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A B S T R A C T

Monodisperse, hollow, organically-modiﬁed silica particles with a precisely-controlled size were
synthesized using a self-emulsion process via a two-step method in an aqueous alcohol solution. The
particle sizes were precisely controlled by manipulating synthetic parameters, including the reaction
medium, hydrolysis time, catalyst concentration, phenyltrimethoxysilane (PTMS) concentration, and
reaction temperature. Hollow particles with average sizes between 70 and 230 nm were obtained. The
type of alcohol co-solvent with water and PTMS concentration were two main factors for controlling the
particle size and hollow structure, although other reaction parameters were also effective toward ﬁnetuning the particle size.
ã 2016 The Korean Society of Industrial and Engineering Chemistry. Published by Elsevier B.V. All rights
reserved.

Introduction
Hollow silica particles possess distinctive properties due to
their hollow interiors (low densities, large surface areas, and
thermally insulating), excellent silica-based properties (good
chemical/thermal stability and compatibility with other organic
and biomaterials), and low toxicity [1–4]. Due to their unique
properties, these particles are considered highly promising
materials for a wide variety of applications in the chemical
engineering industry such as photonic crystals, waste removal,
chromatography, catalytic reactors, and biomedical science applications, including drug delivery and intelligent biomolecule
release systems. Several fabrication strategies have been developed for the production of hollow silica particles of various sizes
and functionalities, including a soft and hard template, selfassembly, emulsion/interfacial polymerization, spray drying, and
layer-by-layer adsorption [5–13]. Among these, template-assisted
synthesis has been the most employed method due to its effective
size-controlled production, in which organic and/or inorganic
templates of a desired size are coated with different materials via
sol–gel processes followed by template removal via calcination or
chemical etching [7,13–18]. However, these methods are often
associated with problems: (1) the processing steps are often timeconsuming, complicated, and difﬁcult to scale up; (2) the etching
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agents are usually strong acids and bases such as NaOH or HF,
which are extremely corrosive and toxic, resulting in hazardous
handling conditions; and (3) calcination at high temperatures
often yields collapsed hollow structures. For wide economical
applications, the development of a simple and efﬁcient hollow
particle preparation method for various particle sizes and
functionalities is of great importance.
In this study, we report the development of a self-emulsion
process for organically modiﬁed silica (ORMOSIL) particles,
enabling the production of hollow particles with small and
precisely-controlled sizes, with an average particle size ranging
from 70 to 230 nm, through a modiﬁcation of the previous twostep process [19]. As opposed to the conventional homogeneous
sol–gel process, known as the Stöber process, our method is a
heterogeneous process in which the hydrolysis of silanes occur at
the interface between water and the immiscible silane droplet,
and the condensation proceeds from the surface to the core of the
silane droplet. This heterogeneous process resembles the
emulsion polymerization in the preparation of latex. The hollow
structures can be obtained by the dissolution of less condensed
siloxane networks in the core part, maintaining a fully-condensed
silsesquioxane network in the outer shell of ORMOSIL by washing
with a mild solvent such as ethanol. In our self-emulsion process,
the size of the particles and hollow cores were precisely
controlled by adjusting reaction parameters, such as the silane
monomer concentration, alcohol co-solvent, reaction temperature, and acid/base catalyst, by exerting strong inﬂuence on the
hydrolysis and condensation processes [20–22]. Compared to the
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Scheme 1. The proposed formation mechanism for hollow ORMOSIL particles.

previously-reported synthetic methods, the strategy reported
herein is facile, economical, and less time consuming without the
use of external templates when preparing hollow ORMOSIL
particles with controlled sizes and distributions. The processes
are also environmentally benign by eliminating the usage of
corrosive etching chemicals. The hollow ORMOSIL particles
obtained in this study are expected to be used in a variety of
applications including: chemical engineering, the electronics
industry, and nanotech and biotech industries.
Experimental section
Materials
Phenyltrimethoxysilane (PTMS, 97%) was obtained from Alfa
Aesar. An ammonium hydroxide solution (30 wt.% as NH3) and
nitric acid (60%) were obtained from Daejung Chemicals and
Metals. Methanol (99%, Daejung Chemicals and Metals), 1propanol (99%, Samchun Chemicals), and 1-butanol (99%, Junsei)
were used as co-solvents. Ethanol (99%, Daejung Chemicals and
Metals) was employed as both a co-solvent and etching reagent.
De-ionized (DI) water was used as the main solvent throughout the
entire synthesis.

