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Abstract: Synthesis of monodisperse hollow silica nanospheres, especially using a hard template
route, has been shown to be successful, but a high yield is needed for this strategy to be used on
an industrial scale. On the other hand, there is a research gap in the synthesis of hollow silica
microspheres due to the popularity and easiness of the synthesis of silica nanospheres despite the
larger spheres being beneficial in some fields. In this review, current trends in producing hollow
silica nanospheres using hard templates, especially polystyrene, are briefly presented. Soft templates
have also been used to make highly polydisperse hollow silica spheres, and complex designs have
improved polydispersity. The effect of the main parameters on the coating is presented here to
provide a basic understanding of the interactions between the silica and template surface in the
absence or presence of surfactants. Surface charge, surface modification, parameters in the sol-gel
method and interaction between the silica and templates need to be further improved to have a
uniform coating and better control over the size, dispersity, wall thickness and porosity. As larger
organic templates will have lower surface energy, the efficiency of the micro sphere synthesis needs
to be improved. Control over the physical structure of hollow silica spheres will open up many
opportunities for them to be extensively used in fields ranging from waste removal to energy storage.

Keywords: hollow silica sphere; silica; hard template; sol-gel; shell thickness; inner diameter

1. Introduction

Silica (silicon dioxide) is a naturally occurring material found in rocks and sands
in amorphous and crystalline forms. Various engineered forms such as gels have been
used in various textile and food industries [1-4]. A smaller particle in the nanometre
and micrometre range has different properties from large bulk materials due to a high
surface area to volume ratio. Advances in nanomaterials have allowed for the synthesis
of silica spheres that can produce coatings or make composite materials [5-7]. The first
synthesis method to create silica nanospheres was the Stéber method [8], based on the
hydrolysis of alkoxide precursors, which condenses to form a silica network. There has
always been interest in hollow silica spheres due to their low weight and highly desirable
properties such as high mechanical strength, low electric, and thermal insulation [9,10], but
the majority of research has focused on hollow silica nanospheres compared to the micron
size. This lack of research in micron size spheres could be due to the difficulty in synthesis
and the highly lucrative markets of nanoparticles as fillers in polymers, coatings, and
insulation [11]. However, there are several applications for micron-sized hollow spheres,
which are described later. This review focuses on the leading strategies for synthesising
hollow silica spheres using hard templates (especially polystyrene (PS)) to provide an
overview of the most recent discoveries and evidence of the most promising approaches.
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1.1. Hollow Silica Sphere

As the name suggests, a hollow silica sphere is a particle that has a hollow interior
with a solid shell that may or may not be porous. Hollow spheres have different properties
than dense bulk particles due to their empty core. The thickness of the shell and its porosity
will hugely affect properties such as density, surface area, thermal conductivity, loading
capacity, etc. [12,13]. Some applications of hollow silica spheres can be seen in works
involving insulation and drug delivery [10,14]. A high degree of control of shell thickness
and the hollow interior is needed to achieve a specific behaviour. High polydispersity and
low efficiency at a larger scale make manufacturing hollow silica spheres difficult in the
micron range. Gravity becomes dominant when particle size increases from nm to pm,
while has a negligible effect when particles are tiny (colloids). The low surface energy of
the templates discussed below has a considerable impact on the micron range.

1.2. Comparison of Synthesis Strategy

There are various strategies to synthesize hollow spheres. J. Sharma et al. [15] reviewed
methods currently used to synthesize hollow silica particles (HSPs). Their comparison of
different routes to obtaining hollow silica spheres is shown in Table 1 with their advantages
and disadvantages. This review explored hard template strategies using sol-gel chemistry
to produce hollow silica spheres with an organic template (polymer) as it allows for an
easier and cheaper route to synthesize PS spheres. The hard template strategy has its own
issue with low yield, but as discussed later, it can be improved. Other related methods are
briefly explained where required.

Table 1. Comparison of the various methods of synthesising hollow silica nanoparticles [15].

No. Strategy Advantages Disadvantages

Polymer micelles/ D Gooc/tl for synthesis of small | | o particle
1 emulsions HSP’s size

Surfactant examples: e  Well-established synthesis o Low yield

CTAB process

e Incomplete dissolution

. of inorganic core
Inorganic template

2 Example: Carbon e  HSP’s size control Tlme-consumlng
High cost
Low yield
Organic template HSP’s size control Low yield
° Example: Polystyrene o  Well-established process High cost
’ Solvent wastage
Solid silica particle HSP’s size control *  Less control of hollow
4 cavity size

etching e Well-known chemistries . .
° Time-consuming

Less HSP size control

° Potential for scale-up Needs preformed silica

5 Spray drying method

nanoparticles
6 Spray pyrolysis e  Potential for scale-up e  Polydisperse HSP’s
Bacteria/virus e A wide range of available Costly
7 Less scalable
templates template shapes

Less HSP size control

CTAB = Cetyltrimethylammonium bromide, HSP = Hollow silica particle.
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particles to form a siloxane bond (Si-O-5i) and produce water or alcohol as a secondary
product. (Equations (2) and (3)). Precursors could be partially or entirely hydrolysed
(Figure 5), determining how well they will condense. Tetraethyl orthosilicate (TEOS) is
the most widely used silicon alkoxide, but sodium silicate is also routinely used. Many
factors need to be considered when choosing the precursor, which affects its reaction ki-
netics. Steric hindrance and the polarity of the substituents have been shown to affect
the thermodynamics and reaction kinetics. The hydrolysis rate was observed to decrease
from tetramethyl orthosilicate (TMOS, TEOS) to tetra propyl orthosilicate (TPOS), while
the condensation rate increased from TMOS, TEOS to TPOS. The same effect was seen in
different alcohols, with methanol having the highest hydrolysis rate while propan-2-ol had
the highest condensation rate [38].

La Mer’s theory describes the nucleation and growth of silica particles [39]. This in-
volves an induction period, supersaturation, nuclei formation, and the growth of particles.
The induction period is described as a time when no particles are seen, and the hydrolysis
reaction is dominant. As the hydrolysed monomer concentration increases rapidly and
starts to aggregate, the reaction will reach a supersaturation concentration. This means
that silica aggregates cannot stay in solution anymore as they exceed the solvent capability
to dissolve them. The precipitation of silica aggregates from the solvent produces nuclei
that grow by condensation of the dissolved silica aggregates. It has been shown that the
pH contributes the most to species reactivity compared to other variables such as water,
temperature, co-solvent, etc. [40,41]. Y. Han et al. [42] showed that the concentration of am-
monia (catalyst) affects the degree of hydrolysis (Figure 5). The mass spectroscopy results
showed that the higher the ammonia concentration, the higher the concentration of fully
hydrolysed TEOS (Figure 5 (Q (040)). The presence of different hydrolysed TEOS explains
the variation of reaction kinetics at different catalyst concentrations. The availability of
active sites and the level of steric hindrance in monomers will affect the direction and
rate of condensation, significantly affecting the final structure. The interactions between
reactants are complex to understand, making it hard to analyse the correlation between
them and other parameters. However, it has been shown that the growth of silica particles
is proportional to the concentration of NHs, H,O, and TEOS, and inversely proportional to
temperature [41,43-51]. On the other hand, it must be considered that there is not a linear
rise but a fluctuation as the concentrations or physical parameters are changed. This is due
to the interactive effects between parameters, as shown by the statistical approach of R.S.
Fernandes et al. [52] and Chiang et al. [40]. This explains the contradictory results from
different research projects as the reaction parameters differ.

