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Abstract: The potential of titanium dioxide nanoparticles for advanced photochemical applica-
tions has prompted a number of studies to analyze the size, phase, and morphology dependent
properties. Previously we have used a thermodynamic model of nanoparticles as a function of
size and shape to predict the phase stability of titanium dioxide nanoparticles, with particular
attention given to the crossover of stability between the anatase and rutile phases. This work
has now been extended to titanium dioxide nanoparticles in water, to examine the effects of
various adsorption configurations on the equilibrium shape and the phase transition. Density
functional calculations have been used to accurately determine surface energies and surface
tension of low index hydrated stoichiometric surfaces of anatase and rutile, which are presented
along with a brief outline of the surface structure. We have shown that morphology of TiO,
nanocrystals is affected by the presence of water, resulting in variations in the size of the (001)
and (001) truncation facets in anatase, and a reduction in the aspect ratio of rutile nanocrystals.
Our results also highlight that the consideration of hydrated nanocrystal surfaces is necessary
to accurately predict the correct size dependence of the anatase to rutile phase transition.

[. Introduction Banfield? found that the synthesis of nanocrystalline TiO
Titanium dioxide (TiQ) is an important accessory oxide consistently resulted in anatase nanoparticles, which trans-
mineral used widely in science and technology.Nano-  formed to rutile upon reaching a particular sizelé nm).

particles of this material are proving to be highly suitable The transformation from anatase to rutile has been observed
for advanced photochemical applicatidnsspecially inter- ~ under different experimental conditions depending upon
facing with organic molecul@sncluding DNA® While the ~ parameters such as temperattit¢and size. This implies
nanoscale dimension is instrumental in facilitating many new that the transition energetics are closely coupled with the
technologies, the size, phase, and morphology have beerparticle sizé® and that anatase is in fact the most stable
found to be critical parameters in determining their suitability Polymorph at the nanoscale.
for particular application®:*3 It has been proposed by a number of authors that the
Although macroscopically the rutile phase is more ther- anatase to rutile phase transformation is not only dependent
modynamically stable than the anatase pHa# ambient on grain size but also on impuritié%,?? reaction atmo-
pressures and temperatures), anatase has been found to besphere®?® and synthesis conditiort4.?® Yang et ak’
majority product of industrial sol-gel, and aerosol syntheses showed that synthesis conditions (chemicals/peptizing agents)
of TiO,® and is common in nanoscale natural and synthetic affect the crystallinity and phase transition temperature. In
sample$:1>1¢ Gribb and Banfield, and later Zhang and this vein, Zaban et & noted that the surface structure of
TiO; is affected by the preparation conditions; and Ahonen
* Corresponding author e-mail: amanda.barnard@anl.gov. et al?° observed that anatase synthesized in air transformed
t Center for Nanoscale Materials, Argonne National Laboratory. tO rutile at 973 K, but anatase synthesized in nitrogen trans-
* Materials Science and Chemistry Divisions, Argonne National formed to rutile at 1173 K. It has also been shown that nano-
Laboratory. crystalline TiQ may be phase selected by careful control of
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the particle size as well as other experimental conditi®rs. with either molecular or dissociative,B, in a complete
In addition to the control of the size of anatase nanocrystals, monolayer ¢ = 1). Both the bulk and surface slabs were
the shape may also be manipulatééi-**which may in turn relaxed prior to calculation of the total energies.
enhance the adsorption properties of the nanocrystals by The first principles calculations have been carried out using
increasing the effective area of preferred surface facets. Density Functional Theory (DFT) within the Generalized-
We suggest that nanocrystal morphology is also a factor Gradient Approximation (GGA), with the exchange-correla-
affecting the phase stability as, contrary to numerous tion functional of Perdew and Wang (PW94)This has been
misconceptions, anatase nanoparticles are not necessariljmplemented via the Vienna Ab initio Simulation Package
sphericaP® For example, high-resolution transmission elec- (VASP)/46which spans reciprocal space with a plane-wave
tron microscopy (HRTEM) micrographs of Penn and Ban- basis up to a kinetic energy cutoff of 270 eV. We have used
field®® clearly show that the tetragonal bipyramidal mor- the Linear Tetrahedron Method (LTM) with a% 4 x 4
phology persists down to-3 nm in diameter. Similarly, Monkhorst-Pack k-point mesh, for both the initial relaxations
the morphology of larger<20 nm) rutile nanocrystals can of the TiO, slabs, and the final calculation of surface energies
be discerned from the TEM images of Aruna et’al. and surface tensions. Although this choice of k-mesh results
As part of an ongoing study, we have previously used a in some superfluous k-points in the nonperiodic direction of
thermodynamic mod#&l based on the free energy of (arbi- the surface slabs, it was found that the inclusion of these
trary) nanocrystals as a function of size and shape to k-points is more consistent with the LTM.
determine the minimum energy morphology of anatase and The electronic relaxation technique used here is an efficient
rutile at the nanoscale and to examine the phase stability ofmatrix-diagonalization routine based on a sequential band-
faceted TiQ nanocrystalg? as a function of surface hydro-  by-band residual minimization method of single-electron
genatior® The model predicted that a bifrustum Wulff energies?>°with direct inversion in the iterative subspace,
constructiof? for anatase nanocrystals, and a hitetragonal whereas the ionic relaxation involves minimization of the
bipyramidal Wulff construction of rutile nanocrystals, which  Hellmann-Feynman forces. During the relaxations we have
became more squat as the coverage of hydrogen wasused ultrasoft, gradient-corrected Vanderbilt-type pseudo-
increased. potentials (US-PP)"“8and real-space projected wave func-
Further, the results of our study predict that (at low tions (to decrease the computational cost) and have relaxed
temperatures) the anatase to rutile phase transition size als¢o a convergence of 18 eV. The following (final) energy
depends on the surface hydrogenation. For clean surfacesalculations were then performed using the Projected Aug-
(vacuum conditions) this phase transition is predicted to occur mented Wave (PAW) potentiatswith a basis set increased
at an average diameter of approximately 9.3 nm for anataseto a cutoff of 350 eV and reciprocal-space projected wave
nanocrystal$? This transition point slightly decreases to 8.9 function (to improve accuracy), also to a convergence of 10
nm when the surface bridging oxygens are H-terminated buteV. PAW potentials are generally considered to be more
increases significantly to 23.1 nm when both the bridging accurate than the ultrasoft pseudopotentidince the radial
oxygens and undercoordinated titanium atoms of the surfacecutoffs (core radii) are smaller than the radii used for the
trilayer are H-terminatetf. As an extension of our previous US pseudopotentials, and the fact that the PAW potentials
work, the present study uses the same model to examine theeconstruct the exact valence wave function with all nodes
relative phase stability of nanoscale anatase and rutile inin the core region (all electron).
water. This is considered to be of vital importance, since
TiO, nanoparticles are often produced and stored in solution. |||. TiO, Surface

