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ABSTRACT: The fabrication of thin composite films incorporating metal-
based fillers with a delicate structure to achieve high electromagnetic
interference shielding effectiveness (EMI SE) at low metal content remains
a great challenge. In this work, benefiting from the excellent electrical
conductivity of Ag nanoparticles, Ag nanoparticle-coated polystyrene (PS@
Ag) microspheres with a large PS core were selected as electrically conductive
fillers, and the volume exclusion effect guaranteed the construction of an
electrically conductive network with low silver loading. A spontaneous process
to construct a segregated laminar structure with a three-dimensional
electrically conductive network happened with the assistance of a gravity-
driven effect. The flexible thin films with a low amount of silver exhibited
outstanding EMI SE per unit thickness (SE/d). To further investigate the effect of the structure on the EMI SE efficiency, it is found
that the alternate interfaces play a critical role in enhancing shielding performance by stacking multiple films compared to the bulk
films obtained by casting. The EMI SE for an only 0.3 mm triple-piece stacking film with 6.3 wt % Ag loading could reach 55.3 dB
compared to 37.2 dB for the triple-thickness casting film. Using the stacking process results in easy accessibility for tailored
composites with the desired EMI SE, which supplies a new strategy for the design of shielding materials in the next-generation
electronics.

KEYWORDS: electromagnetic interference, shielding effectiveness, microspheres, alternate interfaces, stacking film

■ INTRODUCTION

With electronic instruments evolving toward high integration,
light weight, and high frequency, electromagnetic interference
(EMI) caused by electromagnetic wave radiation has attracted
intensive attention. EMI not only is harmful to the human
health but also affects nearby electronic components.
Furthermore, the leakage of electromagnetic signals threatens
information security.1 Therefore, research on high EMI
shielding effectiveness (SE) materials has become an urgent
need to meet the increasing requirements for electromagnetic
radiation protection. Until now, polymer-based electromag-
netic shielding composite materials have been extensively
developed due to outstanding advantages in terms of easy
processability, light weight, and excellent mechanical proper-
ties.2,3

Electrically conductive polymer-based composite materials
with mobile charge carriers can interact with incident
electromagnetic waves, and the EMI SE is positively related
to the electrical conductivity.4,5 Due to the excellent electrical
conductivity, metal-based fillers are incorporated into the
polymer matrix via physical and chemical methods.5−7 The
shape and loading content of metals in the polymer matrix play

an important role in adjusting the EMI SE of the composites.
For example, Joseph and Thomas Sebastian8 added carbonyl
iron particles (CIPs) of spherical shape into a polyvinylidene
fluoride (PVDF) matrix to achieve a shielding effectiveness of
about 20 dB in the X band for the PVDF−50 vol % CIP
composite. However, a large amount of particle fillers is not
desirable because it will form a stress concentration zone and
deteriorate the mechanical reliability. To reduce metal
consumption, Sundararaj et al.9 mixed one-dimensional (1D)
copper nanowires (CuNWs) into polystyrene (PS) to obtain
composites with 2.1 vol % CuNWs, of which the EMI SE
achieved was 35 dB. However, copper is readily oxidized under
atmospheric conditions, and thus, for the advantage of greater
resistance to oxidation, silver has gained a tremendous
interest.10 For example, Zeng et al.11 prepared polyurethane/
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silver nanowire (AgNW) nanocomposites containing 28.6 wt
%/0.152 vol % AgNWs, and the EMI SE reached 64 dB. Fan et
al.12 utilized the two-dimensional (2D) metal flake Ag
nanosheets (AgNSs) to blend with epoxy. When the AgNS
content was 30.0 wt %, the EMI SE value for the ultimate
product was 49.7 dB. However, to obtain a desirable shielding
property, the dosage of metal is still relatively large, and the
cost for AgNWs as well as AgNSs is high. Considering
economic feasibility and advantageous performances, choosing
metal-based fillers with appropriate shapes to fabricate
composites achieving high EMI SE at lower metal loading
remains a challenge.
The distribution of fillers in the polymer matrix also

determines the shielding performance. The formation of a
three-dimensional (3D) segregated structure is favorable for
enhancing the electrical conductivity and EMI shielding
performances.13−16 To date, many methods including dry or
solution mixing, emulsion blending, melt blending, and
electrostatic assembly strategies have been exploited to
accomplish the goal of the abovementioned structure.14,15

