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phase stability 
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abStRact

At high temperature, coarse-grained (bulk) rutile is well established as the stable phase of TiO2, 
and nanophase anatase, thermodynamically stable relative to nanophase rutile, transforms irrevers-
ibly to rutile as it coarsens. The lack of experimental heat-capacity data for bulk anatase below 52 K 
lends uncertainty to its standard entropy and leaves open a slight possibility that anatase may have a 
thermodynamic stability field at low temperature, as suggested by some theoretical calculations. In the 
present study, the molar heat capacities of rutile and anatase were measured from 0.5 K to about 380 
K. These data were combined with previously measured high-temperature heat capacities, and fits of 
the resulting data set were used to generate CP°,m, ∆0

TSm°, ∆0
THm°, and ∆0

TGm° values at smoothed tempera-
tures between 0.5 and 1300 K for anatase and 0.5 and 1800 K for rutile. Using these new data and the 
enthalpy of transformation between anatase and rutile at 298 K, the change in Gibbs free energy for the 
transition between anatase and rutile from 0 to 1300 K was calculated. These calculations reveal that 
the transformation from bulk anatase to bulk rutile is thermodynamically favorable at all temperatures 
between 0 and 1300 K, confirming that bulk anatase does not have a thermodynamic stability field. 
Implications for the natural occurrence of these two minerals in terrestrial, lunar, and planetary settings 
are discussed. In particular, anatase requires low-temperature aqueous conditions for its formation and 
may be a reliable indicator of such conditions in both terrestrial and extraterrestrial settings. 
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intRoduction

TiO2 is a well-known and widely used mineral that occurs 
naturally in three phases: rutile, anatase, and brookite (Wells 
1975). Both rutile and anatase are accessory minerals that form 
small percentages of a vast array of rocks, soils, and sediments 
(Raman and Jackson 1965; Sherman 1952; Rosenqvist 1963; 
Nagelschmidt et al. 1949; Ennos and Scott 1924; Brindley and 
Robinson 1947). Brookite is much rarer. Rutile is the most 
common phase in nature, and anatase transforms to rutile above 
400–600 °C (Heald and Weiss 1972; Nodop 1956; Ghosh et 
al. 2003; Gribb and Banfield 1997). Thus, rutile is the form 
of TiO2 typically found in rocks, ashes, and soils of volcanic 
origin (Wang et al. 1989; Alekperov 1973; Tatsumi and Nakano 
1984; Femenias et al. 2003). The temperature of the irreversible 
transformation of anatase to rutile decreases with increasing 
pressure (Osborn 1953), and rutile is denser than anatase, so 
bulk rutile is considered to be stable with respect to bulk anatase 
both at high temperature and high pressure. Rutile, however, is 
metastable with respect to anatase when the TiO2 particle size 
is below roughly 14 nm (Navrotsky 2003; Gribb and Banfield 

1997; Zhang and Banfield 1998, 2000; Levchenko et al. 2006; 
Ranade et al. 2002). Not coincidentally, both natural and syn-
thetic anatase samples are usually fine grained and formed in 
aqueous environments where adsorbents, including water itself, 
can truncate the crystal growth quickly, keeping the particle size 
small (Barnard and Curtiss 2005). Both anatase and brookite 
appear to form as larger crystals when impurities such as Fe 
and Nb can be incorporated, but such compositional effects are 
beyond the scope of the present study.

Anatase is thus the stable nanophase of TiO2, whereas rutile 
is the stable bulk phase of TiO2 at high temperature and pressure. 
There is still some ambiguity, however, about which phase is 
stable at low temperatures for bulk samples. Experimental ther-
modynamic data suggest that bulk rutile is stable at all tempera-
tures; Jamieson and Olinger (1969) calculated that hypothetical 
negative pressures would be required for bulk anatase to be stable 
relative to rutile at any temperature. However, recent theoretical 
calculations have predicted anatase to be more stable than rutile 
at very low temperatures (Muscat et al. 2002; Lazzeri et al. 2001, 
2002). The lack of adequate experimental thermodynamic data 
for anatase has allowed this discrepancy to remain unresolved; 
although the heat capacity of rutile has been well studied (Sho-* E-mail: Brian_Woodfield@byu.edu


