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a b s t r a c t

Amphiphilic TiO2 nanotube arrays (TiO2 NTs) were fabricated through electrochemical oxidation of Ti in
solution containing H3PO4 and NaF. Scanning electron microscopic analysis shows that the as-prepared
TiO2 NTs have an average pore diameter of 100 nm and a wall thickness of 15 nm. The electrochemical
oxidation of Ti can be divided into four stages. In the first stage, when the potential is very low, oxygen
formation and Ti dissolution are the major reactions. The second stage corresponds to a slightly higher
potential, but less than 2.5 V. In this stage, the formation of TiO2 film occurs. When the potential is
increased to the even higher range from 2.5 V to 6 V, the TiO2 film dissolves and nanoporous surface
structure is generated. This is the third stage. Further increase of the potential enters stage four. The high
potentials cause the self-organization of the nanostructure and allow the formation of well-aligned TiO2
NTs. We also found that the change in surface condition of Ti by annealing heat treatment affects the film
dissolution kinetics. As compared with TiO2 thin film, the TiO2 NTs show higher photocatalytic activity
on decomposing Rhodamine B. The surface of the TiO2 NTs can be wetted by both water and oil. Such
an amphiphilic property comes from the capillary effect of the nanochannel structure of the TiO2 NTs.
Because of the amphiphilic property and the photocatalytic activity, we conclude that the TiO2 NTs have
the capability of self-cleaning.
. Introduction

Since titanium dioxide (TiO2) was found to be useful as
hoto-catalyst for hydrogen generation [1], more and more semi-
onductor materials have been research for use as photo-catalysts.
hese include Fe2O3, NiO, WO3 [2], ZnO [3], SnO2 [4], ZrO2, CdS [5]
tc. Among all these photo-catalysts, TiO2 is the best one because
t has chemical stability and excellent charge transport property. It
s also nontoxic and is an n-type semiconductor material. The band
ap of solution-prepared regular TiO2 is over 3.0 eV. TiO2. Preparing
iO2 with high temperature annealing results in an anatase struc-
ure with a bandgap of about 3.2 eV. Typically, pure TiO2 can only
bsorb ultraviolet (UV) radiation, which accounts for only about 5%
f solar energy.

Self-cleaning glass is a very important product which is based
n the photo-catalytic property of a thin layer on the substrate.
ano-structured TiO2 deposited at the surface of a flat glass

hows self-cleaning behavior [6,7]. Normally, the glass surface is

ydrophobic. After the TiO2 thin film is added, the surface becomes
ydrophilic. When the coated glass is exposed to sunlight, which
ontains UV radiation, the TiO2 reacts with oxygen and water
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molecules present in the atmosphere to produce free radicals lead-
ing to oxidative species. These radicals have much higher energy
than that of the covalent bonds between the organic material
molecules. Thus the organic compounds can be decomposed into
volatile molecules. These photo-catalytic and hydrophilic prop-
erties of TiO2-coated glass allow rain to easily wash away the
organic contaminants. The photo-Fenton waste water treatment
system works under this mechanism. The photo-catalyst, TiO2,
helps decompose organic materials under UV radiation in the water
[8,9].

The morphology of TiO2 affects the efficiency of the photo-
catalysis. Up to now, most other researchers are using the
self-cleaning glass containing a TiO2 thin film as the photo-
catalyst. A mesoporous TiO2 film photo-catalyst was prepared
using the sol–gel method on a stainless steel substrate. Com-
pared to conventional TiO2 film photo-catalysts, the mesoporous
TiO2 film showed a better performance for the photo-degradation
of rhodamine B (RB) solution and gaseous formaldehyde irra-
diated with UV light [10]. Recently, research on using TiO2
nanotube arrays as photo-catalysts has been performed. For exam-
ple, Shankar et al. [11] studied highly ordered TiO2 nanotubes for

water photoelectrolysis. Tan et al. [12] investigated the photo-
catalytic activity of TiO2 in different forms including nanofilms,
nanotubes (NTs) and nanotubes doped with Pd nanoparticles. Pho-
todegradation of aqueous methylene blue (MB) solution and solid
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tearic acid (SA) film under UV irradiation shows that the pho-
ocatalytic activity of TiO2 from high to low can be ordered as:
anotube doped Pd nano-particles > pure nanotubes > nanofilms.

t is found that, compared with raw TiO2 particles, TiO2 NTs
ave much higher specific surface area and pore volume. This
reatly improves the photo-catalytic performance of the nanotubes
13].

