
Effects of particle morphology and surface hydrogenation on the phase stability of TiO2

A. S. Barnard1,* and P. Zapol1,2,†

1Center for Nanoscale Materials, Argonne National Laboratory, Argonne, Illinois 60439, USA
2Materials Science and Chemistry Divisions, Argonne National Laboratory, Argonne, Illinois 60439, USA

(Received 17 February 2004; revised manuscript received 27 July 2004; published 3 December 2004)

Titanium dioxide nanoparticles are currently receiving a lot of attention due to their inherent suitability for
advanced photochemical applications. Size, phase, and morphology of the nanoparticles are the critical param-
eters determining their performance in particular applications. A thermodynamic model devised to describe the
shape of nanoparticles as a function of size has been used to predict the phase stability of titanium dioxide
nanoparticles, with particular attention given to the crossover of stability between the anatase and rutile phases.
Density functional calculations were used to accurately determine surface energies and surface tensions. The
effects of nanocrystal morphology on the phase transition are addressed and comparisons drawn with previ-
ously reported studies. Further, the model has been applied to titanium dioxide nanoparticles with hydrogen-
ated surfaces, to investigate the effects of surface passivation on the equilibrium shape and the phase transition,
and show that surface passivation has an important impact on nanocrystal morphology and phase stability. The
results show that surface hydrogenation induces significant changes in the shape of rutile nanocrystals, but not
in anatase, and that the size at which the phase transition may be expected increases dramatically when the
under-coordinated surface titanium atoms are H-terminated.
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I. INTRODUCTION

Titanium dioxidesTiO2d, although widely used as an ad-
vanced semiconductor for many years, is now receiving ad-
ditional attention as TiO2 nanoparticles are proving to be
highly applicable in advanced photochemical applications;1

especially interfacing with organic molecules2 and DNA.3

Recently, the size, phase and morphology of the TiO2 nano-
particles have been found to be critical parameters determin-
ing their suitability for particular applications.4–6 For ex-
ample, x-ray analysis has shown that distortions in the
surface structure of anatase nanocrystals are responsible for
the binding of small molecules,4,7 and quantitative measure-
ments of adsorption from solution exhibit a 70-fold increase
in the adsorption coefficient when a variety of organic acids
are adsorbed onto 6 nm as compared to 16 nm TiO2 nano-
particles.8

Although at ambient pressures and temperatures, the rutile
phase is more thermodynamically stable than the anatase
phase,9 anatase has been found to be a majority product of
industrial sol-gel, and aerosol syntheses of nanocrystalline
TiO2.

10 It is believed that during coarsening of the nanocrys-
talline anatase, anatase transforms to rutile at a critical size,
above which the rutile particles coarsen more quickly than
any remaining anatase.10 These experimental findings indi-
cate that anatase nanocrystals of only a few nanometers in
diameter may be more stable than rutile. Therefore, a de-
tailed understanding of the thermodynamic phase stability of
nanocrystalline TiO2 nanocrystals is not only useful in the
control of processes such as nucleation and grain growth, but
is also essential in facilitating new applications and technolo-
gies.

A number of studies have examined the size dependence
of the anatase to rutile phase transition. Zhang and Banfield
(and colleagues) have been very active in this area, deriving

both thermodynamic11–13 and kinetic13–15 approaches. Their
thermodynamic analysis was based on a(temperature depen-
dent) free energy model for the stability of spherical anatase
and rutile nanoparticles as a function of the particle radius.11

This study predicted that anatase will be thermodynamically
preferred below approximately 14 nm in diameter, but unfor-
tunately the model failed to account for the different number
of TiO2 units in anatase and rutile nanocrystals of the same
diameter. Their kinetic analysis was based on an interface
nucleation and constant growth model and examined the size
dependence of phase transition rates,14 interface and surface
nucleation,15 and the size dependent phase stability of ana-
tase, brookite and rutile nanocrystals.13,16

It has also been shown that nanocrystalline TiO2 may be
phase selected by careful control of the particle size, as well
as other experimental conditions,17–20 such as temper-
ature.21,22 The anatase-to-rutile phase transition was also
found to be affected by doping TiO2 with manganese ions,23

niobium,24 and cesium dioxide.25

In addition to the control of the size of anatase nanocrys-
tals, the shape may also be manipulated,19,26,27which may in
turn enhance the adsorption properties of the nanocrystals by
exposing and increasing the effective area of preferred sur-
face facets. It is important to note that nanoparticles of TiO2
are not necessarily spherical.28 High resolution transmission
electron microscopy(HRTEM) evidence has clearly shown
that the tetragonal bipyramidal morphology of anatase
nanocrystals persists down to 3–5 nm in diameter,29 i.e., in
the size regime at which anatase has been identified as being
thermodynamically preferred(over rutile). Similarly, the
morphology of largers,20 nmd rutile nanocrystals can be
discerned from the TEM images of Arunaet al.30 Therefore,
a general description of the phase stability of these nanoma-
terials requires the inclusion of nanocrystal shape, as well as
size, if tailoring of nanoparticles is to be a viable exercise.
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Recently we have derived a thermodynamic model31

based on the free energy of(arbitrary) nanocrystals as a func-
tion of size and shape. In principle, this free energy model
may be applied to any material, and may be used to predict
phase transitions by comparing results for respective poly-
morphs. In the present study, this model has been used to
examine the relative phase stability of clean nanoscale ana-
tase and rutile, and consider the effects of nanocrystal mor-
phology on the phase transition.

The role of hydrogen on anatase and rutile surfaces is still
somewhat unclear, although it is possible that so-called ex-
perimental clean surfaces may to some extent be covered
with hydrogen.32 Although it has been found that rutile sur-
faces do not interact strongly with hydrogen,33 and that mo-
lecular hydrogen does not absorb at ambient temperatures,34

low energy ion scattering experiments indicate that atomic
hydrogen does bind to the rutile(110) surface at room
temperature.34 However, TiO2 nanoparticles in highly acidic
solutions have H-terminated surfaces.

