is
extended, the degree of reaction increases, resulting in larger
particle size and higher density of silver particles on the
microspheres, gradually forming a dense and uniform silver
layer (Figures lc, 2 and 3b2). However, upon extending the
reaction time further, distinct undulations and defects appear
on the surface of the silver layer, contrasting with the gradual
and gentle activation reaction in ethylene glycol. Additionally,

https://doi.org/10.1021/acsomega.5c00148
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Figure 4. (a) SEM image of PDMS/Ag@GMs cross section; (b) the corresponding element mapping; (c) PDMS/Ag@GMs computer
tomography simulation results.
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Figure S. (a) Change trend of conductivity of PDMS/Ag@GM:s with different Ag@GM:s addition; (b) EMI SE of PDMS/Ag@GMs with different
filler content in X-band; (c) EMI SE of silicone rubber/silver powder composite (PDMS/Ag); (d) analysis of transmittance (T), reflectivity (R)
and absorptivity (A) of PDMS/Ag@GMs by electromagnetic wave; (e) analysis of electrical shielding mechanism of PDMS/Ag@GMs; (f) change
trend of thermal conductivity of PDMS/Ag@GM:s with filler addition; (g) EMI SE change in X-band of PDMS/Ag@GMs material (350 filling)
after 400 bending cycles; (h) EMI SE of Ag@GMs after aging at 125 °C; (i) density change trend of PDMS/Ag@GMs material with filling fraction.

a considerable amount of free silver is observed (Figure 3b3). the silver layer and the formation of free silver. Consequently,

This phenomenon occurs because, after approximately 6 h of the optimal reaction time was determined to be 6 h.

reaction, the reaction is nearly complete. During the

subsequent reaction time, disturbances caused by ultrasonic

Figure 3cl—c3 illustrate the impact of varying reaction
temperatures (15, 35, and 45 °C) on the morphology of the
silver layer. At insufficient temperatures, the reaction proceeds

stirring can damage the silver coating, leading to detachment of sluggishly, resulting in smaller silver particles and lower
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deposition density (Figure 3cl). As the temperature increases,
the deposition rate of silver rises, leading to a deeper degree of
reaction and a gradual enhancement in the deposition density
of silver particles on the surface of the glass microspheres
(Figure 1c). At the reaction temperature of 35 °C, a notable
amount of free silver is observed in the solution (Figure 3c2).
However, when the temperature is further increased to 45 °C,
the reaction speed becomes excessively rapid, causing a
significant precipitation of silver ions as free silver. This results
in a marked increase in the particle size of silver particles, with
considerable accumulation and highly uneven distribution
(Figure 3c3). Consequently, the optimal reaction temperature
was determined to be 25 °C.

Figure 3 illustrates the impact of pH on coating morphology,
with images d1, d2, and d3 providing a visual representation of
this effect. The SEM images reveal that at lower pH values, the
silver particle size is relatively small, and the particle size
distribution is more uniform (Figure 3d1). As the pH value
increases, the silver particle size and the amount of free silver
produced also increase (Figure 3d3). This phenomenon can be
attributed to two main factors. First, an increase in pH
accelerates the reaction rate, resulting in a corresponding
increase in the particle size of silver particles. Second, ammonia
acts as a complexing agent, capturing silver ions in solution.
However, at elevated pH levels, the solution tends to self-
decompose, resulting in the production of free silver. To
prevent deterioration in the density of the silver layer and
excessive free silver formation, it is recommended that the pH
of the plating solution be maintained at 11.

Characterization of PDMS/Ag@GMs. The cross-sec-
tional SEM images of PDMS/Ag@GMs (Figure 4a) reveal
that the Ag@GMs are effectively dispersed within the PDMS
matrix, exhibiting minimal agglomeration. Energy-dispersive
spectroscopy (EDS) was utilized to observe the element
distribution of the particle coating (Figures 4b, S7 and S8).
Following the composite preparation process, it was observed
that the silver coating on the surface of Ag@GMs remained
intact and dense. The computed tomography simulation results
(Figure 4c) indicate that the Ag@GMs are uniformly
distributed throughout the composite, demonstrating close
contact with one another and forming a connected three-
dimensional conductive network via the interaction of the
surface silver layer (Figure S9).

