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TiO2/SiO2 nanospheres on glass
substrates via solution impregnation for
antifogging†

Fang Liu,a Jie Shen,b Wuyi Zhou,c Shiying Zhang*ab and Long Wan*a

Uniform TiO2/SiO2 nanospheres of 500 nm size were in situ fabricated on substrates by a facile soft

templating route. The morphologies of the nanospheres on the substrates, as well as the intermediates,

were evaluated by FESEM. During the synthesis, a micelle formation process transforming from rod-like

micelles to vesicles to lamellar phases was proposed, attributed to the electrostatic self-assembly

process of the oppositely charged cationic cetyltrimethyl-ammonium tosylate (CTATos) and anionic Si–

OH in the solution. The processed substrates are transparent and super-hydrophilic with good

antifogging properties. The homogeneous growth, firm substrate combination, and facile procedures are

significantly advantageous for the fabrication method and can be explored with other substrates such as

modified electrodes and nanoscale devices for diverse applications.
Introduction

Super-hydrophilic coatings, made of polymers or metal oxides,
have great potential for anti-fogging, self-cleaning, anti-fouling,
fog-harvesting and so on.1–9 The super-hydrophilicity can be
fabricated either by micro-/nano-scale structure or by high
surface concentrations of functional (e.g., hydroxyl) groups.10–17

Silica is one of the widely used super-hydrophilic materials with
superior transparency and anti-fogging performance due to the
high surface concentration of hydroxyl groups. Meanwhile, TiO2

is also widely used for antifogging as the thin sol–gel made
polycrystalline lms because of its UV-induced super-hydrophi-
licity.18 Combining the two metal oxides (SiO2 and TiO2), X. Li
reported raspberry-like SiO2–TiO2 nanoparticle antireective
coatings with superhydrophilicity, high transmittances and good
photocatalytic decomposition toward organics.19 Z. Wu et al. re-
ported porous SiO2/TiO2 Bragg stacks exhibiting potentially
useful superhydrophilicity and self-cleaning properties.20

Because of increasing demand of advanced materials with
high-tech applications, the development of ceramic nano-
particles has drawn signicant attention. Submicron silica
particles had been produced and widely used in scientic and
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industrial applications such as catalysis, electronic, thin lm
substrate, anti-fogging coating, humidity sensors, and
biomedical nanocarriers, because of the controllable size, good
monodispersity, favorable biological compatibility, and easy
surface modication, as the typical example in advanced
ceramic.21–23 Thus, the synthesis and surface modication of the
monodispersed and narrow-sized silica particles have been
successfully achieved by the sol–gel method, reverse micro-
emulsion, ame synthesis and so on.24–26

Among thesemethods, the sol–gel process is widely utilized for
the preparation of nanocomposites owing to its excellent control
of the particle size,monodispersion andwell-denedmorphology,
with the representative of the classical work by Stöber et al.27 Since
Grün et al. rst obtained the submicron MCM-41, the modied
Stöber method has been proposed.28 Based upon a Stöber-like
approach, the synthetic compositions can be modied by add-
ing the cationic surfactant into the existing reactants (tetraalkyl
silicates, alcohol, water and ammonia) to prepare the uniform
mesoporous silica nanoparticles.29–31 Because the phase of the
cationic surfactant can transform among spherical micelles,
cylindrical micelles and vesicles in the solution system as the so
template, the silica nanoparticles with various morphologies and
mesostructures, such as dual-mesoporous, core–shell and hollow
silica nanoparticles have been synthesized.32–36

Though the silica nanoparticles can be prepared and applied
exibly, the particle assembly on the substrate is still a real
problem. To solve this problem, in situ growth method without
the follow-up has been used extensively for graphene-like struc-
ture, thin lms, nanocrystals, metal particles and quantum dots,
owing to signicant advantages of the interfacial bonding
strength.37–42 However, in situ growth of nanospheres on the glass
substrates is scarcely reported. Herein, we proposed a facile
This journal is © The Royal Society of Chemistry 2017

http://crossmark.crossref.org/dialog/?doi=10.1039/c6ra27276b&domain=pdf&date_stamp=2017-03-11
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c6ra27276b
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA007026


Fig. 1 FESEM images of blank glass substrate (a), TEOS assembled
substrate (b), the un-heating SP48 (c), the un-heating TiO2/SiO2

nanospheres (d), the sample SP48 (e) and the TiO2/SiO2 nanospheres (f)
grown in situ on the glass substrate.
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strategy to synthesize TiO2/SiO2 nanospheres on the glass
substrates combining in situ growth and the modied Stöber
method. The prepared nanospheres with a diameter of �500 nm
were uniformly grown on the substrates, exhibiting a super-
hydrophilic property suitable for antifogging.

Experimental
Materials

In this study, all reagents were used directly without further
purication. Tetrabutyl orthotitanate (TBOT), tetraethyl ortho-
silicate (TEOS), acetyl acetone, n-butanol, nitric acid, ammonia
(28 wt%) and absolute ethyl alcohol were all A.R and provided
by Sinopharm Group Co. Ltd, China. The CTATos (cetyl-
trimethylammonium tosylate) used in the experiment were
purchased from Sigma Corporation of America. The glass slides
substrates were also obtained from Sinopharm Group Co. Ltd,
which should be washed by absolute ethyl alcohol and deion-
ized water alternately three times under ultrasonic processing
and then dried in an oven at 80 �C. Deionized water used all over
the experiment was self-made in the laboratory.

