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Abstract This article presents a facile and green

route to the synthesis of hollow silica particles by

means of anionic particles of poly(sodium methacry-

late) (PMANa) as templates. This method was com-

posed of the following three steps: formation of

PMANa particles in ethanol by nanoprecipitation, the

deposition of silica shell on the polymer cores through

sol–gel process of tetraethylorthosilicate under cata-

lysis of ammonia, and removal of the polymer

templates by washing with water. The templates’ size

can be controlled in the range of about 70–140 nm by

altering the ratio of ethanol to water, the polymer

solution concentration, the ethanol amount in polymer

solution, and the silica shell thickness can be adjusted

between 15 and 30 nm by varying the ratio of silica

precursor to the polymer cores. A tentative interpre-

tation about the silica-coating process on the anionic

PMANa particles was also proposed according to the

experimental results.

Keywords Hollow silica particles � Sol–gel process �
Poly(sodium methacrylate) (PMANa) �
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Introduction

In the last decade, the synthesis of micro-and nano-

sized inorganic hollow particles has attracted exten-

sive attention because of their unique properties and

wide variety of potential applications in catalysis, as

adsorbents, controlled release materials, coatings, and

composite materials (Zhu et al. 2005; Yuan et al. 2003;

Zhu et al. 2010). Owing to the well-controlled kinetics

of hydrolysis and condensation of silicon alkoxide and

excellent performance, silica is the most popular

inorganic matrix both for hollow structures and

mesoporous materials (Lynch et al. 2005; Fuji et al.

2012; Cao et al. 2012). Many preparation methods for

hollow silica particles have been reported, including

hard-template (Yang et al. 2008; Zhao et al. 2009),

soft-template (Liu et al. 2010; Wu and Xu2010), self-

template (Zhang et al. 2008; Wang et al. 2007), and the

etching methods (Chen et al. 2014; You et al.

2013).Among these, multistep hard-template and

soft-template methods have been the most effective

and commonly used methods (Hoffmann et al. 2006;

Caruso et al. 1998).In the first step, the template

particles with certain size and specific surface are

synthesized by different methods. In the second step,

core–shell particles are formed via the hydrolysis and

condensation of silica precursor, typically tetraethyl

orthosilicate (TEOS) under basic conditions, or via

layer-by-layer assembly technique. In the third step,

the core templates are removed by either calcinations

at elevated temperature or chemical etching with acid,
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alkaline, or organic solvents to achieve hollow silica

spheres.

The templates play a pivotal role in the control of

morphology, cavity size and shell thickness of hollow

silica particles. There has been growing interest in the

use of polymer particles templates, such as latex or

micelles because it is easy to control the surface

functionality, size and structure of the polymer

particles. Sufficient affinity between the silica primary

particles or hydrolyzed species of silica precursor and

the template’s surface is crucial for the successful

coating process of outer silica shell. Polymer particles

with positively charged surface are often used for

silica coating because the strong electrostatic interac-

tion between negatively charged silica and positively

charged surfaces are assumed to be beneficial for

formation of the core–shell structure. The cationic

surface can be achieved by in situ emulsion polymer-

ization or dispersion polymerization using cationic

initiator or cationic comonomer (Chen et al. 2005;

Deng et al. 2006). Post-modification is another

approach to introduce positively charged groups or

macromolecules onto the surface of the pre-formed

polymer particles. Poly(diallyldimethylammonium

chloride) or poly(allylamine hydrochloride) are often

employed to modify the polymer particles’ surfaces

for fabrication of polymer/silica core/shell structures

and hollow particles (Zhang et al. 2009; Li et al.

2013).In addition, poly(vinyl pyrrolidone) (PVP) have

been used to modify the surface of negatively charged

and positively charged polymer particles and been

viewed as ‘‘connective glue’’ or ‘‘coupling agent’’

during the coating process of silica (Graf et al. 2003;

