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  Abstract : Nanosized hollow silica was prepared by Stӧber method in the presence of aluminum 
isopropoxide. The mixture of polyelectrolytes such as poly(sodium 4-styrene sulfonate)(PSS) and 
polyacrylic acid(PAA) were used as templates. Tetraethylorthosilicate(TEOS) and aluminum 
isopropoxide were used as precursors for silica and alumina, respectively. The function of 
aluminum isopropoxide is to increase  the porosity of silica shell. The characterizations of hollow 
silica were examined by TEM(transmission electron microscopy), TGA(thermogravimetric analysis), 
BET(Brunauer Emmett Teller), Energy-dispersive X-ray spectroscopy(EDS), and FT-IR spectrum. It 
was found that the shell thickness of hollow silica was around 8 nm and the core diameter was 
around 20 nm by TEM. 
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1. Introduction

  The synthesis of hollow nanoparticles has 
attracted much attention in the chemistry and 
material communities because of their low 
density, large specific area, low coefficients of 
thermal expansion, low refractive index, 
mechanical and thermal stabilities, surface 
permeability [1]. Such hollow nanoparticles 
have a wide variety of potential application in 
cosmetic, catalysis, coating, composite 
materials, dyes, ink, artificial cells, and 
filler[2-6]. Furthermore, their hollow structure 
can be used as a microencapsulate for drugs 
in  the  pharmaceutical  fields  [7].  The  fast
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development in hollow nanoparticles synthesis 
has greatly helped to tune their optical 
properties [8-9], catalytic properties [10] and 
superparamagnetic behavior [11] and so on. 
The nanosized materials with hollow structure 
are also a very good candidate in storage 
devices and charge carriers [12]. The hollow 
nanoparticles have properties of both hollow 
structure and nanosized particles. They possess 
many special properties, as low density, large 
specific area, low coefficients of thermal 
expansion, surface permeability [1], low 
refractive index, thermal stabilities, thermal 
insulation and prominent optical activities 
[8-12]. Depending on the kinds of materials, 
they can provide more unique properties like 
highly biocompatible, optical stability, good 
environment endurance, which are useful for
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some special fields of industry. 
  Recently, most of reported inorganic hollow 
spheres are focused on hollow silica because 
hollow silica is not only possess properties like 
another hollow nanoparticles but also exhibit a 
number of special characteristics such as 
nontoxic, highly biocompatible, and 
mechanically stable material [13-16], so they 
have more attractive applications in many 
fields of science. There are many papers which 
reported about the method of making hollow 
silica and diverse hollow silica spheres have 
been fabricated with various sizes and 
geometries. Most of these hollow spheres need 
the calcinations at high temperature to remove 
the templates or organic components, which 
makes it difficult to retain their intact 
spherical structures. Furthermore, the 
calcinations will lead to an obvious decrease in 
the number of silanol groups in silicate 
materials. In this work, we used aluminum 
isopropoxide to increase the porosity of silica 
shell, therefore the core materials leak out 
easily. By using Stӧber method, PSS and PAA 
were used to make templates. TEOS and 
aluminum isopropoxide were used as 
precursors for silca and alumina, respectively. 

2. Experimental

2.1. Materials

  Tetraethylorthosilicate(TEOS), aluminum 
isopropoxide, acetylacetone, ethanol(95 %), 
ammonia solution(28 %), poly(sodium 4-styrene 
sulfonate)(PSS, Mw = 70,000, 30 wt. % 
solution in H2O), polyacrylic acid (PAA, Mw = 
1,800), and MTMS (methyltrimethoxysilane)  
were purchased from Sigma Aldrich. Distilled 
water was used through all of the processes. 

2.2. Characterization

  TEM observations were performed on a 
JEOL Model JEM-1200EX, working at 200 
kV. All samples subjected to TEM 
measurements were dispersed in ethanol 

ultrasonically and were dropped on copper 
grids. Thermogravimetric analysis(TGA) was 
carried out using a Diamond TG/DTA thermal 
analyzer(STAReSW10.00) with a heating rate 
of 10oC min-1 from room temperature to 
900oC in an air flow. The composition of 
particles were investigated by using Energy- 
dispersive X-ray spectroscopy(EDS, JEOL 
Model JEM-1200EX). The samples were 
prepared by the same way with TEM analysis. 
Fourier transform infrared(FTIR) spectra of 
FT-IR spectrometer(Nicolet iS5). Nitrogen 
adsorption and desorption isotherms were 
measured on a TriStar 3000 with operation 
manual V6.07. A sorption analyzer at 77.3K. 
Specific surface area was calculated by 
BET(Brunauer-Emmett-Teller) method.

