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Numerous chemical and physical methods have been investigated
for preparing anatase Tidilms owing to their important electronic,
optical, and catalytic properties. Among these, chemical methods
(sol-gel synthesis? and solution depositiéh are of particular
interest because of the simplicity and wide applicability. However,
up to date, chemical synthesis of oriented transparent anatase films
with well-defined crystallinity and morphology has not been
reported. Literature results strongly suggest that in ,Tibe
electrochemicdf® and catalytic propertiésand the energy conver-
sion efficiency in photovoltai¢sdepend on specific surfaces and
growth orientation. Even though anatase is believed to be catalyti-
cally more active, fundamental understanding of the surface
chemistry of this important material falls far behind that of the rutile
phase because of the difficulty to obtain quality crystalbe ability
to prepare oriented, well-defined nanocrystalline anatase films
would provide new opportunities to study the orientation and

structure dependent properties and optimize the device performance. . - #Theta | dogroo

. . . .~ Figure 1. (a) Atop-view SEM image of an octahedral nanocrystalline;TiO
In this paper we explore a powerful technique using function film (200 nm thick) on amine functionalized glasses. The inset shows

alized surface to assist anatase film growth. This method has beenyctanedral bipyramidal crystals grown on bare glasses. (b) Photograph of
applied to iron oxidé,calcium carbonat®, zinc oxide!! etc. Similar an octahedral pyramidal nanocrystalline Fi@m in 200 nm (up) and 100
efforts to make TiQ@ produced films with poor control of crystal- ~ nm (bottom) thicknesses on amine functionalized gla¥s¢s. Top-view

linity and morpholog$? or films with packed, ultrafine crystallite$, SEM image of agglomerated TiOnanocrystals grown on-COOH

. con . . - functionalized glasses. (d) SEM image of thé-6iied sample in panel a;
likely due to the difficulty in controlling the solubility. The success (e) AFM imagg of the S(ar)nple in paga a. (f) Top-view gEM i?’nage of a

of our approach depends on the slow hydrolysis and oxidation of TiO, film (200 nm thick) on amine functionalized substrates composed of
the titanium trichloride precursor (Figure $%)°> and on the oriented truncate octahedral nanocrystals prepared using ethylene glycol/
appropriate choice of the functional molecules on the substrate angWater solution (1:5 mixture) as solvefitThe inset shows truncate octahedral
the solution chemistry bipyramidal crystals grown on bare glasses. (g) XRD pattern of the sample

. . ) ) ) in panel f atd—26 scan and the expected peak positions for anatase.
Glass substrates functionalized with different terminal groups,

such as—NH,, —SO;H, —COOH, and —OH functionalized The morphology of the nanocrystals can be finely tuned. The
substrates, were used to grow anatase,Fi@riented and well- introduction of alcohol in the solution under similar synthesis
defined nanocrystalline Tigfilms are obtained on amine-(NH,) conditions produced Tigfilms with oriented, truncate octahedral

functionalized surfaces (Figure 1a). The film is made of octahedron- pyramidal nanocrystals (Figure ¥}hat are close to the equilibrium
shaped anatase nanocrystals bounded by eight triangular surfacesshape of anatase crystd!sSmooth (001) square top planes are
approximately 96-150 nm wide. The inset in Figure 1a shows a clearly observed. The X-ray diffraction (XRD;26 scan) pattern
high-magnification image of typical octahedral bipyramidal nano- of the TiO; film confirms crystalline anatase phase (JCPDS No.
crystals formed on bare glass substrates under the same experiment&1-1272). Moreover, significantly enhanced peaks of both (004)
conditions. The Ti@films are continuous and quite transparent in and (105) reflections further confirm a preferred [001]-oriented
the visible range (Figure 1b and Figure!§20n—COOH (Figure ~ anatase Ti@film perpendicular to the substrate.
1c) and other surfaces (Figure 1§3 agglomerated crystals or Figure 2a shows a cross-sectional transmission electron micro-
noncontinuous films were observed. scope (TEM) image of the nanocrystalline film. The Fifdm is
Figure 1d and Figure le show a tilted view scanning electron composed of oriented octahedral pyramidal nanocrystals with
microscopy (SEM) image and a @n x 3 um atomic force smooth side surfaces. A high-resolution TEM (HRTEM) image of
microscope (AFM) image, respectively, revealing that the,TiO an octahedral pyramidal nanocrystal (Figure 2b) shows crystalline
nanocrystals have preferred orientation with most of their tips lattice fringes which are parallel to the side surface of the
roughly pointing upward, suggesting that the [001]-axis may be octahedron. The measured distance (3.5 A) between the adjacent
oriented perpendicular to the substrate. lattice fringes can be assigned to the interplanar distance (3.52 A)
of anatase Ti® (101) planes. The [101] zone axis is then
 Pacific Northwest National Laboratory. perpendicular to the side surface of the octahedral pyramidal
* University of New Mexico. nanocrystal. Most of the octahedral pyramidal nanocrystals in the
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Figure 2. (a) A cross-sectional TEM image of an octahedral pyramidal
nanocrystalline Ti@film (200 nm thick); (inset) a schematic drawing of
an octahedral bipyramid. (b) HRTEM image of an octahedral pyramidal
nanocrystal. (¢) HRTEM image of a truncate octahedral pyramidal nano-
crystal; (inset) schematic drawing of a truncate octahedral bipyramid. (d)
lllustration of surface-mediated growth of oriented anatase Tighocrys-
tals.

TiO,, film have sharp tops and are only slightly rounded in the high
resolution (HRTEM) image, conforming to the shape of an
octahedral bipyramid bounded by eight triangular crystalline planes
(inset in Figure 2a). A cross-sectional TEM image (Figurel$4)
confirms another Ti@film composed of oriented, truncate octa-
hedral pyramidal Ti@ nanocrystals. Figure 2c shows a HRTEM
image of a truncate octahedral pyramidal nanocrystal in that film
with truncate surface, 35 nm in width. The image reveals two sets
of crossing lattice fringes. The angle between the crossing fringes
is 112. The lattice fringes (3.5 A spacing) parallel to the side

surface are assigned to (101) planes, while the other crossing fringes

(4.7 A spacing) parallel to the top surface are assigned to (002)

planes. The truncate octahedral pyramidal nanocrystals are consis-

tent with the equilibrium shape of anatase Ti@ystals, that is,
truncate octahedral bipyramid as illustrated in the inset of Figure
2c.

The continuous, transparent, and oriented nanocrystalline film

In our experiments, well-defined octahedral pyramidal nano-
crystals were only observed when poly(vinylpyrrolidone) (PVP)
was used in the solution. PVP is widely used for shape-controlled
nanoparticle synthesis owing to preferred adsorption on specific
surface” Our results suggest that the preferred adsorption of PVP
may be on the (101) anatase surface, resulting in (101)-plane-
dominated octahedral bipyramids. When ethylene glycol or other
alcohol is introduced, it may function as cosolvent and reduce the
tendency for PVP to adsorb onto the surfé&c&hus the crystals
have a chance to evolve into the typical equilibrium shape, that is,
truncate octahedral bipyrami#fsThe degree of truncation increases
with increasing the amount of alcohol (Figure $5).

In summary, we developed a new, surface-mediated method to
grow transparent and oriented anatase; Tils with tunable, well-
defined nanocrystalline morphologies. This combination of desirable
properties is important for studying the structure-dependent physical
and chemical properties, and for improving the performance of the
material and devices.
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