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Abstract

We prepared titania films by aerosol deposition (AD), in which titania powder is supersonically accelerated for deposition onto a substrate.
These AD titania films exhibited hydrophilicity and photocatalysis under UV exposure. However, after surface modification by CF4 plasma-
etching, the films showed higher hydrophilicity and lower photocatalytic effect. After sufficient modification, they exhibited superhydrophilicity,
which was induced by the presence of fluorine. This type of surface modification is useful for promoting hydrophilicity under no UV light
exposure.
& 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Semiconducting metal oxides, such as ZnO, SnO2, and
TiO2, possess excellent photocatalytic and hydrophilic proper-
ties when they are exposed to ultra-violet (UV) light. These
UV-induced effects are used in many practical applications,
e.g. self-cleaning, deodorizing, self-sterilizing, air-cleaning,
and anti-fogging products [1]. Among the metal oxides, TiO2

has been considered the most popular photocatalytic material
because of its availability, chemical stability, low cost, non-
toxicity, biocompatibility, and recyclability [1–4]. Because of
these advantages, TiO2 has been also used in water-splitting
electrodes and dye-sensitized solar cells [5]. TiO2 have two
distinct characteristics of photocatalysis and hydrophilicity.
When they are exposed to light whose energy exceeds the band
gap energy, its electrons are excited and transferred from the
valence band to the conduction band. The photo-induced
electrons and holes react with electron acceptors and donors
to produce hydroxyl radicals.
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The hydrophilicity of TiO2 originates from the OH radicals
that are produced from the reaction between the photogener-
ated holes and water. This reaction also produces Ti3+ and
oxygen vacancies, which in turn adsorb water molecules at
defect sites to further promote hydrophilicity. On the other
hand, in photocatalysis, photo-induced generated reactive
oxygen species like hydroxyl radicals, hydrogen peroxide,
and superoxide work together to decompose or oxidize various
organic and inorganic compounds [6]. TiO2's strong oxidizing
capabilities are especially useful for realizing water purification
applications that are economically viable and environmentally
friendly. A TiO2 catalyst can be recycled indefinitely without
additional chemical treatment [7–10].
Interestingly, even hydrophobicity can be promoted by

roughening the surface of TiO2 films via plasma-etching [2],
and via a mechanism explained by the Cassie–Baxter state
[11]. Zhang et al. [2] roughened a smooth sol–gel TiO2 films
produced by sol–gel coating. Then CF4 plasma etching was
applied to obtain a nano-columnar structure. Under UV
illumination, the plasma-etched hydrophobic surface converted
into a hydrophilic surface. The air trapped between the nano-
scale columnar structures enabled hydrophobicity due to the
Cassie–Baxter state. Conversely, hydrophilicity due to the
ghts reserved.
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Table 1
Typical deposition conditions.

Pressure in deposition chamber [Torr] 0.35–5.6

Propellant gas Air
Nozzle exit area [mm2] 10� 35
Stand-off distance [mm] 5
Gas temperature RT (20 1C)
Consumption of propellant gas [l/min] 10
Stage traverse speed [mm/s] 0.72
Number of passes 4
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Wenzel state [12] was obtained under UV exposure despite the
nanocolumnar structures.

Interestingly, the effect of plasma-etching of a TiO2 film
surface with micrometer-scale roughness such as aerosol-
deposited films, Kim et al. [13], is completely different from
that of a TiO2 film surface with nanometer-scale roughness, as
observed by Zhang et al. [2]. For a micrometer-rough surface,
the air trapping effect of the Cassie–Baxter state is minimized,
and the chemical surface modification via CF4 plasma etching
dominates [13]. The CF4 plasma replaces the surface oxygen
with fluorine, which is highly electro-negative, to promote the
adsorption of water molecules, making the film surface
hydrophilic even without UV light illumination [13]. This
type of surface modification may be useful for cases requiring
hydrophilicity, especially when a UV light source is not
available.

To the best of our knowledge, there has been no study on
the variation of the contact angle (which is a measure of
hydrophilicity) as a function of UV light exposure duration for
plasma-etched titania films with micrometer-scale roughness.
This type of measurement of hydrophilicity is needed to
evaluate the photo-sensitivity of a plasma-etched film. It is
expected that a TiO2 film with complete surface modification
will be permanently hydrophilic even without UV light
illumination. An aerosol-deposited titania film acquires super-
hydrophilicity after CF4 plasma-etching, but its photocatalysis,
the other distinct behavior of titania, may be changed by the
severe surface modification. Therefore, this change in photo-
catalytic characteristic must be evaluated quantitatively. In this
study, the photocatalytic performances of titania films modified
for various etching times are evaluated.
Fig. 1. Schematic of the experimental setup (a) SEM of the TiO
2. Experimental setup

The aerosol deposition (AD) experimental setup consisted of
an air tank, fluidized-bed powder feeder, nozzle, vacuum
chamber, 2D x–y stage, booster pump, and vacuum pump; see
Fig. 1. Titania powder was a mixture of 60% anatase and 40%
rutile by weight. Agglomeration was observed. To break up the
particle clusters, the powder was mixed with water and put into a
rotary evaporator, calcinated at 400 1C, and then ball-milled for
24 h. This break-up process resulted in particles having an
average size of approximately 0.5 μm. Such pre-treatment is
expected to improve the deposition rate [14]. Further details of
our experimental setup can be found elsewhere [13,15]. Experi-
mental conditions are summarized in Table 1.
All titania films were deposited at room temperature on

soda-lime glass substrates with surface areas and roughness of
2.5� 2.5 cm2 and Rao5 nm, respectively. The substrates were
cleaned in an ultrasonic acetone bath and completely dried in
open atmospheric condition at room temperature before use.
2 powder, (b) side and (c) top views of an AD TiO2 film.



