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Ansrnlcr

Atomic-resolution transmission elecffon micrographs show that nanocrystalline TiO,
coarsens by oriented attachment and growth under hydrothermal conditions. In addition to
forming homogeneous single crystals, attachment at anatase surfaces leads to twinning on

{112} and intergrowths on (001) and {001}. Brookite, apolytype ofanatase, occurs at
some {112} twin surfaces. Alternating two octahedra-wide structural slabs in brookite are
shared with the two adjacent anatase twin domains. Because { 112} anatase twin interfaces
contain one unit cell of brookite, we propose that brookite may nucleate at twin planes
and grow at the expense of anatase. Alternatively, anatase-brookite interfaces may form
by oriented attachment of primary brookite and anatase {112} crystallites. In this case,
three unit cell-wide lamellae of brookite are interpreted as remnants of larger crystals that
partly converted to anatase by propagation of the anatase-brookite interface. Which phase
is stable is unclear over this particle size range, and products of random thermal fluctua-
tions may be preserved by quenching. Regardless of reaction direction, polytypic inter-
conversion of anatase and brookite essentially involves displacement ofTi (by c/4 brookite)
into adjacent octahedral sites in one of the pair of two octahedra-wide structural slabs.
The results have broad relevance for nucleation and growth models as they suggest that
twinning and polytypism in macroscopic crystals can originate at oriented interfaces be-
tween primary nanocrystalline particles early in their crystallization history.

INrnonucrroN

Mechanisms of phase transformations, reasons for nu-
cleation of materials considered to be metastable phases,
origin of twinning, and explanations for the development
of polytypic intergrowths are fundamental questions with
relevance across all disciplines involving the solid state.
Phase stability may depend upon surface energy differ-
ences between polymorphs, so that phase relationships
and transformation kinetics may be dramatically modified
when particles are small (Banfield et al. 1993; Gribb and
Banfield 1997; McHale et al. 7997;Zhang and Banfield
1998). Understanding the relationships between crystal
size, crystal morphology, and stability is central to deter-
mining the primary mechanisms controlling crystalliza-
tion. Twinning, stacking faults, and polytypic inter-
growths observed frequently in natural and synthetic
crystals can originate during nucleation and early growth,
or can result from phase transitions or deformation. The
early crystallization history is crucial to understanding
phase stability and development of some microstructures;
therefore, theoretical, experimental, and crystallographic
analysis of natural and synthetic particles in the <15 nm
range is extremely important.

In this paper, we show that a coarsening mechanism
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involving oriented attachment followed by growth can di-
rectly lead to the formation of defects and intergrowths.
Oriented attachment occurs when particles join at specific
dimensionally similar crystallographic surfaces. Further-
more, we show that twin interfaces that contain structural
elements not present in bulk materials may play an im-
portant role in the nucleation of new phases. The nano-
crystalline TiO, system examined here provides some in-
sights into the kinetics of more general processes in finely
crystalline materials.

ExpBnrvrBntAr- METHoDS

The research was conducted using anatase and brook-
ite, TiO, polymorphs, consisting of octahedrally coordi-
nated Tio* ions. This material is ideal for the study of
phase transformation kinetics and the behavior of nano-
crystalline materials because it is easy to synthesize, it
lacks structural water, and the 4+ oxidation state of Ti is
stable under most experimental conditions.

Anatase used in this study was synthesized via the sol
gel route described elsewhere (Gribb and Banfield 1997;
Bischoff 1992). Following synthesis, anatase sols were
dialysized using a Spectra/Por (MWCO : 2000) mem-
brane with deionized water (changed 1l times) to remove
the byproducts of synthesis. Prior to dialysis, sols of an-
atase had not gelled and had low viscosity (similar to that
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Frcunn 1. Plot of brookite particle size and content (weight
percent) vs. hydrothermal treatment time (250 "C). Error bars
were determined by statistical analysis of four repetitions of dif-
fraction data from the same sample.

of water). Following dialysis, the sols had gelled, indi-
cating that the pH had risen to near the isoelectric point
of anatase [measured pH -5.5, coinciding with the iso-
electric point range reported by Bischoff (1992)1.

