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esoporous SiO2/Bi2O3/TiO2

superhydrophilic thin films and their surface self-
cleaning properties†

Zhaogao Bai,a Yun Hu,*abc Shuqin Yan,a Wenjie Shana and Chaohai Weiab

Mesoporous SiO2/Bi2O3/TiO2 triple-layered thin films were prepared on glass slides using a simple sol–gel/

spin-coating method. For comparison, double-layered Bi2O3/TiO2 and mixed Bi2O3–TiO2 thin films were

prepared using the same method. The obtained samples were characterized by X-ray diffraction (XRD),

UV-vis spectrophotometry (UV-vis), scanning electron microscopy (SEM), X-ray photoelectron

spectroscopy (XPS) and contact angle measurements. Methyl orange was used as a model pollutant to

evaluate the photocatalytic properties of the thin films. The self-cleaning properties of the thin films

were investigated by tracking the photocatalytic removal of stearic acid. The mesoporous SiO2/Bi2O3/

TiO2 multi-layered thin films retained the mesoporous structure of SiO2, demonstrating

superhydrophilicity and antifogging ability even in the dark, as well as more efficient photocatalytic

behavior than double-layered Bi2O3/TiO2 and mixed Bi2O3–TiO2 thin films when illuminated with weak

UV light irradiation. Moreover, the thin films resisted both acidic and alkali corrosion of the type they

might encounter in the natural environment.
1. Introduction

Titanium dioxide (TiO2) is one of the best candidates for use in
photovoltaic and photocatalytic devices due to its chemical
stability, low cost, and non-toxicity.1 Ever since Wang rst re-
ported the superhydrophilicity (contact angle below 5�) of TiO2

thin lms, light-induced superhydrophilicity of solid surfaces
has attracted considerable interest.2 These lms on glass slides
have additional properties that make them attractive for use in
solar cells (i.e., they are self-cleaning and antifogging) and in
decontamination applications.3–5 A pure titanium lm can only
be activated under UV light, and photo-induced carriers are
easily eliminated by recombination which severely limits the
widespread application of such lms.6 Many efforts have been
made to overcome this problem. For example, TiO2 has been
modied by various strategies, such as coupling with a narrow
band gap semiconductor,7–9 doping with a metal or non-metal
ion,10–12 co-doping with two or more foreign ions,13–16 surface
sensitization by organic dyes or metal complexes,17–19 surface
uorination20,21 and noble metal deposition.22 These
hina University of Technology, Guangzhou

du.cn; Tel: +86-20-39380573

d Technology Research Center for

ncy Disposal, Guangzhou 510006, P. R.

Atmospheric Environment and Pollution

tion (ESI) available. See DOI:
modications have resulted in higher quantum efficiencies and
increased rates of the degradation of organic pollutants under
UV or solar light.

Semiconductor coupling is a particularly promising way of
improving the photocatalytic efficiency of TiO2. Coupling TiO2

with ametal sulde (e.g., PbS/TiO2 (ref. 23) and CdS/TiO2 (ref. 24
and 25)) or with a metal oxide semiconductor (e.g., Cu2O/TiO2,26

WO3/TiO2 (ref. 27) and ZnO/TiO2 (ref. 28)) has received signi-
cant attention in recent years. The photocatalytic activity of
these coupled semiconductors is higher than that of the single
semiconductor alone. This behavior has been ascribed to the
semiconductor–semiconductor heterojunction system, which is
benecial to maintaining charge separation and reducing the
limiting phenomenon of recombination.