as follows: 300 mL of de-ionized water was placed in a 500 mL
three-neck round bottom ﬂask and was heated and maintained at
60  C. Next, 0.2 mL of nitric acid (HNO3, 6.6 mM) and 2 mL of PTMS
(0.033 M) were added while stirring at 280 rpm for 60 s to
hydrolyze the PTMS. A solution containing 20 mL of ammonium
hydroxide (NH4OH, 1.44 M) and 20 mL of an alcohol (methanol,
ethanol, isopropanol, propanol, or butanol) co-solvent solution
was poured into the ﬂask to induce condensation. The transparent
solution mixture immediately became milky. After stirring for
1.5 h, the PTMS-based ORMOSIL particles were ﬁltered and
washed with ethanol several times. After drying for 2 h under
vacuum at 80  C, 0.2 g of ORMOSIL particles were obtained. The
quantity of reagents, such as PTMS and ammonium hydroxide, as
well as the reaction parameters, including the hydrolysis duration
and condensation time, were varied to investigate their effects on

Syntheses
Synthesis of PTMS-based ORMOSIL particles
PTMS-based ORMOSIL particles were prepared from an
aqueous alcohol solution via a self-emulsion process described

Fig. 1. Solid state 29Si NMR spectra of PTMS-based ORMOSIL particles before (a) and
after (b) ethanol washing.

Fig. 2. (a) SEM image and (b) FT-IR spectrum of PTMS-based ORMOSIL particles.
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Fig. 3. TEM images (top) and the variation in the size (bottom) of hollow ORMOSIL particles prepared in aqueous solutions containing water and different types of alcohol: (a)
methanol, (b) ethanol, (c) iso-propanol, (d) n-propanol, (e) butanol, and (f) no alcohol (water only).

the size and distribution of the resultant hollow ORMOSIL
particles.
Formation of hollow ORMOSIL particles by etching with ethanol
0.2 g of PTMS-based ORMOSIL particles and 20 mL of ethanol
were placed in a 250 mL Erlenmeyer ﬂask. The mixture was
sonicated for 1 h to etch the core component made with the
silsesquioxane networks of the ORMOSIL particles. Finally, the
mixture was ﬁltered and washed with ethanol several times. The
ﬁltered products were dried under vacuum at room temperature
for 8 h, yielding the PTMS-based hollow ORMOSIL particles.
Characterization
The chemical composition of the ORMOSIL particles was
characterized via FT-IR (AAB FTLA2000) spectrometry. The size
and morphology of the ORMOSIL particles prior to and after
etching was investigated via transmission electron microscopy
(TEM, JEOL JEM-2000EXII) and scanning electron microscopy (FESEM, JEOL JEM-6340F). The average size and standard deviation of
the hollow particles was obtained by measuring the size of at least
20 corresponding particles through TEM imaging. Dynamic light

scattering (Malvern Zetasizer Nano ZS90) was used to investigate
the size distribution of the hollow particles. 29Si nuclear magnetic
resonance (NMR) spectra were obtained using a 500 MHz solidstate NMR (Bruker Avance II).
Results and discussion
The preparation of the hollow ORMOSIL particles with a
precisely-controlled size was based on the modiﬁcation of a
previously reported process [19], a one-pot synthetic method
followed by etching. Scheme 1 presented a schematic illustration
of the formation mechanism for hollow ORMOSIL particles used
in this study. In the Stöber process, which is the most famous
method for the preparation of silica particles, the hydrolysis and
condensation of silanes progressed in a homogeneous aqueous
alcoholic solution similar to the solution polymerization [23]. The
preparation of ORMOSIL particles from PTMS monomers in this
study followed the heterogeneous process in which the hydrolysis
of silanes occurred at the interface between water and the
immiscible silane droplet. This heterogeneous process resembles
the emulsion polymerization in the well-known preparation
method of latex [24,25]. As shown in Scheme 1, the formation
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Fig. 4. TEM images of hollow ORMOSIL particles prepared from aqueous solutions containing methanol (left) and ethanol (right) as a co-solvent, with varying concentrations
of PTMS: (a) 0.010 M, (b) 0.017 M, (c) 0.033 M, and (d) 0.067 M.
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Fig. 5. Size variation of hollow ORMOSIL particles prepared from aqueous solutions
containing (a) methanol and (b) ethanol as a co-solvent, with varying concentrations of PTMS.