2.3. Preparation of hollow silica

  At room temperature, 0.042 g PSS and 
0.022 g PAA were dissolved in 1.5 mL of 
ammonia hydroxide and mixed with 90 mL 
ethanol in 250 mL glass global flask. This 
solution is called template solution. The 
precursor solutions were prepared separately by 
2 parts. The first part was prepared by TEOS 
and diluted in ethanol. The second part was 
prepared by aluminum isopropoxide mixed 
with acetylacetone and also diluted in ethanol. 
The composition of precursors is described in 
Table 1. Two precursors were added in the 
template solution at the same time, same 
adding speed of syringe pump(90 mL/hr) by 2 
injections separately. The reaction was kept in 
12 hours before adding of 0.1 mL(0.698 
mmol) of MTMS(methyltrimethoxysilane) to 
modify the surface of silica spheres. After 5 
hours, the half of product was transferred to 
500 mL beaker and stirred by magnetic bar 
and washed by adding 100 mL of distilled 
water at room temperature for 2 hours. By 
using the centrifuge the supernatant from the 
centrifuged product was decanted. The 
centrifuge tube containing centrifuged product 
was refilled by the distilled water and 
centrifuged slurry refilled by fresh water was 
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Sample
Precursor 1 Precursor 2

mole ratio 
Si:AlTEOS Ethanol Al(iPr)3

Acetyl-
acetone

Ethanol

Al
4.47 mmol

(1mL)
20mL

0.894 mmol
(0.1824 g)

0.09 mL 20 mL 5:1

Table 1. Synthesis of hollow silica with aluminum isopropoxide

(a) 

(b)

Fig. 1. The formation of (a) silica and (b) both alumina and silica on the surface of 

polyelectrolyte template

stirred by spatula and centrifuged again. These 
operations were repeated at least 10 times. 
Another half of product was transferred to 
500 mL beaker and stirred and washed by 
adding 100 mL of 0.01 M NaOH at room 
temperature for 2 hours. The same procedure 
as the washing process by distilled water was 
applied to washing process by 0.01 M NaOH. 
By using the centrifuge the supernatant was 
decanted at least 10 times to confirm whether 
pH of the supernatant was reached pH 7. The 
products washed by distilled water and 0.01 
M NaOH were dried at 50 oC for several 
hours without calcination. To explain for the 

function of aluminum alkoxide in this work, a 
formation mechanism of hollow silica in the 
presence of aluminum isopropoxide is 
proposed. Taking a look at (a) in Fig. 1, we 
can understand the formation of silica shell 
with TEOS as precursor. The (b) in Figure 1 
describe the formation of hollow silica shell in 
the presence of aluminum isopropoxide. The 
bonding -O-Si-O-, -O-Al-O- or 
–O-Si-Al-O- might be exist together. By 
washing with NaOH, alumina was dissolved 
completely. So that the distance between the 
bonding of silica getting bigger, it mean the 
pore size of shell becomes larger. By this way, 
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alumina as well as  polyelectrolytes inside the 
spheres will leak out easily. In this study, no 
further calcination is necessary. 

3. Results and Discussion

  The thermogravimetric analysis(TGA) curve 
of silica after washing by water from (a) in 
Fig. 2 indicates that there are two stages of 
weight loss. The first weight-loss stage around 
100oC is due to the evaporation of physical 
adsorbed water and residual solvent; the 
relatively pronounced weight loss occurs at 
350-600oC, due to the decomposition of 
remained PSS and PAA and silica bonded 
groups. The mass loss at second stage is over 
10 %. The residual mass is about 70 %. 
Whereas the TGA curve of the hollow silica 
spheres after washing by NaOH from (b) in 
Fig. 2 also exhibits the first weight loss stage 
around 100oC but the second weight loss stage 
occurs at 350-600oC getting smaller. The mass 
loss at this stage is around 5 % and the 
residual mass is about 77 %. These results 
demonstrate that by washing with NaOH, the 
polyelectrolyte almost moves out.

Fig. 2. TGA curve of hollow silica which was 
washed by (a) H2O and (b) NaOH.

  In addition, the chemical composition of 
samples was determined by EDS analysis. By 
elemental analysis, it was clearly confirm that 
the sample which was washed by water still 
remains 1.88 atom % of aluminum and 16.38 

atom % of silica. It is almost respective the 
mole ratio of aluminum isopropoxide and 
TEOS as reactants(10 : 1). Whereas the 
sample which was washed by NaOH only 
remains 0.15 atom % aluminum compare to 
19.71 atom % of silica. So by using NaOH, 
aluminum is almost dissolved(Fig. 3). The 
composition of shell is for silica only. Na does 
not appear in EDS analysis of the sample 
which was washed by 0.01 M NaOH under 
the conditions that the pH of supernatant 
reached pH 7 and supernatant was removed at 
least ten times. Also element existing less than 
0.05 atom % was ignored during the EDS 
analysis. 

