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ABSTRACT: The hydrothermal treatment of a titanium plate in a mixed aqueous
solution of hydrogen peroxide and aqueous phosphoric acid under different
conditions results in the formation of various titanium phosphate thin films. The
films have various crystal structures such as Ti,O;(H,PO,),2H,0, o-titanium
phosphate (Ti(HPO,),-H,0), #-titanium phosphate (Ti,O(PO,),-H,0), or low-
crystallinity titanium phosphate and different morphologies that have not been
previously reported such as nanobelts, microflowers, nanosheets, nanorods, or
nanoplates. The present study also suggests the mechanisms behind the formation of
these thin films. The crystal structure and morphology of the titanium phosphate thin
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films depend strongly on the concentration of the aqueous hydrogen peroxide

solution, the amount of phosphoric acid, and the reaction temperature. In particular, hydrogen peroxide plays an important role
in the formation of the titanium phosphate thin films. Moreover, controllable wettability of the titanium phosphate thin films,
including superhydrophilicity and superhydrophobicity, is reported. Superhydrophobic surfaces with controllable adhesion to
water droplets are obtained on 7-titanium phosphate nanorod thin films modified with alkylamine molecules. The adhesion force
between a water droplet and the thin film depends on the alkyl chain length of the alkylamine and the duration of ultraviolet

irradiation utilized for photocatalytic degradation.
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1. INTRODUCTION

Various crystal structures of titanium Iphosphate such as a-
titanium phosphate (Ti(HPO,),-H,0)," y-titanium phosphate
(Ti(H,PO,)PO,2H,0)," z-titanium phosphate (Ti,O(PO,),"
H,0),” and p-titanium phosphate (Ti,O(PO,),-H,0)** have
been reported, and nanostructures such as mesoporous,*
nanotubular,® and hollow nanospherical® structures have been
studied. The functions of these crystal structures and
nanostructures have also been investigated. The material has
been actively studied for many years for applications as a
catalyst,”® in lithium ion batteries,” in dye-sensitized solar
cells,’”'! as a selective absorbent of useful and hazardous
substances,'>™'* for adhesion and release of drugs,15 and as a
label for ultrasensitive electrochemical detection of human
interleukin-6.° These studies have primarily focused on
titanium phosphate particles; titanium phosphate thin films
have not yet been thoroughly examined, except for several
studies using the layer-by-layer adsorption and reaction
method'®'” or the electrochemical deposition method."®
Recently, as research on nanoparticles has progressed, it has
become clear that to maximize and make effective use of the
chemical and physical characteristics of nanoparticles it is
important to fabricate thin films composed of these nano-
particles. Of particular interest are nanostructured inorganic
compound thin film/metal composites that are obtained by
forming a nanostructured inorganic compound thin film on a
metal surface using the metal as an inorganic compound source.
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These composites have been reported to be excellent materials
as good adherence is realized between the metal and the thin
film since the thin film grows directly on the metal surface.
They are also exceptional materials because of their mechanical
properties and conductivity, which are peculiar to the metal, as
well as their chemical and physical properties arising from the
nanostructured inorganic compound thin film. The formation
of a nanostructured titanium compound thin film on a titanium
surface and its resulting applications have been reported before.
For example, titanium dioxide nanotube thin film/titanium
composites'”*® can be used as materials for preparing
photocatalyst, solar cells, electrochromic devices, medical
implants, and field emission devices. Silver nanoparticle/silver
titanate nanotube thin film/titanium composites can be used as
implant materials with excellent apatite-forming and anti-
bacterial abilities.”"**

The synthesis of a titanium phosphate thin film on a titanium
surface has been reported in two studies. In both studies,”>**
use of an aqueous phosphoric acid solution for the hydro-
thermal reaction of titanium led to the formation of a thin film
of 7-titanium phosphate nanorods on the titanium surface. Park
et al”* reported that the thin film exhibited excellent
osteoconductivity. Therefore, the titanium phosphate thin
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Table 1. Relationship between Synthesis Conditions and Thin Films

synthesis condition product
sample no. 30 wt % H,0, aq./mL H,O/mL 85 wt % H;PO, aq./g temperature/°C reaction time/h crystal structure morphology
1 9.2 0 0.5 120 24 Ti,0,(H,P0,),2H,0 nanobelt thin film
2 0 9.2 0.5 120 24 TiH, smooth surface
3 2.3 6.9 0.5 120 24 Ti,0;(H,P0,),2H,0 microflower thin film
4 9.2 0 0 120 24 TiO, nanorod thin film
N 9.2 0 5.0 120 24 Ti(HPO,),"H,0 nanoplate thin film
6 9.2 0 0.5 80 24 low crystallinity nanosheet thin film
7 9.2 0 0.5 160 24 Ti,O(PO,),-H,0 nanorod thin film

films with various crystal structures and nanomorphologies
formed on titanium surfaces by employing new synthetic
methods will be useful as materials for medical implants, solar
cells, catalysts, and adsorbents. Unlike the previous two studies,
the present study considers the synthesis of a titanium
phosphate thin film on a titanium surface through hydro-
thermal treatment of a titanium plate in a mixed aqueous
solution of hydrogen peroxide and phosphoric acid. Carrying
out the hydrothermal treatment under different conditions
results in titanium phosphate thin films with different crystal
structures such as Ti,O;(H,PO,),2H,0, a-titanium phos-
phate, 7-titanium phosphate, or low-crystallinity titanium
phosphate and various morphologies that have not been
previously reported, such as nanobelts, microflowers, nano-
sheets, nanorods, or nanoplates. The present study also
suggests the mechanisms behind the formation of these thin
films.