The model takes as input the geometry of the nanocrystal The surface science of the titanium dioxide polymorphs has
morphology, the surface free energy)(and the surface  peen investigate®¥,including numerous studies investigating
tension §). The surface tension has a small but important the surface of HD-terminated stoichiometric anat&s® 58
effect on the calculation of the anatase to rutile phase and rutile>7-60 However, as a consistent set of surface
transition?® We have generated a consistent set of surface energies for both phases (calculated using the same theoreti-
energy and surface tension values for water terminatedcal technique and convergence criteria) is required to provide
stoichiometric low index (1x 1) surfaces of both anatase a suitable input for the phase stab|||ty model, we have
and rutile, using ab initio methods. Both molecular and yndertaken our own calculations on the surfaces of interest.
dissociative adsorption Configurations have been Considered,'rhus, the surface free energy and surface tension have been
and the relative stability of each configuration has been determined for the structurally relaxed low index anatase and
compared with the results of other authors where possible.rytile surfaces.

The relaxed surface structures are also presented, for the
II. Methodology purposes of comparison with other studies (where available)
The surface structure and energetics of the low index surfacedor the lowest energy adsorption geometries. This will be
of rutile and anatase were investigated by comparing highly followed by the presentation of the calculated adsorption
accurate first principles calculations of the total energy of energies, surface energies, and surface tensions.
two-dimensional slabs with the corresponding three-dimen- ~ A. Anatase SurfacesIn the following description each
sional bulk lattice structures. The slabs were generated byatom in the outermost TiOtrilayer has been labeled (in
the addition of a 10 A vacuum layer in the crystallographic Figure 1) according to species, with the subscript denoting
plane of interest and then terminating the ‘cleaved’ surfaces the atomiclayer with respect to the vacuum (layer (1) is the
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A[001] Table 1: Comparison of Displacements (in A), Normal to
the Surface, of Atoms in the Uppermost Trilayer of the
Hydrated and Clean®® Anatase Surfaces, along with the
Ti—OH, and O—H Bond Lengths