Fig. 3. The contact angle variation as functions of etching time (tetch) and UV
duration (tUV).
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The microstructures and crystallinity of the deposited titania
films were characterized by high-resolution scanning electron
microscopy (HRSEM, XL30SFEG Phillips Co., the Nether-
lands at 10 kV). Elemental concentration and oxidation states
were measured by X-ray photoelectron spectroscopy (XPS,
VG Multilab ESCA 2000 system, Waltham, UK).

Titania films (each sample was 2.5� 2.5 cm2) were placed
inside the deposition chamber and plasma-etched with CF4
reactive gas (50 sccm, 100 W, and 15 mTorr) for etching times
ranging from tetch¼0 to 6 min at intervals of Δtetch¼2 min. The
plasma-etching system pressure was maintained at 5.0� 10−5

Torr. A radio frequency of 13.56 MHz was applied to the bottom
electrode of the chamber, which was maintained at 20 1C.

Before contact angle measurement, all titania films were
kept inside a dark box in an inert environment for two days,
after which each film was illuminated inside a UV light box
(0.6 mW/cm2 UV exposure in 22 1C air with relative humidity
at 80%) for various UV exposure durations. The contact angle
of each film was measured using an ultra-pure water droplet
(20 MΩ resistivity at 20 1C) of 2 mm diameter, which was
placed on the film. The interval between a film being taken
outside the UV box and the contact angle measurement was
less than 1 min, minimizing exposure to laboratory light. For
reliability, the average of three test measurements was used as
the final contact angle value.

Methylene blue (MB) solutions have often been used as
model pollutants for determining photocatalytic effect. They
decompose by direct oxidation and by reaction with OH
radicals generated during a photocatalytic process [16,17].
An MB solution (#M2661, whose initial weight concentration
was 0.1 wt% in water, Samchun Chemical, Korea) was mixed
with deionized water at 1:400 volume ratio; 200 ml of DI
water and 0.5 ml of MB solution were mixed together.
A titania film was placed inside a Pyrex vessel and sealed
with a Pyrex Petridish. The concentration of MB inside the
vessel decreased as photocatalysis proceeded, as monitored by
a UV–vis spectrophotometer (OPTIZEN POP, Mecasys Co.
Ltd., Korea,=190≤λ≤1100 nm). Absorbance data from the
UV–vis spectroscopy were obtained by converting the trans-
mittance data using the Lambert–Beer law [18,19].

3. Results and discussion

Fig. 2 shows a typical honeycomb surface structure of an
aerosol deposited titania film. This honeycomb microstructure
Fig. 2. (a) An SEM image of an AD titania film showing the 3D cro
was self-assembled, although the previous authors had inten-
tionally designed this three-dimensional cross-linked structure
[13,20–23], which is favorable for applications requiring
maximum surface area.
Fig. 3 shows the variations of contact angle according to

etching time (tetch) and UV duration (tUV). CF4 plasma etching
roughens both smooth [2] and nanometer-scale rough surfaces
[24]. However, plasma etching does not significantly change
the micrometer-scale rough surfaces (e.g., aerosol-deposited
titania films); rather, chemical surface modification is domi-
nant. Therefore, nanometer-scale physical erosion due to
plasma-etching will not be apparent in the aerosol-deposited
films, where micrometer-scale features are dominant. This is
different from the case of Zhang et al. [2] who showed the
creation of nanometer-scale pinholes by plasma-etching along
the grain boundaries of a dip-coated smooth titania surface. In
their experimental studies, the nanocolumnar structure was
physically eroded by plasma-etching, resulting in the formation
of nanocolumns of ∼20 nm diameter and∼80 nm height.
Between these nanocolumns, air pockets were trapped in the
pinholes, providing a hydrophobic surface of the Cassie–
Baxter state [11] in the absence of the UV light. Upon
exposure to UV light, the photogenerated holes absorbed
water to produce OH radicals. This reaction produced Ti3+

and oxygen vacancies, which in turn adsorbed water molecules
at defect sites to further promote hydrophilicity.
On the other hand, the aerosol-deposited surface consisted

of the honeycomb structure, which has surface features of
1–2 μm diameter and roughness of 50 nm≤Ra≤100 nm, accord-
ing to AFM measurements [1]. The effect of plasma-etching on
the surface morphology was not apparent, at least microscopically
[13]. Nevertheless, the contact angles varied when the films
were subjected to longer plasma etching times, as shown in Fig. 3.
ss-linked honeycomb structure and (b) its magnified view.