Chen et al. 2006; Gao et al. 2013). Incorporation of

silane coupling agents, such as, c-methacryloxypropy-

ltrimethoxysilane, on the polymer particle templates

surface via acting as a functional comonomer in

heterogeneous polymerization process, is another

route that can afford affinity between the silica shell

and the polymer particle’s surface (Tissot et al. 2001,

2002; Ding et al. 2004). Recently, micelles of block

copolymers (BCPs) have been used as the soft

templates for the preparation of hollow silica particles

with about 100-nm diameter. For example, PS-b-

P2VP (polystyrene-block-poly-2-vinylpyridine) block

copolymer nanoparticles with size of 100 nm

were successfully fabricated using a reprecipitation

method and served as templates to generate silica

hollow nanoparticles. Poly(styrene-b-2-vinylpyridine-

b-ethylene oxide) (PS-b-PVP-b-PEO) triblock copoly-

mer has also been used to prepare hollow silica

nanospheres with uniform size (Lim et al. 2012; Khanal

et al. 2007). Although polymer hard templates and soft

templates are attractive, such fabrication procedures are

usually complicated, uneconomic, and may raise envi-

ronmental concerns. For instance, the synthesis of

BCPs employing living or controlled polymerization

requires stringent conditions. The preparation process

of uniform BCPs micelle is time consuming, and

organic solvent is often employed in the synthesis

system. Therefore, new strategies are highly desired for

facile, energy-efficient, and low-cost preparation of

templates and hollow silica spheres (Fuji et al. 2014).

Although positive charge on the templates as

mentioned above is assumed to be important for the

coating of negatively charged silica, negatively

charged templates were also reported in several

studies. Wan and Yu employed the colloid particles

of ammonia-neutralized poly(acrylic acid) as the

template cores for silica coating (Wan and Yu 2008),

and Cohen improved the process and mechanism

proposed by Yu (Du et al. 2010). Nomura used

negative bacterium templates to prepare hollow silica

microparticles (Nomura et al. 2010). Konno investi-

gated anionic and cationic liposome templates for

silica coating and found that well-dispersed hollow

silica particles could be obtained by using anionic

liposome templates, whereas silica aggregation oc-

curred for cationic liposome cores (Ishii et al. 2012).

Herein, we introduce a simple method for the

fabrication of hollow silica templated by water-

soluble negatively charged polyelectrolyte particles

formed via nanoprecipitation. First, poly(sodium

methacrylate) (PMANa) aqueous solution was added

into ethanol, and polymer particles were formed

instantly because ethanol acted as a nonsolvent toward

PMANa. As the precipitated PMANa particles have

negative charge on the particle’s surface, the formed

particles remain stable in the mixed solvent of ethanol

and water, due to the repulsive forces among the same

charges on the particle surface. Then, the deposition of

silica shell was performed by sol–gel process of TEOS

catalyzed by ammonia. At last, the polymer templates

were removed by washing with water. In comparison

with other techniques, the main differences and

advantages of the method used in this paper are that

PMANa particles are prepared in an ethanol/water

medium, in which hydrolysis and condensation of
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TEOS is conducted directly, and no exchange of

solvent is required; and the removal of the polymer

templates was carried out in water, which is energy-

saving compared to templates removal by thermal

decomposition and environmental-friendly compared

to those dissolution strategies using organic solvent.

Experimental section

Materials

Poly(sodium methacrylate) (PMANa, Mw = 9500

g mol-1, 35 wt% aqueous solution) was purchased

from Polysciences, Inc. TEOS, ethanol (99.5 % by

volume), and ammonia solution (28 wt%) were pur-

chased from Wako Pure Chemical Industries, Ltd. and

used without further purification. Deionized water was

used for all reaction and treatment processes.

Preparation of PMANa particles

PMANa particles were prepared by nanoprecipitation

using ethanol as the nonsolvent. First, PMANa

solution was diluted with water to form homogeneous

solution with different concentrations. In a typical

synthesis of polymer particles, 0.6 mL ethanol was

added dropwise to 2.0 mL of 6.0 w/v % PMANa

aqueous solution under magnetic stirring. Thereafter,

the polymer solution was poured into 40 mL ethanol

under continuous agitation with magnetic stirrer. With

the addition of polymer solution, the transparent

ethanol solution turned to slightly milky with bluish

opalescence, indicating the formation of polymer

nanoparticles. Then the suspension was stirred for

30 min before silica coating.

Synthesis of silica-coated PMANa particles

and the corresponding hollow particles

Silica was directly coated onto the surface of the

resulting PMANa particles to form core–shell particles

at room temperature by the St}ober method. Ammonia

solution was added to the as-formed PMANa suspen-

sion and stirred for 5 min. A desired amount of TEOS

ethanol solution (ethanol volume is twice that of TEOS)

was added dropwise to the as-synthesized PMANa

suspension to carry out the silica growth reaction for

12 h under continuous agitation with magnetic stirrer.