Recently, the control of materials’ wettability has attracted
significant attention because of the promising applications such
as in preparation of self-cleaning materials, corrosion resistance,
fluidic drag reduction, and oil-water separation.”*"*' In
general, the surface wettability of a solid depends on its surface
free energy and the surface micro- and/or nanostructures of the
solid.***” From the Cassie—Baxter equation,** it is well known
that nanostructured thin films whose surfaces are modified with
organic molecules with low surface free energies exhibit
superhydrophobic properties.”**” Moreover, superhydrophobic
thin films with strong adhesion to liquid droplets have
increasingly attracted attention owing to their potential
applications in liquid droplet transportation®*** and sample
assays.”> Only a few studies have however reported the
successful control of the adhesion force of these films while
maintaining their superhydrophobicity.**>” The wettability of
titanium phosphate thin films has also not been studied so far.
In the present study, controllable wettability of titanium
phosphate thin films including superhydrophilicity and super-
hydrophobicity with controllable adhesion to water droplets is
reported.

2. EXPERIMENTAL SECTION

Synthesis. After a titanium plate (20 X 20 X 0.5 mm, Nilaco
Corporation) was polished with a sandpaper and then soaked in 10
mL of a 2 mol/L aqueous hydrogen fluoride solution for 10 min to
remove the oxidized layer on its surface, it was repeatedly washed with
distilled water. An ultrathin oxidized layer (passivation film) reforms
on the titanium plate surface by washing the plate with water after
treating it with the hydrogen fluoride solution, but this operation was
conducted to create a nearly equal surface condition for each of the
experiments. The plate was then hydrothermally reacted to form a
titanium phosphate thin film on the plate in a mixture of 30 wt %
aqueous hydrogen peroxide solution (Sigma-Aldrich Co. LLC) and 85
wt % aqueous phosphoric acid solution (Wako Pure Chemical
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Industries, Ltd.) in a Teflon container. The hydrothermal reactions
were performed in different conditions as summarized in Table 1.
After the reaction, the plate was repeatedly washed under a strong
stream of distilled water to prevent titanium phosphate particles which
are generated and suspended during the synthesis of the thin film from
adsorbing onto the thin-film surface, but detachment of the thin film
from the plate was not verified.

Characterization. Particles formed in the solution during the
reaction were deposited on the titanium plate after the reaction,
preventing us from correctly evaluating the morphology of the
titanium phosphate growing on the titanium plate. Therefore, the back
surface of the titanium plate, on which no particles were deposited,
was evaluated in detail using scanning electron microscopy (SEM),
transmission electron microscopy (TEM), energy-dispersive X-ray
microanalysis (EDX), X-ray diffraction (XRD), and Fourier transform
infrared absorption analysis (FT-IR). TEM was carried out using a
JEOL JEM-1210 instrument. SEM was performed using a Hitachi S-
3000N. EDX was conducted with an EDAX Genesis 2000 instrument.
The molar ratio of P/Ti determined by EDX analysis is the average
molar ratio from three measurement locations. XRD measurements
were performed using a Shimadzu XRD-6100 instrument with Cu Ka
radiation. The FT-IR spectrum was measured using a Nippon Bunko
FT/IR-300 apparatus. In many cases, the wettability was evaluated by
measuring the contact angle with a contact angle meter (DropMaster
500 and DMe-201; Kyowa Interface Science Co. Ltd.) after 2 uL of
distilled water was dropped onto the thin film. However, 4 uL and 6
uL water droplets were also used, when the 2 yL water droplet was not
adsorbed by the film because of its enhanced superhydrophobicity. In
this procedure, the contact angle was measured following the 6/2
method using an image of the droplet obtained 1 s after it was
dropped. The sliding angle was measured by tilting the plate with the
10 uL water droplet on it.

Photocatalytic Degradation. A 27 W black light source
(maximum wavelength, 4 = 368 nm) was utilized as the ultraviolet
light source, and the thin film was subjected to ultraviolet irradiation
by using the black light source that was positioned at a distance of §
cm. A 2 pL water droplet was used to determine the contact angle of
the nanorod thin film treated with the dodecylamine solution, and the
measurement was performed at three or four locations. However, a 4
uL water droplet was used on the nanorod thin film treated with the
octadecylamine solution since the 2 uL water droplet was not
adsorbed by the film even after 12 h of irradiation.