mechanism of the hollow particles could be postulated as follows.
When PTMS monomers were added to an aqueous acidic solution,
two separated phases of water and silane monomers were formed
because of the immiscibility of hydrophobic PTMS in an aqueous
solvent. Upon stirring, the PTMS-based droplets began to form
and were dispersed in an aqueous phase. Then, silane monomers
were hydrolyzed in the acidic condition by water molecules at the
interface between water and droplets. In the next step, a NH4OH
solution was added to the emulsion of hydrolyzed silane droplets
and the condensation occurred from the outside of silane
droplets, displaying an opaque solution. As the condensation
evolved, the fully condensed (C6H5)SiO3/2 (T3) units in the silane
droplets grew from the outer shell to the core direction. However,
as the layer of T3 units was getting thicker, it became more
difﬁcult for the condensation to progress further because the
water molecules outside of the silane droplets could not advance
into the core part, resulting in partially condensed (C6H5)SiO2/2
(T2) units. Finally, the washing with ethanol etched the less
condensed T2 unit from the core part of the particles, and
ORMOSIL particles with the hollow structure could be obtained.
Solid-state 29Si nuclear magnetic resonance (NMR) spectroscopy
provided the supporting information on this proposed mechanism. The 29Si NMR spectra of ORMOSIL particles before and after
ethanol washing are shown in Fig. 1. These spectra showed two
peaks at 77.8 and 69.5 ppm, which could be assigned to T3 and
T2 silicon sites. In the spectra of particles before washing, both T3
and T2 peaks were observed. However, a reduction in the intensity
of the T2 peak was evident in the spectra of the particles after
washing with ethanol. Ethanol, which is permeable through the
particle, released the less condensed T2 units from the interior of
the particles during the washing procedure.

Fig. 6. The particle size distribution of hollow ORMOSIL particles prepared at
0.017 M PTMS for (a) methanol and (b) ethanol as a co-solvent.

As shown in Fig. 2, the SEM image showed a monodisperse
spherical morphology and the FT-IR spectrum of the PTMS-based
ORMOSIL particles exhibited several absorption peaks at
3050 cm1 from the aromatic C
H groups, 1603 cm1 from C¼C
groups in the phenyl group, and 1431 cm1 for Si
C symmetric
deformations. The broad peaks near 1130–1030 cm1 were
attributed to SiO
Si networks. The size, morphology, and inner
structure of the particles were determined by various parameters
affecting both the hydrolysis and condensation stages, such as the
reaction media used (various alcohols served as a co-solvent with
water), hydrolysis time, condensation catalyst concentration, and
PTMS concentration. Therefore, these reaction parameters were
varied in the ﬁrst synthetic step to obtain hollow particles of a
desired size and distribution. The particle size and morphology
data of each synthetic batch made from various reaction
parameters was investigated via electron microscopy.
The effects of alcohol on the size and morphology of the hollow
ORMOSIL particles
In prior studies in which water was employed as the reaction
medium, monodisperse PTMS-based ORMOSIL particles were
prepared with an average size between 300 and 1000 nm [17]. It
was postulated that ORMOSIL particles smaller than 300 nm could
not be obtained in a pure aqueous reaction medium due to the low
solubility of PTMS, which limited the size of the initial PTMS
droplets in the reaction mixture, determining the size of the ﬁnal
ORMOSIL particles. In order to reduce the particle size, various
types of alcohol co-solvents were introduced to the aqueous
reaction medium. The alcohol was introduced in the condensation
stage to adjust the solubility of the formed ORMOSIL nuclei (see the
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Fig. 7. TEM images of hollow ORMOSIL particles prepared using 0.033 M PTMS in aqueous solutions containing methanol (left) and ethanol (right) as a co-solvent, with
varying hydrolysis durations: (a) 1, (b) 2, (c) 3, and (d) 4 min.
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the alcohol solvent might be important to the determination of
the particle size.
PTMS concentration effects on the size of hollow ORMOSIL particles

Fig. 8. Size variation of hollow ORMOSIL particles prepared using 0.033 M PTMS in
aqueous solutions containing (a) methanol and (b) ethanol as a co-solvent, with
varying hydrolysis durations.

