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Predicting size-dependent emergence of
crystallinity in nanomaterials: titania nanoclusters
versus nanocrystalst

Oriol Lamiel-Garcia,® Andi Cuko,*® Monica Calatayud,”© Francesc lllas® and
Stefan T. Bromley*®¢

Bottom-up and top-down derived nanoparticle structures refined by accurate ab initio calculations are
used to investigate the size dependent emergence of crystallinity in titania from the monomer upwards.
Global optimisation and data mining are used to provide a series of (TiO,)y global minima candidates in
the range N = 1-38, where our approach provides many new low energy structures for N > 10. A range of
nanocrystal cuts from the anatase crystal structure are also considered up to a size of over 250 atoms. All
nanocrystals considered are predicted to be metastable with respect to non-crystalline nanoclusters,
which has implications with respect to the limitations of the cluster approach to modelling large titania
nanosystems. Extrapolating both data sets using a generalised expansion of a top-down derived energy
expression for nanoparticles, we obtain an estimate of the non-crystalline to crystalline crossover size for
titania. Our results compare well with the available experimental results and imply that anatase-like crys-

www.rsc.org/nanoscale

Introduction

Size reduction from the macroscopic to length scales of only a
few nanometres can lead to dramatic changes in a material’s
properties. Further to the effects directly arising from high
surface-to-bulk ratios, nano-sized particles often possess dis-
tinct atomic and electronic structures with respect to stable
bulk crystals. Titania (TiO,) is a prototypical example of a
material displaying an extreme size-dependence of both struc-
ture and properties." Under ambient conditions bulk titania is
most thermodynamically stable with atomic ordering following
the rutile crystal structure. However, upon reduction in size,
titania nanoparticles with average diameters less than ~14 nm
begin to exhibit the anatase crystal structure.” This structural
transition has been thermodynamically rationalised by top-
down calculations of the size-dependent enthalpies of titania
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tallinity emerges in titania nanoparticles of approximately 2—3 nm diameter.

nanoparticles, which highlight the roles of surface energies
and surface stresses on nanoparticle stability.>*

Anatase nanocrystals are found to greatly differ from their
rutile counterparts in being highly photochemically active and
form the basis for many nano-titania based applications
(e.g. photocatalysts,” sunscreens,” anti-pollution building
materials®). Often the key to enhanced photoactivity is to form
composite materials containing very small (<5 nm diameter)
stable anatase nanocrystals.”® As with most materials,
however, further decreasing the size of anatase nanocrystals
will eventually give way to a regime of nanoclusters, which gen-
erally do not display a crystalline order, thus losing much of
their utility. Evidence from high resolution transmission elec-
tron microscopy has shown that isolated anatase nanocrystals
can persist down to sizes as small as ~5 nm in diameter.’
Recent experiments have further shown that the anatase
crystal structure is extremely thermally persistent in 4 nm dia-
meter nanoparticles.’® Although this implies that anatase is
still thermodynamically stable, in this latter size range it is
unclear whether such nanoparticles retain a facetted nanocrys-
tal morphology. Indirect evidence from modelling suggests
that when anatase nanoparticles start to become smaller than
~5 nm, they may begin to exhibit a spherical morphology with
an anatase core and an amorphous shell.'* Although not
strictly nanocrystals according to our definition, such core-
shell nanoparticles should clearly be regarded as partially crys-
talline. For even smaller TiO, nanoparticles, with average
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diameters in the range 2-3 nm, fitting experimental X-ray spec-
troscopy data using the reverse Monte Carlo refined nano-
particle structures tend to support this feature.'” With decreas-
ing size, eventually the anatase core is subsumed by the amor-
phous shell, and the nanoparticles will not exhibit any crystal-
linity. We refer to the non-crystalline titania species in this
ultra-small size regime as nanoclusters.

From a bottom-up perspective, increasing in size from a
single TiO, monomer, nanoclusters need to attain a certain
size before they begin to thermodynamically favour regular
atomic ordering characteristic of a bulk crystal. From this per-
spective, this structural crossover between nanoclusters and
nanocrystals can be seen as a size-dependent non-crystalline
to crystalline (NC < C) crossover. Herein, we provide an esti-
mate of the NC « C crossover size regime for TiO, using accu-
rate quantum chemically calculated energies of relaxed atomis-
tically detailed nanoclusters and nanocrystals derived from
bottom-up and top-down approaches respectively.

