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단분산 중공 폴리스티렌 마이크로입자의 합성 및 응용

박 성 환

부 경 대 학 교   대 학 원   고 분 자 공 학 과

요약

다양한 분야에 대한 잠재적인 유망성 때문에 중공의 형태를 가진 비구형 

마이크로입자의 설계 및 합성은 매우 중요하지만, 한 번의 생산 단계만을 

거치는 합성 방법의 개발은 여전히 큰 도전 과제로 남아있다. 이 연구에서 

분산 중합을 기반으로 하여 새로운 template-free 방법을 성공적으로 개발

하였고 이 합성방법을 통해 이방성을 가진 중공 폴리스티렌(PS) 마이크로

입자를 1단계 반응으로 생산하였다. 합성에서 과황산암모늄(APS)은 매우 

균일하고 안정한 중공 PS 마이크로입자의 형성 및 성장에 결정적인 역할을 

담당한다. APS의 농도와 사용 된 분산안정제(폴리 비닐피롤리돈)의 농도를 

변화시킴으로써 우리는 PS 입자의 평균 크기와 그 오목함의 정도를 조절할 

수 있었다. 더 나아가, 용매의 흡수를 이용한 팽창 과정 및 금속 이온 치환

을 사용하여,  친환경적으로 방법으로 미리 합성된 PS 마이크로입자의 표

면에 다양한 종류의 금속 나노 입자를 부착 할 수 있었다. 이 금속/PS 복

합체는 4-니트로페놀의 환원 반응에서 촉매로서 작용할 수 있으며 재사용

이 가능하다.

ⅹⅲ
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Chapter Ⅰ. 

Introduction

Ⅰ-1. Monodisperse Polymeric Microparticle

  The micro-size monodisperse polymeric spheres have received 

increasing attention, because of their a variety of applications, 

such as drug release, stimuli-responsive sensors, substrates for 

catalysts, and surface-functionalized particle[1-5]. Also, polymeric 

microparticles are synthesized as emulsions and latex, which 

have already been applied as materials in the industrial fields of 

cosmetics, paint, composites, insulators[6]. Many researchers have 

considerable attention in the synthetic process due to the in-

creased awareness of cost, environmental issues, and technical 

difficulties. the mono-dispersity of microparticles have been par-

ticularly demanded since they exhibit a constant and predictable 
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response to external fields[7]. To date, the type of polymerization 

to prepare microparticles has been dominated by radical poly-

merization with heterogeneous systems, mainly because the pa-

rameter of polymerization was easily controlled and the amount 

of synthesized microparticle was bulk quantities. In general, Few 

conventional methods are available for the synthesis of particles 

under micro-scale such as suspension polymerization, emulsion 

polymerization, and dispersion polymerization. 
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Ⅰ-2. Suspension Polymerization

  Suspension polymerization, sometimes called bead, pearl or 

granular polymerization, is one of the most widely used polymer-

ization techniques. It is consisted of a dispersing medium, stabi-

lizing agents and monomers (Scheme Ⅰ-1). Water is almost the 

dispersing medium. The initiator is soluble in the monomer, but 

both initiator and monomer are insoluble in reaction medium. 

The reaction medium houses mixture of reactants. As a result, 

the mixture constructs droplets in medium. This medium sur-

rounding mixture easily transfers heat from droplet. So, high 

conversion of monomer is achieved during the reaction of poly-

merization[8]. The stabilizing agent is used to prevent coalescence 

or agglomeration of the sticky polymer particles. 

  Suspension polymerization has several advantages. As above 

mentioned, since water is usually the continuous phase (medium), 

it acts as an effective heat-transfer medium which makes to 

easily control temperature. Resulted polymer is obtained in a 

bead form that is convenient and easily handled. On the contrar-
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Scheme Ⅰ-1. Schematic description of suspension polymerization
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y, suspension polymerization has disadvantages. the diameter of 

final product depends on the diameter of droplet controlled by 

varying the stirring rate. In conventional suspension polymer-

izations, to change the stirring rate have limits. So, preparation 

of particles smaller than about 20 ㎛ have become harder than 

other polymerization processes[8]. 
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Ⅰ-3. Emulsion Polymerization

  Emulsion polymerization is one of the most important methods  

in the production of specialty polymers[9]. In emulsion polymer-

ization, the most common type is an oil-in-water emulsion and 

polymerization system consists of a medium, monomer, surfac-

tant, initiator (Scheme Ⅰ-2). the monomer is insoluble (or 

scarcely soluble) in reaction medium. Unlike in suspension poly-

merization, the initiator is soluble in the medium and not soluble 

in the monomer. The surfactant forms micelles in medium. Also, 

the particles are hindered from coagulating with each other be-

cause each particle is surrounded by the surfactant. the concen-

tration of surfactant is higher than critical micelle concentration 

(called CMC) defined as the concentration of surfactants above 

which micelles form. The diameter of resultant particles by emul-

sion polymerization has relationship with the fraction of the 

monomer[10,11]. Also, a number of other factors influences the di-

ameter of final product. 

  Emulsion polymerization has several advantages. it is more ra-
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Scheme Ⅰ-2. Schematic description of emulsion polymerization
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pid than bulk or solution polymerization at the same 

temperature. Therefore, the average molecular weight is higher 

than at the same polymerization rate in bulk or solution 

polymerization. In addition to, the heat occurred from polymer-

ization is easily controlled by medium like the suspension 

polymerization. The resultant product by emulsion polymerization 

has diameter in-between the range of 0.01 ~ 1 ㎛.  
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Ⅰ-4. Dispersion Polymerization

  Monodisperse particles with micro-size were usually difficult to 

obtain. Because the particles are within the size range of 0.06 ㎛

~ 0.07 ㎛ by conventional emulsion polymerization and the size 

range of 50 ㎛ ~ 1000 ㎛ by conventional suspension polymer-

ization[6]. For this reason, Dispersion polymerization is promising 

method that facilitate to synthesize micro-size monodisperse par-

ticles in a single batch process. In general. the product can be 

yielded within 0.1 ㎛ ~ 15 ㎛ in diameter (Figure Ⅰ-1). Also, 

nano-size particles with excellent monodispersity are afforded by 

dispersion polymerization[12]. Dispersion polymerization is a type 

of precipitation polymerization, meaning the solvent selected as 

the reaction medium is a good solvent for the monomer, the ini-

tiator and the steric stabilizer, On the contrary, the polymer is 

not soluble in solvent[13]. 

  As the polymerization reaction proceeds, the generated nuclea-

tion is grown by incorporating oligomers in continuous phase 

(medium), and then the particles grow up (Scheme Ⅰ-3). the ste-  
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Figure Ⅰ-1. Schematic description of dispersion polymerization
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Scheme Ⅰ-3. Schematic description of dispersion polymerization
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ric stabilizers play a crucial role in the dispersion polymerization. 

it prevents to coagulate with each other during the reaction of 

polymerization. Furthermore, the steric stabilizer is related with 

the growth of particles directing the particle size and colloidal 

stability in particle formation stage[6]. 

    Dispersion polymerization has several advantages similar to 

that of emulsion polymerization. the heat from exothermic re-

action is easily controlled. this method don’t require specialized 

equipment. In addition, It is very economical and more environ-

mental friendly, because of the common use of alcoholic aqueous 

solvent.   
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Ⅰ-5. Hollow polymer particle

  Hollow polymer particles play important roles in widespread use 

in biological and chemical applications[14-16]. Moreover, they have 

potential applications applied as materials in the industrial fields 

of coating, papermaking, and cosmetics because of their excellent 

characteristics of light scattering and low density[17]. Similarly, the 

monodispersity of the hollow polymer microspheres is very 

important to show uniform performance. The preparation of 

hollow microspheres has several strategies. Many researcher have 

recently studied for developing different routes. Hollow polymer 

microspheres are fabricated by removal of the core particles 

using chemical etching[18], phase separation[19]. self assembly[20], 

emulsion droplets[21]. But, these different approaches for making 

hollow polymeric microspheres have barriers such as specialized 

equipment, experimental techniques. So, new approaches to easily 

fabricate Hollow polymer particles are required.
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Chapter Ⅱ. 