For example, Gelves17 obtained films with a segregated
nanowire network by mixing CuNWs in a miscible solvent
mixture and treating with precipitation followed by annealing
in a compression molder. Mamunya et al.18 created a
segregated structure consisting an ordered distribution of
carbon nano- and microfillers within an ultrahigh-molecular-
weight polyethylene matrix via a hot compacting method. Sun
et al.15 utilized electrostatic assembly to prepare MXene@PS
hybrids, followed by compression molding into nanocompo-
sites with a 3D segregated structure at 130 °C under 500 MPa.
Nevertheless, these methods always require an ultrahigh
pressure and a particular temperature or complicated
procedures and are not suitable for large-scale production.16

It is still challenging to develop a facile and energy-efficient
strategy to control the distribution of fillers in polymer-based
electromagnetic shielding composite materials with a segre-
gated conductive network.
Recently, the state-of-the-art flexible electronics urgently

needs materials not only possessing remarkable EMI SE but
also exhibiting a suitable thickness.2,19−22 Numerous studies
have attempted to promote the EMI SE by increasing the
thickness of the product. For example, Yu23 found that when
the thickness of the products was only 0.7 mm, it exhibited an
EMI SE of approximately 25.0 dB. With the increment of
thickness to 2 mm, the EMI SE would ascend monotonically
and could reach 43.5 dB. However, the increment of thickness
will not only result in heavy weight and loss of portability but
also deteriorate the flexibility, which will greatly limit practical
applications as flexible EMI shielding materials.24 Improving
the EMI SE of films per unit thickness, which is labeled as SE/
d, has become an important topic. The investigation of a
reasonable structural design to improve SE/d is worth
exploring to meet the requirements of next-generation
electronics.
In this work, to reduce the consumption of the metal and

inspired by the prominent electrical conductivity of Ag
nanoparticles, Ag nanoparticle-coated PS (PS@Ag) micro-
spheres with a large PS core were designed as electrically
conductive fillers, and the metallic shell constituting Ag
nanoparticles could provide an efficient path for electron
transfer. Taking advantage of the gravity-driven effect, a facile
and energy-efficient strategy to control the distribution of PS@
Ag microspheres in poly(vinyl alcohol) (PVA) was exploited

from a spontaneous process to build a segregated laminar
structure possessing an efficient 3D conductive network. Due
to the volume exclusion effect25 of big PS@Ag microspheres,
composite films possessing an interconnected conductive
network were fabricated with low silver loading. An only 0.1
mm flexible composite film with 6.3 wt % silver exhibited
outstanding SE/d, reaching 243 dB/mm. To further investigate
the effect of the structure on the EMI SE efficiency, films with
the same thickness were fabricated through direct casting and
multipiece stacking methods. For identical 0.3 mm thickness,
the EMI SE of a three-piece stacking film reached 55.3 dB,
which showed unique superiority compared to the triple-
thickness casting film (37.2 dB). The facile processability for
thin films with tailored satisfactory EMI SE by tuning the layer
number through stacking at low metal loading makes it a
promising way to design shielding materials for next-generation
electronics.

■ EXPERIMENTAL METHODS
Materials. Ag nanoparticle-coated PS microspheres labeled as

PS@Ag with a density of approximately 2 g/cm3 were purchased from
ZhongKe YuanZhen Technical Company (China). The correspond-
ing precursor reagents including PS microspheres (average diameter
was 2.5 μm, the coefficient of variation of microsphere size, C.V. =
0.008, as displayed in Figure S1 in the Supporting Information) and
sensitized PS were supplied by the same company. PVA (CAS no.:
9002-89-5; polymerization degree of 1700, alcoholysis degree of 99%,
purity >98%) was purchased from Aladdin Reagent Co., Ltd.
Spherical Ag powder (purity ≥ 99.9%, average diameter was 350
nm) was provided by Ningbo Jin Lei Nano Mstar Technology Ltd.
(China). Deionized water was prepared using a Milli-Q water
purification system.