Afterward, the as-prepared particles were collected by

centrifugation (15,000 rpm, 12 min), and washed three

times with ethanol to remove the residual ammonia and

unreacted compounds. The removal of the polymer

cores was performed by successive centrifugations/

redispersions in water. Finally, the particles were dried

at 100 �C to get the hollow silica particles.

Characterization

Dynamic light scattering (DLS) and zeta potential

analysis were carried out using a Brookhaven Instru-

ments PALS (diode laser BI-DPSS wavelength of

659 nm). The morphologies of the polymer particles,

core–shell, and hollow silica particles were observed

using a scanning electron microscope (SEM, JSM-

7600F, JEOL, 15.0 kV) with secondary electron image

and transmission electron diffraction. The particles were

dispersed in ethanol by ultrasonication, and the suspen-

sion was dropped on a microgrid, and then dried in the

air. The thermal properties of the samples were inves-

tigated using thermogravimetry (TG, TG-8120, Rigaku,

Japan) under air atmosphere. The temperature was

increased at the rate of 10 �C/min from 25 to 800 �C.

Results and discussion

Synthesis of PMANa particles

Nanoprecipitation is a simple approach to generate

polymer nanoparticles and is also called solvent

displacement method. Nanoparticles are precipitated

from polymer chains in solution due to supersaturation

resulting from displacing a solvent with a nonsolvent

(Andre’s et al. 2010; Nagavarma et al. 2012; Lou and

Archer 2008). In general, it involves the precipitation

of a preformed polymer from an organic solution and

the diffusion of the organic solvent in the aqueous

medium in the presence or the absence of a surfactant.

The key variables determining the success of polymer

nanoparticles by nanoprecipitation are those associat-

ed with the conditions of adding the organic phase to

the aqueous phase, such as organic phase concentra-

tion, aqueous phase agitation rate, and the ratio of

organic phase to aqueous phase, etc. In this study,

water-soluble anionic PMANa was employed to

fabricate the polymer template particles via nanopre-

cipitation using ethanol as the nonsolvent.
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When the aqueous solution of PMANa was added

to a large amount of ethanol, PMANa macromolecules

would precipitate as ethanol acts as a nonsolvent

toward PMANa. When 10 and 7.5 w/v % PMANa

aqueous solutions were added into ethanol under

stirring, macroscopic precipitates were generated at

the bottom of the container. When the concentration

decreased to about 6.0 w/v %, semitransparent stable

suspension with blue opalescence was obtained,

indicating the formation of small particles in the

medium. Therefore, the concentration of PMANa

aqueous solution used was controlled below

6.0 w/v %.

By varying the ratio of ethanol to water and the

concentration of PMANa solution, PMANa particles

with different diameters were prepared, and the results

are summarized in Table 1 together with synthetic

conditions. From Table 1, it can be seen that the

diameter of the obtained particles was in the range of

78–142 nm. From the comparison of the diameter data

of Samples 1 and 2, it can be seen that the particles size

decreased significantly with the increasing ratio of

ethanol/water (nonsolvent-to-solvent ratio). The influ-

ence of polymer concentration can be found through

the data of Samples 6 and 7. Keeping other conditions

constant, the particle size decreased from 142 to

85 nm when the polymer solution concentration

decreased from 4.62 to 3.46 w/v %. Furthermore,

nonsolvent incorporation into polymer solution often

results in particle size reduction (Chorny et al. 2002).

The size reduction may be attributed to two aspects:

the decrease of polymer concentration by nonsolvent

dilution and the more contracted conformation of

macromolecular chains in the mixture of solvent and

nonsolvent. Therefore, little amount of ethanol was

added in several samples. Although the ethanol/water

ratio in Sample 5 was much higher than that in Sample

4, the diameter values of Sample 4 were smaller than

that of Sample 5, which can be ascribed to the addition

of ethanol in polymer solution in Sample 4. Mean-

while,the addition of ethanol in PMANa aqueous

solution has another effect. In water, charged poly-

mers like PMANa often exhibit significant in-

tramolecular electrostatic repulsion causing them to

behave like stiff elongated structures. While in the

mixture of ethanol/water, PMANa macromolecular

chains may adopt slightly tight and contracted con-

formation because the charge density of PMANa is

reduced. The contracted conformation may be another

factor for the decrease of PMANa particle size. The

total polymer concentration was in the range of

32.0–50.0 g/L. It is worth pointing out that the

polymer concentration used in this study is much

higher than those recommended concentrations vary-

ing between 0.2 and 1 wt% in the literature (Lince

et al. 2008). Furthermore, the particles sizes are

smaller than those reported in the literature. These

differences may be attributed to the significant differ-

ence between the polyelectrolyte employed here and

those uncharged polymers in the literature. The zeta-

potentials of all the PMANa particles were ranging

from -46.0 to -25.4 mV, indicating the existence of

negative charge on the particle surface. The electro-

static repulsive forces among the negatively charged

Table 1 Summary of synthetic parameters, average diameters, and zeta potentials of PMANa particles