One-Step Synthesis of Hollow Dimpled 

Polystyrene Microparticles by 

Dispersion Polymerization

Reproduced with permission from 
[Langmuir, 2017, 33 (9), pp 2275–2282]
Copyright © 2017 American Chemical Society 
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Ⅱ-1. Introduction

  The synthesis and assembly of polymer nanostructures that 

form hollow spheres have garnered considerable attention in re-

cent years because of their medicinal, biological, and industrial 

applications, including in targeted drug delivery, as catalysts, and 

photonic crystals, and for encapsulation of macromolecules[22-28]. 

In order for the industrial applications of these nanostructures to 

succeed, they must meet what are becoming increasingly strin-

gent requirements regarding particle monodispersity, porosity, 

shape and size. A variety of manufacturing methods, such as 

hard template, soft template, dynamic swelling, osmotic swelling, 

and polymeric micelle methods, have been developed for produc-

ing hollow polymer microparticles with well-defined nano-

structures[29-36]. However, most of these methods use a template 

strategy. Although the cavity size of the hollow microparticles 

can be easily controlled by using a sacrificial template, preparing 

core−shell particles requires a great deal of processing time and 

continuous attention and effort[25]. In addition, in order to form 
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hollow structures, the cores need to be removed by using dis-

solving or drying techniques, which require specialized equipment 

and harsh processing environments. Seeded polymerization is 

more direct and does not require template removal, but the 

method is not a one-step synthesis involving forming seed par-

ticles in advance, followed by the polymerization[37-39].
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Ⅱ-2. Experimental section

Ⅱ-2-1. Chemicals and Materials

  Styrene (product no. S4972, 2.5 L), ammonium persulfate (APS), 

polyvinylpyrrolidone (PVP; Mw ≈ 55 kDa), and ethanol (product 

no. 459844-1 L) were received from Aldrich. All chemicals were 

used without further purification. The deionized (DI) water 

(product AH365-4, 4 L) used in the reaction was a product of SK 

Chemicals (Republic of Korea).

  Ⅱ-2-2. Polymerization Procedures

  The dispersion polymerization of styrene was conducted in a 

mixture of ethanol and water with APS as an initiator. The poly-

merization was carried out in a 50 mL vial with magnetic 

stirring. Preweighed PVP and initiator were first added into the 
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vial. The mass of PVP in a typical polymerization was 0.01 g (0.5 

wt % relative to styrene). The concentration of APS was varied 

from 6 to 30 mM. Then, 25 mL of ethanol and 3 mL of deionized 

water were poured into the vial. The mixture was stirred well 

with a magnetic bar for 10 min at room temperature. Finally, a 

volume of 2.2 mL of styrene monomer was added and the poly-

merization temperature was fixed at 70 °C in an oil bath. The re-

action was carried out with sufficient stirring. After completion of 

the polymerization, any further reaction was quenched by placing 

the vial in ice water for 30 min. The product was collected after 

centrifuging the vial at 13,000 rpm and rinsed off repeatedly with 

deionized water to remove the residual styrene and PVP.

  Ⅱ-2-3. Characterizations

  Scanning electron microscopy (SEM) images were recorded us-

ing a field-emission scanning electron microscope (Sirion, FEI) 

operated at an accelerating voltage of 10 kV. Transmission elec-

tron microscopy (TEM) images were obtained using a Philips 
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Tecnai F30 microscope operated at 200 kV. The SEM (or TEM) 

sample was prepared by placing a drop of the final product 

(suspended in DI water) on a silicon wafer (or carbon-coated 

copper grid), and then drying the sample in a fume hood. The 

zeta potential of the PS colloidal particles, which reflects their 

surface charge density, was determined by taking dynamic light 

scattering (DLS) measurements (Nano ZS90, Malvern Instruments 

Ltd.). The number-average and weight-average molecular weights 

of the PS particles were determined using gel permeation chro-

matography (GPC, GPC System 1260, Agilent Technologies).
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Ⅱ-3. Results and Discussion

  Dispersion polymerization is an attractive and promising alter-

native to other polymerization methods and affords micro-

meter-size monodisperse particles in a single batch process[45,46]. 

The dispersion polymerization of a monomer is carried out in the 

presence of a suitable polymeric steric stabilizer that is soluble 

in the reaction medium, and also involves the use of an initiator. 

A key feature of dispersion polymerization is that the solvent se-

lected as the reaction medium should be a good solvent for both 

the monomer and the steric stabilizer, but a nonsolvent for the 

polymer being formed. Thus, dispersion polymerization is defined 

as a type of precipitation polymerization[47]. In this study, poly-

vinylpyrrolidone (PVP) was used as the steric stabilizer, and am-

monium persulfate (APS) was used as the initiator. Though APS 

is a well-known initiator commonly used in emulsion polymer-

ization, it has been rarely used in dispersion polymerization. 

Since APS cannot be dissolved in pure ethanol, a mixture of 

ethanol and water was used as the reaction medium.
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  The prepared PS microparticles were observed by using SEM 

and TEM. In a typical synthesis, PVP with an average molecular 

weight of 55 kDa and a mass content of 0.5 wt % relative to 

styrene was used. The v/v ratio of ethanol to water in the re-

action medium was about 8.3. The concentration of APS was 15 

mM, and the polymerization was carried out for 18 h. Highly 

monodisperse particles with an average size of 2.07 (±0.03) μm 

were obtained (Figure Ⅱ-1A,B). No particles aggregated and the 

size distribution was quite narrow. Figure Ⅱ-1C shows magnified 

SEM images of the microparticles, whose morphologies were ob-

served to be not plain spheres, but instead concave spheres. To 

further demonstrate the concave feature of the PS microparticles, 

the same particles were investigated using TEM. A dimple was 

clearly observed on the surface of each particle (Figure Ⅱ-1D). 

The most striking feature observed in the TEM image was the 

strong contrast between the dark edge and the bright center, 

which indicated that the particles were not solid, but were 

hollow. The average diameter of the cavity and thickness of the 

PS shell were determined from the image in Figure Ⅱ-1D to be 

approximately 1.64 and 0.43 μm, respectively. These results reve-
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Figure Ⅱ-1. (A−C) SEM images of PS microparticles with 

different magnifications. (D) TEM image of PS microparticles. The 

v/v ratio of the ethanol to water was about 8.3, and the 

concentration of APS was 15 mM. The polymerization was 

performed at 70 °C over a period of 18 h. Scale bars represent 

(A) 20 μm, (B) 10 μm, (C) 2 μm, and (D) 1μm.
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ealed that uniform hollow and dimpled PS microparticles could 

be successfully synthesized via dispersion polymerization in a 

single step, and without using any templates. We are not the first 

group to observe the formation of particles with anomalous 

structures in the heterophase polymerization process. The for-

mation of particles with similar morphology to the PS particles 

shown in Figure Ⅱ-1 in the course of surfactant-free emulsion 

polymerization has been reported for many decades[48-53]. 

However, to the best of our knowledge, a synthesis of hollow PS 

microparticles with the described novel morphology using a sim-

ple one-step dispersion polymerization method without a template 

has not been reported previously.

  The growth of the dimpled hollow microparticles was examined 

by monitoring the evolution of their shapes. This monitoring was 

accomplished by conducting a series of reactions under identical 

conditions except for stopping the reactions at various time 

points. Figure Ⅱ-2 shows SEM images of typically synthesized PS 

microparticles after the various reaction times. These images in-

dicated that at each reaction time, the produced PS particles 

showed a very narrow size distribution. Their sizes and shapes, 



- 24 -

Figure Ⅱ-2. SEM images of products collected at different stages 

of the reaction: (A) t = 6 h, (B) t = 12 h, (C) t = 14 h, (D) t = 18 

h, (E) t = 24 h, and (F) t = 36 h. The v/v ratio of the ethanol to 

water was about 8.3, and the concentration of APS was 15 mM. 