surface label clean3® hydrated
(001) O 0.20 0.03
dissociative Ti2) 0.04 0.09
Og) 0.05 0.02
Ti—OH 1.93
O(l)*H 1.01
(100) O 0.18 —0.02
dissociative O 0.04 0.01
Tiz) —-0.16 0.10
Ti—OH 1.87
O@—H 0.99
(101) Ow 0.06 —-0.01
molecular O 0.28 0.10
Tig) -0.12 —0.05
Ti—OH, 2.28

Like the (001) surface, the clean (100) surface contains
Figure 1. The relaxed anatase hydrated (001), (100), and 5-fold coordinated T atoms and 2-fold @) and 3-fold

(101) surfaces. The (001) and (100) surface exhibit dissocia- coordinated @, atoms. When covered with a monolayer of
tive adsorption, whereas the (101) surface exhibits molecular dissociated water, the surface (shown in the center of Figure
adsorption. The atoms occupying the atomic layers (denoted 1) was found to undergo an outward relaxation of thg O
by the subscript) of the upper most trilayer labeled according and Tis atoms and a small inward relaxation of the,)O

to Table 1. atoms. The Ti—OH bond length was found to be 1.87 A
outermost layer of the surface Ti@rilayer). The oxygen  and the @,—H bond length was 0.99 A (see Table 1). The
associated with the adsorbate is denoted simply as O.  most interesting aspect of this surface was the bending of

The hydrated surface trilayers of the anatase (001) surfacethe O—H bonds of the OH groups toward each other, with
are shown at the top of Figure 1. The clean surface containsa H—H distance of 2.6 A.
5-fold coordinated (T#) atoms and 2-fold (@) and 3-fold The clean (101) surface contains 5-foldsland 2-fold
coordinated (@) oxygens. Dissociative adsorption was Oq)and 3-fold @) coordinated atoms within the first trilayer,
found to be energetically favorable on this surface, with the with a characteristic saw-tooth profile perpendicular to the
H and OH terminations oriented perpendicular to the surface (010) direction. In this case molecular adsorption was found
after relaxation. Compared with the clean surfécéhe to be energetically preferred (see section 3.3) as indicated
outward displacement of the oxygen atoms in the upper in the lower image of Figure 1. Following relaxation, both
trilayer was found to decrease in the presence of water. ThisO() and Tiz atoms were found to contract inward, and the
is most significant in the case of the;(bridging oxygen. O was found to relax outward (see Table 1). The,)Fi
In contrast the outward displacement of theyWas found ~ OH; bond length of 2.28 A matches the length of 2.28 A
to increase slightly in the presence of water. The fing)Ti reported by Vittadini et &t! for this bond.
OH bond length was just under the equatoriat-O bond The anatase (110) surface was found to be structurally
length of anatase, and the:®-H bond length was found to  unstable in the presence of water, both molecular and
be slightly longer than the ©H bond length in water  dissociated. The surface was found to deteriorate into a
(calculated to be 0.98 A). disordered structure. This structural change involved the

Calculated relaxations of these atoms are given in Table breaking of symmetry as the 4-fold coordinated surface Ti
1 along with the @)—H and Ti»—OH bond lengths. The  atoms shifted from their lattice positions, and the desorption
displacement of selected atoms on the anatase (001) surfacef OH and BO groups, sometimes involving ({ atoms
was examined by Bredow and J8gsing the semiempirical ~ rather than the O atoms of the water molecules. Hence, the
SINDO1 method and model clusters. The authors found that resulting surface could no longer be characterized as anatase,
the bridging Qi) atoms relaxed outward by 0.12 A, theJi rendering it unsuitable for use in the phase stability model
atom relaxed outward by 0.16 A, and thezFOH bond presented in the next section.
length was 1.85 A, when a 4 4 x 3 cluster was used. B. Rutile Surfaces.The (100), (110), and (011) surfaces
Although the structure of the (001) surface was examined are considered by applying the labeling convention used in
by Vittadini et al.>* they did not treat a complete monolayer the previous section for the anatase surfaces and are listed
of dissociatively adsorbed water. However, for a coverage in Table 2. The corrugated (100) surface contains 5-fold
of 8 = 0.5 (where the @—H terminations were removed) coordinated T} atoms, with chains of 2-fold coordinated
Vittadini et al> reported Ti—OH bonds lengths between O bridging atoms in the upper most atomic layer. This
1.74 and 1.93 A. surface was found to prefer dissociative adsorption (as shown
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Table 2: Comparison of Displacements (in A), Normal to
the Surface, of Atoms in the Uppermost Trilayer of the
Hydrated and Clean3®® Rutile Surfaces, along with the
Ti—OH; and O—H Bond Lengths