Several drops of undiluted sol were placed on a ran-
domly cut and polished slab of qruartz for X-ray diffrac-
tion (XRD) analysis using the Scintag Pad V 4-axis X-
ray diffractometer. Anatase particle size was determined
along [01] and [001] using the Scherer equation. The
average particle size of anatase was measured normal to
{101} and of brookite was measured normal to {121}
before and after hydrothermal ffeatment.

Suspensions (-3 mg anatase/g sol) were placed in the
Teflon cups of Parr Insffument (model 4744) generalpur-
pose acid digestion vessel and placed in a furnace held
at temperatures ranging from 100 to 250'C for times
ranging from I to 255 h. After the experiments, the ves-
sels were removed and allowed to cool to room
temperature.

Samples were prepared for high-resolution transmis-
sion elecffon microscopy (HRTEM) by dispersing parti-
cles onto carbon coated Formvar support films on copper
grids. Samples were examined in a Philips CM200UT
transmission electron microscope (TEM) C" = .'0.5 mm).
Atomic-resolution images were simulated using the EMS
software (Stadelmann 1992).

Rnsur,rs
Scherer analysis of broadening of the {l0l} anatase

peak showed that the average anatase particle size of our
samples ranged from 5 nm (initial starting material) to 17
nm (coarsest material produced from the 5 nm starting
material in hydrothermal experiments). Quantitative XRD
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FrcunB 2. HRTEM image of a pafticle containing anatase
intergrown in three orientations. Boundaries are indicated by ar-
rows and represented schematically in inset.

results show the starting material contains 6.4Vo + 0.4Vo
(as determined by four repetitions) brookite with an av-
erage particle size of 8 nm. After 184 h at 250 'C, sam-
ples contain l7o * 0.47o brookite with an average particle
size of 17 nm (Fig. l). By the time the abundance of
brookite approaches the detection limit, the remaining
crystals have coarsened to an average diameter of about
27 nm. Details of anatase growth and evolution of mor-
phology will be reported elsewhere.

TEM characterization shows the particles in the start-
ing material are free of defects and intergrowths. A par-
ticle from a sample hydrothermally treated at 250 "C for
71.75 h (Fig. 2) consists of an intergrowth of a three unit
cell wide slab of anatase viewed down (100) (center top)
at an interface between two anatase crystals viewed down
(131) (bottom left and right). Anatase viewed down (131)
occurs in two twin related orientations (see inset dia-
gram). The vertical twin plane between the (131) anatase
crystals is {112}. The two other interfaces separating the
three unit cell wide strip of [00] anatase from surround-
ing (131) brookite in Figure 2 involve (001)//{ ll2l and
{l0lllll101} (see inset diagram). Reflections from ana-
tase [100] superimpose almost exactly on reflections from
the reciprocal lattices of twinned anatase viewed down
(  1 3 1 ) .

Brookite lamellae are present at some planar interfaces
(Figs. 3, 4, 5) in hydrothermally treated samples. Brookite
(100) is parallel to anatase { 112} with brookite [011] par-
allel to anatase (13l). The wider of the two brookite slabs
bounded by twinned anatase (hydrothermally treated at
250'C for 117.8 h) in Figure 3a is 11 nm wide and the
brookite slab in Figure 3b (hydrothermally treated at 250
"C for 77.75 h) is three unit cells wide.

Figure 4a shows brookite in a sample hydrothermally
ffeated at250"C for 117.8 h, viewed down [110] anatase.
Brookite occurs in two oriented nanocrystals ("1")
viewed down [010] and joined on brookite (100) lsee
inset rotationally filtered (Kilaas 1997) image of the in-
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Frcunn 3. HRTEM images of anatase viewed down [131]
and brookite down [0ll]. The boundary is anatase and (100)
brookite. (a) domains of brookite (indicated by anows) separated
by anatase in twinned orientation; (b) three unit cell-wide strip
of brookite in anatase

terfacel. Brookite in area "2" (intergrown with anatase
in the lower right of Fig.4a) is viewed down [110] fsee
reflections in the power spectrum (Fourier transforms;
FFTs) in Fig. abl. Figure 4c shows the relationships be-
tween the anatase and two brookite reciprocal lattices.
Three symmetrically equivalent {112} anatase planes are
indicated. Note that (112) anatase (shown by gray arrow,
inclined at 60'to 004x) is parallel to (100) brookite (in-
clined at 59.3" to 110*). Thus. both interfaces between
anatase and brookite involve {ll2} anatase and (200)
brookite.

