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Fabrication of tetraethyl orthosilicate/ethanol-
water surfactant-free microemulsions and their
applications in self-templating synthesis of
monodispersed silica colloidal spheresy

Jiahan Lu, Longhua Peng, Ao Zhang, Jiagiong Xu, Min Wu and Shiyu Ma (= *

Surfactant-free microemulsions (SFMEs) composed of tetraethyl orthosilicate (TEOS), ethanol, and water
have been successfully fabricated by visual titration and electrical conductivity methods. Three types of
SFMEs, water in TEOS (W/O), bicontinuous (BC) and TEOS in water (O/W), were identified by dynamic
light scattering and transmission electron microscopy with negative-staining methods. We demonstrated
that there are significant differences in the properties of silica products synthesized with different types
of SFMEs, and monodispersed silica colloidal spheres (MSCSs) can only be synthesized in the O/W type
SFMEs. Moreover, we found that the particle size of MSCSs is closely related to the size of oil droplets.
Cooling the O/W type SFMEs in the early reaction stages, results in the larger MSCSs with different
condensation degrees. Furthermore, if the cooling temperature decreased to —20 °C, ring-like spheres
could be observed. Based on our results and observations, a self-templating growth mechanism was
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1 Introduction

Conventional surfactant-based microemulsions (SBMEs),
composed of water, oil, surfactant and cosurfactant, are
generally defined as thermodynamically stable and optically
isotropic transparent dispersions.? The SBMEs typically exhibit
three different types: O/W, BC and W/O microemulsions,® which
have a broad range of applications across various fields, ranging
from nanomaterial synthesis*” to life sciences.>*'* Among
these, microemulsions offer several advantages for the
synthesis of nanoparticles, such as precisely controlled size,
narrow size distribution and mild reaction conditions,
rendering them particularly suitable for some high-quality
nanomaterials."»*> However, SBMEs typically contain a signifi-
cant quantity of surfactants and co-surfactants, which have
a negative impact on the properties of nanoparticles, thereby
constraining the development and application of these systems
to a certain extent.*

In recent years, researchers have discovered that micro-
emulsions can be formed spontaneously in the ternary mixtures
of oil, water and an amphiphilic solvent in the absence of
conventional surfactants, and such microemulsions are known
as surfactant-free microemulsions (SFMEs).**"” The so-called

Research Center for Water Resources and Interface Science, School of Chemistry and
Molecular Engineering, East China Normal University, Shanghai 200062, PR China.
E-mail: syma@chem.ecnu.edu.cn; Fax: +86-021-54340130; Tel: +86-021-54340130

(ESI) DOIL:

+ Electronic  supplementary information available.  See

https://doi.org/10.1039/d4ra07679f

39040 | RSC Adv, 2024, 14, 39040-39049

proposed to explain the formation of silica spheres.

amphiphilic solvent, which is different from a conventional
surfactant, is completely or at least partially miscible with the
aqueous and oil phases.'®* In the late 1970s, Smith et al. re-
ported that stable SFMEs could be fabricated in the n-hexane/i-
propanol-water system, which was the first discovered SFMEs.**
Subsequently, Kunz et al. demonstrated the presence of pre-
ouzo region in the octanol/ethanol-water system.*** The pre-
ouzo effect, which primarily occurs in the single-phase region
near the multiphase region in a ternary phase diagram, refers to
a phenomenon where oil droplets cause a solution to appear
milky white due to the refraction and scattering of light.>** In
1981, Lara et al. conducted a study in the benzene/iso-propanol/
water single-phase system, revealing that three structural types,
O/W, BC and W/O, which were similar to those findings in
SBMEs.” Hou et al. investigated the phase behaviour and
microenvironment of SFMEs by using electrical conductivity,
SAXS, DLS, UV-vis measurements and freeze-fracture and cryo-
genic TEM observations.”*?® Zhang et al. research results indi-
cated that the phase area and mesostructure of SFMEs of the n-
octanol/ethanol-water system could be changed by altering
temperature.>