Therefore, as the model takes as input the possible geom-
etries of the nanocrystal morphology, the surface free energy
sgd and the surface tension(s, which has a small but impor-
tant effect on the calculation of the anatase to rutile phase
transition35) for each of the facets present on the crystal, we
have generated a consistent set of surface energy and surface
tension values for clean, partially and fully hydrogenated sto-
ichiometric low indexs131d surfaces of both anatase and
rutile, usingab initio methods.

II. METHODOLOGY

The surface structure and energetics of the low index
(100), (110), (101), and (001) surface of anatase and rutile
were considered by comparing highly accurate first prin-
ciples calculations of the total energy of two dimensional
slabs with the energy of a bulk TiO2 lattice as outlined in
Sec. IV. The slabs, comprising three trilayers, were generated
by the addition of a 15 Å vacuum layer in the crystallo-
graphic plane of interest.

The surface slabs were then passivated by either fullysu
=1d or partially su=0.5d hydrogenating the cleaved surfaces.
The fully hydrogenated surfaces were obtained by terminat-
ing all under-coordinated sites, replacing the missing neigh-
bors of both the Ti and O atoms on the surface with hydro-
gen atoms, whereas the partially hydrogenated surfaces were
obtained by terminating only the surface twofold coordinated
bridging O atoms with hydrogen. All bulk and surface struc-
tures were relaxed prior to calculation of the total energies.

The first principles calculations have been carried out us-
ing density functional theory(DFT) within the generalized-
gradient approximation (GGA), with the exchange-
correlation functional of Perdew and Wang(PW91).36 This
has been implemented via the ViennaAb initio Simulation
Package(VASP),37,38 which spans reciprocal space with a
plane-wave basis up to a kinetic energy cutoff of 270 eV. We
have used the linear tetrahedron method(LTM ) with a 4
3434 Monkhorst-Packk-point mesh, for both the initial
relaxations of the TiO2 slabs, and the final calculation of
surface energies and surface tensions. Although this choice

of k-mesh results in some superfluousk points in the nonpe-
riodic direction of the surface slabs, it was found that the
inclusion of thesek points is more consistent with the LTM.

The electronic relaxation technique used here is an effi-
cient matrix-diagonalization routine based on a sequential
band-by-band residual minimization method of single-
electron energies,39,40 with direct inversion in the iterative
subspace, whereas the ionic relaxation involves minimization
of the Hellmann-Feynman forces. During the relaxations we
have used ultrasoft, gradient-corrected Vanderbilt-type
pseudopotentials(US-PP)41,42 and real-space projected wave
function (to decrease the computational cost), and have re-
laxed the total energy to a convergence of 10−4 eV. The fol-
lowing (final) energy calculations were then performed using
the projected augmented wave(PAW) potentials,43 with a
basis set increased to a cutoff of 350 eV and reciprocal-space
projected wave function(to improve accuracy), also to an
energy convergence of 10−4 eV. PAW potentials are gener-
ally considered to be more accurate than the ultrasoft
pseudopotentials,44 since the radial cutoffs(core radii) are
smaller than the radii used for the US pseudopotentials, and
the fact that the PAW potentials reconstruct the exact valence
wave function with all nodes in the core region.

III. SURFACE STRUCTURE

The surface science of titanium dioxide, both anatase and
rutile TiO2, has been extensively investigated(both experi-
mentally and theoretically) and is reasonably well
understood.32 Although numerous studies have already been
undertaken by other authors on thes131d surface structure
and surface energy of stoichiometric anatase45–47 and
rutile,47–49 a consistent set of surface energies and tensions
for both phases(calculated using the same theoretical tech-
nique and convergence criteria) is required to provide a suit-
able input for the phase stability model. To this end, the
surface free energy and surface tension has been recalculated
for the relaxed low index surfaces to create a complete, uni-
form set. The structure of the relaxed surfaces is also pre-
sented, for the purposes of comparison with other studies.
The (100), (110), (101), and (001) surfaces have been se-
lected for inclusion since they may be examined in a
straight-forward manner, the results may be verified via com-
parison with other studies,32 and these surfaces are known to
dominate the Wulff construction47 and the shape of anatase
and rutile crystals both nanoscopically29,30 and macroscopi-
cally. The studies selected for explicit comparison46,48herein
have been chosen as the authors of these papers also under-
took complete studies of the structure and energetics of all
low index surfaces of anatase46 and rutile,48 respectively.

As mentioned above, the role of hydrogen in structure and
stability of these surfaces is still uncertain, although nano-
particles in strong acidic solutions may be H-terminated. Le-
conteet al.50 examined the structure and energetics of hydro-
gen on the rutile(110) surface usingab initio methods. Their
study concluded that H2 would undergo a heterolytic cleav-
age and the resulting fragments would adsorb differently.
They showed that the proton would adsorb to the oxygen of
the uppermost atomic layer, and the hydride-type ion onto
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the Ti atoms of the surface trilayer. Their study indicated that
the most favorable surface structure involved all the hydro-
gen atoms being adsorbed as protons onto outer oxygen
atoms,50 akin to atomic hydrogen adsorption. This configu-
ration corresponds to the partially hydrogenated(110) rutile
surface discussed in Sec. III D.

A. Clean anatase surfaces

The surface trilayer of the(001) and (100) surfaces of
anatase(see Fig. 1, upper left and upper right images, respec-
tively), contains fivefold coordinated Ti atoms and twofold
and threefold coordinated oxygen atoms. Each of these at-
oms has been labelled in Fig. 1, according to species, with
the subscript denoting the atomic layer with respect to the
vacuum so that layer(1) is the outermost layer of the surface
TiO2 trilayer. In the case of the(001) surface, the oxygen
occupying the third atomic layersOs3dd is threefold coordi-
nated, whereas the outermost oxygen atomsOs1dd is twofold
coordinated. In each case the labelled Tis2d atoms are fivefold
coordinated. Calculated displacements of these atoms in the
uppermost trilayer of the anatase(001) and (100) surfaces
are given in Table I, and are compared with the DFT PBE
results of Lazzeriet al.46

The(110) surface shown at the lower left corner of Fig. 1,
contains fourfold coordinated Ti atomssTis2dd and twofold
coordinated oxygen atoms(Os1d and Os3d) within the first
trilayer. It is important to note that the atoms of the first
trilayer are grouped in linear O-Ti-O units[parallel to the
(001) direction] in the ideal bulk truncated surface, however
the oxygen atoms display different displacements upon re-
laxation, and are no longer equivalent(normal to the surface)
in the final structure.

