
Journal of the European Ceramic Society 26 (2006) 559–563

Control of crystalline texture in polycrystalline TiO2 (Anatase) by
electrophoretic deposition in a strong magnetic field
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Abstract

Crystalline oriented titania (anatase) thick films have been fabricated by electrophoretic deposition in a strong 12 T magnetic field. Anatase
particles in an aqueous suspension are rotated due to their magnetic anisotropy and then deposited on a substrate in a dc electric field. The
angle between the directions of the magnetic and electric fieldsϕB–E is fixed at specified angles (ϕB–E = 0, 30, 60 and 90◦) during the deposition
to control the dominant crystalline orientation of the deposits. The crystalline orientation characterized by the X-ray diffraction for the anatase
films proves the orientation dependence of anatase upon theϕB–E angle during the EPD. The crystalline orientation of the anatase films can
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. Introduction

Titanium dioxide, TiO2, has been extensively studied for
ts unique physical and chemical properties, such as high
efractive index, excellent optical transmittance in the vis-
ble and near-infrared region, high dielectric constant, and
hotocatalysis for water cleavage. Titania has three crys-

allographic polymorphs, i.e., rutile, anatase and brookite,
omposed of Ti ions having octahedral coordination. Though
utile is the most thermodynamically stable phase, anatase
hows advantages in photocatalysis and energy conversion.
esides, it has been reported for anatase that there is an ori-
ntation dependence of the reaction activity. For example,
ater reduction and photo oxidation take place at more neg-
tive potentials for the anatase (0 0 1) surface than for the
natase (1 0 1) surface.1 Orienting anatase nanocrystals with
0 0 1) preferred growth may improve the charge conversion
fficiency of photocatalysis and dye-sensitized nanocrys-

alline cells.2 Due to the difficulty in obtaining a natural
natase single crystal, studies on the orientation dependence

of the physical and chemical properties of anatase have
limited.3,4

In general, the artificial crystal growth of anatase is
easy since anatase is a low temperature-stable phas
easily transforms to rutile above∼700◦C. Single-crystallin
anatase has been prepared by a chemical transport reac5,6

Appropriate choice of substrate material has also ena
us to grow anatase with preferred orientations. For exa
(0 0 1) oriented anatase films have been prepared on La3
(0 0 1) and SrTiO3 (0 0 1) single crystals by chemical vap
deposition (CVD),7 pulsed laser deposition,8 molecular beam
epitaxy (MBE)9 and laser MBE10,11 since the lattice mis
match ofa-axis constants between LaAlO3 or SrTiO3 and
TiO2 is very small. However, these methods are not prac
ble for fabricating oriented titania onto other various subs
materials.

Recently, we developed a promising processing techn
to fabricate a polycrystalline ceramic thick film with p
ferred crystalline orientation using commercial powde
electrophoretic deposition (EPD)12–14 in a strong magnet
field. A schematic illustration of the concept has been sh
∗ Corresponding author. Tel.: +81 29 859 2460; fax: +81 29 859 2401.
E-mail address: uchikoshi.tetsuo@nims.go.jp (T. Uchikoshi).

in previous papers.15–18Ceramic particles dispersed in a sol-
vent are rotated due to their magnetic anisotropy and then
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Fig. 1. Schematic illustration of the orientation of single crystalline particles
in a magnetic field.

deposited on a substrate in a dc electric field. The fundamen-
tal concept is as follows.