Bi2O3 is ametal–oxide semiconductor with a narrow band gap,
more oxygen vacancies and strong oxidizing properties. It is one
of the most promising new catalysts.29 Wang et al. fabricated
a TiO2 lm which was modied with Bi2O3 in a microgrid array
using a microsphere lithography method.30 The coupled system
showed higher photocatalytic activity under xenon lamp irradia-
tion than pure TiO2 or Bi2O3 lms alone. The enhancement of
photocatalytic activity was ascribed to the special structure, which
improved the separation of photo-generated electrons and holes.
Xu et al. prepared the Bi2O3–TiO2 composite lms by a modied
sol–gel method, and the lm with Bi/Ti ratio of 1.25% showed
higher surface hydroxyl group density and higher photocatalytic
activity than pure TiO2 under solar irradiation.31 But the photo-
catalytic activity of the Bi2O3–TiO2 composite lms decreased if
the Bi2O3 exceeded the optimum percentage because at those
This journal is © The Royal Society of Chemistry 2017
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higher levels Bi2O3 becomes a recombination site of the charge
carriers. However, this problem is not observed in Bi2O3/TiO2

double-layered thin lms, due to the different interface locations
of Bi2O3 and TiO2 in such lms.

Surfaces possess wetting characteristics, such as super-
hydrophilicity or superhydrophobicity, which play an important
role in many practical applications of these materials. These
phenomena have already been applied to some self-cleaning
products, such as window glasses, automotive glasses, tiles,
mirrors and plastics. Zhang et al. reported that super-
hydrophilicity plays a signicant role in the self-cleaning
process.32 As a result, more researchers have been exploring
this phenomenon in recent years. In our previous study, we
synthesized mesoporous SiO2 thin lms which exhibit super-
hydrophilicity under dark condition.33 Thus, in order to enhance
the self-cleaning property of the thin lms, we synthesized mes-
oporous SiO2/Bi2O3/TiO2 triple-layered thinlms via a simple sol–
gel/spin-coating method. The mesoporous structure of the thin
lms and their optical, superhydrophilic and photocatalytic
properties were investigated. Also, stearic acid andmethyl orange
were used as the models to investigate the decontamination and
self-cleaning properties of the thin lms.
2. Experimental section
2.1. Materials

Tetraethyl orthosilicate (TEOS, AR) and tetrabutyl titanate (TBOT,
AR) were purchased from Tianjin Fu Chen chemical reagent
factory. Bismuth nitrate pentahydrate (Bi(NO3)3$5H2O, AR) was
bought from Sinopharm chemical reagent company. Acetyl
acetone (AA, AR) was supplied by Tianjin chemical reagent factory.
C12H25(OCH2CH2)4OH (BrijR30, AR) and Triton™ X-100 (OP, AR)
were obtained from Sigma-Aldrich. Polyethylene glycol 200 (PEG
200, AR) and acetone (Ac, AR) were bought from Guangzhou
chemical reagent factory. All reagents were analytical grade and
used without further purication.
2.2. Preparation of layered thin lms

Bi2O3/TiO2 double-layered thin lms. Commercial glass
plates were used as substrates aer being washed with ethanol,
sodium hydroxide solution (10 wt%) and distilled water, followed
dried at 100 �C for 3 h. The Bi2O3/TiO2 double-layered thin lms
were synthesized by the sol–gel/spin coating method. The
bottom-layer TiO2 lms were synthesized by sol–gel using TBOT
as the titanium source. Briey, 17 g of TBOT was added to 50 mL
of ethanol and stirred for 30 min at 30 �C, aer which 3.7 mL of
acetyl acetone was added. The solution was labeled as A. At the
same time, 0.045 mL of nitric acid, 3.6 mL of distilled water and
27.5 mL of ethanol were mixed and labeled as B. Then, B was
added dropwise into A with vigorous stirring for 2 h, resulting in
the formation of a transparent sol of TiO2, which was then aged
for 24 h. The molar ratio of above materials was:
TBOT : EtOH : AA : HNO3 : H2O ¼ 1 : 26.5 : 1 : 0.02 : 4. The sol
was dropped onto a glass substrate which was spinning at a rate
of 4000 rpm for 1 min, and then calcined to 550 �C for 5 h with
a heating rate of 1 �C min�1.
This journal is © The Royal Society of Chemistry 2017
Thin Bi2O3 lms were prepared with the sol–gel method.34