The polymerization was performed at 70 °C. Scale bar in each 

image represents 2 μm.
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however, did change with reaction time. During the first 6 h of 

the reaction, the products were mainly spherical particles with an 

average diameter of 1.71 (±0.02) μm and without any dimples on 

their surfaces. After a reaction of 12 h, no notable change was 

observed in the shape of the particles, as shown in Figure Ⅱ-2B. 

However, the average diameter of the PS microparticles increased 

to 1.92 (±0.02) μm. After a reaction time of 14 h, the average di-

ameter of the particles was observed to increase to 1.97 (±0.02) 

μm, and a small concavity was observed on the surface for many 

of the otherwise spherical particles (Figure Ⅱ-2C). As shown in 

Figure Ⅱ-2D, when the reaction was prolonged to 18 h, the con-

cave feature became more obvious and was observed on the sur-

face of nearly every particle. The PS particles became severely 

deformed and anisotropic after a reaction time of 24 h, as shown 

in Figure Ⅱ-2E, and their average diameter increased to 2.19 

(±0.04) μm. Note that the PS microparticles did not grow any 

more after 24 h: as shown in the SEM image of Figure Ⅱ-2F, the 

particles obtained after a reaction time of 36 h displayed an 

average diameter of 2.17 (±0.03) μm. The surface dimple on each 

particle did, however, become on average a bit larger. 
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  Figure Ⅱ-3 shows TEM images taken from the same samples 

depicted in Figure Ⅱ-2. Figure Ⅱ-3A shows a TEM image of the 

particles obtained after a 6 h reaction time. This image revealed 

that each of the particles produced in the early stage of the pol-

ymerization had a solid structure. When the reaction was pro-

longed to 12 h, the corresponding TEM image, shown in Figure 

Ⅱ-3B, clearly indicated that the particles each contained a small 

interior cavity. As the reaction time was increased to 14 h, the 

particles were observed to become slightly asymmetric and the 

interior cavity of each particle became larger (Figure Ⅱ-3C). As 

the reaction time was further increased, the extent of the con-

cavity was observed in the TEM images to increase, as it was 

observed in the SEM images. After the reaction time of 18 h, the 

particles were observed in the corresponding TEM image (Figure 

Ⅱ-3D) to have a nearly uniform shell thickness of 0.43 (±0.01) μ

m, nearly 41% of the value of the average particle radius. The 

dimple on the particle surface and the resulting concave struc-

ture that were observed in the corresponding SEM image were 

also observed in this TEM image. Prolonging the reaction times   
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Figure Ⅱ-3. TEM images of products collected at different stages 

of the reaction: (A) t = 6 h, (B) t = 12 h, (C) t = 14 h, (D) t = 18 

h, (E) t = 24 h, and (F) t = 36 h.
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to 24 h (Figure Ⅱ-3E) resulted in a continued increase in the 

size of the cavity, and the shell thickness correspondingly de-

creased to 0.39 μm at this stage of reaction; the volume of the 

cavity, however, was reduced due to the growth of the dimple. 

After the reaction time was increased to 36 h, the shell thick-

ness, as shown in the TEM image of Figure Ⅱ-3F, slightly de-

creased to 0.36 μm and the volume of the cavity became is quite 

small with the further growth of the dimple. Figure Ⅱ-4 shows 

size distributions of the PS particles shown in Figures Ⅱ-2 and 

Ⅱ-3. A plot of the average diameter of the PS microparticles and 

the average shell thickness as a function of the reaction time is 

also shown in Figure Ⅱ-5. The average diameter of the particles 

was observed to increase linearly with reaction time for the first 

approximate 18−24 h of reaction and then to gradually plateau 

with the further increase in reaction time.

  The structural transformation observed during the polymer-

ization may be explained by the following proposed mechanism. It 

is first helpful to understand the particle growth as having been 

divided into two phases: the first on involving the transformation 

of the solid particle into the hollow particle over the course of t-
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Figure Ⅱ-4. Particle dimeter distributions of PS microparticles 

collected at different stages of the reaction: (A) t = 6 h, (B) t = 

12 h, (C) t = 14 h, (D) t = 18 h, (E) t = 24 h, and (F) t = 36 h. 
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Figure Ⅱ-5. Plots of the average particle diameter and shell 

thickness of the PS microparticles as a function of the polymer-

ization time. 
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he first 14 h of the reaction; and the second one marked by the 

hollow structure undergoing a buckling process. At the start of 

the reaction, the monomer, stabilizer and initiator were dissolved 

in the mixture of ethanol and DI water to form a homogeneous 

solution. According to the proposed mechanism, upon heating 

this resulting mixture, the initiator decomposed and the free rad-

icals reacted with monomers to form oligomer radicals; then, 

when the oligomers grew to a critical chain length, they became 

immiscible in the reaction mixture and adsorbed stabilizer to 

form a stable particle; and once particles were formed, they ab-

sorbed monomers from the continuous phase, and they became 

swollen with these monomers[54]. From this stage on, according to 

the proposed mechanism, polymerization preferentially took place 

on the particle surface because the surface adsorbed and anch-

ored the aqueous radicals formed from the APS molecules dis-

solved in the water[25]. Accordingly, the particle surface in this 

mechanism served as the subsequent polymerization locus for the 

monomers infusing from the center of the particle. Gradually, the 

polymer chains migrated from the center of the particle to the 

surface together with the monomers, resulting in the formation 
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of the cavity as shown in Figure Ⅱ-3B. The difference between 

the average solid volume of the PS particles resulting from a re-

action time of 12 h (Figure Ⅱ-3B) and that from a reaction time 

of 6 h (Figure Ⅱ-3A) was calculated from the radii (r) of the 

particle and cavity to be about 0.76 μm3 by using the expression:






−
−



This increase in the solid volume despite the formation of the 

cavity indicated that polymerization kept on taking place on the 

particle surface.

  According to the proposed mechanism, since further polymer-

ization caused a rapid consumption of monomers inside the 

swollen particles, the hollow microspheres experienced deswelling, 

giving rise to mechanical stress at the polymer shells. Therefore, 

the shells buckled at the relatively thin sites as shown in Figure 

Ⅱ-3C. The shell deformation allowed the structure to adopt the 

buckled shape with a single dimple. In the present study, no par-

ticles with more than one dimple were observed, which suggested 

that the deswelling process was slow. In elastic theory, the pres-

sure-induced collapse of a thin spherical shell is a well-known 

problem, and the minimum pressure required for buckling, called 
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the critical pressure (), can be given by:

                             ∝ 


                         (1)

where  is the 3D Young’s modulus and  and  are the initial 

shell thickness and the initial spherical shell radius, re-

spectively[55]. The relationship indicates that a large thin shell can 

be buckled easily, which explains why the buckling of the PS 

particles occurred when the small solid particles grew into hollow 

large particles with thin shell thickness (see particles in Figure Ⅱ

-3D resulting from the 18 h reaction). Finally, particles with 

highly anisotropic structures were produced after a reaction time 

of 24 h, when the monomers were apparently depleted. Figure Ⅱ

-6 shows a schematic representation of the mechanism for the 

formation and growth of the hollow dimpled PS microparticles, 

based on the results shown in Figures Ⅱ-2 and Ⅱ-3.

  In the present study, both the size and shape of the micro-

particles could be adjusted by tuning the experimental parame-

ters of the polymerization. For example, the concentration of the 

APS initiator was found to have a significant influence on the 

both the size and morphology of the particle. Dispersion polyme-
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Figure Ⅱ-6. Schematic illustration of the formation and growth 

of hollow PS microparticles with the novel dimpled morphology.
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rizations were carried out with various concentrations of APS, 

from 6 to 30 mM. Figure Ⅱ-7 shows the SEM images of the 

samples polymerized for 18 h with these different APS 

concentrations. The results indicated that PS microparticles with 

diameter ranging from 1.49 to 3.05 μm can be obtained by 

changing the concentration of APS. Although monodisperse PS 

particles were obtained with concentrations of APS below 24 mM, 

secondary particles were generated when using 30 mM APS. 

