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Silicate particles with various types of internal structures were prepared via one-pot synthesis. Spherical particles with
sizes of 50-100 nm could be obtained by a simple precipitation process with the addition of alcohol to an aqueous
sodium silicate solution. By controlling the reaction conditions such as the preciptating solvent (different types of
alcohols), reaction time, temperature, and addition rate, spherical silicate particles with hollow, porous, dense internal
structures were synthesized without using an external template. In addition, the amount of Na in the silicate particles was
effectively reduced by washing with hot water, acid, or ion-exchange resins. Spherical particles maintained their
morphologies after heat treatment at 500 °C. Electron microscopy, N2 adsorption/desorption measurements, ICP-OES,
XRD analysis, and IR and 29Si NMR spectrometry were performed to elucidate the chemical and physical properties of
the obtained silicate paticles. This method of synthesis could provide a commercial route to the simple, economical mass
production of silica particles.

Introduction
Since the first report on the preparation of monodisperse silica
particles by St€ober1 et al. in 1968, several research groups have
studied effective synthesis methods for silica products having a
narrow size distribution with controlled size and shape as well as
various surface properties.2-5 Among the various types of silica
products, structurally controlled silica particles with hollow and
porous internal structures show great potential in scientific and
industrial applications. With attractive properties such as a high
surface area and controllable internal pores, these silica particles
are promising materials for use in nanoreactors, catalysts, sorbents, sensors, and controlled-release vehicles.6-14 Various methods of synthesis have been developed, including colloidal
templating,15,16 surfactant templating,17 layer-by-layer (LbL)
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self-assembly,18 block copolymer templating,19,20 and templating
in reverse micelles.21 In a typical surfactant (or colloidal) templating process, template emulsion droplets (or colloidal particles) are
coated with solution either by the surface precipitation of organic/
inorganic silane monomers or by the direct reaction of silica
precursors with specific functional groups on the core to create
core/shell particles. The template droplets (or colloids) are subsequently removed by selective dissolution with an appropriate
solvent or by calcination at relatively high temperature to generate inorganic hollow spheres. Alternatively, the electrostatic
association between alternately deposited, oppositely charged
species was used in the LbL self-assembly process. Multilayered
shells of polyelectrolyte and oppositely charged nanoparticles are
assembled onto colloidal core particles by sequential adsorption.
Subsequent calcinations of the multilayered core/shell particles
produce uniformly sized hollow silica spheres with various sizes
and wall thicknesses. However, surfactant/colloidal templating
and LbL self-assembly techniques usually require multistep
processes and post-treatment. Multistep procedures, which are
time-consuming and complicated, are needed to introduce shell
materials by surface functionalization and coating reactions for
the templating technique or repeated adsorption and washing
cycles for the LbL technique. However, post-treatment is needed
to remove core particles to produce hollow or porous silica
particles, where undesired impurities can be introduced from
incomplete dissolution or combustion residues. Therefore, the
development of facile, feasible synthesis methods for silica particles with various internal structures remains a great challenge.
Sodium silicate, which is used to make water glasses, has been
used as a low-cost silica source in place of costly silicon alkoxide.
Several research groups have investigated the preparation methods
(18) Katagiri, K.; Matsuda, A.; Caruso, F. Macromolecules 2006, 39, 8067.
(19) Yeh, Y. Q.; Chen, B. C.; Lin, H. P.; Tang, C. Y. Langmuir 2006, 22, 6.
(20) Sun, Q.; Kooyman, P. J.; Grossmann, J. G.; Bomans, P. H. H.; Frederik,
P. M.; Magusin, P. C. M. M.; Beelen, T. P. M.; van Santen, R. A.; Sommerdijk,
N. A. J. M. Adv. Mater. 2003, 15, 1097.
(21) Bauer, C. A.; Robinson, D. B.; Simmons, B. A. Small 2007, 3, 58.