It is essential to control the reaction kinetics and nucleation as nuclei are generated
beyond the induction period. If nuclei formation is high, smaller nuclei will grow and
compete with larger particles for smaller particles. This is known as secondary nucleation
and increases polydispersity [53-55]. Monodispersed spheres are seen at high ammonia
concentrations and are proposed due to the suppression of secondary nucleation by highly
effective hydrolysis [42]. Fully hydrolysed TEOS (Figure 5 (Q (040)) is very reactive and
nuclei formed by this type of TEOS are likely to condense on large particles rather than
aggregating. The ineffective hydrolysis of precursors is proposed to be the reason for
polydispersity in low ammonia concentration. A high homogenous reaction (i.e., the
reaction between free silica particles) produces more nuclei (secondary nucleation), which
could grow larger by consuming smaller silica/hydrolysed monomers, thus reducing the
coating efficiency. Therefore, a heterogeneous reaction between silica particles/hydrolysed
monomers with the template surface must be dominant and homogenous reactions must
be suppressed or kept low to achieve a high coating.
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hollow silica microspheres in an emulsion. The emulsion size could be easily controlled

by adjusting the flow rate of oil and the aqueous phase. The emulsion was then coated
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through interfacial polymerisation. The concentration of TEOS and CTAB was responsible
for the formation of the morphology and the presence or absence of the hollow core. The
diameter of hollow silica spheres was reported to be between 91 and 167 micrometres, with
a shell thickness of around 500 nm. W. Jeong et al. [68] successfully controlled the double
emulsion’s size by controlling the water ratio to the oil phase and created a double emulsion
of 60 microns with a CV below 7%. These emulsions produced a sub-micron hollow silica
sphere that was successfully synthesised by altering the parameters of the surfactant,
tetrahydrofuran, ethanol, silica sols, and the ratio of oil and water phase. Microfluidic
methods use capillary, which can be made of polymer or glass, which have associated issues
such as chemical resistance, visibility, cost, and complexity in design [69-72]. A. Niculescu
et al. extensively reviewed the fabrication methods and application of microfluidics for
the synthesis of silica particles [73]. Some of the reported disadvantages in the fabrication
and microfluidics process are diffusion through a matrix, labour-intensive, high instrument
cost, complex design, and requirement of a cleanroom [73-75]. These issues need to be
resolved for microfluidics to be used on an industrial scale.

Table 2. List of hollow silica spheres with the average diameter, shell thickness, and pore size.

Average Particle Shell Thickness Pore Size

No. Template Precursor Catalyst Size (nm) (am) (am) Reference
1 PS TEOS, TMOS NaOH NA NA 1.2 [76]
2 PS/CTAB TEOS NH,;OH NA 62,24 2.7 [59]
3 Positive PS TEOS NH,OH NA 50, 100 NA [77]
4 Positive PS TEOS NH,OH NA 20, 30, 45 243,374 [78]
5 PS/CTAB TEOS NH,;OH NA NA 2.7 [61]
6 PS/CTAB TEOS NH,OH 90,200 540 2.3,1.12 [79]
7 PS TEOS NH,;OH NA 15,40 NA [80]
8 PS-co-PMMA, CTAB TEOS NH,OH 350 30 1.8,2.71 [81]
9 PS(PAH/PVP) TEOS NH,;OH NA 15,70 NA [82]
10 PS/CTAB TEOS NH,OH NA 12,24,51 3,3.6 [83]
11  PS/CTAB TEOS NH,OH 425,767 57,142 NA [84]
12 PS-co-P4VP/CTAB TEOS P4vVP 375 12,26,39 27,54 [85]
13 PS,CTAB TEOS NH,OH 45,90 NA 2.27,2.19 [86]
14 PS/CTAB TEOS NH,;OH NA 15-95 NA [87]
15 II;g:ED?II]g%;:,p ped TEOS TEOS NH,OH 240, 420 15-60 NA [88]
16  CTAB/ODA TEOS NH,OH 300 NA 1.9,2.0 [89]
17 PS TEOS NH,;OH 2500 70 284.1 [90]
18 PS/CTAB MTM/MPTMS TMAOH 2400 25 macropores [60]
19  PS/CTAB TEOS NH,OH 157,245 14.1,19 22,23 [65]
20 PS TEOS NH,OH 152,228 14,19 23 [91]
21  PS/CTAB TEOS NH,OH NA NA 7.1,22.3 [62]
22 PS-PVP/PAA TEOS NH,;OH 1000-2320 50-70 NA [92]
23 SiO; TEOS NH,OH 45-450 30 2.5,32,34 [93]
24 SiO, TEOS NH,0OH Daogo ¥ 51418416688 36,55 [94]
25  SiO; TEOS NH,;OH 430 NA NA [95]
26 PS TEOS NH,OH 350-450 NA NA [96]
27 PS TEOS NH,OH 2500 70 NA [97]
28 PS TEOS NH,;OH NA 50-150 NA [98]
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Table 2. Cont.

No. Template Precursor Catalyst Ag.ivzeer?fzj’article (SIE:‘I)I Thickness g?;e) Size Reference
29 PS- AA TEOS NH,OH NA 15, 20, 25 NA [99]

30 PS/CTAB TEOS NH,OH 320 5,32.8,58.4 5.04 [100]

31 PSS-MAA /CTAB Na;SiO3 NH,OH 362,421,750 18, 51 1.78,5.57 [101]

32 PS/CTAB TEOS NH,OH 1500 150 8.36 [102]

33 PS-AA TEOS NH,OH 540, 1700 10-20, 40 NA [103]

34 PS TEOS NH,OH NA 100 NA [104]

35 PS-PAH-PVP TEOS NH,OH 1520-1810 1590-1830 NA [105]

3 DS TEOS NH,OH 310-316 43-44 NA [106]

37 PS + MSIiN TEOS NH,OH 20,000 100-1250 NA [107]

38  PS/trapped TEOS TEOS NH,OH 325 60 7.03 [108]

PS = polystyrene, TEOS = tetraethyl orthosilicate, TMOS = tetramethyl orthosilicate, NaOH = sodium hydrox-
ide, CTAB = hexadecyltrimethylammonium bromide, PVP = polyvinylpyrrolidone, PAA = polyacrylic acid,
AA = acryclic acid, PMMA = poly(methyl methacrylate), PAH = poly(allylamine hydrochloride), P4VP = poly(4-
vinylpyridine), EGDMA = ethylene glycol dimethylacrylate, DVB = divinylbenzene, ODA = octadecylamine,
MTM = methytrimethoxysilane, MPTMS = 3-mercaptopropyltrimethoxysilane, TMAOH = tetramethylammonium
hydroxide, MSiN = 3-methacryloxypropyl trimethoxisilane modified silica nanoparticle, NA = not available.