Finally, the (101) surface containing fivefold Ti atoms
sTis3dd and twofold sOs1dd and threefoldsOs2dd coordinated

oxygen atoms(shown at the lower right corner of Fig. 1),
displays the characteristic sawtooth profile perpendicular to
the (010) direction. These surfaces are also characterized in
Table I.

In agreement with the results of Lazzeriet al.,46 trends in
the relaxation of the various anatase surfaces involve the
outward displacement of the fully coordinated oxygen atoms
and bridging under-coordinated oxygen atoms.

TABLE I. Displacements(in Å), normal to the surface, of atoms
in the uppermost trilayer of the low index surface of anatase. Com-
parisons have been drawn with the DFT PBE results of Lazzeriet
al. (Ref. 46).

Surface Label Coordination This study Ref. 46

(001) Os1d 2 0.20 0.08

Tis2d 5 0.04 −0.06

Os3d 3 0.05 −0.02

(100) Os1d 3 0.18 0.18

Os2d 2 0.04 0.02

Tis3d 5 −0.16 −0.16

(110) Os1d 2 0.28 0.23

Tis2d 4 −0.29 −0.37

Os3d 2 −0.08 −0.08

(101) Os1d 2 0.06 −0.02

Os2d 3 0.28 0.19

Tis3d 5 −0.12 −0.18

FIG. 1. (Color online) The re-
laxed anatase(001) surface (top
left), (100) surface (top right),
(110) surface (lower left), and
(101) surface (lower right), with
the atoms occupying the atomic
layers (denoted by the subscript)
of the uppermost trilayer labelled
according to Table I.
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B. H-terminated anatase surfaces

An extensive literature search failed to find any previous
work characterizing the structure of the hydrogen terminated
surface of anatase; therefore the analysis of relaxed low in-
dex anatase surfaces is presented without comparison. In the
following description of the remaining anatase surfaces each
atom has been labelled in Figs. 2–4, according to species,
with the subscript once again denoting the atomic layer with
respect to the vacuum.

The partially hydrogenated and fully hydrogenated sur-
face trilayers of the anatase(001) surfaces are shown in Fig.
2 (left and right images, respectively). In the case of the
partially hydrogenated surface, only the under-coordinated
bridging oxygens of the uppermost atomic layer were termi-
nated with hydrogen, and the surface relaxed. This resulted
in a significant outward displacement of both the Os1d and
Os3d atoms. The displacement of the Os3d atoms with respect
to the bulk indicates that the entire surface trilayer underwent
an outward relaxation, which was somewhat compensated by
an inward relaxation(toward the bulk) of the titanium atoms,
resulting in a minor net outward relaxation of the Tis2d atoms.
For the fully hydrogenated surface(where the under-
coordinated Tis2d atoms were also terminated with hydrogen),
the magnitudes of the outward displacement of these atoms
are given in Table II along with the O-H and Ti-H bond
lengths, and a comparison with previously reported results
for the clean anatase(001) surface.

In the case of the(100) surface, the partially hydrogenated
and fully hydrogenated surfaces(shown in the left and right
images of Fig. 3, respectively) also exhibited an increased
outward relaxation compared with the clean surface. The
H-terminated Os1d bridging oxygens of the partially hydro-
genated surface exhibited a considerable outward relaxation
of 0.39 Å (double that of the clean surface), but Tis3d atoms

exhibited an inward relaxation of −0.10 Å. This separation
between the atoms of the surface trilayer is reduced when the
under-coordinated Tis3d atoms were also capped with hydro-
gen (in the fully hydrogenated surface), as the titanium at-
oms are drawn outward by the terminating hydrogens(see
Table II).

When the(101) surface is partially hydrogenated(the left
image in Fig. 4) the displacement of the bridging Os1d oxy-
gen atoms changed little, however the outward relaxation of
the Os2d atoms was found to increase by 0.15 Å, compared to
the clean surface. The results for the fully hydrogenated
(101) surface(the right image in Fig. 4) were found to be
more similar to the clean surface than the partially hydrogen-
ated surface, with the exception of the Tis3d atom which(like
the other anatase surfaces) was drawn outward by the hydro-
gen termination. This surface is also characterized in Table
II.

In both the partially and fully hydrogenated cases, the
(110) surface of anatase was found to deteriorate upon relax-
ation (becoming a disordered structure), involving the break-
ing of surface bonds and symmetry and resulting in the de-
sorption of OH molecules. Hence, the resulting surface could
no longer be characterized as anatase, rendering it unsuitable
for use in the phase stability model presented in the next
section.

C. Clean rutile surfaces

In this section, the atom labelling convention used in the
previous section for the anatase surfaces has been reapplied
to rutile. The results of all low index rutile surface relax-
ations are listed in Table III, and compared with the DFT
LDA results of Ramamoorthyet al.48

In contrast to anatase, the outermost trilayer of the rutile
(001) surface contains exclusively fourfold coordinated Ti

FIG. 2. (Color online) The re-
laxed, partially hydrogenated ana-
tase(001) surface(left) and fully
hydrogenated (001) surface
(right). The atoms of the upper-
most trilayer labelled according to
Table II (atomic layers are de-
noted by the subscript).

FIG. 3. (Color online) The re-
laxed, partially hydrogenated ana-
tase(100) surface(left) and fully
hydrogenated (100) surface
(right). The atoms of the upper-
most trilayer labelled according to
Table II (atomic layers are de-
noted by the subscript).
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atoms with twofold and threefold coordinated O atoms(see
upper left image of Fig. 5). The ideal bulk terminated surface
is flat, with O atoms aligned with the equatorial planes per-
pendicular to the surface. Upon relaxation, the surface Ti
atoms contract inward significantly, whereas the outward(in-
ward) relaxations of the Os1d sOs3dd atoms are relatively mi-
nor in comparison.

