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anostructures of titania (TiO,) are

of considerable scientific interest,

because of their superior perfor-
mance in a range of advanced photochemi-
cal applications. In addition to the finite
size affects, it has been found that the crys-
talline phase (anatase or rutile) and the
shape of individual nanocrystals are also
critical parameters in determining their
photocatalytic efficiency,’? and overall suit-
ability for particular applications.> > Re-
cent studies have demonstrated remark-
able control over the morphology of titania
nanostructures;® however, this requires very
specific synthesis conditions which are dis-
similar to the environment in which these
materials will ultimately be used and the
(greater) natural environment with which
they are likely to interact. Predicting the ef-
fect changing the chemical environment
will have upon titania nanostructures is
highly desirable, but the incorporation of
more environmentally relevant parameters
into theoretical descriptions of nanomateri-
als is not trivial.

In general it is well-known that rutile is
the thermodynamically stable phase of
TiO, under ambient conditions at the
macroscale,” and that anatase is the ther-
modynamically stable phase at the
nanoscale.2° A number of authors'®~
have shown that the synthesis of nanocrys-
talline TiO, consistently resulted in anatase
nanocrystals, which transformed to rutile
upon reaching a particular size.'* The size
range of the anatase-to-rutile phase transi-
tion for hydrothermal samples (at
~650—800 K) has been predicted to be in
the range of 11.4—17.6 nm."® However,
anatase nanocrystals are often observed
over this size'?'>"° depending upon the
temperature and surface chemistry. From
experiment, it usually found that titania sur-
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ABSTRACT The incorporation of more experimentally relevant parameters into theoretical descriptions of

nanomaterials is important for our understanding of the stability of nanostructures in different chemical

environments. Using a size-, shape-, and temperature-dependent thermodynamic model we have generated the

first phase map for anatase and rutile nanocrystals, that includes both the equilibrium shape and the affects of

surface chemistry. The calculated phase map indicates that the equilibrium boundary between anatase and rutile

nanocrystals is surface charge chemistry dependent, which relates to both their formation and postsynthesis

environments.
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faces includes >TiOH surface hydroxyl
groups,'®~2? and under neutral pH condi-
tions the surfaces are terminated with H,O
(either as molecular H,O or as dissociated
OH = + H™) or OH.>"7""® These termina-
tions are more commonly observed than al-
ternative combinations of O and H,%* and
are most likely to be present on the surface
when titania particles are exposed to pH
neutral atmospheric conditions.'”"'®

Although the size-dependent phase
boundary between anatase and rutile has
been calculated a number of times over the
past decade, previous studies do not allow
for the dynamic variations in nanomorphol-
ogy as a function of temperature,’'23%*
and rarely include the important influence
of surface adsorbates.® There is no doubt
that this has been partially responsible for
some discrepancy between theoretical and
experimental results reported in the litera-
ture. To begin addressing these issues, and
incorporating more experimentally (and en-
vironmentally) relevant parameters into
theoretical descriptions, we have used ther-
modynamic modeling to generate the first
complete size-temperature phase map for
anatase and rutile nanocrystals in the pres-
ence of passivating surface groups.
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Figure 1. The size and temperature dependence of the equilib-
rium aspect ratio of OH,- and OH-terminated anatase and rutile
nanocrystals where (a) the temperature is fixed at 300 K, and (b)
the average diameter is fixed at 10 nm.

In general, a phase map is a two-dimensional graphi-
cal representation of chemical equilibrium, indicating
stability of solid polymorphs at a given temperature,
composition, and/or pressure. Nanoscale phase maps
have another axis representing the size (in this case the
average diameter D), but are more complicated since
the surface (rather than bulk) effects may dominate.
Therefore, our modeling uses the equilibrium shape at
each size (D) and temperature (7), and includes an opti-
mization of the morphology of rutile nanocrystals for
the first time.

DISCUSSION OF RESULTS

Equilibrium Nanocrystal Shapes. We have begun by us-
ing a well-tested general shape-dependent thermody-
namic multiscale model, and the consistent set of com-
putational results reported elsewhere,***° to determine
the equilibrium morphology (shape) of both anatase
and rutile. This is achieved by optimizing the poly-
hedral shape so as to minimize the total free energy as
a function of size for a range of temperatures. Equiva-
lently, this may also be achieved by optimizing the
shape to minimize the total free energy as a function
of temperature, for a range of sizes. To illustrate how
the nanocrystal shape may change during this type of
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geometry optimization, Figure 1 shows the total as-
pect ratio*' of anatase and rutile particles with OH,-
and OH-terminated surfaces. In Figure 1a the tempera-
ture is fixed at 300 K (while the average diameter is var-
ied), and in Figure 1b the average diameter is fixed at
10 nm (while the temperature is varied). Although the
shape of anatase nanocrystals has been examined pre-
viously,?® this is the first time that the equilibrium shape
of rutile nanocrystals has been determined.