5. Polystyrene (Organic Hard Template Route)

Hard templating utilises hard particles as a seed. These are then coated via sol-gel
chemistry and hollow particles are obtained after the template’s removal. Inorganic, organic,
and silica materials can be used to synthesise hollow silica spheres. Inorganic templates
have a high interaction with silica, so the coating is high [19-21]. However, an inorganic
material such as calcium carbonate can give rise to rod-like shapes, so extra care is needed
when synthesising a spherical template [21,23]. Inorganic template’s high melting point
and their high chemical stability imply that either high temperature or chemicals such as
organic solvents, strong acids or bases are required for successful removal, which can be
time-consuming and expensive [21-23,109]. When designing the process, environmental
effects have to be evaluated when toxic chemicals are needed to remove the template. It has
been found that the degree of the condensation of silica depends on the reaction parameters,
which allow for lowly condensed silica to be used as a template with or without a protective
layer, where etching is directed internally [95,110]. The most common etching methods
to remove silica are the hydrothermal method [93], sodium borohydride (NaBH,4) [111],
ammonia [93], and sodium hydroxide (NaOH) [110]. Nevertheless, etching processes have
sometimes been reported to be incomplete in hard templates [98].

Organic hard templates are preferred to inorganic templates due to their low cost, ease
of production, and removal. The template controls the internal diameter while the surface
and solution reaction governs the shell growth, allowing for the synthesis of particles
with uniform hollow interiors and shell thickness in a batch fashion. Moreover, products
with high purity are obtained since the reaction occurs through the sol-gel process. As
mentioned in Table 1, although highly promising, the organic template route has low
efficiency due to poor surface reaction related to its low surface energy. If the problem
of surface energy can be overcome, monodispersed hollow silica with desired porosity,
shell thickness, and hollow interior cavity can be produced, which will lower the need for
intensive labour and hence the cost.

PS and polymethyl methacrylate (PMMA) (Figure 8) are commonly used as organic
templates because their low surface energy makes synthesising spherical shapes simpler,
and their size dispersity can be easily controlled. The removal of organic templates is
relatively straightforward as organic materials decompose at lower temperatures than
inorganic ones as they are less chemically stable. Initiators and stabilisers are needed
to initiate and control the polymerisation process. Even though the low surface energy
should make silica deposition difficult, it is shown that the presence of a stabiliser such
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the following sections.

The most common procedure for producing hollow silica particles by organic tem-
plate involves PS spheres in a solution of NH4OH, H.0, EtOH, TEOS, and a surfactant.
TEOS is usually added at the end, either in a one-pot or dropwise fashion. It should be
noted that the mechanism of how the template is coated is still under debate: it is €itlRé#3
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was shown to increase with the increase in TEOS concentration but when it was increase
aboPely$8 génd Godtidgg/mL ammonia, an increase in free silica particles was also found.

At a high concentaptioshehd B e AvstiRgPo s agHitsactomdmRtg fearsshicashe Rt

OO, H,0, EtOH, and TEOS will be reviewed first. If a removal method is not mentioned,
the PS was removed by calcination. Most studies investigated the effect of TEOS concentration
on the shell thickness. Deng et al. [78] successfully coated and simultaneously removed PS by
adjusting the ammonia concentration at a temperature of 50 °C. Low ammonia concentration
resulted in either incomplete or no etching of the PS, while no free silica was reported when
the ammonia concentration was too high. The complete dissolution of PS was only achieved
above the 0.054 g/mL concentration for ammonia and monodispersed hollow silica with no
reported free silica particles. (Figure 9) Shell thickness was shown to increase with the increase
in TEOS concentration but when it was increased above 0.02 g/mL in 0.03 g/mL ammonia,
an increase in free silica particles was also found. At a high concentration of TEOS, a high
homogenous reaction is preferred to shell formation.

It is possible to use both aqueous and non-aqueous solutions to produce hollow silica
spheres, as shown by Qi et al. [83]. They successfully synthesised hollow silica nanospheres
with different PS sizes in a weak base condition. They employed a high PS concentration
to promote a heterogeneous reaction. The hollow spheres produced were monodispersed
with smooth and ordered shells. An aqueous solution was chosen for PS templates with
diameters ranging between 130 and 1500 nm, while a non-aqueous solution was used for
400 nm PS. Hollow silica spheres with diameters of 140, 400, and 1500 nm were produced
(Figure 10). This work shows that controlled shell growth can be obtained by controlling
the sol-gel reaction in a weak basic condition (ammonia), using an appropriate amount
of PS (high), and by utilising both types of solution (ethanol/water). Sharma et al. [91]
synthesised hollow silica spheres in a non-aqueous solution and coated them with resorcinol
or carbon. This showed that the hollow silica spheres could be further modified.
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This was due to the low presence of the catalyst, leading to a slow and ineffective
sol-gel reaction. The optimum time for the reaction was suggested to be 10 h and the tem-
perature did not significantly affect the coating of PS. Belostozky et al. [97] synthesised
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M. Tan et al. [96] produced coagulated particles, free solid particles, and smooth
surface hollow spheres by changing the volume of TEOS and the ratio of ammonia/TEOS.
It was established that TEOS between 1.02 and 1.5% vol was suitable for producing hollow
silica nanospheres with a good surface. On the other hand, TEOS above 2.08% and below
0.56% vol produced coagulation and no hollow spheres, respectively. The importance of the
ammonia/TEOS ratio was shown by the failure of the PS coating when such a ratio was too low.

This was due to the low presence of the catalyst, leading to a slow and ineffective
sol-gel reaction. The optimum time for the reaction was suggested to be 10 h and the
temperature did not significantly affect the coating of PS. Belostozky et al. [97] synthesised
hollow silica spheres via multiple coatings. TEOS was replenished every 18 h to form
three layers of silica. Successive coatings increased the shell thickness, but free solid silica
particles that formed in the solution were larger than those deposited on PS.

The above works showed that at low TEOS concentration, secondary nucleation was
suppressed, as nuclei formed in a later stage and could not grow larger. Therefore, the
optimum condition for coating is to have the concentration of TEOS as low as possible.
In theory, this leaves more precursors for the PS coating as the competition by free silica
should be low. This is a repeating scenario in most of the work reviewed here. A low count
or total absence of free silica particles decreases the competition for template coating and
improves the coating efficiency. Strategies such as dropwise and multiple one-pot synthesis
methods can be used to suppress or lower the effect of secondary nucleation. Both high and
low concentrations of ammonia can result in the formation of a shell, but high ammonia is
needed if the dissolution of the template is desired. Shell thickness was tuned by either
choosing the appropriate TEOS concentration or PS content in a stable system, where the
sol-gel reaction is slow enough to be controlled. When the reaction kinetics are slow, the
solution’s homogenous reaction is severely reduced or suppressed. The coating was shown
to be possible in both aqueous and non-aqueous solutions.

7. Surface Modification

As previously discussed, PS has a low surface reactivity due to its low surface energy,
but it can be modified either during synthesis or post-synthesis to improve the coating.
Understanding the PS surface charge is essential to enhance the electrostatic interaction with
ions in solution. A negative surface attracts positively charged ions or particles in solution,
while a positively charged surface attracts negatively charged ions or particles. The surface
charge density determines the ability to attract ions or particles with the opposite charges.

Surface modification can be achieved via either alternating the chemical composition of
the surface or through physical change by modifying the morphology. Surface modification
methods of PS range from wet chemical processes to plasma treatment. As an example,
the phenyl group of styrene can be modified via organic aromatic chemistry to introduce
hydroxyl (-OH), nitro (-NO5;), amine (-NH;) and/or other groups. These functional groups
can introduce a negative charge (-OH, -NO,) and a positive charge (-NH>) on the surface
of the PS. Alternatively, it is possible to copolymerise the PS with more reactive monomers
such as poly(4-vinylpyridine) [85].