Similar to SBMEs, SFMEs have been used in the synthesis of
nanomaterials.** Chai et al. employed O/W microemulsion in
dichloromethane/ethanol-water and ethyl acetate/isopropanol-
water systems as a soft template to successfully synthesize
monodispersed silica colloidal spheres (MSCSs) and titanium
dioxide particles.*** El-Hefnawy et al. used an olive oil/n-
butanol/water system to synthesize spherical CdS

© 2024 The Author(s). Published by the Royal Society of Chemistry
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nanoparticles with an average diameter of 45 nm.** Zhang et al.
reported the synthesis of ZnO using a n-hexane/isopropanol/
water system. They investigated the effects of temperature,
time and varying ammonia concentrations on the morphology
and size of ZnO, and further explored its photocatalytic activity
and underlying mechanisms.** Kunz et al. employed SFMEs
containing water, alcohols and methyl methacrylate to investi-
gate the synthesis of porous polymers.>**

Although many studies have explored the use of SFMEs for
the synthesis of nanomaterials, there has been limited research
on using SFMEs to produce MSCSs. So far, the main methods
for the synthesis of MSCSs include the Stober method,*” the
microemulsion method® and the seed growth method.*®
However, they all share the drawback of complicated prepara-
tion processes and strict reaction conditions. Therefore, it is of
great significance to develop a simple method for preparing
silica spheres by SFMEs.

Herein, a new kind of SFMEs composed of tetraethyl ortho-
silicate (TEOS), ethanol (EtOH) and water (H,0O) was fabricated.
The mesostructures and properties of the SFMEs were investi-
gated in detail by electrical conductivity, dynamic light scat-
tering (DLS) and transmission electron microscope with
negative-staining (negative-staining TEM). The MSCSs were
successfully synthesized with the O/W type SFMEs. Further-
more, the larger MSCSs with different condensation degrees
could also be synthesized by cooling the O/W type SEMEs in the
early reaction stages. The SFMEs provide possibilities for the
controllable synthesis of MSCSs. A possible mechanism was
proposed to explain the formation of silica spheres.

2 Experimental section
2.1 Materials and reagents

EtOH and TEOS were purchased from Sinopharm Group
Chemical Reagents Co., Ltd (Shanghai, China). Ammonium
hydroxide (28-30 wt%) was purchased from Shanghai Aladdin
Biochemical Technology Co., Ltd (Shanghai, China). Phospho-
tungstic acid was purchased from Bide Pharmatech Co., Ltd
(Shanghai, China). EtOH, TEOS, phosphotungstic acid, were
analytical grade chemicals and ammonium hydroxide was ACS
grade chemicals. All chemicals were used without further
purification. Ultrapure water with a resistivity of 18.25 MQ cm
was used throughout the experiments.

2.2 Apparatus and characterization

An electrical conductivity meter (DDSJ-308F, Shanghai INESA
Scientific Instruments Co., Ltd) with a DDSJ-0.1 electrode of cell
constant 0.111 cm ™' was used to measure the conductivity of
the TEOS/EtOH-H,O ternary system. TEM was carried out on
a H-7000 electron microscope (Hitachi, Japan). Scanning elec-
tron microscopy (SEM) was carried out on a S-4800 electron
microscope (Hitachi, Japan). The oil droplets of O/W type
SFMEs were measured at 25.0 £ 0.2 °C using a Zetasizer Nano
ZS instrument from Malvern. All the scattering photons were
collected at a 173° scattering angle. *°Si MAS NMR measure-
ments were obtained on an Agilent 600 DD2 spectrometer. For
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?95i (79.5 MHz), a 4 ps (h = p/2) pulse was used with a repetition
time of 360 s. FT-IR spectra of the silica spheres were recorded
by Nicolet Fourier transform infrared spectrometer (NEXUS
670) using the KBr technique.