Fabrication of the PVA/PS@Ag Composite Film. A schematic
diagram of the composite film is illustrated in Figure 1. The

preparation process for PS@Ag mainly included coarsening, sensitiz-
ing, and reducing silver precursor ions. 5 g of PVA was mixed with 95
mL of water, heated at 95 °C for 3 h, and then cooled to obtain 5 wt
% PVA solution for further use. To fabricate the PVA/PS@Ag film, a
certain volume of 5 wt % PVA solution was blended with 8 mg/mL
PS@Ag via sonification for 30 min. The mixture was cast in a Petri
dish to volatilize water for 1 week at ambient temperature and dried in
a vacuum oven at 40 °C for 24 h before characterization. As depicted
in Table 1, a flexible 0.1 mm thick film (flexibility was confirmed, as
depicted in Figure S2 in the Supporting Information) from a 2.5 mL
mixture was obtained and labeled as the single-thickness casting film
(CF-1). If the double volume mixture was directly poured in the Petri
dish, the double-thickness casting film (CF-2) was acquired. For the
purpose of preparing the double-piece stacking film (SF-2), one can
stack two layers of CF-1. Following this analogy, the triple-thickness

Figure 1. Schematic diagram for the fabrication of the film. CF-1, CF-
2, and CF-3 are cast as one-piece films with different thicknesses. SF-2
and SF-3 are obtained by stacking different numbers of layers of CF-1.
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casting film (CF-3) was obtained via direct solution casting with a 3-
fold volume mixture, and a triple-piece stacking film (SF-3) was
obtained by stacking three layers of CF-1.
Characterization. The morphology of the composite film was

characterized using the scanning electron microscopy (SEM) function
of the focused ion beam (FIB Dual Beam System, Auriga, Zeiss,
Germany). Core−shell PS@Ag was cut using FIB at 30 kV and 20 pA
for 40 s. The structure of PS@Ag was studied using a JEM-2100
transmission electron microscope (JEOL, Ltd.) at an accelerating
voltage of 100 kV and a Philips X’Pert Pro MPD X-ray diffractometer
with Cu Kα radiation(λ = 0.154 nm, 40 kV, 40 mA). The elemental
distribution of the samples was detected using an energy-dispersive
spectroscopy (EDS) detector in a scanning electron microscope. The
chemical composition of the samples was analyzed using X-ray
photoelectron spectroscopy (XPS, ESCALAB 250Xi, Thermo Fisher).
The loading amount of silver in PS@Ag was measured using a Q50
thermogravimetry analysis (TGA) apparatus in a nitrogen atmosphere
at a heating rate of 10 °C/min from 30 to 700 °C. The thickness of
the composite film was recorded using a digital thickness meter. The

electrical conductivity was measured using a four-point probe meter
(RTS-9, 4 Probes Technologies Inc, China), and each sample was
measured five times to obtain the average value. Composite films were
integrated into a homemade light-emitting diode (LED) lamp (3 W)
device to certify its conductivity. Mechanical properties of composite
films were characterized using an electronic universal testing machine
(TY-5000, Yangzhou Tianyou Instrument Equipment Co. Ltd.,
China) with a stretching rate of 3 mm/min, and the size of
rectangular samples was 30 mm × 3 mm. The EMI SE of the samples
was measured in the frequency range of 8.2−12.4 GHz (X-band) at
room temperature using a vector network analyzer (model
MS46322B, Anritsu Technologies Inc. Japan). The waveguide
measurement arrangement was adopted. The samples should be
sandwiched by the holders tightly, and the space between the layers
could be eliminated for stacking films. Electromagnetic radiation was
incident from the PS@Ag side, and scattering parameters (S11 and
S21) were collected for further investigation. Based on the following
equations, the power coefficients of reflectivity (R), transmissivity
(T), and absorptivity (A) as well as the shielding effectiveness of total
EMI SE (SET), absorption loss (SEA), and reflection loss (SER) could
be calculated.26

R S11
2= | |

T S21
2= | |

A R T1= − −

RSE 10 log(1 )R = − −

T RSE 10 log /(1 )A = − [ − ]

Table 1. Description of the Composite Films with 8 mg/mL
PS@Ag

type dosage of PVA solution (mL) thickness (mm)

