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ABSTRACT: Brookite TiO, nanoparticles with amphiphilic
properties were successfully synthesized with a water-soluble
titanium glycolate complex precursor using an oleate-modified
hydrothermal growth process. The ~20—40 nm TiO,
nanoparticles were highly dispersible in both water and
cyclohexane. The activity of the brookite nanoparticles for
the degradation of acetaldehyde under UV irradiation was
higher than that of Degussa P-25 TiO, powder. A spin-coated
brookite film prepared on a polyimide substrate exhibited
photoinduced hydrophilicity. Thus, these synthesized brookite nanoparticles could be applied as a photocatalytic coating
solution.
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B INTRODUCTION Recently, the synthesis of brookite nanoparticles with various
morphologies, such as nanorods, nanotubes, and nanoflowers,

Titanium dioxide (TiO,) is an efficient photocatalyst that is P » B S
has been reported. Kominami et al” reported the

activated by irradiation with ultraviolet (UV) light to generate

electron-hole pairs, which reduce and oxidize adsorbates on a i p ) > g
surface, thereby producing species such as OH radicals and method. Ohtani et al.”” reported that brookite exhibited higher

. o . . 61
0,~."~3 These radicals have strong oxidation activity and can photocatalytic activity than anatase and rutile. Kandiel et al.
decompose most organic compounds*™'> and bacteria, ™' also reported that the activity of a pure brookite suspension for

synthesis of nanosized brookite particles by a solvothermal

Therefore, many studies have been conducted on the photocatalytic H, evolution was higher than that of pure
application of TiO; to water™® 2! and air purification.” anatase, despite the former6 7hawing a lower specific surface area.
The photoinduced hydrophilicity, as well as conventional In addition, Koelsch et al.”°" suggested that brookite is a good
applications, of the TiO, photocatalyst has been studied since candidate for photovoltaic devices. However, these brookite
199528731 UV irradiation of TiO, generates a highly particles were synthesized using Ti sources with strong
hydrophilic state on the surface.’> ** If the surface is coated toxicological and corrosive properties (TiCl;, TiCl, and
with an organic material, then the photocatalytic decomposition titanium alkoxides) that are difficult to handle.
of organic compounds firstly regenerates a hydrophilic surface It has been successfully synthesized highly anisotropic, one-
and then a highly hydrophilic surface by increasing the number dimensional shaped single-phase brookite nanoparticles using a
of hydroxyl groups.41’42 This unique property has already been water-soluble titanium complex precursor that was stable over a
applied to various industrial products, such as self-cleaning wide pH range and environmentally benign'68_7l The nano-
exterior tiles, anti-beading automobile side mirrors, and anti- particles had high crystallinity, but the morphology was not well
fogging g]asses_zr‘B_% controlled and was heavily agglomerated. It is considered that
TiO, in nature as mainly three polymoophs; anatase (space these synthesized brookite nanoparticles difficult to apply as a
group: I4,/amd), rutile (P4,/mnm), and brookite (Pbca). Rutile photocatalytic coating solution. We have succeeded in the
is the most stable phase, whereas the other two phases are synthesis of an aqueous dispersion of highly crystalline brookite
metastable and transform to rutile when heated at high nanoparticles with controlled morphology, using an oleate-
temperatures. The synthesis and applications of anatase and
rutile have been extensively studied, because they are relatively Received: June 29, 2012
easy to synthesize.‘w_55 In contrast, brookite is a rare TiO, Accepted:  August 3, 2012
polymorph and is typically difficult to synthesize. Published: August 3, 2012

v ACS Publications  © 2012 American Chemical Society 4846 dx.doi.org/10.1021/am301183t | ACS Appl. Mater. Interfaces 2012, 4, 4846—4852


www.acsami.org

ACS Applied Materials & Interfaces

Research Article

modified growth technique.”> However, the brookite nano-
particles were only dispersible in water.

In the present study, amphiphilic brookite nanoparticles were
prepared using a water-soluble titanium complex and the
oleate-modified hydrothermal growth process. The photo-
catalytic activity (photocatalytic oxidation activity and photo-
induced hydrophilicity) of the particles was evaluated according
to the photodegradation of acetaldehyde gas and the water
contact angle.

