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Abstract:

In this paper, a facile method for fabrication of hollow glass microspheres/Ag composite
particles with core-shell structures is investigated. Ag-coated hollow glass microspheres with
raspberry morphology have been prepared by in-situ composite technique in the presence of poly
-vinylpyrrolidone (PVP). The as-prepared composite particles are characterized by XRD, SEM,
EDS, TEM, IR, and XPS. The results show that 3-aminopropyltriethoxysilane (APTS) coupling
can remarkably improve the adhesion between the palladium colloid particles and the surface of
hollow glass microspheres, increasing the amount of active sites on the surface of hollow glass
micropheres. With the increase of pH value, the equilibrium of [Ag(NH;),]" solution is destroyed
and beneficial to the output of Ag nanoparticles. The shell thickness of silver-coated hollow glass
microspheres increases from 30 nm to 52 nm with the increase of the concentration of the
[Ag(NH;),]" solution. The shielding property of the composite particles increases gradually and
shows an obvious leap in the range of 30% to 35% with increasing the volume fraction of the
composite particles. When the volume fraction of the filler reaches 35%, the shielding
effectiveness is between 70 dB and 80 dB with the frequency of electromagnetic wave ranging
from 2 GHz to 12 GHz. These results indicate that the Ag-coated glass microspheres core-shell

particles should have extensive application prospects in the electromagnetic compatibility field.

Keywords: microspheres; nanoparticles; in-situ; chemical deposition; shielding property
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1. Introduction

As large use of electronics, communication devices and instruments, interference among

devices, such as foldable cellular phones, wearable computers, and radios can degrade their

performance [1]. The shielding or block of electromagnetic signals is one effective technique to

meet working requirements of such devices, also suggesting the solution for the growing concern

from electromagnetic irradiation and interference in the society [2-4]. Many electromagnetic

shielding materials such as metals [5], carbon-based materials [6-7], and electrically conducting

polymer composites [8-10] have been intensively studied in both fundamental and applied

research fields to prevent undersirable effects.

Traditionally, typical metals are considered to be the best material for electromagnetic

shielding but they often suffer from the disadvantages of heavy weight and easy corrosion, which

restrict wide use of these materials [11]. Carbon-based materials such as carbon nanotubes [12],

carbon black [13], and carbon fibers [14] are often used as conducting fillers. Which are

incorporated into polymers to make efficient electromagnetic shielding materials that are

lightweight, flexible, corrosion resistant, and effective. Nevertheless, the oxidation prone of

carbon materials and polymers at low temperature restricts some of their applications when used

in oxidizing atmospheres. It is also to be noted that electrically conducting polymers are currently

expensive, difficult to process, and need considerable improvements in mechanical properties

[15-17]. On the other hand, the use of polymers for housing the electronic device is popular due to

it being light weight, flexible and less expensive. But polymers are electrically insulating and

transparent to electromagnetic radiation i.e. their inherent electromagnetic shielding effectiveness

is practically zero.
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Thin sheets or films, two-dimensional (2-D) structures, which hold unique planar properties

with remarkable combination advantages in light weight, mechanical flexibility and easy

processing, have attacted most attention in electromagnetic shielding coatings on working parts

[18]. Park et al. have prepared CNT thin films into polymeric composites by a vacuum bagging

process, followed by fabricating into sandwich structures. The as-obtained structures showed

increasing electromagnetic shielding by adjusting the layers of the composite films in the range of

2-18 GHz [19]. Wang et al. used screen pringting to fabricate CNT-based films, which exhibited

much higher electromagnetic shielding effectiveness than graphite- and carbon black-based films

in the megahertz region [20]. In order to shield against electromagnetic interference, various

materials are selected for use in different microelectronics devices depending on their shielding

effectiveness over different frequency ranges [21-24]. They are also used in microwave

applications to avoid interference due to unwanted electromagnetic waves. Thus a number of

workers have endeavored to prepare electrically conductive composites as effective

electromagnetic shielding materials [25-30].