Many materials in asymmetric (non-cubic) crystalline
structures have anisotropic magnetic susceptibilities,�χ =
χ‖ − χ⊥, associated with their crystal structures, whereχ‖
and χ⊥ are the susceptibilities parallel and perpendicular
to the magnetic principal axis, respectively. When a single
crystal of these materials is placed in a magnetic field, the
crystal is rotated and the crystallographic axis of highχ is
aligned in the direction of the magnetic field. A schematic
illustration of the rotation of particles in a magnetic field is
shown inFig. 1. The driving force of the magnetic align-
ment is the energy of the crystal anisotropy and is given as
�E =�χVB2/2µ0, whereV is the volume of the material,B
the applied magnetic field, andµ0 is the permeability in a
vacuum.19 Generally, the magnetic susceptibilities of feeble
magnetic materials (|χ| = 10−3 to 10−6) are quite low in com-
parison with those of ferromagnetic materials (|χ| = 102–104)
and the�E of feeble magnetic materials is much lower than
the energy of thermal motion,kT, in a conventional mag-
netic field generated by a permanent magnet (B =∼10−1 T).
However, the magnetization force acting on feeble magnetic
materials can be higher thankT at room temperature under a
strong magnetic field as high as∼10 T.17

Anatase has a tetragonal crystalline structure and is very
likely to be aligned with the direction of the magnetic field at
∼ films
w PD
i

2

,
a ere
u opic
( of
t -
t 5.5
b nsion

Fig. 2. TEM photograph of as-received titania powder.

Fig. 3. XRD pattern of as-received titania powder.

with a 5 vol.% solid content was prepared. Polyethylenimine
(PEI) was added to improve the stability of the suspension.20

The zeta-potentials of the anatase powder with and without
PEI modification are shown inFig. 4. The suspension was
placed in the center of the magnetic field of a supercon-
ducting magnet (Japan Superconductor Tech. Inc., JMTD-
12T100NC5) and then a strong magnetic field was applied
to the suspension to rotate each particle. The magnetic field

Fig. 4. Zeta-potentials of anatase powder with and without PEI modification.
10 T. We demonstrate in this paper that anatase thick
ith a preferred crystalline orientation are fabricated by E

n a superconducting magnet.

. Experimental

Spherical anatase particles (Nanotek TiO2, 80% anatase
verage particle size of 30 nm, high purity of 99.95%) w
sed in this study. The transmission electron microsc
TEM) photograph and X-ray diffraction (XRD) pattern
he as-received powder are shown inFigs. 2 and 3, respec
ively. The powder was dispersed in distilled water at pH
y ultrasounds, and then a deflocculated titania suspe
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Fig. 5. Schematic illustration of the apparatus for EPD in a superconducting
magnet.

was maintained in the suspension during the EPD at a con-
stant current of 2.7 mA/cm2. A schematic illustration of the
apparatus is shown inFig. 5. The magnetic field fixes the ori-
entation of each particle; thec-axis of the anatase is aligned
parallel toB in this case.21 When an electrical field is then
applied to the oriented particles, they move along with the
electric field lines while retaining their orientation relative to
the magnetic field, and then deposit on a substrate. A pal-
ladium sheet was used as the cathodic substrate to absorb
the hydrogen produced by electrolysis of the solvent.22 The
direction of the electric fieldE relative to the magnetic field
B was altered (ϕB–E = 0, 30, 60 and 90◦) in order to con-
trol the preferred orientation of the anatase deposits. After
the deposition, the deposits were removed from the magnetic
field and dried at room temperature. The surface roughness
of the deposit was observed by an atomic force microscope
(AFM). The XRD analysis was carried out to investigate the
crystalline orientation of the specimens. The green density of
the deposit was measured for a thick deposit separated from
a substrate by Archimedes’ method.

3. Results and discussion

An AFM photograph of the deposit surface is shown in
Fig. 6. The surface of the deposit is considerably flat and
s f the
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Fig. 6. AFM photograph of the deposit surface.

while the diffraction peak of the (2 0 0) plane is strong for the
side of the deposit. The figure shows that thick anatase films
with a preferred crystalline orientation are fabricated by this
technique.

Fig. 8shows the XRD patterns of the anatase deposited at
0 T (external to the magnetic field). No difference is observed
between the XRD patterns of the top and the side planes of
the deposit. The diffraction patterns inFig. 8are also similar
to that of the as-received powder inFig. 3. It is obvious that
the specimen prepared without the influence of the magnetic
field has a randomly oriented structure.

