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SiO2/Ag microbeads were synthesized using the electroless plating method by changing the addition order and the mixed
method of electroless plating. Conducting composites were prepared using the prepared SiO2/Ag microbeads and unsaturated
polyester resin as the fillers and substrate, respectively. The microstructure and properties of the prepared microbeads and com-
posite were characterized with a scanning electron microscope (SEM), X-ray diffractometer (XRD), energy dispersive spec-
trometer (EDS), particle size analyzer, DC milliohm meter and vector network analysis tester. Results show that the SiO2/Ag
microbeads prepared with the reverse dropping electroless plating method achieved the best uniformity and integrity of the sil-
ver coating on the surfaces of glass beads, and its compaction resistance reached 138.80 m�·cm. When the ratio of the prepared
SiO2/Ag microbeads and unsaturated polyester resin was 1:2, the obtained coating composite had a resistivity of
2.79 × 10–5 �·cm, showing good electromagnetic shielding performance.
Keywords: SiO2/Ag microbeads, electroless plating, conductive coating, electromagnetic shielding

Steklene kroglice mikronske velikosti prevle~ene s srebrom (angl.: SiO2/Ag microbeads) so avtorji sintetizirali s
fizikalno-kemijsko metodo oziroma platiranjem brez pomo~i elektri~nega toka (angl.: electroless plating). Pri tem so spremenili
vrstni red postopkov in izbiro kemijske raztopine. Za izdelavo prevodnih kompozitov za prevleke so uporabili pripravljene
SiO2/Ag steklene mikro kroglice in nenasi~eno poliestersko smolo kot polnilo oziroma podlago (substrat). Mikrostrukturo in
lastnosti pripravljenih kroglic in kompozita so okarakterizirali s pomo~jo vrsti~nega elektronskega mikroskopaa (SEM),
rentgenskega difraktometra (XRD), energijskega disperzijskega spektrometra (EDS), analizatorja velikostne porazdelitve delcev,
merilnika elektri~ne upornosti (angl.: DC Milliohm Meter) in analizatorja za testiranje vektorske mre`e. Rezultati analiz so
pokazali, da imajo SiO2/Ag kroglice mikronske velikosti, izdelane z ve~stopenjsko (povratno) mokro metodo platiranja
(napr{evanja) brez pomo~i elektri~nega toka odli~no, homogeno in integrirano srebrno prevleko na povr{ini steklenih kroglic.
Kompaktna posteljica iz izdelanih SiO2/Ag kroglic je imela upornost 138,8 m�·cm. Pri nasi~enju oziroma razmerju 1:2 med
izdelanimi SiO2/Ag mikro kroglicami in nenasi~enim poliestrom je imel izdelani kompozit za prevleke upornost
2,79 × 10–5 �·cm. Tako izdelane kompozitne prevleke dobro {~itijo pred vplivom elektromagnetnega sevanja in so zato
uporabne kot odli~ni oklopi (oklepi).
Klju~ne besede: posrebrene steklene kroglice, platiranje brez pomo~i elektri~nega toka, prevodne prevleke, elektromagnetno
oklapljanje

1 INTRODUCTION

In recent years, potential safety hazards caused by
electromagnetic radiation have attracted considerable at-
tention due to the growth of the 5G technology and the
application of telecommunication and electronic de-
vices.1–5 Among the plentiful kinds of materials for the
electromagnetic shielding purpose, core-shell struc-
tured6–8 conductive fillers consisting of SiO2 cores and
silver shells have been of momentous interest because of
their light weight and good conductivity.9 The conven-
tional conductive fillers include silver-coated copper,10

silver-coated aluminum11, silver-coated nickel12 powder,
and so on. However, these composite powders are quite
heavy,13 and this limits their applications in lightweight
designs. Glass microbeads have the advantages of exhib-
iting light weight, low thermal conductivity, high and
low temperature resistance, corrosion resistance, good

thermal stability,14 high compressive strength, good
dispersibility and fluidity; however, a bead itself has no
conductivity or electromagnetic shielding characteris-
tic.15,16 As a result, scholars have made relevant research
on silver plating of the surfaces of glass microbeads, dis-
covering the excellent performance of core-shell struc-
tured fillers.17–20