As the important raw material of electromagnetic shielding materials, Ag powder is widely

used in the electron industry and military affairs [31]. However, Ag is noble metal of low

abundance. Therefore, the preparation of Ag coated core-shell composite particles is proposed in

order to decrease the dosage of Ag and the density of powders [32-35]. The composite particles

with hollow structure not only have low density, but also can control the electromagnetic

parameters of the electromagnetic materials by adjusting the configuration parameters of the

composite particles in a certain range [36-38]. There are many methods of deposition of Ag

nanoparticles on the substrates, such as seed-mediated growth technique [39-42], chemical plating

Page 4 of 25



Page 5 of 25

RSC Advances

[43], chemical self-assembly monolayer technique [44-49] and so on. However, most of these

methods lead to non-autocatalytic metal plating in the bulk solution and result in coarse

suspensions that cause major metal precursor consumption and necessity of their regeneration.

The uneven distribution or lower metal coverage on the core surface were obtained [50]. What's

more, the shell thickness of composite particles can't be controlled easily.

Based on the autocatalytic redox reaction occurring on the interface between solution and

hollow glass microspheres, herein, we report a nanostructured composite particle, Ag

nanoparticles coated hollow glass microspheres with even and compact shells by in-situ composite

technique in the presence of PVP. The core-shell composite particles have good electric properties,

shielding effectiveness but without the high cost or weight, which indicates that the Ag-coated

hollow glass microspheres should have extensive application prospects in the electromagnetic

compatibility field.

2. Experimental results

2.1 Materials

Hollow sodium borosilicate glass spheres with the size range 2.5~100 pum were used as

substrates for silver shells deposition, which were purchased from Shanghai Green Sub-Nanoscale

Material Co., Ltd. 3-aminopropyltriethoxysilane (APTS) was purchased from Wuhan University

Organosilicon New Material Co., Ltd and vacuum distilled before usage. Silver nitrate (Aldrich,

99.9%) and glucose (Aldrich, 99.9%) were used for Ag shells producing via simple chemical

reduction. All the other chemicals used in the experiments were obtained from commercial

sources as analytical reagents and used without further purification.

2.2 Preparation of Ag-coated hollow glass microspheres



RSC Advances

Prior to use, three surface treatment steps were used in order to improve the surface
properties of hollow glass microspheres: (1) all the substrates were cleaned by boiling in 10%
(wWt%) sodium hydroxide solution for 10 min, then filtered and rinsed with deionized water and
ethanol, dried at 80 °C overnight. (2) immersing the as-prepared substrates into APTS coupling
agent solution for 2 h and dried at 60 °C. (3) immersing the as-prepared coupling substrates into
colloid palladium activator solution for 4 h and dried at 80 °C. (according literature [51], in brief,
1.0 g PdCl, was dissolved in 1000 mL deionized water, then 20 mL HCI (37 wt%) was added
under magnetic stirring for 30 min )

For preparation of Ag-coated hollow glass microspheres, Ag nanoparticles were prepared by
the reduction of AgNOj; solution in glucose (C¢H;2Og) solution in the presence of PVP. 3.5 g
AgNO; was dissolved in 60 mL deionized water, then 0.1 M NH;-H,O (28 wt%) was added until
the solution became transparent again to form [Ag(NH;),]” solution. Reducing solution was
prepared by mixing 45 g C¢H1,0¢, 1.5 g PVP, 100 mL ethanol and 1 L deionized water together.
1.5 g of functionalized hollow glass microspheres was dispersed in 50 mL of 1 wt% sodium
dodecyl sulfonate (SDS) of [Ag(NHs),]™ solution for 30 min. Then silver-coated hollow glass
microspheres can be obtained by mixing [Ag(NH;),]” solution and reducing solution with a ratio
of 1/1 (v/v) dropwise under magnetic stirring for 6 h. The final products were collected by
centrifugation (8000 rpm/10 min), washed with ethanol and deionized water and dried under
vacuum at 80 °C.