Thus, initially increasing the concentration of the initiator led to 

uniformly larger particles, while increasing the concentration fur-

ther to a high level produced a more complex result. We expect 

that at higher initiator concentrations, the proportion of pro-

duced oligomers would also increase. Such an increase would re-

sult in a faster growth of polymer microspheres, and increased 

aggregation of precipitated oligomers would produce larger par-

ticles[56,57]. For very high APS concentrations, excessively high re-

action rates would interfere with the addition of newly formed 

oligomers on the exiting particles, but favor self-nucleation, lead-

ing to the formation of the secondary particles, as we observed 

for an APS concentration of 30 mM (Figure Ⅱ-7F).
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Figure Ⅱ-7. SEM images of PS microparticles obtained at differ-

ent concentrations of APS while other conditions were kept the 

same: (A) 6 mM, (B) 12 mM, (C) 15 mM, (D) 18 mM, (E) 24 mM, 

and (F) 30 mM. Scale bar represents 2 μm for all main images.
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  Figure Ⅱ-8 show TEM images of the PS particles grown with 

the various concentrations of APS. These particles were observed 

in the TEM images to be spherical and hollow. They were also 

observed to have a dimpled structure, except for the particles 

obtained with 6 mM APS (Figure Ⅱ- 7A). As described above, of 

all APS concentrations tested, 6 mM APS yielded the smallest 

particle. Based on the TEM image, the particles had relatively 

thick shells, which would result from the high molecular weight 

of the polymer. For a fixed amount of monomer, the molecular 

weight of the polymer is inversely proportional to the concen-

tration of initiator in the radical polymerization. Molecular 

weights of the PS particles grown with different concentrations of 

APS were measured by gel permeation chromatography (GPC) and 

summarized in Table Ⅱ-1. The results confirmed that the sample 

shown in Figure Ⅱ- 7A had the highest molecular weight value. 

The lack of dimples in the particles obtained with 6 mM APS is 

consistent with eq 1, which predicts the need for relatively high 

pressures to lead to the buckling of small particles with some-

what thick shells. A plot of the average observed diameter of the 

microparticles a function of the tested APS concentration is sho-
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Figure Ⅱ-8. TEM images of PS microparticles obtained at differ-

ent concentrations of APS (shown in Figure Ⅱ-7): (A) 6 mM, (B) 

12 mM, (C) 15 mM, (D) 18 mM, (E) 24 mM, and (F) 30 mM. Scale 

bar represents 2 μm for all main image
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Table Ⅱ-1. Molecular weight of PS microparticles grown with 

various concentrations of APS as shown in Figure Ⅱ-7. 
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wn in Figure Ⅱ-9. This plot revealed a nearly linear relationship 

between the microparticle size and concentration of APS form 1 

to 30 mM.

  The influence of the concentration of PVP concentration was 

also tested. Figure Ⅱ-10 shows SEM images of the PS particles 

synthesized with various PVP concentrations. When the concen-

tration of PVP was 0.25 wt %, some particles aggregated as 

shown in Figure Ⅱ-10A, indicating that the PS particles were not 

sufficiently stabilized by such a low PVP concentration. 

Unaggregated monodisperse PS particles were obtained when the 

concentration of PVP is 0.5 wt % (Figure Ⅱ-10B). For PVP con-

centrations of 0.75 and 1.50 wt %, in addition to the main par-

ticles, secondary small particles were also observed, and thus the 

monodispersity became worse, as shown in Figures Ⅱ-10C and Ⅱ

-10D. Overall, as the concentration of PVP was increased from 

0.25 to 1.50 wt %, the average diameter of the dimpled (main) 

particles decreased from 2.35 (±0.04) μm to 1.76 (±0.02) μm. In 

dispersion polymerization, the ultimate size of the particles de-

pends on the number of nuclei formed in the early stages of 

polymerization. An increase in the number of nuclei, while keepi-
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Figure Ⅱ-9. Plot of the average particle diameter of the PS mi-

croparticles as a function of the APS concentration. 
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Figure Ⅱ-10. SEM images of PS microparticles obtained at differ-

ent concentrations of PVP while other conditions were kept the 

same: (A) 0.25 wt %(0.005 g), (B) 0.5 wt % (0.01 g), (C) 0.75 wt % 

(0.015 g), and (D) 1.5 wt % (0.03 g) relative to styrene. Scale bar 

represents 5 μm.
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ng the concentration of monomer the same, would be expected 

to result in the formation of smaller polymer particles. In a typi-

cal dispersion polymerization, the nucleation starts partially on 

the stabilizer backbone via a hydrogen abstraction[56,57]. 

Therefore, the stabilizer polymer provides supplementary nuclea-

tion sites, which can explain why in our experiments the particle 

size depended inversely on the concentration of stabilizer and 

why secondary particles were generated for high concentrations 

of stabilizer.

  It is worth noting that a volume ratio of ethanol to water in 

the reaction medium also played a crucial role in the formation 

of the dimpled hollow microparticles. In the above experiments, 

the v/v ratio of ethanol to water in the reaction medium was 

fixed as 8.3. Doubling the volume of water, which decreased the 

ratio of ethanol to water to 3.7, yielded a sample containing 

small spheres, as shown in Figure Ⅱ-11A. Figure Ⅱ-11B shows a 

TEM image of the sample, indicating that the spheres displayed a 

hollow structure. According to the mechanism proposed, the for-

mation of hollow structures resulted from the use of the aqueous 

radical formed from APS, which is soluble in water. When the v-
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Figure Ⅱ-11. SEM and TEM images of PS microparticles grown in 

the reaction medium with different volume ratios of the ethanol 

to water. The v/v ratios of ethanol to water in the reaction me-

dium were (A-B) 3.7 and (C-D) 13.0. The scale bar in the SEM 

image represents 2 μm. 
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olume fraction of water in the solvent system increased, the 

number of nuclei formed in the early stages of polymerization al-

so increased due to enhanced mobility of the aqueous radical, 

which resulted in particle size reduction of final particles. By 

contrast, increasing the ratio to 13.0 by decreasing the volume of 

water to 1/2 yielded polydisperse solid spheres as shown in 

Figure Ⅱ-11C and Ⅱ-11D, which indicates that the reaction did 

not proceed homogeneously due to lack of water.

  In contrast to the solid spheres, the dimpled hollow micro-

particles were likely thermodynamically unstable, considering a 

relatively high surface energy and the buckled structures. As 

mentioned above, the buckling process occurred slowly during 

the growth of the particles, indicating that they formed under ki-

netically controlled reaction conditions. Thermodynamically un-

stable particles tend to aggregate and sediment because for-

mation of the resulting colloid tends to reduce surface energy. 

To evaluate their stability, we aged the PS particles in water at 

room temperature for three months. Interestingly, the particles 

obtained in the present study kept the concave surface shapes 

and no aggregation of the particles was observed, as shown in 
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Figure Ⅱ-12. That is, despite the high surface energy, these 

dimpled hollow particles exhibited excellent stability, which can be 

attributed mainly to the PVP stabilizer. Note that in the present 

study, however, only 0.5 wt % of PVP relative to styrene was 

used because secondary particles formed when using higher con-

centration of PVP over 0.75 wt % as shown in Figure Ⅱ-10. 

Considering that dispersion polymerizations usually use 2−10 wt 

% stabilizer relative to styrene monomer to keep their shape and 

prevent aggregation, the current PS particles were able to be 

stabilized by a quite low concentration of the PVP stabilizer. 

  The excellent stability of the PS particles can be explained by 

the dual roles of the APS, which has ionic characteristics[57]. 

When APS decomposes, the persulfate generates radicals accord-

ing to eq 2 and initiates a polymerization reaction. 

