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The morphology regulation of hollow silica microspheres is significant for their properties and applica-
tions. In this paper, hollow silica microspheres were formed through the hydrolysis and condensation
reaction of tetraethyl orthosilicate (TEOS) at the interface of the emulsion droplet templates composed
of liquid paraffin and TEOS, followed by dissolving paraffin with ethanol. The effects of various factors
including the emulsifier structure and content, TEOS content, catalyst type, and the ethanol content in
the continuous water phase on the particle size, shell thickness and morphology of the prepared hollow
silica microspheres were studied in detail. The results show that the diffusion and contact of TEOS and
water molecules as well as the hydrolysis condensation reaction of TEOS at the oil-water interface are two
critical processes for the synthesis and morphological regulation of hollow silica microspheres. Cationic
emulsifier with a hydrophobic chain of appropriate length is the prerequisite for the successful synthesis
of hollow silica microspheres. The ethanol content in water phase is the dominant factor to determine
the average diameter of hollow microspheres, which can vary from 96 nm to 660 nm with the increase of
the volume ratio of alcohol-water from 0 to 0.7. The silica wall thickness varies with the content and the
hydrophobic chain length of the emulsifier, TEOS content, and the activity of the catalyst. The component
of the soft template will affect the morphology of the silica wall. When the liquid paraffin is replaced by
cyclohexane, hollow microspheres with fibrous mesoporous silica wall are fabricated. This work not only
enriches the basic theory of interfacial polymerization in the emulsion system, but also provides ideas

and methods for expanding the morphology and application of hollow silica microspheres.
© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia
Medica, Chinese Academy of Medical Sciences.
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Hollow silica microspheres have broad application prospects
in the fields of drug sustained-release, adsorption and separation,
catalysis, energy storage, heat insulation and so on because of their
advantages of nontoxic, large internal cavity, low density, large sur-
face area and good thermal stability [1-7]. The properties and ap-
plications of hollow silica microspheres are closely related to their
morphology (including particle size, wall thickness, and pore struc-
ture, etc.), which should be regulated according to the prepara-
tion method of the hollow microspheres [8-13]. The preparation
methods of hollow silica microspheres include sacrificial template
method, self-template method and spray drying [14-16]. Sacrificial
template method is widely used because it can prepare hollow sil-
ica microspheres with controllable morphology by using a variety
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of specific templates or changing synthesis conditions and param-
eters. Sacrificial templates are usually divided into two categories,
hard templates (solid) and soft templates (liquid or gaseous). Hard
templates are generally polymer (such as polystyrene (PS)) or in-
organic (such as calcium carbonate, carbon) particles [17-19]. In
the previous work of our group [16], hollow silica microspheres
with different wall thickness were successfully prepared using the
monodisperse PS microspheres with a diameter of 1.4pum as the
hard template. Since the hard template itself will not deform, it
is easy to obtain hollow microspheres with expected morphol-
ogy. However, the preparation of hard templates is usually com-
plex, time-consuming, and energy-consuming, and the removal of
templates generally requires calcination or organic solvent, which
brings serious environmental problems to its practical application
[20-23].