3. RESULTS AND DISCUSSION

3.1. Synthesis and Formation Mechanism of
Ti,05(H,PO,),:2H,0 Nanobelt and Microflower Thin
Films. When the reaction was carried out between using 9.2
mL of aqueous hydrogen peroxide solution and 0.5 g of
aqueous phosphoric acid solution at 120 °C for 24 h, a thin film
composed of nanobelts approximately 30—270 nm wide and
several micrometers long was evenly formed on the titanium
plate, as shown in Figures la and 1b. The nanobelt thin film is
termed 1 in Table 1 and the figures. The TEM image (Figure
Ic) confirms that the particles in the thin film were thin
nanobelts. The film thickness is approximately 8 ym. The XRD
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Figure 1. SEM images (a, b, and d) and a TEM image (c) of 1.

pattern shown in Figure 2a exhibits diffraction peaks attributed
to Ti,0,(H,P0O,),-2H,0%** in addition to the peak attributed
to titanium. Therefore, the nanobelts are composed of
Ti,0;(H,P0,),-2H,0. EDX analysis revealed that the molar
ratio of P/Ti was 1.03 (Figure Sla in the Supporting
Information). This value is close to the value of P/Ti = 1
estimated from the XRD measurement, ie, based on the
composition of Ti,O,(H,PO,),2H,0. Kérési et al.'® reported
rectangular nanoparticles with sizes of (15 =+ 3) nm X (20—
150) nm as the morphology of Ti,0;(H,PO,),-2H,0. In the
present study, it is assumed that these rectangular nanoparticles
grew extensively in the major axis direction to form the
nanobelts. The film thickness increased with increasing reaction
time. Figure 1d shows an SEM image of a thin-film cross
section obtained after a reaction time of 72 h. The film
thickness is approximately 20 ym, and a phase composed of
nanobelts is observed from the thin-film surface to a depth of
approximately 18 ym. A dense phase of approximately 2 ym in
thickness is present in the lower part of the film.

The effect of hydrogen peroxide on the thin-film formation
was investigated by fixing the reaction temperature, reaction
period, and the amount of aqueous phosphoric acid solution at
120 °C, 24 h, and 0.5 g, respectively, and varying the amount of
aqueous hydrogen peroxide solution. When 9.2 mL of water
was used instead of the aqueous hydrogen peroxide solution, no
thin film was formed, as shown in Figure 3a, but TiH, was
observed in the XRD pattern (Figure 2b). The obtained
product is referred to as 2 in Table 1 and the figures. Therefore,
hydrogen peroxide is important for thin-film formation. The
ultrathin oxidized layer (passivation film) formed on the
titanium plate surface dissolves to form a titanium surface in the
reaction solution. Hydrogen peroxide is considered to play two
major roles. The first role is oxidization: hydrogen peroxide acts
as an oxidizer in an acid solution, following the reaction formula

H,0, + 2H" + 2¢” — 2H,0

Hydrogen peroxide thus facilitates the generation of Ti*
from the titanium surface as shown in the following formula

Ti + 2H,0, + 4H" - Ti** + 4H,0
(H,0, + 2H" + 2¢” — 2H,0, Ti — Ti'" + 4e7)

Ti*" is also generated from reactions with H* and dissolved
oxygen in the solution, following the reaction formulas

Ti + 4H" - Ti** + H,

A

MLl fam 4 o g

x5

[

Intensity / a.u.

o
j o
LV A b
.
°
o
0
% Po %P4 a

0 10 20 30 40 50 60 70
26 /deg.

Figure 2. XRD patterns of (a) 1, (b) 2, (c) 3, (d) 4, (e) S, () 6, and
(g) 7. Peak assignment: @, Ti; O, Ti,0;(H,P0,),-2H,0; <, TiH,; [,
TiO, (anatase); W, Ti(HPO,),-H,0; A, Ti,0(PO,),-H,0.

Ti + O, + 2H,0 — Ti*" + 40H"

However, hydrogen peroxide has the greatest effect on
facilitating Ti** generation. Immediately after elution from Ti to
the reaction solution, Ti*" reacts with H,O,. When pH < 1, Ti*
is known to form complexes such as Ti(Oz)(OH)n_2(4_”)+.4O
When pH > 1, Ti*" is known to form binuclear complexes such
as TiL,Os(OH),®™ (x = 1-6).* Thus, the second role of
hydrogen peroxide is to form chemical species that possess Ti—
O bonds. When these chemical species react with phosphate or
hydrogen phosphate ions, amorphous or low-crystallinity
titanium phosphate is first deposited on the titanium plate to
form a dense phase. High-crystallinity titanium phosphate,
which is the most stable phase under certain synthetic
conditions, then grows from the surface of the dense phase
to form a nanostructured titanium phosphate thin film
possessing a crystal structure and morphology specific to the
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Figure 3. Effect of aqueous hydrogen peroxide solution on thin-film
morphology: SEM images (a, b, ¢, and e) and a TEM image (d) of (a)
2 and (b—e) 3.

synthetic conditions. This phenomenon, in which a specific
nanostructured thin film is formed through the formation of a
dense phase on a metal surface, was previously observed during
the formation of a sodium titanate thin film on the surface of a
titanium plate.*"** Another mechanism underlying the titanium
phosphate thin-film formation may involve a direct reaction of
Ti*, H,0,, and phosphate or hydrogen phosphate ions to form
polynuclear complexes with complicated structures and
compositions containing Ti, P, O, and H. Through a
polycondensation reaction, these polynuclear complexes are
redeposited on the titanium plate as crystalline titanium
phosphate to form a titanium phosphate thin film.