Fig. 9shows the variation in the XRD patterns of the top of
the deposits with the angle between the directions ofB andE
(ϕB–E). The angles noted next to thehkl indices are the inter-
planar anglesφhkl between the (h k l) planes and the (0 0l)

F ited at
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m

mooth. The green density of the deposit was 61.2% o
heoretical density. The use of a palladium substrate e
ively suppressed the hydrogen bubble formation at the
de and dense, bubble-free deposits were obtained.

Fig. 7shows the XRD patterns of the anatase deposit
2 T. The direction of the electric fieldE was fixed parallel t

hat of the magnetic fieldB (ϕB–E = 0◦) so as not to be affecte
y the Lorentz force during the deposition. The diffrac
eak of the (0 0 4) plane is strong for the top of the dep
ig. 7. XRD patterns of the top and side planes of the anatase depos
2 T. The direction of the electric fieldE was fixed parallel to that of th
agnetic fieldB (ϕB–E = 0◦).
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Fig. 8. XRD patterns of the top and side planes of the anatase deposited at
0 T.

basal plane calculated for a tetragonal unit cell of anatase.
From the XRD pattern inFig. 9, the intensity of the diffrac-
tion peak of the (0 0 4) plane (φ0 0 4= 0◦) is very strong in
comparison with the XRD data inFig. 3whenE is parallel to
B (ϕB–E = 0◦). In contrast, the diffraction peaks of the planes
at high interplanar angles such as (1 0 1) (φ1 0 1= 67.5◦),
(2 0 0) (φ2 0 0= 90◦) and (2 1 1) (φ2 1 1= 79.5◦) are relatively
weak. The XRD data show that the anatase film prepared
at ϕB–E = 0◦ has a (0 0 1) preferred orientation. WhenϕB–E

is changed to 30◦, the diffraction peak of the (0 0 4) plane
becomes weak and the peak of (1 0 5) (φ1 0 5= 25.8◦) becomes
relatively strong. The peak of the (1 0 1) (φ1 0 1= 67.5◦) plane
also becomes stronger. WhenϕB–E is changed to 60◦, the
diffraction peak of the (0 0 4) becomes much weaker and the
peak of the (1 0 1) plane becomes the strongest one. This
anatase film has a (1 0 1) preferred orientation. Finally, when
E is perpendicular toB (ϕB–E = 90◦), the diffraction peak of
the (2 0 0) plane becomes much strong. The peak of the (2 1 1)

F s and
t
ϕ s
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s

(φ2 1 1= 79.5◦) plane is also relatively stronger. The XRD
data show that the dominant crystal orientation of the deposit
is controllable by varying the angle ofE versusB. When
E × B �= 0, the particles should be affected by the Lorentz
force. It is probable that the Lorentz force causes stirring of
the suspension and disturbs the orientation of each particle
during deposition. Therefore, the orientation atϕB–E = 30,
60 and 90◦ was inferior to that atϕB–E = 0◦. The following
thermal treatment at 650◦C somewhat improved the ori-
entation of anatase, but the heating at 700◦C spoiled the
orientation due to the phase transformation from anatase to
rutile.

4. Conclusions

The magnetic field fixes the orientation of each particle;
the c-axis of anatase is aligned parallel toB in the suspen-
sion. When an electrical field is then applied to the oriented
particles, they move along the electric field lines while retain-
ing their orientation against the magnetic field lines, and then
deposit on the substrate. By varying the angle between the
vectorsE andB, the crystalline orientation of the deposits
can be controlled.
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ig. 9. XRD patterns of the top surfaces of as-deposited titania film
heir B−E angle (ϕB–E) dependence: (a)ϕB–E = 0◦, (b) ϕB–E = 30◦, and (c)

B–E = 60◦ and (d)ϕB–E = 90◦. The interplanar anglesφhkl between the plane
h k l) and the basal plane (0 0l) of a tetragonal unit cell of titania are al
hown in this figure.
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