Soft templates for the formation of hollow silica microspheres
include surfactant micelles, emulsion droplets, and bubbles [24-
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26]. The silica precursor molecules diffuse to the soft template in-
terface and react to form a silica shell, then the template is re-
moved by washing or evaporation [11,27-30]. Emulsion droplets
are often used as the soft templates for the synthesis of hollow sil-
ica microspheres because of their composition diversity and wide
size range (from a few nanometers to several microns) [31,32].
Ma et al. [33] prepared emulsion droplet soft templates composed
of decane and 1,2-bis(triethoxylsilane) ethane (BTSE) to synthe-
size hollow silica microspheres with a size of 163~560nm and a
shell thickness up to 70nm by the hydrolysis and condensation of
BTSE at the droplet interface catalyzed by ammonia. Teng et al.
[34] prepared hollow silica microspheres by using cetyltrimethy-
lammonium bromide (CTAB) stabilized TEOS droplets as the soft
templates. It was found that the hollow microspheres could be ob-
tained only at the presence of an appropriate amount of ethanol.
Since the emulsion stability is sensitive to the thermodynamic and
kinetic parameters of the system, the deformation and aggrega-
tion of the emulsion droplets, even de-emulsification are easy to
occur when the composition and the temperature of the system
change with the reaction process, making it difficult to control the
morphology uniformity of the hollow silica microspheres, and pro-
ducing undesirable by-products with collapse and irregular mor-
phology [35,36]. Emulsifier is the crucial component for the emul-
sion stability. Cationic emulsifiers or a mixed type of cationic and
non-ionic emulsifiers are generally used to prepare hollow silica
microspheres [37-40]. Wu et al. [41] used CTAB as the emulsi-
fier and hexadecane as the co-stabilizer to prepare an O/W mi-
croemulsion with the mixture of TEOS and octane as oil phase
and finally fabricate hollow silica microspheres with a shell thick-
ness varying in the range of 6~12nm and a whole microsphere
diameter up to 150nm by adjusting the content of CTAB and
TEOS. Although there have been a lot of specific research work
on the preparation of hollow silica microspheres via soft tem-
plate method, detailed discussion on the correlation between the
chemical structure and content of each component in the emul-
sion system and the morphology of hollow silica microspheres is
lacking, i.e., the mechanism of the morphology regulation of hol-
low silica is not clear, which limits the application of soft template
method in the synthesis of hollow silica microspheres with precise
morphology [42,43].

In this paper, an O/W emulsion system with the mixed liquid
paraffin and TEOS as the oil phase was prepared as soft templates
for the synthesis of hollow silica microspheres. Based on the de-
tailed studies on the effects of the emulsifier structure and con-
tent, TEOS content, catalyst type, and the components in water and
oil phases on the synthesis and the morphology (including parti-
cle size, silica wall thickness and structure) of hollow silica mi-
crospheres, the morphology regulation mechanism of hollow silica
microspheres is discussed in depth.

In an emulsion system, the oil phase disperses in water in the
form of droplets with the help of the emulsifier. As shown in Fig.
1, a layer of emulsifier molecules is located at the interface of
the droplets. The precursor of silica, TEOS, is hydrophobic, which
should be mainly located in the oil phase. Only when it diffuses
to the oil-water interface and contacts with water molecules, the
hydrolysis and condensation reaction of TEOS can occur, which
should be the prerequisite for the formation of silica shell at the
interface. Obviously, the charge property and the molecular struc-
ture of the emulsifier will affect the diffusion and contact of TEOS
and water molecules to the oil-water interface through the electro-
static and spatial interaction. Therefore, three types of emulsifiers
with the HLB value of 8~18, i.e., cationic emulsifiers (DTAB, CTAB
and OTAB), non-ionic emulsifiers (Tween-80), and anionic emul-
sifiers (SDBS) are selected in this work to study the influence of
emulsifier on the synthesis and morphology of hollow silica mi-
crospheres.
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Fig. 1. Schematic illustration of the emulsion droplet and the distribution of
molecules at the O/W interface.
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Fig. 2. TEM images of silica microspheres prepared with different type of emulsi-
fiers: (a) Tween-80 (sample T-1), (b) SDBS (sample S-1) and (c) CTAB (sample C-4).
(d, e) The IR spectrum and nitrogen adsorption-desorption isotherms of the hollow
microspheres in (c) respectively. The inset in (e) is the BJH pore size distribution
calculated from the desorption isotherm.

Figs. 2a-c show the TEM images of silica microspheres prepared
by different emulsifiers at the same reaction conditions. When
non-ionic (Tween-80) or anionic (SDBS) emulsifier was adopted,
only a small amount of solid product rather than hollow micro-
spheres was obtained. However, when cationic emulsifier CTAB
was used, the products are almost all hollow microspheres with
regular morphology (Fig. 2c), which have an average particle diam-
eter of 930nm and a wall thickness of about 70 nm. The infrared
spectrum of the obtained hollow microspheres is shown in Fig. 2d,
which is almost the same as those of silica particles synthesized
by Stober method in the literature [16,44,45]. The strong and wide
absorption band near 1080 cm~! is assigned to the anti-symmetric
stretching vibration of Si-O-Si. The peak at 964 cm~! is the bend-
ing vibration absorption peak of Si-OH. The absorptions at 800
cm~! and 464 cm~! correspond to the symmetric stretching and
bending vibrations of Si-O-Si respectively. The absorptions at 3430
cm~! and 1639 cm™! indicate the existence of the adsorbed wa-
ter molecules. The weak absorption peaks at 2923 cm~! and 2854
cm~! correspond to the asymmetric and symmetric stretching vi-
bration absorption peaks of C-H, indicating that the Si-OR bonds in
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Fig. 3. TEM images of silica microspheres prepared with different cationic emulsi-
fiers at certain concentrations: (al-a3) DTAB (sample D-1, D-2, D-3); (b1-b3) CTAB
(sample C-1, C-2, C-3); (c1-c3) OTAB (sample O-1, 0-2, O-3).