In Fig. 1 we represent the generic size dependent energetic
stability of both non-crystalline (red line) and nanocrystals
(blue line) for an arbitrary material. We note that although
herein we will use calculated energies at 0 K to demonstrate
our approach, these data could equally well be free energies
from experiment and/or theory. The energy difference,
AEc nc(N), gives a measure of the metastability of crystalline
particles with respect to non-crystalline clusters at relatively
small sizes and vice versa at larger sizes. Using the plotted
energies the NC < C crossover size would seem to be defined
as the size at which AEq no(N) becomes zero. In general,
however, it is not expected that this crossover will always be

Etop-down

E bottom-up

Energy per formula unit

EBqu_

Nmeta

Size (N) ¢

Fig. 1 Schematic representation of size-dependent energetic stability of
crystalline (C) and non-crystalline (NC) nanoparticles with respect to their
size. The red line indicates the stability of nanoclusters and the blue line
that of nanocrystals. AEc_nc(N) denotes the energy difference between a
nanocrystal and nanocluster, both having N formula units. The blue
shaded region denotes the typical energy range within which metastable
bulk polymorphs can exist. Nyeta and Nc are described in the text.
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defined by a definite single transition size above which nano-
crystals are always more energetically stable and below which
non-crystalline nanoclusters are always more stable. Size
dependent structural preferences are well-known in nano-
cluster systems (e.g. icosahedral shell closing) and it is quite
possible that, with increasing size, crystallinity would be first
energetically favoured in a set of discrete increasingly sized
nanoparticles covering a crossover range (Ny, N, ... N¢) before
being manifestly prevalent for all N > Ns. More generally, it is
quite likely that for sizes close to but smaller than N¢ there
will be nanoclusters that exhibit partial crystallinity (e.g. a
nanoparticle with crystalline cores and an amorphous shell).
As such we define the NC size range as those nanoparticles
which do not exhibit full crystallinity. In turn, we roughly
define a fully crystalline nanocrystal as one which can be cut
from a bulk crystal and which maintains its atomic ordering
upon structural relaxation and with only minor displacement
of atomic positions (i.e. no more than a ~20% of a bond
length). We further note that the NC « C crossover will not
generally be to the most stable bulk crystalline phase of the
material but rather to a polymorph which is metastable in the
bulk. Depending on the material there will be variable number
of subsequent size dependent crossovers between polymorphs
until the most stable bulk crystalline phase is reached.

In Fig. 1 we also note another interesting crossover size,
Nmeta, indicating the smallest size that a nanocrystal can main-
tain an energetically metastable crystalline structure with
respect to a non-crystalline nanocluster of the same size.
Related to this concept, there have been important studies of
nanosize dependent metastability of one crystal phase over
another.” The metastability we refer to, however, is, in a con-
verse way, more similar to the metastability that a non-crystalline
bulk structure (e.g an amorphous glass) can possess with
respect to a crystalline phase. The size region around Npeta
denotes the limit at which small nanocrystals start to become
structurally unstable and spontaneously relax into non-crystalline
species. We note that due to the stability of small clusters often
being irregularly dependent on size, it is quite possible that
close to size Ny there will be a set of different cluster sizes for
which the crystalline order is easier to maintain and sizes for
which only non-crystalline clusters are structurally stable.

For the vast majority of materials, neither Nc nor Nyee
crossover sizes have been determined. For highly ionic
materials N and Ny, Will be quite similar and small in mag-
nitude. In other words, in such cases the strong near-isotropic
electrostatic interactions between the ions drive the system
towards crystalline closely packed structures even for very
small sizes (e.g. N < 20 for (NaCl)y,"* (MgO)y,"® (CeO,)y *°). For
such materials we note that small to moderately sized crystal-
line nanoparticles appear to be good theoretical models for
calculating the properties of large nanocrystals and/or the
corresponding bulk crystal."””*° For many materials where the
tendency to establish highly ordered atomic arrangements is
relatively weaker, we may expect that the Nc and Ny tran-
sition sizes could be very different. For example, in such a
material one may be able to construct relatively small but very
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metastable nanocrystals, but where the thermodynamic NC <
C transition occurs at significantly larger nanoparticle sizes.
Such a situation has been strongly hinted at in the IP-based
studies of (ZnO)y>' and (Fe,03)y >> nanosystems and is found
to be the case in our DFT-based study of the (TiO,)y nano-
system. In such cases, calculations using such highly meta-
stable nanocrystal models (i.e. with sizes close t0 Npeta) as a
means to explain experimental data involving considerably
larger nanocrystals and/or bulk crystals, should be very care-
fully assessed.