So far, there have been many attempts to synthesize
SiO2/Ag composites,21 involving the micro-emulsion
method,22 chemical reduction method,23,24 sol-gel
method,25,26 thermal deposition,27 electroless plating28,29

and so on. In particular, the electroless plating method,
which overcomes the problems of uneven mixing of the
mechanical mixing method and easy grain growth of the
sol-gel method in reducing alkali metal oxides, is widely
used because it is not restricted to the material shape.30,31

In addition it is a simple and easy-handling4,30,31 process
for the fabrication of silver-plated glass microbead com-
posites with excellent performance. To this end, W.-J.
Kim and S.-S. Kim20 synthesized Ag-coated hollow
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microbeads using a two-step procedure of sensitizing
and subsequent electroless plating. Wu et al.32 prepared
core-shell SiO2/Ag composite microbeads with a dense,
completive and scaled silver layer. However, SiO2/Ag
composites with a complete, uniform and compact silver
shell and high-purity are still challenging to be gained.32

In this study, an optimal process for producing uni-
form, continuous, dense, complete silver33 thin films
with excellent electrical conductivity was investigated
via altering the addition order and manner of electroless
plating. Accordingly, the SiO2/Ag core-shell particles34

were fabricated with a smooth micro-morphology, low
resistivity, strong stability, fine silver layer particles and
high electromagnetic shielding energy. Meanwhile, prob-
able reaction mechanisms for the formation of the
SiO2/Ag core-shell microbeads prepared with four elec-
troplating addition methods were also discussed pro-
foundly in this study. Subsequently, conductive coating
composites were formed by combining SiO2/Ag
granules35 and unsaturated polyester resin with screen
printing technology. Finally, the EMI shielding perfor-
mance and resistivity of the coating composites were
tested, and the prepared conductive powder was tested
via a scanning electron microscope, energy spectrometer,
X-ray diffractometer, laser particle size analyzer, DC low
resistance tester and other instruments.36–38

2 EXPERIMENTAL PART

2.1 Materials

Stannous chloride (SnCl2) was purchased from
Tianjin Kermel Chemical Reagent Co., Ltd., China. SiO2

solid microbeads (
99 %) with an average size of 48 μm
were purchased from Hebei Jinghang Mineral Products
Co., Ltd., China. Glucose (C6H12O6) and tartaric acid
(C4H6O6) were obtained from Tianjin Tianli Chemical
Reagents Co., Ltd., China. Silver nitrate (AgNO3) and
sodium hydroxide (NaOH) were procured from Damao
Chemical Reagent Factory, China. Hydrofluoric acid
(HF), absolute alcohol (C2H50H), sodium fluoride (NaF),
hydrochloric acid (HCl) and ammonia water (NH3·H2O)
were supplied by Tianjin Hongyan Chemical Reagent
Factory, China. Polyvinylpyrrolidone (PVP) was pro-
vided by Shanghai Aladdin Biochemical Technology

Co., Ltd., China. The resin and deionized aqueous
solutions were prepared in house. All the reagents and
chemicals were of analytical grade and were used as re-
ceived without further purification.

2.2 Preparation of SiO2 microbeads

The SiO2 microbeads (48 μm) were degreased with
an NaOH solution, washed with deionized water three
times and dried in a vacuum oven at 80 °C for 3 h for fu-
ture use. In a while, the obtained microbeads were coars-
ened with a hydrofluoric acid and sodium fluoride mix-
ture that was stirred at room temperature for 10 min at a
stirring speed of about 350 min–1, rinsed with deionized
water and dried for future use. The aim of the coarsening
reaction was to corrode the surfaces of SiO2 microbeads,
thus increasing the surface roughness and specific area.

The coarsened microbeads (40 g) were sensitized in a
stannous chloride and hydrochloric acid mixture solution
containing 6.4 g SnCl2 + 24 mL HCl + 320 mL distilled
water. Afterward the microbeads were sluiced with dis-
tilled water, vacuum filtered and dried in the vacuum
oven at 80 °C for 3 h.39 The sensitizing reaction allowed
the attachment of a layer of a Sn2+ film to the SiO2 sur-
faces, providing reducing substances for the next step.39