Figure 5a shows an atomic-resolution image of an area
of anatase U 001, [ 3 1 ], and brookite [01 1] and associated
power spectra from a sample hydrothermally treated at

t079

Frcunn 4. (a) HRTEM images of particles viewed down

[10] anatase. Brookite in orientation "1" is viewed down [010]
and "2" down [110]. Inset shows the rotationally filtered contact
region (probably brookite). (b) FF"I of the area in (a). (c) dia-
grams of the reciprocal lattices (from anatase "a" and brookite
"1" and "2"). Note that brookite "2" also has (200) parallel to
anatase [112] .
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Frcunn 5. (a) HRTEM image of a parricle containing brook-
ite (vetical strip) at the interface between twinned anatase crys-
tals (lower left and right) and a region of anatase viewed down
[100] (top). FFTs are shown as inset. (b) rotationally filrered
enlarged region from (a) with atomic resolution. See text for
further explanation.

250 "C for 71.5 h. The pattern of dark spors toward the
top of the rotationally filtered (Kilaas 1997) enlargement
(Fig. 5b) corresponds to the Ti atom distribution in ana-
tase viewed down [100]. The pattern of black spots below
corresponds to Ti positions in brookite [011], whereas
patterns in regions to the left and right of brookite cor-
respond to the Ti distribution in twin related (131) ori-
entations (confirmed by simulations for images recorded
close to Scherzer defocus, specimen thickness : 5-10
nm). Note that the pattern in brookite involves two slabs,
each consisting of two (vertical) columns of Ti cations
(imaged as dark spots). The first of the slabs is common
to [131] anatase to the right of [011] brookite, and the
second is common to anatase [131] on the left (see black
arrows linking boxes marking Ti column positions in an-
atase and brookite). Furthermore, a slab consisting of one
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Frcunn 6, Diagram ofan anatase-brookite interface (top) and
an anatase-anatase twin surface (bottom) viewed down [131] an-
atase and [011] brookite. Boxes indicate columns of Ti atoms
and boxes with arows indicate Ti positions in brookite (and
displacements needed for anatase -r brookite). The four rows of
octahedra at the anatase twin plane comprise one unit cell of
brookite.

column of Ti from each of these is continuous with the
[100] anatase above (see white "<" in Fig. 5b).

Figure 6 illustrates the atomic structure of an anatase-
brookite interface (vertical boundary, top right) and a an-
atase twin boundary (vertical boundary, bottom right).
The crystal orientations and interface arrangements
shown in this figure are as observed in Figure 5. Brookite
can be created from anatase (or vise versa) by displacing
Ti atoms into adjacent octahedral sites along two of the
four (vertical) lll2l planes (see arrows; black boxes in-
dicate the position of cation pairs after cation displace-
ment. Note that the arrangement of black boxes after dis-
placement in anatase is the same as in brookite).

The { 112} anatase twin plane structure viewed down
(131) (lower right side of Fig. 6) involves a rotation of
the structure by 180" around lll2l*. Note the displace-
ment necessary to recreate the O plane at the twin sur-
face. This displacement can be observed between {101}
lattice fringes either side of the interface in Figure 2 and
can be inferred by extrapolation through undisplaced
slabs in brookite (black arrows in Fig. 5b). Vertical white
lines show that twin region consists of one unit cell of
brookite.

DrscussroN

Banfield and Veblen (1992) showed that brookite can
be considered as a polytype of anatase, constructed from
essentially identical octahedral layers stacked in different
ways (anatase: - - - - vs. brookite: + + - -, where
* and - refer to the octahedral tilts; Fig. 7). In view of
the above results (Fig. 6), we propose a solid state anatase
e) brookite transformation mechanism involving dis-
placement of Ti. Note that displacements rotate the oc-
tahedral tilts (e.g., * becomes - ; Fig. 7). If the direction
of the reaction is brookite -+ anatase, displacements are
0, 0, + c/4, - cl4 brookite.