Using a bottom-up global optimisation approach we show
that, in the case of titania, such small bulk-mimicking nano-
crystals are significantly metastable with respect to the most
energetically stable nanoclusters of a corresponding size.
Furthermore, by also considering a set of bulk-derived nano-
particles for various sizes we estimate the lower size limit at
which bulk-like nanoparticles actually start to become the
most energetically stable titania species. This latter estimate,
corresponding to the N size for titania, provides a guide to
the size of crystalline nanoparticles which can safely be used
as natural stable structural models of larger titania nano-
particles used in the experiment. Generally, our work demon-
strates how ab initio calculations can provide lower bound esti-
mates for N¢. In other words, we show how the intrinsic size
regimes for a material’s (nano)crystalline stability can be theor-
etically predicted.

Methodology

In this study we compare two classes of nanotitania species: (i)
nanoclusters derived from bottom-up global optimisation, and
(ii) nanocrystals derived from cuts from the anatase bulk
phase. As the size ranges covered by these two approaches
tend to be quite different, and in order to compare their
respective energetic stabilities for arbitrary N, general size
dependent relationships between energy and size are required
for each class. Below we describe how appropriate relation-
ships were derived in each case. The final reported structures
of all nanoclusters, nanocrystals, and the bulk anatase crystal,
were fully optimised using DFT calculations with no symmetry
constraints employing the PBEO hybrid functional® and a Tier
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1/Tight basis set of numeric atom-centred orbitals, as
implemented in the all-electron code FHI-AIMS.>* This level of
theory has recently been shown to be good for accurately evalu-
ating both relative total energies and trends in the electronic
structure of a range of (TiO,)y clusters with sizes between N =
4-20.%°

Top-down derived (TiO,)y nanocrystals

Nanoscale titania, due to its technological importance, is
intensively studied both theoretically and experimentally.
Ideally, from the computational modelling perspective one
would like to employ nanoparticles possessing a realistic size
and structure in order to probe their properties using efficient
yet acceptably accurate descriptions of their electronic struc-
ture. Generally, this entails using calculations based on
density functional theory (DFT). Titania nanoparticles used in
the experiment, however, typically contain many thousands of
atoms; a size that is beyond the current capacity of routine
computational modelling using DFT. Efforts to model the
optical and electronic properties of nanotitania have thus used
a variety of models ranging from nanoclusters containing only
a few atoms to nanoparticles possessing up to a few hundred
TiO, units. Often these studies have attempted to find nano-
particles of titania which retain as much as possible the bulk
crystalline and electronic structure. The smallest of these nano-
crystals correspond closely to the Ny, crossover size below
which  bulk-like crystallinity cannot be maintained.
Nanoparticles as small as (TiO,);5 for rutile*® and (TiO,),¢ for
anatase®” have been reported, and even employed as nanocrystal
models.*® According to our definition of a nanocrystal, we rule
out the (TiO,);¢ anatase cut as a true nanocrystal due to the
large change in atomic positions and accompanying changes in
the local bonding of the majority of its atoms that occurs upon
relaxing its structure, as also noted in other work.””

Herein, we employ five nanocrystals all derived from stoi-
chiometric cuts from the bulk anatase crystal phase with
between 28-84 TiO, units (i.e. 84-252 atoms), which retain
their atomic structure reasonably well with respect to the orig-
inal bulk atomic ordering and positions after structural relax-
ation (see Fig. 2). Anatase nanocrystals are experimentally

N=28 N=33 N=35 N=38 N=78 N=84
? riw
$ 2 ¢y
o " } g
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Fig. 2 Atomic structures of the top-down (TiO;)y nanocrystals employed. Atom key: O — red, Ti — grey. Note that the scale arrow to the right strictly
relates only to the size of the 252 atom (TiO,)g4 nNanocrystal — the other four nanocrystals have been scaled to show their atomic structure more

clearly.

This journal is © The Royal Society of Chemistry 2017

Nanoscale, 2017, 9, 1049-1058 | 1051


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://dx.doi.org/10.1039/C6NR05788H

Open Access Article. Published on 06 October 2016. Downloaded on 15/12/2017 13:32:43.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