The sensitized microbeads (10 g) were activated in a
silver ammonia solution (Ag(NH3)2OH 2.5 g/L) that was
shaken uniformly at 40 °C for 25 min at a stirring speed
of about 350 min–1. Then, the microbeads were washed
with distilled water, vacuum filtered and dried at 80 °C.
A tier of Sn2+ ions40 adsorbed on the surfaces of silica
microbeads reacts with the silver ammonia solution, and
[Ag(NH3)2]+ ions32 are reduced to Ag particles that are
uniformly adhered onto the surfaces of microbeads. The
newly reduced Ag particles on the silica surface act as
the seeds which provide nucleation sites for a new depo-
sition and growth of the silver shell.20,32

A schematic diagram of the pretreatment process of
SiO2 microbeads is shown in Figure 1. SiO2 is a micro-
bead with a smooth surface. After a variation in the
mixed solution with hydrofluoric acid and sodium fluo-
ride, the surface of SiO2 becomes rough and the specific
surface area increases. The rough surface is of great ben-
efit to the adhesion of the Sn2+ film39 and SiO2 substrate
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Figure 1: Schematic diagram of the pretreatment process



during the sensitization process. Besides, a large specific
surface area provides sites for the Ag seed deposition.41

The Sn2+ film can supply reducing substances which re-
act with the silver ammonia solution used in the activa-
tion process to generate silver particles as active sites41.
After the deposition of Ag seeds on the glass micro-
beads, the silver particles are gradually and continuously
attached to the surface of SiO2 to form a SiO2/Ag
core-shell structure composite via the chemical sil-
ver-plating method.

2.3 Synthesis of SiO2/Ag microbeads

The SiO2/Ag core-shell particles were synthesized
through the electroless plating method. In brief, the sen-
sitized microbeads were put in a plating solution contain-
ing an oxidizing agent (silver nitrate – AgNO3), a reduc-
ing agent (glucose – C6H12O6), a stabilizing agent
(ethanol – C2H50H), a dispersing agent (polyvinylpyrro-
lidone – PVP), a PH control agent (sodium hydroxide –
NaOH) and distilled water. The reducing agent was a
mixture of glucose and tartaric acid. The mixing ratio of
glucose to tartaric acid was 1:8 by weight. The plating
solution was agitated at 40 °C for 20 min, then the
NaOH solution was dropwise added into the reaction so-
lution and stirred for 20 minutes in order to adjust the pH
value of the solution. After reacting, the Ag-coated
microbeads were gravity filtered,41 rinsed with distilled
water and dried at 80 °C in the vacuum oven. After thor-
ough filtering, rinsing and drying, the SiO2/Ag core-shell
granules were successfully obtained.

In the experiment, four ways of forward dropping,
forward mixing, reverse dropping and reverse mixing
were used for the electroless silver plating of the
pretreated microbeads. A schematic diagram of the add-
ing method of electroless plating is shown in Figure 2.
The best preparation parameters obtained through exper-
iments are as follows: AgNO3 – 15 g/L, an appropriate
amount of ammonia water, C6H12O6 – 10 g/L, C2H5OH –
40 mL/L, PVP – 2 g/L, reaction temperature – 40 °C,
PH = 11.

2.4 Fabrication of the SiO2/Ag coating composite

The SiO2/Ag coating composites were prepared using
the screen printing technology, and the ratio of SiO2/Ag
microbeads to unsaturated polyester resin was 1:2 by
weight. Firstly, a ceramic rectangular piece was fixed
firmly on a screen printer. Then a mixed sizing agent was
applied on the ceramic sheet with a scraper. Finally, the
ceramic piece was taken out and put into a Petri dish,
then dried at 120 °C for 2 h in the vacuum oven. All
samples of the SiO2/Ag coating composite manufactured
with the screen printing technology were cut into a rect-
angular block with a size of 2.0 cm × 2.0 mm ×
0.12 mm.42

2.5 Characterization

The morphologies of SiO2/Ag microbeads were in-
vestigated using a field emission scanning electron mi-
croscope (FE-SEM, Quanta-450-FEG+X-MAX50, FEI
Company, Netherlands), operating at an accelerating
voltage of 30 kV. The compositional information of the
silver-plated glass microbeads was acquired with an en-
ergy dispersive spectrometer (EDX, Horiba 7021-H2,
SUPU, China) installed on FE-SEM. The crystalline
structure and the phase composition of the prepared
composites were characterized via X-ray diffraction
(XRD, DX-2700BH, Dandong Haoyuan Instrument Co.,
Ltd., China) under a CuK� radiation (� = 1.5400 nm) at a
scanning range (2�) of 10–90° and a step size of 0.03°.