Synthetic procedures

In situ growth of SiO2 nanoparticles. The glass substrates
were dipped into the mixture of 25 mL TEOS, 3 mL acetyl acetone
and 22mL n-butanol for 5min to assemble the silica source. Then
the substrates were transformed into the oven dried to 120 �C for
2 h. Aer that, the substrates were immersed into a modied
Stöber solution containing 1.8 g CTATos, 34.56 g deionized water,
43.2 g absolute ethanol and 11.52 mL ammonia (28 wt%) for 6 h,
12 h, 24 h and 48 h respectively to in situ form the siloxane
particles on the substrates. Aer dried at 120 �C in the oven, the
samples were nally heated at 500 �C for 2 h to obtain the in situ
growing SiO2 on the substrates. Based on the immersing time, the
samples were named as SP6, SP12, SP24 and SP48 respectively.

Preparation of TiO2/SiO2 nanospheres on the substrate. The
TiO2/SiO2 nanospheres were prepared by coating titanium gel
on the 48 h immersed substrate (in situ with un-heating SP48)
and then heated once for 2 h at 500 �C. The titanium gel was
prepared via the typical sol–gel method involving 8.00 g TBOT,
1.21 g acetyl acetone, 65 g n-butanol, 0.3 mL nitric acid and 0.4 g
deionized water. The siloxane spheres were in situ formed
premeditatedly on the substrates as the above steps by 48 h
immersing. Aer dried at 120 �C in the oven, the titanium gel
was then dip-coated on the substrates. With a re-drying process,
the uniform TiO2/SiO2 nanospheres were nally synthesized on
the substrate aer heating at 500 �C for 2 h.

Characterization

The morphologies of the in situ growing particles on the
substrate were evaluated by eld emission scanning electron
microscopy (FESEM, JSM-6700F, SHIMADZU). The composition
of the TiO2/SiO2 nanospheres was detected by the Energy
Dispersive Spectrometer (EDS). Finally, the contact angles of the
membranes were measured by a JC2000D2 Tensiometer and
Contact Angle Meter.
This journal is © The Royal Society of Chemistry 2017
Results and discussion

The morphologies of the in situ growth samples were examined
by FESEM, as shown in Fig. 1. The images displayed that the
blank substrate was at and smooth, the simple TEOS assem-
bling making no much change, seen in Fig. 1a and b. As dis-
played in Fig. 1c, the spherical siloxane particles in situ grew on
the TEOS assembled substrate aer 48 h immersing in the
modied Stöber solution. As the red arrows indicated, most of
the siloxane spheres were imperfect and appeared the hollow
structure, due to the syneresis of the templates. In view of this,
we perceived that the cationic surfactant CTATos might form
a vesicles phase in the solution as the so template for the
hollow cavity.43,44 With coated by the prepared titanium gel, as
shown in Fig. 1d, the spherical siloxane particles were lled and
encapsulated to be the complete spheres. Aer a heat treatment
of 500 �C, the structure of the TiO2/SiO2 nanospheres were still
complete kept as exhibited in Fig. 1f, whereas the fragile
spherical silica particles were collapsed to be small protuber-
ances without the titanium coating, shown in Fig. 1e. The size
shrinkage of the TiO2/SiO2 nanospheres can be attributed to the
thermal condensation of silica and titanium.

To show the homogeneous growth of the TiO2/SiO2 nano-
spheres on the substrate, the macrograph of FESEM was
provided in Fig. 2a. The elemental analysis was also tested by
EDS (Fig. 2b) and the alveolate inner cavity of the nanospheres
was shown in the inset graph. From the EDS graph, the peaks of
Si, O and Ti introduced by the experiment were observed. The
other elements like Na, Mg, Al and Ca could be attributed to the
composition of the glass substrate. The element Pt was attrib-
uted to the metal spraying before the FESEM test.

The EDS analysis of the unheated TiO2/SiO2 nanospheres has
been provided in the ESI le as Fig. S1,† from which the distinct
peak of C was observed. Considering of the almost invisible
peak of C in the heated sample (Fig. 2b), it can be perceived that
the carbon in the system was almost completely removed.
What's more, the element distribution (Ti, Si and C) from EDS
mapping of the TiO2/SiO2 nanospheres before and aer the
calcination treatment has been provided in the ESI le as
Fig. S2.† As shown in Fig. S2,† the carbon element concentrated
in the cavity of the nanospheres before the calcination and
RSC Adv., 2017, 7, 15992–15996 | 15993
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Fig. 2 The macrograph (a), the EDS analysis (b) and the broken cavity
(inset) of the TiO2/SiO2 nanospheres.

Fig. 4 The in situ synthesis mechanism of TiO2/SiO2 nanospheres.
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disappeared aer the heat treatment. The result proved the
spherical multilamellar vesicle template structure forming the
lamellar phases in the immersing solution and the complete
removal of the template aer the calcination treatment.