found to exhibit a {101}-faceted bipyramidal shape which typi-
cally possess some degree of {001} truncation of the apices.
Such a morphology can be rationalised through by cuts of the
anatase bulk crystal exposing facets whose size and shape
follow their surface energies as described by the Wulff con-
struction.>® Our nanocrystals with N = 35 and N = 84 were cut
from the parent anatase crystal so as to exhibit bipyramidal
morphologies, and those with N = 33 and N = 78 units cut to
have truncated bipyramidal shapes respectively. The 28 and 38
TiO, unit nanocrystals were taken from those studies which
used a number of structural principles in order to guide the
way in which they were cut from the parent anatase crystal. In
particular, the structures of the N = 38 nanocrystal were fabri-
cated according to the requirements that all atoms should
have sufficient coordination to support their formal oxidation
state (ie. O*~ and Ti*" for TiO,) and that the nanocrystal
should have no net dipole moment.>”*° This procedure results
in the N = 38 nanocrystal being fully-coordinated in contrast to
the N = 35 and N = 84 bipyramidal nanocrystals which display
two apical Ti-O terminations. In the case of the 28 unit nano-
crystal a similar, albeit less formal, approach was followed
whereby nanocrystals that would be as symmetric as possible
in every direction were sought, while still possessing as much
anatase-like structure as possible.** We note that for this latter
(TiO,),s nanocrystal the original bulk-cut yields four terminal
Ti-O groups which persist even after relaxing the structure.
Nevertheless, this feature does not appear to detrimentally
affect the energetic stability of the nanocrystal compared to
similarly sized nanocrystals considered (i.e. for sizes N = 33
and N = 35). Conversely, however, we also note that in ref. 31 a
N = 38 bulk cut is reported which has two singly coordinated
terminal oxygen atoms, which after relaxation form bonds
with nearby oxygen atoms (O-O distance of 1.44 A). This nano-
particle is not used in our study due to this very non-bulk-like
feature and the fact that it is highly metastable (>5 eV) relative
to the (TiO,);5 bulk cut we employ from ref. 27.

Under the assumption that nanoclusters grow in a perfectly
spherical manner one can derive the fraction of surface atoms,
Fourt(N), to be kN, where a = —1/3 and k = 4. Following the
derivation for other cluster shapes yields different k values,
while a is an unchanged general constant determined by the
area-to-volume dimension of F*""(N). Many generic properties,
G(N), of simple clusters (e.g. total energies, ionisation energies,
melting temperatures) can be approximately fitted to a scaling
law of the following type:**

G(N) = Gounc + aiN '/, (1)

where Gpyk is a characteristic constant value of the property in
question for the chosen bulk phase. For small nanoclusters
such fits are worse than those for larger nanoparticles due to
the more extreme dependency on properties with small
changes in size. This regime of small nanoclusters is often
termed the size range where “every atom counts”. For large
facetted nanocrystals, analysing the most significant size
dependent contributions to the total energy yields that it both
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depends on Fy,¢(N) and Vgjawe(N), the volume dilation of the
nanoparticle induced by surface stress.’”® Vgj.o(N) varies
inversely with respect to the radius of the nanocrystal and thus
introduces a bN " energy dependence similar to Fyu¢(N).
Overall this leads to a general E(N) dependence of the follow-
ing form for increasingly sized large nanocrystals:

) = B (1 B
= Epuk + alN’1/3 - (12N71/3 N3 (2)
= Epuk + aiN* — a,N~23,

where a; and a, are the constants when the nanocrystals are
always of the same shape and crystal structure. We note that
for large N, eqn (1) will increasingly become a better approxi-
mation to eqn (2) due to the relatively larger magnitude of the
exponent of the last term in the latter. More generally, taking
eqn (1) as representing the zeroth order dependence on N, we
can see eqn (2) as the first three terms of a power series expan-
sion of the form:

E(N) = ao + ax + apx® + azx® + .., 3)

where ay = Epu,, ¥ = N % and the a, values are (possibly

N dependent) constants. Eqn (2) has been used to estimate the
anatase-to-rutile crossover in titania nanocrystals, with the
optimisation of a; and a, for each polymorph and size con-
sidered to obtain the appropriate morphology.”>** In this case
periodic DFT calculations of bulk titania were used to calculate
the surface energies and surface stresses required to evaluate
a; and a,.® As these top-down calculated values are only strictly
valid for infinite slabs, application to faceted nanocrystals was
deemed acceptable to the anatase nanocrystals of a minimum
size of approximately 450 TiO, units (corresponding to a trun-
cated bipyramid with a B/A side length ratio of ~0.3 and side
A =2 nm).** Below this size it is more appropriate to perform
explicit electronic structure calculations of nanocrystals.” In
our study we use DFT calculations to directly calculate the fully
relaxed structure and energetic stability of (TiO)y nanoclusters
and nanocrystals with sizes 1 < N < 84 and use these data to
extrapolate to nanoparticle sizes with N < 150. Although
quantities calculated for infinite surfaces should not be used
in eqn (1) for this size regime, this equation still contains the
essential elements to describe the stability of faceted nano-
crystals, albeit with more appropriate values of a; and a,.