The corrugated(100) surface(upper right corner of Fig.
5) contains fivefold coordinated Ti atoms, with chains of
twofold coordinated O atoms(bridging O atoms) in the up-
permost atomic layersOs1dd. A small outward relaxation for
the Tis2d, perpendicular to the surface was observed, although
it was less than for the O atoms.

The (110) surface(lower left of Fig. 5) contains inequiva-
lent Ti atoms lying in a centered rectangular arrangement.
The atoms denoted as Tis2ad are sixfold coordinated, while
the atoms denoted as Tis2bd are fivefold coordinated. Around
the Tis2ad atoms chains of twofold coordinated bridging Os1d

atoms are aligned along the[001] direction, while rows of
threefold coordinated Os3d atoms connect the Tis2ad and Tis2bd
atoms. The dominant relaxations in this case are those per-
pendicular to the surface, characterized by inward relaxations
of the under-coordinated atoms are drawn and outward relax-
ations of the fully coordinated atoms. The results of the cur-
rent study(see Table III) are in good agreement with the
surface x-ray diffraction results of Charltonet al.,51 where
displacements of −0.27±0.08, 0.12±0.05, −0.16±0.05, and
0.05±0.05 Å were reported for the Os1d, Tis2ad, Tis2bd, and
Os3d atoms, respectively.

Finally, the (011) surface(lower right of Fig. 5), has a
ridgelike structure, with fivefold coordinated Ti atoms with
in the uppermost trilayersTis2dd. The bonds between the up-
permost O atoms and these Ti atoms form two symmetrical
pairs, creating zig-zag chains of twofold coordinated O at-
oms(labelled Os1ad and Os1bd), and threefold coordinated sur-
face O atoms(labelled Os3ad and Os3bd) in the first and third
atomic layers, respectively. The relaxation was found to be

TABLE II. Comparison of displacements(in Å), normal to the
surface, of atoms in the uppermost trilayer of the clean, partially
hydrogenated and fully hydrogenated low index surfaces of anatase,
along with the Ti-H and O-H bond lengths.

Surface Label Clean Partial Full

(001) Os1d 0.20 0.47 0.23

Tis2d 0.04 0.02 0.12

Os3d 0.05 0.25 0.08

Ti-H 1.79

O-H 0.99 1.00

(100) Os1d 0.18 0.36 0.13

Os2d 0.04 0.17 0.00

Tis3d −0.16 −0.10 0.07

Ti-H 1.72

O-H 0.99 0.99

(101) Os1d 0.06 0.09 0.02

Os2d 0.28 0.43 0.24

Tis3d −0.12 −0.06 0.16

Ti-H 1.74

O-H 0.98–0.99 0.99

TABLE III. Displacements(in Å), normal to the surface, of
atoms in the uppermost trilayer of the low index surface of rutile.
Comparisons have been drawn with the DFT LDA results of Ra-
mamoorthyet al. (Ref. 48).

Surface Label Coordination This Study Ref. 48

(001) Os1d 2 0.16 0.06

Tis2d 4 −0.31 −0.60

Os3d 3 −0.03 −0.08

(100) Os1d 2 0.16 0.01

Tis2d 5 0.06 −0.14

Os3d 3 0.15 0.03

(110) Os1d 2 −0.19 −0.12

Tis2ad 6 0.40 0.25

Tis2bd 5 −0.14 −0.32

Os3d 3 0.24 0.24

(011) Os1d 2 0.09 −0.14

Tis2d 5 0.05 −0.17

Os3d 3 0.14 0.05

FIG. 4. (Color online) The re-
laxed, partially hydrogenated ana-
tase(101) surface(left) and fully
hydrogenated (101) surface
(right). The atoms of the upper-
most trilayer labelled according to
Table II (atomic layers are de-
noted by the subscript).
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dominated by an outward relaxation of all atoms, as indi-
cated in Table III in contrast to the results of Ramamoorthy
et al.48

D. H-terminated rutile surfaces

Although a small outward relaxation for the Tis2d (perpen-
dicular to the surface) is observed in the case of the clean
rutile (100) surface, these atoms were found to contract in-
ward in both the partially and fully hydrogenated surfaces(as
shown in Fig. 6). This contraction is most significant in the
case of the fully hydrogenated surface(see Table IV). The
fully hydrogenated rutile(100) surface represents an interest-
ing case. Upon relaxation the hydrogen atoms terminating
the Os1d bridging oxygens were found to reorient so that the
O-H bonds were directed inward. The resulting Tis2d-Os1d-H
bond angles were approximately 100.2°. This was combined
with the threefold coordinated Os3d atoms relaxing outwards
and forming hydrogen bonds with the H atoms, as indicated
by the dashed lines in the right image of Fig. 6. This hydro-
gen bond length was found to be 1.49 Å. In general, this
structure reduces the corrugations(or nanofaceting) of the
surface.

The (110) surface(see Fig. 7) contains inequivalent(nor-
mal to the surface) Ti atoms lying in a centered rectangular
arrangement. The atoms denoted as Tis2ad are sixfold coordi-
nated, while the atoms denoted as Tis2bd are fivefold coordi-
nated in the clean surface. Around the Tis2ad atoms chains of
twofold coordinated bridging Os1d atoms are aligned along
the [001] direction, while rows of threefold coordinated Os3d
atoms connect the Tis2ad and Tis2bd atoms. The dominant re-
laxations in this case are those perpendicular to the surface,
although the displacement varies with the degree of surface
hydrogenation. The bridging Os1d atoms relax outward when
H-terminated, but this effect is reduced when the under-
coordinated Tis2bd atoms are also H-terminated. In general,
the relaxation of the titanium atoms is most effected by the
surface passivation. The difference between the displace-
ments of the Tis2ad and Tis2bd atoms is greatest for the clean
surface(being 0.40 Å and −0.14 Å, respectively), but this
difference diminishes significantly as the hydrogen surface
coverage is increased(see Table IV).