When a mixture of 2.3 mL of aqueous hydrogen peroxide
solution and 6.9 mL of water was used instead of the 9.2 mL of
aqueous hydrogen peroxide solution, a thin film composed of
hemispheric and flowerlike aggregates approximately 30—40
um in diameter was formed (Figures 3b and 3c). The thin film
composed of flowerlike aggregates is referred to as 3 in Table 1
and the figures. Interestingly, SEM images (Figures 3c and 3e)
and a TEM image (Figure 3d) reveal that the nanoplate-shaped
particles are hundreds of nanometers (approximately 400—700
nm) wide and approximately 28 ym long and grow radially to
form the flowerlike aggregates. Figure 3e indicates broken
flowerlike aggregates and is particularly important for under-
standing the detailed structure of the thin film and for
discussing its process for the formation of the thin film. The
XRD pattern (Figure 2c) indicates that this thin film is
composed of Ti,0;(H,PO,),-2H,0, as is the nanobelt thin
film. However, a comparison of the diffraction peaks in Figures
2a and 2c reveals that the intensity ratio of the diffraction peaks
is different overall, particularly near 26 = 10°. The intensity of
the diffraction peak near 26 = 10° is markedly lower for this
thin film than for the nanobelt thin film. In a crystal of
nanobelt- or nanoplate-shaped Ti,0;(H,PO,),-2H,0, titanium
phosphate layers are stacked parallel to the long axis of the
crystal to form a crystal with a layered structure. In the
microflower thin film, since the crystal with the layered
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structure is tilted or perpendicular to the metal titanium plate in
many cases, the intensity of the diffraction peak near 26 = 10°
corresponding to the interlayer distance of the layered structure
is lower. The molar ratio of P/Ti obtained from the EDX
analysis was 0.96 (Figure S1b in the Supporting Information).
This value is similar to the value of P/Ti = 1 estimated from the
composition of Ti,0;(H,PO,),2H,0. These results suggest
the following process for the formation of the thin film
composed of flowerlike aggregates: (1) When the amount of
hydrogen peroxide in the reaction solution decreases, the
number of titanium phosphate nuclei formed on the titanium
plate also decreases markedly. (2) Then, crystals composed of
titanium phosphate (Ti,0;(H,PO,),-2H,0) slowly grow
radially from a small number of formed nuclei. (3) Finally,
the thin film composed of flowerlike aggregates forms. Because
the crystals grow slowly, they have high crystallinity and form
nanoplate-shaped particles with high aspect ratios instead of
nanobelts.

3.2. Synthesis of a-Titanium Phosphate Nanoplate
Thin Film. The effect of phosphoric acid on the formation of
thin films was investigated by setting the reaction temperature
and the amount of aqueous hydrogen peroxide solution to 120
°C and 92 mlL, respectively, and varying the amount of
aqueous phosphoric acid solution. When the amount of
aqueous phosphoric acid solution was 0 g, a thin film
composed of nanorods tens of nanometers wide and
approximately 2 ym long with a thickness of approximately 2
um was formed (Figure 4a). The nanorod thin film is referred

N
Figure 4. Effect of aqueous phosphoric acid solution on thin-film

morphology: SEM images (a—c) and a TEM image (d) of (a) 4 and
(b—d) s.

to as 4 in Table 1 and the figures. The XRD pattern (Figure
2d) reveals that this nanorod thin film was composed of
anatase-type TiO,, in agreement with the results of Wu et al,®
who performed a hydrothermal treatment on a titanium plate in
an aqueous hydrogen peroxide solution and formed an anatase-
type TiO, nanorod thin film on the plate surface. When the
amount of aqueous phosphoric acid solution was S g, hexagonal
nanoplates with sizes of several micrometers were vertically
aggregated to form a thin film, as shown in Figures 4b—d. The
nanoplate thin film is indicated by § in Table 1 and the figures.
As shown in Figure 4c and Figure S2 in the Supporting
Information, mainly hexagonal nanoplates aggregated hemi-
spherically to form dense structures, but some hexagonal
nanoplates also aggregated hemispherically to form hollow
structures. The cross section of the formed thin film had a
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thickness of approximately 8 ym. The XRD pattern reveals that
the thin-film crystal structure is o-titanium phosphate, Ti-
(HPO,),-H,O (Figure 2e). The molar ratio of P/Ti obtained
from the EDX analysis was 1.96 (Figure Slc in the Supporting
Information). This value is similar to the value of P/Ti = 2
estimated from the composition of a-titanium phosphate. The
H,0, concentration decreased as the amount or concentration
of phosphoric acid increased. Consequently, the formation of
Ti—O bonds was inhibited, and o-titanium phosphate was
generated.