As previously mentioned, during the synthesis of PS, commonly used initiators are
AIBN and KPS, and stabilisers are PVP and PAA. Hong et al. [92] used a non-aqueous
solution to prepare hollow silica spheres with PS synthesised using AIBN and KPS. AIBN
was used with PVP or PAA as stabilisers, while sodium chloride (NaCl) was used as
an electrolyte with KPS for surfactant-free polymerisation. No free silica particles were
found on the coated shell when PVP stabilised PS was used as a template. In the other
combination, when PS prepared with KPS with NaCl and AIBN with PAA were used, free
silica was found on the surface of the coated spheres. It was argued that the difference was
due to a better reaction between the acidic TEOS and silica particles with basic PVP on the
surface of PS, with PVP essentially acting as a nucleation site (Figure 11).
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(Adapted from Hong et al.) [92].

This theory of a nucleation site on PS by the stabiliser was further explored by C.
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of sulphate from KPS, allowing the repulsion between the negative surface and negative
silica. The authors claimed that when enough PVP was present, it could shield the negative
charge so the silica’s particles could deposit on the PS. It was suggested that a positive
surface charge would provide better results. However, W. Chen et al. [99] produced highly
dispersed hollow silica particles using negatively charged PS, where KPS was used as an
anionic initiator and acrylic acid (AA) as a co-monomer and a source of negative charge.
PS with a different zeta potential was created using different concentrations of AA during
PS synthesis, where higher AA gave more negative zeta potential. It was suggested that
the negative surface of PS-co-AA attracted ammonia ions in the solution by electrostatic
interaction. The electric double layer with positive ammonia at the outer layer attracted
negative silica ions (SiO4 ™). The charge density of the surface was determined to be the
reason for partial or uniform coating and why it was not always possible to synthesise a
hollow silica sphere with a negative charge on the surface of PS [98,99]. The surface’s low
negative charge density cannot attract enough ammonium ions to create an electric double
layer with a positive charge on the outer layer. Due to low surface charge density, the
silica deposition will be disproportional because ammonium ions do not cover the whole
surface. This produces islands of coating with no continuous shell, a shell too thin, or a
non-uniform coating, which, after the removal of the template, fails to generate hollow
silica spheres with a uniform shell. Figure 12 shows the effect of the surface charge density
on the coating.

The charge effect was further studied by Lu et al. [98]. The work was carried out
in propan-2-ol solution. They modified the surface charge by adding -SO3 (PS-503) and
-NH, (PS-NH;) to make it negatively and positively charged, respectively. They found
that a positive surface had a uniform coating, and the negative surface had an irregular
coating, which could be due to low negative charge density, as shown by M. Chen et al. [77].
The authors argued that this difference was due to good interaction between the positive
surface and negative silica (Figure 13).
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which leaves dents on the template where silica will be deposited. At 0.045 g/mL ammo-
nia, hollow silica spheres were reported to have a smooth surface. It was also shown that
the wall thickness could be controlled by controlling the TEOS concentration. The wall
thickness increased when TEOS was increased from 0.10 to 0.15 g/mL (Figure 14al,bl).
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dissolution of PS was carried out in the same medium by increasing the temperature to 50
°C without further addition or filtration, similar to Deng et al. [78]. No free silica particles
were found in the solution. It was observed that at 0.11 g/mL TEOS, 0.045 g/mL ammonia
gave a hollow sphere with a smooth surface and PS was completely removed (Figure 14b).
Below this amount of ammonia, incomplete etching or no etching was observed (Figure 14a).
At low ammonia (0.030 g/mL), a hybrid particle with an unetched template as the core and
silica shell was produced. When the ammonia concentration was increased above 0.045
g/mL, dents and deformations were found on the surface of the hollow sphere (Figure 14c).
This was argued to be related to a faster dissolution of PS than a sol-gel reaction, which
leaves dents on the template where silica will be deposited. At 0.045 g/mL ammonia,
hollow silica spheres were reported to have a smooth surface. It was also shown that
the wall thickness could be controlled by controlling the TEOS concentration. The wall
thickness increased when TEOS was increased from 0.10 to 0.15 g/mL (Figure 14al,b1).
However, when TEOS was increased to 0.18 g/mL, an uneven surface with high side
products was seen (Figure 14c1). These results, along with the results by Deng et al. [78],
showed that a concentration of ammonia above a certain value could lead to deformed
hollow silica spheres as the PS surface could be etched before silica deposition. From the
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H. Zou et al. [80] used PVP stabilised PS in non-aqueous solutions to prepare hollow
silica spheres, where the PS was removed via dissolution in the same medium. TEOS was
added dropwise, and KPS was used as an initiator to produce negatively charged PS. The
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H. Zou et al. [80] used PVP stabilised PS in non-aqueous solutions to prepare hollow
silica spheres, where the PS was removed via dissolution in the same medium. TEOS
was added dropwise, and KPS was used as an initiator to produce negatively charged PS.
The percentage of PVP on the PS surface increased while the size of PS decreased when
the concentration of PVP was raised during the synthesis of PS. It was suggested that
PVP on the surface acts as a coupling agent. Low ammonia (0.003 g/mL) resulted in a
uniform coating with a smooth surface, while high ammonia (above 0.012 g/mL) produced
a rough surface with large amounts of free silica. Rough surfaces were arguably brought
about by fast reaction kinetics due to the high ammonia concentration, which also caused
high secondary nucleation. Complete precipitation was observed at 0.048 g/mL ammonia,
while larger silica particles were seen at higher ammonia concentrations. However, at
low ammonia (0.003 g/mL), no hollow structure was formed due to a low dissolution
rate, but it was shown that dissolution could be improved by increasing the temperature
(70 °C). At this temperature, complete dissolution was achieved, and 0.006 g/mL was the
minimum concentration of ammonia needed to produce a hollow silica sphere. It was
found that increasing TEOS concentration by dropwise addition made the shell thicker and
increased the etching time. However, incomplete etching and composite particles were still
seen at higher ammonia concentrations and longer dissolution times. It was concluded
that dissolution could be controlled better by adjusting the temperature rather than the
ammonia concentration.

It is also possible to introduce silica particles on PS during the synthesis of the PS
sphere. M. Takafuji et al. [107] synthesised hollow silica microspheres using a template
made from PS and silica nanoparticles modified with 3-methacryloxypropyl trimethox-
isilane (M). M molecules were grafted to silica nanoparticles (MSiN) and mixed in an
emulsion of styrene, EGDMA (ethylene glycol dimethylacrylate), AIBN, PVA, and water.
This creates a PS template with MSiN (hydrophobic) on the surface due to the migration
of MSiN to the interface of the suspension droplet from the oil phase (styrene) to the
aqueous phase (water) during pre-stirring. This caused MSiN to form a shell while the
core was a hybrid between PS and MSiN. MSiN on the surface will interact better with
silica particles in the solution than unmodified PS. MSiN-PS particles were then coated
with TEOS, followed by calcination to remove the core. Shrinkage of the microspheres
was reported after calcination. Figure 15 shows the effect of different concentrations of
TEOS on the coating of PS. Similar to H. Zou et al.’s [80] work with different ammonia
concentrations, the impact of TEOS concentration on the shell’s growth was reported here.
At a high concentration of TEOS (above 0.16 mol/L), irregular, uneven growth was seen,
whereas orderly growth was observed at a low TEOS concentration (below 0.16 mol/L).
Similarly, after calcination, shell thickness was reported to increase from 0.1 to 1.25 micron
with an increase in TEOS concentration. Broken shells were observed up to 0.08 mol/L
TEOS. This confirms that the minimum shell thickness is needed to withstand the pressure
change due to the decomposition of the PS template. L. Zhang et al. [82] coated PS with AA
followed by PAH poly(allylamine hydrochloride (PAH) to give a positive surface charge.
When this template was used, hollow spheres with smooth surfaces were produced.