CF-1 2.5 0.1
CF-2 5.0 0.2
SF-2 5.0 0.2
CF-3 7.5 0.3
SF-3 7.5 0.3

Figure 2. Characterization of PS@Ag. (a) SEM image of PS@Ag; (b) TEM image of PS@Ag; (c) FIB image of PS@Ag; (d) SEM image of cross-
sectional PS@Ag composite tablets; (e) EDS elemental mapping image of Ag for cross-sectional PS@Ag composite tablets; (f) XRD patterns of
PS@Ag; (g) XPS wide-scan spectrum of PS@Ag; (h) Ag 3d core-level spectrum of PS@Ag; and (i) TGA curves of pristine PS, sensitized PS, and
PS@Ag.
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TSE 10 logT = −

■ RESULTS AND DISCUSSION

Characterization of PS@Ag Microspheres. According
to the description of metallized PS particles from ZhongKe
YuanZhen Technical Company (China), electroless plating
was operated on the sensitized PS to achieve the core−shell
structured product, and the loading of silver on PS micro-
spheres was regulated by the concentration of silver precursor
ions. The published literature reveals that sensitized PS
microspheres could provide active sites for silver electroless
deposition.27 As illustrated in Figure 2a, the diameter of
metallized PS was approximately 2.6 μm. A dense and uniform
coverage of the silver shell on the PS surface could be found
(Figure 2a,b), and it was attributed to Ag nanoparticle coating.
The thickness of the silver shell was detected using the FIB,
and it was nearly 70 nm (Figure 2c). The metallic shell
composed of Ag nanoparticles was capable of providing an
efficient path for electron transfer, and the metallized PS
showed great potential as electrically conductive fillers.
Composite tablets were obtained by compressing PS@Ag
microspheres under 5 MPa at room temperature, and the
electrical conductivity of composite tablets was 714 S/cm. The
reason for such a high electrical conductivity was explored via
SEM and EDS elemental mapping images of cross-sectional
composites tablets. As depicted in Figure 2d,e, Ag nano-
particle-coated PS microspheres were deformed to interlock
against the surface, and an effective electrically conductive path
was confirmed to be built with a continuous silver shell.
Furthermore, PS@Ag microspheres were characterized using
X-ray diffraction (XRD) and XPS. As shown in Figure 2f, the
characteristic peaks at 2θ = 38.10, 44.32, 64.46, and 77.40°
corresponded to the (111), (200), (220), and (311) faces of
the face-centered cubic structure of silver, respectively.28 The
strong signal peak for the binding energy around 370.0 eV in
the XPS wide-scan data belonged to Ag3d from metallic silver
(Figure 2g).29,30 The zero-valent metallic silver was further
certified by the Ag 3d core-level spectrum of PS@Ag
microspheres, as displayed in Figure 2h. It consisted of two
peaks at binding energies of 368.0 and 374.0 eV corresponding
to Ag 3d5/2 and Ag 3d3/2, respectively.

29 Both peaks were
assigned to Ag0 species, thus verifying the existence of Ag,
which was in accordance with XRD results. To calculate the Ag
content of PS@Ag microspheres, TGA was employed to
investigate the loading amount of Ag, as shown in Figure 2i.
The residual weights of pure PS, sensitized PS, and metallized
PS microspheres were 0.12, 7.54, and 52.88 wt %, respectively.
Through subtraction, the weight fraction of Ag content in PS@
Ag microspheres was determined to be 45.34%.
Characterization of the Composite Film. A single-

thickness casting film (CF-1) with a thickness of approximately
0.1 mm was obtained and characterized, as shown in Figure 3a.
The thicknesses of other casting films are recorded in Figure
S3 in the Supporting Information. The density of the core−
shell PS@Ag microspheres was approximately 2 g/cm3. When
core−shell PS@Ag microspheres were mixed with 5 wt % PVA
solution, followed by evaporation at room temperature for 1
week, with the assistance of gravity and the volume exclusion
effect, sedimentation occurred, and the PS@Ag microspheres
were connected with each other to construct a laminated and
segregated conductive network. The sedimentation of PS@Ag
microspheres could also be confirmed via SEM of the cross-