TEOS have not completely hydrolyzed. The adsorption-desorption
isotherms of the hollow silica microspheres are shown in Fig. 2e.
According to the BDDT classification, it can be identified as a type
IV isotherms with typical H3 hysteresis rings, indicating the pres-
ence of mesopores in the silica wall [46,47]. The BET specific sur-
face area of microspheres is as high as 536.8 m2/g. The BJH pore
size distribution is also shown in Fig. 2e, which shows an average
pore diameter of 5.5 nm.

The above results indicate that the charge property of the emul-
sifier is the critical condition for the synthesis of hollow silica mi-
crospheres. As shown in Fig. 1, if the hydrophilic end of the emul-
sifier is positively charged, it will be beneficial to attract water
molecules and TEOS to diffuse to the interface through electro-
static interaction since both of them have electron-rich O atoms,
thus promoting the hydrolysis of TEOS and further condensation
reaction to form silica. When the hydrophilic end of the emulsi-
fier is negatively charged, it will generate electrostatic repulsion
to the electron-rich groups in the surrounding molecules, which
makes it difficult for water and TEOS molecules to approach and
react at the interface. Non-ionic emulsifiers are generally neutral
long-chain molecules, which isolate and stabilize the oil and water
phases through the spatial barrier effect of the hydrophilic long
chain. Consequently, TEOS and water molecules are unable to con-
tact and react with each other at the droplet interface. Therefore,
in the emulsion system stabilized by anionic and non-ionic emul-
sifiers, no hollow microspheres could be formed. Only those TEOS
dissolved in water were reacted with water to give a small amount
of silica solid product.

Obviously, in addition to the charge property, the hydropho-
bic chain structure and the content of emulsifier will also affect
the diffusion of TEOS molecules to the interface so as to affect
the morphology of the formed silica wall. Fig. 3 shows the mor-
phology of silica microspheres prepared by using three kinds of
cationic emulsifiers with different lengths of hydrophobic chains at
different emulsifier concentrations. DTAB has a shorter hydropho-
bic chain (12 carbon atoms). At the same concentration, its emul-
sifying effect is worse than that of CTAB containing an aliphatic
chain of 16 carbon atoms and OTAB containing an aliphatic chain
of 18 carbon atoms. The emulsion stabilized by DTAB is slightly
creaming, leading to the formation of both hollow and solid mi-
crospheres, as shown in Figs. 3a1-a3. However, hollow silica mi-
crospheres are mainly obtained from the emulsion systems stabi-
lized with CTAB and OTAB, as shown in Figs. 3b1-b3, c1-c3. It is
also noted that the longer the hydrophobic chain of the emulsifier,
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Fig. 4. TEM images of hollow silica microspheres prepared with different amount
of TEOS: (al) 6 mL (sample C-3), (a2) 12mL (sample C-7), (a3) 18 mL (sample C-8).
TEM images of silica microspheres prepared with different catalysts: (b1) TEAH/H,0
(sample C-5), (b2) NH3-H,0 (sample C-3), (b3) TEA (sample C-6). TEM images of
the hollow silica microspheres prepared with different volume ratio of ethanol to
water: (c1) 0 (sample C-11), (c2) 0.26 (sample C-10), (c3) 0.45 (sample C-9), (c4)
0.7 (sample C-3), and (c5) the dependence of the average diameter and silica wall
thickness on the volume ratio of ethanol to water derived from (c1) to (c4).

the more complete and thicker the silica wall of the hollow micro-
spheres.