These works show that interaction between silica and the PS surface can be improved
by modifying the surface charge with initiators, stabilisers, chemicals, and coating with
another polymer with the desired charge. Silica can be introduced on the surface of
PS during the synthesis of PS spheres. This shows that the coating can be improved by
either electrostatic interaction, introducing nucleation sites and new chemicals with better
interaction with silica than PS.
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confirms that the minimum shell thickness is needed to withstand the pressure change
Materials 2022, 15, 8578 due to the decomposition of .the PS templat_e. L. Zhang et a.l. [82] Coa't'ed PS with A@(&%—

When this template was used, hollow spheres with smooth surfaces were produced.

Tigume 15. SEM images of the coated MSINPS at different TEOS volume. (a) No TEOS, enly MSINPS,
() Q@4 mmall/ L, (c) 0.08 mol/IL. ()0 IEmod] VL &pd B3 b1, I(f) f). 884l AL/ [ILAZN7].

Materials 2022, 15, x FOR PEER REVIFéNE ffPﬂL . 19 of 34

by m‘bd&famesmkfa@&cmBg@ witieliy\ittm@ﬂ@ symhe@ésg M@p@@rﬁélb@atmgtwlﬁh
@%\gﬂf@ﬂpbb}ﬁdelis‘mmﬁmr@@safea/@hé@g@csm@@mb@@mm@m@@@h&ﬁ@%mﬁd&@cﬁops
ARHRA MO PLA TSRSt %ﬁﬁ L7AbY BRI AR T ﬁ%@%&%@%@

ERREORR, < GERIANE
QuldpiheioRlgasskhelprsases] a?CWAIB.th@mgéﬁﬁa}@éaSﬁ@aM{oﬁwﬁ@ EpHeires
vesitigatrst the aplginb& bARw dhsreaating withSiHS cwiidhithdadis ead A1 2penpdiarieters]
m&%g@g@&@é&@m@h@ fipms%&wnb @ﬁeﬁigabdpsnﬁs%wlﬁﬂ 135 amdl 248 ztm,ﬂﬁﬂa@sm@bfs
Proldtick !

e R gggg

i E%
ire 16), S a1onw to aV
I gﬁ? ltgf g&ﬁg‘%‘% mi ea rac
= 5@%&@? (3 eCpI)t Hee

\thhnﬁEfKB\/]btla@tsah [xﬁlibyvlélemmtmdlhmgstheam}drpﬂaslngﬂ; apasﬁhesq&ﬂake m@apm{d
gayeasobbaeeyed. ByuSEMI(Higlreyhfhedisedhelllovassibemedhefexggri¢adech spbeldr yillidae
paotipleslogih as wheghvied iphSEMy( Bigadse1péxlFde shbhbia s dbumed thfibg rd gat¢bes smatl
fritiraquagtinkss wAthl awoTIED Sncoplerdtgyiend G:0p ertoyd iy phelshetaappe attttotbd todke
andfachen THOBsw A titave FEAF@dAcaTdALO thE Sioeth bledaynih etk ppeh i dv s badindse
fonchachbp FEAIS sitinivphersedpiikadradbétly togetialt besaobedthiclidn sodeitivstudiain by
Higihn®HOF conetnidaciospiere stk dad gaelmn teg tthero ghnobspreedbitasiorerthsteidies,
of bigha &St aanTHEOS toncédhB4 tival (1) Xanopromets ihomsagarahiamt atipitediorn, dhe
icest oh PiEateoBsthvw HAD wangerieapbv@d Batwil/ 10, vieminiestigtde partit tbheanduts,
depisseclini Kigtsr pholspy thetaehen. thetpld wasgidlawisl Beswadhing gntan pastilesraidae
gasplerryokishansepholaginveepaseete Poren thesplibivhs hebdesippéand B prrstrading
Wwatsfage seerrhehag yne hn e BREicle ored Yrasvishilelenidisarpsareshsgeliond 3eadt
11636 M8 sReted b om nepthipbrlbassuted dyown dighen dagserteihemo sansedsaatign

Rihdhseas tarerspisaRaisislis anhip o eeritedify Gpate A Babhiondnat ibes
}gﬂen argued that CTAB adsorption and pore templating of CTAB is higher at high pH.

PVPJAIBA CTAB TECIS."NH40H Calcnnatlon
St Emulsmn
polymerization l

PS@SIO,

Higure 16. Sdhematic dlagram of thessyntesticoohbhibavmemsepotosiliiiepbieher BIMBYISxingitg:
thershetastantard [53]651.




St

Materials 2022, 15, 8578

Materials 2022, 15, x FOR PEER REVI

PVP/AIBA CTAB TEOS/NH,OH Calcination
——— e e —
Emulsion o
polymerization

PS PS@SIO,
19 0f 33

the surfactant and PS [65].

20 of 34

Fl ufe SEMl w r@rﬁ 10 %toésif @f@ﬁt TE@@@ @@ntf tl@ﬂ% %
"“@% e G
ropane I'OC 1 e e N1ty ator an LU.‘ ac ant.

ace charge, which can have an
7 and negatively charged PS
tudy the effect of the surface
on with no ethanol was used
ar morphology were success-
PS was used as the initiator
r the negatively charged PS

HigueeTH. SHINI (AA-C))caret THNY((D-1) )i inaagesosftHeehlodldawssiliaawhent HeeT IS opireent ration=
P12yl anl  Fbgeentr (X))o (B E ) b2 asverl (OFy T B £61)-

TNbéntthd wodting s fadtanasivnllvadse alterath@siiifacenbnrggredisiscartibay bath
atrgatiecorapdsitivsiéffelt. dhabBlesl ePSl. {iélHedeppresitiweth apel pegdidutdy dreegeatibh.
Wit §/PA Bvigidlothatigueagamsad toosaqueddhe sbkititdnsknesidjoltevef§ditosphe sesrfatih
ahidfigennetieraahtitgnelorshe ertishyn tivdsive drbp qheogsrsothi S widh amol ¢HedIBOS/RS
useibhe eatib PNoniofladispesseshitfallovhailiea sphkrep Svithdrsimitar sheepheel dgyawere-
supeessfudblsyothasisitsh iwithohotlhosuetnedeshatgns rdactiun woako W amvas tised aethie
initiatpreond dihexidankphdsuacina thseidiwn salk ag reputtacninslt Hilieegptivedy ¢batgsth
Rorresipheress whilqrsifivele dhaigedd Bnanpaphiests eneahipiFReusing 2 sazglised
anuelinapIrpardstitisi esidesichd (P fdhrag toerinitiasad anshGdn bhasitheysiedastastution

