
The preparation of superhydrophobic photocatalytic
fluorosilicone/SiO2–TiO2 coating and its self-cleaning
performance

Lijun Zong , Yaping Wu, Xingeng Li, Bo Jiang

Received: 26 May 2020 /Revised: 8 February 2021 /Accepted: 15 February 2021
� American Coatings Association 2021

Abstract In this study, superhydrophobic photocat-
alytic fluorosilicone/SiO2–TiO2 (FSi/SiO2–TiO2) coat-
ings were prepared. Evolutions of wettability and
photocatalytic activities were explored by exposing
a series of samples to UV irradiation and the outdoor
environment. Their practical self-cleaning perfor-
mances were also compared. The UV-irradiation test
was carried out in an ultraviolet aging test chamber.
Wetting properties, including water contact angles and
sliding angles, were measured using a contact angle
meter. A UV spectrophotometer was employed to
detect and evaluate the coatings’ photocatalytic prop-
erties. Moreover, morphologies and surface roughness
values were tested through field emission scanning
electron microscope and optical profilometer, respec-
tively. It is shown from experimental results that the
coating series with more TiO2 addition amounts
transform from superhydrophobic to superhydrophilic
in a shorter time. The coating with a more durable
superhydrophobicity can maintain its initial wettability,
while its photocatalytic property is superior to that of a
hydrophobic coating. Mechanisms were put forward
through analyzing the coating microstructures. It is
considered that the superhydrophobic coating with a
Cassie–Baxter surface structure shows a better photo-
catalysis. Besides, it has been confirmed that the
practical self-cleaning performance of the prepared
superhydrophobic photocatalytic FSi/5TiO2–32SiO2

coating is better in comparison with superhydrophobic
FSi/SiO2 and photoinduced superhydrophilic FSi/
5TiO2–28SiO2 coatings.

Keywords Photocatalytic activity, Superhydrophobic,
Self-cleaning, TiO2, Fluorosilicone resin

Introduction

Self-cleaning properties are usually used to evaluate the
abilities of a surface to remain clean. Pollutants could fall
off or be degradedwith external forces such as wind, light
and rainfall. It is known that self-cleaning performances
can be achieved through either superhydrophobicity or
superhydrophilicity.1–4 It is well known that a superhy-
drophobic surface has a water contact angle more than
150� and a sliding angle less than 10�. During the last
decades, studies and research on superhydrophobic
surfaces have emerged endlessly.5–7 Inspired by lotus
leaves, all kinds of artificial superhydrophobic surfaces
are fabricated by low surface energy components with a
hierarchical roughness. Practical applications of super-
hydrophobic surfaces have been deeply investigated,
especially for efficient self-cleaning applications.8–11Real
contact areabetweena waterdropanda superhydropho-
bic surface is significantly reduced due to the air
entrapped in its hierarchical micro/nanostructure.12

Water on superhydrophobic surfaces seems to be lifted
by small air bags, and thus, droplets can easily roll off the
surface.Dust particles or pollutants can be taken away by
the rolling downofwater droplets.13,14Dry powders were
generally employed as contaminants to test the self-
cleaning property, such as graphite powder,15,16 charcoal
powder,17 heavy iron powder,18 and even black pepper
powder.19 Artificial dirty solutions were also studied by
some researchers.20 However, the pollutants in nature
appearwithvarious characteristics.Most superhydropho-
bic surfaces are usually oleophilic and apt to be contam-
inated by organic pollutants. Although a
superamphiphobic surface could help repel organic
pollution, its application is limited owing to complicated
and expensive processes.21,22 Nevertheless, the organic
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pollutants can be chemically decomposed through
a ‘‘photocatalysis’’ process,which provides analternative
method of self-cleaning.23

Photocatalytic activity is one promising technology
to achieve self-cleaning effect through which organic
contamination can be decomposed.25,26 It is well
known that TiO2 has been intensively investigated
due to its high stability, nontoxicity, low cost and
efficient photocatalytic activity.27–29 TiO2 with a band-
gap energy of 3.2 eV can absorb UV light. Upon UV
light exposure, a positive electron hole (h+) is gener-
ated in the valence band when a photoexcited electron
(e�) hops from valence band to conduction band.
Redox reactions are carried out on the electrons and
holes with oxygen and water, and thus, radicals, such as
superoxide ion and hydroxyl radical, are formed. The
organic pollutants can be decomposed into CO2 and
H2O by these reactive oxygen species (ROS), which is
favorable to surface self-cleaning effect.

It is novel to introduce TiO2 properties into superhy-
drophobic surfaces to enhance self-cleaning effects.
Research on TiO2 films with superhydrophobicity is
mainly divided into two typical fields. One study is
concentrated on the reversible wettability switching
between superhydrophobicity and superhydrophilicity.
Ever since the photoinduced wettability change on TiO2

surfaces was first discovered,4 relevant studies have paid
more attention to the wettability switching of TiO2