Sample PMANa solution EtOH

(mL)

EtOH/water

ratio (v/v)

Particles

diameter

(nm)b

Zeta

potential

(mV)PMANa aq. soln.

conc. (w/v %)

PMANa aq.

soln. vol. (mL)

EtOH

(mL

PMANa

conc. (g/L)a

1 4.50 2.00 – 45.0 10 5/1 138 -25.4

2 4.50 2.00 0.80 32.1 35 17.9/1 78 -35.2

3 4.50 2.50 0.80 34.1 25 10.3/1 86 -27.0

4 5.00 2.50 0.80 37.9 25 10.3/1 97 -30.4

5 5.00 2.00 – 50.0 40 20/1 110 -42.5

6 6.00 2.00 0.60 46.2 40 20.3/1 142 -46.0

7 4.50 2.00 0.60 34.6 40 20.3/1 85 -40.1

a Assumption that the volume was not changed after mixing
b Intensity-average diameter determined by DLS
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particles endow the formed suspension with excellent

stability. All the PMANa suspensions can be stored for

at least 2 weeks without noticeable change of the

particles sizes and size distribution.

Figure 1 shows the intensity-average diameters of

partial PMANa particles (Sample 3–Sample 6) deter-

mined by DLS. The size distributions presented by

DLS were relatively narrow. The polydipersities of all

of the particle sizes were in the range of 0.11–0.13. We

try to observe the particles using SEM. However,

smooth polymer film was observed on the microgrid,

while no particles or particle aggregates were found.

This result reveals that the polymer particles in the

medium was soft and may be in solvent-swollen state.

A certain amount of water should be trapped inside the

as-formed particles due to the high hydrophilicity of

PMANa. During the evaporation of ethanol and water

when drying the sample on copper mesh, the water-

rich particles fused and adhered together to form a

smooth film. This unique property of PMANa can also

explain the significant diameter difference between

Sample 1 and Sample 2. More water was absorbed by

PMANa particles with more water content in the

precipitation system, leading to larger particles’ sizes.

More importantly, the trapped water will facilitate the

silica deposition on the resultant PMANa cores (this

will be discussed in the subsequent section).

Synthesis of hollow silica particles using PMANa

cores

With the as-synthesized PMANa particles as template

cores and ammonia as catalyst, the hydrolysis and

condensation of TEOS were performed at room

temperature for 12 h. Figure 2. shows the SEM and

STEM images of the obtained silica particles using

Sample 3 in Table 1 as templates before (Fig. 2a, b)

and after the removal of the polymer particles by

extraction with water (Fig. 2c, d). The noticeable

contrast between the core and the shell of the particles

in Fig. 2d implies the formation of hollow core

structure. Interestingly, the particles before washing

with water also exhibits inner void (Fig. 2b), although

the contrast between the core and the shell was not as

clear as that in the samples after washing with water.

This may be attributed to the solvent-swollen state of

PMANa cores in the reaction system as mentioned

above. After evaporation of ethanol and water, the

PMANa macromolecules in the core–shell particles

would precipitate on the inner surface of the silica

particles, leaving the hollow space inside. It can be

seen from Fig. 2 that besides some spherical particles,

more particles exhibit irregular morphologies, like

podiform or peanut-shaped morphologies. It seems

that the bigger irregular particles were fused by the

smaller ones, as evidenced by the uniform size in

width of most particles. The shape and size of the silica

particles remained almost unchanged before and after

washing with water, which indicates that the removal

of PMANa cores by water did not destroy the silica

shell. The reason might be that the pores in silica shells

prepared by the Stöber method are sufficiently large

for the diffusion of dissolved macromolecule chains

out of the shell (Lu et al. 2004).The outer size in width,

shell thickness, and cavity sizes of the most of the

particles in Fig. 2c, d were estimated to be from 60 to

90, 15 nm, and from 38 to 60 nm, respectively. The

outer size in width and shell thickness in Fig. 2a, b

were estimated to be in the range of 70–100 and

15 nm, respectively. Figure 3 shows the images of the

hollow particles templated by Sample 3 using the same

amounts of ammonia as in Fig. 2 but more amount of

TEOS (1.2 mL in Fig. 2 and 2.0 mL in Fig. 3).