                      [O3SO – OSO3]
2- -> 2[SO4]

-                (2)

During the polymerization, the sulfate group becomes part of the 

polymer and can act as an electrostatic costabilizer. By using 

DLS, the zeta potential of the PS particles was measured and 

found to have a value of −51.4 mV. This result reflected the 

negative surface charge of the synthesized PS particles, which r-
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Figure Ⅱ-12. SEM image of PS microparticles shown in Figure Ⅱ

-2E after they had been aged in water for three months at room 

temperature. The scale bar represents 2 μm. 
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esulted from the attachment of the sulfate groups ([OSO3]
−) to 

the surfaces. The aggregation of PS particles was thus apparently 

hindered by electrostatic stabilization. Because they made use of 

a combination of two mechanisms, namely electrostatic and steric 

stabilization, the PS particles produced in the present study were 

highly stable.

  One important measure of the effectiveness of a method for 

synthesizing colloids is whether the method can produce colloidal 

particles of uniform size. Uniform particle assemblies and their 

derivatives have been widely applied for various applications. 

Because of the use of APS as an initiator with ionic character-

istics, aggregation of the particles was prevented despite the low 

concentration of PVP. Using a low rather than a high concen-

tration of this stabilizer suppresses was shown above to be nec-

essary for avoiding the formation of secondary particles, and 

thus led to the formation of highly monodisperse particles. 

Generally, uniform spherical particles tend to assemble into a 

close-packed lattice (either hexagonal closepacked (HCP) or 

face-centered cubic (FCC) structure). In order to confirm the 

uniformity of the PS microparticles obtained in the present study, 
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colloidal crystals of these particles were produced by applying 

the convective assembly method[58]. The spherical particles ob-

tained after 12 h of polymerization were able to assemble into a 

highly ordered close-packed lattice, specifically a hexagonal ar-

ray, as shown in Figure Ⅱ-13. The dimpled particles obtained af-

ter 24 h of polymerization were also found to form this type of 

lattice. Note that because of the concave shape, the surface of 

the crystal of the dimpled particles showed some voids larger 

than any of the voids in the crystal of the undimpled particles. 

Taken together, the above results confirmed the uniformity of the

particles produced in the present study.
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Figure Ⅱ-13. SEM images of close-packed assemblies of PS mi-

croparticles with (A) spherical and (B) dimpled structures. Scale 

bar represents 5μm.
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Ⅱ-4. Conclusions

  Hollow dimpled polystyrene (PS) microparticles were synthesized

using a one-step dispersion polymerization method that adopted 

the heterophase polymerization system, without using any 

template. During the reaction, the solid spherical particles trans-

formed into hollow particles, which then underwent a buckling 

process to form the hollow dimpled PS microparticles. The aver-

age diameter of the microparticles and the degree of concavity of 

the dimpled surface can be tuned to some extent by varying the 

reaction conditions. The experimental results revealed that am-

monium persulfate (APS) played a critical role in the formation 

and growth of the PS microparticles. The hollow dimpled PS par-

ticles produced in this study were quite uniform, enough so that 

they could assemble into a close packed lattice, and they showed 

excellent stability with regards to their dispersity and shape. This 

study not only advanced our understanding of the roles played 

by APS in dispersion polymerization, but also provides un-

precedented opportunities to synthesize polymer particles with 



- 52 -

controlled nanostructures.
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Chapter Ⅲ. 

Green Synthesis of Hollow Bimetallic 

Nanocrystals-Polystyrene Hybrid 

Microparticles and Their Catalytic 

Properties
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Ⅲ-1. Introduction

  Metal nanocrystals have garnered considerable attention be-

cause of their numerous applications in electronic, chemical, bio-

logical, and medical fields due to their distinctive properties, 

when compared to their bulk counterparts[59-62]. Among them, no-

ble metal nanocrystals have been used as effective catalysts with 

high reactivity and excellent selectivity[63-68]. These catalytic prop-

erties of metal nanocrystals can be tailored for a specific appli-

cation by controlling their size, shape, and composition. However, 

one major problem that needs to be addressed in the usage of 

metal nanocrystals as catalysts is their strong tendency of ag-

gregation to minimize their surface area[69-72]. In order to solve 

this problem, metal nanocrystals have been deposited on the 

surface of supports to form colloidal composite particles. Various 

support including polymers, silica, carbon structures, titania, and 

dendrimers have been developed to immobilize metal nano-

crystals, which allows the nanocrystals to retained high stability 

and activity, and enable easy and effective separation from the 
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reaction mixture for reuse[71-77]. 

  Generally, the immobilization of metal nanocrystals on the sur-

face of solid supports has been demonstrated by forming metal 

nanocrystals, followed by blending the nanocrystals and support 

materials[78-79]. To define and direct metal nanocrystals onto the 

solid supports, surface pretreatments were usually applied to en-

hance the interaction between metal nanocrystals and the surface 

of solid supports[70,72]. These ex situ processes and surface mod-

ification require a great deal of processing time and continuous 

attention and effort, which complicated the synthetic proce-

dures[80,81]. However, a facile synthesis of metal nanocrystal and 

support hybrid nanostructures via an in situ method has not yet 

been developed and is hence of particular interest.

  In this paper, we report a new and facile method for producing 

metal nanocrystals covered polystyrene hybrid microparticles. 

This method used a simple procedure involving the mixing metal 

ions with as-prepared Ag nanocrystals-embedded seed, which 

were dispersed in an ethanol-water mixture. This new synthetic 

route has several distinctive features over previously reported 

procedures. First, the new synthetic method was found to be a 
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facile protocol based on in situ production of metal nanocrystals 

from metal precursor on the polymer particles, without involving 

forming metal nanocrystals in advance. In addition, the surface 

pretreatment of the polymer particles were not indispensable at 

all. Secondly, the synthetic procedures were environmentally ac-

ceptable green chemistry method. Although most of the studies 

on the reduction of metal atoms from the metal precursor have 

been relied on toxic reducing agent such as NaBH4, hydrazine, 

DMF and organic solvent, a non-toxic reducing agent and envi-

ronmentally benign solvent media were used in the present study. 

Thirdly, galvanic replacement reactions were successfully applied 

to produce bimetallic nanocrystal deposed polystyrene 

microparticles. It is well known that bimetallic nanocrystals have 

showed distinctive catalytic properties, which are clearly different 

from those of monometallic nanoparticles[82-85]. Finally, the poly-

styrene microparticles have a hollow structure. Due to the pres-

ence of air cavity, the microparticle produced has a low bulk 

density and high surface-to-volume ratio, which is suited for the 

supporting materials for catalyst. We monitored the morpho-

logical and structural changes during the formation of the hybrid 
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microparticles, and a plausible mechanism was proposed, based 

on the observations and experimental results. The features men-

tioned above motivated us to explore the catalytic activity of the 

hollow bimetallic (Au/Ag and Pt/Ag) nanocrystals and PS hybrid 

microparticles. It was demonstrated that the hollow bimetallic 

nanocrystals and PS hybrid microparticles prepared in the pres-

ent study can be used as excellent catalyst for the reduction of 

4-nitrophenol (4-NP) to 4-aminophenol (4-AP) by NaBH4 as re-

ducing agent.
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Ⅲ-2. Experimental section

  Ⅲ-2-1. Chemicals and Materials

  Styrene (product No. S4972, 2.5 L), ammonium persulfate (APS), 

polyvinylpyrrolidone (PVP; Mw ≈ 55 kDa), ethanol (product No. 

459844-1L), silver nitrate (product No. 209139, 100 g), and 

gold(III) chloride trihydrate (product No. 520918, 1g) were re-

ceived from Aldrich (USA). All chemicals were used without fur-

ther purification. The deionized (DI) water (product AH365-4, 4 L) 

used in the reaction was a product of SK Chemicals (Republic of 

Korea).