3.3. Synthesis of Low-Crystallinity Titanium Phos-
phate Nanosheet and z-Titanium Phosphate Nanorod
Thin Films. The effect of the reaction temperature on the
formation of a thin film was investigated by fixing the amounts
of aqueous hydrogen peroxide solution and aqueous phos-
phoric acid solution at 9.2 mL and 0.5 g, respectively, and
varying the reaction temperature. When the reaction temper-
ature was 80 °C, a thin film composed of nanosheets with sizes
between hundreds of nanometers and 2 ym was formed with a
film thickness of approximately 3 ym, as shown in Figure Sa—c.

Figure S. Effect of reaction temperature on thin-film morphology:
SEM images (3, b, d, and e) and TEM images (c and f) of (a—c) 6 and
(d—f) 7.

The nanosheet thin film is termed 6 in Table 1 and the figures.
The molar ratio of P/Ti obtained from the EDX measurements
was 0.49 (Figure S1d in the Supporting Information); i.e., the
amount of P was quite small. The reason for this small molar
ratio is probably the thinness of the titanium phosphate thin
film, which allowed the Ti in the titanium plate below it to be
detected in the EDX measurement. The XRD pattern in Figure
2f shows only a broad peak with a low intensity near 26 = 10°
for the thin film formed at 80 °C. This indicates the formation
of a low-crystallinity titanium phosphate thin film with a layered
structure. Thin-film XRD measurement of the thin film was also
conducted to investigate its crystal structure in further detail.
The result shows a sharp diffraction peak at 20 = 8.7°, while
broad and low-intensity diffraction peaks emerge at around 20
=12°, 18°, and 28° (Figure S3 in the Supporting Information).
The locations of the diffraction peaks are similar to those
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observed in the case of Ti,0;(H,P0O,),-2H,0, indicating that
the thin film was derived from Ti,O;(H,PO,),-2H,0 with low
crystallinity. When the reaction temperature was 160 °C, a thin
film composed of nanorods that were approximately 30—150
nm in width and several micrometers in length was formed, as
shown in Figure Sd—f. The nanorod thin film is referred to as 7
in Table 1 and the figures. The cross section of this thin film
reveals a thickness of approximately 7 ym. The XRD pattern
indicates that the nanorod thin-film crystal structure was
attributable to z-titanium phosphate, Ti,O(PO,),-H,O (Figure
2g). The molar ratio of P/Ti obtained from the EDX analysis
was 0.77 (Figure Sle in the Supporting Information), which is
smaller than the value of P/Ti = 1 estimated based on the
composition of Ti,O(PO,),"H,0. The reason for this small
molar ratio is considered to be the many gaps in the z-titanjum
phosphate thin film that allow the Ti in the titanium plate
below the thin film to be detected. As mentioned above, two
studies have reported on the formation of a z-titanium
phosphate thin film on a titanium surface. Lu et al.*® obtained
a thin film composed of z-titanium phosphate nanorods by
performing a hydrothermal treatment of a titanjum plate in a
phosphoric acid solution at 250 °C. Park et al.** also obtained a
m-titanium phosphate thin film that was approximately 5 ym
thick and had needle-like surface microstructures by performing
a hydrothermal treatment of the titanium plate in a phosphoric
acid solution at 180 °C. The morphology of the z-titanium
phosphate nanorod thin film obtained in this study (Figures
Sd—f) is finer and more homogeneous than those of the 7-
titanium phosphate thin films reported in the previous two
studies.”>** In addition, the temperature used to obtain the 7-
titanium phosphate thin film in the present study was lower
than that used in the previous two studies. These differences in
the morphology and synthetic conditions are likely due to the
different mechanisms behind the formation of the z-titanium
phosphate thin film in the presence of hydrogen peroxide.

3.4. Wettability of Titanium Phosphate Thin Films. In
the present study, the wettability of the z-titanium phosphate
(Ti,0(PO,),-2H,0) nanorod thin film, which possesses the
finest nanostructure studied here, was investigated in detail.
The contact angle of the titanium plate (the raw material) was
83° (Figure 6a), whereas that of the nanorod thin film was 0°
(Figure 6b). Therefore, the hydrophilicity greatly increased
after the formation of the nanorod thin film; ie., super-
hydrophilicity of the surface was obtained. The reason for this
superhydrophilicity is probably that 7-titanium phosphate has a
highly hydrophilic surface (high surface free energy) and the 7-
titanium phosphate nanorod thin film has a large specific
surface area.