Experimental section for a detailed description of the synthetic
procedures).
Fig. 3 presents TEM images of the ORMOSIL particles, each
synthesized at 60  C using 0.033 M PTMS in an aqueous solution
with one of 5 different alcohols (methanol, ethanol, isopropanol,
propanol, and butanol) co-solvents or in the absence of a cosolvent, and were then etched via sonication in ethanol. It was
shown that all the prepared particles were monodisperse with a
spherical shape, although the particle size appeared to be strongly
inﬂuenced by the alcohol co-solvent. It was also noticeable that the
ORMOSIL particles prepared in an aqueous butanol solution were
not hollow but were hard spherical particles. This suggests that the
reaction medium or co-solvent was a factor determining the
formation of the hollow core particles prepared via the presented
synthetic method.
The average ORMOSIL particle size was measured from at
least 20 particles in each TEM image and was compared, as
shown in Fig. 3. Particle sizes of 162(8), 187(10), 192(15),
232(10) nm, and 459(6) nm were measured from those that
were prepared from methanol, ethanol, isopropanol, propanol,
and butanol as a co-solvent with water, respectively. Note that
the average particle size obtained from the same synthetic
procedure without the use of an alcohol co-solvent was 710
(15) nm. These results clearly demonstrated that the ORMOSIL
particle size signiﬁcantly decreased due to the presence of an
alcohol co-solvent in the reaction medium and that the particle
size increased as the alkyl chain length of the alcohol increased.
Therefore, the dielectric constants and solubility (miscibility) of