2.3 Phase diagram construction

The phase diagram of TEOS/EtOH-H,O ternary systems was
constructed by visual titration with H,O for TEOS-EtOH
mixtures. The general steps are as follows: A TEOS-EtOH
mixture with a desired mass ratio (Ryg) was prepared in a dry
test tube. A certain amount of ultrapure water was slowly added
to the mixture under magnetic stirring. The phase boundary
was determined by observing the phase transition from trans-
parency to turbidity. Repeating this procedure for a series of
TEOS-EtOH mixtures with different Ry allowed the phase
diagram to be established. The same procedure for each
mixture was repeated thrice for average values. All the experi-
ments were carried out at 25.0 & 0.2 °C and sealed to prevent
evaporation loss.

2.4 Electrical conductivity measurements

A TEOS/EtOH-H,O ternay system with a fixed mass ratio
(System,,) was prepared in a dry test tube. Variations in
conductivity were monitored at regular intervals of 5 min,
10 min, 20 min, 30 min, 60 min and 90 min from the initial time
of mixing TEOS, EtOH and H,O.

An EtOH-H,O mixture with a fixed mass ratio (Ryg) was
prepared in a dry test tube. Different amounts of TEOS were
added to the test tube and the conductivity was measured at
25.0 + 0.2 °C. Repeating this procedure for a series of EtOH-
H,0O mixtures with different Ry,g allowed the microregion of
single-phase region to be established. All experiments were
repeated thrice for average values.

2.5 Negative-staining TEM method

The droplets of the SFMEs were placed onto a copper net (400
mesh) supported by carbon film using a micropipette. After
keeping at room temperature for one minute, an absorbent
paper was used to absorb the excess solution around the copper
net. Then, an aqueous solution of phosphotungstic acid with
a mass fraction of 1% was dropped onto the same copper net.
Following a one-minute exposure at room temperature, absor-
bent paper was employed to remove any excess solution again.
The samples were maintained at room temperature for 12 h,
before the TEM of the SFMEs were observed.

2.6 Synthesis of silica products

TEOS, EtOH and H,0 were thoroughly mixed and sealed in a dry
conical bottle with a desired concentration of TEOS and
ethanol-water mass ratio. The mixture was stirred for 20 min
and sonicated for 20 min to obtain the SFME. Subsequently, an
appropriate amount of ammonium hydroxide was added (the
concentration of ammonia, 1.56 mol L™*, obtained based on the
total volume of the reaction solution) to start the reaction and
reacted for 2 h with a stirring rate of 300 rpm. All the
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experiments were carried out at 25.0 + 0.2 °C. The as-
synthesized silica samples were directly used to prepare TEM
specimens without any further treatment and silica samples for
SEM were collected by centrifugation, washed thrice with
ultrapure water and ethanol, then dried at 60 °C for 12 h.

2.7 Cooling treatment of silica spheres

A pre-reaction/low-temperature strategy: 50 mL of the above
SFME was added to a 150 mL stainless steel beaker, and an
appropriate amount of ammonium hydroxide was added (the
concentration of ammonia, 1.56 mol L', obtained based on the
total volume of the reaction solution) to start the reaction. Then,
the reaction mixture was stirred at room temperature for 1 min
(pre-reaction time). Subsequently, the reaction mixtures were
placed separately at different cooling temperatures (0 °C, —10 °
C, —15°C and —20 °C) for 4 h. The as-synthesized silica samples
were directly used to prepare TEM specimens without any
further treatment. Silica samples for the *°Si MAS NMR and IR
were collected by centrifugation, washed thrice with ultrapure
water and ethanol, and then dried at 60 °C for 12 h.
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A low-temperature equilibrium/reaction strategy: 50 ml of
the above SFME was added in a 150 mL stainless steel beaker
and equilibrated at different low temperatures (0 °C, —10 °C,
—15 °C, —20 °C) for 30 min, then an appropriate amount of
ammonia was added (the concentration of ammonia,
1.56 mol L™, obtained based on the total volume of the reaction
solution) to initiate the reaction, and reaction mixture was
stirred at a low temperature for 4 h. The as-synthesized silica
samples were directly used to prepare TEM specimens without
any further treatment.