B EXPERIMENTAL SECTION

Materials. Titanium powder (Ti, —4S pm particle size, 99.9%),
ammonia solution (NH;, 28%), hydrogen peroxide (H,O,, 30%),
sodium oleate (C;;H;;COONa, 60%), and cyclohexane (C¢H,,
99.5%) were purchased from Wako Pure Chemical Industries,
Tokyo, Japan. Glycolic acid (HOCH,COOH, 97%) was purchased
from Kanto Chemicals Co. Inc, Tokyo, Japan. Water was purified
using a Millipore installation.

Synthesis of Brookite Nanoparticles. The synthesis of brookite
nanoparticles has been previously described in detail.”> Titanium
powder (2.0 mmol) was dissolved in a cooled 28% NH; aqueous
solution (2.0 mL) containing 30% H,0, (8.0 mL). After stirring for 2
h, the titanium powder was completely dissolved, and glycolic acid (3.0
mmol) was then added to the solution as a complexant agent. The
solution was dried at 65°C to remove excess H,0, and NH;. The gel
was dissolved by the addition of distilled water to yield a transparent
yellow aqueous solution. The initial pH of the glycolate titanium
complex solution was approximately 6. Various amounts of sodium
oleate (1.0, 2.0, and 4.0 mmol) dissolved in distilled water (18 mL)
were added to the solution containing glycolate titanium complex ions.
The total volume of the solution was adjusted to 20 mL using distilled
water, which resulted in a pH of 8. The solution was sealed in a
Teflon-lined stainless steel autoclave (50 mL) and heated at 200°C for
6 h. After the hydrothermal reaction, the white precipitate formed was
separated from the solution by centrifugation (6000 rpm for 30 min),
and was then washed several times with distilled water.

Preparation of Brookite Films. Brookite film was produced by
spin coating a 0.1 M cyclohexane solution of brookite nanoparticles
onto a polyimide substrate at 2000 rpm for 30 s in dry air. After
coating, the film was dried at 80°C for 6 h. In the case of a glass
substrate, brookite film was produced by spin coating a 0.1 M water
solution of brookite nanoparticles at 2000 rpm for 30 s in dry air. After
coating, the film was fired at 350°C for 1 h.

Characterization. The crystalline phase of the samples was
identified by powder X-ray diffraction (XRD; RINT2100, Rigaku,
Japan) with monochromated Cu Ka radiation. The applied voltage
and current to the Cu target was 40 kV and 40 mA, respectively. The
particle size and morphology of the samples were investigated by
transmission electron microscopy (TEM; HF-2000, Hitachi, Japan)
with operation at 200 kV. TEM samples were prepared by depositing
one drop of the sample dispersed in cyclohexane or water onto an
amorphous carbon grid. The zeta potentials of the samples were
measured by laser Doppler microelectrophoresis (Zetasizer Nano ZS,
Malvern Instruments Ltd, UK). The samples were suspended in
distilled water and the pH was adjusted using HCI or NaOH solution.
Fourier transform infrared spectroscopy (FT-IR) was performed using
a JIR-7000, JEOL, Japan. The specific surface area of the samples was
estimated by the Brunauer, Emmett, Teller (BET) method using an
adsorption instrument (ASAP2010, Shimadzu Co., Japan).

Evaluation of Photocatalytic Activity. The degradation of
gaseous acetaldehyde (CH;CHO) by brookite powder samples was
conducted in a batch-type reactor at room temperature, which is
higher than the boiling point of pure acetaldehyde (approximate
20°C). The 500 mL reactor vessel was made of Pyrex glass. The
samples were irradiated in air using UV light (1.0 mW/cm?) for 2 days
before photodegradation to remove ubiquitous organic pollutants or
oleate molecules on the surface. The brookite powder samples (0.05
g) were placed in the reaction vessel and a measured quantity of
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acetaldehyde gas (8.9 pmol, 400 ppm) was introduced into the
reaction vessel using a Pressure-Lok precision analytical syringe. After
adsorption equilibration in the dark for 1 h, the reactor was placed
beneath black-light lamps (Toshiba, FLI0BLB, wavelength range of
290—420 nm with a peak at 352 nm). The UV light intensity was 1.0
mW/cm? as measured with a UV radiometer (UVR-400, Iuchi, Japan).
The decrease in acetaldehyde concentration and increase in CO,
concentration were monitored by gas chromatography with nitrogen
as the carrier gas (GC-14A, Shimadzu, 2 m Porapak-Q_column ZP-17
and flame ionization detector). The photoinduced hydrophilicity of
the film sample surfaces was evaluated according to the water contact
angle (), which was measured using a commercial automatic contact
angle meter (DMs-400, Kyowa Interfaces Science, Japan). The water
droplet volume used for the measurements was 3.0 L. The average of
three separate measurements was taken as the water contact angle.