5 g of Bi(NO3)3$5H2O was dissolved in 4.2 mL of the nitric acid
solution B. 2 mL of PEG 200, 2 g of citric acid and 10 mL of
acetone were then added while 4 mL of OP was added as
a surfactant. The solution was stirring for 3 h, as a sol solution
formed. The Bi2O3/TiO2 double-layer thin lms were produced
by spin-coating the Bi2O3 sol on top of the bottom-layer TiO2

lms. The spin-coating step was repeated until the desired
coating times were obtained. Therefore the resulting Bi2O3/TiO2

thin lms were denoted as B(n)/T(n), n ¼ 1, 3, 6, where n is
coating times. All the thin lms were calcined to 550 �C for 3 h
at a heating rate of 1 �Cmin�1. For comparison, TiO2/Bi2O3 thin
lms denoted as T/B were produced by spin-coating the TiO2 sol
on top of the bottom-layer Bi2O3.

Three different mixed thin lms consisting of Bi2O3 and TiO2

were also prepared using varying proportions of the two mate-
rials. The resulting Bi2O3–TiO2 mixed thin lms were denoted
as x% B–T, where x ¼ 1, 3, 5.

Mesoporous SiO2/Bi2O3/TiO2 triple-layered thin lms. SiO2

sol was synthesized as reported previously.33 TEOS, EtOH and
BrijR30 were used as precursor, solvent and surfactant, respec-
tively. 10.4 g of TEOS and 18.25 mL of EtOH were mixed, aer
which 3.55 g of BrijR30 and 0.155mL of HCl were dropwise added
into the solution, respectively. A clear solution with the molar
ratio of TEOS : EtOH : BrijR30 : HCl ¼ 8.0 : 50 : 0.9 : 0.8 was ob-
tained aer stirring for 10 min at 30 �C. The SiO2 sol was spin-
coated on top of the Bi2O3/TiO2 double-layered thin lms. The
resulting thin lms were dried at 30 �C for 2 h and then calcined
to 450 �C for 5 h at a heating rate of 1 �C min�1. The resulting
SiO2/Bi2O3/TiO2 triple-layered thin lms were labeled as S/B/T.

2.3. Characterizations

The structures of the thin lms were studied by X-ray diffraction
(Bruker, D8) using Cu Ka (l ¼ 0.15406 nm). Optical transmission
measurements were performed on a UV-vis spectrophotometer
(Shimadzu, UV-2550). The binding energy was determined by X-
ray photoelectron spectroscopy (XPS) with Mg Ka radiation
(Axis Ultra DLD). The XPS peaks were calibrated with the C 1s
peaks derived from a surface-contaminating hydrocarbon that
had a binding energy of 284.4 eV. The morphologies of the lms
were characterized with scanning electron microscopy (SEM,
Hitachi S-4800, FE-SEM) and high-resolution transmission elec-
tron microscope (HR-TEM, JEOL JEM-2100F). Water contact
angles were obtained at room temperature using a commercial
contact angle meter (Dataphysics OCA 15 plus) which has an
accuracy of �1�. A droplet of water was placed on the surface of
the layered glass slide with a 1 ml micro-injector. Fourier trans-
form infrared (FT-IR) spectra were obtained using a Thermo
Nicolet 6700 with KBr disks containing the prepared samples.

2.4. Photocatalytic activity and self-cleaning measurements

Stearic acid and methyl orange were used as models to evaluate
the self-cleaning properties and photocatalytic activity of the
prepared samples. A methyl alcohol solution of stearic acid
(1.5� 10�3 mol L�1) was dropped onto the samples and dried at
80 �C for 2 h. The photocatalytic degradation of methyl orange
RSC Adv., 2017, 7, 1966–1974 | 1967
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was carried out in a vessel in which two samples (the total area
is 12.5 cm2) were placed in 100 mL of a 20 mg L�1 solution of
methyl orange. A 125 W high pressure mercury lamp with an
intensity of 1 mW cm�2 was used as a UV light source. The
wavelength range and main wavelength of light were 350–
450 nm and 365 nm, respectively. The changes in the charac-
teristic peaks of stearic acid were observed by FT-IR. The
changes in methyl orange concentration were determined
tracking changes in transmission at 464 nm.