Predicted Phase Map. From each optimization we have
compared the values of T_,(D) and G,(T) for both ana-
tase and rutile, and mapped the lowest energy phase
in (D, T) space. Since there is a volumetric disparity be-
tween anatase and rutile, due to the differences in p,,
this comparison was performed as a function of the
number of TiO, formula units. Once the critical num-
ber of formula units was determined (in each case) it
was then converted to the equivalent anatase nano-
crystal diameter. These results are shown in Figure 2,
where we can see that the position of the anatase-to-
rutile solid—solid phase transition line differs depend-
ing on the type of adsorbed groups. In the region be-
tween the OH- and OH,-terminated, the surfaces may
be terminated with combinations of both groups, de-
pending on the solution environment. This is effectively
a coexistence region where the relative stability of ana-
tase and rutile will be sensitive to the surface chemis-
try, and structural transitions will be coupled with
adsorption—desorption reactions, as well as shape-
transitions. In general the phase diagram indicates that
an increase in H favors rutile stability (increasing the
rutile stability field). When examining Figure 2 we are
reminded that, in addition to finite temperatures, these
calculations include the optimization of the rutile mor-
phology, both of which were not included in previous
work.?® These new inclusions make the theory more
consistent to real experiments, and allows for the di-
rect comparisons with experiments needed for
verification.

Comparison with Experiment. To verify the important fea-
tures of this phase map, we have first examined the sur-
face chemistry under neutral conditions using Fourier
transform infrared (FTIR) spectroscopy. We can see from
the results in Figure 3 the peak at ~1650—1630 cm ™'
due to the bending mode between two H atoms of
H,O (in pure water) or >OH, of the titania surface
group. The large difference (~20 cm™") of the peak po-
sitions indicate that the peak for this titania sample is
not just from neutral water, but from surface >OH,
groups with different bending frequency (or energy).
The broad peak at ~3000—3700 cm ™ is due to the
stretching mode between O and H, which could occur
in both H,0 and OH groups. Furthermore, the large ab-
sorbance peak for the anatase dominated titania
sample indicates that there are >OH surface groups in
addition to >0H, surface groups. These results are en-
tirely consistent with the results of Soria et al.?®
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Figure 2. The (D, T) phase map of titania, based on first principles
calculations and melting enthalpies form experiment: (a) the
solid—solid phase transition lines for nanocrystals with OH,- and
OH-terminated surfaces and the coexistence region where the rela-
tive stability depends on the type of adsorbed groups, and (b) the
low temperature and size regime with the size range of experimen-
tal observations at 180 °C and 0.2 M HCl marked (anatase in blue,
and rutile in red). Identification of individual anatase and rutile
nanocrystals are base on their periodicties of lattice fringes in HR-
TEM images. The diameter refers to the anatase phase.

Previously it has been found during hydrothermal
synthesis results of anatase and rutile nanocrystals at
180 °C in different acidity solutions shows that solutions
with high acidity (i.e., more >OH, surface group and
less >OH group) favor rutile formation and
stability.?®2” Titania formed in solutions with 0.5 M HCl
or higher produce almost entirely pure rutile nano-
crystals.?” The size of small rutile crystals in these ex-
periments was measured at approximately 14—18 nm
(see Figure 4a). When the solutions contain low concen-
tration of HCl (0.4 M or lower), both rutile and anatase
nanocrystals formed?’ (as we can see from Figure 4b),
and it was concluded that low acidity and pure water
solutions favor anatase nanocrystal formation. On the
basis of recent high temperature titration and surface
protonation model, the rutile surface in such an acidic
solution will be dominated by >OH, surface group and
displays net positive surface charge at 180 °C.2% Al-

Absorbance, a.u.

lar point-of-zero-charge pH values (pH,_,.), and
Ti—O, octahedra in their structure.®?