Conducting and Electromagnetic Shielding Proper-
ties of PDMS/Ag@GMs. As conductivity is the primary
parameter for assessing the efficacy of EMI shielding, first, we
evaluated the conductivity of PDMS/Ag@GMs. Figure Sa
illustrates the variation in conductivity of PDMS/Ag@GMs
with differing amounts of Ag@GMs. Upon increasing the
addition from 100 to 150 phr, a notable increase in
conductivity was observed, rising from 1077 to 107! S/cm.
This increase can be attributed to the attainment of the
percolation threshold within the filled system at this specific
point. When the Ag@GMs content reaches 100 phr, a greater
number of contact points emerge between the particles,
facilitating the construction of three-dimensional conductive
pathways. Further increasing the addition to 200 phr results in
conductivity rising to 8.93 S/cm, a level comparable to that of
conductive polymers (exceeding 1 S/cm).*® As the filler
content increases, the conductivity of the composites stabilizes,
as the conductive pathways have been sufficiently established,
making conductivity less sensitive to further increases in filler

content. At 400 phr, the conductivity reaches 204.63 S/cm,
demonstrating excellent conductivity.

Figure 5b shows the electromagnetic interference EMI SE of
PDMS/Ag@GMs with varying filler contents in the X-band
frequency range. EMI SE gradually increases with the amount
of filler, particularly after reaching the percolation threshold. At
the highest filler content, the EMI SE achieves an impressive
120 dB, indicating that 99.999999% of electromagnetic waves
can be effectively shielded. This exceptional EMI SE value
positions PDMS/Ag@GMs as a highly competitive option
among practical electromagnetic shielding materials.

To demonstrate the efficacy of constructing three-dimen-
sional conductive pathways using silver layers on the surface of
GMs, we investigated the EMI SE of rubber composites with
nanosilver powder as a conductive filler (PDMS/Ag) at the
same addition level (Figure Sc). At a content of 400 phr of Ag,
the EMI SE is approximately 10 dB. In contrast, when the
PDMS/Ag@GMs content reaches 400 phr, the EMI SE
increases significantly to 120 dB, indicating a high degree of
filling efficiency for PDMS/Ag@GMs. This difference can be
attributed to the high density of the nanosilver powder, which
hinders the formation of eflicient conductive pathways.
Conversely, the silver-coated glass microspheres are light-
Weight,‘w’38 and their higher volume fraction in the same
proportion facilitates the development of conductive paths
within the composites.

To gain insight into the electromagnetic shielding
mechanism of the materials, we analyzed the reflection and
absorption of electromagnetic signals (Figure S5d). As the filler
content increases, the electromagnetic wave transmittance ( T)
of the composites continuously declines, consistent with the
observed enhancement in electromagnetic shielding effective-
ness. At a filler content of 400 phr, the electromagnetic wave
transmittance of the composites is approximately 107'%, With
increasing additive amounts, the reflectivity continues to rise.
This occurs because when an incident electromagnetic wave
encounters the shielding material, it is first affected by the
material’s reflection shielding effect. The reflection shielding
effectiveness directly influences the reflectivity. When the filler
content reaches 300 phr, the reflectivity exceeds 90%.
Conversely, absorptivity declines as reflectivity increases,
because the increase in reflectivity decreases the energy of
the electromagnetic wave that passes through the surface and
enters the interior. This effect is more pronounced than the
enhancement of absorption shielding effectiveness. Therefore,
we can conclude that the material primarily operates as an
electromagnetic shielding material with a reflective mechanism.