To evaluate the stability of the samples in acidic or alkaline
solution, the SiO2/Bi2O3/TiO2 thin lms were immersed in
5% wt H2SO4 or NaOH solution at room temperature for 24 h,
followed by thorough washing with distilled water. The treated
thin lms were air-dried, stored in the dark at ambient condi-
tions until subjected to water contact angle, antifogging and
photocatalytic activity measurements.

3. Results and discussion
3.1. XRD analysis

The XRD patterns of prepared thin lms are shown in Fig. 1. All
samples exhibit a broad peak in the region of 2q ¼ 15–25�,
which corresponds to amorphous SiO2 from the glass slides. A
Fig. 1 XRD patterns of samples: (a) double-layered thin films, (b) mixed
layered thin films.

1968 | RSC Adv., 2017, 7, 1966–1974
weak diffraction peak in the region of 2q ¼ 25–26� can be
observed in Fig. 1a and c (TiO2, T/B), suggesting that the thin
lms possess the anatase TiO2 structure. For the patterns of
Bi2O3 and B/T, the strong diffraction peak about 29� is attrib-
uted to the tetragonal structure of b-Bi2O3; the other peaks are
ascribed to monoclinic of a-Bi2O3. These results show that the
prepared thin lms have both monoclinic and tetragonal
structures, which was consistent with previous reports in the
literature.34 As expected, no TiO2 diffraction peak was detected
in B/T nor Bi2O3 diffraction peak detected in T/B since the
bottom-layer thin lms were covered by the upper lms.

Fig. 1b shows the XRD the mixed thin lms of Bi2O3–TiO2.
There is a weak diffraction peak in the region of 2q ¼ 25–26� in
all lms, indicating that the addition of Bi2O3 did not destroy
the structure of TiO2. Fig. S1† shows the XPS spectra of Bi2O3–

TiO2 thin lms, illustrating that they both have TiO2 and Bi2O3,
which was consistent with this XRD pattern result. Fig. 1d is the
low angle XRD patterns, S/T exhibited a sharp diffraction peak
in the region of 2q ¼ 1.5–3�, indicating that S/T retained
a mesoporous structure of SiO2 thin lm, because the SiO2 lms
were on the surface of S/T thin lms. In contrast, in the XRD
patterns of TiO2 and Bi2O3 thin lms in the 2q ¼ 1.5–3� region,
there are no indications of peaks, suggesting that the
thin films, (c) triple-layered thin films; (d) small angle patterns of triple-

This journal is © The Royal Society of Chemistry 2017
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mesoporous structure did not exist in these two thin lm
surfaces. In the wide angle pattern (Fig. 1c), S/T and S/B/T show
a weak diffraction peak in the region of 2q ¼ 25–26�, which is
mostly ascribed to the formation of SiO2 thin lms on the
surface which impeded the detection of the TiO2.
3.2. Morphology

SEM and TEM images of the thin lms surfaces are presented in
Fig. 2. Nanoparticles were evenly distributed on all the thin
lms surfaces. However, when compared to the surface
morphology of TiO2 or Bi2O3, which appeared to have a smooth
surface, larger nanoparticles were observed on the rough
surface of T/B (Fig. S2†) and B/T. This observation can be
understood as the aggregation on T/B and B/T thin lms with
existing Bi2O3 and TiO2 nanoparticles that act as growth centers
for the formation of larger nanoparticles during the calcination
process, which was consistent with the XRD patterns. Fig. 2e
and f show the TEM image and cross-sectional SEM image of
the S/B/T thin lm. TEM image shows that the S/B/T thin lms
Fig. 2 SEM images of (a) TiO2 thin film, (b) Bi2O3 thin film, (c) B/T thin film
image of (f) S/B/T thin film.