There has been considerable data gathered on
titania nanocrystals in recent years, and a compre-
hensive review of all of the reported experimental
results is beyond the scope of this article. However,
an examination of the modest list of references in-
cluded here reveal that the anatase-to-rutile trans-
formation is routinely found to occupy this region
of the phase map, when grown using hydrother-
mal synthesis. AlImost a decade ago it was shown
that acidic solutions favor rutile formation,?*°
whereas, basic conditions favors anatase forma-
tion,®" but because the crystal sizes were deter-
mined based on bulk X-ray powder diffraction (not
individual nanocrystals measured using TEM), it is
very difficult to quantify the size boundary or size
overlap zone. Direct comparison with theory and
experiment is further complicated by the fact that
studies that do use TEM show that titania samples
present a variation in size and shape, some of
which is beyond that which is predicted in Figures
1 and 2. In Figure 4a for instance, the length of the
rutile crystals range from 50 to 200 nm. It is there-
fore pertinent to remind readers that the theoreti-
cal model use here is a thermodynamic model, and
a phase map is principally a thermodynamic con-
struct, whereas kinetic considerations are also
known to be important in determining the even-
tual size, shape, and solid phase of titania nano-
crystals.3*3* This phase map is therefore not able
to predict the cases where the shapes deviate sig-
nificantly from equilibrium, but it can offer guide as
to how unstable kinetically grown nonequilibrium
shapes are expected to be.

The solid—liquid transition line is more diffi-

pzc)

cult to validate. Obtaining higher temperatures (over
1000 K) and true equilibrium simultaneously in the
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Figure 3. FTIR spectra from pure water (upper gray spectrum) and

though there is no high-temperature titration data for
anatase, its surface protonation behavior could be simi-
lar to that of rutile, because both polymorphs have simi-
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anatase dominated titania (lower blue spectrum) in neutral condi-
tion. The FTIR spectra indicate both >OH and >OH, groups occur on
the titania surface.
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Figure 4. (A) TEM image showing rutile nanocrystals formed in 0.5 M HCl solution at 180 °C. Small rutile crystals have di-
ameters of 14—18 nm; (B) TEM image showing rutile and anatase nanocrystals formed in 0.2 M HCI solution at 180 °C; (C)
High-resolution TEM images showing anatase nanocrystals in the fresh basalt glass. A ca. 25 nm size crystal is labeled with
(101) due to its (101) lattice fringes. Inserted electron diffraction pattern (at up-right corner) is from the cluster only. The dif-
fraction pattern from neighboring basalts glass displays very broad and diffuse diffraction ring (not shown).

laboratory is challenging, but is achieved easily in na-
ture and preserved geologically. With the benefit of
time, natural nanocrystals are able to adopt their equi-
librium structure subject to environmental conditions.
We have observed anatase nanocrystal clusters in a
young and fresh basalt glass layer in the McKinney
Butte Basalt of Snake River Group Basalt in the Snake
River area of Idaho.?* Figure 4c shows a TEM micro-
graph of these samples, showing the (101) lattice
fringes of the Fe-bearing anatase nanocrystals in the
fresh basalt glass. Although the exact condition for the
anatase formation in these layers is not certain, it is clear
that these anatase nanocrystals formed in a hot envi-
ronment of basalt rock due to the presence of Fe(lll) in
solid solution state, which supports that anatase is the
thermodynamically stable phase for titania nanocrystals
at high temperatures. In general, solubility of Fe(lll) in
either rutile and anatase is very low, and one expects
that such a small amount of Fe in these natural anatase
nanocrystals will not influence the anatase stability
with respect to rutile. While this may not be an ideal
comparison, due to the presence of Fe impurities which
are known to affect the stability of the crystalline faces,
it does provide a very unique insight that cannot be
provided by any other data (even if it were available).

CONCLUSION

To conclude, we suggest that when taken in combi-
nation with the changing thermal conditions, moving
from OH,- and OH-terminated surfaces constitutes a
fundamental change in chemical environment. Recall
that a phase map is a graphical representation of
chemical equilibrium, which at the nanoscale must in-
clude the characteristic surface chemistry. It is antici-
pated that these results will help to explain the sensitiv-
ity of titania nanocrystals stability to size, temperature,
and surface chemistry, and offer a more complete theo-
retical framework for future studies. The next issue to
be addressed is the adequate inclusion of surface
charge, since many titania nanocrystals are synthe-
sized using organic compounds, and the influence of in-
teractions with organic molecules. These are both im-
portant parameters in determining the agglomeration
behavior and stability of real samples. The ultimate aim
of our future work will be to continue to develop an un-
derstanding of the quantitative relationship among
phase stabilities, crystal surface speciation, and solu-
tion chemistry.