sectional film. One could clearly find the existence of a
boundary between fillers and the PVA matrix (shown in Figure
3b). Such a laminated structure resulted in the different
conductivities of both sides. As illustrated in Figure 3c,d, the
bottom side assembled with PS@Ag microspheres connected
with each other could light the LED lamp, while the top side
failed to do so. This revealed that a conductive network was
formed at the bottom side, which could supply an effective
electron transfer channel. The detailed electrically conductive
network was further confirmed by magnified SEM and EDS
elemental mapping images of Ag of the cross-sectional
composite film. As shown in Figure 3e,f, the adjacent silver
shells connect with each other along the interfaces to form a
consecutive and well-defined 3D network. Such a 3D
conductive network could guarantee the effective migration
of electrons,15,16 and the corresponding electrical conductivity
for CF-1 could reach 10.6 s/cm.
To further investigate the effect of filler loading on the

structure of films, three concentrations of 2, 8, and 12 mg/mL
of PS@Ag were taken into consideration to fabricate a single-
thickness film. As exhibited in Figure 4a1,2, due to the tiny
amount of PS@Ag at 2 mg/mL, most of the PS@Ag
microspheres sank to the bottom of the film, but some
microspheres could not link with each other. The counterpart
Ag powders with equivalent silver weights with respect to the
corresponding concentration of PS@Ag were incorporated
into PVA solution for comparison (explicated in Figure 4a3,4),
and scattered silver particles that could not form an electrical
conductivity network could be found. With the increment of
PS@Ag concentration to 8 mg/mL, a perfect segregated and
laminated structured film was formed, and the silver coating
joined together to build an effective conductive path (shown in
Figure 4b1,2). However, faultage existed at the filler area in the
film with equivalent silver weight for Ag powder (displayed in
Figure 4b3,4). Upon further increasing the PS@Ag concen-
tration to 12 mg/mL, the network for the silver coating could
be clearly observed, as shown in Figure 4c1,2. These
conductive networks are beneficial for boosting the EMI SE,

Figure 3. Characterization of the composite film. (a) Thickness
measurement of CF-1; (b) SEM image of the cross-section of CF-1;
(c) SEM image of top side of CF-1 (the inset shows nonconduction);
(d) SEM image of the bottom side of CF-1 (the inset shows
conduction); (e) magnified SEM image of the cross-section of CF-1;
and (f) EDS elemental mapping image of Ag in the cross-section of
CF-1.
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which is discussed in the following section. However,
numerous gaps between particles impeded the effective contact
of particles for the equivalent silver content of Ag powders
(shown in Figure 4c3,4). It was concluded that the large PS
core in the core−shell PS@Ag microspheres guaranteed the
construction of an electrically conductive network at low silver
loading. To further investigate the structure affecting the SE
efficiency, CF-2 (Figure 4d1,2) and CF-3 (Figure 4d3,4) were
obtained with a single sedimentary filler layer at the bottom of
the film, which is compared to the alternate layers for the
stacking film in the subsequent section. The information of
mechanical properties and mechanical durability of composite
films could be found in the Supporting Information.
Comparison between Core−shell PS@Ag and Ag

Powder as Fillers in Terms of EMI SE. As shown in Figure
5a, during the X-band (frequency range of 8.2−12.4 GHz), the
average EMI SE of the films increased from 13.8 to 24.3 and to
26.5 dB with 2, 8, and 12 mg/mL PS@Ag in the single-
thickness film. By converting to mass fraction, the silver
loading values are 1.7, 6.3, and 8.8 wt %, respectively. The EMI
SE increases significantly from 2 to 8 mg/mL but slightly from
8 to 12 mg/mL. Based on the percolation theory,31 the
percolation threshold is approximately 8 mg/mL. It is
noteworthy that an average EMI SE of 24.3 dB in the X-
band could be achieved with only 8 mg/mL metallized PS
microspheres in the PVA film at merely 0.1 mm, already
meeting the need for commercial application for shielding
effectiveness (20 dB).32 To explore the superiority of PS@Ag
as a conductive filler, comparison experiments were carried out
utilizing Ag powder with the equivalent silver weight during
the fabrication of films. As displayed in Figure 5a, the average
EMI SE for films consisting of Ag powder was only 0.2, 3.1,
and 8.3 dB with respect to the equivalent silver contents for
PS@Ag of 2, 8, and 12 mg/mL, respectively, which cannot
satisfy the commercial requirement. Obviously, the utilization
of PS@Ag as a filler for EMI SE is superior to Ag powder.
The difference between PS@Ag and Ag powder in term of