surfaces.34–36 In addition, some research focuses on
fabrication of the superhydrophobic materials with
photocatalytic activity.37–39 Although it is still a chal-
lenging task to incorporate TiO2 particles into a super-
hydrophobic surface, more and more achievements on
superhydrophobic and photocatalytic surfaces have
been attained. Kamegawa et al. prepared a TiO2–
PTFE/Ti composite coating with durable superhy-
drophobicity by RF-MS technique, and the superhy-
drophobic state could be restored even after cycles of
oleic acid adhesion under UV irradiation.40 Park et al.
investigated the dual functionality of superhydropho-
bicity andphotocatalysis on the filmcontainingTiO2 and
PDMS-coated SiO2 nanoparticles. It was found that
when the ratio of PDMS-coated SiO2 and TiO2 was 7:3,
the film exhibited UV-induced photocatalytic activity
and stable superhydrophobicity with a water contact
angle of 165�.41 Ratova and coworkers deposited super-
hydrophobic photocatalytic PTFE–TiO2 composite by
reactive pDC magnetron sputtering. The deposited
coating with the highest static contact angle (CA) of
152� (± 2�) showed better photocatalytic activity com-
pared to titania samples.42 The surfaces reported inmost
studies usually exhibited a reversible wetting transition.
However, Zhao et al. obtained stable Cassie state
superhydrophobic surfaces by embeddingTiO2 particles
into printed PDMS arrays. The presented novel method
ensured a high catalyst rate and stable superhydropho-
bicity.43 Obviously, fabrication methods mentioned
above are either complicated or expensive. Although
the research on self-cleaning surfaces combining super-
hydrophobicity with photocatalysis are creative, the

fabrication methods restricting the practical application
need to be further optimized. The ‘‘one-pot’’ prepara-
tion and spraying method for fabricating superhy-
drophobic coatings is worth trying. Professor Zhou and
his team have fabricated a long-term superhydrophobic
coating by blending PMSF with TiO2 nanoparticles.44

After UV irradiation, the contact angle of a polluted
coating surface recovered from 62.5� to the superhy-
drophobic state. The preparation process of superhy-
drophobic coating with photocatalytic properties should
be further investigated by a simple blending method. In
addition, the self-cleaning performance of a superhy-
drophobic photocatalytic surface should be evaluated
with a more original approach.

In our previous study, superhydrophobic FSi/SiO2

coating has been successfully fabricated by a one-step
blending method, which showed a self-cleaning char-
acteristic due to superhydrophobicity.45 In order to
improve the self-cleaning performances of superhy-
drophobic surfaces by introducing photocatalysis, pho-
tocatalytic TiO2 particles are introduced into the
coating system in this work. Effects of TiO2 amounts
on the coating wettability changes with the UV
irradiation, and outdoor exposure times are investi-
gated, respectively. Effects of initial hydrophobicity on
the coating wettability changes are also discussed. In
addition, the degradation rates of methylene blue are
used to evaluate the UV-driven photocatalytic activity.
Finally, self-cleaning properties of the prepared super-
hydrophobic photocatalytic FSi/SiO2–TiO2 coating
surface are studied using natural contamination
depositing method by sample exposure.

Experimental section

Materials

Fluorosilicone resin (FSi, more than 26% fluoride
content) with curing agent was obtained by Dongfu
Chemical Technology Co., Ltd. TiO2 nanoparticles
were received from Evonik (Degussa P25), and SiO2

particles with an average size of 4 lm were from
Shouguang Hengtai Company (T604). The 1H, 1H, 2H,
2H-perfluorooctyltriethoxysilane (97%, FAS13) was
provided by Aladdin. Deionized water was self-made
in our own laboratory. Anhydrous ethanol (EtOH),
acetic acid (HAc), butyl acetate, ethyl acetate and
methylene blue were purchased from Sinopharm
Chemical Reagent Co., Ltd. All the reagents were
analytical grade and used as received without any
further purification.

Sample preparation

(1) The modification of SiO2 and TiO2 particles
First, 0.5 mL of HAc as a catalyst was added into
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a mixed solvent of 1 mL deionized water and 9 mL
EtOH.Then, 1mLFAS13was addeddropwise into
the mixed solvent, and FAS hydrolysate was
produced by stirring the mixture for 60 min. Then,
homogenous SiO2 suspension liquid was obtained
by shearing 5 g of SiO2 particles dispersed in 20 g of
EtOH. At last, the FAS hydrolysate was added into
the SiO2 suspension liquid and continuous stirring
was performed for 6 h. The obtained solution was
cleaned with EtOH by centrifugation for three
times anddried at 90�C.Consequently, themodified
SiO2 particles were prepared. The modification
process of TiO2 nanoparticles was the same as that
of SiO2.

(2) The preparation of superhydrophobic coating
with photocatalytic activtiy First, 3 g of SiO2 and
varying amounts of TiO2 nanoparticles (0.15 g, 0.3
g, 0.5 g, 0.75 g) were dispersed in mixed solvent of
ethyl acetate (12 g) and butyl acetate (10 g) by
ultrasonic dispersion for 15 min. Ten grams of
fluorosilicone resin was then added to this sus-
pension solution with mechanical stirring for 1 h.
Thus, coating component A was in preparation.
Subsequently, the coating was obtained by mixing
and stirring 1.25 g of curing agent with the
component A for 5 min. The coating suspension
was sprayed onto a glass substrate with 0.3 MPa
compressed air flow using a spray gun (Anest
Iwata W-71). Distance between the spray gun and
the substrate was about 25 cm. Finally, the
coating was cured at ambient temperature for
over 24 h. The samples in this experiment group
were marked as FSi/30SiO2–xTiO2 coatings
(x = 1.5, 3, 5, 7.5). In the other experiment group,
0.5 g of TiO2 and varying amounts of SiO2

particles (2 g, 2.4 g, 2.8 g, 3.2 g) were dispersed
in the first stage, and coating samples were
prepared in the same way as the FSi/30SiO2–
xTiO2 coatings. Similarly, the coating samples
were assigned to be FSi/5TiO2–xSiO2 (x = 20, 24,
28, 32).