surface label clean3® hydrated
(100) O 0.16 0.13
dissociative Ti2) 0.06 0.02
(o 1) 0.15 0.16
Ti—OH 1.90
Ow—H 0.99-1.01
H-bonds (O-++H) 2.01-2.03
(011) Ow 0.09 0.17
dissociative Ti) 0.05 0.19
O 0.14 0.25
Ti—OH 2.14-2.16
Og—H 1.01-1.08
H-bonds (O-++H) 1.44-1.47
(110) O -0.19 0.08
molecular Ti) 0.40 0.35, —0.36
O) 0.24 —0.05
Ti—OH; 2.30
H-bonds (O ---H) 1.66—1.67

A[100]

[110]

Figure 2. The relaxed rutile hydrated (100), (110), and (011)
surfaces. The (100) and (011) surface exhibit dissociative
adsorption, whereas the (110) surface exhibits molecular
adsorption. The atoms occupying the atomic layers (denoted
by the subscript) of the upper most trilayer labeled according
to Table 2.

at the top of Figure 2), which is generally considered to be
the case in other experimental and theoretical stuidifrs.

Barnard et al.

atoms of the OH groups, with an-GH length of 2.0%
2.03 A. The issue of how well the PW91 exchange-
correlation functional reproduces hydrogen bonding was
briefly investigated by examining the relaxed geometry and
binding energy of a water dimer and comparing with results
obtained using second-order MghePlesset Perturbation
theory (MP2) and the 6-31G(3df,2p) basis séf The
PW91-PAW (MP2) optimized structure was found to have
an O-0 distance of 2.89 A (2.90 A) and an&H hydrogen
bond length of 1.90 A (1.94 A), with a binding energy of
0.177 eV (0.234 eV). The good agreement between the
PW91-PAW and MP2 results indicates that the method used
here in the calculation of surface properties is capable of
describing H-bonding reasonably well.

The (011) surface (center of Figure 2) has a ridged-like
structure and was also found to prefer dissociative adsorption.
The upper trilayer was found to relax outward approximately
0.1 A more than the clean surface. The,FiOH, bonds
were longer than the rutile apical and equatoriat ®ibond
lengths. Similarly, the @—H bond lengths were consider-
ably longer than the ©H bond in water. Like the (100)
surface, hydrogen bonds were observed between the hydro-
gen atoms connected to the bridging oxygens and the oxygen
atoms of the OH groups but with a considerably reduced
length of 1.44-1.47 A.

Finally, the relaxed hydrated (110) surface (see lower
image of Figure 2), containing inequivalent Ti atoms lying
in a centered rectangular arrangement, was found to prefer
molecular adsorption. There is some disagreement in the
literature as to whether water adsorbs on this surface
molecularly or dissociatively, but in most cases experimental
investigations indicate molecular adsorpt®®ther theoreti-
cal studies have concluded that molecular adsorption is most
probables*f2and it has also been suggested that molecular
and dissociative water may coexist on the rutile (110)
surface®®

Even though our results indicate molecular adsorption, the
structure of the surface is somewhat distorted by the presence
of water, as shown in the lower image of Figure 2. On the
clean surface, the {j atoms denoted as connected to the
bridging oxygen (center of the image) are 6-fold coordinated,
while the exposed Tj atoms at the sides of the image are
5-fold coordinated. These (}j atoms become inequivalent
(see Table 2) on the hydrated surface, with thg &toms
bound to the bridging @ relaxing outward, and the )
atoms bound to the water molecules relaxing inward.