Bottom-up derived (TiO,)y nanoclusters

Numerous previous studies have attempted to find the lowest
energy structures of small (TiO,)y nanoclusters (N < 20)
without recourse to using bulk crystalline structures.>>>®?>*>
Such a “bottom-up” approach can be attempted by hand using
analogy with known nanoclusters of other materials and prin-
ciples of chemical structure as in ref. 26 and 30. Such intuitive
methods, however, are generally not as reliable in finding low
energy structures as using global optimisation algorithms to
thoroughly search the complex multidimensional potential
energy surface (PES) for nanocluster isomer possibilities. The

This journal is © The Royal Society of Chemistry 2017
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need for efficient global optimisation tends to increase with
nanocluster size as it becomes progressively more difficult to
find the lowest energy structures from a bottom-up approach
due to the concomitant combinatorial increase in possible
atomic configurations.

Here, we employ global optimisation with classical inter-
ionic potentials (IPs) to search the PES in a computationally
efficient manner, and subsequently refine the resulting low
energy cluster structures using unconstrained geometry optim-
isations at the DFT level of theory. This general IP-DFT strat-
egy has been employed in a number of studies®>=>3%*14? with
various choices of IP and DFT functionals. We have found that
the often-used bulk-parameterised IPs such as those reported
by Matsui and Akaogi (MA)*® are not very size-transferable for
evaluating the relative stabilities and structures of small dis-
crete (TiO,)y species. We note, for example, that the MA IP
tends to predict highly coordinated compact cluster structures
to be very energetically stable,*>**> but which are not found to
be particularly low in energy compared to more open struc-
tures, when refined using DFT geometry optimizations.*>*! In
an attempt to rectify these shortcomings we have employed
two strategies based on the MA IP type.

Firstly, we have taken the original MA IP parameterisation
and used this together with another IP which favours the
4-coordination of oxygen ions around each cation. Specifically,
we use the interaction parameters of IP by Flikkema and
Bromley (FB) which was originally parameterised for (SiO,)y
nanoclusters.** For any particular (TiO,)y composition we
assign a percentage of the Ti cations and O anions to be
treated by the FB IP and the rest by the MA IP. The is purely a
formal definition within the overall mixed IP parameterisation
and finally all oxygen and all titanium ions are taken to be
respectively equivalent after an energy minimisation of a
cluster structure. The full set of parameters for this mixed
MA-FB IP approach can be found in the ESL.{ The FB-treated
ions energetically favour the formation of four-coordinated Ti
centres largely due to the FB IP possessing a relatively higher
degree of O-O repulsion. Thus, when FB-parameterised
centres replace the centres originally parametrised by the
MA TP (which favour 6-coordinated Ti centres) more open
cluster structures are favoured. We found that replacing 30-50%
of the original MA-parameterised centres by our FB-parame-
terised centres was optimal for improving the tendency of the
mixed IP to generate low energy (TiO,)y cluster structures. We
note that this approach was employed previously in ref. 36 to
generate candidate global minima for (TiO,)y for N = 8, 10.

Secondly, we have re-parameterised the original MA IP to
reduce its strong tendency to form highly coordinated clusters.
Here, the main change was to increase the repulsion between
oxygen anions for O-O separations of 1.5-2.5 A while maintain-
ing very similar Ti-O interaction parameters. We note that the
degree of O-O repulsion in this new parameterisation is not as
high as in the FB IP (see the ESI} for IP parameters). We found
that, as for the mixed IP strategy, this new parameterisation of
the MA IP led to low energy cluster structures with relatively less
compact structures and fewer highly coordinated Ti centres.

This journal is © The Royal Society of Chemistry 2017
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For both the above IP-based approaches we use Monte
Carlo basin hopping”® global optimisation where we typically
employ 10 runs each of typically one million steps, each one
starting from a different initial structure. For the smallest sizes
considered (i.e. N < 15) we note that the proposed global
minima were usually obtained in runs of less than one million
steps. During the run, the temperature was automatically
adjusted to maintain an average acceptance ratio of new struc-
tures of between 65-80%. For the case of the mixed IP
approach we also used specific oxygen-oxygen and titanium-
titanium swap moves to help ensure that the best configur-
ation of the two oxygen and two titanium types was achieved
for any particular cluster structure. The lowest energy 40-50
structures resulting from the 10 runs for each cluster size were
then re-optimised using FHI-AIMS with a light Tier 1 basis and
the PBE*® functional. After this refinement, the best 7-8 struc-
tures were finally optimised using our reference PBEO/tight
Tier 1 settings.

In addition to attempting direct global optimisation of
(TiO,)y species, we also employed data mining®” where we
took low energy globally optimised structures of (SiO,)y *®*°
and (CeO,)y'® and re-optimised them as corresponding
(TiO,)y nanoclusters. Specifically, we mainly tried columnar-
type (SiO,)y clusters’ and tetrahedral (CeO,)y fluorite-like
cuts.’® We note, for example, that in the former case low
energy structures were found for sizes N = 12 and 18, which
concurred with the results from our global optimisations.
More interestingly, in the latter case, for sizes N = 10, 20 and
35, new candidate global minima structures were found as
described below.