Sample characterization

Filler compositions were determined by X-ray diffrac-
tometer (XRD, X’Pert Pro X, PANalytical B.V.).
Fourier transform infrared spectrophotometer (FTIR,
Magna-IR 560, Nicolet) was used to confirm types of
chemical bonds. In order to evaluate the coating
hydrophobicity and its variation during UV irradiation
and outdoor exposure, water contact angles (WCA)
were measured on a contact angle instrument (JCY-4,
China) by sessile-drop method. Sliding angles (SA)
were tested when necessary. The WCA values were
measured using 4 lL water, and the SA values were
measured with a droplet volume of 10 lL. The
obtained value was an average of five measurements
at different positions for each sample.

A UV-irradiation test was carried out in an ultraviolet
aging test chamber (UV-290, China). The ultraviolet
lamp (UVA-340, ATLAS, USA) could be used to
simulate the UV light with a wavelength ranging from
280 to 400 nm. Glass plates (10 cm 9 8 cm) coated with
the prepared coatings were placed into a UV aging test
chamber. Distance between ultraviolet lamp and coating
surface was set as 10 cm. In outdoor exposure test, the
same batch of glass plates was placed horizontally on a
specially made shelf. WCA and SA values were detected
with prolonged UV irradiation and outdoor exposure
time.

The coating photocatalytic properties were evaluated
by methylene blue (MB) degradation test under a
radiation intensity of 1 W/m2. Glass plates coated with
films (50 mm 9 15mm 9 0.1 mm) were immersed into a
20 mL sample vial full of MB solution (5 mg/L).
Photocatalytic degradation of MB was investigated by
measuring MB concentrations, which can be calculated
from MB absorption spectra at kmax 664 nm detected
using a UV spectrophotometer (Evolution 201, Thermo
Fisher). In addition, phenol, a typical organic pollutant,
was chosen to test the photocatalytic activity of our
prepared superhydrophobic photocatalytic FSi/5TiO2–
32SiO2 coating. The whole degradation test on the phe-
nol solution (10 mg/L) was performed with the same
process as for MB degradation test. Concentrations of
phenol solution were tested at certain times, and the
corresponding removal efficiencies were calculated.

Results and discussion

Effects of TiO2 addition amount on the wettability
change

In order to overcome the vulnerability of superhy-
drophobic FSi/SiO2 surfaces being easily contaminated
by oil, photocatalytic TiO2 particles were introduced
into the superhydrophobic coating system. The SiO2

addition amount was kept at a constant of 30%, while
TiO2 doping contents were adjusted from 1.5 to 7.5%.
Elemental composition and types of chemical bonds of
the FSi/30SiO2–xTiO2 coating series were confirmed
by XRD and FTIR spectra, respectively. Figure 1
shows XRD patterns and FTIR spectra of FSi/SiO2

coatings with different TiO2 doping contents. It can be
seen from Fig. 1a that diffraction peaks of anatase
TiO2 and rutile TiO2 are observed in the XRD patterns
of FSi/30SiO2–xTiO2 coatings. The diffraction peaks of
TiO2 crystals are stronger with increasing TiO2 addi-
tion ratio. A noncrystalline diffraction peak appears
between 16� and 24�, which is recognized as amorphous
silica. The SiO2 structure does not change during
the modification and dispersion process. Typical chem-
ical bonds can be distinguished from the FTIR spectra
of the coating samples presented in Fig. 1b. The
infrared absorption bands at about 2940 cm�1, 1464
cm�1 and 1374 cm�1 in the spectra are ascribed to
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stretching and deformation vibrations of C–H groups.
There are C=O peaks at the wavenumbers 1748 cm�1

and 1212 cm�1. The stretching vibrations of C=C bond
are observed at 1688 cm�1. An infrared absorption
peak at about 1179 cm�1 is attributed to the C–F bond.
In addition, the FTIR bands at about 1080 cm�1 and
799 cm�1 are the antisymmetrical and symmetrical
stretch vibration absorption spectra of Si–O–Si, respec-
tively. The absorption peaks discussed above show
inherent chemical bonds of FSi resin. The absorption
peak at 1537 cm�1 is characterized as NH–CO bond in
the cured resin.

The initial wettability states of FSi/SiO2 coatings with
different TiO2 doping contents are shown in Fig. 2. It can
be seen that all the WCA values of prepared coatings
exceed 150� and the SA values are less than 10�, which
means that all the prepared FSi/30SiO2–xTiO2 belong to
the superhydrophobic coating system. Moreover, the
WCA values show a slight decreasing tendency with

increasing TiO2 addition. Although the sliding angle of
FSi/30SiO2–7.5TiO2 coating reaches a relative maximum
value, the coating still presents good superhydrophobic-
ity. It can be concluded that the coating superhydropho-
bicity is not notably impaired by the addition of TiO2

particles.
The wettability changes of FSi/SiO2 superhydropho-

bic coating with different TiO2 addition amounts were
explored under UV irradiation and outdoor exposure.
Figure 3 shows the effects of TiO2 addition amounts on
the WCA and SA changes under UV irradiation and
outdoor exposure. FromFig. 3a, it can be seen obviously
that the WCA values of FSi/30SiO2–xTiO2 coatings are
relatively stable in the early stage of UV irradiation.
There is no significant change ofWCA values during the
first 150 h. Downward trends of WCA values are
observed after 152 h for the coatings with 3%, 5% and
7.5% of TiO2 addition amounts, but different decrease
rates are shown. AWCA value of 0� is first detected on
FSi/30SiO2–7.5TiO2 coating after 176 h of UV irradia-
tion. Similarly, the coatings with 3% and 5% TiO2