(a)

(b)

Fig. 3. EDS of hollow silica which was washed 
by (a) H2O and (b) NaOH.

  FT-IR spectrum a in Fig. 4 exhibits the 
FT-IR spectra of the sample which was 
washed by H2O. The peak appearing at 1070 
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Fig. 5. N2 adsorption isotherms of hollow silica which was washed by (a) H2O and (b) NaOH.

cm-1 is ascribed to the stretching vibrations of 
Si-O-Si bond. The peak at 1130 cm-1 belongs 
to the Al-O bond. The peak at 1743.60 
exhibits C=O stretch vibration of carboxyl 
group. The bands around 2352.98, 2880.71 
and 2925.91 cm-1 are correspond to the C-H 
bending. These results indicate that alumina 
and polyelectrolyte template still remain in the 
sample. FT-IR spectrum b in Fig. 4 describes 
the FT-IR spectra of the sample which was 
washed by NaOH. The FT-IR spectrum of 
the resulting silica spheres only shows the 
stretching vibration of the Si-O-Si bond at 
1070 cm-1, so that alumina and polyelectrolyte 
template were completely removed by base 
dissolution treatments.

Fig. 4. FT-IR spectra of hollow silica (a) 
before and (b) after washing by NaOH.

  The N2 absorption isotherms of the hollow 
silicas are shown in (a) and (b) in Fig. 5 

which were washed by H2O and NaOH, 
respectively.  Hollow silica which was washed 
by NaOH provides much big volume for N2 
than hollow silica which was washed by H2O. 
  These data exhibit type I isotherms which is 
obtained when P/Po＜1 and C > 1 in the BET 
equation, where P/Po is the partial pressure 
value and C is the BET constant, which is 
related to the adsorption energy of the first 
monolayer and varies from solid to solid. This 
type of isotherm belongs to the microporous 
materials which possess pore diameter less 
than 2 nm. By analyzing the absorption 
isotherms, it is found that the BET surface 
area of sample which was washed by water is 
41.4437 ± 0.4353 m2/g; whereas the BET 
surface area of sample which was washed by 
NaOH is 241.7334±4.0875 m2/g. The higher 
surface area of the sample which was washed 
by NaOH demonstrates the its higher porosity.
  The TEM images in Fig. 6 show the hollow 
structures of silica spheres after washing by 
NaOH(a) and H2O(b). The core diameter is 
around 20 nm and the shell thickness is 
around 8 nm. The shape of hollow silica is 
uniform and silica shell seems to be very clear 
whereas the hollow structure of silica spheres 
after washing by H2O(b) is not uniform and 
silica shell seems not to be very clear.  
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Properties a: washed by H2O b: washed by NaOH

BET surface area 41.4437±0.4353 m2/g 241.7334±4.0875 m2/g

C(BET constant) 227.574576 547.270717

Qm(Monolayer capacity) 9.5203 g/cm3 55.5301 g/cm3

Table 2. BET data of samples which were synthesized in the presence of aluminum 

isopropoxide

Fig. 6. TEM images of hollow silica spheres 
after washing by NaOH (a) and water 
(b).

4. Conclusions

  Here in this study, the hollow silica 
nanospheres were synthesized using Stӧber 
method with some modifications to optimize 
the reaction conditions. Poly(sodium 4-styrene 
sulfonate)(PSS) and polyacrylic acid(PAA) were 
used to make the template and easily removed 
by washing without calcination. 
Tetraethylorthosilicate(TEOS) and aluminum 

isopropoxide were used as precursors for silica 
and alumina, respectively. The silica by 
washing NaOH has the core diameter of 20 
nm and the shell thickness of 8 nm. In this 
study, PSS and PAA were used together as 
water-soluble polymers to promote the 
formation of well-defined core templates. This 
route involves the formation of spherical 
colloid aggregates in ethanol solution, 
hydrolysis of TEOS under the control of 
ammonia, sodium hydroxide and the removal 
of polyelectrolytes by washing or calcination. 
The interaction between aminated groups of 
polyelectrolyte chains and silanol groups of 
silica particles is driving force for the 
deposition of silica nanoparticles on 
polyelectrolyte template during the hydrolysis 
and condensation process of TEOS. To avoid 
the inconvenience from calcination, the 
aluminum alkoxide was used to increase the 
porosity of hollow silica. By washing with 
NaOH, alumina was dissolved completely, so 
that the distance between the bonding of silica 
getting bigger, it mean the pore size of shell 
becomes larger. By this way, the 
polyelectrolytes inside the spheres will leak out 
easily. In this study, no further calcination is 
necessary. This method opens up a promising 
route for the synthesis of other inorganic 
material with core-shell or hollow structure. 
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