3 Results and discussion

3.1 Phase diagram of ternary systems and mesostructures of
the SFMEs

The phase diagram of the TEOS/EtOH-H,0 ternary system and
microregions of the phase diagram were constructed by visual
titration and electrical conductivity measurements, respec-
tively.>*® The results are shown in Fig. 1.

As seen in Fig. 1a, the blank area is the transparent single-
phase region, and the gray area is the multiple-phase region.

c 22
20

18
16 |

—®— R, =082 —®— R, =067
—¥— Ry =043

®— Ry =025
—®— Ry=0.11

—A— R, =054

—&— Ryz=033

g

Rye = 0.18

14}
12}
10}

K (us cm™)

0.8

@@&%@

06
0.4 |3
02}

-0
o

0.0 1 1 1 1 1

0.0 0.1 0.6

0.8

-3
o =" )
L

0.6 /

K (us cm™)

044

w
o

o e ey

o
N

b2
A e —————————y

o
o
o

0.2

o
w

0.4 0.5 0.6

fo

(a) Phase diagram of the TEOS/EtOH—-H,O ternary systems at 25 + 0.2 °C. |, lll and Il are O/W, BC and W/O microregions respectively. The

points A1-A5, B, C and D (Systema;—Systemps, Systemg, Systemc, Systemp) were chosen for the synthesis of silica products, respectively. The
content of each component is expressed by mass fraction. (b) Electrical conductivity k as a function of time for the System,;. (c) Electrical
conductivity k as a function of £, at different Rw,e values. (d) k as a function of f, with Ry, = 0.33 is zoomed in from (c).
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Fig.2 Dynamic light scattering (DLS) results of oil droplets in O/W type SFMEs with different water—ethanol ratios. (a) Systemc, fo = 0.05, Rw/e =
0.67, (b) Systemay, fo = 0.05, Rw/e = 0.43, (c) Systemp, f, = 0.05, Ry, = 0.25 and (d) the average size of Systemc, Systemp; and Systemp.

Although the TEOS undergoes gradual hydrolysis and conden-
sation in the EtOH-H,O mixture under neutral conditions,
conductivity monitoring results (Fig. 1b) indicated that the rate
of TEOS hydrolysis is remarkably slow, which has little effect on
the phase boundary within the time required for phase diagram
construction (less than 90 min). That is, during the experiment,
the SFMEs fabricated could be regarded as an equilibrium
system.

The variation curve of electrical conductivity («) of a fixed
ethanol-water ratio mixture with a mass fraction of TEOS (f;) is
used to identify the mesostructure of the SFMEs.*** The results
are shown in Fig. 1c. It can be seen that, with an increasing f,
value, the « value initially increases and then decreases, at
a constant Ry, value. This indicates the fabrication of different
mesostructures in the single-phase region of TEOS/EtOH-H,0
ternary systems.

For clarity, electrical conductivity « versus f, curve at the Ry
ratio of 0.33 is also shown in Fig. 1d. In the first stage, the rapid
increase of k with an increase of f, indicates that a gradual
formation of O/W microemulsion in the EtOH-H,O mixture.
The nonlinear increase of k with f, in the second stage suggests
the transition of microemulsion from O/W to BC micro-
emulsion. The final linear decrease of « with the increase of f,
corresponds to the appearance of W/O microemulsion. A
comprehensive analysis of the curve variations allows the

© 2024 The Author(s). Published by the Royal Society of Chemistry

Fig. 3 TEM images of O/W type SFMEs (Systemas), BC type SFMEs
(Systemag) and W/O type SFMEs (Systemas).

single-phase region of the phase diagram to be distinctly clas-
sified into three microregions: I (O/W type SFMEs), I1I (BC type
SFMESs) and II (W/O type SFMEs).