METHODS

Theoretical Method. The modeling was carried out using a
shape-dependent thermodynamic model based on a geometric
summation of the Gibbs free energy>®3” which has previously
been successfully used to examine the shape of titania.?*® The
version of the model used here is applicable specifically to iso-
lated, defect-free structures:

A o 1 . 25£0(T) | Pey
G(N=AG(N+ ;X(1 “BR, + B, [qz frdM (1)

where M is the molar mass and p is the density. Unlike other
models used to describe the free energy of materials, that model
specifically accounts for the polyhedral shapes of nanocrystals
(as well as the finite size) via the sum over the individual
contribution from the exposed surface facets i. The volume
dilation induced by the isotropic surface stresses o,; and external
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pressure P, is also included via the Laplace —Young formalism,*”
using the bulk modulus B, (of phase x), and the average particle
radius R,, calculated using a spherical approximation. In all cases
atmospheric external pressure has been assumed. As described
in reference 11, the standard free energy of formation AGg(T)
(with x = anatase and rutile) is described using a regression
representation widely used in phase diagram calculations and
data from the JANAF tables.>? More information on the model
may be found in references 23 and 37.

This leaves the temperature-dependent specific surface ener-
gies and isotropic surface stresses. In the present study, we ex-
amine the case of OH,- and OH-terminated surfaces. The struc-
ture and energy of the OH,- and OH-terminated {110}, {100},
{011}, and {001} surfaces of both anatase and rutile have been de-
scribed in great detail elsewhere.* Briefly, the specific surface
energies were calculated from the energy per stoichiometric unit
of the bulk, prio,, and the total energy of the surface, £,;(Nrio,),
slabs using the expression

Wwww.acsnano.org
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where A is the area of the surface and Nr;q, is the number of TiO,
units in the (stoichiometric) cell. Here, My is the chemical
potential of the adsorbates y, and Ny is the total number of
adsorbate molecules per unit A.*° The chemical potential i, was
constructed from the chemical potentials of water and hydrogen,

hvoy PV
How, = Eon, + T + kBT[In(KT)] €)

hv
— 1 _ PV
— ( 2 +kBT[.n(kBT)])

so that water and hydroxyl adsorbates are in mutual equilibrium,
within the stability fields of the chemical potential reservoir, as
described in reference 40. Of course, kg is Boltzmann's constant,
T, P, and v are the temperature, pressure, and sum of the
vibrational frequencies in the reservoir, and V is the quantum
volume,*?

4

hZ 3/2
v=——wo
(ankBT)

Furthermore, since o = dG/dA the temperature dependence of
o7;is assumed consistent with v}, and the same slope is applied.
The energetic terms in the chemical potentials and the T = 0
coefficients for the surface energies and isotropic surfaces
stresses have been previously calculated from first principles, and
are listed in references 23 and 40.

Finally, the classical definition of the size dependent melt-
ing temperature T, is expressed in terms of the bulk melting
temperature T, .., such that

©)

T, Ay, — )
_m _ 14+ W Vs ( 6)
Tm,oo VtAHm,oo

where A, is the total surface area, V, is the total volume, vy, is the
surface energy of the liquid, and AH,,, .. is the melting enthalpy.
This formalism has recently been shown to be applicable to
titania nanocrystals over ~2 nm by Guisbiers et al.,>* however by
recognizing that A/V, is the definition of g (which changes with
both size and temperature during the morphological
optimization), a more general description of the size and shape
dependent melting temperature for nanocrystals in equilibrium
is given by

_ Y1~ Zfv(D
To(D) =T, |1+ q(T,D) AN

m,0

7)

This may be calculated for any shape (enclosed by the sur-
faces i) with surface to volume ratio g, using the bulk melting
temperatures, the surface energy of the liquid,*® and the en-
thalpy of melting from experiment.** It is important to point out
that since g is now expressed as q(T, D), T,,,(D) is obtained by self-
consistently solving for D when T = T, (D) during each optimiza-
tion of g(T, D) (i.e.: during the morphological optimization to
minimize the total free energy of the system).

Fourier Transform Infrared (FTIR) Spectroscopy. The FTIR spectra
were recorded using infrared radiation from the synchrotron
ring at the University of Wisconsin Madison Synchrotron Radia-
tion Center. The FTIR spectrometer is a model Magna 560 made
by Thermo Electron Corporation. It is capable of a resolution of
up to 0.01 cm ™' and is coupled to a Nicolet infrared microscope
(Thermo Electron Corporation) with a programmable sample
stage and redundant aperturing. The spectra were recorded in
the reflectance mode using a 32X all reflective objective lens (nu-
merical aperture of 0.58). The FTIR spectrometer is internally cali-
brated using a HeNe laser.
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