This journal is © The Royal Society of Chemistry 2017
possessed highly ordered mesoporous structure, which was in
accordance with the presence of one-dimensional ordered
hexagonal mesostructure.35 The SEM image shows that the S/B/
T thin lm thickness was about 640 nm with no distinct
boundary between the layers.
3.3. Optical properties

Fig. 3a and S3† show the UV-vis transmittance spectra of the
lms. Compared with uncoated glass (92%), all coated samples
showed a decrease in transmission but still maintained a high
level. S/T, S/B, and S/B/T lms exhibited higher transmittance
than TiO2, Bi2O3 and B/T lms. It is mainly due to the decrease
of scattered index, which is attributed to the existence of mes-
oporous SiO2 on the surface. Fig. 3b shows the visual trans-
mission of the lms. Compared with TiO2, Bi2O3 and B/T, the
transmittance of S/B/T was greater and displayed no visual
chromatic effects. These results suggest that the introduction of
SiO2 layer can decrease the reection of light.
, (d) B–T thin film; TEM image of (e) S/B/T thin film; cross-sectional SEM

RSC Adv., 2017, 7, 1966–1974 | 1969
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3.4. Superhydrophilicity and antifogging property

Fig. 4a shows the water contact angles of prepared samples
when examined in the dark. The water contact angles of Bi2O3

and TiO2 thin lms are 118� and 29�, respectively, which
conrmed that single thin lms do not exhibit super-
hydrophilicity under dark conditions. As shown in Fig. S4,† the
thin lms without a mesoporous SiO2 layer also do not possess
superhydrophilicity under dark conditions. However, Fig. S5†
shows that under UV irradiation the water contact angles of thin
lms without a SiO2 layer became smaller, reaching a level less
than 5�, which is attributed to the generation of surface
hydroxide radicals. When the UV irradiation was turned off, the
contact angles increased and the superhydrophilicity was lost as
a result of the replacement of chemisorbed hydroxyl groups by
air oxygen.36 Fig. S5† also shows that B/T, T/B and B–T reached
to superhydrophilicity state under UV light sooner than either
Bi2O3 or TiO2 by itself, which is evidence of the more effective
separation of photo-generated electrons and holes in the
composite lms. Perhaps a more surprising result in Fig. 4a is
the observation that the water contact angles of S/T, S/B and S/B/
Fig. 3 (a) UV-vis transmittance spectra of the thin films; (b) photograph

1970 | RSC Adv., 2017, 7, 1966–1974
T thin lms that possess a mesoporous SiO2 surface layer
became 0� more rapidly even under dark condition. These data
show that these layered thin lms exhibit superhydrophilicity
even without the photoactivity associated with UV light.
According to the early theoretical work by Bico and Quere et al.,
the void fraction and surface roughness would signicantly
affect the wettability of a surface with water.37,38 Our previous
studies proved that a high level of wettability of SiO2 with the
mesoporous nature establishes ideal conditions for extreme
wetting behaviors.33 Therefore, the superhydrophilicity of S/T, S/
B and S/B/T may be due to the increases in the number of void
and pore or in the surface roughness, and all the increases
would lead to a larger contact area between the water droplet
and the surface coated mesoporous SiO2, thus improving the
hydrophilicity of the lms.39,40

The antifogging behavior of these samples was explored by
placing them in a freezer at�18 �C for 24 h, withdrawing them
into humid air at ambient conditions and examining them for
the presence of condensation (fog). Results are shown in the
photographs in Fig. 4b. Fog was clearly present on the
uncoated glass slide and the B/T thin lm, but the glass slide
s of the thin films.

This journal is © The Royal Society of Chemistry 2017

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c6ra26078k


Fig. 4 (a) The images of contact angles of a water droplet on thin films in the dark; (b) fogging behavior of (A) an uncoated glass slide, (B) a glass
coated with B/T thin film, (C) a glass slide coated with S/B/T thin film.