Attempts were also made to lower the surface free energy of
the thin film by performing chemical modification through
adsorption of surfactants on the 7z-titanium phosphate nanorod
surface. A z-titanjum phosphate nanorod thin film was soaked
in 20 mL of 2-propanol solution containing 0.1 mol/L n-
dodecylamine hydrochloride at 60 °C for S h and was then
repeatedly washed with 2-propanol to remove excess
surfactants. SEM observation confirmed that there were no
changes in the morphology of the nanorod thin film before or
after the surface modification with the n-dodecylamine
hydrochloride solution. The use of n-dodecylamine hydro-
chloride resulted in a change in the contact angle of the thin
film to 151° (Figure 6¢); ie., a superhydrophobic surface was
obtained. Therefore, surface modification with n-dodecylamine
hydrochloride is extremely useful for controlling the wettability.

dx.doi.org/10.1021/am500974v | ACS Appl. Mater. Interfaces 2014, 6, 7695—7704
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a b

Figure 6. Photographs of water droplets on various samples taken with
a digital camera: (a) titanium plate, (b) 7, (c) 7 treated with 0.1 mol/L
n-dodecylamine hydrochloride solution, (d) 7 treated with 0.1 mol/L
n-dodecylamine hydrochloride solution and then rotated 90°, (e) 7
treated with 0.1 mol/L n-dodecylamine hydrochloride solution and
then rotated 180°, (f) 7 treated with 0.1 mol/L dodecylamine solution,
and (g) 7 treated with 0.1 mol/L octadecylamine solution.

When the z-titanium phosphate nanorod thin film was soaked
in 20 mL of a 0.01 mol/L aqueous methylene blue solution at
40 °C for 24 h and repeatedly washed with distilled water, the
color of the nanorod thin film changed to blue, as shown in
Figure S4 in the Supporting Information (ie., positively
charged methylene blue ions were adsorbed onto the z-
titanium phosphate nanorod surface). Therefore, n-dodecyl-
amine hydrochloride is also considered to be electrostatically
adsorbed onto the z-titanium phosphate nanorod surface as
CH,(CH,),;NH;". The FT-IR spectrum of the s-titanium
phosphate nanorod thin film treated with the n-dodecylamine
hydrochloride solution also exhibited adsorption bands at 2927
and 2857 cm ™' due to the —CH,— group of n-dodecylamine, as
shown in Figure SS in the Supporting Information. Surprisingly,
when the nanorod thin film was rotated 90° (Figure 6d) and
180° (Figure 6e) with a 10 uL water droplet on it, the droplet
continued to adhere to the nanorod thin-film surface while
retaining its almost globular shape. This indicates that an
extremely large energy contributes to the adhesion. Next, a 7-
titanium phosphate nanorod thin film was soaked in 20 mL of
ethanol solution containing 0.1 mol/L octylamine, dodecyl-
amine, or octadecylamine at 60 °C for 5 h and was then
repeatedly washed with water to remove excess surfactants.
SEM observation confirmed that there were no changes in the
morphology of the nanorod thin film before or after the surface
modification by these three types of alkylamine solutions. The
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uses of octylamine and dodecylamine for surface modification
also resulted in changing the contact angle of the thin film to
148° (Figure S6 in the Supporting Information) and 153°
(Figure 6f), respectively, along with strong adhesion similar to
that of the n-dodecylamine hydrochloride system. The use of
octadecylamine for surface modification also resulted in a
change in the contact angle of the thin film to 155° (Figure 6g),
indicating the expression of superhydrophobicity. However, as
soon as the thin film with the droplet was tilted beyond 11°, the
droplet readily rolled off its surface because of the super-
hydrophobicity and decreased adhesive force. These results
indicate that adhesion force between a thin film and a water
droplet can be controlled by modifying the alkyl chain length of
the surfactant used to modify the surface.

The expression of superhydrophobicity along with strong
adhesion has been attributed to two mechanisms. The first
mechanism involves the formation of a hierarchical micro- and
nanostructure,* a well-designed nanoporous structure,® and a
pillar array with a microsized period** on the thin-film surface
consisting of substances with low surface energies. The second
mechanism involves the formation of a rough surface structure
on the micro- and/or nanoscale that possesses both super-
hydrophilic domains and superhydrophobic domains at the
nanoscale.****¥” The superhydrophobicity with strong adhe-
sion observed in this study is considered to be attributable to
the latter mechanism. When the nanorod thin film was
observed in detail using SEM (Figures Sd and Se), several
nanorods appeared to aggregate to form a bundle, and many
bundles grew perpendicular to the surface of the Ti plate. The
formation of this hierarchical micro- and nanostructure and
subsequent surface modification with surfactants with low
surface energies are considered to result in the super-
hydrophobicity of the surface. When the nanorod thin film
was treated with the n-dodecylamine hydrochloride solution or
the dodecylamine solution, the surface modification of the film
may have been incomplete. Thus, domains on which
dodecylamine was adsorbed exhibited hydrophobicity, and
those on which dodecylamine was not adsorbed and titanium
phosphate was exposed exhibited hydrophilicity, as shown in
Figure 7. Therefore, the possibility remained that since domains

Dodecylamine System
Hydrophobic Hydrophilic
Domlains Domains

il Lo ]