  Ⅲ-2-2. Synthesis of Polystyrene (PS) Microparticles

  Spherical PS microparticles were synthesized following our pre-

viously reported one-pot synthetic method. 0.01 g of Pre-weighed 
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PVP and APS (15 mM) were first added into the 50mL vial. Then, 

25 mL of ethanol and 3mL of deionized water were poured into 

the vial. After the mixture was stirred with a magnetic bar for 10 

min at room temperature, the styrene monomer (2.2 mL) was 

added. The vial was brought in an oil bath at 70 °C. The reaction 

was carried out for 6 h, and then quenched by placing the vial 

in ice water for 30 min. The product was collected after cen-

trifuging the vial at 6,000 rpm and rinsed off repeatedly with de-

ionized water. 

  Ⅲ-2-3. Fabrication of Hollow PS Microparticles

  The synthesized PS microspheres (0.02 g) were dispersed in 

1mL DI water. The PS dispersion was poured in to 20 mL vial. 

Then, 5 mL of ethanol was injected in vial. The vial was put into 

oil bath at 70 °C and stirred at 400 rpm with a magnetic bar. 

After the reaction for 24 hr, the vial was placed in ice water for 

30 min and rinsed off repeatedly with deionized water mentioned 

above.
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  Ⅲ-2-4. Fabrication of Ag-Embedded PS Microparticles 

  Pre-weighed PVP (0.003g) and 1mL of aqueous solution con-

taining AgNO3 (177mM) were added into 20 mL vial. The PS 

aqueous dispersion (0.03 g/1 mL) and 5 mL of ethanol were 

poured in to 20 mL vial. The vial was put into oil bath at 70 °C 

and stirred at 400 rpm with a magnetic bar. After the reaction 

for 24 hr, the vial was placed in ice water for 30 min and rinsed 

off repeatedly with deionized water mentioned above.

  Ⅲ-2-5. Fabrication of Au/Ag-Covered Hollow PS 

          Microoparticles

  0.3 mL of aqueous solution of Ag embedded in PS microparticle 

and 5 mL of Ethanol were poured into 20 mL vial. Then, 0.2 mL 

of PVP aqueous solution (0.05 g/10 mL) and 0.5 mL of aqueous 

HAuCl4 solution (1mM) were injected in vial. The vial was put into 

oil bath at 70 °C and stirred at 400 rpm with a magnetic bar. 

After the reaction for 24 hr, the vial was placed in ice water for 
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30 min and rinsed off repeatedly with deionized water mentioned 

above.

  Ⅲ-2-6. Fabrication of Pt/Ag-Covered Hollow PS

           Microparticles

  0.3 mL of aqueous solution of Ag embedded in PS microparticle 

and 5 mL of Ethanol were poured into 20 mL vial. Then, 0.2 mL 

of PVP aqueous solution (0.05 g/10 mL) and 0.5 mL of aqueous 

K2PtCl4 (1mM) solution were injected in vial. The vial was put into 

oil bath at 70 °C and stirred at 400 rpm with a magnetic bar. 

After the reaction for 24 hr, the vial was placed in ice water for 

30 min and rinsed off repeatedly with deionized water mentioned 

above. 
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  Ⅲ-2-7. Characterizations

  Scanning electron microscopy (SEM) images were recorded us-

ing a field-emission scanning electron microscope (JSM-6700F, 

JEOL) operated at an accelerating voltage of 15 kV. The SEM 

sample was prepared by placing a drop of the final product 

(suspended in DI water) on a silicon wafer. The transmission 

electron microscopy (TEM) sample was prepared by placing a 

drop of the final product (suspended in DI water) on a car-

bon-coated copper grid, and the sample was dried in a fume 

hood. The sample was washed with DI water to remove the re-

maining PVP, and then dried and stored in a vacuum. TEM anal-

ysis was performed using a Philips Tecnai F30 microscope oper-

ated at 300 kV. The zeta potential of the fabricated micro-

particles, which reflects their surface charge density, was de-

termined by taking dynamic light scattering (DLS) measurements 

(ELS-8000, OTSUKA Electronics).
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Ⅲ-3. Results and Disccusion

  Micron-sized monodisperse PS particles which were used as 

supporting materials in the present study were produced by dis-

persion polymerization of styrene in ethanol and water me-

dium[86]. Compared to other polymerization methods, dispersion 

polymerization is an attractive and promising alternative, produc-

ing micron-size monodisperse particles in a single batch proc-

ess[87-88]. The dispersion polymerization of a monomer is carried 

out in the presence of a suitable polymeric steric stabilizer that 

is soluble in the reaction medium. Dispersion polymerization is 

defined as a type of precipitation polymerization because the sol-

vent selected as the reaction medium is a good solvent for both 

the monomer and the steric stabilizer, but a non-solvent for the 

polymer being formed[89]. In this study, polyvinylpyrrolidone (PVP) 

and ammonium persulfate (APS) were used as the steric stabilizer 

and the initiator in order to produce PS microparticles by the 

dispersion polymerization. Figure Ⅲ-1A presents a SEM image of 

prepared PS microparticles, revealing that highly monodisperse
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Figure Ⅲ-1. (A-B) SEM and TEM images of PS microparticles 

used as seed particles in the present study. Scale bar in Figure 

Ⅲ-1A represents 2 mm.
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particles with an average size of 1.84 (± 0.02) mm were obtained. 

No particles aggregated and the size distribution was quite 

narrow. Figure Ⅲ-1B shows the TEM image of the PS micro-

particle, which revealed that the PS microparticles had a solid 

structure. 

  The inclusion of metal nanocrystals embedded in the hollow 

polymer microparticles may be expected to impart additional ben-

eficial properties and extend its uses to applications such as an-

timicrobial agents, separation materials, and catalysts[90-92]. In or-

der to fabricate PS/metal hybrid microparticles, AgNO3 as a met-

al precursor was introduced into the ethanol and water medium. 

The PS particles used in this study showed the excellent colloidal 

stability in the ethanol and water medium, which was chiefly as-

cribed to the repulsion force arisen from the sulfate groups that 

were anchored onto the surface of PS particles[86]. However, the 

addition of salt ions such as AgNO3 could hinder the electrostatic 

stabilization, and thus the PS particles were aggregated in addi-

tion of AgNO3. Therefore, PVP which had been used as the steric 

stabilizer in the synthesis of the polymer microparticles was also 

further added together with addition of AgNO3. When PS seed 
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microparticles were aged in ethanol and water medium containing 

AgNO3 and PVP at 70 °C, the resulting colloidal solution displayed 

a yellowish color, as shown in Figure Ⅲ-2A, which indicated that 

a significant change occurred. Figures Ⅲ-2B exhibited the SEM 

images of the resulting PS microparticle, but no notable change 

was observed in the size and shape of particles when compared 

to the original PS microparticles, and a magnified SEM image 

(Figure Ⅲ-2C) of these particles appeared to show its having 

smooth surfaces, indicating that few Ag nanoparticles were lo-

cated on these surface. However, TEM image revealed that the 

small Ag nanoparticles > 10 nm in size formed inside the PS mi-

croparticles, as shown in Figures Ⅲ-2D–Ⅲ-2F. These nano-

particle appeared crystalline (see Figure Ⅲ-3), with a lattice dis-

tance ~ 0.24 nm, which is the same as that of (111) plane of Ag 

nanocrystals[93]. These results confirmed that Ag nanocrystals 

were formed and embedded onto PS microparticles successfully. 

  The formation of Ag nanocrystals-embedded PS microparticles 

can be explained by the following proposed mechanism. The sul-

fate groups anchored onto the surfaces of PS microparticles at-

tracted Ag+ ions via the electrostatic attraction. The adsorbed Ag+ 
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Figure Ⅲ-2. (A) Photograph of PS microparticles before (left) and 

after (right) being aged in ethanol and water medium containing 

AgNO3 and PVP at 70 °C for 24 h. (B-C) SEM images of Ag nano-

crystals-embedded PS microparticles after being aged in ethanol 

and water medium containing AgNO3 and PVP at 70 °C for 24 h. 