The mesostructures of O/W type SFMEs were further verified
by DLS, DLS results of oil droplets are shown in Fig. 2 and S1.}

As shown in Fig. 2, when the ethanol-water mass ratio was
varied from Ry,x = 0.67 (Systemc) to R,z = 0.43 (System,,) and
Rwe = 0.25 (Systemp), the average sizes of oil droplets were
varied from 210.7 nm to 223.1 nm and 235.7 nm. Light scat-
tering may come from the contribution of clearly defined
aggregates and critical effects or molecular concentration fluc-
tuations. The strong scattering observed in this study can be
attributed to the formation of well-defined aggregates (oil
droplets), which provides additional evidence for the existence
of mesostructures in the O/W type SFMEs.

RSC Adv, 2024, 14, 39040-39049 | 39043
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Table 1 Reaction conditions and properties of silica products synthesized with the SFMEs

System Type SFMEs Mreos : Meon : Mo (8/8/2) TEOS mass fraction Avg. diameter (nm) o (nm)
Al O/W 10:140:60 0.05 264 12

A2 O/W 20:140:60 0.09 338 17

A3 O/W 30:140:60 0.13 427 18

A4 BC 70:140:60 0.26 — —

A5 W/O 130:140:60 0.39 — —

The mesostructures of the SFMEs were also determined by
negative-staining TEM measurements, and the TEM images were
shown in Fig. 3. It can be clearly indicated that the SFMEs
fabricated with TEOS, EtOH and H,O have oil droplets (O/W type
SFMEs), sponge-like structures (BC type SFMEs) and water
droplets (W/O type SFMEs), respectively.** Therefore, the lower
TEOS mass fraction leads to the formation of O/W type SFMEs,
while the higher TEOS mass fraction results in the formation of
W/O type SFMEs. The BC type SFMEs can be considered as an
intermediary state between two structural transitions.**

3.2 Effect of TEOS contents on the properties of silica
products

Systemy;-System,s, which contain a constant ethanol-water
mass ratio (Rwe = 0.43) and different TEOS mass fractions,
were selected as model systems for the synthesis of silica
products. The experimental conditions and properties of silica
products are listed in Table 1. The TEM and SEM images of
silica products are shown in Fig. 4.

It can be seen from Table 1 and Fig. 4, the MSCSs can only be
synthesized in O/W type SFMEs. When the TEOS mass fraction
increased from f, = 0.05 (Systemy;) to f, = 0.13 (System,s), the
particle size of silica spheres gradually increased from 264 +
12 nm to 427 £+ 18 nm, and the distribution of spheres became
wider.*** However, as the TEOS fraction further increased to f;, =
0.26 (Systemy,) and f, = 0.39 (Systemy,s), discrete silica spheres
cannot be synthesized (Fig. 4d and e), they displayed strong
aggregation behaviour. In addition, similar experimental results
could also be obtained for SFMESs fabricated by n-propanol (NPA)

or isopropanol (IPA) with TEOS and water, respectively. (Fig. S2
and S3t). As we know that the mesostructure of O/W type SFMEs
(Systema;—System,s) is an oil-droplet structure, the mesostrctures
of BC type SFMEs (System,4) and W/O type SFMEs (System,s) are
a sponge-like structure and a water-droplet structure, respec-
tively. Therefore, there is a clear correlation between silica
morphologies and mesostructures of SFMEs.

3.3 Effect of ethanol-water ratio on the properties of silica
spheres

The O/W type SFMEs, Systemc, System,;, and Systemp were
selected as model systems to explore the effect of ethanol-water
ratios on the properties of silica spheres. The results are shown
in Table 2 and Fig. 5.

It can be seen from Table 2 and Fig. 5, the MSCSs can be
synthesized in System,;, Systemc, and Systemp. When the
ethanol-water mass ratio was varied from Ry x = 0.67 (System)
to Ry, e = 0.43 (Systema;) and Ry,g = 0.25 (Systemy,), the particle
sizes were varied from 258 nm + 8 nm to 264 nm + 12 nm and
281 nm + 10 nm. This result is consistent with the trend of the
variation of the size of oil droplets (Fig. 2d). Therefore, the
particle size of silica spheres can be further regulated by
controlling the size of oil droplets in O/W type SFMEs.