Titanium Phosphate

}
il

Octadecylamine System

Hydrophobic Surface

A

Titanium Phosphate

Figure 7. Schematic representation of 7 treated with the alkylamine
solutions.

with hydrophobicity and hydrophilicity were mixed in the
nanorod thin film superhydrophobicity and strong adhesion of
the film to a water droplet can be coexpressed. On the other
hand, when the film was treated with the octadecylamine
solution, the film surface was almost completely covered with
octadecylamine molecules because of their longer alkyl chain
length as compared to dodecylamine, as shown in Figure 7.
Therefore, domains with hydrophobicity were predominantly
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formed, and those with hydrophilicity almost disappeared,
resulting in the expression of superhydrophobicity along with
weak adhesion to the water droplet. When the alkyl chain
length of the alkylamine was longer, denser and more stable
surface modification with alkylamine molecules was achieved
because of stronger London dispersive forces which contributed
to form hydrophobic domains. Further, when the alkyl chain
length was shorter, a larger amount of alkylamine was desorbed
upon washing with 2-propanol or water, resulting in the
formation of hydrophilic domains. These considerations can be
well applied to the result of the nanorod thin film treated with
the octylamine solution. The procedure proposed in this study
for controlling the wettability and adhesion of thin films to
water droplets by utilizing the difference in the alkyl chain
length is much simpler than previously reported procedures
that use organic molecules with complicated structures and
compositions such as poly(methacrylate), amphiphilic polyur-
ethane, and hydrophobic fluorinated polyurethane;*® hydro-
phobic 1H,1H,2H,2H-perfluorooctyltriethoxysilane and nitro-
cellulose;*® and poly(styrene sulfonic acid) sodium salt and
polydimethylsiloxane or polytetrafluoroethylene.>”

To examine whether the schematic representation shown in
Figure 7 is accurate, changes in the contact angle due to the
photocatalytic degradation of alkylamines were investigated by
subjecting the nanorod thin films treated with the alkylamine
solutions to ultraviolet irradiation. Figure 8 shows changes in
the contact angle with the ultraviolet irradiation time. When the
nanorod thin film treated with the dodecylamine solution was
subjected to ultraviolet irradiation (Figure 8a), the contact
angle was observed to be about 150° after 20 h of irradiation.
However, after 20 h of irradiation, the contact angle started to
decrease and became more dispersed with increasing irradiation
time. In particular, the contact angle decreased rapidly after 41
h of irradiation and became 90° or less. Highly hydrophilic
areas with a contact angle of about 10° started to emerge as
well after 42 h of irradiation. On the other hand, as shown in
Figure 8D, superhydrophobic surfaces were maintained on the
nanorod thin film treated by the octadecylamine solution even
after 36 h of irradiation because the contact angle on the film
was greater than or equal to 150° in most areas. After 37 h of
irradiation, the contact angle started to decrease and became
more dispersed with increasing irradiation time. Particularly,
after 96 h of irradiation, the contact angle decreased rapidly and
became 90° or less together with a relatively high contact angle
of about 130—140°. Highly hydrophilic areas with a contact
angle of about 20° also began to emerge after 120 h of
irradiation. These results indicate that it is possible to control
the contact angle of a thin film by subjecting it to ultraviolet
irradiation. Moreover, changes in the contact angle due to
differences in the alkyl chain length for alkylamines indicate the
accuracy of the model shown in Figure 7. Uetsuka et al.*
reported that if partial degradation of trimethylacetic acid
(TMA) ions causes a gap of a few nanometers along the
diameter when titanium dioxide with TMA tightly adsorbed on
its surface is subjected to ultraviolet irradiation then TMA
present around the gap becomes degraded as a result of chain
reactions. These phenomena then lead to a significant
acceleration of the photocatalytic degradation of TMA. Rapid
decreases in the contact angle were observed in this study with
increasing duration of ultraviolet irradiation, suggesting that
photocatalytic degradation similar to that in the case of
titanium dioxide occurred. Therefore, as shown in Figure 7, a
long period of time was required until the degradation of
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Figure 8. Changes in the contact angle of 7 treated with the
dodecylamine (a) and the octadecylamine (b) solutions with the
ultraviolet irradiation time.