The partially hydrogenated rutile(110) surface presented
here corresponds to the R model surface reported by Leconte
et al.,50 using DFT GGA and Vanderbilt-type pseudopoten-
tials. Although these authors did not report the magnitude of

FIG. 5. (Color online) The re-
laxed rutile (001) surface (top
left), (100) surface (top right),
(110) surface (lower left), and
(011) surface (lower right), with
the atoms occupying the atomic
layers (denoted by the subscript)
of the uppermost trilayer labelled
according to Table III.

FIG. 6. (Color online) The re-
laxed, partially hydrogenated
rutile (100) surface(left) and fully
hydrogenated (100) surface
(right). The atoms of the upper-
most trilayer labelled according to
Table IV (atomic layers are de-
noted by the subscript).
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the relaxation of the surface trilayer with respect the bulk,
they did list the O-H bond length as a function of slab thick-
ness. For a slab of nine atomic layers, their O-H bond length
of 0.968 Å is slightly smaller than the 0.99 Å listed in Table
IV.

Finally, the H-terminated(011) surface was examined, as
shown in Fig. 8. Surface hydrogenation was found to affect
the magnitude of the surface relaxation, and in the case of the
titanium atoms, the direction. The under-coordinated tita-
nium atoms of the partially hydrogenated surface relax in-
ward, but relax outward when H-terminated. In the case of
the oxygen atoms, H-termination appears not only to influ-
ence the relaxation of the atoms that are capped, but also has
a significant effect on the fully coordinated oxygen atoms of
the third atomic layer, where the outward relaxation in the
partially hydrogenated case is more than double that of the
clean surface, but reduced in the fully hydrogenated case(see
Table IV).

Like the anatase(110) surface, the rutile(001) surface
was found to be unstable to surface hydrogenation, exhibit-
ing bond breaking and symmetry breaking upon relaxation.
This instability [like the anatase(110) surface], has been at-
tributed to the fourfold coordinated Ti atoms on the surface.

IV. SURFACE ENERGY AND SURFACE STRESS

The main purpose of the surface component of this study,
however, was to obtain a consistent set of surface energysgd
and surface tensionssd results. The value ofg was calcu-
lated from the energy per TiO2 unit for the bulksEbulkd and
total energy for the surfacesEN

surfaced slabs using the expres-
sions

g =
G

A
, s1d

G = 1
2sEN

surface− N Ebulk − NH EHd, s2d

whereG is the free energy of the slab surface,A is the area
of the surface, andN is the number of TiO2 units in the
(stoichiometric) cell. The energy of the surface was obtained
using the structures described above, andEbulk was obtained
from periodic supercell calculations of larger sizes but the
same computational conditions. This method has been used
successfully before. To account for the surface hydrogena-
tion, NH is the number of terminating hydrogen atoms
present on the slab, and their chemical potentialEH

=1/2EsH2d is half the energy of a free H2 molecule. Al-
though one value of the hydrogen chemical potential has
been used here, in principle, the variation of properties with
chemical potential can be easily introduced in this
expression.52

The value ofs was obtained using the expression

s =
]G

]A
<

DG

DA
. s3d

Therefore, by applying a two-dimensional dilation to the slab
in the plane of the surface and calculating the free energyG
as indicated in Eq.(1), at each dilation the change in free
energysDGd was calculated for a set of area dilationssDAd.
By plotting these results an estimate of the surface tension
was obtained from the slope. In this case the intercept should
pass through zero(as the change in free energy is zero for an
unstressed area), so that any deviation from this condition
offered an effective uncertainty.

TABLE IV. Comparison of displacements(in Å), normal to the
surface, of atoms in the uppermost trilayer of the clean, partially
hydrogenated and fully hydrogenated low index surfaces of rutile,
along with the Ti-H and O-H bond lengths.

Surface Label Clean Partial Full

(100) Os1d 0.16 0.39 0.18

Tis2d 0.06 −0.04 −0.15

Os3d 0.15 0.36 0.62

Ti-H 1.80

O-H 0.99 1.07

(110) Os1d −0.19 0.27 0.11

Tis2ad 0.40 0.17 0.02

Tis2bd −0.14 −0.15 0.02

Os3d 0.24 0.25 0.15

Ti-H 1.73

O-H 0.99 0.99

(011) Os1d 0.09 0.36 0.33

Tis2d 0.05 −0.04 0.20

Os3d 0.14 0.36 0.07

Ti-H 1.80

O-H 1.00 1.02

FIG. 7. (Color online) The re-
laxed, partially hydrogenated
rutile (110) surface(left) and fully
hydrogenated (110) surface
(right). The atoms of the upper-
most trilayer labelled according to
Table IV (atomic layers are de-
noted by the subscript).
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Three different techniques were undertaken in the calcu-
lation of s for clean surfaces. The first(Method A) involved
a uniform dilation(the ratio of the in-plane lattice parameters
x:y remained constant), without optimization of the internal
parameters. The second approach(Method B) involved a full
geometric optimization at each value ofDA, including the
internal parameter, and the in-plane lattice constants. In this
approach thex:y ratio changed(although the productxy
=A remained constant), resulting in breaking of the symme-
try of the slab lattice for each dilation. It is important to note
that this procedure also alters the value ofg, as Eq.(1) was
applied to the surfaces after the full optimization of the bulk
and slab structures. The third method(Method C) involved
uniform dilation, with optimization of internal parameters
but without optimization of the in-plane cell parameters. The
results of these calculations, are contained within Tables V
and VI for anatase and rutile, respectively.

While values ofg for the low index anatase surface(listed
in Table V) are lower than those of Lazerriet al.,46 the order
s101d, s100d, s001d, s110d (using each method) is the
same. We attribute the lower surface energies in this study in
part to the significantly smaller convergence tolerance used
for the structural relaxations in our study[10−4 eV as op-
posed to 10−2 eV (Ref. 46)], and the use of different GGA
methods and the PAW potentials.