(no Nhes)the carHRE Bad el AHRWERSEAEEIS R I PARRrAfiNeEs dakiticehiaths
RAZHEVEANBIRSpIEY ¢ty AlpigedhEapielded srosaswish merpasiddskaro ignetione ESid be
weiabiteatio pasHasd semrnirhthr rhel thickness: Nallawsiistarhenasgsittpdifatent.
Pherealdipnsiers e grpthiatised D ehangive e Snveaea bestifded Chargishiatior
Noratlvrncasf syiiscesharee Qhetbe i mmgérgaémsgéaqﬁblasae&@%%%ém
afixihutedbteindlamaerndarsatiop setion ado W AMRMH ARSI AR A PLRSHS SULHIRe
shellswarsanads el enespiesaicaismall slise wherssorbrMasiairchapssivadbrares
used with AIBA as the initiator. CTAB was used as a surfactant and suggested to be a
pore-forming agent during the PS coating. It was proposed that some TEOS molecules
were adsorbed on PS and shells were formed from the interaction between the adsorbed
TEOS and silica aggregates formed in the solution from the water/TEOS/NH«OH/CTAB
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were found to have parallel orientation. The authors suggested that parallel orientation is
probably related to fast condensation in an aqueous solution (no ethanol). It can also be due
to different interactions of CTAB and water due to changes in the solubility of CTAB in the
absence of ethanol. This orientation difference could be exploited to produce shells with
different porosity. Negative surface charged PS was reported to produce a better surface
coating, however, the effect of surface charge was not conclusive due to the smaller size
of the positively charged PS used. The size needs to be similar to find a definitive impact
of surface charge. Further study of positive surface charge was carried out by Q. Shang
et al. [100] where PVP functionalised positive PS was used with AIBA as the initiator. CTAB
was used as a surfactant and suggested to be a pore-forming agent during the PS coating. It
was proposed that some TEOS molecules were adsorbed on PS and shells were formed from
the interaction between the adsorbed TEOS and silica aggregates formed in the solution
from the water/TEOS/NH,OH/CTAB emulsion. Additionally, the electrostatic attraction
was proposed to be another reason for the deposition of silica particles on positively charged
PS. When the TEOS concentration was changed from 0.016 to 0.061 g/mL in an aqueous
solution with fixed ammonia concentration (~0.018 g/mL), silica nanoparticles on the
surface were found to increase with increases in the TEOS concentration. An intact shell
was only achieved after calcination when the concentration of TEOS was above 0.022 g/mL.
When the concentration of TEOS was increased to 0.089 g/mL, free silica particles were
seen, which indicates a high homogenous reaction. The amount of free silica nanoparticles
was found to rise with the increase in TEOS concentration. The average size of surface
silica increased with an increase in catalyst concentration, and when NH,OH was above
0.028 g/mL, loosely covered PS and broken shells were observed. Results showed that the
NH4OH/TEQOS volume ratio was a significant factor. Q. Shang et al. [100] argued that the
adsorption of silica species contributed to the formation of the first layer and was followed
by the deposition of silica particles from solution onto the silica layer formed on PS via van
der Waals interactions. It has been reported that sufficient condensation cannot occur for a
coating at NH4OH/TEOS ratio < 1.

C. Ge et al. [81] used PS and methyl acrylic acid (MMA)-functionalized PS (PS-MMA)
as a template. PS-MMA and CTAB were found to produce a uniform coating compared to
pure PS. This difference in the coating was due to better interaction between CTAB and
MMA. Wei et al. [102] used AIBA and AIBN as initiators to prepare PS with a positive
and negative surface, respectively, which was confirmed by a different surface potential
at different pH by zeta potential analysis. Monodispersed hollow silica spheres with a
diameter of ~1.6 microns were successfully synthesised using positive PS with CTAB.
The shell was reported to be uniform with a thickness of 150 nm. M. Khoeini et al. [60]
used a different approach; initially, solid silica nanoparticles were synthesised with the
aid of CTAB and used to coat the negatively charged PS to form a shell. The negatively
charged PS was synthesised using KPS as an initiator, and sodium dodecyl sulphate
and sodium bicarbonate as the surfactant. Hollow spheres were successfully obtained
by coating PS with synthesised silica nanoparticles, taking advantage of the interaction
of the CTAB micelle, surface charge, and negative silica particles. Differential thermal
analysis (DTA)/thermogravimetric analysis (TG) were performed on CTAB and was found
to decompose between 200-300 °C, which suggests that composite PS with only a silica
shell could be synthesised with CTAB completely removed at above these temperatures.

Li et al. [90] used tetramethylammonium hydroxide (TMAOH) as a catalyst and
methyltrimethoxysilane and 3-mercaptopropyltrimethoxy-silane as the precursors. Sodium
lignosulphonate (SLS) and PVP were used as surfactants to successfully synthesise small
hollow SiO; spheres, which were used to coat larger PS templates. TMAOH was used in
the syntheses of small hollow silica particles as well as in the formation of shells made up
of small hollow silica particles on the PS template, similar to M. Khoeini et al. [60] Tetrahy-
drofuran (THF) was used to selectively etch the PS template from the silica spheres with a
raspberry-like morphology and high porosity. PVP and SLS were found to act as a linker
between nanoparticles and PS surfaces. Depending on the concentration, they were found
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to promote/inhibit the formation of free silica microspheres. Y. Guo et al. [103] synthesised
a hollow silica sphere where silica nanoparticles modified with 3-(trimethoxysilyl) propy-
Imethacrylate was encapsulated. Initially, modified silica nanoparticles were embedded
in PS-co-AA and then used as a template. The coating was carried out with the aid of
CTAB in an aqueous solution. Compared to unmodified PS, which yielded a non-uniform
shell, a smooth uniform shell was achieved with PS-co-AA as a template. This difference
was reported due to poor interaction between CTAB and the unmodified PS surface. High
interaction between silica particles and the PS-co-AA surface was attributed to electrostatic
attraction between cationic CTAB and the negative charge from the carboxylic group of
AA. As reported in several works [62-64], CTAB was proposed to act as a linker between
the template surface and silica particles in the solution. When the CTAB concentration
was 0.0013 g/mL at pH 9, a high amount of free silica particles and a uniform coating
were seen. A smooth and uniform shell was obtained at a 0.0008 g/mL concentration of
CTAB, and no free silica was observed in the solution. Wang et al. [85] approached the
synthesis of hollow silica spheres differently. A catalyst was introduced on the surface
of the template by creating PS-co-P4VP (poly(4-vinylpyridine)) composite spheres where
some of the P4VP exposed on the surface acted as a catalyst. Since no additional catalyst
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9. Supercritical Fluid