This layer distortion has been observed béeftfeand is
in part due to the accommodation of H-bonding between the
bridging Q) atoms and hydrogens in the water molecules.
The length of these H-bonds of 1:66.67 A is in good
agreement with the result 4.8 A calculated by Lang®#
using Car Parinello Molecular Dynamics (CPMD), and the

general, the (outward) relaxation of the hydrated surface wasvalue of 1.61 A is calculated by Ferris and Wang using the

found to be similar to the clean surfatéhe Tiz—OH bond
length of 1.90 A was found to be just under the equatorial
Ti—0O bond length of bulk rutile, and the-H bond length
was found to be just over the-H bond length in water.
The hydrogen atoms terminating the bridging,@toms
were also found to form weak hydrogen bonds with the O

self-consistent field (SCF) method and 3-21G basis set but
is considerably less that the 2.22 A calculated by Menetrey
et al® using PW91-USPP.

Like the anatase (110) surface, the rutile (001) surface was
found to be unstable (with respect to a disordered surface
structure) in the presence of water, exhibiting bond breaking
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and symmetry breaking upon relaxation. This instability has
(like the anatase (110) surface) been attributed to the 4-fold
coordinated Ti atoms on the surface.

C. Surface Energetics.Although both molecular and

dissociative adsorption geometries were examined on theand the DFT GGA Results of Menetrey et a
surfaces described above, the previous section only outlines

the details of the energetically preferred configuration. The
distinction as to which geometry constituted the energetically
preferred configuration was made by comparing the adsorp-
tion energies using the expression

1

Ead N NHZO

surface__ =surface
(EH ,0 Eclean

+ Niy,0E,0) 1)

whereNy,o is the total number of kD units on the surface,
ESUace s the total energy of the relaxed surface without
water,Ey o is the total energy of a free water molecule, and
ESH‘;[gaCeis the total energy of the water covered surface. The
adsorption energies for all surfaces are given in Table 3,
along with the results of other authors for comparison.

The value of the surface free energyvas calculated from

the total energy of the bulkel™) and surface &'
slabs using the expressions
_G
VT 2
and
G= %(ESNurface_ BN - Nii,0t4H,0) 3

whereG is the free energy of the sla, is the area of the
surface, andN is the number of TiQunits in the (stoichio-
metric) cell. To account for the surface hydratiom,o is
the chemical potential of water, calculated using

&

where kg is Boltzmann's constant], P, and v are the

hy
MUno=EuoT 7"*' kgT| (4)
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Table 3: Comparison of the Adsorption Energy E.q (V)
as Indicated in Eq 1, Compared with the Hartree—Fock
(HF) Results of Fahmi and Minot,>” the DFT GGA Results

of Vittadini et al.,>* the DFT GGA Results of Lindan et al.,5°
|.60

this study reference 57 reference 54
anatase dissoc. molec. dissoc. molec. dissoc. molec.
(001) —0.45 0.23 —1.248 -0.682
(100) -0.29 -0.24
(101) —0.48 —0.56 —0.44 —-0.72

this study reference 59 reference 60
rutile  dissoc. molec. dissoc. molec. dissoc. molec.
(100) —0.57 unstable?

(011) -0.98 —0.43
(110) -0.27 —0.82 —-0.91 —0.99 —-1.14 —-1.03

a Proton transfer was observed during relaxation, resulting in
dissociative geometry, indicating that this configuration was unstable
with respect to H"+OH™ dissociation.

Table 4: Comparison of Surface Free Energy y and
Surface Tension o (in J/m?), for the Clean®® Hydrated Low
Index Surfaces of Anatase

clean3® hydrated
surface adsorption y o y I
(001) dissociative 0.51 2.07 1.55 -0.37
(100) dissociative 0.39 0.60 1.13 -0.59
(101) molecular 0.35 0.51 1.03 0.45

Table 5: Comparison of Surface Free Energy y and
Surface Tension ¢ (in J/m?), for the Clean®® and Hydrated
Low Index Surfaces of Rutile

clean3? hydrated
surface adsorption y o y o
(100) dissociative 0.60 0.95 1.57 0.61
(011) dissociative 0.95 1.50 1.79 1.36
(110) molecular 0.47 1.25 1.08 0.92

temperature, pressure, and vibrational frequencies of watergstimate of the surface tension was obtained from the slope.

in the reservoir, an is the quantum volume

okl

Experimental values for were used? and the chemical
potential was calculated at ambient temperature and pressur
(298.15 K and 101.33 kPa).