At the same time, Fig. 3 also shows that the concentration
of the emulsifier also has influence on the morphology of the
obtained hollow microspheres. Obviously, the wall thickness of
the hollow silica microspheres increases with the concentration
of emulsifier. As for OTAB system, the wall thickness varies from
9nm to 70nm with the increase of the OTAB concentration from
5.5 mmol/L to 17 mmol/L. A similar trend appears in the CTAB sys-
tem, except that the wall thickness of the microspheres from CTAB
system is smaller than that from the OTAB system at the same
emulsifier concentration.

It should be noted that the emulsifier concentration seems to
have little effect on the whole microsphere size which is polydis-
persed for all investigated systems. For example, for the case of the
CTAB concentration of 11 mmol/L, the diameter of hollow micro-
spheres ranges from 0.24 um to 1.01 um, while CTAB concentration
increases to 17 mmol/L, the range of the diameter of hollow micro-
spheres remains nearly unchanged, i.e., from 0.21 pm to 1.21 pm.

It can be concluded that cationic emulsifier with a hydropho-
bic chain of appropriate length is a necessary condition for the
successful synthesis of hollow silica microspheres. When the hy-
drophobic chain is long enough, the excellent chain flexibility is
beneficial to reduce the diffusion resistance of TEOS molecules
from the inside of oil droplet to the O/W interface. On the other
hand, a higher concentration of emulsifier makes the droplets
more stable. These factors are conducive to promoting the diffusion
of TEOS, so the wall thickness of hollow microspheres increases
with the hydrophobic chain length and the concentration of the
emulsifier.

Figs. 4a1-a3 show the morphologies of the hollow silica micro-
spheres prepared at different TEOS content in the oil droplet. It
can be observed that when the amount of TEOS increases from
6mL to 12mL (the volume ratio of TEOS/oil increases from 0.55
to 0.71), the average diameter of the obtained hollow silica micro-
spheres increases from 660nm to 820nm, and the wall thickness
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Fig. 5. TEM image of hollow silica microspheres prepared with cyclohexane and
TEOS as oil phase (1.26g TEOS, 25mL cyclohexane, 0.46g CTAB, 62.5mL H,O,
37.5mL EtOH, and 1 mL ammonia).

also increases from 40 nm to 100 nm. If the amount of TEOS con-
tinues to increase to 18 mL (the volume ratio of TEOS/oil increases
to 0.78), the average diameter of hollow microspheres will be in-
creased to 1.04um, but the wall thickness remains about 100 nm.
The result indicates that the diffusion and contact of TEOS and wa-
ter molecules will become more and more difficult with the in-
crease of the silica wall thickness. When the wall is thick enough,
the reaction of TEOS will be so slow that the silica wall thickness
cannot be observed to change anymore.

The hydrolysis condensation reaction of TEOS is usually cat-
alyzed by alkali. In an emulsion system, the addition of alkali can
not only adjust the pH, but also may affect the stability of the
emulsion, thus the morphology of the final product. In this work,
when tetraethyl ammonium hydroxide (a quaternary ammonium
base, completely ionized in water) was dropped in the emulsion
as the catalyst, the system was instantly demulsified because the
double-electric layer at the interface of oil droplets was destroyed
by the ionized quaternary ammonium base. As a result, the oil
droplets disappeared, and some solid silica particles, rather than
hollow microspheres, are formed in water phase by self-nucleation,
as shown in Fig. 4b1. On the other hand, the organic weak base,
such as triethylamine and ammonia, won't affect the stability of
the emulsion system, so hollow silica microspheres with similar di-
ameter (~660nm) were obtained when triethylamine or ammonia
was used as the catalyst, as shown in Figs. 4b2 and b3. However,
the catalyst activity of triethylamine is higher than that of ammo-
nia. Under the same reaction conditions, the reaction rate of TEOS
in the triethylamine catalytic system is faster than that in the am-
monia catalytic system, so the wall thickness of the hollow silica
microspheres obtained from the former (80 nm) is larger than that
from the latter (40 nm).