Different methods have been developed for synthesizing TiO2
Ts. These include sol–gel [14], microwave irradiation [15],
ydrothermal processing [16], template synthesis [17] and electro-
hemical oxidation [18]. Among these, the electrochemical method,
s introduced by Zwilling et al. in 1999 [19], is simplest. This
ethod has caught more attention recently [20–29]. Basically,

iO2 NTs grow on the surface of the anode of Ti foils or thin
heets. Several kinds of inorganic or organic solutions contain-
ng F− ions can be used as electrolytes. For example, H2SO4/HF
20,21], H3PO4/HF [22], ethylene glycol/HF [23], glycerol/NH4F
24,25], ethylene glycol/NH4F [10,24,26], NaH2SO4/HF [27,28], and
a2SO4/NaF [29] have been used before. In this method, the size
f the TiO2 NTs can be controlled by adjusting electrochemical
rocessing parameters [23,24].

Processing parameters have significant influence on the
imension of electrochemically formed TiO2 NTs. For example,
reekantan et al. [30] examined the effect of pH on the forma-
ion of titania nanotubes. The lengths of the nanotubes can be
ontrolled in the range from 0.7 to 2.5 �m by altering the pH
alues of electrolytes containing Na2SO4 and NH4F. In the work
erformed by Lockman et al. [31], influence of anodisation voltage
n the dimension of titania nanotubes was examined. Zhao et al.
32] investigated the processing time effect. They prepared well-
rdered nanotube arrays of titania with a length of up to 1.1 �m via
onstant-voltage experiments. It is found that the length of the nan-
tubes at first increases with the anodizing time and then reaches a
aximum value due to a dynamic balance of titania formation and

issolution. However, the conditions under which TiO2 thin films
re converted into nanotubes have to be identified. That is why we
erformed the processing work as will be presented in the first part
f the paper.

It is true that preparation of TiO2 NTs through electrochemical
xidation is a well studied field. Nevertheless, the research on the
mphiphilic behavior of the nanotubes has been much less stud-
ed. To the best of our knowledge, only a few papers reported the
mphiphilic behavior of the nanotubes. For example, Song et al.
repared amphiphilic TiO2 nanotube arrays [33]. But an interme-
iate procedure is needed to modify the surface properties of the
anotubes using octadedecylphosphonic acid (OPDA). The ques-
ion remains to be answered is how amphiphilic TiO2 nanotube
rrays can be made in a more simplied way, for example, in the
ell established one-step electrochemical oxidation process. This
rovides us the motivation to make the fundamental studies on the
uper hydrophility of TiO2 nanotube arrays as described in the last
art of this paper.

In this work, we synthesized TiO2 NTs through electrochemi-
al oxidation using a much milder solution than previously used by
ther researchers. Our solution contains H3PO4 and low concentra-
ion of NaF. In order to evaluate the photo-catalytic activity of the
repared TiO2 NTs, rhodamine B (RB) was used as the dye. A specific
B solution with the concentration of 25 ppm was prepared for the
hoto-degradation test. Under the same UV radiation conditions,
he RB solution shows different degradation behaviors when the
pecially prepared TiO2 NTs and the natually formed TiO2 thin film
re used as the photo-degradation anodes. To test the wettability

ith organic substances, a vegetable oil (specifically corn oil), was
sed. It is found that the TiO2 NTs and TiO2 thin film show differ-
nt wetting abilities with the oil. The TiO2 NT specimen has much
igher affinity to the oil than the TiO2 thin film.
pounds 509 (2011) L221–L227

2. Experimental

2.1. Materials and methods

The rhodamine B dye used was in fine powder form. A titanium (Ti) sheet
(0.5 mm thickness, 99.99%) was used as the substrate material in order to form TiO2

nantotube arrays. Orthophosphoric acid (H3PO4, 85 wt%) and sodium fluoride (NaF,
powder, 99.99%) were used to make the electrolyte for anodic oxidation of the tita-
nium. All of the above materials were purchased from Alfa Aesar. De-ionized (DI)
water was used throughout the study.