The value of the surface tensiorwas obtained using the
expression

h2
2mkg

®)

G __AG
9T 9A T AA ©)
By applying a two-dimensional uniform dilation in the plane
of the surface (including optimization of all internal param-
eters) and calculating the free ener@yas shown in eq 3
for each area, the change in free enefy) was found for
a set of area dilationsA(A). After plotting these results an

The results of these calculations are contained within Tables
4 and 5 for anatase and rutile, respectively.

The relative stability of the low index anatase surfaces
may be discerned by comparing the valuesydisted in
Table 4. The thermodynamic sequence (161)100) <
001) is the same for the clean and hydrated surfaces;

owever, the surface tensienvaries considerably. On the
hydrated (001) and (100) surfacess negative, indicating
a tendency for this surface to expand (rather than contract).
If present on the surface of a nanocrystal it would produce
a tensile dilation in the direction of the surface normal, rather
than a contraction. In general the surface tension of the
anatase surface was found to decrease in the presence of
water.

Previously we have obtained the order of (1X0Y100)
< (011) for the clean rutile surfacésand once again, this
is the same for the hydrated surfaces. Thef the rutile
surfaces (like anatase) was found to decrease when termi-
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nated by water, but in this case all tensions remained Previously it has been determined that the Laplace-Young

compressive. description of the pressure is suitable in the case of faceted
nanocrystals and that the edge and corner effects are limited

IV. Phase Stability of Faceted TiO » over a diameter of approximately 2 riif1i2° Therefore, the

Nanocrystals in Water surface energies and surface tensions for each surface facet

Previously we have shown that for a given nanoparticle of i, along with the molar mass of TiCthe density of anatase
materialx, the free energy may be expressed (to first order) and rutile p = 3.893 g/cr and p,; = 4.249 g/crt), and
as a sum of contributions from the particle bulk and the standard free energies of formaffo\«G°, and A/G%)

surfaces$841 such that are all that is required to compare the phase stability of
faceted TiQ nanocrystals over this size.
G = Gk 4 Gpurtace 7 It is important to note that for the reasons mentioned above

(and outlined in refs 38 and 39) this model is not applicable
The free energy of formation of a nanocrys&jlis defined for small nanoparticles but rather to the 2 nm to submicron
in terms of the surface energy; for each surface weighted range. Therefore, for small nanoparticles less than 2 nm it

by the factordf;, such thaty; fi = 1. is still preferable to examine each morphology explicitly by
Hence, undertaking suitable calculations of isolated nanoparticles
M (e.g.: DFT or Tight Binding).
GO=AG+—(1-— e)[quﬂ/xi] (8) At large sizes, in the range of 7200 nm, the free energy
Py . of the surfaces is less than*@/mol, making the energetics

of the surface less significant and other bulk effects more
whereA;G; is the standard free energy of formation of the  sjgnificant. For example, in this size regime the macroscopic
bulk (macroscopic) materiaM is the molar masskis the  (bulk) strain is as important as the surface strain, and the
density, ance is the volume dilation induced by the surface entopic effects of the bulk will be as important as the surface
tension (which cannot be ignored at the nanoscale). In entropy. The present model does include the bulk strain but
general, the surface-to-volume ratipand the weighting  does not explicitly include other macroscopic thermodynamic
factorsf; must be calculated explicitly for each shape and arguments. For this reason, it is best applied to particles in
the facet therein. In this model the size dependence isthe range 2100 nm.
introduced not only by the surface-to-volume ratibut also All of the calculations in the present study have been
by the reduction ot as the crystal grows larger. The shape performed aff = 0, so thatG? is equivalent to the enthalpy
dependence is also introduced dpys well as the weighted o formation. It has been shown by Zhang and Banfietdt
sums of the surface energies and the surface tensionsihe change in the surface free energies with temperature is
corresponding _to the surfaces present in the particular 5¢ the order of 16* JIn?, so it has been assumed here that
morphology of interest. ~ variations in the equilibrium morphology of anatase and rutile
In general, the volume dilation due to the surface tension nanocrystals due to temperature effects will be negligible.
may be approximated using the Laplace-Young equélion A predicting Nanomorphology. The standard method
for the effective pressure for determining the equilibrium morphology of a material is
2 to generate the Wulff constructithhusing the surface
Pot = — 9) energies. However, as the Wulff construction does not take
R . L .
into account the effects of surface tension it is possible that