In order to investigate the effect of the PTMS concentration on
particle size, particles were prepared using various PTMS
concentrations in two different reaction media, aqueous solutions
containing either methanol or ethanol. Fig. 4 presents TEM
images of hollow ORMOSIL particles prepared using different
PTMS concentrations in an aqueous solution containing methanol
(top) and ethanol (bottom) as the co-solvent. Uniform spherical
hollow particles were obtained irrespective of PTMS concentration and alcohol co-solvent. Fig. 5 exhibits the size variation of the
hollow ORMOSIL particles prepared at 60  C with varying PTMS
concentrations. The particle size variation of the particles
prepared from an aqueous methanol solution revealed a similar
trend to those prepared from an aqueous ethanol solution; the
particle size increased with an increase in PTMS concentration,
although the average particle size was smaller for the particles
prepared from aqueous methanol solutions. The smallest hollow
particle size of 73(4) nm was obtained when using the lowest
PTMS concentration of 0.010 M in an aqueous methanol solution;
particle sizes increased to 129(6), 162(8), and 183(17) nm as
the PTMS concentration increased to 0.017, 0.033, and 0.066 M,
respectively. In the case of the particles synthesized from an
aqueous ethanol solution, the particle sizes were 92(3), 147(5),
187(11), and 197(18) nm for the same PTMS concentrations. As
shown in Fig. 6, the particle size analysis using a dynamic light
scattering method also conﬁrmed that the mean particles sizes of
131.6 and 143.2 nm were obtained at the PTMS concentration of
0.017 M for methanol and ethanol co-solvents, respectively. As the
silane monomer concentration in the reaction medium increased,
the growth of ORMOSIL particles could be accelerated in the
condensation stage due to an increased quantity of hydrolyzed
monomers, which may affect the particle size. Additionally, the
position and shape of the hollow cores also became irregular at
the high PTMS concentration. As the concentration of PTMS
increases, the particle size increases, resulting in a thicker outer
shell of fully condensed (C6H5)SiO3/2 (T3) units. The thicker shell
of the particles makes it difﬁcult for ethanol to etch the less
condensed (C6H5)SiO2/2 (T2) unit from the core of the particles,
which yields irregular shaped hollow cores.
The effects of hydrolysis and condensation conditions on particle sizes
In this study, a one-pot two-stage process, consisting of acidcatalyzed hydrolysis and base-catalyzed condensation, was
employed for the preparation of PTMS-based ORMOSIL particles
that were etched with ethanol. The hydrolysis conditions affected
the size and morphology of the ORMOSIL particles that served as a
form of the self-template for the hollow particles. PTMS
hydrolysis was performed under acidic conditions using nitric
acid and the effect of the hydrolysis time in the methanol and
ethanol co-solvent reaction medium cases was investigated. Fig. 7
presents TEM images of the hollow particles prepared from
different hydrolysis times at 0.033 M PTMS. As shown in Fig. 7,
hollow particles with smooth surfaces and reduced size were
observed as the hydrolysis duration increased, although a portion
of the larger-sized hollow particles began to appear after 3 and
4 min of hydrolysis in the methanol and ethanol co-solvent,
respectively. Fig. 8 reveals the effects of hydrolysis time on the
hollow particle size distribution of those prepared via one-pot
synthesis using 0.033 M PTMS in aqueous methanol or ethanol
solutions with ethanol etching. As shown in Fig. 8a, the hollow
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Fig. 9. TEM images of hollow ORMOSIL particles prepared using 0.033 M PTMS in aqueous solutions containing methanol (left) and ethanol (right) as a co-solvent, with
varying ammonium hydroxide amount: (a) 0.200 M, (b) 0.400 M, (c) 0.600 M, and (d) 1.000 M.
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PTMS in reaction media containing either methanol or ethanol cosolvent; monodisperse spherical hollow particles with smooth
surfaces were obtained through this process, although some dense
particles were observed at lower ammonium hydroxide concentrations (0.2 M). Fig. 10 exhibits the size variation of the hollow
ORMOSIL particles prepared from 0.033 M PTMS with changes to
the quantity of ammonium hydroxide in methanol and ethanol cosolvents. As shown in Fig. 10, the hollow particle size decreased as
the ammonium hydroxide concentration increased from 0.2 M to
0.6 M in both alcohol co-solvent systems and then increased
slightly at higher concentrations (1 M). In the case of the particles
prepared from an aqueous methanol solution, the hollow particle
size changed from 200(13) nm to 162(8), 149(10), and 169
(9) nm with an increase in ammonium hydroxide concentration
from 0.2 M to 0.4, 0.6, and 1.0 M, respectively. In the case of
particles prepared from aqueous ethanol solutions, the particle
size also decreased from 203(9) nm to 187(11) and 156(8) nm,
and then increased to 181(12) nm with the same change to the
ammonium hydroxide concentration.
The effect of reaction temperature

Fig. 10. Size variation of hollow ORMOSIL particles prepared using the concentration of PTMS at 0.033 M in aqueous solutions containing (a) methanol and (b)
ethanol as a co-solvent, with varying ammonium hydroxide amount.

particle size of those prepared in the aqueous methanol solution
decreased from 162(7) to 148(10) and 130(8) nm with an
increase in hydrolysis time from 1, 2, and 3 min. It should be noted
that a bimodal size distribution, consisting of 110(6) nm for
smaller particles and 252(14) nm for larger particles, was
observed for the particles prepared with a hydrolysis time of
4 min. For the hollow particles prepared from an aqueous ethanol
solution, the particle sizes also decreased from 187(11) nm to
152(15) nm as the hydrolysis time increased from 1 min to
2 min, with a bimodal size distribution observed at the 3 and
4 min hydrolysis durations; two sizes of 108(10) and 198
(11) nm were observed for the 3 min case and 101(8) and 257
(9) nm for the 4 min case (Fig. 8b). Hollow particles with
bimodal size distributions were produced when the concentration of hydrolyzed PTMS exceeded a certain critical value due to
the extension in hydrolysis time.
In the second step for the preparation of ORMOSIL particles, the
condensation of PTMS was performed under basic conditions using
ammonium hydroxide. The effects of the base catalyst concentration on the particle sizes were investigated by adding aqueous
NH4OH solutions of varying concentration to the methanol or
ethanol co-solvent, to the homogeneous solution of hydrolyzed
PTMS, while the hydrolysis duration was ﬁxed to 1 min. Fig. 9
shows TEM images of the hollow particles obtained with various
ammonium hydroxide concentrations prepared using 0.033 M