3.4 Effect of cooling temperature on the properties of silica
spheres

For the Systemg, two kinds of low-temperature strategies, a pre-
reaction/low-temperature strategy and a low-temperature
equilibrium/reaction strategy, were employed to assist in

Fig.4 TEM and SEM images of the silica products synthesized with the SFMEs with a constant Ry, = 0.43, same ammonia concentration and
different TEOS mass fraction. From (a) to (e), f, = 0.05, 0.09, 0.13, 0.26 and 0.39, respectively.
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Table 2 Reaction conditions and properties of silica spheres synthesized with the O/W type SFMEs

MrEos ¢ MEOH Ethanol-water Avg. diameter 4
System Type SFMEs my,o (2/g/g) ratio (Rw;e) (nm) (nm)
C o/w 10:120: 80 0.67 258 8
Al O/W 10:140: 60 0.43 264 12
D o/w 10:160 : 40 0.25 281 10
TIeemgTITEe o that of silica spheres synthesized at room temperature (25 °C).*
.. * ® < The yield of silica products synthesized by the pre-reaction/low-
PrS .é. temperature strategy was shown in Table S1.f When the cool-
% L « ing temperature was decreased to —20 °C, ring-like spheres (ca.
be o . 170 nm in size) were observed in the system (Fig. 6d). This
° | ® observation aligned with our earlier investigation on the
° el % il .

Fig.5 TEM images of the silica spheres synthesized with the O/W type
SFMEs with a constant f, = 0.05, same ammonia concentration and
different ethanol-water ratio. (a) Systemc, (b) Systemay, (c) Systemp.

understanding of silica sphere formation processes. The TEM
images, reaction conditions and properties of silica products
are shown in Fig. 6 and Table 3. The *°Si MAS NMR and FT-IR
characterization for the silica products synthesized by pre-
reaction/low-temperature strategy are shown in Fig. 7 and 8,
respectively.

As shown in Fig. 6a-d, with the pre-reaction/low-temperature
strategy (the pre-reaction time was 1 min), when the cooling
temperatures were 0 °C, —10 °C and —15 °C, the main sizes of
silica spheres synthesized with the Systemg were 330 nm, 370 nm
and 460 nm, respectively (Fig. 6a—c), which are much larger than

synthesis of hollow spheres via a rapid dilution method.*®

To the best of our knowledge, the TEOS in O/W type Systemg
exists in two phases. One is the ethanol aqueous solution
(medium), where TEOS exists mainly in a dissolved state. The
other is the oil (TEOS) phase, in which TEOS is present in oil-
droplet form. And the chemical potential of the TEOS in these
two phases is equal.*” When the ammonia catalyst was added to
the Systemg at room temperature, the hydrolysis and conden-
sation of the dissolved TEOS could form reactive silica species
in the medium, and some of them were captured by oil drop-
lets.*®* At the same time, the TEOS in the surface layer of oil
droplets could also be hydrolyzed and condensed, and an
uneven silica shell was formed in the initial stage of the reac-
tion. When the reaction system was placed at a lower temper-
ature, the chemical potential of the unreacted TEOS in oil
droplets would increase accordingly, resulting in the increase of
the mass-transfer driving force of the unreacted TEOS. The

Fig. 6

(a—d) TEM images of silica products synthesized with the Systemg by the pre-reaction/low-temperature strategy (the pre-reaction time

was 1 min, the cooling temperatures were 0 °C, —10 °C, —15 °C and —20 °C, from a to d, respectively). (e—h) TEM images of silica products
synthesized by with the Systemg by the low-temperature equilibrium/reaction strategy (the equilibrating time was 30 min, cooling temperatures

were 0 °C, —10 °C, —15 °C and —20 °C, from e to h, respectively).