The electrochemical oxidation was performed by the use of a regulated DC power
source (model HY5003, 0–50 V, 0–3 A). A CHI 400A Electrochemical Work Station,
purchased from CH Instrument, Austin, TX, was used to conduct cyclic voltammetric
studies to determine the transition voltage at which TiO2 thin films are converted
into nanotubes. The ultraviolet lamp used was a UVL-21 lamp (365 nm UV, 4 W,
0.16 A). This lamp generated UV radiation for RB degradation. Quanta 3D FEG (FEI)
electron microscope was used for observing the morphology of the TiO2 nanotube
arrays. A spectrometer (RED TIDE USB650 370–980 nm, Ocean Optics, Inc.) was used
to measure the light absorption and transmission of RB after UV degradation. A
ProScope HR (high resolution) USB hand-held microscope was used for taking optical
micrographs during the wettability test.

2.2. Preparation of self-organized TiO2 NTs

TiO2 NTs were synthesized by electrochemical oxidation. Titanium (Ti) sheet
was cut into 20 mm × 20 mm specimens. Before the electrochemical processing, the
sheet was cleaned using de-ionized (DI) water. The electrolyte solution consisted
of 1.0 M H3PO4 and 0.15 M NaF. Some researchers used a three-electrode electro-
chemical cell for the anodic oxidation [22,29]. But a two-electrode electrochemical
cell was also found to have produced good quality titania nanotubes [23,26,27]. In
this electrochemical experiment, anodic oxidation was performed in a simpler two-
electrode cell at room temperature. The anode and the cathode are 20 mm × 20 mm
Ti sheets. The distance between the two electrodes was about 40 mm. The oper-
ation voltage was 20.0 V and the processing time was 2 h. Other researchers have
also used these conditions [27,34]. After anodic oxidation, the samples were washed
by immersion in de-ionized water and air-dried. The surface of the anode was
completely covered by TiO2 nanotube arrays as revealed by the immediate mor-
phological observation using the Quanta 3D FEG (FEI) electron microscope.

2.3. Rhodamine B (RB) photocatalytic degradation

The photo-catalytic degradation test was performed using a 15 ml 25 ppm RB
solution. For the as-prepared TiO2 nanotube arrays, the photo-catalytic anode with
the same nominal area of the titanium plate, i.e. 20 mm × 20 mm, was immersed
into the RB solution. While under UV radiation (UVL-21: 365 nm UV, 4 W, 0.16 A),
the solution was checked by the spectrometer every 30 min. The intensity of the UV
radiation was about 40 mW/cm2. The distance between the UV light source and the
TiO2 nanotube array photo-catalytic anode was kept at 40 mm. For the preparation
of the TiO2 thin film specimen, a Ti sheet with the dimension of 20 mm × 20 mm was
oxidized in air. The condition for RB degradation using the TiO2 thin film specimen
was the same as that of the TiO2 nanotube array sample. The recorded data in the
experiments include both absorbance and transmission of UV–visible light. After
finishing the experiments, the two samples were washed by de-ionized water and
air-dried.

2.4. Wettability experiment

Both water and oil dispersion on the TiO2 nanotube arrays and TiO2 thin film
was tested. The same two samples as used for degradation of RB were adopted
in this experiment. Specifically, the wettability of the corn oil to the two different
substrates was studied. One drop of oil was put on the sample with TiO2 nanotube
arrays and another drop was put on the sample with TiO2 thin film. The two samples
were exposed to the same dosage of UV radiation (UVL-21, 40 mW/cm2). Images
recording the shape of the oil drops were captured by the ProScope HR microscope
at various radiation periods. For comparison, a drop of oil was put on a glass slide
during the experiment. After the radiation test, all the samples were cleaned.

3. Results and discussion

3.1. Morphology and growth mechanism of the TiO2 nanotube
array

At 20 V, the well-ordered TiO2 nanotube arrays were formed on
the surface of the anodic Ti sheet and hydrogen was released at the

cathode. Fig. 1 shows the morphology of the TiO2 thin film and the
as-prepared TiO2 nanotube arrays. Fig. 1(a) is a low magnification
scanning electron microscopic (SEM) image showing the slightly
oxidized surface of the titanium sheet. Some scratches and inden-
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ig. 1. SEM images showing the surface morphology of TiO2 thin film, nanotube ar
rrays on Ti; (e) side view of the nanotube arrays and (f) EDX spectrum.

ations were found because no specific polishing of the Ti was made
efore the oxidation. In Fig. 1(b), at a slightly higher magnification,
he oxide film was found to be pretty rough and some titanium
xide islands can be seen. Fig. 1(c) provides a global view of the
iO2 nanotube arrays. At higher magnification, the nanotubes were
ound to be slightly squeezed into an elliptic shape.