Results and discussion

For relatively small cluster sizes (TiO,)y for N = 1-9 we could
find no lower energy clusters than those reported previously in
the literature indicating that global minima in this size range
are reasonably well established. Specifically, our finding for
N = 1-8 coincide with those reported in both ref. 40 and 41
where global optimisation was performed and, as in the
present study, the final structures were optimised with DFT
using a hybrid functional. For N = 9 and N = 10, we concur
with the global minima candidate structures found in ref. 41
and 50 respectively. For (TiO,)y nanocluster sizes with N =
11-14, 16-24, 28, 35 and 38, we report new candidate global
minima from our bottom-up global optimisation and data-
mining approach (see Fig. 3 and 4). We note that all our
reported isomers for these sizes are more energetically stable
than any structures we could find in the literature (see the
ESIt for a comparison between our results and those reported
elsewhere). Herein, we are concerned with the structure and
stability of the nanoclusters, and results pertaining to other
properties (e.g. electronic, vibrational etc.) will be reported
elsewhere.

In line with the assumptions made in other studies regard-
ing the tendency for higher energetic stability and more bulk-
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Fig. 3 Structures of the low energy bottom-up derived (TiO,)y clusters N = 1-24 employed in this work.

like character being associated with fewer terminal dangling
oxygen Ti-O defects,”®*® our bottom-up generated set of clus-
ters show a clear tendency to exhibit fewer such defects with
increasing size. In particular all clusters we find for N > 18 are
either fully-coordinated (i.e. zero terminal defects) or have at
most one Ti-O defect. This tendency is also fully in line with

1054 | Nanoscale, 2017, 9, 1049-1058

the bottom-up studies of (SiO,)y clusters where a similar trans-
ition to fully-coordinated clusters has been predicted to occur
for sizes N > 26.>" Generally speaking, we also see a tendency
for decreasing structural symmetry in the clusters with increas-
ing size. Although, for example, all (TiO,)y global minima in
the range N = 1-8 have some symmetry (i.e. greater than C,)

This journal is © The Royal Society of Chemistry 2017
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Fig. 4 Structures of low energy bottom-up derived (TiO;)y clusters N = 28, 35 (left), 38 found in this work from global optimisation. The N = 35
(right) nanoparticle was obtained from data-mining from a tetrahedral (CeO,)s5 nanoparticle in ref. 16 and is calculated to be marginally metastable

relative to the (TiO,)s5 nanoparticle to its left.

the propensity for our candidate global minima to be sym-
metric falls away to such an extent that all our lowest energy
clusters for N > 22 are not symmetric. We note that for the size
N = 35, in addition to our lowest energy NC cluster, we also
find a highly symmetric and very low energy, yet non-anatase-
like, cluster (see Fig. 4) which we discuss below.

Generally, our searches do not find structures which display
the anatase crystal structure for N = 1-38. In particular for
sizes N = 28, 35 and 38, we find NC clusters which are signifi-
cantly more stable (by 7.9-9.9 eV total energy) than their corre-
spondingly sized anatase nanocrystal counterparts (shown in
Fig. 2). This clearly implies that using metastable anatase
nanocrystal structures within this size range to model the be-
haviour of larger nanocrystals may potentially introduce sig-
nificant errors, and tests are required to accurately assess the
validity and consequences of such modelling approaches.

Estimating the NC < C crossover size regime

Taking the DFT energies of the optimised bulk cut nanocrys-
tals in Fig. 2 we made a fit to eqn (2) to yield a; and a, for the
size range N = 1-150 (see the corresponding data points and
blue fit line in Fig. 5). Strictly speaking, as the morphology of
our bulk-cut nanocrystals is not always the same, a, and a, will
not be the same for all of them. However, as the considered
polymorph (i.e. anatase) is always the same and all the con-
sidered nanocrystals tend to display similar relaxed surface
sites, we fit our eight data points (i.e. six bulk cut nanocrystals,
and the limits of the infinite anatase crystal and the TiO,
monomer) with fixed constants for all N values. We also note
that by only using the Wulff-type bulk cuts (i.e. our bipyramids
and truncated bipyramids with N = 33, 35, 78 and 84) we
obtain a very similar fit.