2.3 Characterization
To reveal detailed information about the chemical composition and crystallographic structure,

powder X-ray diffraction (XRD) was carried out by using an X' Pert PRO X-ray diffractometer
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with CuK, radiation of wavelength 0.154056 nm at a scan speed of 10°min '. The surface
morphology and structure of composites were examined by transmission electron microscopy
(TEM) with a Philips CM12 microscope operated at 80 kV and a field emission scanning electron
microscopy (FESEM) with a Zeiss DSM940 instrument operated at an accelerating voltage of 20
kV. The component analysis of the samples was carried out on an Energy Dispersive
Spectroscopy (EDS). The function group of composite particles were examined by infrared (IR)
with scanning in the range of 4000 em to 400 cm'. The compositions of composite particles
were examined by X-ray photoelectron spectroscopy (XPS) (Perkin-Elmer, PHI-5300) using
MgKa source at 1253.6 eV. The X-ray powder supply was operated at 250 W (12.5 kV 20 mA).
The pressure in the analysis chamber during scans was kept below 2x10 Pa.
2.4 Electrical conductivity and EMI shielding measurement

The volume resistivity (ohmem) of composites with a high resistivity >10° ohmem was
measured using Hewlett-Packard high resistance meter (model 4329A) coupled with a
Hewlett-Packard (model 160084) resistivity cell. For composites having low resistivity, the
volume resistivity was measured by a four-probe technique using the Vander Pauw method as
described in the literature [52]. To measure the volume resistivity at a constant temperature, the
entire electrode system was placed in an oven where the temperature could be monitored and
controlled. The resistivity data used were the average of results of three samples (samples were
produced as well-dispersed mixtures at the same volume percent using solid paraffin).

The complex permittivity of 2~12 GHz was determined with a coaxial cell on a
Hewlett-Packard 8510C Vector Network Analyzer. The core-shell particles were processed as

well-dispersed mixtures, respectively. For example, the mixtures containing 30% (in volume, the
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same below) core-shell microspheres sample and 70% solid paraffin as an adhesive resulted in the
coaxial cylindrical samples with the following characteristics: outer diameter of 7.00 mm, inner
diameter of 3.02 mm and thickness of about 3.5 mm. The shielding effectiveness of the coating
was measured according to ASTM-ES-7. A network analyser (4396B; Agilent Technologies, Inc.,
Santa Clara, CA, USA) and an S-Parameter test set (Agilent; 85046A) were employed. A coaxial
sample holder was designed according to ASTM D4935-10. The electromagnetic shielding
coating were processed by mixing various quantities of shielding filler (Ag coated hollow glass
microspheres) into epoxy resin adhesive. Then the coating samples were processed at 100 °C for
10 h. The diameter of the load specimen was 13.5 cm.
3. Results and discussion

Fig.1 shows the schematic illustration of the formation process of Ag nanoparticles
decorating hollow glass microspheres. It has been demonstrated that glass microspheres tends to
carry negative charges in a basic solution due to its isoelectric point (IEP) at ~2 and its zeta
potential profile [16]. APTS silane coupling has two functional groups, ethoxy group and amino
group. Generally, the chemical deposition reaction of Ag occurs at the adsorbed palladium
catalytic active centers on the nonmetallic substrates [53]. The surface of hollow glass
microspheres with large amount of hydroxyl groups can interact with ethoxy groups of silane
couping via hydrogen bonds. Meanwhile, another amino groups, which have a pair of unbonded
electrons could complex with Pd** whose outside electron figuration is 4d85505p0. Such bridging
function of APTS silane coupling can remarkably improve the adhesion between the palladium
colloid particles and the surface of hollow glass microspheres, increasing the amount of active

sites on the surface of hollow glass micropheres.
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Fig.2 displays the EDS spectrum of the hollow glass microspheres after colloid palladium
activator with and without APTS silane coupling. It can be found that the palladium surface
content of hollow glass microspheres pretreated with APTS silane coupling exceeds that without
pretreament. The surface property of hollow glass microspheres pretreated by APTS silane
coupling agent is beneficial for the adsorption of palladium. Therefore, it leads to an increase of
the active sites on the surface of hollow glass microspheres and forms an ideal deposition on the
hollow glass microspheres.