EMI SE is mainly ascribed to the following reasons. For Ag
powder (explicated in Figure 5b), ascribed to the impedance

mismatch, reflection of electromagnetic radiation existed based
on the interaction of incident waves with free electrons on the
surface of interconnected conductive particles.33 The penetrat-
ing waves stimulate the charge carriers to migrate and generate
heat, leading to Ohmic loss and attenuation of the energy of
electromagnetic radiation.22,34,35 However, for the core−shell
structured PS@Ag, Ag nanoparticles were deposited on the
surface of PS microspheres with a large core (2.5 μm), and the
shielding mechanism were of four types (displayed in Figure
5c). Similar to the Ag powder, impedance mismatch and
Ohmic loss existed in PS@Ag microspheres. In addition, for
the individual core−shell PS@Ag, interfacial polarization
would occur at the boundary between the core and the shell
due to confined space charges at the interfaces.22,36,37 Herein,
the insulating PS core and conductive Ag coating introduce
multiple interfaces that could generate bound charges at the
interfaces, causing the polarization effect. The interfacial
polarization would endeavor to attenuate electromagnetic
energy via dielectric loss.22 Moreover, the large number of
interfaces could supply additional active sites for scattering and
multiple internal reflections of EM waves .22 Under the
assistance of gravity and taking advantage of core−shell
structured PS@Ag with a large core, high EMI SE could be
achieved due to synergistic effects of electric migration/
interfacial polarization/multiple internal reflections and
scatterings at low silver loading with a combination of
segregated and laminated structures in the films.

Effect of Multiple Interfaces in Films on EMI SE. To
investigate the effect of multiple interfaces in films with the
same thickness on EMI SE, the products were fabricated via
direct casting and stacking processes with a PS@Ag
concentration of 8 mg/mL, as shown in Figure 5d. The
average EMI SET values for CF-2 and SF-2 are 33.5 and 39.9
dB, respectively. For CF-3 and SF-3, the average EMI SET
values are 37.2 and 55.3 dB, respectively. With the same
thickness, the multipiece stacking film has a higher SET than
the multithickness casting film over the whole X-band
frequency range. The SER and SEA are presented in Figure
5e. The results indicate that with the increment of film

Figure 4. Characterization of the composite film. SEM images of the cross-section of the single-thickness casting film for 2 mg/mL PS@Ag (a-1,a-
2) and corresponding Ag powder (a-3,a4); 8 mg/mL PS@Ag (b-1,b-2) and corresponding Ag powder (b-3,b-4); and 12 mg/mL PS@Ag (c-1,c-2)
and corresponding Ag powder (c-3,c-4). SEM images of the cross-section of the film for CF-2 (d-1,d-2) and CF-3 (d-3,d-4).
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thickness from 0.1 to 0.2 and to 0.3 mm, an obvious increment
of absorption loss for the stacking film could be found,
reaching 17.7, 28.7, and 43.2 dB, respectively. However, for the
casting film, absorption loss increases indistinctively, and the
values are 17.7, 21.4, and 22.2 dB, respectively. This shows that
the existence of multiple interfaces is in favor of enhancing
SEA. It is worth noting that though the values of SEA are larger
than SER, it does not indicate that the composite films are
absorption-dominant shielding materials.38−40 SER and SEA are
relative quantities and are not related with the absolute power
value.38 The power coefficients A and R are quantitative
characteristics of power balance when an electromagnetic wave
is incident on a shielding material.38 Some inconsistent
phenomena between A and SEA have been reported,38,40,41

but power coefficients are recommended to evaluate the
dominant shielding mechanism.39,42,43 As depicted in Figure
5f, the R, A, and T coefficients of composite films are
computed. The values of R are larger than A for all composite
films. This indicates that the dominant shielding mechanism
for all samples is reflection. For CF-1, CF-2, and CF-3, the
values of R gradually increase. The growing reflection is

