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ABSTRACT: Flat anatase TiO, thin film deposited at room temperature shows the
natural hydrophobicity, which is destroyed by 400 °C vacuum annealing. On the basis
of the analysis of surface composition and structure, the origin of hydrophobicity of
the flat TiO, film can be identified as (1) approximately fully stoichiometric TiO, and
(2) hydrocarbon adsorbates on the film surface. We further validate that interfacial
water molecules near the surface of the as-prepared TiO, film are oriented in the
hydrophobic hydration structure via Fourier transform infrared/attenuated total
reflection. Moreover, the as-prepared TiO, film also shows a smart surface reversibly
switched between hydrophobicity and super-hydrophilicity. During the recovery
process of hydrophobicity, the irradiated films show the wettability with water contact
angle of 107 + 1.7, 72 + 2.5, 80 + 1.1, and 17 + 1.3° corresponding to after a week of
exposure to ambient air, O,, CF,, and Ar, respectively. It can be strongly reinforced
that the stoichiometry and the adsorbates both play an important role in forming the

9
O
@ 9)/9 o oy
b Or:{:ni\' :ltl“lr‘!:llk‘\b

shell 3s2p

°@° |

hydrophobic TiO, films.
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1. INTRODUCTION

Wettability is a very important property governed by both the
chemical composition and the structure of solid surfaces."” The
research of surface wettability over the past decades has
attracted great interest because of its wide variety of
applications.> > Because of photoinduced super-hydrophilicity
(contact angle (CA) of 0°), the crystal TiO, has already been
applied as a transparent film with antifogging and self-cleaning
properties.® In most cases, the TiO, films commonly tend to be
hydrophilic (CA < 90°); however, the hydrophobic TiO, is also
found on the rough surface (rou§hness over tens of nanometer)
reported by some researchers.”® With the development of the
model from Wenzel (WM)? to Cassie and Baxter (C-BM)'°
during the last century, the relationship between wetting and
surface roughness has been widely utilized for preparing and
analysing the hydrophobicity."'~'* Unfortunately, there is little
work focused on the natural hydrophobicity of TiO, films with
neglect of roughness. Actually, as antifogging and self-cleaning
glasses, flat TiO, film (roughness <5 nm) can be more
preferable because of high transmittance.

Recently, some researchers have reported a one-to-one
correspondence between surface polarity, water-molecule
orientation and wettability.'> For common TiO, films, their
surfaces can have a large number of polar sites because of
oxygen-deficient and low-coordinated Ti atoms.'® Nevertheless,
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a significant body of theoretical calculation has been devoted to
understanding the interfacial water molecules in contact with
the (101) anatase TiO, surface."” It can be conjectured that the
hydrophobicity of flat TiO, film would be related with the
orientation of interfacial water molecules. However, the origin
of the hydrophobicity of the flat TiO, film is still not clear. In
the present paper, we prepare the natural hydrophobicity of flat
anatase TiO, thin films by DC reactive magnetron sputtering
(DCRMS) at room temperature. Importantly, we attribute the
cooperation effect of the stoichiometry of TiO, and the content
of spontaneous adsorption of hydrocarbons onto the surface to
determine the wettability of the flat TiO, films. In addition, we
confirm the relationship between the surface compositions and
the orientation of interfacial water molecules. Furthermore, the
film surface shows the transition from hydrophobicity to super-
hydrophilicity by alternation of UV irradiation and dark storage
in ambient air.

2. EXPERIMENTAL SECTION

The flat TiO, films with 120 nm were deposited on n-type Si
(100) wafers and plane glass slides by DC reactive magnetron
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Figure 1. (a) XPS spectra of Ti 2p of film surface for the samples A0 (bottom) and A30 (top), respectively. (b) Schematic of the orientation of water
molecules next to the surface of the samples AO (bottom) and A30 (top), respectively (using different scales for the surface and water molecules).

sputtering with a Ti target (99.99% purity) at room
temperature; further details are described in the Supporting
Information. After film deposition, the part of as-prepared films
were annealed in vacuum annealing furnace under 400 °C for
30 min. Thus, in this article, the films with 0 and 30 min of
annealing time are presented as A0 and A30, respectively.