A supercritical fluid is a substance where the liquid and gas phases cannot be distin-
guished above its critical pressure and temperature. The high kinetic energy above critical
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Similarly, G. Sun et al. [88] successfully used two types of crosslinked PS (PS-EGDMA
and PS-DVB (divinylbenzene)) that were treated with supercritical CO, to produce hollow
silica. Crosslinked PS-EGDMA and PS-DVB with an average diameter of 220 and 400 nm
were treated with TEOS in a stainless-steel autoclave at different pressures with super-
critical CO,. After depressurisation, the treated PS was coated with a sol-gel reaction
with ammonium hydroxide as a catalyst. Coated PS-EGDMA (240 nm external diameter)
and PS-DVB (420 nm external diameter) produced hollow silica spheres with a 20 nm
and 24 nm shell thickness, respectively. Similar to Z. Chen et al. [108], trapped TEOS was
suggested to contribute to the shell formation. The diffusion rate of trapped TEOS to the
PS surface and reaction kinetics in solution was proposed to determine the shell growth.
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Even after forming a layer of silica on the surface of the PS, TEOS trapped inside continued
to contribute to the growth of the inner shell until complete consumption. Coating without
supercritical CO, treatment resulted in a strawberry-like morphology with higher surface
roughness. An increased number of incompletely coated PS was reported, resulting in
a decrease in hollow silica spheres after calcination. Shell thickness was controlled by
adjusting the TEOS/PS ratio during the coating of the template. The pressure and time of
the supercritical CO, treatment were vital for forming a uniform shell, and PS-EGDMA,
treated with a pressure between 10 and 12 MPa with 2 mL of TEOS, produced a 25 and
40 nm shell thickness, respectively. Treatment time between 1 and 4 h at 10 MPa was tested
with PS-EGDMA, and the results varied from cracked shells to thicker shells. This indicated
that TEOS needed time to diffuse into the template, but beyond the 2-h treatment, the
outcome was not clear. A shell transition from 20 nm to broken was observed when TEOS
was reduced from 4 mL to 1 mL. This shows that a threshold concentration of TEOS is
required during supercritical CO, to achieve a stable shell. The role of diffused TEOS in
solution was seen when the TEOS concentration was increased from 0.03 to 0.08 g/mL. The
shell thickness increased from 40 nm to 60 nm, but solid spheres were seen at 0.08 g/mL.
Even though the shell thickness increased with the TEOS concentration, the homogenous
reaction also seemed to increase.

Using supercritical CO,, hollow silica spheres were successfully synthesised. It has
been shown that TEOS can penetrate both PS and cross-linked PS, where the latter is a
better substrate for supercritical treatment due to its ability to resist deformation. The
level of TEOS penetration can be controlled by changing the pressure and exposure time
and trapped TEOS migrated to the surface and reacted inside the PS with few “sticking”
out of the surface during the sol-gel reaction. This created a shell inside and outside the
template. The interaction between silica and silica was much higher than with PS, resulting
in thicker coatings.

10. Other Factors

The main aim of this review was to summarise recent progress on the coating of PS.
The focus was on the concentration of catalyst, precursor, surfactant, surface charge, and the
modified surface of PS. In addition to these, other factors have been reported to influence
coatings of PS in other works, which are briefly described below.

10.1. Effect of Type of Solution

Hollow silica spheres have been achieved in both aqueous and non-aqueous solu-
tions [118]. Non-aqueous solutions are preferred due to the slower reaction kinetic, allowing
better control over the sol-gel reaction. However, Kato et al. [84] conducted systematic
research on the stability of hollow silica particles with PS at different CTAB concentrations
and EtOH volume fractions at a 0.0056 g/mL ammonia concentration and 0.0029 g/mL
TEOS concentration. It was found that depending on the CTAB concentration, the sta-
bility of the hollow sphere was dependent on the volume fraction of EtOH. High and
low concentrations of CTAB produced either a higher amount of side products or broken
shells during the coating process. The relation between CTAB concentration and volume
fraction of EtOH for the stability of hollow silica was studied in an aqueous solution. When
CTAB was 5.5 mM, it was found that low volume fractions of ethanol (between 0.19 and
0.25) produced collapsed hollow silica spheres, while volume fractions of 0.31 and 0.37
were able to make monodispersed hollow silica spheres. Figure 21 shows areas where
monodispersed hollow silica spheres failed to produce a monodispersed hollow silica
(including broken shells and fused particles). In Figure 21, area (i) represents no hollow
silica sphere, area (ii) represents broken shells, area (iii) represents fused particles, and
area (iv) represents a monodispersed hollow silica sphere and can be described with the
formation of non-uniform, thin, and thick shells. Shell thickness was found to increase with
the increased volume fraction of ethanol, which was attributed to lower hydrolysis of TEOS
in a high ethanol volume fraction. This results in low nucleation and slower growth of
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atively charged silica nanoparticles on PS/CTAB improved the deposition rate, as the sur-
factants acted as linkers due to their cationic nature. Results suggest that an adequate cov-
ering of PS with CTAB is required to achieve a full coating. These findings were supported
when 0.0041 g/mL CTAB in 0.51 EtOH:H20 and 0.0179 g/mL ammonia produced particles
with 1rregular hollow cavrtres and broken shells, suggestmg a thm coating and 1rrf4g}1113%r
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effect, ancf1 brgken sleqel s were observed. Zhatig et al. ?10?] dlemonstrated that tlhe étéﬁer
method produced a silica network where the concentration of silicon atoms with three (Q3)
to four (Q4) -O-Si— units (Figure 5, Q (040)) was high. It was found that a rearrangement
within the network occurred when calcination was conducted at a high temperature, leading
to a fully condensed (Q4) silica network. Q4 content was found to increase compared to Q3
as the temperature increased. P. Ruckdeschel et al. [106] reported a decrease in microporosity
and surface area when the calcination temperature was increased from 500 °C to 950 °C.
This could be due to sintering. C. Ge et al. [81] showed the effect of temperature on aging
on porosity where PS-MAA, CTAB, TEOS, and ammonium solutions were used. It was
found that aging at room temperature gave microporous hollow silica while aging at
150 °C resulted in mesoporous hollow silica spheres. Therefore, the calcination and aging
temperature must be carefully selected to control the porosity.

10.3. Effect of pH

Ammonium hydroxide is used widely as a catalyst for the generation of silica via the
sol-gel process due to its low cost and ease of handling, but it is highly volatile. Therefore,
alternative catalysts have been tested during the modified Stober method. G. Zhu et al. [76]
used NaOH to synthesise hollow silica spheres successfully, while J. Wang et al. [119]
replaced the ammonia with lysine, n-butylamine, and n-propylamine to synthesise solid
silica nanoparticles. M. Meier et al. [35] used ethanolamine as a catalyst and successfully
synthesised solid monodispersed silica nanoparticles. Ethanolamine was found to have
higher activity and stability than ammonia with temperature. Yamashita et al. [120] used
a mixture of ammonia and sodium hydroxide, where the PAA emulsion was used (soft
template). Results suggest that sodium hydroxide primarily acted as a catalyst for silica
coating on the template, while ammonia affected the PAA aggregation. A mixture of
catalysts was recommended to catalyse the silica reaction in the solution and onto the
surface of the template.

As seen from the sections above, many variables contribute to coating efficiency;
therefore, a large set of experiments is required to fully understand the effect of different
catalysts on the coating of PS.
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11. Applications

The application of hollow silica spheres vary and depend on their size as well as
the porosity and thickness of the shell. They share some properties with solid silica
spheres such as high surface area, the same chemical properties, and the ability to be
functionalised [121-123], but with a hollow interior and permeable shell, allowing them
to have controlled absorption and release of chemicals. Moreover, hollow silica spheres
can be used in lightweight fillers, low-dielectric materials, drug carriers, catalyst support,
etc. [124-127]. Some hollow nano/microsphere applications and future perspectives are
discussed below.