Fig. 5 Photocatalytic activity of thin films for degradation of methyl
orange under UV irradiation.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

2 
Ja

nu
ar

y 
20

17
. D

ow
nl

oa
de

d 
on

 8
/1

4/
20

24
 1

0:
20

:3
8 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
coated with S/B/T still retained favorable transparency, which
was due to the superhydrophilicity of the mesoporous SiO2

thin lm. These results show that the addition of the meso-
porous SiO2 layer on the surface of thin lms can increase
their hydrophilicity to the point of making them super-
hydrophilicy even in the absence of light, which is signicant
for self-cleaning materials.36
This journal is © The Royal Society of Chemistry 2017
3.5. Photocatalytic property of the thin lms

Photocatalytic degradation of methyl orange was carried out to
determine the photocatalytic properties of the prepared thin
lms that, as shown in Table S1† are inuenced by the number
of coating layers, with the photocatalytic efficiency increasing
and then decreasing with the increasing number of layers. The
B(3)/T(3) lm showed the highest activity, which can be
understood as follows: the porosity and roughness of the
membrane increased with the addition of more layers, which
resulted in an increase in the specic surface area of the lm,
allowing for enhanced of photodegradation. As the number of
layers increased further, the membrane became excessively
dense, resulting in the decrease of porosity and specic surface
area of the lm. As a result, the photocatalytic efficiency of the
thin lm decreased if the lm thickness increased beyond
a certain point. The photocatalytic efficiencies of the Bi2O3–TiO2

mixed lms with different bismuth contents are shown in
Fig. S6.† The concentration of methyl orange decreased with
increasing time of UV illumination. The 3% B–Tmixed thin lm
exhibited the highest activity. The addition of Bi2O3 could
improve the separation efficiency of photo-generated charges,
resulting in an enhancement of photocatalytic activity.
Increasing the doping of Bi2O3 further led to the formation of
new recombination centers for photo-generated electrons and
holes, resulting in a decrease in the photocatalytic efficiency.
The B/T layered lms performed better than the B–Tmixed lm,
RSC Adv., 2017, 7, 1966–1974 | 1971
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which is attributed to the different layer locations of Bi2O3 and
TiO2 in the B/T lms.

Fig. 5 shows the photodegradation efficiency for methyl
orange on the different thin lms, with and without the surface
mesoporous SiO2 layer. The removal rates of methyl orange on
S/B/T, B/T, TiO2 and Bi2O3 samples were 50.10%, 42.75%,
30.75% and 25.80%, respectively. S/B/T exhibited the highest
photocatalytic activity, which was improved 17.19%, 62.93%
and 94.19%, respectively, compared with B/T, TiO2 and Bi2O3.
The result indicated that the activity of the lms with meso-
porous SiO2 layer was higher than those of the lms without the
SiO2 layer. According to the literature reports,41–43 the addition
of SiO2 can be explained by providing a higher specic surface
and increasing the surface hydrophilicity, which can promote
the adsorption of methyl orange and increase the number of
hydroxyl content in the lms, with the consequence that
hydrophilicity and photocatalytic activity are increased during
UV irradiation thus enhances the self-cleaning effect. From the
results of the present work, it can be seen that the mesoporous
structure of SiO2 has some advantages below on improvement
of the photocatalytic activity. (1) It enhanced the super-
hydrophilicity of the lms, which was benecial for the
adsorption of water and the generation of hydroxyl radical
under UV irradiation. (2) It resulted in a high specic surface,
which enhanced the adsorption of the solution onto the lms.
(3) It reduced the reection of light and thereby increased the
availability of the light to induce photodegradation. These
results indicate that the mesoporous SiO2 layer not only
improved the superhydrophilicity of the lms in the dark but
also enhanced the photocatalytic activity of the lms.
Fig. 6 (a) The images of contact angels of (A) S/T, (B) S/B, (C) S/B/T coa
irradiation times; (c) FT-IR spectra of stearic acid on the S/B/T surface w