B RESULTS AND DISCUSSION

Figure 1 shows XRD patterns of samples synthesized by the
hydrothermal treatment at 200°C for 6 h with various amounts
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Figure 1. XRD patterns of the samples synthesized by the
hydrothermal treatment at 200 °C for 6 h with various amounts of
sodium oleate additive; (a) 1.0, (b) 2.0, and (c) 4.0 mmol. The
standard patterns for anatase (ICDD#00-021-1272), rutile (ICDD#00-
021-1276), and brookite (ICDD#00-029-1360) are shown at the
bottom for reference.

of sodium oleate additive. All reflections in the XRD patterns of
the sample prepared with 2.0 mmol of sodium oleate can be
assigned to the brookite phase. In contrast, both brookite and
anatase crystalline phases were detected in the samples
prepared with 1.0 and 4.0 mmol of sodium oleate. No
reflections assignable to the rutile TiO, phase were observed in
the XRD patterns. However, only the rutile phase was obtained
without sodium oleate addition.’® These results indicate that
the brookite phase is formed with increasing Na' ion
concentration during the hydrothermal treatment. It has been
reported that the presence and concentration of Na* ions are
img)ortant factors to obtain the brookite phase.”>””” Zhao et
al.%® reported that anatase phase is obtained with low Na* ion
concentration, which corresponds with the result shown in
Figure la. Kominami et al.>®”® reported that the presence of
alkaline or alkaline earth metals and the ratio of titanium to the
alkaline or alkaline earth metals are important for the formation
of brookite. Kobayashi et al.”’ also reported that a weakly basic
environmental condition promotes the formation of brookite.
Thus, a weakly basic condition (pH 8) and 2.0 mmol of sodium
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oleate additive are considered to be the optimum conditions to
obtain the brookite phase.

Samples synthesized by the hydrothermal treatment using 2.0
mmol of sodium oleate were redispersed in water or
cyclohexane, to form transparent colloidal solutions, as shown
in Figure 2. The Tyndall phenomenon was confirmed in both

Figure 2. TEM images of the brookite nanoparticles dispersed in (a)
water and (b) cyclohexane, synthesizing by the hydrothermal
treatment at 200 °C for 6 h with 2.0 mmol of sodium oleate. Inset
photographs show that the synthesized nanoparticles exhibit excellent
dispersibility in both solutions.

solutions by the visibility of a green laser path, which indicates
the high dispersibility of the synthesized brookite particles. In
addition, the brookite particles are dispersible in both polar
(water) and non-polar (cyclohexane) solvents, i.e., the brookite
particles are amphiphilic. This is distinctly different from
brookite powder synthesized without sodium oleate. Images a
and b in Figure 2 shows TEM images of the brookite
nanoparticles dispersed in water and cyclohexane, respectively.
The brookite nanoparticles in both solutions exhibit excellent
two-dimensional dispersibility on the amorphous carbon grid.

The morphology of the brookite nanoparticles was squarish
without sharp angles and the particle size was 20—40 nm, which
is in good agreement with our previous report.”* The effect of
sodium oleate addition on the shape of anatase particles has
been investigated,®® where sharp-edged cubic anatase particles
were obtained. Sodium oleate may specifically adsorb onto the
{001} and {100} facets, which would significantly reduce the
specific surface energy and induce the formation of the cubic
shape. It is considered that the squarish morphology of the
brookite nanoparticles is achieved by the selective adsorption of
oleate molecules onto the {001} and {210} facets of brookite,
which lowers the surface energy, because the brookite
nanoparticles synthesized with oleate are surrounded by four
{001} and two {210} facets.”*

Figure 3 shows the effect of oleate addition on the zeta
potentials of brookite nanoparticle surfaces. The zeta potentials
at pH 6 and 8 (under near-neutral pH conditions) were —50.6
and —55.2 mV, respectively. In contrast, the zeta potentials of
brookite nanoparticles synthesized without oleate were -24.6
mV (pH 6) and —31.4 mV (pH 8) (see Figure Sl in the
Supporting Information). Thus, the zeta potentials of both
samples synthesized with oleate became more negative and
were lower than those synthesized without oleate. The negative
charge of the nanoparticles is generally attributed to hydroxyl
groups (OH) on the nanoparticle surfaces. Fourier transform-
infrared (FT-IR) spectral measurements of brookite nano-
particles synthesized with and without oleate indicated no
significant difference in the adsorption of hydroxyl groups
(OH™) (see Figure S2 in the Supporting Information). We
have suggested an oleate double layer model for the
nanoparticle surfaces.”’ Models for the oleate layers formed
on the brookite (001) and (210) facets in water are shown in
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Figure 3. Zeta potentials of the synthesized brookite
surfaces at various pHs.