whereR is the average radius of the particle, so that (with the morphologies of nanocrystals may deviate from this

the compressibility = 1/Bo) shape. Using the model described above, we have investi-
gated this possibility by optimizing the nanoparticle shape,
_ 2foy 10 as a function of size.
€= R (10) Beginning with the Wulff constructions as the initial case,

o . . the morphology of anatase and rutile nanocrystals were
The surface tension is approximated by summing over the yefined in terms of two independent length parameters
(weighted) surface tension of the crystallographic surfaces 5q B, as shown in Figures 3 and 4. In the case of anatase,
present on the nanocrystal this shape may vary depending upon the energetic relation-
_ ship betweef 101} and{001} forms. In either case, the side
0= ZfioXi (11) of this bipyramidal form is denoted. In nature, anatase
' crystals often exhibit a truncated bipyramid, or bifrustum,
whereo,; is defined in eq 6 and listed in Tables 3 and 4 for with square facets in the (001) and (§Gilanes (displayed
x = anatase.(¢) and rutile (#), respectively. The values of  as the interior solid in Figure 3). The side of this ‘truncation’
B for anatase and rutile were previously calculétés fitting facet is denote®. The degree of truncation may therefore
energy versus volume curves to the Vinet equation of 8tate. be described by the size Bfwith respect toA (where 0=
The resulting values for anatase of 190 GPa and rutile of B < A).
218 GPa were in good agreement with the experimental The Wulff construction for rutile predicts a tetragonal
values of 179 GPa measured by Arlt ef®hnd of 211 GPa  prism bounded by 11G surfaces and terminated by a pair
measured by Gerward and Ols&respectively. of tetragonal pyramids bounded HY11} surfaces (see
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Figure 3. An example of an anatase tetragonal {101} B T

bipyramid is shown in outline, and an example of the bifrustum 30F Anatase in Water -
Py, . ! xamp . . - Anatase in Vacuum -

formed by addition of (001) and (001) truncation facets is 25}

shown as the interior solid. The side lengths labeled A and B
are used to define the degree of truncation.

20+
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(b);
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Nanocrystal side length, A (nm)

Nanocrystal side length, B (nm)

Figure 5. (a) Plot of the optimized ratio B/A and (b) length
of B for each A for anatase nanocrystals in a vacuum and in
water, with a side length A = 2 to 100 nm. The facet edges
A and B are defined in Figure 3.

Figure 4. An example of the rutile tetragonal {110} prism

terminated by a pair of tetragonal {011} pyramids. The side for clean and hydrated nanocrystals. In both cases, as the
lengths labeled A and B are used to define the aspect ratio anatase crystals increase in size and the effects of surface
of the crystal. tension diminish, the shape converges to that of the Wulff

construction which remains the macroscopically lowest
Figure 4). The side of the tetragoddl1Q prism is denoted  energy shape.

A. In nature, the shape of rutile may vary from long acicular
crystals to a short blocky habit. Therefore, the length of the
tetragonal 110} prism is denoted. The shape of the rutile
crystal (the aspect ratio) may be described by the length of
B with respect toA (where 0< B < ).

By defining all the geometric parameters such as the
volume and surface area of the various facets in terms of
the ratioB/A, the energy was minimized with respect to this
new variable. The numerical minimization was performed
using a conjugate gradient scheme, in an attempt to find a
value ofB/A that produces a shape that is lower in energy
than the Wulff construction as a function of size. This
procedure was performed for ‘clean’ and hydrated anatase
and rutile. : ] )

In the case of nanoscale anatase, shapes lower in energ¥ The final shapes predicted by the model outlined above
than the Wulff construction were identified, as shown in or anatase and rutile nanocrystals in a vacuum and in water
Figure 5. Figure 5(a) shows a plot of the optimizZ&/@ for (with a side lengthA < 100 nm) are shown in Figure 6.
sizesA = 2 to 300 nm, and Figure 5(b) shows the length of These _results predict that water reduces the (001) ang (001
B for A in the same range. At very small sizes (in a vacuum truncation facets at the apexes of the anatase nanocrystals
and in water), the model predicts that small truncation facets @nd reduced the aspect ratio of the rutile nanocrystals.
of B/A = 0.32 and 0.30, even though the Wulff constructions ~ B. Anatase to Rutile Phase Transition in Water Finally,