Published on Web 03/17/2010

Langmuir 2010, 26(8), 5456–5461

Jung et al.

for silica particles having various morphologies and internal
structures using sodium silicate as a starting material.22-25 To
synthesize structurally controlled silica particles from a sodium
silicate precursor, external template materials have usually been
employed. Two types of surfactants;ionic and nonionic;are
generally used for the formation of spherical silica particles.26,27
Since poly(ethylene oxide) as a nonionic surfactant was introduced by Sierra and Guth28 in the preparation of mesoporous
silica particles, various types of mesoporous silca materials have
been synthesized using sodium silicate precursors by block
copolymer templating.27,29-32 However, fine tuning the surfactant compositions and removing expensive surfactant molecules
are time-consuming and costly. Very few examples have been
reported for the preparation of silica particles with well-defined
morphologies, from sodium silicates, including MSU-X via a twostep synthesis,33 and hollow spheres of less than 1 μm in size,20
both with the use of additives. Therefore, it is also important to
develop a simple, economical process to synthesize silica particles
with controlled morphologies and internal structures using lowcost sodium silicate precursors.
In this study, we report a simple one-step process for the
synthesis of silicate particles with various internal structures from
an aqueous sodium silicate solution without using any external
template. Spherical silicate particles with sizes of 50-100 nm were
prepared by adding an alcohol solution to an aqueous sodium
silicate solution. In addition, the residual Na content in the silicate
particles was greatly reduced by treatment with acids or ionexchange resins.

Experimental Section
Typical Synthesis of Silicate Particles. Five milliliters
(2.085 g, 8.61 mmol) of sodium silicate (30 wt % 3.2SiO2 3 Na2O
in water) was added to 150 mL of deionized water. When 45 mL of
ethanol (95%) was added to the reaction mixture with an addition rate of 15 mL/s, a slightly translucent white suspension was
immediately formed. The resulting solution was stirred for 90 min
at room temperature. Then the solution was filtered with a
membrane filter, and the filtered product was washed with deionized water four times. Silicate hollow particles (0.345 g, 16.5%)
were obtained after drying in a vacuum oven at 90 °C for 4 h.
(Syntheses of silicate particles having hollow, porous, or dense
structures with a variation of the experimental parameters are
shown in the Supporting Information.)
Characterization. The morphology and size of the particles
were investigated using field-emission scanning electron microscopy (FE-SEM, JEOL JEM-6340F) and transmission electron
microscopy (TEM, JEOL, EM-2000EXII). A spectroscopic analysis of the particles was performed by Fourier transform infrared
spectroscopy (FT-IR, AAB FTLA2000) and 29Si MAS NMR
(Varian 300). Nitrogen adsorption-desorption measurements
were carried out on an ASAP2010 volumertic adsorption analyzer
from Micromeritics (Norcross, GA). The crystalline properties of
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Figure 1. TEM (top) and SEM (bottom) images of spherical
silicate particles prepared by the addition of ethyl alcohol and
washing with different solvents: (a) water and (b) ethyl alcohol.
silicate particles were investigated using XRD (Rigaku, Rint-200).
The Na content of silicate particles was analyzed with ICP-OES
(Perkin-Elmer, OPTIMA 5300DV).