nanoparticle

Scheme 1la. The primary layer is formed by chemical bonding
of the oleate carboxyl group onto surface active sites, which are
Ti*" or non-covalent bonding oxygen atoms, of the brookite
(001) and (210) facets, and the secondary layer is formed by
hydrophobic interactions among the alkyl chains of the oleate.
Tombicz et al** reported a large negative shift in the zeta
potential by formation of the secondary oleate layer, which
supports our proposed model.

Figure 4 shows the atomic arrangements of the ideal brookite
TiO, (001) and (210) facets. The bonding between Ti and
noncovalent bonding oxygen atoms in the outmost TiOg
octahedra on the brookite (001) facet are inclined with respect
to the [001] direction. In the case of the brookite (210) facet,
they are slightly inclined with respect to the [210] direction.
Considering that oleate molecules adsorb on the surface active
sites (Ti** or noncovalent bonding oxygen atoms), oleate
molecules are more randomly absorbed on the (001) facet than
on the (210) facet. Thus, if oleate molecules in the primary
layer absorb randomly on the (001) facet in water, then the
molecules in the secondary layer would also be located
randomly between molecules of the primary layer. In contrast,
the arrangement of oleate molecules in the primary and
secondary layers on the (210) facet in water is more order that
on the (001) facets. (Scheme 1a) In the case of cyclohexane,
the (001) and (210) facets are covered by only a primary layer.
(Scheme 1b) Generally, the surface on the particles has
electrostatic charge in a polar solvent except in the case of an
isoelectric point, and the particles are dispersible in a polar
solvent due to an electrostatic repulsion on the particle surface.
In contrast, the particles are dispersible in a non-polar solvent
due to not the electrostatic repulsion but the effect of steric
hindrance by surfactants deposited on the particle surface.
Thus, the brookite nanoparticles synthesized with oleate are
dispersed by the effects of electrostatic stabilization and steric
hindrance in water and cyclohexane, respectively.

Figure S shows the results of acetaldehyde (CH;CHO)
decomposition in the presence of the synthesized brookite
nanoparticles and Degussa P-25 under UV light irradiation. The
degradation of acetaldehyde and generation of CO, was similar
for both samples. When UV light was irradiated onto a sample,
the acetaldehyde concentrations began to decrease significantly,
accompanied by CO, generation. After UV irradiation for 20
min, the acetaldehyde was completely degraded. CO, was
gradually generated with increasing UV irradiation time. The
oxidative photodegradation of acetaldehyde with a TiO,
photocatalyst proceeds as follows®>
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Scheme 1. Oleate Layer Models Formed on Brookite (001) and (210) Facets in Water and Cyclohexane

(a) Water

(001) face

(b) Cyclohexane
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Figure 4. Schematic illustration of the ideal brookite TiO, (001) and
(210) facet structures.
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Figure S. Change in acetaldehyde (dotted line) and CO, (solid line)
concentrations as a function of irradiation time in the presence of
synthesized brookite nanoparticles (@) and Degussa P-25 TiO,
powder (H).

CH,CHO(ads) + 3H,0 + 10h" — 2CO, + 10H* (1)
CH,CHO(ads) + H,0 + 2h"

— CH,;COOH(ads) + 2H" )
CH,COOH(ads) + 2H,0 + 8h" — 2CO, + 8H"  (3)

4849

where h" is a hole generated by the photoinduced charge
separation in TiO,. One acetaldehyde molecule decomposes
into two CO, molecules, which is the final product. The initial
concentration of acetaldehyde gas introduced into the reaction
vessel was 8.9 umol, which would theoretically provide 17.8
umol of CO,. The CO, generation between the two samples is
quite similar until 30 min, after which the CO, generation rate
became different. The CO, generation rate of the brookite
nanoparticles was higher than that of Degussa P-25, which was
saturated at around 15 pmol. The CO, generation for the
synthesized brookite nanoparticles was around 17 pumol after
180 min, which indicated that acetaldehyde was almost
completely decomposed. Thus, the brookite nanoparticles
exhibited higher activity for the photodecomposition of
acetaldehyde than the Degussa P-25 powder.