It is well known that reaction temperatures strongly inﬂuence
reaction kinetics. The effect of the reaction temperature on the size
of the hollow ORMOSIL particles was also investigated, as shown in
Fig. 11. Two different co-solvents, methanol and ethanol, were used
in the reaction media for particle synthesis. The hydrolysis
duration was ﬁxed to 1 min and the synthesis was performed at
two additional temperatures, 40  C and 80  C. At 40  C, the PTMS
condensation was signiﬁcantly retarded. For the particle synthesis
in a solution of aqueous ethanol, hollow particles with partiallycollapsed structures were produced even with prolonged condensation durations of 6 h, while no spherical particles were observed
during the synthesis in a solution of aqueous methanol. At 60  C,
the condensation proceeded moderately within a couple of hours,
producing ORMOSIL particles with controllable size and distribution. At 80  C, the condensation rate was greatly accelerated,
producing hollow particles in less than 5 min of reaction time.
Fig. 11 also reveals that the particle size decreased for those
prepared with 0.033 M PTMS at 80  C when compared to those
prepared at 60  C: from 162(7) to 125(26) nm when methanol
was the co-solvent and 187(11) to 118(8) nm when ethanol was
the co-solvent. It was also realized that the size of the hollow
particles prepared from aqueous methanol solutions decreased
slightly from 118(8) to 99(7) nm, while the size of the particles
prepared from aqueous ethanol solutions remained nearly
unchanged as the PTMS concentration decreased from 0.033 M
to 0.017 M.
Conclusions
This study presented a two-step process to prepare monodisperse hollow ORMOSIL particles, which was a simple and easy
method that did not requiring the use of external templates such as
surfactants and polymer latex cores. Precise size control of the
ORMOSIL particles from 70 to 230 nm could be achieved by simply
adjusting the PTMS concentration and the alcohol co-solvent type
in the reaction mixture. The size of the hollow particles increased
by increasing the PTMS concentration as well as the alcohol cosolvent chain length. A monodisperse size distribution was also
controlled by adjusting the hydrolysis duration and the amount of
base catalyst. The following summarizes the results for the effect of
reaction variables on the size of hollow ORMOSIL particles. (1) The
size of the ORMOSIL particle decreased due to the presence of an
alcohol co-solvent and the particle size increased as the alkyl chain
length of the alcohol increased. (2) As the concentration of PTMS
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Fig. 11. TEM images of hollow ORMOSIL particles prepared at different reaction temperatures and condensation times: (a) 40  C and 6 h using 0.033 M PTMS, (b) 80  C and
5 min using 0.033 M PTMS, and (c) 80  C and 5 min using 0.017 M PTMS in methanol (left) and ethanol (right) co-solvent.

monomer was increased, the particle size increased, although the
irregular shape of the hollow cores was observed at the high
concentration of PTMS. (3) As the hydrolysis time increased, a
reduction in size was observed while bimodal size distributions
appeared after 3–4 min of hydrolysis time. (4) The size of the
particle decreased as the ammonium hydroxide concentration
increased from 0.2 M to 0.6 M and then increased slightly at higher
concentrations (1 M). (5) At 40  C, the PTMS condensation was
signiﬁcantly hindered and hollow particles with partially collapsed
structures were produced even with prolonged condensation
durations of 6 h. At 60  C, the condensation proceeded moderately
within a couple of hours, producing ORMOSIL particles with
controllable size and distribution. At 80  C, the condensation rate
was greatly accelerated, producing hollow particles in less than
5 min of reaction time. Compared to the synthetic methods
developed earlier, the presented strategy to prepare hollow
particles described herein is not only facile, economical, and less

time consuming without requiring external templates, but is also
environmentally benign by not employing the use of corrosive
etching chemicals. The hollow ORMOSIL particles obtained in this
study are expected to be used in a variety of applications and
industries, including chemical engineering, the electronics industry, and the nanotech and biotech industries.
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