addition amounts also present superhydrophilicity with
a WCA value of 0� at the 190th hour. Although the
added TiO2 quantity is low, the WCA value of FSi/
30SiO2–1.5TiO2 coating starts to decrease from the
190th hour. It is worth noting that all the SA values
increase sharply within 40 h, as shown in Fig. 3b. The SA
value of coating sample with 7.5% TiO2 increases to 45�
within 10 h. The SA of sample with 3% TiO2 increases
linearly and almost reaches 30� in 20 h. The SA values of
coatings with dosages of 1.5% and 5% change slowly
during 30 h and increase sharply in the following 10 h. It
is found that the WCA and SA values of outdoor
samples display quite similar changing trends as that
under UV irradiation, as seen from Figs. 3c and 3d.
Although all the outdoor coatings would eventually turn
into superhydrophilic, the time points when WCA
values begin to decrease are more advanced. Further-
more, the SA values of FSi/30SiO2–7.5TiO2 coating
increase more sharply and the corresponding superhy-
drophilic coating can be obtained in a shorter time.
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Fig. 1: XRD patterns and FTIR spectra of FSi/SiO2 coatings
with different TiO2 doping contents: (a) XRD patterns; (b)
FTIR spectra.
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Fig. 2: The initial wettability states of FSi/SiO2 coatings
with different TiO2 doping contents.
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There is no doubt that TiO2 plays a key role in the
surface characteristics for wettability change. It has
been revealed that the photoinduced hydrophilicity of
TiO2 films originates from its peculiar surface
microstructure. The formation of Ti-OH groups is
promoted during the irradiation process according to
semiconductor energy band theory, which could sig-
nificantly enhance the absorption of water molecules.46

Therefore, the coating surfaces would transform from
superhydrophobic to superhydrophilic. With an in-
creased TiO2 portion, the superhydrophobic nature of
the coating surface could only be maintained for a
shorter time. Compared with the UV-irradiation
group, the WCA values of coating samples under
outdoor exposure decrease more quickly due to higher
humidity in the outdoor environment. A significant
decrease of WCA values for outdoor exposure coatings
has been detected at about the 96th hour, which can be
attributed to the higher humidity on a rainy day. The
TiO2 addition could be favorable for not only intro-
ducing the photocatalyst effect but also for construct-
ing the superhydrophobic structure. TiO2 particles with
the addition proportion of 5% tend to have an
influence on the coating microstructure. It can be
found that the primary SA value of FSi/30SiO2–5TiO2

coating is less than that with 3% TiO2, and the SA
value of FSi/30SiO2–5TiO2 coating would change later
under UV and outdoor exposure.

Effects of SiO2 addition amount on the wettability
change

According to the above results, it could be concluded
that the coating superhydrophobicity would be lost
even if the TiO2 addition proportion is as low as 1.5%.
Therefore, the effect of the initial hydrophobicity on
the coating wettability change should be investigated.
As is known, a superhydrophobic surface is able to be
obtained by low surface energy film and a structure
with hierarchical roughness. SiO2 nanoparticles were
successfully used to construct superhydrophobic sur-
faces in many studies.47,48 Thus, SiO2 particles were
employed to adjust the initial hydrophobicity of the
coatings in this study. SiO2 doping ratios were adjusted
from 20 to 32%, and TiO2 addition ratio was kept at a
constant of 5%. Elemental composition and types of
chemical bonds of FSi/5TiO2–xSiO2 coating series
were confirmed by XRD and FTIR spectra, respec-
tively. Figure 4 shows the XRD patterns and FTIR
spectra of FSi/TiO2 coatings with different SiO2 doping
contents. It can be seen that the elemental position and
chemical bonds of FSi/5TiO2–xSiO2 coatings are sim-
ilar to those of FSi/30SiO2–xTiO2 samples. The diffrac-
tion peak intensities of TiO2 among FSi/5TiO2–xSiO2

coatings are close to each other due to the same filler
amounts.

The initial wettability states of FSi/TiO2 coating
with different SiO2 doping contents are shown in Fig. 5.
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Clearly, the coating hydrophobicity is gradually im-
proved with increasing SiO2 contents, presented as
increasing WCA values and decreasing SA values.
Furthermore, more detailed information can be ob-
served in Fig. 5. The coating with 20% SiO2 shows a
WCA value of 122.38� and an SA value larger than
180�, while the WCA value of the FSi/5TiO2–24SiO2

coating exceeds 150� and its SA is measured as 34�.
The WCA and SA values of the FSi/5TiO2–28SiO2

coating are detected as 154.92� and 6�, respectively,
and the FSi/5TiO2–32SiO2 coating possesses a WCA
value of 158.37� and SA value of 3�. Although the
superhydrophobicity can be obtained on the coating
with both 28% and 32% of SiO2 addition, a larger
WCA value and a smaller SA value are shown for the
FSi/5TiO2–32SiO2 coating.

As mentioned above, the wettability changes of FSi/
TiO2 coating with different SiO2 addition amounts
should also be explored under UV irradiation and
outdoor exposure. Figure 6 shows the effects of SiO2

addition ratios on WCA and SA evolution under UV
irradiation and outdoor exposure. There is quite a
difference concerning the time when WCA begins to
decrease for coating samples with different SiO2