(with same energies) predict valuesBiA = 0.47 and 0.45.  for each of the clean and hydrated nanocrystals shown in
The size of these facets with respect to the overall size of Figure 6, the value oB°, andG?, were calculated and plotted
the nanocrystal fluctuates somewhat, especially in the as a function of the number of TiQunits, by using the
case of the clean surfaces for nanocrystals less han appropriate surface energies from Tables 4 and 5. In each
100 nm. It is also important to note that as the model predicts case, the point of intersection of the free energies of anatase
that the size of the truncation facet will be slightly different and rutile identifies the phase transition. These plots are shown

In the case of rutile, no lower energy shape was found,
indicating that the Wulff construction dominates even at the
nanoscale. It is important to note, however, that the optimi-
zation of rutile shape is more complicated than anatase since
B has no upper bound. The length Bf may therefore
increase rapidly with respect #o, producing long needlelike
crystals with a higher energy per Ti@nit than the Wulff
construction. These nano-rod shaped crystals represent local
minima in the shape-energy surface and are sampled due to
the fact that the shape optimization described above acts only
on theopenform of the tetragond11G prism. During these
optimizations the energy associated with the terminating
tetragonaf 011} pyramids remains constant.
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0

(d)

Figure 6. The morphology predicted in the present study for
anatase (a) in a vacuum and (b) in water via optimization of
the nanocrystal shape using the thermodynamic model
described above and rutile (c) in a vacuum and (d) in water
using the Wulff construction. These shapes correspond to
nanocrystals with a side length (A) less than 100 nm.
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Figure 7. Free energy as a function of number of TiO, units
for anatase and rutile (a) in a vacuum?® and (b) in water,
calculated using the shapes given in Figure 6 and the values

of y and ¢ from Tables 3 and 4. The intersection points
indicate the phase transition.

in Figure 7 for nanoscale TiQwith (a) clean and (b) hydrated
surfaces. The phase stability of i@ a vacuum has been
reported befor® and is included here for the purposes of
comparison.

By comparing these results it is clear that the phase

stability of nano-anatase is greater in water than in a vacuum.

The intersection point for clean nanocrystals occurs at
~12 600 TiQ units, corresponding to an anatase nanocrystal
with average diameter 6£9.6 nm. For nanocrystals in water

Barnard et al.

the intersection point occurs at52 580 TiQ units, corre-
sponding to an anatase nanocrystal with an average diameter
of ~15.1 nm. Experimentally, the transition point for
hydrothermal samples at650—-800 K has been predicted

to be at approximately 11-417.6 nm but has been found to
decrease with temperatute.

Previously, a similar increase in the phase transition size
of nano-anatase was predicted when the anatase and rutile
surfaces were saturated with hydrog@At a full monolayer
coverage of hydrogen the phase transition was predicted to
be at~196 900 TiQ units, corresponding to an anatase
nanocrystal with an average diameter~ad?3.1 nm. This is
not the same as in water, indicating that it is not simply the
termination of undercoordinated surface sites that affect the
stability of nanoscale Tig) but also what these sites are
terminated with. These striking results illustrate that the
chemical environment plays an important part in phase
stability and that the theoretical model used here is quite
capable of describing these subtleties.

V. Conclusions

We have presented results of a thermodynamic model for
the free energy of nanocrystals as a function of size and shape
to illustrate the effects of water on the equilibrium shape
and phase stability of anatase and rutile at the nanoscale.
Using a complete set of values for the surface energy and
surface tension of low index stoichiometric surfaces calcu-
lated using DFT GGA with the PAW potential method, we
have shown that the morphology of Ti®anocrystals is
affected by the presence of water, resulting in variations in
the size of the (001) and (OPfruncation facets in anatase,
and a reduction in the aspect ratio of rutile nanocrystals.

Our results for hydrated nanocrystals also predict (at low
temperatures) an anatase to rutile phase transition size of
~15.1 nm that is in good agreement with experiment,
highlighting that the consideration of appropriate surface
passivation of nanocrystal surfaces is necessary to accurately
predict the correct size dependence of the anatase to rutile
phase transition. Further work is currently underway to
examine the effects of pH on the phase transition size and
shape.
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