The hollow cavity has been shown to have lower thermal conductivity than solid silica
spheres, silica aerogels, wool, glass fibres, and PS foams [58,61,128,129]. This is because
conduction is low as solid is only present in the shell, and air, which is a poor thermal
conductor, is present in the core. Filling the hollow silica with low thermal conductivity
gases can further improve the insulation. Therefore, the insulation properties of hollow
silica spheres depend on the size and shell of the sphere as a thicker shell and smaller
cavity will have lower insulation compared to a larger cavity and thinner shell. Phenomena
such as solid conduction and collision between air molecules and the shell wall contribute
to the insulation difference. A higher collision between the shell and the air molecules
results in higher energy conduction. The thicker shell provides high solid conduction, and
the smaller cavity results in higher collision between air molecules and the cavity wall,
also known as the Knudsen effect. Optimising the shell and hollow cavity dimensions is
crucial to achieving the desired insulation effect. The surface morphology and purity of
hollow silica spheres also play a role in the insulation where rough surface, low solid silica
particles on the shell, and unbroken/uniform shells provide better insulation. Hollow silica
nanospheres can be used to make structures with low thermal conductivity [12,129] and
additives to polymers such as polyethersulfone where thermal conductivity was drastically
reduced [10].

Hollow silica nanospheres have also been proposed as an alternative to delivering
drugs to a specific organ. The biocompatibility of silica compared to other nanoparticles
such as carbon nanotubes makes it a good candidate since it can be removed from the
body and has a longer circulation lifetime [130]. A hollow cavity and a porous shell
allow them to be loaded with different chemicals on the surface and in the core, and a
controlled diffusion can be achieved in different scenarios. Controlled diffusion has been
demonstrated by surface modification or shell thickness [131,132]. It has been shown that
they can deliver proteins, vaccines, and contrasting agents for medical imaging [14,133,134].
A buoyant hollow silica microsphere with an antibody on its surface has been used to
separate pathogens from stool, which was a quicker and cheaper method than the current
techniques for cell separation when an isolation test of Cryptosporidium parasite from
stool was carried out [135].

Hollow silica spheres have been shown to improve catalytic activity. Silver nanopar-
ticles were encapsulated in a hollow silica nanosphere, which led to a longer lifetime of
the catalyst. It could be reused after heat treatment and higher adsorption was seen when
tested with hydrogen sulphide and tert-butylmercaptan [136]. Hollow silica nanospheres
with encapsulated silver were produced using polystyrene grafted with AA. This resulted
in high catalytic activity for reducing 4-nitrophenol to 4-aminophenol by NaBHy4 [137]. D.
Li et al. [67] tested the detoxification capability of hollow silica microspheres filled with
ethyl butyrate as oil to remove iodine from an aqueous solution. Since there is a low iodine
affinity with silica, it was expected to interact highly with the o0il core. The UV absorption
intensity of the solution decreased up to 95% after 30 s of adding hollow silica microspheres,
indicating the quick removal and high efficiency of the detoxification of the filled hollow
silica microspheres compared to liquid-liquid extraction. Moreover, the reusability of
microspheres was shown, which could reduce the cost of the entire process, and it was
concluded that a specific waste could be extracted or removed from a solution by using an
appropriate filling in the core.
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As a nanoreactor, hollow silica nanospheres were used to successfully synthesise hol-
low tin oxide (SnO;) nanospheres, which were shown to have uniform size, structure, and
high lithium capacity retention [138]. E. Cevik et al. [139] reported high charge-discharge
cycle reversible capacity and stable cycle performance when multi-shelled hollow silica
microspheres were used as an anode in lithium batteries compared to solid silica particles.
Sulphonated hollow silica particles filled with sulfuric acid were used as an additive to a
PVA matrix, increasing the energy storage efficiency. This resulted in a supercapacitor with
a high energy density of 20.40 W-h kg ! at a power density of 545 W-kg 1.

The inner cavity of a hollow sphere will determine its loading capacity. Compared to
conventional nanospheres, hollow silica microspheres allow for higher loading capacity and
tuneable porosity, and surface modification improves their functionality. This will be useful
in energy storage, waste removal, detoxification, and microreactor, but further improvement
in synthesis and functionalisation is needed to bring the hollow silica microspheres to
commercial viability.

12. Summary

Various research studies covering the synthesis of hollow silica spheres using PS as a
template were reviewed and the reasons for the popularity of hard templates, especially
PS, were explained. Key parameters affecting the Stober reaction, which affects the coating,
were briefly described to explain the importance of controlling the reaction kinetics. Since
both homogenous and heterogeneous reactions can occur in the solution, it is clear how
vital it is to promote the heterogeneous reaction and stop or suppress the homogenous
reaction to improve the coating efficiency. Several methods were presented to increase the
coating by choosing optimum parameters and introducing new chemicals that enhance the
interaction between silica and the PS surface.

Most of the work reviewed here shows a general trend and the key findings are
summarised below:

e  Controlling the TEOS concentration is the best way to control the reaction kinetics and
have high efficiency in the coating. TEOS concentration should be as low as possible
to suppress the secondary nucleation by starving the system from the precursor, so
the amount of free solid particles would be low. Most of the TEOS will be consumed
by the PS surface as there will be less competition. However, if too low, a uniform
coating cannot be achieved as there is insufficient TEOS to cover the surface, while a
high TEOS concentration results in an increased number of free solid silica particles.

e  The catalyst has been pointed out as a primary factor in controlling the sol-gel reaction
and affecting the coating of PS. The concentration and strength of the catalyst play
a vital role in controlling pH as well as the reaction kinetics of the sol-gel and has
been shown to affect the structure by influencing the degree of hydrolysis during the
induction period. Hollow silica spheres have been produced in low and high pH,
depending on the other chosen parameters.

e Initiators and stabilisers used during the synthesis of PS have been shown to signif-
icantly affect the coating by providing electrostatic attraction and nucleation sites,
respectively. Functional groups can be introduced during template synthesis or later
via coating or chemical treatment to produce the desired surface charge. Both nega-
tively and positively charged PS has been used to make hollow silica spheres. It has
been suggested that positively charged PS would be better for coating as the coating’s
negatively charged surface is greatly affected by the charge density.

e  Surfactants have been shown to improve the coating significantly and it has been sug-
gested that they act as a linker between the template surface and silica. It also has been
recommended to act as a pore structuring agent. Surfactant concentration affects the pore
distribution but not the pore size. This can be used to control the porosity. The mor-
phology, shell thickness, and pore distribution can be tuned by controlling the surfactant
concentration. The surfactant concentration was shown to affect the stability of hollow
silica, and this effect could also be tuned by varying the ethanol:water ratio in the solution.
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e  Chemicals such as polymers, silica particles, and other reactive chemicals can be
introduced onto the surface of PS during or after the synthesis of spheres to improve
the coating. After the synthesis of PS spheres, reactive chemicals can be introduced
by coating. Subjecting it to supercritical CO;, can make the PS template vulnerable
to penetration by TEOS. The overall aim of these methods was to have more reactive
chemicals on the surface, which will have better interaction with silica in the solution
than PS.

Other parameters such as solution (ethanol: water ratio), catalyst type, and calcination
temperature were briefly reviewed. Due to the interactive effects of parameters in a sol-gel
reaction, the results from various works are in poor agreement with each other due to
the chosen reaction conditions. For these reasons, extrapolating the data could result in
a failure of the coating process as minor changes might significantly alter the stability
of the system. Additionally, when larger PS in the micron range requires coating, the
surface energy needs to be considered as nanomaterials have a much higher surface energy
than micromaterials. Future work aiming at modifying one of the components such as
the catalyst should therefore consider that it may require a completely different set of
parameters such as the water/ethanol ratio, surfactant concentration, etc. to produce a
successful coating. Therefore, a large set of experiments would be required to achieve the
optimum conditions.
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