addition ratios, as seen from Fig. 6a, which must be
determined by their initial hydrophobicity. The main-
taining time of initial WCA values is first shortened
and then prolonged with increasing SiO2 addition
ratios. The WCA value of FSi/5TiO2–20SiO2 coating
sample begins to decrease obviously at about the 176th
hour and then falls gradually to 0�. By contrast, the FSi/
5TiO2–24SiO2 coating can hold its initial WCA value
for only 48 h. It changes to a superhydrophilic coating
with a 0� WCA value at the 80th hour. In addition, the
WCA value of FSi/5TiO2–28SiO2 coating has no
obvious change within 104 h and then begins to
decrease to 0�. However, the FSi/5TiO2–32SiO2 coat-
ing can unexpectedly maintain a stable WCA value
above 150� for 214 h or even longer. The SA values of
FSi/5TiO2–32SiO2 are kept below 10� during this
period, shown in Fig. 6b. It could also be seen from
Fig. 6b that the SA of FSi/TiO2 coatings with 24% and
28% of SiO2 addition ratios increase to values larger
than 180� during 12 h. Compared with the coating
samples under UV irradiation, the wettability changes
under outdoor exposure display a similar behavior, as
shown in Figs. 6c and 6d. Generally, the FSi/5TiO2–
20SiO2 coating holds a stable WCA value for a
relatively longer time, and the SA values of FSi/
5TiO2–24SiO2 and FSi/5TiO2–28SiO2 coatings increase
significantly in daytime, and both transform to super-
hydrophilic coatings within 100 h. The FSi/5TiO2–
32SiO2 coating exhibits an excellent superhydropho-
bicity stability under outdoor exposure. It keeps
nonwetting even on a rainy day at the 94th hour.

Based on the above results, the durability of
a superhydrophobic FSi/TiO2 coating may not be
affected by photocatalytic and superhydrophilic char-
acteristics of TiO2. However, it is necessary to con-
struct an excellent superhydrophobic state, just like the
prepared FSi/5TiO2–32SiO2 coating. The coating can
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transform to superhydrophilic more easily due to poor
initial superhydrophobicity, such as the prepared FSi/
5TiO2–24SiO2 coating. It indeed needs more time to
weaken the superhydrophobicity of coatings with good
initial superhydrophobicity. However, a superhy-
drophilic surface is easily obtained once the WCA
value begins to decrease, such as the prepared FSi/
5TiO2–28SiO2 and FSi/30SiO2–xTiO2 coatings.

Photocatalytic degradation performances

In order to confirm and compare photocatalytic per-
formances of the prepared coatings, degradation of
methylene blue (MB) diluted in water was investigated
under UV light irradiation. The concentrations of MB
solution degraded after UV irradiation were detected,
and UV–Vis spectra of MB adsorbed were compared.
Figure 7 shows the photocatalytic degradation perfor-
mances of FSi/SiO2 coatings with different TiO2

addition ratios, and the corresponding inset fig-
ures show the decolorization of MB solution visually.
From the spectra and pictures, we can see that all the
MB solutions have been degraded by four coating
samples with different TiO2 amounts. However, there
is a significant difference among degradation efficien-
cies of the four coatings. The degradation performance
of FSi/30SiO2–3TiO2 coating is not obviously better
than that of FSi/30SiO2–1.5TiO2 coating, while there is

an obvious increase of degradation rate as the TiO2

addition ratio reaches 5%. The degradation efficiency
of FSi/30SiO2–7.5TiO2 coating is further promoted,
compared with the FSi/30SiO2–5TiO2 coating. There-
fore, the degradation rate can be improved by increas-
ing TiO2 addition ratio.

Combined with the wettability changes of FSi/
30SiO2–xTiO2 coatings discussed above, it could be
concluded that there is an evident correlation between
photocatalysis and wettability variation. The changing
trend of coating photocatalysis is consistent with its
wettability variation, and they are both closely related
to TiO2 amount. As for coatings with similar superhy-
drophobicity, the superhydrophilicity would be ob-
tained much faster and more easily with increasing
TiO2 amount after outdoor or UV exposure. Simulta-
neously, the photocatalytic performances would be
enhanced with more TiO2 addition amount.

The photocatalytic performances of coatings with
different initial wettability characteristics are worth
researching. The photocatalytic degradation perfor-
mances of FSi/TiO2 coatings with different SiO2

addition ratios are shown in Fig. 8. The decolorization
states of MB solution are also provided directly as inset
pictures. It can be seen from Fig. 8 that coating samples
with different initial wettability states have significantly
different degradation performances even when the
TiO2 amount is the same. Interestingly, the degrada-
tion rates could also be enhanced with increasing SiO2
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addition ratio. In addition, the degradation perfor-
mance of the coating with 20% SiO2 is very poor. The
degradation rate is promoted when the SiO2 addition
ratio is increased to 24%. There is merely a small
difference in the photocatalytic performances between
FSi/5TiO2–24SiO2 and FSi/5TiO2–28SiO2 coatings.
Apparently, the FSi/5TiO2–28SiO2 coating shows a
relatively higher degradation rate. There is a great
improvement of the degradation efficiency for the FSi/
5TiO2–32SiO2 coating, compared with the above men-
tioned three samples.

The wettability changes of FSi/5TiO2–xSiO2 coat-
ings discussed above should also be mentioned here
again. Also, we know that their photocatalysis is not so
consistent with the wettability variation. As mentioned
above, the wettability of FSi/5TiO2–24SiO2 coating
changes first. However, its photocatalytic performance
is worse than that of FSi/5TiO2–28SiO2 and FSi/5TiO2–
32SiO2. What is more, the superhydrophobicity of FSi/
5TiO2–32SiO2 coating is so durable that it could
withstand UV light and natural rain, which also
elucidates its excellent photocatalytic performance.
Although the coating samples with 20%, 24% and
28% of SiO2 addition ratio could transform to super-
hydrophilic coatings much easier, the degradation rates
are much worse than the stable superhydrophobic
coating with 32% SiO2. Based on Figs. 7a and 8a, we
also know that the FSi/5TiO2–24SiO2 coating has a
weaker photocatalytic ability than FSi/30SiO2–1.5TiO2,
which means the degradation rate of the coating with
more TiO2 amount is not always much higher. There-
fore, the coating photocatalytic performance is not
only related to the TiO2 addition amount, but also
related to the coating initial hydrophobicity, which is
determined by coating surface microstructure.