Fig.3 shows IR spectra of hollow glass microspheres coupled by different concentrations of
APTS (0, 0.001, 0.002, 0.003 mol-L™"). The intensity of absorbing apex weakened at 3400 cm'
and 1600 cm ' with the increase of the concentrations of APTS, in another word, the quantity of
physical absorbing water and Si-OH group decreased. The absorbing apex of CH, is observed
clearly at 1630 em and the absorbing apex of C=N appears at 1550 cm after hollow glass
microspheres are coupled by APTS silane coupling agent. It indicates that the surface of hollow
glass microspheres really were coupled. The characteristic absorbing apex of SiO, (1100 cm’,
797 cm' and 471 cm') don't have distinct changes. The flex vibration absorbing apex of Si-O
strengthened. The physical form and crystal configuration of hollow glass microspheres can't be
changed by adding APTS silane coupling agent. It's only that the partial hydroxide group has
function with silane coupling to create Si-O bond.

XRD patterns of Ag decorated hollow glass microspheres with APTS silane coupling agent
under different pH value (12, 12.5, 13, 13.5, 14) are shown in Fig.4. The pH value of the solution
is adjusted by NaOH solution. It can be seen that Ag decorated hollow glass microspheres

diffraction peaks around 38.10°, 44.26°, 64.44°, 77.42° are also found for Ag(111), Ag(200),
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Ag(220), Ag(311), respectively, which indicates that the metal Ag has been decorated on hollow
glass microspheres. The 26 angle accords with the normal 26 angle of Ag by contrasting normal
card. It indicates that Ag nanoparticles decorating on the surface of hollow glass microspheres
have intact face-centred cubic structure. Because there exists an equilibrium in [Ag(NHs),]"
solution with instability coefficient Kg=107.05, so the concentration of Ag" in [Ag(NH;),]"
solution is very low during the coating process. When the reducing solution is added to the
[Ag(NH;),]" solution, a small portion of Ag" in the solution can be reduced. Ag seed nanoparticles
can be formed localized nucleation sites of the surface of hollow glass microspheres. With
increase of pH value, the equilibrium is destroyed. The output of Ag becomes more, and the
diffracted intensity of Ag becomes stronger.

The samples purity and elemental composition are determined by XPS [35]. Fig.5 shows the
XPS spectra for Ag/hollow glass microspheres composite. The binding energies obtained in the
XPS analysis are standardized for specimen charging using Cls as the reference at 284.6 eV. No
peaks of other elements except C, O, Si and Ag are observed on the survey spectrum. The binding
energies are 368.26 eV for Ag3dsp, 103.36 eV for Si2p and 532.56 eV for Ols, respectively.
These are assigned to the elements in silica and Ag metal.

Pretreatment method is used in order to obtain ideal chemical deposition of Ag nanoparticles
on hollow glass microspheres. The main pretreatment includes surface treatment, APTS silane
coupling, colloid palladium activating. Fig.6 shows the typical SEM photographs of with and
without Ag nanoparticles decorating the hollow glass microspheres prepared via pretreatment. It is
found from Fig.6a that some rough holes appear on the shell of hollow glass microspheres and

some broken glass microspheres can be observed. Fig.6b shows that a few Ag nanoparticles

10
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decorate hollow glass microspheres, which are pretreated by colloid palladium activating without
APTS silane coupling. Fig.6c show that lots of Ag nanoparticles decorate on the hollow glass
microspheres, which are pretreated by colloid palladium activating with APTS silane coupling
(the same as above pretreatment). The amounts of palladium increase with APTS silane coupling.
In order to investigate the element composition, Ag nanoparticles decorating hollow glass
microspheres are analyzed by EDS, as shown Fig.6d. It can be found that the composition of Ag,
Si, O, Mg, Al can be observed in the sample and the elements of Si, O, Mg, Al are assigned to
hollow glass microspheres. No other impure element is detected,which is almost consistent with
the XRD results.