The particle size and its distribution in the powder
were measured with a laser particle size analyzer
(JB6100-A, Shanghai Jiubin Instrument Co., Ltd.,
China) in a size number range of 0.01–1250 μm. The
compaction resistance of SiO2/Ag core-shell microbeads
was tested with a DC milliohm meter (TH2516, Tonghui,
China). The resistivity of the conductive coating was
gauged as follow:

� = RS/L (1)
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Figure 2: Schematic diagram of the adding method of electroless plating



where R is the resistance, S is the cross-sectional area
and L is the length.

The electromagnetic interference (EMI) shielding
properties of the conductive coating composite were
tested with a vector network analyzer (Keysight E5061B
ENA, Shenzhen, China), using the waveguide method
within 0.5–6 GHz. The S parameter of electromagnetic
shielding was obtained with the vector network analyzer,
while the transmittance (T), reflectance (R) and absorp-
tivity (A) were analyzed based on the S parameter.43–45 S11

represents the reflection coefficient on plane T1; S21 rep-
resents the forward transmission coefficient from plane
T1 to plane T2.

R = IS11I2 , T = IS21I2 (2)

A = 1 – R – T (3)

The overall electromagnetic interference shielding ef-
fectiveness (SE) of the coating composite was calculated
as follows:

SE = SER + SEA + SEM (4)

SER = –10 log (1 – R) (5)

SEA = –10 log (T / (1 – R)) (6)

where SER is the microwave reflection, SEA is the mi-
crowave absorption and SEM is the microwave multiple
reflection. When SE = 15 dB, the SEM can be insignifi-
cant.13,43–45

3 RESULTS AND DISCUSSION

3.1 Micromorphology and characterizations of SiO2/Ag
microbeads

3.1.1 Surface micromorphology

The surface micro-morphology of the core-shell
SiO2/Ag microbeads obtained with different electroless
plating methods and under the same magnification of
SEM observation is shown in Figure 3. As indicated in
Figure 3a, the coating prepared with forward dropping is
relatively uniform and complete, while the appearance of
SiO2/Ag is a little rough because of uneven growth of sil-
ver particles. It is found that there is a lot of agglome-
ration33 of white flocs around the silver-plated glass
microbeads in Figure 3b where the silver applied with
forward mixing on the glass microbead surfaces is not
uniform. When comparing Figures 3c and 3b, it is obvi-
ous that no white flocs are produced near the surfaces of
SiO2/Ag microbeads on the former figure where the sil-
ver coating is complete and compact. It is also worth not-
ing that Figure 3c shows a SEM image of silver-plated
silica microbeads with a smooth surface and homoge-
neous size. In Figure 3d, the silica microbeads are also
completely covered by consecutive silver particles, while
the coating effect of the SiO2/Ag core-shell particles syn-
thesized via reverse mixing is relatively poor.

The mechanism diagram of the silver layer growth
process is shown in Figure 4. There are two explanations

for the reduction mechanism of Ag+. Some scholars
think that silver is deposited via a non-autocatalytic pro-
cess and can be deposited by itself in a solution. Others
believe that silver still has an autocatalytic effect, but the
catalytic ability is not strong enough so it is necessary to
activate SiO2 microbeads before silver particles are con-
tinuously attached on the substrate surface.

The specific synthetic mechanisms of the two for-
ward electroless silver plating methods are as follows.
Pure silver particles can be relatively uniformly attached
and deposited on the surfaces of glass microbeads because
the reaction rate via dropping in the forward direction is
slow. Furthermore, the oxidation-reduction reaction is
generally carried out on the surfaces of microbeads.
Meanwhile, the substrate is a glucose solution under this
circumstance, which does not form new silver pure ele-
ments with the silver nitrate solution as the active site of
electroless silver plating so that the preferential growth
of Ag occurs in some parts of SiO2 surfaces and the sil-
ver shell coating is not uniform. In contrast, the oxida-
tion-reduction reaction rate with forward mixing is too
fast, leading to quantities of silver elementary substances
in the solution in the form of aggregation. To be specific,
before most silver ions reach the surfaces of glass beads,
they first react in the electroless plating solution and then
form silver elementary substance aggregations in the so-
lution. Only a small amount of silver ions34 react on the
surfaces of glass beads, which results in a large number
of white flocculent silver elements around SiO2/Ag while
most of the glass beads are not completely covered with
Ag layers.