In addition, the photocatalytic activity of the FSi/
5TiO2–32SiO2 coating was further tested by employing
phenol, one type of typical organic pollutant. Figure 9
shows the degradation performance of FSi/5TiO2–
32SiO2 coating on phenol. The phenol can be degraded

by FSi/5TiO2–32SiO2 coating efficiently. Phenol con-
centration decreases to below 1 mg/L from 10 mg/L
after 300 min of UV irradiation. However, the final
removal efficiency reaches a limit of 92%, which means
that the phenol is not able to be removed completely
by our prepared coating.

Morphology characteristic analysis
and the self-cleaning performance

The well-known fact that the wettability and photo-
catalytic properties are closely related to coating
surface morphology inspires us to explore the mor-
phology characteristics of different coatings. Figure 10
shows the morphologies of FSi/SiO2 coatings with
different TiO2 addition ratios. From the FESEM
images, it can be seen that all the FSi/SiO2–xTiO2

coatings exhibit loose and porous structures. Microm-
eter-scale roughness formed due to the primary SiO2

microparticle size and aggregated particle size. Rough-
ness of a smaller scale was induced by submicron pore-
like structure. It is known that the rough structures
with different sizes are beneficial to the implementa-
tion of superhydrophobicity. Hence, initial superhy-
drophobic states could be shown in series of FSi/
30SiO2–xTiO2 coatings. The morphologies of FSi/
30SiO2–xTiO2 coatings (x = 1.5, 3, 5, 7.5) as shown in
Figs. 7a, 7b, 7c and 7d, respectively, demonstrate that
less TiO2 addition could slightly promote the forma-
tion and homogeneity of rough structures with dual
scale. When 5% of TiO2 was doped into the coating
system, continuous microscale convex structures can be
separated by submicroscale porous structures. The
cooperation and arrangement of microstructure and
submicrostructure has an important influence on the
water droplet form and the way it tends to move, which
is the reason that the sliding angle of FSi/30SiO2–
5TiO2 coating is lower than that of the others.

Similarly, the morphologies of FSi/TiO2 coatings
with different SiO2 addition ratios are also examined
and shown in Fig. 11. There are notable differences
among the microstructures of the four coating samples
with increasing SiO2 addition amounts. When the SiO2

addition ratio is 20%, there appears a characteristic of
a relatively flat surface. A few micron protuberances
surrounded by smooth resin film distribute unevenly on
the entire coating surface and larger aggregates of
SiO2 particles with loose construction can be found. It
is obvious that the surface structure of FSi/5TiO2–
20SiO2 coating sample is not favorable to achieve
superhydrophobicity. There are great changes in the
surface morphology when the SiO2 addition ratio is
increased to 24% from 20%. A uniform loose and
porous microstructure is obtained on the FSi/5TiO2–
24SiO2 coating sample. Ordered convex and concave
microstructures are displayed in an alternating distri-
bution. For all that, the sizes of surface protuberance
and hollow structures are in a similar submicroscale.
Although the surface structure with a single-scale
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roughness possesses a water contact angle of larger
than 150�, the water droplets could not easily roll off
the surface, which is in good agreement with the
experimental results. In Fig. 11c, the microaggregates
appear with continued increase of the SiO2 addition
ratio, and superhydrophobicity is obtained on the FSi/
5TiO2–28SiO2 coating sample with a sliding angle less
than 10�. In addition, there is another significant

change when SiO2 addition ratio is increased to 32%
from 28%. The loose and porous microstructure of FSi/
5TiO2–32SiO2 presents a more homogeneous state,
showing a better superhydrophobicity as a result.
Based on the analysis above, it can be concluded that
the SiO2 addition plays an important role in construct-
ing a superhydrophobic structure.

Fig. 10: The morphologies of FSi/SiO2 coatings with different TiO2 addition ratios: (a) 1.5%; (b) 3%; (c) 5%; (d) 7.5%.

Fig. 11: The morphologies of FSi/TiO2 coatings with different SiO2 addition ratios: (a) 20%; (b) 24%; (c) 28%; (d) 32%.
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It is doubtless that the wettability change and
photocatalysis evolution are closely related to the
initial wetting states of the coating, which is mainly
affected by the coating surface microstructure. In order
to represent the wetting states more directly, possible
wetting states of the prepared coatings are provided as
schematic diagrams shown in Fig. 12. The spreading
state of water droplets on the coating surfaces is
displayed more intuitively, and four representative
states are given. A partial wetting state is shown in
Fig. 12a, the water contact angle of which is the closest
to the ideal equilibrium static contact angle raised by
Young’s equation. This is because the relatively
smooth coating surface is composed of homogeneous
resin since most of doped particles are buried inside of
the resin matrix. There would be some certain rough
structures on the coating when the filler loading level is
increased, which could change the wettability of
the coating surface. Figure 12b shows the classic
Wenzel model of wetting state on a microscopic rough
surface, which exhibits a high apparent contact angle
and a high sliding angle. The water would fill the rough
asperities of the coating surface, and the solid–liquid
adhesion is increased due to the pinning effects.
However, the classic Cassie–Baxter model is more
suitable to explain the wettability for those porous
surfaces with high roughness. The classic Cassie–
Baxter state is illustrated in Fig. 12d. Air pockets
formed on the contact plane of the liquid and solid
phase can lead to a small fraction of liquid–solid
contact area, which helps to decrease the water
adhesion on the coating surface; thus, the water droplet
can roll off easily. Besides, there also exists a semi
Cassie–Baxter wetting state, shown in Fig. 12c, indi-
cating that an intermediate hybrid state appears as a
Cassie–Baxter state in microscale and a Wenzel state in
submicroscale. Water droplets would penetrate par-
tially in the rough structure.