Results and Discussion
TEM and SEM images of the precipitated products after
washing are shown in Figure 1. As can be seen, spherical particles
with various internal structures depending on the washing solvent
were obtained. When the product was washed with water, hollow
particles with porous shells were formed whereas filled particles
were prepared when ethyl alcohol was used for washing. In all
cases, spherical silicate particles with sizes of between 50 and
100 nm were formed. It was reported by Godoi et al. that
noncrystalline silicate particles can be prepared by mixing an
aqueous sodium silicate solution with an alcohol such as ethyl
alcohol or 2-propanol.34 They explained that spherical particles
with sizes of 50-250 nm were formed through the hydrolysis and
condensation of an aqueous sodium silicate via a Si(OH)4 intermediate. In this study, we also observed the formation of spherical
particles by the simple addition of an alcohol solvent to an
aqueous sodium silicate solution. However, our study not only
provided a different formation mechanism for spherical silicate
particles than that of Godoi et al. but also demonstrated that the
internal structures of the resultant spherical particles could be
modified by controlling reaction conditions such as the type
and dropping rate of the precipitating solvent. The formation
mechanism of hollow and filled spherical silicate particles suggested in this study is shown in Scheme 1. As stated earlier, upon
addition of alcohol to an aqueous sodium silicate solution, a
slightly translucent white suspension was formed, indicating the
formation of emulsion droplets consisting of silicate anions. As
the reaction proceeded, the alcohol solvent penetrated from the
surface into the droplets and the hydrolysis and condensation
reactions of the sodium silicate precursors occurred. A similar
self-emulsion process was reported in the preparation of hollow
silica particles from phenyltrimethoxysilanes (PTMS).35 In that
case, the hydrophobicity of PTMS produced emulsion droplets
of PTMS precursors in water, and acid/base catalysts initiated
the hydrolysis and condensation of silane precursors from the
(34) Godoi, R. H. M.; Fernandes, L.; Jafelicci, M., Jr.; Marques, R. C.;
Varanda, L. C.; Davolos, M. R. J. Non-Cryst. Solids 1999, 247, 141.
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2003, 1712.

DOI: 10.1021/la904572y

5457

Article

Jung et al.

Figure 2. IR spectrum and XRD pattern of silicate particles prepared by the addition of ethyl alcohol and washing with deionized water.
Scheme 1. Formation Mechanism of Hollow and Filled Spherical Silicate Particles

surfaces of the droplets. Finally, washing with alcohol solvent
leached the uncondensed silane precursors out of the droplets,
resulting in hollow particles. In this study, the roles of water and
alcohol have been reversed. The hydrophilic sodium silicates
formed solid spherical droplets upon precipitation when in
contact with alcohol, and the remaining unsolidified (uncondensed) silicate anions were leached out by washing with water
because of their high solubility in water.
The IR spectra of the spherical silicate particles exhibited a
Si-O-Si stretching vibrational absorption peak at 1040 cm-1,
and O-H stretching vibrational absorption peaks were observed
at 3400 and 1600 cm-1 as shown in Figure 2. The XRD spectrum
indicated that the silicate particles obtained were amorphous,
showing a broad band around 2θ of 25°. Figure 3 provides the
CP-MAS 29Si NMR spectra of the sodium silicate precursor and
silicate particles. Both results showed two absorption peaks at
-90 and -105 ppm from the Q3 (SiO3/2) and Q4 (SiO4/2) units in
the silicate networks.36,37 However, the relative intensities of the
two peaks were reversed, indicating that Si-O-Si could be
formed from the condensation reaction between silicate anions.
The effect of reaction time on the size and internal structure of
the spherical silicate particles is shown in Figure 4. Whereas
spherical hollow particles could be prepared less than 30 min after
(36) K€ummerlen, J.; Merwin, L. H.; Sebald, A.; Keppler, H. J. Phys. Chem.
1992, 96, 6405.
(37) Charpentier, T.; Ispas, S.; Profeta, M.; Mauri, F.; Pickard, C. J. J. Phys.
Chem. B 2004, 108, 4147.
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the addition of a precipitating solvent, a prolonged reaction time
changed their internal structure, creating porous particles after 90
min and dense particles after 180 min. By extending the reaction
time to 300 min, these dense particles grew to a size of 300 nm. The
CP-MAS 29Si NMR spectra of the silicate particles after each
reaction time exhibited two absorption peaks from the Q3 and Q4
units. Porous silicate particles, prepared after 90 min of reaction
time, showed a reduced relative intensity of the Q3/Q4 peaks
compared to that of the hollow silicate particles. This might
indicate that the condensation reaction between the silicate anions
was more pronounced in porous particles than in hollow particles.
Silicate particles, obtained after 300 min of reaction time, showed
a large number of Q3 units. It is possible that the thick, dense outer
shells of these silicate particles prevented leaching of the unreacted
silicate anions and the confined silicate anions solidified upon
drying, resulting in a dense internal structure.
The effect of alcohol solvent on the internal structures of
resultant spherical silicate particles is shown in Figure 5. Changing the precipitating solvent influenced the miscibility with the
aqueous sodium silicate solution and produced spherical silicate
particles with different internal structures. When methyl alcohol
was used, dense particles were obtained because the high miscibility between methyl alcohol and water made it easy for the
methyl alcohol to penetrate the emulsion droplets quickly. This
accelerated the condensation of the silicate precursors and produced relatively dense particles. Hollow spherical silicate particles
were obtained when 2-propyl alcohol was used. However, the
Langmuir 2010, 26(8), 5456–5461
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Figure 3. Solid-state 29Si NMR spectra of (a) the sodium silicate precursor and (b) hollow silicate particles prepared by the addition of ethyl
alcohol and washing with deionized water.