attributed to the stronger impedance mismatch with the
increasing amount of conductive fillers in the thicker film. As
for films with identical thickness, by comparing CF-2 and SF-2,
it is found that R is lower but A is higher in the stacking film.
The same trend can be found between CF-3 and SF-3. The
greater value of A for stacking films confirms the advantage of
multiple interfaces, which are beneficial to absorption of EMI
waves.
To further investigate the shielding process in detail, the

mechanisms of shielding for the multithickness casting film and
multipiece stacking films (displayed in Figure 5g,h) are
described as follows: (1) when the incident electromagnetic
(EM) waves meet the films with 3D conductive networks,
owing to the impedance mismatch between the air and surface
of the shielding materials, a portion of EM waves is reflected
back. Energy loss is generated by the electrons at the boundary,
serving as mobile charge carriers to reflect the waves.22,44 (2)
The penetrated electromagnetic waves further interact with
PS@Ag in conductive networks to be converted into thermal
energy via Ohmic loss.45 In addition, due to the large
conductivity mismatch between the boundary of the

Figure 5. EMI SE of the composite film. (a) Comparison of EMI SE between PS@Ag and corresponding equivalent silver weight for Ag powder;
(b) shielding mechanism of EMI SE for Ag powder; (c) shielding mechanism of EMI SE for core−shell PS@Ag; (d) EMI SE of the composite films
with different structures; (e) SER and SEA for composite films; (f) power coefficients for composite films; (g) shielding mechanism of EMI SE for
casting films; (h) shielding mechanism of EMI SE for stacking films; (i) comparison of EMI SE values for PVA/PS@Ag composites (marked as red
stars) with those of other reported literature studies. SE/d is depicted as EMI SET per unit thickness. Numbers inside the plot correspond to the
reference information listed in Table 2.
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interconnected PS@Ag layer and PVA, interfacial polarization
can occur by plenty of dipoles, which would bring about
dielectric loss.46 For samples with identical thickness, the
stacking films possess more conductivity mismatching
interfaces, contributing to stronger dielectric loss. Furthermore,
when the surviving electromagnetic waves encounter alternat-
ing conductive PS@Ag sides in the multipiece stacking film,
the repeated internal reflection and scattering would convert
electromagnetic waves into heat loss in the form of
microcurrents, which is beneficial for enhancing the absorption
of electromagnetic waves.32,42 To sum up, alternating
interfaces in the stacking film make a positive contribution
to the promotion of absorption. It will undergo a particular
“absorption−reflection−reabsorption” process in the stacking
samples. In addition, the EMI SE of the composite films per
unit thickness (SE/d) in this work is compared with the other
public literature studies.47−53 As presented in Table 2 and
Figure 5i, at low silver loading, the films fabricated in this work
exhibit outstanding SE/d, which is ascribed to the combination
of core−shell structured fillers and reasonable structure design.

■ CONCLUSIONS

In summary, a facile and energy-efficient strategy to control the
distribution of fillers in thin flexible film was exploited, and it
was a self-driven process to form a segregated laminar structure
via utilizing Ag nanoparticle-coated PS microspheres as
conductive fillers in a PVA matrix. The silver shell composed
of Ag nanoparticles could provide an effective electron
migration channel to ensure high electrical conductivity. The
volume exclusion effect guaranteed the construction of an
electrically conductive network with low silver loading.
Benefiting from the delicate structure, a merely 0.1 mm
composite film exhibited remarkable SE/d, reaching 243 dB/
mm with only 6.3 wt % silver loading. Moreover, the
superiority of introducing multiple interfaces for enhancing
shielding performance was confirmed by stacking films, in
which the average EMI SET for triple-piece stacking films was
55.3 dB compared to 37.2 dB for the triple-thickness casting
film. The multiple interfaces are beneficial to the absorption of
EMI waves. Tuning of the EMI SE for the composites could be
carried out by easily adjusting the stacking numbers of the
composite film. Such a convenient method not only guarantees
the tailored enhancement of EMI SE but also shows promising
potential for large-scale applications.
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