Once again, the values ofg (listed in Table VI) for rutile
are lower than the values obtained by Ramamoorthyet al.48

(due to the smaller 10−4 eV convergence tolerance used
for the structural relaxations in our study, as opposed to
10−2 eV,48 and the use of the GGA method with the
PAW potentials), however in this case the order is also dif-
ferent. We have obtained the order ofs110d, s100d
, s001d, s011d (using Methods A and C), as opposed to

s110d, s100d, s011d, s001d by Ramamoorthy and col-
leagues. Note that the order ofs110d, s100d, s011d, s001d
is different in the case of Method B, due to symmetry break-
ing during the surface slab optimization.

In general, although the calculation method had little ef-
fect on the values ofg, it did have a significant effect upon
the surface tensions for both the anatase and rutile surfaces.
This is a result of the stress anisotropy, because thesxy com-
ponents are averaged in a different way. For these reasons,
we therefore place more confidence in the results obtained
using Method C.

The surface energies and surface tensions were however,
found to be dependant upon the degree of surface passiva-
tion. The results of the hydrogenated surface calculations are
contained within Tables VII and VIII for anatase and rutile,
respectively. The relative stability of the low index anatase
surfaces may be discerned by comparing the values ofg
(Table VII). The thermodynamic sequence was found to be
the same for the partially hydrogenated and fully hydrogen-
ated anatase surfaces, as for the clean surfaces. Recall that
the anatase(110) surface is omitted as it was found to be
unstable upon hydrogenation.

The effects of hydrogenation on the surface tensions of
the anatase surface were found to vary considerably. On the
(001) surfaces is reduced(with respect to the clean surface)
when the surface is partially hydrogenated, but increases
again when the titanium atoms are also H-terminated. How-
ever, the surface tension of both the(100) and(101) surfaces
is lowest when the titanium atoms are terminated. The sur-
face tension of the fully hydrogenated(100) surface was
even found to be negative, indicating tendency for this sur-
face to expand(rather than contract) and, if present on the

TABLE V. Comparison of surface free energyg and surface
tensions (in J /m2), for the low index surfaces of anatase for the
three calculation methods. For comparison the DFT PBE results of
Lazerri et al. (Ref. 46) are also provided.

Method A Method B Method C Ref. 46

Surface g s g s g s g

(001) 0.51 1.91 0.53 3.79 0.51 2.07 0.90

(100) 0.39 0.58 0.41 0.39 0.39 0.60 0.53

(110) 0.81 0.78 0.82 0.56 0.81 0.73 1.09

(101) 0.35 0.46 0.38 0.38 0.35 0.51 0.44

TABLE VI. Comparison of surface free energyg and surface
tensions (in J /m2), for the low index surfaces of rutile for the three
calculation methods. For comparison the DFT LDA results of Ra-
mamoorthyet al. (Ref. 48) are also provided.

Method A Method B Method C Ref. 48

Surface g s g s g s g

(001) 0.64 0.83 0.44 0.70 0.64 1.02 1.65

(100) 0.60 0.74 0.28 0.76 0.60 0.95 1.12

(110) 0.47 1.17 0.17 1.40 0.47 1.25 0.89, 0.31a

(011) 0.95 1.49 0.43 0.92 0.95 1.50 1.40

aDFT PBE result of Lazerriet al. (Ref. 46).

FIG. 8. (Color online) The re-
laxed, partially hydrogenated
rutile (011) surface(left) and fully
hydrogenated (011) surface
(right). The atoms of the upper-
most trilayer labelled according to
Table IV (atomic layers are de-
noted by the subscript).
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surface of a nanocrystal, produce a tensile dilation in the
direction of the surface normal.

In general the surface energiesg for the rutile surfaces
(see Table VIII) are increased by surface hydrogenation. We
obtained the order ofs110d, s100d, s011d for the partially
hydrogenated surfaces ands110d, s011d, s100d for the
fully hydrogenated surfaces. Once again, the rutile(001) sur-
face has been omitted as it was found to be unstable to hy-
drogenation.

The s of the rutile surfaces(like anatase) is effected by
the degree of hydrogenation. In each case the surface ten-
sions of the clean and fully hydrogenated surfaces are closer
in magnitude than those of the partially hydrogenated sur-
face. Thes of the partially hydrogenated surfaces are not
consistently higher or lower than the corresponding clean
and fully hydrogenated surfaces, again indicating that the
surface tension of each crystallographic surface of rutile
must be calculated explicitly.

Since the compressibilityb=1/B0 is ultimately required
in the phase stability model,31 the bulk modulusB0 (and the
first derivative of the bulk modulusB08) were also obtained
by fitting calculated energy versus volume curves to the Vi-
net equation of state.53 A uniform volume dilation, without
optimization of internal parameters(akin to Method A), gave
B0 values of 205 and 233 GPa, andB08 values of 4.4 and 3.9
for anatase and rutile, respectively. When optimization of
internal parameters was included(akin to Method C), supe-
rior B0 values of 190 and 218 GPa, andB08 values of 4.7 and
4.6 for anatase and rutile were obtained. The latter results are
in reasonable agreement with the experimental values of
179 GPa and 4.5 GPa for anatase measured by Arltet al.54

and of 211 GPa and 6.5 GPa for rutile measured by Gerward
and Olsen.55

V. PHASE STABILITY

Recently we have proposed a model capable of predicting
the free energy of formation of nanocrystals as a function of
size, and of nanocrystal shape.31 The energetically preferred
shapes predicted by this model have been found to be in
good agreement with experiment in the cases of diamond,
silicon, and germanium nanoparticles,31 and excellent agree-
ment for titanium nitride nanoparticles.56

For a given nanoparticle of materialx, the free energy
may be expressed as a sum of contributions from the particle
bulk and surfaces, such that,

Gx
o = Gx

bulk + Gx
surface. s4d

The free energy of formation of a nanocrystalGx
o is defined

in terms of the surface energygxi for each surfacei, weighted
by the factorsf i, such thatoi f i =1. Hence,