Fig.7 shows the effect of the concentration of [Ag(NH3),]" solution on the shell thickness of
Ag-coated hollow glass microspheres in the presence of PVP. The pristine hollow glass
microspheres appear slick sphericity while the composite particles appear raspberry morphology.
The shell thickness is about 30 nm when the concentration of [Ag(NHs),]" solution is 0.2 M. Ag
nanoparticles are produced more and more with the increase of the concentration of [Ag(NH;),]"
solution. The renascent Ag nanoparticles have very high activity and the subsequent Ag
nanoparticles are formed on the interfaces which have high active potential location. So the size of
Ag-coated hollow glass microspheres become larger and larger. The shell thickness of
silver-coated hollow glass microspheres increases from 30 nm to 52 nm with the increase of the
concentration of [Ag(NH;),]" solution.

Fig.8 shows the electromagnetic shielding effectiveness curve of mixture with different
volume fraction of particles in the range of 2.0 GHz to 12.0 GHz. Compared to coating material

with excessive volume fraction for fillers, inadequate fillers will lead to inferior electric properties

11
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of the coating. According to Schelkunoff theory, shielding material with perfect electric properties
will have perfect electromagnetic shielding properties. The perfect electric properties contribute to
strong reflection and absorbance losses in the shielding effectivess of electromagnetic shielding
material. With increasing volume fraction of composite particles, the shielding effectiveness of
composites increases gradually and shows an obvious leap in the range of 30% to 35%. The
conductive particles can't form catenarian morphology in the mixture with decreasing the volume
fraction of particles. When volume fraction of particles increase, the particles can't form effective
conductive net due to loose structure of the mixture.
4. Conclusions

In summary, a facile method for fabrication of hollow glass microspheres/Ag composite
particles with core-shell structures is investigated. Ag-coated hollow glass microspheres with
raspberry morphology have been prepared by in-situ composite technique in the presence of PVP.
The as-prepared composite particles are characterized by XRD, SEM, EDS, TEM, IR, and XPS.
The results show that 3-aminopropyltrimethoxysilane (APTS) coupling can remarkably improve
the adhesion between the palladium colloid particles and the surface of hollow glass microspheres,
increasing the amount of active sites on the surface of hollow glass micropheres. With the increase
of pH value, the equilibrium of [Ag(NH3),]" solution is destroyed and it is beneficial to the output
of Ag nanoparticles. The shell thickness of silver-coated hollow glass microspheres increases from
30 nm to 52 nm with the increase of the concentration of the [Ag(NH;3),]" solution. The shielding
property of the composite particles increases gradually and shows an obvious leap in the range of
30% to 35% with increasing the volume fraction of the composite particles. When the volume

fraction of the filler reaches 35%, the shielding effectiveness is between 70 dB and 80 dB with the

12
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frequency of electromagnetic wave ranging from 2 GHz to 12 GHz. These results indicate that the

Ag-coated glass microspheres core-shell particles should have extensive application prospects in

the electromagnetic compatibility field.
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Figure captions

Fig.1. A schematic illustration of the procedure for generating silver decorated hollow glass
microspheres

Fig.2. EDS spectrum of pretreated hollow glass microspheres with and without coupling

Fig.3. IR spectra of hollow glass microspheres coupled by different concentrations of APTS. (a) 0,
(b) 0.001mol-L™", (c) 0.002 mol-L™", (d) 0.003 mol-L™".

Fig.4. XRD patterns of silver-coated hollow glass microspheres obtained under different pH

Fig.5. XPS analysis of silver coated hollow glass microspheres

Fig.6. Morphology of hollow glass microspheres with and without silver nanoparticles decorating.
(a) etched by sodium hydroxide; (b) reaction for 4 h without coupling; (c) reaction for 8h with
coupling and EDS spectrum of composite particles

Fig.7. TEM photographs of silver coated hollow glass microspheres obtained under different
concentrations of [Ag(NHj3),]" in the presence of PVP. (a) 0, (b) 0.2 mol'L™" (¢) 0.4 mol-L™ (d)
0.6 mol-L™"

Fig.8. The shielding effectiveness curve of mixtures with different volume fraction under the

frequency of microwave ranging from 2.0 GHz to 12.0 GHz.
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Fig.1
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Fig.5
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Fig.6
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Fig.7
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Fig.8
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