Figure Se illustrates the electrical shielding mechanism of
PDMS/Ag@GMs. These composites exhibit excellent con-
ductivity properties. When electromagnetic waves interact with
the material surface, a part of the wave is reflected by the
highly conductive surface, while the remainder penetrates the
material and is subsequently attenuated through reflection and
absorption. The incorporation of silver-coated glass micro-
spheres into the matrix leads to the formation of silicone
rubber-silver and silver-glass microscopic interfaces within the
system. These microscopic interfaces produce two distinct
effects on electromagnetic waves. First, interface relaxation loss
occurs, resulting in the absorption of some energy. Second,
reflection at these microscopic interfaces increases the path
length of the electromagnetic waves traveling through the
material, enhancing their absorption. This explains the
phenomenon where the material’s conductivity gradually
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Figure 6. Comparison of EMI SE and bulk conductivity of the EMI shielding materials.

increases while the EMI SE markedly improves at higher filler
concentrations. The continuous enhancement of interface
relaxation loss and internal reflection effects due to the
increased quantity of silver-coated glass microspheres signifi-
cantly boosts the EMI SE of the composites.

Figure Sf illustrates the trend in thermal conductivity of the
PDMS/Ag@GMs material with filler additions. The three-
dimensional conductive pathways within the material facilitate
heat conduction through an electronic thermal conduction
mechanism.”*" Consequently, thermal conductivity increases
in proportion to the number of filler particles present. When
the filler content is 400 parts, the thermal conductivity of the
material is observed to be 2.72 W/(m'K). In addition, Ag@
GMs are rigid fillers and have a certain reinforcement effect on
PDMS matrix (Figure S11a). At the same time, the elongation
at break of the composites decreases with the increase of filler
content due to the poor interfacial compatibility between silver
layer and PDMS matrix. When the filler content is 400 phr, the
tensile strength of the composites is 1.18 MPa (Figure S11b),
and the elongation at break is 10% (Figure S11c).

To provide a more intuitive representation of the thermal
conductivity, the PDMS matrix material and the PDMS/Ag@
GMs (with 400 phr filled) were puted on a hot table. The
temperature of PDMS/Ag@GMs is obviously higher than that
of pure PDMS, while they are heated simultaneously, it shows
that PDMS/Ag@GMs has excellent thermal conductivity. This
observation further substantiates the superior thermal con-
ductivity of the composites (Figure S10).

The bending fatigue resistance of EMI shielding materials is
a critical factor in determining its practical application.
Consequently, bending fatigue testing was conducted to assess
the reliability of EMI SE in PDMS/Ag@GMs. Figure 5g shows
that 2 mm thick PDMS/Ag@GMs (with 350 phr filled) exhibit
remarkable resilience to bending fatigue, retaining excellent
electromagnetic shielding properties with EMI SE values as
high as 73 dB in the X-band after 400 bending cycles.
Additionally, PDMS/Ag@GMs demonstrate exceptional re-
sistance to aging effects. As shown in Figure Sh, the EMI SE of
the material, following exposure to 125 °C for 3600 h, shows
minimal change compared to its preaging performance.
Furthermore, the density of PDMS/Ag@GMs is less than
1.83 g/cm® (Figure 5i), meeting the criteria for lightweight and
flexible electromagnetic shielding materials. Moreover, PDMS/
Ag@GMs exhibit superior EMI SE and bulk conductivity

11522

compared to other reported composites (Figure 6).'**~*

This suggests their potential applications in diverse fields,
including wearable electronics, artificial intelligence, and SG
communications.

B CONCLUSION

A method for preparing silver-coated glass microspheres via
ethylene glycol activation is presented. This activation process
is highly efficient, cost-effective, and straightforward. The
resulting silver-coated glass microspheres feature a compact
and uniform coating. The density of the silicone rubber/silver-
coated glass microsphere composite material prepared with
these microspheres is less than 1.83 g/cm®. With a thickness of
only 2 mm, the corresponding X-band EMI SE can reach 120
dB, and the conductivity is measured at 204.63 S/cm.
Moreover, the material exhibits excellent flexibility, resistance
to aging, and stability concerning electromagnetic interference
shielding effectiveness. This work offers a viable methodology
for fabricating lightweight, flexible, and effective electro-
magnetic shielding materials, presenting promising applications
in electronic equipment and devices.
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