Moreover, the explicit synthetic mechanisms of the
two reverse chemical silver-plating methods are also
clarified. A comparatively mild reaction rate during re-
verse dropping promotes a uniform deposition of Ag par-
ticles and makes Ag cover the silica surface completely
to form a silver shell.46 In this case, the silver ammonia
solution as the matrix can cause a redox reaction on the
surfaces of activated microbeads, forming a thin layer of
silver coating that provides stable active sites for an
argentic growth in the subsequent Ag plating process.
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Figure 3: SEM images of SiO2/Ag microsbeads: a) forward dropping,
b) forward mixing, c) reverse dropping, d) reverse mixing



With an increased plating time, Ag particles are depos-
ited more uniformly onto the SiO2 surface, gradually
forming a core-shell structure, and eventually the cov-
ered silver-coated silica beads become complete, uni-
form and compact. When the reverse mixing method is
adopted, the preferential growth of silver ions during the
crystallization procedure may lead to aggregated lumps
and uneven silver layers on the surface.32 It is also possi-
ble that the mixing reaction starts at a very fast rate so
that the growth of silver immediately reaches saturation,
which makes the silver nucleate rapidly. During the con-
tinuation of chemical silver plating, the concentration of
the reaction solution decreases and the silver enters the

growth stage, resulting in the separation of nucleation
and growth of silver, and thus silver lumps appear some-
where on the surface as shown in Figure 3d.

3.1.2 EDS characterization

The chemical compositions of SiO2/Ag microbeads
prepared with the reaction methods with different addi-
tion orders were analyzed using an energy dispersive
X-ray spectrometer (EDS) as shown in Figure 5. As can
be seen on this figure, only Si, O, Ca, Na and Ag peaks
are clearly shown and no other peaks are detected. The
content of Ag on the surface of SiO2/Ag is about (49.9,
43.7, 54.1 and 51.6) w/% when the preparing methods
are forward dropping, forward mixing, reverse dropping
and reverse mixing, respectively. This means that an Ag
shell with a high purity was acquired on silica
microbeads in the current study.

3.1.3 XRD characterization

The spectra in Figure 6 show typical X-ray diffrac-
tion (XRD) patterns of silver-plated glass beads prepared
with the four reaction methods with different addition or-
ders to verify the crystalline properties and phase purity
of the obtained samples. The four well-resolved diffrac-
tion peaks of SiO2/Ag core-shell composites are ob-
served at 2� angles of 38.12°, 44.30°, 64.44° and 77.40°,
in a range of approximately 30–80°, corresponding to the
reflections of the (111), (200), (220) and (311) crystal
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Figure 4: Mechanism diagram of the silver layer growth process

Figure 5: SEM images with marked EDS measurement areas and
EDS spectra of SiO2/Ag microbeads: a) forward dropping, b) forward
mixing, c) reverse dropping, d) reverse mixing Figure 6: X-ray diffraction patterns of SiO2/Ag microbeads



planes of face-centered cubic (FCC) metal silver (JCPDS
Card No. 87-0720), respectively.31,32,47 There is no dif-
fraction peak of silver compounds, indicating that the
pure Ag particles with high crystallinity were deposited
to grow on the Ag seeds on the surface of SiO2.48 These
XRD results agree well with those of SEM observations.

3.2 Particle size of SiO2/Ag microbeads

The particle sizes of SiO2/Ag microbeads prepared
with different electroless plating methods are shown in
Figure 7. It can be seen that the particle magnitude range
obtained for the experimental glass microbeads is about
20–67 μm and its D50 is about 34 μm49. It is also clear
from the figure that there is almost no big difference be-
tween the average particle sizes of the samples prepared
with the four methods. In addition, the total number of
particles below 5 μm in silver plated glass microbeads
produced with the reverse method is larger than that ob-
tained with the forward method. This is because there are
a few dissociative silver particles in the forward reaction
process, leading to an increase in the accumulation of ul-
tra-fine particles,50,51 while the cumulant of the sil-
ver-plated glass microbeads in this size range is rela-
tively limited in the reverse course of reaction. It can be
further explained that silver grows better on the surfaces
of glass microbeads during reverse electroless silver plat-
ing.