In hydrothermally coarsened samples, brookite is typ-
ically associated with anatase twin planes and particle

ANATASE I
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Frcunr 7. Diagram of an anatase-brookite interface down
[010] brookite and [110] anatase. The black arrow and black
circle show the displacement of Ti needed to convert the next
slab of brookite to anatase (rotating the octahedra).

contacts (Fig. 4a). The increase in brookite size compared
to the starting material (Figs. 1 and 3a) and change in
morphology (from almost spherical particles to more
elongate lamellae with planar boundaries) indicate growth
during hydrothermal treatment. However, some brookite
laths are considerably narrower than the primary particles
(e.g., Fig. 3b) and Figure 1 indicates an overall decrease
in brookite abundance with time. Thus, our data suggest
metastable crystallization of brookite in parallel with
brookite dissolution or transformation to anatase. The
persistence of a few larger crystals of brookite into the
sub-micrometer to micrometer size range is expected.
This is consistent with the presence of macroscopic
brookite in some natural samples.

Change in brookite size and morphology may involve
a combination ofthree processes: (l) brookite and anatase
particles attach in an oriented way and brookite coarsens
by addition of atoms from solution or by transformation
from anatase, (2) brookite sandwiched by oriented ana-
tase particles is partly (and ultimately, completely) con-
sumed by conversion to anatase, and (3) brookite forms
at anatase twin surfaces. Evidence for both growth and
reduction in brookite dimensions implies both (1) and (2)
occur. The transformation mechanism described above
(Figs. 6 and 7) is probably important for (2) and may be
involved in (1).

It may be tempting to rule out (3), based on known
phase relationships. For example, calculations by Post
and Burnham (1986) indicated that macroscopic brookite
is metastable with respect to both anatase and rutile, sug-
gesting that brookite should transform either to anatase
or rutile. However, surface energy can significantly mod-
ify phase relationships when the particle size is very
small (e.g., Langmuir 1971; Banfield et al. 1993; Gribb
and Banfield 1997; McHale et al. 1997;Zhang and Ban-
field 1998). Specifically for TiO', it has been argued from
both experimental and theoretical standpoints that anatase
may be stabilized relative to rutile at small particle size
due to its lower surface energy (Banfield et al. 1994;

Frcunr 8. Diagram showing oriented attachment of primary
particles at a specific surface (a), leading to formation oftwinned
crystals (b), and, if a new phase nucleates at twin surfaces'
twinned and intergrown crystals (c)'

Gribb and Banfield 1997;Zhang and Banfield 1998). The

lower density of brookite compared to anatase suggests a

lower surface energy compared to anatase, but a detailed
analysis has not been attempted. Adsorption of ions onto

surfaces and lattice strain can further modify phase rela-

tions through their effect on surface energy. Under con-

ditions where their structure energies are similar, random
thermal fluctuations may drive growth of brookite from

anatase. Given the particle size effects on phase relation-

ships and the small volumes of material involved (prob-

ably not greatly exceeding the critical size), formation of

brookite from anatase by a solid state reaction is possible.

Nucleation of brookite may be promoted by the fact

that {112} twin surfaces contain a unit cell of brookite
(Figs. 6 and 7). This surface can act as a nucleus, and

may grow as a stable or nearly stable phase, driven by

random fluctuations (which can be quenched in) or a ther-

modynamically driven phase ffansformation. Assuming

the twin surface is energetically unfavorable, this may be

a mechanism by which twinned crystals are replaced by

homogeneous single crystals. The activation barrier for

the transformation is the energy needed to displace oc-

tahedral cations into adjacent sites within a structure oth-

erwise only slightly modified by distortion.
An important conclusion from this study is the general

result that oriented attachment and growth can lead to

formation of planar defects, including twin planes and

other interfaces (summarized in Figs. 8a and 8b). These

microstructures are a direct consequence of a coarsening

mechanism that involves surface tension reduction by

elimination of surfaces by attachment that is constrained

only in the two dimensions of the interface. In some

cases, attachment can lead to formation of twin planes or

other interfaces with sffuctures distinct from that of the

bulk. These structurally different regions may serve as

articles, linked

twinned cr

+
112*
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nucleation sites for new phases. Complex intergrowths
(commonly reported in TEM studies of natural materials,
especially layer silicates) may result from sequential ori-
ented attachment (leading to separations between stacking
reversals of greater than, or equal to, the primary particle
size; Fig. 8b) or finer scale intergrowths if growth occurs
from twin surfaces (Fig. 8c). Although our results are
experimental, we suggest that coarsening by oriented at-
tachment may be important in nature and explain for-
mation of defects and intergrowths in a variety of
minerals.
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