The stability and droplet size distribution of the emulsion sys-
tem are closely related to the oil-water interfacial tension and the
distribution of emulsifier molecules at the droplet interface, which
is determined by the compositions of both oil and water phases.
Usually, a certain amount of ethanol is added in water to adjust
the hydrolysis reaction rate of TEOS [48,49], which will lead to
the decrease in the oil-water interfacial tension and the increase of
the solubility of the emulsifier in the continuous phase. Thus, the
influence of ethanol content in water on the morphology of the
hollow silica microspheres also has been investigated in this work.
Figs. 4c1-c4 show the morphologies of hollow silica microspheres
prepared under different volume ratio of alcohol to water in the
aqueous continuous phase, i.e., 0, 0.26, 0.45, 0.7 (the corresponding
surface tension of continuous phase at room temperature (17.5 °C)
are 73.1, 42, 35.4 and 31.4 mN/m, respectively). The relationships
between the average diameter and wall thickness of hollow mi-
crospheres and the volume ratio of alcohol to water derived from
Figs. 4c1-c4 are shown in Fig. 4c5, which shows that both the aver-
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age diameter and the wall thickness of hollow silica microspheres
increase with the volume ratio of alcohol to water, especially the
average diameter, which changes by one order of magnitude from
96 nm to 660 nm. The wall thickness varies relative slightly, from
13nm to 40 nm. Evidently, with the increase of ethanol content,
the rapid decrease of oil-water interfacial tension and the increase
of solubility of CTAB in water phase deteriorate the performance of
the emulsifier, resulting in the increase of the droplet size and the
decrease of the emulsifier stability. At the same time, the reaction
rate of TEOS is also slowed down by the increase of the ethanol
content, which is insufficient to form a complete silica wall for
larger droplets within the same reaction time so that the amount
of broken microspheres increases (Fig. 4c4).

In addition to the silica precursor molecules, the emulsion
droplet soft templates usually contain substances that can be eas-
ily removed, also known as porogen. In the above work, paraffin is
the porogen since it can be dissolved and removed with ethanol.
It has been reported in the literature that some organic solvents,
such as benzyl alcohol, cyclohexane and tetrahydrofuran, can be
used to regulate the morphology of silica [50-52]. For example,
cyclohexane is an essential key component for the formation of
a fibrous mesoporous silica microsphere [52]. Cyclohexane is hy-
drophobic and volatile, so we used it instead of paraffin to prepare
the droplet soft template for the production of hollow silica mi-
crospheres. In order to verify the idea about the influence of the
type of oil phase on the morphology of hollow silica microspheres,
we use the synthesis condition that can ensure the fibrous silica
layer can be formed. As shown in Fig. 5, hollow silica microspheres
with a special fibrous silica wall can be obtained when cyclohex-
ane is used as the porogen. The diameter of the hollow micro-
spheres ranges from 116 nm to 600 nm, and the wall thickness is
about 85 nm. The result means the silica wall morphology also can
be regulated by the component of the soft template.

In this paper, an O/W emulsion system with a mixture of lig-
uid paraffin and TEOS as the oil phase was prepared as soft tem-
plates for the fabrication of hollow silica microspheres. The effects
of the emulsifier structure and content, TEOS content, catalyst type,
and the components in water and oil phases on the synthesis and
the morphology (including particle size, silica wall thickness and
structure) of the prepared hollow silica microspheres have been
studied in detail. The results show that the diffusion of TEOS and
water molecules to the oil-water interface and the hydrolysis con-
densation reaction of TEOS at the oil-water interface are two crit-
ical processes for the synthesis and morphological regulation of
hollow silica microspheres. Cationic emulsifier with a hydrophobic
chain of appropriate length is a necessary condition for the suc-
cessful synthesis of hollow silica microspheres. The ethanol con-
tent in the water phase is the dominant factor to regulate the size
of hollow microspheres, which can be changed in a wide range of
96~660 nm with the increase of the volume ratio of alcohol-water
from O to 0.7. The silica wall thickness can be up to 100 nm with
this method, mainly depending on the content of the emulsifier
and TEOS, the hydrophobic chain length of the emulsifier, as well
as the activity of alkaline catalysts. In addition, the component of
oil phase can regulate the pore structure of the silica wall. When
the liquid paraffin in emulsion droplets is replaced by cyclohex-
ane, hollow microspheres with fibrous mesoporous silica wall can
be fabricated. It is worth mentioning that the paraffin used in the
experiment can act not only as the porogen, it is also a common
phase change material, which means this work also provides an ef-
ficient method to prepare silica coated paraffin phase change ma-
terials. Therefore, the research of this work not only enriches the
basic theory of interfacial polymerization in the emulsion system,
but also provides ideas and methods for expanding the preparation
and application of multifunctional silica microsphere material.
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