Figure 4. TEM images and solid-state 29Si NMR spectra of silicate particles (prepared by the addition of ethyl alcohol and washing with
deionized water) with different reaction times at room temperature: (a) 30 min, (b) 90 min, and (c) 300 min.

Figure 5. TEM images of silicate particles prepared with different alcohol precipitation solvents {(a) methanol, (b) ethanol, and
(c) 2-propanol} and washing with deionized water.

shell thickness of the hollow silicate particles was thinner than
that of the particles prepared by the addition of ethyl alcohol.
The addition of butyl alcohol or octyl alcohol in an aqueous
sodium silicate solution did not produce any precipitated product
because of the poor miscibillity with water. When acetone or
tetrahydrofuran (THF) was used as a precipitating solvent, a
Langmuir 2010, 26(8), 5456–5461

mixture of hollow, porous, and dense silicate particles was formed
(Supporting Information). The effects of these organic solvents
on the internal structure of the silicate particles need further
investigation.
The reaction temperature affected the size and internal structure of the particles in a way opposite to that of the reaction time
DOI: 10.1021/la904572y
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Figure 6. TEM (top) and SEM (bottom) images of silicate particles prepared at different reaction temperatures {(a) 5 °C (ice bath), (b) room
temperature, and (c) 50 °C} by the addition of ethyl alcohol and washing with deionized water.

Figure 7. N2 adsorption/desorption isotherms of various spherical silicate particles: (a) hollow, (b) porous, and (c) dense. (d) BJH pore size
distribution curve computed from the adsorption isotherm.

as shown in Figure 6. At a reaction temperature of 5 °C in an ice
bath, dense particles with a size of 500 nm were formed, whereas
porous/hollow particles with sizes of 50-100 nm were obtained at
room temperature. Increasing the reaction temperature to 50 °C
produced smaller hollow particles. Increasing the reaction temperature would enhance the rate of nucleation compared to that
of growth, which resulted in the production of smaller silicate
particles. Slowing the rate of addition of alcohol to the aqueous
sodium silicate solution at room temperature also changed the
internal structure of the particles. By changing the addition rate of
alcohol from 15 to 0.04 mL/s, the hollow particles became porous
5460 DOI: 10.1021/la904572y