(D-F) TEM images of the Ag nanocrystals-embedded PS 

microparticles. 
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Figure Ⅲ-3. High-resolution TEM image of PS microparticles 

shown in Figure Ⅲ-2.
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ions were reduced by ethanol, and then the Ag atoms came to-

gether to form large aggregates (nanocrystals). Below the glass 

transition temperature of the polymer, the formed nanocrystals 

would be initially immobilized on the surface of the PS 

microparticles. However, when the seed particles were dispersed 

in ethanol and water medium at 70 °C, the PS microparticles 

could be swollen by continuous phase, which is much more pro-

nounced in dispersion polymerization compared with aqueous 

emulsion polymerization[94-96]. Accordingly, the polymer chains 

were relaxed, which allowed the polymer chains a high degree of 

mobility, resulting in wetting of the nanocrystal surfaces by the 

polymers because of the difference in surface energy between the 

nanocrystals and polymers[97-99]. Therefore, Ag nanocrystals could 

be embedded into the PS microparticles. 

  Figure Ⅲ-4 shows a schematic representation of the mecha-

nism for the formation of Ag nanocrystals-embedded PS 

microparticles. It is quite interesting that the formed Ag nano-

crystals-embedded PS microparticles kept the original solid 

structure because previous studies reported that the structural 

transformation from solid to hollow was observed during the agi-
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Figure Ⅲ-4. Schematic illustration of the formation of Ag nano-

crystals-embedded PS microparticles. 
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ng process. The structure transformation would be directly re-

lated to the uptake of continuous phase by the particles, which 

is much more pronounced in dispersion polymerization. In the 

present study, at the early stage of aging process, the particles 

revealed the hollow structures as shown in Figure Ⅲ-5A, which 

is a TEM image of the PS microparticle aged for 30 min in the 

ethanol and water medium containing AgNO3. In the figure, large 

interior cavities were clearly shown. When the aging time was 

extended to 5 h, however, the average diameter of the PS micro-

particles kept decreasing and the interior cavity also became 

smaller (Figures Ⅲ-5B-Ⅲ-5D). It was expected that the ethanol 

and water absorbed in the early stage of aging process migrated 

to outside the particles. We believe that this phenomenon is re-

lated to the osmotic pressure acting from the PS microparticle 

inside out. As mentioned above, Ag+ ions were adsorbed onto the 

particles’ surface by the negatively charged sulfate groups 

through electrostatic attraction, and thus the surface would be 

covered uniformly with Ag+ ions. Accordingly, the water mole-

cules in the inside of the particles can be drawn to the outside 

the solutions with high concentration of Ag+ ions because of the
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Figure Ⅲ-5. TEM images of PS microparticles and after being 

aged in ethanol and water medium containing AgNO3 and PVP at 

70 °C for different time periods: (A) 30 min, (B) 1 h, (C) 2 h, and 

(D) 5 h.
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osmolality of the solutions, and thus the final Ag nano-

crystals-embedded PS microparticles exhibited the solid struc-

ture[100-101]. 

  The galvanic replacement reaction is a facile approach to gen-

erating a variety of bimetallic nanostructures with versa-

tility[102-104]. The galvanic replacement reaction consists of a redox 

process between a metal structure (a sacrificial template), and 

metal ions in solution. The difference in the electrical reduction 

potential between the sacrificial template and the metal ions in 

solution provides the driving force for the reaction: oxidation and 

dissolution of the template together with reduction of metal ions 

from solution and deposition at the surface of the template[105]. 

The galvanic replacement reaction has been employed for gen-

erating nanostructures based on gold (Au) from Ag nanocrystals 

as sacrificial templates[106]. 

  When the formed Ag nanocrystals-embedded PS microparticles 

were dispersed in ethanol and water medium containing HAuCl4 

and PVP at 70 °C, the yellowish solution became ruby red, which 

is a characteristic color of gold nanocrystals (see Figure Ⅲ-6A). 

Figures Ⅲ-6B exhibited the SEM images of the resulting PS micr-
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Figures Ⅲ-6. (A) Photograph of Ag nanocrystals-embedded PS 

microparticles before (left) and after (right) being aged in ethanol 

and water medium containing HAuCl4 and PVP at 70 °C for 24 h. 

(B-C) SEM images and (D-F) TEM images of the resulting bi-

metallic hybrid microparticles.
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oparticle, which indicated that the average particles size was in-

creased from 1.84 (± 0.02) mm to 2.71 (± 0.06) mm. An even 

more magnified SEM image indicated that the microparticles sur-

face was a bit rough and covered by tiny particles (see Figure Ⅲ

-6C). The corresponding TEM images showed that nanoparticles 

were substantially decorated on the surface of the PS micro-

particles (see Figure Ⅲ-6D-Ⅲ-6F). EDS mapping analysis was 

conducted to study the relative positions of Au and Ag within the 

individual PS microparticle. Figure Ⅲ-7A shows the elemental 

mapping images for Au and Ag, as well as an overlay of both, 

within the individual PS microparticles, which demonstrated that 

the Au/Au bimetallic nanocrystals were obtained from the gal-

vanic replacement reaction between Ag nanocrystal and AuCl4
-. 

Figures Ⅲ-7B-Ⅲ-7C displayed the elemental mapping images for 

individual nanoparticles on the surface of PS microparticles, 

showing that most appeared homogeneously alloyed but the Au 

content in the particles was quite higher. 

  The striking feature observed in the TEM images shown in 

Figure Ⅲ-6D-Ⅲ-6E was the strong contrast between the dark 

edge and the bright center. The image clearly indicated that the 
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Figures Ⅲ-7. EDS elemental mapping images of (A) Au/Ag bi-

metallic nanocrystals covered PS microparticles, and (B) Au/Ag 

bimetallic nanocrystals on PS microparticles. (C) Au and Ag ele-

mental profiles along the green across the of Au/Ag bimetallic 

nanocrystal on PS microparticles. The scale bars in each image 

represents (A) 700 nm, and (B-C) 20 nm, respectively. 
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hybrid microparticles had a hollow structure. Accompanied by 

the galvanic replacement reactions, the structural transformation 

occurred during the aging process. As mentioned above, when 

the Ag nanocrystal-embedded PS microparticles formed, the up-

take of continuous phase by the particles was observed at the 

early stage of the aging process. As the aging time was extended, 

however, the ethanol and water absorbed in the early stage of 

aging process migrated to outside the particles because of the 

osmotic pressure acting from the PS microparticle inside out, 

which was found to be generated from the Ag+ ions adsorbed on-

to the particles’ surface. However, when the adsorbed Ag+ ions 

were reduced by ethanol and the Ag nanocrystals were formed, 

the effect of osmotic pressure would disappear. In addition, the 

precursor for Au nanocrystals (AuCl4
-) has negative charge and it 

would not be adsorbed on the PS microparticles surfaces. In 

such conditions, ethanol and water molecules were continuously 

absorbed into the PS microparticles. Then, the absorbed water 

and ethanol molecules were coalesced into bigger domains, re-

sulting in the formation of large cavity as shown Figure Ⅲ-6D, 

driven by a tendency to minimize of the surface free energy. 



- 78 -

When the PS microparticles saturated with water and ethanol 

were cooled to room temperature (below glass transition), the do-

mains were immobilized due to the reduced chain mobility of the 

polymer. After removal of water, hollow PS microparticles with 

smooth surface and a nearly uniform shell thickness were 

produced. From these results, it was confirmed that the Ag 

nanocrystals-embedded solid PS microparticles transformed into 

hollow Au/Ag bimetallic nanocrystal-covered PS microparticles by 

the galvanic replacement reaction and the uptake of continuous 

phase by the particles. 