Fig. 1(d) is a high magnification SEM image of the nanotubes.
rom Fig. 1(d), it can be estimated that the TiO2 nanotubes have the
verage diameter of about 100 nm. The nanotube wall thickness is
bout 15 nm. These dimensions were obtained under the conditions
f 20 V and 2 h anodic oxidation time in the electrolyte containing
.0 M H3PO4 and 0.15 M NaF. If the voltage and time for the oxida-
ion or the electrolyte composition were changed, the dimensions
f the TiO2 NTs could be changed, as indicated earlier in literature
20,26]. Fig. 1(e) shows the cross-section of the nanotube arrays.
he energy dispersive X-ray (EDX) diffraction spectrum reveals that

i and O are the major elements. The quantitative analysis shows
hat the atomic ratio of Ti to O is about 1–2, which is the compo-
ition of TiO2. Some fluorine ions are encapsulated into the tubes
nd remain as an impurity.
nd EDX spectrum of the nanotubes: (a, b) TiO2 thin film on Ti; (c, d) TiO2 nanotube

The formation of nanotubes in an aqueous electrolyte containing
fluorine ions follows the fundamental electrochemical principles.
The Ti metal as the anode is oxidized and partially dissolved into
the electrolyte. The growing mechanism of TiO2 nanotube arrays
may be found in references [11,23]. We have proposed a slightly
different mechanism and the electrochemical processes follow the
reactions as below:

Oxygenformation : H2O → [O] + 2e− + 2H+ (1)

Titaniumoxidation : Ti → Ti4+ + 4e (2a)

Ti + 2[O] → TiO2 (2b)

Nanopore, nanotubeformation : TiO2 + 6F− + 4H+

→ [TiF6]2− 2H2O (3)
Hydrogengeneration : 2H+ + 2e− → H2 ↑ (4)

Although these electrochemical reactions look like intuitive, the
titanium oxide film was formed in what voltage range is still uncer-



L224 X. Zeng et al. / Journal of Alloys and Compounds 509 (2011) L221–L227

F results
r

t
t
t
n

i
t
e
t
c
c
s
t
o
l
d
d
t
T
t
v

t
w
E
f
i
o
t
t
h
d
t
i
c
s
i
c
i
b

o
c
c
T
2
d

balance is reached.
Specifically, the pore formation in the TiO2 film was exam-

ined. Fig. 3(a), an SEM image shows the surface morphology of the
ig. 2. Electrochemical reaction mechanism analysis experimental set-up and the
esults revealing various reaction stages.

ain. In addition, the voltage condition under which the solid TiO2
hin film was converted into a porous structure remains to be iden-
ified. At what voltage value the porous film self-organizes into TiO2
anotubes is needed to be determined.

We dealt with these issues through the cyclic votammetry stud-
es. Analysis of the cyclic voltammetrical data was combined with
he morphology observation, which helps to reveal how the above
lectrochemical reactions happened. A three-electrode configura-
ion as shown in Fig. 2(a) was used to generate potentail scans and
yclic voltammetry data were recorded. The data were ploted as
urrent density, I, versus scan potential, V. In Fig. 2(b), the forward
can results are given. From the I–V curve in this figure, it is found
hat the electrochemical reaction as described by Eqs. (1) and (2a)
ccur at very low voltage values. Oxygen formation and Ti disso-
ution are the major events. The small peak close to the current
ensity (I) axis corresponds to these reactions. The current density
rops after this peak. This is the indication of Ti oxidation. That is,
he reaction described by Eq. (2b) started. Since the formation of
iO2 film on Ti due to the oxidation increases the electrical resis-
ance, the current density decreases until the potential reaches the
alues higher than 2 V.

After passing this stage, it was believed that the dissolution of
he TiO2 film occurred at the potential values higher than 2.5 V,
hich means that the reaction described by Eq. (3) started besides

qs. (1), (2a) and (2b). The dissolution of the film results in the
ormation of nanopores and nanotubes. The current density was
ncreased a lot. At the cathode, the formation of hydrogen was
bserved; i.e. the reaction described by Eq. (4) also happened. If
he potential is increased further to the range higher than 6 V,
he self-organization of the porous TiO2 nanostructure generated
ighly-ordered TiO2 nanotubes. A dynamic balance between TiO2
issolution (as described by Eqs. (2a) and (3) and TiO2 formation
hrough Ti oxidation (as described by Eq. (1)) was reached. That
s why the current density was kept almost constantly. Fig. 2(b)
learly shows all the above mentioned electrochemical reaction
tages on the I–V curve. Also presented in this figure are the SEM
mage inserts. They nicely reveal the structures generated in the
orresponding voltage ranges. The observed features on these SEM
mages show consistency with the reaction mechanism as reveal
y the I–V curve.