Compared with the images in Fig. 2, the structure of

the podiform or peanut-shaped particles can be

observed clearly. The irregular particles have two or

more cavities with border among them. It was obvious

that two, three, or even more spheres aggregated to

form a merged particle during the coating process.

These phenomena were commonly found in the case

of increased TEOS addition when soft micelle

templates, or even quasi-hard templates were adopted

(Khanal et al. 2007; Su et al. 2011).The main values of
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Fig. 1 DLS results of synthesized PMANa particles with

different sizes. Conditions see Table 1
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the outer diameter in width, thickness of the shell, and

void diameter of the hollow particles in Fig. 3 were

from 90 to 130, 30 nm, and from 22 to 55 nm,

respectively. The shrinkage of the cavities size in

Fig. 3 compared to those in Fig. 2 is reasonable

because the solvent-swollen core may become com-

pact after the deposition of solid silica shell, especially

when the water dissipated by hydrolysis of TEOS was

taken into account. Furthermore, it is obvious from

both SEM and STEM images that the surface of the

hollow particles obtained with more TEOS is

smoother compared to the rough surface shown in

Fig. 2.

When the amount of ammonia was increased to

1.5 mL and the other conditions were kept constant as

those in Fig. 3, the silica particles with high percent of

peanut-shaped particles with uniform width were

obtained as shown in Fig. 4. In addition, the surface

was rougher in comparison to those in Fig. 2. This is

consistent with the observations in the literature that

Fig. 2 SEM and STEM images of the silica particles before (a, b) and after (c, d) extraction with water.Conditions Sample 3 in Table 1

served as the templates; the volumes of ammonia solution and TEOS were 1.0 and 1.2 mL, respectively

Fig. 3 SEM and STEM images of the hollow silica particles using Sample 3 as templates. Conditions Sample 3 in Table 1 served as the

templates; the volumes of ammonia solution and TEOS were 1.0 and 2.0 mL, respectively
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the high hydrolysis and the condensation rates of

TEOS under high ammonia concentration lead to

larger primary or secondary silica particles (Kim et al.

2013). Also, larger constituent particles or loosely

packed particles in silica shell in Fig. 4 made the shell

brighter under TEM due to higher electron beam

transmission compared with the silica shell of other

hollow particles. The total size in width in Fig. 4 was

ranging from 90 to 105 nm with shell thickness of

about 20 nm. Furthermore, the void size increased to

the range of 55–70 nm and there were no silica edges

like in most of the nonspherical particles, which

existed in Fig. 3. It seems that the swollen degree of

polymer cores become higher when more ammonia

was introduced to the medium. As ammonia has

extremely high solubility in water, part of ammonia

will diffuse into the water-swelling cores, as well as

water introduced by ammonia solution. As a result,

two or three soft cores fused completely to form one

void in one irregular particle during the silica-coating

process. It is worth pointing out that both the colloidal

stability in the reaction medium and the overall

dispersibility of the obtained hollow particles were

excellent, although in some cases, two or three cores

aggregated to form merged particles during the silica-

coating process. This is one major advantage of the

technique in this study. Furthermore, this finding was

consistent with Konno’s report that well-dispersed

hollow silica particles could be obtained by means of

anionic liposome templates (Ishii et al. 2012).

When Samples 5 and 6 were employed as the

templates with 1.0 mL ammonia and 2.0 mL TEOS,

hollow silica particles with typical spherical mor-

phology and smooth surface were obtained, as shown

in Fig. 5, 6. The size of most of the hollow particles in

Fig. 5 was in the range of 60–140 nm with shell

thickness in the range of 22–30 nm and cavity sizes in

the range of 22–75 nm. The main values of the outer

diameter, thickness of the shell, and the void diameter

of the hollow particles in Fig. 6 are in the range of

76–128 nm, 30 nm and in the range of 22–55 nm,

respectively. More importantly, most of the particles

have only one cavity inside. From Table 1, it is clear

that the ethanol/water ratios in Sample 5 and 6 are

much higher than that in Sample 3. With the increasing

ethanol/water ratio, PMANa particles become much

harder, and thus, aggregation among the polymer

cores was reduced dramatically.