Based on the discussions above, it can be concluded
that the microstructures of FSi/30SiO2–xTiO2 coatings

are more conformed to a semi Cassie–Baxter wetting
model. During the UV illumination or outdoor expo-
sure process, it is believed that the photoinduced
hydrophilicity and photocatalysis are carried out
simultaneously. The electron–hole pairs created on
the coating surface could react with Ti4+ and O2�,
respectively. The dissociative adsorption of water on
the reaction products of oxygen vacancy would pro-
mote the formation of chemical adsorbed water layers.
Meanwhile, the electron–hole pairs created on the
coating surface would react with O2 and OH�, respec-
tively, and the highly active superoxide ion and
hydroxyl radical are thus generated, which can degrade
the pollutants into small molecule compounds such as
CO2 and H2O. Both of the above reaction paths can
lead to water molecular penetration into the loose and
porous coating surface. Therefore, a wettability model
changed into the Wenzel state could take place in the
initial stage of UV illumination or outdoor exposure.
Hydrophilic and even superhydrophilic properties are
gradually shown on the coating with increasing irradi-
ation or exposure time. Evidently, the photoinduced
hydrophilicity and photocatalysis of FSi/30SiO2–xTiO2

coating series are enhanced by the higher TiO2

content.
However, the FSi/5TiO2–xSiO2 coatings would show

completely different wetting states depending on the
addition ratio of SiO2. According to the examples of
wetting states listed in Fig. 12, it is found that the FSi/
5TiO2–xSiO2 (x = 20, 24, 28, 32) correspond to wetting
models of Figs. 12a, 12b, 12c and 12d, respectively.
From the perspectives of wettability change, the
superhydrophobicity of coating surface with an initial
Wenzel wetting state is more likely to weaken first,
which is shown on the coating surface of FSi/5TiO2–
24SiO2. Next comes the surface of FSi/5TiO2–28SiO2

coating with an initial semi Cassie–Baxter wetting
state; it would change into a Wenzel state rapidly
under UV irradiation or outdoor exposure. Once a
Wenzel wetting state is formed, the coating surface

water droplet
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coating

water droplet

substrate
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water droplet
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Fig. 12: Possible wetting states of the prepared coatings: (a) partial wetting state; (b) classic Wenzel state; (c) semi Cassie–
Baxter state; (d) classic Cassie–Baxter state. (Here the red balls are referred to as SiO2 particles and the yellow balls are
TiO2 nanoparticles) (Color figure online).
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would become hydrophilic and further superhy-
drophilic in a short time, which is due to the photoin-
duced hydrophilicity and photocatalysis effect brought
by TiO2 particles. The water molecule produced from
the decomposition reactions by TiO2 particles during
the UV irradiation would form a continuous unit of

water layers with the water on the coating surface.
Therefore, the water droplets could easily pass through
the water film channel and spread out on the coating
surface. However, it seems more difficult for FSi/
5TiO2–20SiO2 coating surface to transform into a hy-
drophilic coating although it initially exhibits a partial

Fig. 13: The pollution conditions and self-cleaning performances of three typical coatings with different surface
characteristics: (a, b) superhydrophobic FSi/SiO2 coating; (c, d) photoinduced superhydrophilic FSi/5TiO2–28SiO2 coating;
(e, f) superhydrophobic photocatalytic FSi/5TiO2–32SiO2 coating.

Table 1: The surface roughness, microstructure, hydrophilic transition under UV, and photocatalytic performance of
prepared coatings.

Composition Roughness (lm) Wetting model Wettability transition
(CA value) under UV

MB concentrations
(mg/L) (214 h)

FSi/30SiO2–1.5TiO2 6.297 Semi Cassie–Baxter state 129.26� at the 214th hour 0.973
FSi/30SiO2–3TiO2 7.202 Semi Cassie–Baxter state 0� at the 190th hour 1.013
FSi/30SiO2–5TiO2 8.248 Semi Cassie–Baxter state 48� at the 176th hour 0.549
FSi/30SiO2–7.5TiO2 9.934 Semi Cassie–Baxter state 0� at the176th hour 0.297
FSi/5TiO2–20SiO2 4.451 Partial wetting state 56.41� at the 190th hour 3.426
FSi/5TiO2–24SiO2 5.511 Classic Wenzel state 0� at the 80th hour 2.121
FSi/5TiO2–28SiO2 7.04 Semi Cassie–Baxter state 36.65� at the 152th hour 2.004
FSi/5TiO2–32SiO2 10.011 Classic Cassie–Baxter state 154.74� at the 214th hour 0.353
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wetting state. The characteristics of photoinduced
hydrophilicity and photocatalysis from TiO2 particles
are weakened since they are embedded inside the
compact resin film. More importantly, the water could
not easily penetrate into the coating owing to its
smooth and dense surface microstructure composed
mostly of resin. Actually, it is proven that an excellent
initial superhydrophobicity is necessary to prevent
hydrophobicity decay during UV irradiation. A classic
Cassie–Baxter wetting state forms on the surface of
FSi/5TiO2–32SiO2 coating. It should take more time
for the Cassie–Baxter wetting state to transform to
Wenzel state due to complex rough surface structure.
The microscopic hydrophilic zone would not influence
the coating’s macroscopic hydrophobicity. As men-
tioned above, the photocatalytic degradation perfor-
mance is improved by increasing the surface
hydrophobicity, which might be attributed to increased
reactive and exposed areas brought by the structures
with multilevel roughness. Surface roughness values
were tested by an optical profilometer. The surface
roughness values of those prepared coating samples are
listed in Table 1. The photocatalysis effect and coating
surface roughness are both influenced by increasing the
TiO2 addition amount. For those FSi/30SiO2–xTiO2

coating samples, the coating surface roughness values
show a rising tendency with TiO2 addition increasing
from 1.5 to 7.5%. It could also be seen that the coating
surface roughness values increase greatly with SiO2

addition. The roughness value of FSi/5TiO2–32SiO2

coating increases up to over two times that of FSi/
5TiO2–20SiO2 coating. Therefore, the roughness value
proves to play a decisive role in the formation process
of a superhydrophobic microstructure. In addition, the
wetting model, wettability transition under UV irradi-
ation, as well as MB concentrations decomposed for
FSi/SiO2 and FSi/TiO2 coating series are summarized
in Table 1. Therefore, the hydrophobicity and photo-
catalytic performances of different coatings can be
compared intuitively.