From the above analysis, we deduce that the electrochemical
xidation of Ti can be divided into four stages. The first stage is
haracterized by the low applied potential and a relatively high

urrent density. Oxygen formation and Ti dissolution happened.
he second stage corresponds to the potential range of less than
.5 V. In this stage, TiO2 film forms and the current density drops
own. When the potential is increased to the higher range from
(a) cell configuration and (b) cyclic voltammetry and morphological examination

2.5 V to 6 V, TiO2 film dissolves and nanoporous surface structure
is generated. This belongs to the third stage. Further increase of
the potential enters stage four. The high potentials result in the
self-organization of the nanostructure to form well-aligned TiO2
NTs. The current density is almost at constant due to the dynamic
Fig. 3. Analysis of TiO2 thin film dissolution: (a) SEM image showing the nanopore
formation in the TiO2 thin film and (b) EDX spectrum of the nanoporous film.
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ig. 4. Cyclic voltammetry of annealed Ti associated with the electrochemical oxi-
ation.

node after taken off from the electrolyte upon the electrochemical
xidation at 2.5 V. The TiO2 film has a lot of pores. Elemental anal-
sis using the energy dispersive X-ray (EDX) diffraction technique
eveals Ti, O are the major elements as can be seen from Fig. 3(b).
owever, F was found due to the penetration of fluorine ions into

he film at the positive scan potential. Trace amount of C was also
hown, which was from the carbon type for holding the anode.

Comparative studies on the I–V characteristics of unannealed
i and annealed Ti was also performed. The annealed Ti was heat
reated at 500 ◦C for 2.5 h and cooled down naturally. After the
nnealing treatment, the Ti has colors due to the formation of the
urface oxide layer. The annealed Ti with the surface oxide layer was

lectrochemically oxidized in the same H3PO4 + NaF electrolyte. Its
–V curve is shown in Fig. 4. The small peak close to the current den-
ity (I) axis as observed in Fig. 3(b) disappeared. The reason is that
he pre-existing oxide film generated by annealing provided a high

ig. 5. Rhodamine B degradation spectra: (a) measurement system drawing; (b) light tr
bsorbance spectra of RB after UV degradation and (d) relative absorbance intensity versu
pounds 509 (2011) L221–L227 L225

electrical resistance to the specimen and only allowed a very small
current density at the very beginning of the potential scan. Interest-
ingly, the breakage of this pre-existing oxide film is more obvious
than the electrochemically formed oxide film on the unannealed Ti.
This can be seen from Fig. 4 in the potential range from 2 to 2.5 V. On
the I–V curve, the instability of current density can be seen around
2.5 V. This is due to the fast dissolutoin of the annealed film. While
in Fig. 3(b), the the I–V curve for the unannealed Ti specimen does
not shown only instability in current density at this potential level.
Therefore, we conclude that the change in the surface condition of
Ti due to heat treatment affects the film dissolution kinetics.

3.2. Rhodamine B (RB) degradation characterized by light
transmission and absorption

Measurements of both light transmission and absorption of Rho-
damine B (RB) were performed to characterize the photo-catalytic
behavior of the nanotubes. Due to the photodecomposition of RB
by the TiO2 nanotubes, a change in the intensity of light transmis-
sion and absorption was observed. Fig. 5(a) schematically shows the
light transmission and absorbance measurement system. The light
transmission is defined as the portion of energy passing through the
RB solution relative to the amount that passes through a reference
sample. Transmission mode can also display the portion of light
reflected from a sample since transmission and reflection measure-
ments are related mathematically. Absorbance spectra measure
how much light is absorbed. In most cases, the absorbance relates
linearly to the concentration of the substance. This is known as
Beer’s Law. In this work, we used the Spectra Suite (RED TIDE
USB650 370–980 nm) system to acquire the transmission and
absorption data. The transmission and absorbance were then cal-
culated following the associated formulae.
The light transmission measurement results are presented in
Fig. 5(b). The unit for the intensity is measured by counts. It can
be seen that RB can pass most of the light except the light with
wavelengths ranging from 450 to 600 nm. This means that the