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Reaction conditions and properties of silica products
synthesized with the Systemg at the cooling temperatures®

Temperature Avg. diameter ¢
Strategy  (°C) Morphology (nm) (nm)
1 0 Sphere 330 13
1 —10 Sphere 370 22
1 —15 Sphere 460 23
1 -20 Ring-like sphere 170 30
2 0 Sphere 414 30
2 —10 Sphere 452 26
2 —15 Aggregate — —
2 —20 Aggregate — —

¢ Strategy 1: the pre-reaction/low-temperature strategy. Strategy 2: the
low-temperature equilibrium/reaction strategy.

volume of oil droplets increased with decreasing temperature.
When the cooling temperature was above —15 °C, the uneven
silica shell could still prevent the migration of a large amount of
unreacted TEOS in the oil droplets due to its certain viscoelas-
ticity. If the cooling temperature was lower than —20 °C, the
silica shell was no longer able to prevent the expansion caused
by the increased driving force, resulting in a significant loss of
unreacted TEOS in oil droplets. In addition, the volume
shrinkage of ring-like spheres may be caused during specimen
preparation for electron microscopy (Fig. 6d).

As it can be seen in Fig. 6e-h, with the low-temperature
equilibrium/reaction strategy (the equilibrating time was 30
min), the sphericity of the silica products is lower than that of
silica products synthesized by the pre-reaction/low-temperature
strategy with the same cooling temperature (Fig. 6e-g). When
the cooling temperatures were —15 °C and —20 °C, the silica
products exhibited aggregation behaviour (Fig. 6g and h). If the
Systemg is placed at a lower temperature, it will tend towards
a new equilibrium state under this temperature. And the oil
droplets in the Systemgp become increasingly unstable. When
the cooling temperatures were —15 °C and —20 °C, the trans-
parent Systemp becomes turbid (Fig. S471), indicating the
occurrence of phase separation. Therefore, at lower equilibrium
temperatures, it is more difficult to synthesize the MSCSs with
the Systemg. The yield of silica products synthesized by the low-
temperature equilibrium/reaction strategy was shown in Table
S1.%

Fig. 7 shows the *Si MAS NMR spectra of silica spheres
synthesized by the pre-reaction/low-temperature strategy. In
Fig. 7, three peaks of Q*, Q* and Q* were around —110, —101 and
—91 ppm, respectively.* Moreover, the fraction of those Q"
units in the resulting spheres was derived by the deconvolution
of the profiles, and the results are summarized in Table S2.t
According to previous reports, the Q* intensity ratio of silica
spheres synthesized by the Stober method was as high as 70%,>
which is significantly higher than our data. This indicates that
the condensation degree of silica spheres synthesized at cooling
temperatures is not high and the Si-O-Si network structures are
not dense. As the cooling temperature decreased from 0 °C to
—15 °C, the Q® and Q? intensity ratios increased from 2.37% and
35.35% to 5.19% and 39.60%, respectively, while the Q*
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Q?*=55.21

Intensity (a.u.)

0°C Q*=62.28

90 -100 -110 -120 -130 -140
Chemical shift (nm)

70 -80

Fig. 7 2°Si MAS NMR spectra of silica spheres synthesized with the
Systemg by the pre-reaction and low-temperature strategy: the pre-
reaction time was 1 min, the cooling temperatures were 0 °C, —10 °C
and —15 °C, respectively.

intensity ratio decreased from 62.28% to 55.21%. This shows
that the lower the cooling temperature, the smaller the Q* ratio,
and the lower the condensation degree (Q* + Q*/Q* + Q* + Q%) of
silica spheres (Table S27).

