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Particle size effects on transformation kinetics and phase stability in nanocrystalline TiO2
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ABSTRACT
Kinetic studies conducted primarily between 465 and 525 8C demonstrate that the rate
of the polymorphic anatase to rutile transformation increases dramatically when the reacting anatase is very finely crystalline. Coarsening of the reactant anatase and product rutile
crystallites occurs simultaneously with the transformation. Kinetic behavior and quantification of transformation rate as a function of average crystallite size indicate that the
increase in favorable nucleation sites is a likely cause of increase in transformation rate at
small crystallite sizes. Additionally, experimental evidence supports the reversal of stabilities of anatase and rutile at small crystallite sizes. It is proposed that the reversal of
stabilities is the result of rutile having a higher surface energy than the anatase phase. Data
for coarsening kinetics of anatase and rutile supports the prediction that the surface energy
of rutile is significantly larger than that of anatase. Thermodynamic data and theoretical
estimates are used to show that a 15% greater surface energy for rutile causes the total
free energy of rutile to be greater (less negative) than anatase at crystallite diameters in
the few nanometer range. Given the fact that anatase and rutile structures have no polymerized octahedral fragments in common, this may be significant in determining the nature
of the nucleated phase.

INTRODUCTION
Research concerning the effect of very small crystallite
size on fundamental properties and behaviors has relevance to both geology and materials science. Nanocrystalline materials are commonplace in geologic environments such as soils and sediments at the Earth’s surface.
Crystals as small as 2–3 nm in diameter are frequently
produced by weathering of aluminum and ferromagnesian
silicates (hematite, goethite, ferrihydrite, gibbsite, anatase, clays, and others), form in diagenetic reactions (e.g.,
iron sulfides, iron and manganese oxyhydroxides, titanium oxides, clay minerals), and are precipitated in microbially mediated redox reactions (e.g., magnetite, greigite,
and others). In addition to their presence as dispersed materials and colloidal aggregates, these finely crystalline
phases form reactive coatings on mineral grains and fracture surfaces and have tremendous potential to control the
exchange of constituents between solids and fluids near
the surface of the Earth, and thus to control the distribution of natural and anthropogenic inorganic and organic chemicals.
Finely crystalline minerals form in numerous other
geological processes and may control important physical
behavior. For example, nanocrystals of oxides that nucleate in volcanic glass may control the rock magnetic properties in ways that depend directly on their particle size
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(Tarling 1983). Particle size is also an important factor in
controlling clay mineral behavior and affects the andalusite-fibrous sillimanite (fibrolite) equilibria of the widely used aluminosilicate geothermometer-geobarometer.
For example, a modeling study using particle size distribution and grain boundary structural information has recently shown that surface energy may shift the andalusitefibrolite metastable equilibria by at least 140 8C (Penn et
al. 1994; in review).
The unique properties and behaviors of finely crystalline materials are also the subject of materials science
research. For example, Tolbert and Alivisatos (1994) investigated the pressure-induced phase transformation of
CdSe from the würtzite to rock salt structure and found
a qualitative difference in transformation kinetics for bulk
and nanocrystalline CdSe. A dramatic decrease in the
equilibrium melting temperature was found for nanocrystalline gold (Buffat and Borel 1976) and nanocrystalline
CdSe (Goldstein et al. 1991). Studies of nanocrystalline
CdS and CdSe (Zhao et al. 1992; Haase and Alivisatos
1992; Tolbert and Alivisatos 1994) have found experimental evidence for changes in solid-solid phase stability
fields with small particle size.
The unique properties of nanocrystalline materials may
be exploited for numerous materials applications. Examples of applications currently being investigated include
catalytic materials (Aguado and Anderson 1993; Zeltner
et al. 1993), sensors (Sakohara et al. 1992), thin-film batteries and capacitors for electrical storage, and ceramic
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