3. RESULTS AND DISCUSSION

To analyze the natural hydrophobicity of flat TiO, films, the
chemical composition of the film surface was determined by
XPS. Figure 1la is typical XPS spectra of film surface of the
samples AO and A30, both showing two major peaks for Ti 2p.
It is found that the Ti 2p;/, peak of the sample A30 is broader
(full width at half-maximum (FWHM) =~ 1.52 eV) at lower
binding energy (458.4 eV) than that of the sample A0 (FWHM
~ 1 47 eV, 458.8 eV binding energy). As proposed by Wang et
al,'® the broadening of Ti 2p;/, peak at low binding energy
could be attributed to the presence of Ti** as well as the
creation of oxygen vacancy on the surface of the sample A30.
After performing the deconvolution with Lorentzian-Gaussian
distribution function, the Ti 2p;/, spectrum of the sample A30
displays two peaks at 458.8 and 457.9 eV, which are assigned to
Ti* and Ti**.'”*° Nevertheless, the sample A0 only has a 458.8
eV peak in Ti 2ps,, spectrum corresponding to Ti*" in TiO,. It
can be indicated that the surface of the sample A0 is nearly fully
oxidized or free oxygen vacancy. It is known that the electronic
charges of unfilled 3d orbital of Ti atoms are transfer to O
atoms in TiO, surface, resulting in the full octet of electrons of
3s’p® orbitals in the outer shell.'” Consequently, Ti atoms
would have a lower tendency to exchange electrons and form a
hydrogen bond with interfacial water molecules. Hence, the
interfacial water molecules destroy their hydrogen-bonding
network, and one OH bond from water molecules would be
expected to joint with the surface oxygen atom through

1352

hydrogen bonding while the remaining OH bond away from
the surface, as shown in Figure 1b (down). The orientation of
the interfacial water molecules mentioned above is usually an
hydrophobic hydration structure,” which is in favor of the flat
TiO, film to exhibit hydrophobic properties. In contrast, the
electronic structure of Ti,O; as like that of Al,0;>* has a large
number of polar sites originating from unsaturated atoms.”
The Ti atoms at the surface are electron-deficient with seven
electrons in their outer orbital. Thus, to obtain a stable state, Ti
atom in Ti,O; is prone to building a hydrogen bond with
interfacial water molecule, leading to a hydrophilic hydration
structure,”’ as sketched schematically in Figure 1b (up).
Indeed, we observe water droplets to spread out on the surface
of annealed TiO, film including a certain amount of Ti,O3, as
shown in Figure 2d. This highlights the importance of chemical
composition as well as electronic structure in the wettability of
TiO, films.

Another reason for the hydrophobic state of the flat TiO,
films can be related to the adsorption of organic molecules.
Chemical and physical adsorption activity on the surface of
various high energy materials is often driven by the tendency to
reduce the total Gibbs free energy of the system by diminishing
the surface energy part.”*">° To confirm the adsorption of
organic contaminants from the environment on the surface,
infrared (IR) absorption spectra were measured at a grazing
angle of 80°. As shown in Figure 2a, the characteristic alkyl C—
H bond stretching vibrations of CH, and CH; groups were
ubiquitous detected from our samples in the range 3000—2800
em™'** This is direct evidence of the presence of the
hydrocarbon contaminants. In addition, according to the
absorption intensity of the spectra, it is easily indicated that
the surface of the sample AO adsorbed more hydrocarbon
contaminants than that of the sample A30. To the best of our
knowledge, TiO, films annealed at 400 °C can lead to
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Figure 2. (a) IR absorbance spectra of the samples A0 and A30,
respectively. (b) Curvature radius and the internal stress of the
samples as a function of annealing time. (c) FESEM images of film
surface of the samples A0 (bottom) and A30 (top), respectively (the
insets are corresponding 2 X 2 ym* AFM images). (d) Water droplet
shapes on the samples A0 (bottom) and A30 (top), respectively.