Gx
o = D fGx

o +
M

rx
s1 − edFqo

i

f igxiG , s5d

whereD fGx
o is the standard free energy of formation of the

bulk (macroscopic) material,M is the molar mass,rx is the
density ande is the volume dilation induced by the surface
tension(which cannot be ignored at the nanoscale). In gen-
eral, the surface to volume ratioq and the weighting factors
f i must be calculated explicitly for each shape and the facet
therein. The effects of edges and corners are omitted here, as
they are typically small for nanocrystals larger than,2 nm,
and insignificant for nanocrystals larger than,5.6 nm.31 In
this size regime it is also possible to make a distinction be-
tween the bulk and the surface of the nanoparticle, a division
that cannot really be drawn for particles smaller than,2 nm.
It is also important to note that at such small sizes, other
types of lattice distortions, such as edge and corner tensions,
lattice expansions and contractions and changes in the elastic
properties may dominate, and isolated nanocrystals should
be treated in their entirety using the appropriate computa-
tional technique.31

In general, for nanocrystals over,2 nm we have shown
that the volume dilatione due to the surface tensions may
be approximated using the Laplace-Young equation31 for the
effective pressure,

Peff =
2sx

R
, s6d

whereR is the radius of the particle; so that in general(with
the compressibilityb=1/B0),

e=
2bsx

R
. s7d

The surface tension is approximated by summing over the
(weighted) surface tensions of the crystallographic surfaces
present on the nanocrystal,

sx = o
i

f isxi, s8d

wheresxi is defined in Eq.(2) and listed in Tables V and VI
for x=anatasesAd and rutilesRd, respectively.

In this model the size dependence is introduced not only
by the reduction ofe as the crystal grows larger, but also by
the surface to volume ratioq. The shape dependence is also

TABLE VII. Surface free energiesg and surface tensionss (in
J /m2), for the clean(Method C), partially hydrogenated and fully
hydrogenated low index surfaces of anatase.

Surface

Clean Partial Full

g s g s g s

(001) 0.51 2.07 0.86 0.50 0.84 0.91

(100) 0.39 0.60 0.55 0.23 0.65 −0.19

(101) 0.35 0.51 0.51 0.71 0.63 0.09

TABLE VIII. Surface free energiesg and surface tensionss (in
J /m2), for the clean(Method C), partially hydrogenated and fully
hydrogenated low index surfaces of rutile.

Surface

Clean Partial Full

g s g s g s

(100) 0.60 0.95 0.71 0.66 1.82 0.80

(110) 0.47 1.25 0.56 1.96 0.84 1.27

(011) 0.95 1.50 1.02 0.39 1.19 1.38
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introduced byq, as well as the weighted sums of the surface
energies and the surface stresses, corresponding to the sur-
faces present in the particular morphology of interest.

Previously it has been determined that the Laplace-Young
description of the pressure is suitable in the case of faceted
nanocrystals.31 This approach has been rigorously compared
to the more general Stoneham model,57 and found to give a
good description of the volume dilation in facetted nanocrys-
tals over,2 nm. Therefore, the surface energies and surface
tensions for each surface faceti, along with the molar mass
of TiO2, the density of anatase and rutile(rA=3.893 g/cm3

and rR=4.249 g/cm3) and the standard free energies of
formation58 (D fGA

o andD fGR
o ) are all that is required to com-

pare the phase stability of faceted TiO2 nanocrystals over
,2 nm.

All of the calculations in the present study have been
performed atT=0, so thatGx

o is equivalent to the enthalpy of
formation. It has been shown by Zhang and Banfield11 that
the change in the surface energies with temperature is of the
order of 10−4 J/m2, so it has been assumed here that varia-
tions in the equilibrium morphology of anatase and rutile
nanocrystals due to temperature effects will be negligible.

A. Phase stability of faceted TiO2 nanocrystals

The shapes of the clean anatase and rutile nanocrystals
compared in this study were identified by generating the
Wulff construction59 for each material, using the surface en-
ergies contained within Tables V and VI, respectively. The
values of g calculated using each Method(A, B, and C)
varied so little as to make variations in the corresponding
Wulff construction undiscernible. Therefore, the Wulff crys-
tal shapes shown in at the top of Fig. 9 correspond to the
minimum energy morphology calculated in this study, irre-
spective of method.

For each of the methods described above, the value ofGx
o

(wherex=A ,R) was calculated and plotted as a function of
the number of TiO2 units, and the points of intersection de-
termined. An example of this plot is shown in Fig. 10 for
Method C. For each Method A, B, and C the intersection
points were found to occur at,12 600, ,12 400, and
,12 300 TiO2 units, respectively. This corresponds to ana-
tase nanocrystals with average diameters of,9.4,,9.3, and
,9.3 nm, or apex-to-apex lengths of,20.1, ,20.0, and
,19.9 nm; and rutile nanocrystals with average diameters of
,9.1, ,9.0, and ,9.0 nm, or apex-to-apex lengths of
,13.3,,13.2, and,13.2 nm, respectively.

Therefore, the intersection point(at which the phase tran-
sition is identified) was found to vary little with the method
used to calculate the surface stress, even though the values of
s were (in general) found to be reasonably sensitive to the
method of approximation. The phase transition point of
9.3–9.4 nm in(average) diameter is also in excellent agree-
ment with the average diameter of 9.3 nm predicted by
Zhang and Banfield11 model at 0 K. This may however be
fortuitous, since the Zhang and Banfield model assumed that
both the anatase and rutile nanocrystals are spherical; and as
mentioned above, the model does not account for the differ-
ing number of atoms in anatase and rutile crystals of the

same diameter. Their findings are also based on surface en-
ergies obtained using empirical47 rather thanab initio meth-
ods, as we have done here.

In order to investigate the issue for spherical nanopar-
ticles, the model presented herein was also applied to spheres
of TiO2. This was achieved by inputting a sphere as the
shape of interest into Eq.(4), and using averages of the sur-
face energy and surface stress, averaging over all the low
index surfaces of anatase or rutile. The results are shown in
Fig. 11. It is clear from these results that not only is it im-
portant to explicitly consider the number of TiO2 units, but
the description of facetted nanocrystals is crucial to obtain a
value of size at the phase transition that correlates well with
experiment. The free energy of the spherical nanoparticles is
considerably higher than that of the facetted nanocrystal, in
both cases of anatase and rutile, and the phase transition of
spherical nanoparticles is predicted to occur at just 270 TiO2
units. This point corresponds to an anatase nanoparticle of
only ,2.6 nm in diameter.