The photocatalytic activity of TiO, is dependent on factors
such as specific surface area (particle size), particle shape,
crystallinity, and crystal phase. The specific surface area of the
brookite nanoparticles (60 m*/g) was slightly larger than that
of the Degussa P-25 powder (50 m?/g). Morishima et al.*’
reported that brookite nanoparticles synthesized by hydro-
thermal method using a water-soluble Ti-complex coordinated
by ethylenediaminetetraacetic acid had higher specific surface
area than P-25 powder, and the synthesized brookite
nanoparticles exhibited photocatalytic activity higher than P-
25. 1t has been reported that anatase TiO, (100) and (001)
facets exhibit high photocatalytic activity, and it is suggested
that the crystal arrangement of the anatase (100) and (001)
facets contributes significantly to the photocatalytic activ-
ity.*"% Figure 6 shows the atomic arrangements for the
anatase TiO, (100) and (001) facets, and the brookite TiO,
(001) and (210) facets. For the anatase (100) and brookite
(001) facets, there are non-covalent bonding oxygens and
bridging oxygens. The non-covalent bonding oxygen is the
termination on the anatase (100) and brookite (210) facets.
The brookite (001) and (210) facets have atomic arrangements
that are analogous to the anatase (100) and (001) facets,
respectively. We consider that the synthesized brookite
nanoparticles exhibit excellent activity for photodegradation
of acetaldehyde.
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Figure 6. Atomic arrangements of the ideal anatase TiO, (100) and (001) facets, and brookite TiO, (001) and (210) facets.

Figure 7 shows the variation of the water contact angle for a
brookite film and polyimide substrate (blank sample) as a

100 T T 4 T T T T T T T
" Blank
= 80 o--a, o Pa o
® s o
E
560 .
g
=
S
Z 40 :
g Brookite film
20+ s
" 1 N 1 A "y - lag =I -
0 50 100 150 200 250 300

Irradiation time [min]

Figure 7. Variation of water contact angle on a brookite film and
polyimide substrate (blank) under UV irradiation (1.0 mW/cm?) over
time.

function of UV irradiation time. The initial contact angle of the
film was quite high, which may be due to the oleate on the
brookite nanoparticle surfaces. When UV light was irradiated
on the film, the contact angle increased, and then began to
decrease. It is considered that the hydrophilic conversion
started after decomposition of the oleate on the brookite
nanoparticles by photocatalytic reaction. The contact angle of
the film became less than 3° after irradiation for 150 min, which
corresponds to a highly hydrophilic state. In contrast, the
contact angle of the blank sample did not decrease with
increasing UV irradiation time, which indicates that the
brookite film exhibits photoinduced hydrophilicity under UV
irradiation.

Brookite film could be prepared on an organic substrate
using brookite nanoparticles dispersed in cyclohexane solvent.
The film had good transparency and the film surface was dense
(see Figures S3 and S4 in the Supporting Information).
Brookite film could also be prepared on an inorganic substrate
(glass) using water as a solvent, and the quality of the film was
the same as that prepared on the organic substrate. It is
considered that the results of this work will be useful to widen
the applications of the brookite nanoparticles.
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B CONCLUSIONS

Brookite TiO, nanoparticles were synthesized from a glycolate
titanjum complex precursor using an oleate-modified hydro-
thermal method (200 °C, 6 h). The crystal phase was
dependent on the amount of oleate additive. Single phase
brookite was produced when the amount of additive was 2
mmol (Ti/oleate = 1.0 molar ratio), where the anatase phase
was also obtained at other Ti/oleate molar ratios. The
morphology of the brookite nanoparticles was squarish, and
the nanoparticles were amphiphilic, in that they were
dispersible in both water and cyclohexane. It is thought that
the brookite nanoparticle surfaces were modified by an oleate
double layer. The brookite nanoparticles and a spin-coated
brookite film exhibited high activity for the photodegradation of
acetaldehyde and excellent hydrophilic conversion under UV
irradiation, respectively. The present method is considered to
be very effective for the synthesis of amphiphilic nanoparticles,
and could be applicable to the synthesis of other metal oxides.

B ASSOCIATED CONTENT

© Supporting Information

Zeta potential measurements and FT-IR spectra of samples
synthesized by the hydrothermal method. SEM image and
photograph of the brookite film prepared on an organic
substrate using the brookite nanoparticles dispersed in
cyclohexane. This Information is available free of charge via
the Internet at http://pubs.acs.org/.
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