ansmission spectrum of 25 ppm RB original solution without UV degradation; (c)
s time.
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ig. 6. Optical micrographs showing oil drops on different surfaces and the drawin
iO2 NTs surface; (c) oil droplet on soda-lime glass surface; (d) schematic of oil drop
e) the capillarity schematic map of oil on TiO2 NTs and (f) schematic of oil droplet

ight within the specified wavelengths is absorbed by the RB solu-
ion. Time-dependent photo-degradation data was generated and
lotted. Fig. 5(c) shows the degradation absorbance spectra of RB
ithin 450–600 nm at different degradation time periods. It can be

een that, with the increasing UV radiation time, the absorbance
ecomes lower and lower. The reduction in the intensity at the
eaks was examined. The results were plotted in a bar chart in
ig. 5(d). This figure shows the relative absorbance versus time.
he longer the degradation time, the lower the light absorbance
s. Such a trend reveals the obvious time-dependent photocatalytic
ctivity of the TiO2 NTs.

.3. Amphiphilic and self-cleaning behaviors

Self-cleaning properties have many potential applications. For
xample, fluorine-doped tin oxide (FTO) glass is a good conduc-
or that is widely used in solar cells. If TiO2 NTs are deposited on
TO glass, there is no need to use any special cleaning process on
olar cells. Pure titanium films can be deposited by radio frequency
agnetron sputtering (RFMS) at room temperature on the surface

f FTO glass. The TiO2 NTs can be formed by anodic electrochem-
cal oxidation in the NH4F/glycerol electrolyte [35]. In the work
erformed by Chen et al. [20], it has been found that water drops
how different wetting behaviors on the surface of both TiO2 NTs
nd TiO2 thin films. Water drops spread very quickly over the sur-
ace of the TiO2 NTs even without UV radiation, but water drops on

he TiO2 thin film surface required UV radiation for at least several

inutes before the contact angle decreased to zero. The TiO2 NTs
re super hydrophilic. Our experiments on water wetting tests are
onsistent with previous reported results [20].
easured contact angles: (a) oil droplet on TiO2 thin film surface; (b) oil droplet on
TiO2 thin film and soda-lime glass surface showing the same contact angle of 39◦;

2 NTs showing the contact angle of 4◦ .

Oil wetting tests were also performed to evaluate the
amphiphilic property of the TiO2 NT arrays and TiO2 thin film. From
these wetting tests, we found that the corn oil can only partially
wet the TiO2 thin film. However, it can completely wet the surface
covered by TiO2 NT arrays. Fig. 6 shows the oil drops on different
surfaces. On the TiO2 thin film, as shown in Fig. 6(a), the oil drop
spreads out only slightly. In contrast, Fig. 6(b) shows that a corn oil
drop spreads out completely across the surface containing the TiO2
NT tube arrays. It does this very quickly even without the assistance
of UV radiation. The super hydrophilic property of the TiO2 NTs is
known to be the capillary effect of the nanotubes [20]. Fig. 6(c) is
an image of the oil drop on a soda lime glass slide. It can be seen in
this figure that the oil drop just partly spreads out on the glass.

Quantitative analysis of the wettability of the oil on the surface
of the TiO2 thin film, NT arrays, and the soda lime glass was made.
The contact angle measurements were repeated at least 5 times
in order to obtain accurate quantitative results. The average val-
ues of the contact angles of the oil on the titanium oxide thin film
and nanotube arrays from multiple measurements are presented.
The results reveal that, due to the existence of the nanotubes, the
wettability was enhanced. This is meaningful because a good wet-
tability results in the effective photodecomposition of pollutants on
the surface of the nanotubes. Fig. 6(d) is a schematic showing the
contact angle of the oil droplet on the TiO2 thin film and soda-lime
glass surface. The contact angle was found to be 39◦ for corn oil on
both substrates. If the oil drop is set on the TiO2 NT arrays, a strong
capillary effect as shown in Fig. 6(e) results in the oil being quickly

sucked into the pores of these nanotubes. This causes the contact
angle to be reduced dramatically. As shown in Fig. 6(f), the contact
angle of the oil droplet on the TiO2 NTs is about 4◦. This behavior
increases the contact area between the oil drops and the walls of
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