For our low energy clusters coming from our bottom-up
searches, their structures and morphologies vary immensely
with size and thus a fit using eqn (2) is not justified. Instead
we assume that although the basic geometric and surface
stress energy components of the total energy for regular nano-
crystals is captured in eqn (2), a general expansion building on
this basis (see eqn (3)) would be more suitable for this diverse
set. We have attempted fits using eqn (3) with polynomials
from degree 3 to degree 8. We find that for degree 3 and 4 poly-
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Fig. 5 Energies of bottom-up (red) generated nanoclusters and top-
down (blue) generated nanocrystals with corresponding fitting lines. The
NC < C crossover size is indicated by a cross at 125 TiO, units (i.e. 375
atoms).

nomial fits, the resulting extrapolated line does not cross the
fit derived for the top-down nanocrystals and simply tends to
zero, implying unreasonably, and against experimental evi-
dence, that non-crystalline clusters are always more stable
than anatase nanocrystals. For degree 7 and 8 polynomial fits,
the extrapolated trend line is non-monotonically decreasing
with increasing N, unphysically predicting a decrease in ener-
getic stability with increasing nanoparticle size. Fits with poly-
nomials of degree 5 and 6, however, provide almost exactly the
same monotonically decreasing trend line which meets the
nanocrystal fit line, which is consistent with the observations.
As such, these latter expansions of eqn (3) appear to be the
only ones which lead to physical consistent fits of the data. We
thus used the degree 5 fit to the nanocluster data which leads
to estimate a NC < C crossover size of N = 125 (i.e. 375 atoms)
as shown in Fig. 5. The fitting parameters used can be found
in the ESIt along with the plots of the energetic data with
respect to N3,

Nanoscale, 2017, 9, 1049-1058 | 1055
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To provide an idea of the diameter of such an N = 125 sized
nanoparticle in Fig. 6 we show a spherical semi-crystalline (i.e.
anatase core and amorphous shell) nanoparticle of 130 TiO,
units (~2.0 nm diameter) and a facetted anatase bulk cut of
151 TiO, units (~2.6 nm diameter). Accordingly, we thus
predict the emergence of anatase-like crystallinity in TiO,
nanoparticle sizes to occur in nanoparticles of approximately
2-3 nm diameter. We note that our prediction, coming purely
from a theoretical basis, is fully consistent with the experi-
mental results in ref. 12.

Crystallinity in <2-3 nm diameter non-anatase nanoparticles

Experimentally assessing the degree of crystallinity in very
small nanoparticles with diameters <2 nm is clearly compli-
cated by the fact that the concept of long range order is rather
ill-defined and thus usual X-ray diffraction (XRD) methods
used for larger samples are not applicable. This size regime is
also where a bulk electronic structure typically starts to
become significantly different from bulk samples also hinder-
ing the use of other indirect spectroscopic assessments of
bulk-like structures.”” Theoretically, we can simulate XRD pat-
terns from arbitrarily small nanoparticles but interpreting the
results of doing so are rather inconclusive with respect to com-
parisons with experiment. Here, for example, simulated XRD
patterns from seemingly non-crystalline nanoclusters can give
rise to broad peaks often taken to be indicative of bulk-like
atomic ordering in experimentally measured XRD patterns.>®
To avoid complications of theoretical/experimental compari-
sons and the formal applicability of XRD for very small nano-
particles, we choose to assess the crystallinity of our nano-
particles through consistently calculating a single alternative
measure of the atomic order for both the bulk anatase crystal
and our titania nanoparticles. Specifically, we have used the
atomic pair distribution function (PDF) which describes the
distribution of distances between pairs of atoms in a system
(e.g. nanoparticle, bulk material). The peaks in the PDF rep-
resent the probability to find a neighbourhood particle at the
corresponding radial distance from a certain atom. In Fig. 7

2.6 nm

Fig. 6 Nanoparticles with sizes near to the predicted NC « C crossover
size. Left: A (TiO5)130 semi-crystalline spherical nanoparticle and right: A
(TiO,)151 facetted bulk cut anatase nanocrystal.
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Fig. 7 Pair distribution functions calculated using the Debyer code®*
for: (i) anatase bulk-like nanocrystal, (i) a top-down (TiO,)s5s anatase
bulk cut nanocrystal, and (iii) the lowest energy (TiO;)s5s nanoparticle
from our bottom-up global optimisations. Blue lines indicate tentative
correspondence of anatase-like peaks in (i) and (ii).