To further investigate the in situ growing mechanism of the
silica particles in the immersing solution, the SiO2 samples with
different immersing time were observed using FESEM and the
results were shown in Fig. 3. The in situ growing processes of the
silica particles in the immersing solution were exhibited explic-
itly in Fig. 3a–d. At the initial 6 h, the scattered silica particles
dispersed on the substrate and some of them assembled the rod-
like nicks. Going through another 6 h, the silica particles
assembled as several circular holes which seemed like the surface
was engraved by spherical templates. Aer 24 h immersing, the
silica particles tended to grow upwards from the edge of the circle
and nally formed a bowl-like structure. Aer immersed for 48 h,
the particles grew to the complete spherical structure, combining
with Fig. 1c, and collapsed to be protuberances with heat treat-
ment. In addition, the average size of rod-like silica particles is at
the length of about 125 nm and diameter of 15 nm from the
heated sample SP6 (as seen in Fig. S3†). The size of the circular
holes is about 500 nm from the heated sample SP12 (Fig. 3b). The
size of the bowl-like structure is about 300 nm from the heated
sample SP24 (Fig. 3c). The size of the spherical structure is about
800 nm from the un-heating SP48 (Fig. 1c).
Fig. 3 FESEM images of the in situ growing SiO2 particles with
different immersing time. Based on the immersing time, the images of
SP6 (a), SP12 (b), SP24 (c) and SP48 (d) were shown respectively.

15994 | RSC Adv., 2017, 7, 15992–15996
Based on the incremental immersing FESEM images, the in situ
synthesis mechanism of the TiO2/SiO2 nanospheres was investi-
gated in Fig. 4. Due to the perceived point, the gradual micelle
formation was the critical step in the synthesis. Inspired by the
work of L. Han et al.,45 the single-tailed anionic surfactants and the
cationic silane producing lamellar phases to prepare the silica
nanospheres with diameter of 300 nm, the oppositely charged
cationic CTATos and anionic Si–OH might also form the vesicles
and lamellar phases in this experiment. At the initial 6 h, the
cationic CTATos was used as the template and several rod-like
micelles were formed in the immersing solution.46 With the
gradually hydrolyzing of the adhering silane, the increased anionic
Si–OH combined CTATos to form the vesicles at 12 h.47 As time
passed, the Si–OH aggregated and condensed along the cationic
vesicles, nally forming the lamellar phases by layer-by-layer
electrostatic self-assembly of Si–OH and CTATos in the immer-
sing solution and depositing on the substrate surface.48 The
hydrolyzed silane further condensed around the lamellar micelles,
and produced the hollow spherical organic silica structures on the
substrate aer immersing for 48 h.49 As the concentration of Si–
OH decreased with distance from the substrate, lots of spherical
silica structures were incomplete, and the vulnerable silica layers
collapsed easily aer heat treatment. The titanium gel was coated
before heat-treatment to keep the complete spherical structures,
and the gel might ll the hollow cavity partly (shown in the inset of
Fig. 2b) because of the high solubility of CTATos in gel solution.
Fig. 5 Contact angle of the blank substrate (a), substrate with SiO2

particles (b) and substrate with TiO2/SiO2 nanospheres (c); the anti-
fogging property of the samples (d); the wetting schematic diagram of
the in situ synthesis samples (e).

This journal is © The Royal Society of Chemistry 2017
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The wettability of the processed substrates was detected via
the contact angle test. As shown in Fig. 5a–c, the unprocessed
substrate possessed a contact angle (CA) of 48�, whereas a good
super-hydrophilicity was exhibited aer the in situmodication
(CA < 5�). Beneting from the super-hydrophilicity, the pro-
cessed substrates exhibited good antifogging properties, as
shown in Fig. 5d. The in situ synthesized SiO2 particles and
TiO2/SiO2 nanospheres distributed on the substrates to form
a rough topography as shown in Fig. 5e. In addition with the
hydrophilic chemical composition, the super-hydrophilic
surface was nally prepared.50

Conclusions

In this study, we have developed a facile so templating route
for in situ fabrication of TiO2/SiO2 nanospheres on the glass
substrates. During the solution impregnation in synthesis,
a micelles formation process transforming from rod-like
micelles to vesicles to lamellar phases was assumed based on
the incremental immersing FESEM images. The micelles
formation mechanism was investigated as the unique layer-by-
layer electrostatic self-assembly process of the oppositely
charged cationic CTATos and anionic Si–OHs in the solution.
The hydrolyzed silane nally condensed around the lamellar
micelles, affording spherical structures. The prepared TiO2/SiO2

nanospheres had a uniform dimension of �500 nm. The
homogeneous growth and rm substrate combination provides
signicant advantage for in situ fabrication compared to tradi-
tional nanopowder coatings. The processed substrates are
transparent and super-hydrophilic, possessing good antifog-
ging property. As the in situ fabrication can be achieved via
simple modied Stöber solution impregnation at room
temperature, the synthetic method can be easily explored to
other substrates such as modied electrode and nano-scale
devices, for diverse applications.
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