3.3 Measurement of resistance of SiO2/Ag microbeads

The compaction resistance of SiO2/Ag conductive
microbeads is shown in Table 1. It can be clearly seen
that the electric resistance of the sample obtained with
forward mixing is the highest, while that of the sample
obtained with reverse mixing is the lowest.46

3.4 Measurement of resistivity of SiO2/Ag coating com-
posites

The conductive coatings composed of SiO2/Ag
microbeads were made using the screen printing technol-
ogy, and its parameters were 2.0 cm, 2.0 mm, 0.12 mm
in length, width and thickness, respectively. The mass ra-
tio of SiO2/Ag microbeads to unsaturated polyester resin
was 1:2. The resistance of these coatings was tested with
a DC milliohm meter and then the resistivity of the lay-
ers was calculated. The testing information is shown in
Table 2. It is clearly seen that the resistivity of the
SiO2/Ag coating composite obtained with forward mix-
ing is the largest, and the one prepared by reverse drop-
ping is relatively small, with values of 3.64 × 10–5 �·cm
and 2.79 × 10–5 �·cm, respectively. It is also worth not-
ing that the resistivity of the SiO2/Ag coating obtained
with reverse mixing is smaller than that obtained with re-
verse dropping, which is consistent with the result for the
compaction resistance of SiO2/Ag microbeads.

Table 2: Average resistance and resistivity of SiO2/Ag coating com-
posites

Reaction method Average resistance
/�

Resistivity
/�·cm

Forward dropping 2.685 3.22×10–5

Forward mixing 3.036 3.64×10–5

Reverse dropping 2.324 2.79×10–5

Reverse mixing 2.129 2.55×10–5

The resistance of the samples obtained with forward
mixing is the highest, while that of the microbeads and
its coating obtained with reverse mixing is the lowest.
This may be because the matrix is a silver ammonia so-
lution which first reacts with the substance on the sur-
faces of the glass microbeads, and then the thin layer of
Ag is reduced to supply active sites20 for the subsequent
electroless plating during the reverse reaction process.
However, the active sites are relatively insufficient in the
forward reaction process, leading to a comparatively un-
satisfactory coating effort, resulting in an enhancement
of the resistance values.

The reason why the resistance of the microbeads pre-
pared with reverse mixing addition is better than that ob-
tained with reverse dropping addition may be as follows.
At the beginning of the reaction, the speed of reverse
mixing was fast, and in the meantime the silver genera-
tion rate had reached saturation, resulting in a rapid nu-
cleation. Afterwards, with a decrease in the reaction con-
centration, the reaction rate began to slow down, and the
nucleation and growth were basically separated, resulting
in the phenomenon of explosive nucleation and slow
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Figure 7: Particle size of SiO2/Ag microbeads: a) fForward dropping,
b) forward mixing, c) reverse dropping, d) reverse mixing

Table 1: Compaction resistance of SiO2/Ag microbeads

Reaction
method

Forward
dropping

Forward
mixing

Reverse
dropping

Reverse
mixing

Sample color Gray white Grey Off white Gray white
R/m�·cm 138.50 142.10 138.80 137.75



growth.52 In addition, too slow a rate at the later stage of
reverse mixing reaction may have also brought about the
preferential growth of silver, leading to an aggregation of
Ag particles on the surfaces of microbeads. Because of
the existence of silver nuggets, the resistance of the
SiO2/Ag microbeads and coating composites gained with
reverse mixing is smaller than that obtained with reverse
dropping.

3.5 Electromagnetic shielding performance of SiO2/Ag
conductive coatings

In this experiment, a shielding test was conducted in
an electromagnetic wave frequency range of 0.5–6 GHz.
The electromagnetic shielding effectiveness of the
SiO2/Ag conductive coating is shown in Figure 8. The
common trend of the four curves indicates that the SER

value increases as the frequency of electromagnetic
waves decreases, significantly increasing from (45.10,
45.6, 46.25 and 46.63) dB to (55.88, 56.42, 57.05 and
57.43) dB due to the electroless Ag-plating methods in-
cluding forward mixing, forward dropping, reverse drop-
ping and reverse mixing, respectively. When the waves
are shorter than 1 GHz, the electromagnetic shielding of
SiO2/Ag coatings exhibits a comparatively high perfor-
mance with a SER value exceeding 52 dB. Detailed rela-
tionship between the electromagnetic shielding effective-
ness and efficiency can be found in Table 3.53 According
to the experimental results and measurements, the shield-
ing efficiency of all four kinds of SiO2/Ag conductive
coatings is 99.999 %.