as in the case when a longer reaction time was used (Supporting
Information). Slowing the addition rate of alcohol as well as the
prolonged reaction time would extend the degree of condensation
between Si-O-Si networks inside the particles, which resulted in
denser internal structures.
The N2 absorption/desorption isotherms of the hollow, porous, and dense silicate particles are shown in Figure 7. Hollow
silicate particles exhibited type IV isotherms that possess two-step
absorption isotherms due to the bimodal pore system. This type of
hysteresis loop is known to be associated with hollow particles
with mesoporous shells. An adsorption at P/P0 values in the range
Langmuir 2010, 26(8), 5456–5461
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of 0.5-0.8 could be related to the capillary condensation of
nitrogen inside mesopores in the shells, and the second adsorption
at P/P0 ≈ 0.9 corresponded to the filling of the huge hollow
cores.19 For porous silicate particles, a typical single-step type IV
isotherms was observed. The adsorption at a relative pressure of
around 0.5 to 0.6 could be ascribed to relatively small mesopores
and a pore size distribution. For materials with mesoporous
pores, the characteristic hysteresis loop at different opening and
closing pressure that appeared because of the capillary condensation of mesopores and the relative pressure at which hysteresis
occurs determines the lower limit of the pore size that can be
assessed in the desorption experiment.38 However, dense silicate
particles showed type III isotherms, which is characteristic of
weak gas-solid interactions for nonporous or macroporous
materials.39 These results are consistent with TEM observations.
By analyzing the absorption isotherms, it was found that the BET
surface areas were 204 for hollow, 542 for porous, and 27 m3/g for
dense silicate particles whereas the pore sizes were 9 and 4 nm for
hollow and porous silicate particles, respectively. The pore size
could not be obtained for dense particles, as expected.
The sodium content in the spherical silicate particles after
different washing processes was characterized by ICP-OES. As
shown in Table 1, 17.9 wt % Na content in the sodium silicate
precursor was reduced to 4 wt % in the as-prepared silicate
particles. Washing these silicate particles with hot water reduced
the sodium content to less than 3 wt %. The amount of sodium
was further reduced to 0.05 wt % by washing the silicate particles
with an aqueous HCl solution. Treating the silicate particles with
an ion-exchange resin lowered the Na content to less than 1 ppm.
The CP-MAS 29Si NMR spectra of the silicate particles before
and after acid treatment exhibited similar absorption peaks
at -90 and -105 ppm, indicating that no chemical or morphological changes occurred with washing (Supporting Information).
The thermal behavior of the hollow silicate particles was
investigated. Calcination of the silicate particles at 500 °C did
not change their hollow morphology, although the pore size of the
(38) Eslava, S.; Baklanov, M. R.; Neimark, A. V.; Iacopi, F.; Kirschhock,
C. E. A.; Maex, K.; Martens, J. A. Adv. Mater. 2008, 20, 3110.
(39) Gregg, S. J.; Sing, K. S. W. Adsorption, Surface Area and Porosity, 2nd ed.;
Academic Press: New York, 1982; Chapter 5.
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Table 1. Sodium Content in the Spherical Silicate Particles Prepared
by the Addition of Ethyl Alcohol and with Different Washing
Processes
materials

Na content

sodium silicate precursor
washing silicate particles with water
washing silicate particles with hot water
treating silicate particles with a 10 M HCl
solution
treating silicate particles with a 10 M HCl solution
and an ion-exchange resin

17.9 wt %
4 wt %
3 wt %
0.05 wt %
>1 ppm

shells was somewhat reduced. After heat treatment at 800 °C,
uncondensed Q3 units in the silicate networks disappeared,
showing only Q4 units at -105 ppm in the solid 29Si NMR
spectra. Amorphous silicate particles were transformed into
crystalline SiO2 (cristobalite, JCPDS no. 39-1425) after heat
treatment above 1000 °C (Supporting Information).40

Conclusions
Spherical silicate particles were prepared by a simple one-pot
synthesis using sodium silicates. By controlling reaction conditions such as the precipitating solvent, reaction time, and temperature, the size and internal structure of the silicate particles
were easily modified. The amount of Na in the silicate particles
was effectively reduced by washing with hot water, acid, or ionexchange resins. This method of synthesis could provide a route
for the simple, economical mass production of silica particles.
Acknowledgment. This research was supported by a grant
from the Fundamental R&D Program for Core Technology of
Materials funded by the Ministry of Commerce, Industry and
Energy, Republic of Korea.
Supporting Information Available: SEM/TEM images and
N2 absorption/desorption isotherms of silicate particles.
This material is available free of charge via the Internet at
http://pubs.acs.org.
(40) Shklover, V. Chem. Mater. 2005, 17, 608.

DOI: 10.1021/la904572y

5461