relaxation of internal stress and grain boundaries to some
extent, resulting in a decrease in total Gibbs free energy. The
internal stresses of the samples measured by using the substrate
bending method (shown in the Supporting Information) are
shown in Figure 2b. Obviously, the stress value (0.56 GPa) of
the sample A30 was positive, and lower than the absolute value
of the stress (—5.57 GPa) of the sample A0. In fact, high
compression stress in the sample AO is produced by high

deposition rate and low deposition temperature. In addition,
Figure 2c shows the surface morphology and microstructure of
the samples obtained by atomic force microscopy (AFM) and
field emission scanning electron microscope (FESEM). The
root mean square (RMS) roughness of the samples A0 and A30
is 3.3 and 3.0 nm, respectively, making known the flat surface
for both the samples. Such a small difference of the surface
morphology between both the samples can hardly generate
enormous difference in their CAs, according to the WM and C-
BM theory.”'®*” However, as presented in Figure 2c, the
surface of the sample AO displayed more highly nonequilibrium
nano grain boundaries than that of the sample A30. These
nonequilibrium nano grain boundaries can enhance the
adsorption capacity of the film surface. Besides, the surface of
the sample AO was (101) planes of anatase TiO,, whereas the
surface of sample A30 can include some (004) and (112)
planes except (101) planes, determined by high resolution
transmission electron microscopy (HRTEM) (shown in the
Supporting Information). For anatase TiO,, the sequence of
the surface free energy of the crystal faces is (112) ~ (001) >
(101).'%?® It should be pointed out that the relaxed (101) face
of anatase TiO, still has very high surface energy (0.44 J m™2),
which is considered as hydrophilic material.'® Thus, in this
paper, we exclude the factors of surface roughness and
crystalline orientation to probe the hydrophobic TiO, film.
Furthermore, in basis of the contact angle tests, the samples AQ
is a hydrophobic material and the water CA at flat surface is
about 110 + 1.5°, while the sample A30 with 47 & 2.4° of CA is
hydrophilic, as shown in Figure 2d. It is worth pointing out that
the annealed film is difficult to recover the hydrophobicity even
if leaves in the dark over two months. As mentioned above, the
hydrophobicity of flat TiO, film can be ascribed to the fully or
extremely approximately stoichiometric TiO, and hydrocarbon
adsorbates on the film surface.

The spectra of water molecules near the surface of both the
samples by using FTIR/ATR spectroscopy were applied to
validate the orientation of interfacial water molecules, as given
in Figure 3. It is necessary to point out that the FTIR/ATR
with 45° of incidence angle can analyse an around 300 nm of
water film. The broad band of vibrational spectrum of water
between 3000 and 3800 cm™' (the OH stretching region),
which was yielded against the background spectrum of the
clean diamond with the air, is deconvoluted into three peaks
centred at around 3600, 3400, and 3200 cm™'. The peaks at
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Figure 3. Original (black dashed curves) and deconvoluted (chromatic solid curves) spectra of interfacial water at the surface of the samples A0
(left) and A30 (right) against the background spectrum of the clean diamond with the air, respectively. (The insets are corresponding spectra of
interfacial water against the background spectrum of the clean diamond with the water). The green, blue, and pink lines stand for the peaks centered

at around 3600, 3400, and 3200 cm™!, respectively.
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3200, 3400, and 3600 cm™! are ascribed to the OH stretching
modes associated with the tetrahedral structure of bulk water
molecules, to the hydrogen-bonded OHs straddling the
interface and to non-hydrogen-bonded OHs pointing towards
the surface, respectively.”>*”° Thus, it have been reported by
other researchers that the peak at 3600 cm™ had a higher
magnitude at the surface of hydrophobic materials than that of
hydrophilic materials.”>***° As shown in Figure 3, the intensity
of the peak at 3200 cm™ is almost similar for both samples since
it is attributed to the bulk OH stretching modes. However, the
peak at 3600 cm ™" is higher for the sample A0 than that for the
sample A30 by a factor of ~1.5. Furthermore, the peak at 3400
cm™" also has a higher intensity for the sample A0 compared
with that of the sample A30, indicating that the former surfaces
have a higher number of OHs straddling the interface (as
depicted in Figure 1b). To further distinguish the vibrational
spectra of water at the surface of both the samples, the insets in
Figure 3 shows the absorbance spectra of water against the
background spectrum of the clean diamond with the water. It is
interesting to note that the absorbance spectrum of water for
the sample A0 has a peak at ~3700 cm™’, whereas no peak is
found in the sample A30. In fact, the peak at 3700 cm™! can
also be attributed to the non-hydrogen-bonded OHs pointing
towards the surface.’® Because the peak heights indicate the
extent of hydrogen bonding in the interfacial water near the
surface, these findings support that the orientation of water
molecules near the surface of the as-prepared TiO, films is
hydrophobic hydration structure.””