  The morphology and compositional results mentioned above 

motivated us to explore the catalytic activity of the hollow Au/Ag 

bimetallic nanocrystal and PS hybrid microparticles. The reduc-

tion of 4-nitrophenol (4-NP) to 4-aminophenol (4-AP) by NaBH4 

as reducing agent has been widely used to manufacture 4-AP 

that is commercially important for uses as photographic devel-

opers, corrosion inhibitor, anticorrosion-lubricants, and hair-dye-

ing agents[70,108]. Various metal nanocrystals including Cu, Ag, Au, 

Pd, and Pt has been used as the catalyst. However, one fatal 

drawback for the usage of metal nanocrystals as the catalyst is 
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that addition of NaBH4 can destroy their colloidal stability, leading 

the catastrophic aggregation and deactivation of catalytic 

performance. This problem can be addressed by depositing the 

metal nanocrystals on the surface of the polymeric support, 

which allows the nanocrystals to retain high stability and activity, 

and enable easy to effective separation from the reaction system 

for reuse. The hollow Au/Ag bimetallic nanocrystal and PS hy-

brid microparticles prepared in the present study can be used as 

excellent catalyst for the reduction of 4-NP to 4-AP because the 

metal nanocrystals were uniformly deposited on the surface of PS 

microspheres. In addition, the nanocrystals were bimetallic, com-

posed with Au and Ag, and their size was quite low (less than 20 

nm). It has been reported that a lower size of noble metal nano-

crystals can led to a higher catalytic activity. 

  The reduction of 4-NP to 4-AP was carried out in a quart cuv-

ette in the presence of 0.1 mL of as-prepared aqueous hybrid 

microparticles suspension and 1.4 mL of aqueous 4-NP solution 

without stirring. Sodium borohydride (NaBH4) was added after well 

mixing of the catalysts and 4-NP. The reduction of 4-NP can be 

easily monitored by UV-vis spectrometer. Monitored by UV-vis 
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spectrometer, the original 4-NP aqueous solution displays a typi-

cal absorption peak at nearly 317 nm as shown in Figure Ⅲ-8A. 

The conversion of 4-NP to 4-AP occurs via an intermediate 4-ni-

trophenolate ion formation. After addition of NaBH4 into the sol-

ution, the color of the solution changed from light yellow to in-

tense yellow. The original peak at 317 was shifted into nearly 400 

nm by the addition of due to the formation of 4-nitrophenolate 

ion (see Figure Ⅲ-8A). By addition of the hollow Au/Ag bimetallic 

nanocrystal-covered PS microparticles into the solution, the in-

tense yellow color faded with time because of the formation of 

4-niotrophenolate ion in to 4-AP. The corresponding time-de-

pendent UV-vis absorption spectra are shown in Figure Ⅲ-8B. In 

the present of the hollow Au-Ag nanocrystals PS hybrid micro-

particles and NaBH4, the intensity of the absorption peak at 400 

nm gradually decreased with time and after nearly 7 min it fully 

disappeared. In the meantime, a new absorption peak appeared at 

398 nm and progressively increased in intensity. This new peak is 

attributed to the typical absorption of 4-aminophenol. 

  Since the concentration of NaBH4 greatly exceeds that of 4-NP, 

the reduction rate can be assumed to be independent of NaBH4 
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Figures Ⅲ-8. (A) UV-vis absorption spectra of 4-NP before and 

after mixing with NaBH4. (B) Time-dependent UV-vis absorption 

spectra and (C) plot of ln(At/A0) vs time for the catalytic reduc-

tion of 4-NP by NaBH4 in the presence of hollow Au/Ag bi-

metallic nanocrystals PS hybrid microparticles. (D) Recyclable 

catalytic ability of the hybrid microparticles for the reduction of 

4-NP.
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concentration. Therefore, the catalytic rate constant (k) in this 

case can be evaluated by studying the pseudo-first-order kinetics 

with respect to 4-NP concentration. Figure Ⅲ-8C showed that 

there is a good linear relation between in (At/A0) at time t. Here, 

At stands for absorbance at any time t and A0 for absorbance at 

time 0. Rate constants (k) can be calculated from the slope of 

the linear section of the plot, which was measured to be 2.17 × 

10-3 s-1. In order to compare the catalytic activity of current cat-

alyst with the previously reported ones, the activity parameters κ 

= k/m (the ratio of rate constant k to the total mass of the cata-

lyst added) was used. In the catalytic activity experiment, 0.4 mg 

of hollow hybrid microparticles was added. In order to determine 

the mass for the bimetallic nanocrystals in the hollow micro-

particles, TGA analysis was conducted out, which showed that the 

content of bimetallic nanocrystals was nearly 6 wt%. The activity 

parameters in the present study was found to be 90.42, which is 

high than the previously reported values. The reusability is an-

other important feature for the supported heterogeneous catalyst. 

In this work, the hollow hybrid microparticles can be separated 

out form the reaction system easily by centrifugation owing to 



- 83 -

the large size of hollow microparticles. Figure Ⅲ-8D shows that 

the high conversion of reduction of 4-NP were obtained in all 

five reaction time, indicating a high recyclability.

  The galvanic replacement reaction has been successfully ex-

tended to other noble metals, such as Pt and Pd[108]. When the 

Ag nanocrystals-embedded PS microparticles were dispersed in 

ethanol and water medium containing K2PtCl4 and PVP at 70 °C, 

the yellowish solution became grayish brown. Figure Ⅲ-9A ex-

hibited the SEM images of the resulting PS microparticle, which 

indicated that the average particles size was increased from 1.84 

(± 0.02) mm to 2.69 (± 0.02) mm during the galvanic replace-

ment reaction process. The corresponding TEM images showed 

that nanoparticles were substantially decorated on the surface of 

the PS microparticles (see Figure Ⅲ-9B). However, the nano-

crystal size and shapes were distinctly different from those ob-

served in the Au-Ag system. This is because, unlike Au, Pt does 

not readily undergo solid-solid diffusion with Ag at temperature 

below 900 K. By addition of the Pt/Ag bimetallic nano-

crystal-covered PS microparticles into the solution, the intense 

yellow color faded with time because of the formation of 4-nitro-
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Figure Ⅲ-9. (A) SEM and (B) TEM images of Ag nano-

crystals-embedded PS microparticles and after being aged in 

ethanol and water medium containing K2PtCl4 and PVP at 70 °C 

for 24 h. (C) Time-dependent UV-vis absorption spectra and (D) 

plot of ln(At/A0) vs time for the catalytic reduction of 4-NP by 

NaBH4 in the presence of hollow Pt/Ag bimetallic nanocrystals PS 

hybrid microparticles.
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phenolate ion in to 4-AP. The corresponding time-dependent 

UV-vis absorption spectra are shown in Figure Ⅲ-9C. Rate con-

stants (k) can be calculated from the slope of the linear section 

of the plot, which was measured to be 4.57 × 10-3 s-1, which was 

even better than Au-Ag nanocrystal system as shown in Figures 

Ⅲ-9D. The high activity of Pt-Ag system compared with that of 

equivalent Au-Ag may be attributed to the surface properties of 

the two metals between Au and Pt. 
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Ⅲ-4. Conclusions

  A facile synthetic method which adopted the heterophase poly-

mer dispersion system was developed for producing hollow bi-

metallic nanocrystals-polystyrene hybrid microparticles. In the 

synthesis, solid Ag nanocrystals-embedded PS microparticles were 

prepared by in situ reduction of silver precursor on the PS mi-

croparticles and used as seed particles. When the seed particles 

were dispersed in an ethanol-water mixture containing HAuCl4 or 

K2PtCl4 precursors, they transformed into hollow Au/Ag or Pt/Ag 

nanocrystal-covered PS microparticles by the galvanic replace-

ment reaction and the uptake of continuous phase by the 

particles. During these overall reactions, a non-toxic reducing 

agent and environmentally benign solvent media were used. The 

prepared hollow bimetallic hybrid microparticles showed excellent 

catalytic activity and reusability at low catalyst concentration 

during the reduction of 4-NP by NaBH4, indicating that they will 

have great potential as reusable heterogeneous catalyst for prac-

tical applications. 
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