The FT-IR diagram of silica spheres synthesized by the pre-
reaction and low-temperature strategy is shown in Fig. 8. The
as-synthesized silica spheres had several IR absorption peaks:
a broader one around 3430 cm ™" for v(O-H) of the Si-OH groups
or the adsorbed water, a small but sharp one at 1640 cm ™" for
the water molecules, the strongest one at 1111 cm ™" for v5(Si-

] 806 cm-"
~ 1 3430cm™’
S
8 [ ———
[0
o J
c
8
= 960 cm'!
[2]
C
©
. « 20C .« -15C

. -10C . 0C 1111 cm"*
4000 35I00 30IOO 25I00 ZOIOO 1 5I00 1 OIOO 500

Wavenumber (cm™)

Fig.8 FT-IR diagram of silica spheres synthesized with the Systemg by
the pre-reaction and low-temperature strategy: the pre-reaction time
was 1 min, the cooling temperatures were 0 °C, —10 °C, —15 °C, and
—20 °C, respectively.
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0), while the bands at 960 cm ™" and 806 cm ™" were due to the
0(Si-OH) and v;(Si-O), respectively (Fig. 8). Furthermore, the
peaks intensity observed at 960 cm *, 1640 cm ™" and 3430 cm "
showed an increasing trend with decreasing cooling tempera-
tures from 0 °C to —20 °C, which aligns with the pattern of
condensation degree determined by *°Si MAS NMR
measurements.

The results identified by the °Si MAS NMR and FT-IR
measurements indicate that the differences in the condensa-
tion degree of silica spheres are mainly caused by the volume
increase of silica spheres and the migration of TEOS from oil
droplets during the reaction process. Therefore, the low-
temperature strategies can be used to control the internal
properties of MSCSs.

TEOS

Dispersion

EtOH-H,0

Hydrolysis

Condensation

View Article Online

RSC Advances

3.5 Possible mechanism of silica spheres formation

When the NH; is added to the O/W type SFMEs, the hydrolysis-
condensation of TEOS, both in the medium and at the interface
of oil droplets, occur immediately. According to the thermody-
namic metastable state and new phase formation theory,*
nucleation and growth occur preferentially on the surface of oil
droplets, resulting in the formation of shell of primary silica
spheres. As the reaction progresses, the shell will become
thicker, and the TEOS in the oil droplets will decrease. In
addition, the reactive silica species generated in the medium
are preferentially captured by the interfaces already existed
rather than the accumulation of a high concentration to reduce
the Gibbs free energy of the system.*® Therefore, the MSCSs can
be prepared in the O/W type SFMEs (Scheme 1a).

NH, H,0

Hydrolysls&

Hydrolysis

= Reactive silica species

NH;.H,O
min, 25°C

@ TEOS droplet

® Silica

25°C

-20°C

Scheme 1 Possible mechanism of MSCSs (a) and ring-like silica (b) formation in the O/W type SFMEs.
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For the ring-like spheres, the formation process is illustrated
in Scheme 1b. When the NH; is added to the O/W type SFMEs,
the silica spheres with different shell thickness are formed
quickly. If the pre-reaction/low-temperature strategy was intro-
duced to the systems in certain stages of reaction, the volume of
oil droplets would expand due to the increase of the chemical
potential of the unreacted TEOS, resulting in larger silica
spheres. When the cooling temperature was below —20 °C, the
silica shell was no longer able to prevent the expansion, and the
ring-like spheres were formed.

4. Conclusions

In summary, three types of SFMEs (O/W, BC and W/O)
composed of TEOS, EtOH and H,0 were successfully fabri-
cated. The mesostructures of SFMEs, oil droplets, sponge-like
structure and water droplets, were confirmed by DLS and
negative-staining TEM methods. The MSCSs can only be
synthesized with the O/W type SFMEs, and there is a strong
relationship between the particle size of silica spheres and the
size of oil droplets. Larger MSCSs spheres could also be
synthesized by cooling the O/W type SEMEs in the early reaction
stages. Combining the thermodynamic metastable state and
new phase formation theory, we proposed a self-templating
growth mechanism to explain the formation of MSCSs. The
research is very helpful for both expanding the application of
the SFMEs and the controllable synthesis of MSCSs.
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