As a photosensitive material, the photoinduced hydrophilicity
of the TiO, films was also worth to study and evaluate by water
angle measurements. The water droplet shape on the flat
surface of sample A0 is shown in Figure 4a (left), indicating the
hydrophobicity (CA of 110 + 1.5°). When the sample are
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Figure 4. (a) Photographs of a spherical water droplet with a CA of
110° (left) and a flat water film with a CA of 0° (right) before and
after the sample AO were exposed to UV illumination, respectively. (b)
Reversible hydrophobicity/super-hydrophilicity transition of the
sample AQ by alternating UV irradiation and storage in the dark. (c)
Time-dependent evolution of contact angle for the sample A0 exposed
to ambient air (), pure Ar (@), pure O, (A), and pure CF, (V).
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exposed to UV-light by Xe lamp (power 300 W, wavelength
range from 250 to 400 nm) for 30 min, the water droplet
spreads out on the surface and yields a CA of ~0°, as shown in
Figure 4a (right). It is interestingly that after keeping in the
dark with ambient air for 1 week, the wettability of the sample
returns to hydrophobic again and the cycles can be repeated
(Figure 4b). To further demonstrate the origin of the
hydrophobic TiO, film and explore the mechanism of
photoinduced hydrophilicity, we subjected the as-prepared
TiO, films to the different atmospheres (air, Ar, O,, and CF,)
after UV irradiation, as shown in Figure 4c. If not mentioned
otherwise, the films were stored in dark environment.
Apparently, contact angles for the film exposed to ambient
air only increased slowly from ~0 to ~110° within 1 week after
UV irradiation, which means the wettability of the film is
reversible in the air. However, when the film was kept in pure
Ar atmosphere, the surface still had strong hydrophilicity with
CA of 17 + 1.3°. The slight and gradual increase of CAs can be
ascribed to the measurements of the contact angles carried out
in room ambient. In addition, it is found in Figure 4c that the
irradiated film in pure O, (CF,) atmosphere quickly
implemented the process of hydrophobization with CAs from
~0° to 72 + 2.5° (80 + 1.1°) within 2 days (1 day) and
remained stable thereafter. These results can give some
important information and conclusions. Interestingly, either
fully stoichiometric TiO, of film surface or adsorbates with low
surface energy on the surface hardly recovers the hydro-
phobicity of flat TiO, film with CA > 90°. In other words, only
the combined action of both factors can yield a hydrophobic
TiO, film. In addition, the film surface irradiated by UV light
can simultaneously generate oxygen vacancies and remove the
hydrocarbon adsorbates, which results in the photoinduced
super-hydrophilicity of the TiO, film. Subsequently, when the
film is exposed to the ambient air, the surface transforms into
an ener§etically metastable state and reabsorbs the atmospheric
oxygen® and organic contaminants, leading to the hydro-
phobicity on the surface again. Thus, the flat TiO, film shows
the reversible conversion of superhydrophilic to hydrophobic
by switching between UV-irradiation and dark storage.

4. CONCLUSION

In summary, flat TiO, thin films with natural hydrophobicity
have been prepared by DC reactive magnetron sputtering at
room temperature. The hydrophobicity of flat TiO, films is
ascribable to the cooperation of fully or extremely approx-
imately stoichiometric TiO, and hydrocarbon adsorbates on the
film surface. Furthermore, we demonstrate that interfacial water
molecules near the surface of the as-prepared TiO, film are
oriented in the hydrophobic hydration structure via FTIR/
ATR. In addition, the surface smart wettability for the as-
prepared TiO, film is also realized by alternating UV-irradiation
and dark storage.
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