1972 | RSC Adv., 2017, 7, 1966–1974
3.6. Self-cleaning of the thin lm

Fig. 6a shows the photographs of water droplets on the S/B, S/T
and S/B/T lms aer coating with stearic acid. These lms have
lost their superhydrophilicity, with the water contact angle
moving to 52.6�, 54.6� and 55.6�, respectively. This behavior is
likely a result of the formation of hydroxyl groups and the fact
that the lms were covered by the hydrophobic stearic acid.
Nevertheless, the lms recovered the superhydrophilicity gradu-
ally under UV light irradiation. As shown in Fig. 6b, aer UV
irradiation, the water contact angle of lms coated with stearic
acid decreased with the increase in the irradiation time. Finally,
the contact angle of S/B, S/T and S/B/T thin lms returned to
0� aer 300, 240 and 180 min of irradiation, respectively. These
data suggest that the prepared thin lms could have a useful self-
cleaning property in natural sunlight. In this regard, it is
important to note that the S/B/T lms performed with the highest
efficiency when compared to S/B and S/T, FT-IR was used to
conrm that the stearic acid was removed completely. Fig. 6c
shows the FT-IR spectra of stearic acid on the lms surface aer
different periods of UV light irradiation. Peaks at 2850 and 2925
cm�1 are the –CH2 stretching vibrations characteristic of stearic
acid.44 These peaks became weaker as the UV irradiation time
increased, disappearing completely aer 3 h, signaling that the
stearic acid was gone. These results are consistent with the water
contact angle results. In summary, the results of the degradation
studies of stearic acid and methyl orange show that S/B/T thin
lms display signicant photocatalytic activity and super-
hydrophilicity, which suggest that those lms possess signicant
self-cleaning and antifogging properties.
ted with stearic acid; (b) contact angle of the thin films with different
ith different time under UV light irradiation.

This journal is © The Royal Society of Chemistry 2017
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Fig. 7 Acid resistance test of the S/B/T thin film: (a) fogging behavior of uncoated glass slide (left) and S/BT thin film (right); (b) the images of
contact angles of a water droplet on S/B/T thin film in the dark; (c) degradation of methyl orange after the S/B/T was treatedwith 5%wt H2SO4 for
24 h; (d) degradation of methyl orange after the S/B/T was treated with 5% wt NaOH for 24 h.
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3.7. Resistance of the lm to acid or alkali attack

Because of the emergence of environment pollution problems,
such as acid rain, the stability of self-cleaning materials under
acidic or alkaline condition is an important consideration.
Therefore, the S/B/T lms were immersed in 5% wt H2SO4 or
5% wt NaOH solution at room temperature for 24 h, followed by
thorough washing with distilled water and air-drying. Fig. 7a
and b are photographs of antifogging test and water contact
angle of the S/B/T thin lm aer immersion in 5 wt% H2SO4

solution for 24 h. The results show that the superhydrophilicity
and antifogging properties of the S/B/T lm were not signi-
cantly affected by the acidic solution. Moreover, the photo-
catalytic activities of the lms were unimpaired aer the H2SO4

or NaOH treatment (Fig. 7c and d), indicating that the S/B/T lm
is stable under acidic or alkaline exposure.
4. Conclusions

Mesoporous SiO2/Bi2O3/TiO2 triple-layered thin lms were
prepared using a simple sol–gel/spin-coating method. These
lms possessed high transmittance and an ordered meso-
porous structure that reduced the light reection and increased
the transmittance. The thin lms possessed superhydrophilicity
even in absence of light, as well as a signicant antifogging
ability. The study of the degradation of methyl orange and
stearic acid demonstrated that the photocatalytic efficiency of
mesoporous SiO2/Bi2O3/TiO2 thin lms was higher than that of
Bi2O3/TiO2 thin lms, owing to the increased light utilization
and greater adsorption of pollutants in the presence of the
mesoporous surface. The mesoporous SiO2/Bi2O3/TiO2 thin
lms were resistant to acidic or alkaline exposure which
This journal is © The Royal Society of Chemistry 2017
projects its ruggedness under today's environmental condi-
tions. Based upon the superhydrophilicity and photocatalytic
activity, mesoporous SiO2/Bi2O3/TiO2 thin lms hold promise
for use as antifogging lms in the dark or on rainy days which
can be a self-cleaning material when exposed to weak UV light
irradiation. Therefore, self-cleaning materials possess potential
value in the application for environmental pollutants control
and development of new cleaning methods.
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