octadecylamine led to gap formation on the thin film treated
with the octadecylamine solution; few gaps were formed prior
to the ultraviolet irradiation owing to the tight adsorption of
octadecylamine on the titanium phosphate surface. This is
believed to be the reason for the longer time required for the
rapid decrease in the contact angle. Further, this is in contrast
to rapid decreases in the contact angle in a short period of time
caused by the rapid degradation of dodecylamines via chain
reactions around the gaps on the nanorod thin film treated with
the dodecylamine solution, with gaps formed already in the
dodecylamine adsorption layer prior to the ultraviolet
irradiation, as shown in Figure 7. Additionally, a more
interesting feature is that when the film was tilted a water
droplet rolled down on the nanorod thin film after the film was
treated with the octadecylamine solution following up to 33 h
of ultraviolet irradiation. However, areas on which the water
droplet remained adsorbed as well as those on which it rolled
down upon tilting of the film were simultaneously observed on
the same thin film after 34 and 35 h of irradiation, respectively.
After 36 h of irradiation, the water droplet remained adsorbed
on the thin film even when the film was rotated by 90° and
180°; despite this, the film showed a superhydrophobic surface
for which the contact angle was greater than or equal to 150°.
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These findings suggest that adhesion forces are applied on a
water droplet on the thin film because 34 h of ultraviolet
irradiation degrades the octadecylamine adsorption layer and
then exposed the surface of a certain area of titanium
phosphate, as evidenced in the nanorod thin film treated with
the dodecylamine solution. These results indicate that adhesion
forces on a water droplet on the thin film can be controlled not
only by varying the length of the alkyl chain for alkylamines but
also by ultraviolet irradiation while maintaining superhydro-
phobic surfaces.

Finally, the contact angle was also measured for the other
titanium phosphate thin films: the nanobelt (Figure 1la),
microflower (Figure 3b), nanoplate (Figure 4b), and nanosheet
(Figure Sa) structures. The contact angle for all four thin films
was 0°. Therefore, all of the titanium phosphate thin films
presented in this study exhibit superhydrophilic properties.
This should allow excellent biocompatibility between the
titanium phosphate thin films and body fluids or blood.
Therefore, the micro- and nanostructured titanium phosphate
thin films are assumed to be useful as implant materials. On the
other hand, the contact angles of the nanobelt, microflower,
nanoplate, and nanosheet thin films treated with the n-
dodecylamine hydrochloride solution were 25°, 98°, 151°,
and 128°, respectively, as shown in Figure S7 in the Supporting
Information. The surface topography and composition of thin
films also play a crucial role in their wettability. The surface
topography can be mainly explained by the surface waviness
and roughness. The nanorod thin films have a flat surface with
hardly any waviness when examined at a scale of tens of
micrometers, as shown in Figure Sd; however, the surface is
very rough due to the nanorods and the spaces between them,
and it has a fine uniform structure, as shown in Figure Se. The
distance between the convex parts is short, and the number of
convex parts per unit area is large; however, the area of each
convex part is small. These features of surface topography can
lead to the superhydrophobicity. However, the nanobelt itself
in the nanobelt thin film is soft and deformable where the ratio
of the concave area to the convex area at the nanobelt tip is
greater (see Figures la and 1b) and the distance between the
convex areas is long, while the concave areas are large, resulting
in the significantly smaller contact angle than that of the
nanorod thin film. In the microflower thin film, surface
waviness is found between flowerlike structures at a scale of
tens of micrometers, where the long thin plate that forms the
flowerlike structure and the surface roughness in between the
plates are large, but the contact angle is smaller compared to
that of the nanorod thin film due to areas not covered by the
flowerlike structure (Figure 3b) and areas in which flowerlike
structures are broken (Figure 3e). The nanoplate thin film has
the large contact angle similar to that of the nanorod thin film
due to the surface waviness between the hemispherical
nanoplate aggregates shown in Figure 4b and surface roughness
created by the aggregation of nanoplates, as shown in Figure 4c.
The nanosheet thin film has a surface waviness (unevenness at
the scale of a few micrometers) as a result of aggregated
nanosheets shown in Figure Sb, but it has a slightly smaller
contact angle than that of the nanorod thin film because of the
smaller surface roughness than that of the nanorod thin film.

4. CONCLUSIONS

In the present study, hydrothermal treatment of a titanium
plate in a mixed aqueous hydrogen peroxide and aqueous
phosphoric acid solution under different conditions resulted in
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titanium phosphate thin films possessing various crystal
structures and micro- and nanoscale morphologies that have
not been previously reported. The results of this study also
clarify the mechanisms behind the formation of these thin films.
The crystal structure and morphology of the titanium
phosphate thin film depended strongly on the concentration
of aqueous hydrogen peroxide solution, the amount of aqueous
phosphoric acid solution, and the reaction temperature. In
particular, hydrogen peroxide was found to play an important
role in the formation of the titanium phosphate thin films. The
titanium phosphate thin films obtained in this study had
superhydrophilic properties. Superhydrophobic surfaces with
controllable adhesion were obtained on z-titanium phosphate
nanorod thin films modified with alkylamine molecules. The
adhesion force between a water droplet and the thin film
depended on the alkyl chain length of the alkylamine and the
ultraviolet irradiation. The procedure for controlling the
wettability and adhesion of thin films to water droplets by
utilizing the difference in the alkyl chain length proposed in this
study is much simpler than previously reported procedures.
Moreover, determining the wettability of the prepared titanium
phosphate thin films and films modified using organic
molecules can help us in understanding the influence of
micro- and nanostructures on the wettability of these films. The
micro- and nanostructured titanium phosphate thin films may
have a number of applications such as use as biomaterials,
catalysts, and energy materials and in liquid transportation,
separation of toxic substances or useful substances, oil—water
separation, and decomposition of toxic organic substances.
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