The self-cleaning performances of superhydropho-
bic photocatalytic FSi/5TiO2–32SiO2 coating were
investigated and compared with the superhydrophobic
FSi/SiO2 coating and photoinduced superhydrophilic
FSi/5TiO2–28SiO2 coating. All three coatings were
subjected to outdoor exposure for 3 months of a
pollution accumulated period in winter. Figure 13
shows the pollution conditions and self-cleaning per-
formances of the three typical coatings with different

surface characteristics including superhydrophobic sur-
face, photoinduced superhydrophilic surface and the
superhydrophobic photocatalytic surface.

The superhydrophobic FSi/SiO2 coating is contam-
inated by obvious discontinuous stains due to the
impact of raindrops containing organic pollutants. The
original superhydrophobicity of the FSi/SiO2 coating
has been lost, whose contact angle is about 130.1�. The
pollution condition of the photoinduced superhy-
drophilic FSi/5TiO2–28SiO2 coating is quite different
from that of the superhydrophobic coating. Pollutants
on the photoinduced superhydrophilic surface are
shown as dusts. The water dropped can be infiltrated
into the surface showing a completely hydrophilic state
with a contact angle of 0�. The FSi/5TiO2–32SiO2

coating with initial superhydrophobic and photocat-
alytic properties shows a more similar pollution con-
dition to the photoinduced superhydrophilic coating,
while the WCA value is tested as 59� on the FSi/
5TiO2–32SiO2 coating after exposure. Therefore, it
could be learned that the superhydrophobic coating
with photocatalysis would lose its superhydrophobicity
sooner or later, which is determined by the initial
superhydrophobicity and its durability. In addition, the
self-cleaning performance and hydrophobicity recov-
ery of the three typical surfaces were also explored.
After being cleaned by running water, the contami-
nated area of the superhydrophobic FSi/SiO2 coating
surface changes from hydrophobic to hydrophilic,
although most of the visible pollutants can be removed.
The WCA could only be recovered as 143� after drying
the coating at 80�C in an oven. It is suggested that
some organic pollutants could adhere to the superhy-
drophobic surface deeply and cannot be easily cleaned.
For the other two FSi/TiO2–SiO2 coatings studied, it is
found that superhydrophilicity is obtained after clean-
ing the dust floated on the surfaces. However, the
superhydrophobicity can be returned to the original
level after drying the coating at 80�C. It is indicated
that the prepared FSi/5TiO2–SiO2 coating series with
durable superhydrophobicity exhibits excellent self-
cleaning and superhydrophobicity recovery perfor-
mances. The specific performances of pollution states
and hydrophobicity recovery for three typical coatings
with different surface characteristics are shown in
Table 2. The initial hydrophobicity, pollution perfor-
mance, hydrophobicity loss and recovery can be
compared more easily.

Table 2: The pollution performance and hydrophobicity recovery of three typical coatings with different surface
characteristics.

Coating composition FSi/SiO2 FSi/5TiO2–28SiO2 FSi/5TiO2–32SiO2

Initial hydrophobicity (CA/SA) 156.25�/5.5� 154.92�/6� 158.37�/3�
Pollution performance Obvious discontinuous stains Continuous dusts Continuous dusts
Hydrophobicity loss after outdoor exposure (CA) 130.1� 0� 59�
Hydrophobicity recovery after heating (CA/SA) 143� 152.79�/9.5� 157.01�/6�
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Conclusions

In summary, photocatalytic TiO2 particles were intro-
duced into an FSi/SiO2 coating system in order to
prepare a superhydrophobic coating with photocat-
alytic properties. Effects of TiO2 amount and the ini-
tial hydrophobicity on the coating wettability change
with the UV irradiation and outdoor exposure time
were investigated, respectively. Evolution patterns of
wettability and photocatalytic activity were shown in
our study. It has been found that more TiO2 addition
could promote the coating transformation from super-
hydrophobic to superhydrophilic. However, all the FSi/
30SiO2 coating series could change into superhy-
drophilic even with only 1.5% TiO2. Besides, the
hydrophobicity and photocatalytic activity can be
improved by increasing SiO2 addition ratio. The
coatings with less SiO2 present poor photocatalytic
activity. The FSi/5TiO2–32SiO2 coating with a more
durable initial superhydrophobicity can maintain its
initial wettability, while its photocatalytic property is
better than that of the contrast coating series. It is
believed that the coating with a Cassie–Baxter surface
structure shows a better photocatalysis through ana-
lyzing the surface microstructure. The prepared super-
hydrophobic and photocatalytic coating in this work
exhibits a good practical self-cleaning performance
because of the good photodegradation effect on the
organic pollutants in the environment. Moreover, the
superhydrophobicity of the FSi/5TiO2–SiO2 coating is
able to be recovered, compared with the superhy-
drophobic FSi/SiO2 coatings.
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