Experimentally, the transition point at,650–800 K for
hydrothermally prepared samples has been predicted to be at
approximately 11.4–17.6 nm, but has been found to de-
crease with temperature.10 The discrepancy between the cal-
culated transition size and the experimental size may be at-
tributed to a number of factors. First, the experimental
samples were analyzed in solution whereas the present study

FIG. 9. Wulff constructions for clean(top), partially hydrogen-
ated (center), and fully hydrogenated(bottom) anatase(left) and
rutile (right) calculated using the surface free energies listed in
Tables VII and VIII.
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considers nanoparticles under vacuum conditions. Second,
the experimental measurements were undertaken at finite
temperature, whereas the calculations of the surface energies
and tensions here were performed atT=0, and as mentioned
above the transition size(experimentally) was found to de-
crease with temperature.10 Finally, the experimental condi-
tions may not have been at thermodynamic equilibrium, im-
plying that nonequilibrium shapes may have been involved.
The importance of the latter should not be underestimated.
As the present study clearly shows, the shape of the nano-
crystals may alter the phase stability significantly.

B. Effects of surface hydrogenation

The remaining Wulff crystal shapes shown in Fig. 9 cor-
respond to the minimum energy morphology obtained from
the surface energies calculated in this study for partially hy-
drogenated(top) and fully hydrogenated(bottom) surfaces.
Although the degree of hydrogenation has almost no effect
on the minimum energy shape of the anatase nanocrystal, the

effect of surface hydrogenation on the shape of rutile at the
nanoscale is clearly evident. Clean rutile surfaces produce
longer prismatic crystals, whereas the crystals become more
stunted as the amount of surface hydrogen is increased; fi-
nally resulting in a squat crystal that is almost as wide as it is
tall (along thea and b axes) when all under-coordinated
atoms are terminated.

For each of the nanocrystals above, the value ofGA
o and

GR
o were calculated and plotted as a function of the number

of TiO2 units, by using the appropriate surface energies from
Tables VII and VIII. By determining each point of intersec-
tion, the phase stability of the faceted nanocrystals was in-
vestigated as a function of surface hydrogenation. These
plots are shown in Fig. 12 for the partially hydrogenated
(top) and fully hydrogenated(bottom) surfaces. The intersec-
tion points were found to occur at,10 800 and,196 900
TiO2 units, respectively. This corresponds to nanoanatase
crystals with average diameters of,8.9 nm and,23.1 nm,
or apex-to-apex lengths of,19.1 nm and,49.8 nm; and
nanorutile crystals with average diameters of,8.6 nm and
,22.2 nm, or apex-to-apex lengths of,10.4 nm and
,41.2 nm, respectively. Note that the apex-to-apex distance

FIG. 10. Free energy as a function of number of TiO2 units for
anatase and rutile, calculated using the shapes given at the top of
Fig. 9 and the values ofg and s obtained using Method C. The
intersection points indicate the phase transition.

FIG. 11. Free energy as a function of number of TiO2 units for
spherical anatase and rutile nanoparticles, calculated using the val-
ues ofg ands averaged over surface orientations. The intersection
point indicates the phase transition(all results obtained using
Method C).

FIG. 12. Free energy as a function of number of TiO2 units for
anatase and rutile, calculated using the shapes given in Fig. 9 and
the values ofg ands from Table VII and VIII for partially hydro-
genated surfaces(top) and fully hydrogenated surfaces(bottom).
The intersection points indicate the phase transition. The sizes in-
dicated by the arrows refer to the average diameters of anatase
nanocrystals.
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varies as a function of the phase transition point and the
shape of the nanocrystal in the case of rutile.

This dramatic change indicates that the termination of
under-coordinated surface sites plays a major role in deter-
mining the stability of nanoscale TiO2, as we have shown for
the case of H-termination. Full hydrogenation of the nano-
crystal surfaces is predicted to promote stability of the ana-
tase phase, whereas hydrogenation of only the bridging oxy-
gens(partial hydrogenation) promotes stability of the rutile
phase.

VI. CONCLUSIONS

Using a complete set of values for the surface energy and
surface tension of low index anatase and rutile surfaces, cal-
culated using DFT GGA with the PAW potential method, and
a model to describe the free energy of nanocrystals as a
function of size and shape, the relative phase stability
of faceted TiO2 nanocrystals has been investigated. The re-
sults predict, at low temperatures, a phase transition point at
an average diameter of approximately 9.3–9.4 nm
s9.0–9.1 nmd for anatase(rutile) nanocrystals. It has also
been shown that the arbitrary description of TiO2 nanopar-
ticles as spheres is not valid, as it does not represent the
minimum energy morphology, nor does it reproduce the cor-
rect size regime of the phase transition.

This study also predicts that the shape of anatase is inde-
pendent of the degree of surface hydrogenation(as shown by
the corresponding Wulff construction for various degrees of
surface coverage), but that rutile crystals become more squat

as the coverage by hydrogen is increased. This is an example
of the shape(as distinct from phase) of the nanocrystals be-
ing effected by the chemical environment(in this case, hy-
drogen), but implications of a medium such as a matrix or
surrounding nanoparticles still need to be addressed.

Further, the results show that(at low temperatures) the
anatase-to-rutile phase transition size also depends on the
surface passivation. Compared with the results for clean sur-
faces, the transition size decreases slightly to 8.9 nm when
the surface bridging oxygens are H-terminated, but increases
significantly to 23.1 nm when both the bridging oxygens and
under-coordinated titanium atoms of the surface trilayer are
H-terminated. This is consistent with experimental findings
that indicate that the transition energy and size vary depend-
ing upon factors such as reaction atmosphere and synthesis
conditions.17,60–63

Further work is currently underway to examine the effects
of pH on the anatase and rutile size and shape, and on the
phase transition point.
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