It is obvious from Figure 8 that the electromagnetic
shielding effectiveness of the conductive coating pre-
pared with the reverse mixing method is the best, while
the one obtained with the forward mixing method is the
poorest. Moreover, the shielding curves of the conductive
coatings prepared with reverse dripping and reverse mix-
ing are very close. It is well known that the electromag-
netic shielding performance increases with a decrease in
the resistance and resistivity. This result agrees well with

those of resistance and resistivity measurements, and the
phenomenon, according to which the shielding curve of
the SiO2/Ag coating obtained with reverse mixing is
slightly higher than that obtained for reverse dropping, is
caused by the presence of silver nuggets on the SiO2/Ag
powder surface. The complex conductive coating is com-
posed of many SiO2/Ag microbeads, which connect with
each other to form a continuous conductive network. The
increase in the SER of these four different SiO2/Ag coat-
ings is ascribed to the content, uniformity and integrity
of the silver adhered over the SiO2 microbeads.

As incident electromagnetic waves run into the
coarse Ag layers, they are diminished by scattering, ad-
sorption and reflection many times in the formed con-
ductive network. The electromagnetic field can induce
currents resulting in ohmic losses, effectively shielding
the electromagnetic waves.43 From the above analysis,
we can conclude that the electromagnetic shielding ef-
fectiveness of the conductive layer changes with the ad-
justment of the adding modes when the values for the
electromagnetic shielding effectiveness of the coatings
consisting of SiO2 microbeads produced through reverse
mixing and dropping are slightly different and the shield-
ing efficiency is good.

Table 3: Relationship between electromagnetic shielding effectiveness
and efficiency53

Effectiveness (dB) Efficiency (%)
0 0

10 90
20 99
30 99.9
40 99.99
50 99.999
60 99.9999
70 99.99999
80 99.999999
90 99.9999999
92 99.99999994

4 CONCLUSIONS

High-performance SiO2/Ag core-shell composites
with both superior surface topography and electromag-
netic shielding properties were successively synthesized
via the reverse dropping electroless plating method and
utilized as conductive fillers to manufacture a SiO2/Ag
conductive coating.41 Their microstructure, chemical
composition, phase composition, particle size, conduc-
tivity and electromagnetic interference shielding proper-
ties were investigated. The results of SEM, EDS, XRD,
particle size analyzer and DC milliohm meter showed
that SiO2 microbeads were covered with a uniform, con-
tinuous, complete and compact Ag shell, which allowed
silver-plated glass beads to have good conductivity; its
compaction resistance was 138.80 m�·cm, the silver
layer had an fcc structure, and its D50 was about 34 μm.
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Figure 8: Electromagnetic shielding effectiveness of SiO2/Ag coating
composite



The results also showed that the effect of reverse electro-
less Ag-plating was better than that of a forward reac-
tion, and the coating effect of dropping was better than
that of mixing. Almost no white flocs were produced on
the surfaces of silver-plated glass beads prepared with
the reverse dropping method, and the coating was dense,
uniform and complete.6 Besides, the Ag content of the
coating was relatively high, reaching about 54.1 w/%,
and the silver shells did not fall off easily.

By analyzing the silver layer growth and SiO2/Ag
microbead synthesis mechanisms, it can be concluded
that both the reaction speed and reactant addition order
had a major impact on the deposition and growth of sil-
ver particles where neither too fast nor too slow a reac-
tion rate was conducive to electroless Ag-plating. In this
system of taking Ag-seeds as active sites of Ag-shell
growth, surface morphologies and application perfor-
mances of the micro-composites can be well controlled
and regulated by changing the addition order and using
the mixed method of electroless plating. The prepared
coating composite fabricated of unsaturated polyester
resin and SiO2/Ag, obtained through reverse dropping,
with a ratio of 1:2, exhibits excellent electromagnetic
shielding performance54–56 including a resistivity of
2.79 × 10–5 �·cm, SER value of 57.05 dB and wave fre-
quency range of 0.5–6 GHz. This result is mainly attrib-
uted to the formation of a conductive path and improve-
ment of electrical conductivity through SiO2/Ag
core-shell18 particles acting as the conductive fillers. In
conclusion, the SiO2/Ag microbeads obtained with re-
verse dropping have great potentials and promising ap-
plications in the field of EMI shielding.
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