Fig. 5. XPS results for various etching times (a) without UV-light and (b) with
UV-light.

D.-Y. Kim et al. / Ceramics International 39 (2013) 9737–97429740
The mechanism of these low contact angles of the plasma-etched
films is explained by the presence of fluorine, whose electro-
negativity promoted hydrophilicity [13].

Fig. 4 quantitatively shows the variation of the contact angle
as a function of etching and UV illumination times. It is
apparent that longer UV illumination durations lead to smaller
contact angles for all films. Furthermore, the initial contact
angle at tUV¼0 is lower for longer CF4 etching durations,
indicating that increasing fluorine content increases the
wettability of a film. However, the as-deposited AD film
(tetch¼0) shows the largest contact angle variations, while the
plasma-etched films show relatively moderate contact angle
variations. This trend indicates the competition or tradeoff
between UV-driven hydrophilicity and hydrophilicity of
fluorine-modified plasma-etching. The data suggest that photo-
induced hydrophilicity can be completely removed if tetch is
increased beyond 6 min. Note that UV-driven hydrophilicity is
more effective after 2 h of UV illumination for the as-
deposited film than for the films produced with tetch¼2 and
4 min. Therefore CF4 etching of a TiO2 film will not always
result in the lowest contact angle even if UV sources are
abundant. After tUV¼2 h, most of the films reached the state of
superhydrophilicity (a contact angle of 5 degrees or less).

Fig. 5 shows XPS data for the films with and without UV
exposure for different CF4 etching times. A clear fluorine
signal is seen for the films that were etched, with the strongest
signal for the film etched for the longest time. No distinction in
XPS signal is observed between the films with and without UV
exposure, indicating that UV light did not influence the
compositions of the films.

Besides the variations of the contact angles of the TiO2 films
due to CF4 plasma etching, the photocatalytic effects of the
films were determined using a methyleneblue solution (MB).
In Fig. 6, the absorption of the MB solution by the different
TiO2 films under UV light exposure for 2 h is shown. The as-
deposited TiO2 film shows the largest decrease in absorption,
Fig. 4. Contact angles as a function of the UV irradiation time for the films
fabricated at various etching times (tetch¼2, 4, 6, and 8 min). The film
thickness was in the range of 2.5–3.0 μm. The as-deposited film without CF4
plasma-etching is indicated with tetch¼0 min.

Fig. 6. Effect of UV exposure on MB photodegradation. UV–vis spectra of the
MB solution (0.1 wt% solution in deionized water) with the plasma-etched
TiO2 films plasma-etched at various etching time. The films were irradiated for
2 h (0.6 mW/cm2 UV exposure in 22 1C air with relative humidity at 80%).
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indicating the strongest photocatalytic effect, and the CF4
etched TiO2 films show very small changes in absorption,
suggesting that incorporation of fluorine in the films inhibited
the normal reaction mechanism of MB on the TiO2 surfaces
under UV exposure. It is well known that the mechanism of
MB decomposition reaction is initiated by a UV generated free
electron from the TiO2 [19,25,26]:

MBþ e−-MBn− ð2Þ
with the free electron generated by the absorption of a UV

photon in the TiO2

TiO2 þ hv-e− þ hþ ð2Þ
MBn− is unstable and will readily react with oxygen and

decompose MB into HCl, HSO4, HNO3 �CO2 and H2O. In
pure TiO2 films, any free electron can reach the surface of the
film, where it can initiate the reaction. However, in CF4 plasma
etched films, the fluorine will ‘capture’ the free electron
because of its strong electro-negativity, preventing the transfer
of the free electron to the MB, which interacts with the film
surface. Without the electron transfer to the MB, MB cannot
dissociate and thus break-down; therefore, a CF4 etched TiO2

film will not be photocatalytic. The longer the etching time, the
higher the fluorine concentration in the TiO2 film, as indicated
by the absorption change of the MB solution, which is the
smallest for the longest etching time. By optimizing the
etching process, it may be possible to separately control the
photocatalytic effect and hydrophilicity of TiO2 films.
4. Conclusion

This study compared the hydrophilicity and photocatalysis
of CF4 plasma etched and unetched titania films fabricated by
aerosol deposition, in which titania powder is supersonically
accelerated for deposition onto a substrate. The AD titania
films consisted of the self-assembled honeycomb structure,
which was three-dimensional and highly cross-linked. This
structure may be useful for applications requiring a maximal
surface area. The films fabricated by 6-min of etching
exhibited superhydrophilicity under minimal UV light expo-
sure, while the as-deposited film needed at least 2 h of UV
light exposure in order to exhibit a similar level of super-
hydrophilicity. On the other hand, the as-deposited film
showed the maximal photocatalytic performance while the
plasma-etched films showed the minimal performance. Longer
plasma-etching durations led to lower photocatalytic perfor-
mances. Thus there is a clear tradeoff between hydrophilicity
and photocatalysis in CF4 plasma-etched titania films.
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