It is worthy to note that no dense SiO2 particles are

observed in all of the synthesized samples, indicating

that strong affinity existed between the polymer cores

and silica nanoparticles or hydrolyzed species of

TEOS. The selective growth of silica on the PMANa

cores may be attributed to three aspects. First, the

water content trapped in the precipitated PMANa

particles is higher than that in the continuous phase

medium due to high water-absorbing and water-

reserving abilities of PMANa, which has been demon-

strated by the particles size data with different ethanol/

water ratios (Samples 1 and 2 in Table 1). Since

ammonia has much higher solubility in water than that

in ethanol, ammonia will diffuse into the water-rich

polymer particles, which can be verified by the void

size differences shown in Fig. 4, 3. Therefore, the

water-rich and ammonia-rich polymer cores would

serve as nanoreactors for hydrolysis and condensation

of TEOS. Poly(acrylic acid) shell was viewed as a

nanoreactor for TEOS sol–gel reaction under catalysis

of ammonia in Wang and coworker’s work (Chen et al.

2013). Second, PMANa is a weak polyelectrolyte

Fig. 4 SEM and STEM images of the hollow silica particles using Sample 3 as templates. Conditions Sample 3 in Table 1 served as the

templates; the volumes of ammonia solution and TEOS were 1.5 and 2.0 mL, respectively
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(pKa value of conjugate acid PMAA is about 5.5),

which means that part of –COONa groups will be

hydrolyzed into COOH forms in aqueous solution. As

PMAA has good compatibility with ethanol, the

COOH groups tend to locate on the surface of the

as-formed particles. The hydrogen-bonding interac-

tion of the carboxylic acid groups on the particles

surface with the hydroxyl groups of the hydrolyzed

monomer or oligomer of TEOS in the sol–gel process

may be the additional driving force for coating of

silica on the PMANa particles, which has been put

forward in Yang and Kang’ study and D’Acunzi’s

dissertation (D’Acunzi 2010; Li et al. 2008). Finally,

owing to their relatively small sizes and corresponding

large specific surface areas, the surface energy of

PMANa nanospheres is very high, thus providing

additional interaction for the absorption of hydrolyzed

species of TEOS and silica nucleation on the surface of

the particles.

Figure 5c presents an enlarged STEM image of the

hollow particles using Sample 5 as templates. The

silica shell seems to be composed of two layers,

especially those with bigger diameter. During the

silica-coating process, TEOS, partially hydrolyzed

TEOS molecules or oligomers, were not only adsorbed

onto the surface of the template but also permeate the

surface of the template to inhabit the outer layer of the

microspheres, forming the inner silica layer. The

remaining hydrolyzed species of TEOS were con-

tinually deposited onto the formed silica shell, leading

to the formation of the outer silica layer. This unique

shell structure is a good proof that the PMANa

particles serve as nanoreactors for the reaction of

TEOS.

The TG results in Fig. 7. indicate the complete

removal of polymer templates. The TG curve shows

about 5 % weight loss below 100 �C which is due to

the evaporation of the physically adsorbed water from

the PMANa cores and within the hollow particle

structure. For the core/shell particles, the weight-loss

stage in the region of 300–450 �C is a result of the

decomposition of the polymer. The weight loss

between 300 and 450 �C for the hollow spheres is

much less than that of the core/shell particles,

Fig. 5 SEM (a) and STEM images (b and c) of the hollow silica particles using Sample 5 as templates. Conditions Sample 5 in Table 1

served as the templates; the volumes of ammonia solution and TEOS were 1.0 mL and 2.0 mL, respectively

Fig. 6 SEM and STEM images of the silica particles using Sample 6 as templates. Conditions Sample 6 in Table 1 served as the

templates; the volumes of ammonia solution and TEOS were 1.0 and 2.0 mL, respectively
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indicating that almost all the PMANa is removed by

washing with water.

Conclusion

A facile and robust method for the fabrication of

hollow silica particles was developed by using water-

soluble anionic polyelectrolyte as templates. PMANa

nanoparticles were prepared by nanoprecipitation in

ethanol and successfully used as the templates for the

fabrication of hollow silica particles with size in

nanoscale and controlled shell thickness. Based on the

silica shell structure, the effects of ammonia amount

on the particle size and morphologies, and ethanol/

water ratio on the core size, the deposition process and

the mechanism of silica shell on the anionic particles

were elaborated. As the polymers are stable under

reaction conditions, the template materials may be

recycled after purification. Furthermore, as there are

many kinds of water-soluble anionic homopolymers

and copolymers, it means that the template materials

may be extended to a variety of negatively charged

polymers.
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