we compare the PDFs of a (TiO,)35 top-down bulk cut nano-
crystal with that of bulk anatase and the lowest energy (TiO,)s35
nanoparticle found from our bottom-up global optimisations.
Although clearly not exhibiting the detailed spectra of the
perfect bulk anatase crystal, the relaxed top-down (TiO,)ss
nanocrystal has a number of well-defined peaks of diminish-
ing size with positions that appear to correspond to those in
the bulk anatase crystal. The slight shifting of some peaks to
smaller distances in the nanocrystal spectra relative to the
bulk anatase spectra is likely due to the surface stress induced
compression of the former. Conversely, the more energetically
stable bottom-up (TiO,);s nanocluster has much less well
defined spectra with one main fairly broadened peak corres-
ponding to the nearest neighbouring Ti-O bonds. Clearly,
although small, the (TiO,);5 nanocrystal can be said to possess
some crystallinity, whereas the (TiO,);5s nanocluster is essen-
tially non-crystalline. In this sense, we argue that the blue and
red curves, and the point at which they cross in Fig. 5, possess
real meaning with respect to a NC « C crossover and thus in
assessing the emergence of anatase-like crystallinity with
increasing nanoparticle size.

Although we have predicted a NC < C crossover which is
consistent with experiment, and for which we clearly can
define nanocrystals with anatase crystallinity that are meta-
stable to non-crystalline nanoparticles for sizes up to N = 125,
we also find some very low energy nanoparticles which neither
appear to be anatase-like nor totally non-crystalline.
Specifically, for (TiO,)y sizes N = 10, 20 and 35, we obtain very
energetically stable nanoclusters from data-mining from tetra-
hedral nanoclusters reported in ref. 16. For N = 10 and N = 20
these tetrahedral clusters are actually our best candidate
global minima structures. All these nanoclusters are based on
cuts from the cubic CeO, bulk fluorite crystal structure which
has eight-coordinated Ce** ions and four-coordinated O>~
ions. For (CeO,)y these bulk-cut-based nanoclusters retain the

This journal is © The Royal Society of Chemistry 2017
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as-cut fluorite crystal structure. However, in the case of (TiO,)y
we find that, upon relaxation, the clusters distort in a such a
way as to lower the local atomic coordination of the ions (see
the ESIT). This distortion is consistent with the fact that the
cubic polymorphs of TiO, can only be stabilised at very high
temperatures and pressures.>® Relaxation from a fluorite bulk
cut allowing for lowering of coordination would be consistent
with a distortion to the columbite crystal structure (i.e. the
a-PbO, structure, also known as the TiO, II phase), another
known high pressure phase of TiO,. Experimental X-ray
absorption spectroscopy results report evidence for the TiO, II
phase (ie. columbite) in ~7 nm diameter titania nano-
particles®® and geologically a-PbO,-type TiO, (i.e. columbite)
has been found naturally in nanometer sized ultrahigh-
pressure inclusions.”” Indeed, the energetically favoured preva-
lence for a columbite-like phase at small sizes could be con-
sistent with the high surface stresses in such small nano-
particles which induces an effective high internal pressure.
Our comparisons of the structures of the fluorite-cut-derived
TiO, nanoparticles with the bulk columbite crystal structure,
however, do not strongly support the hypothesis that the nano-
particles are simple cuts from the columbite bulk crystal. In
fact, although these nanoparticles clearly possess some regular
fluorite-derived atomic ordering, they do not appear to be a
single phase. From some directions, for example, the clusters
appear to exhibit atomic ordering reminiscent of the brookite
crystal phase, predicted in some studies to be an intermediate
size-dependent stable TiO, phase for nanoparticles with dia-
meters between 11-35 nm.”® The structure of the Ti,;0,, fluor-
ite-derived nanocluster and its comparison with the original
data-mined structure and the brookite crystal can be found in
the ESL.}

Conclusions

We present a detailed study of the size dependent energetic
stability of nanoscale titania from both a bottom-up and top-
down perspective. Using global optimisation and data-mining
we report global minima (TiO,)y candidates for nanoclusters
in the size range N = 1-38 (i.e. up to 114 atoms), where in the
range N = 11-38, nearly all cluster structures are new and lower
in energy than those previously reported. Taking Wulff con-
structed bulk cuts from the anatase crystal structure and other
anatase bulk cuts from the literature, we also track the ener-
getic stability of anatase nanocrystals up to N = 84 (i.e. 252
atoms). From direct comparison of the two data sets we can
conclude that up to N = 38 anatase nanocrystals are signifi-
cantly metastable with respect to correspondingly sized non-
crystalline nanoclusters. Firstly, this strongly indicates that
nanocrystals in this size regime should be employed with
caution when used as models of significantly larger nano-
crystals and, secondly, that the crossover size at which anatase
nanocrystals become more energetically stable than non-
crystalline nanoclusters occurs at significantly larger sizes.
Using both data sets and fitting using a generalised expansion
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of a top-down derived energy expression for nanoparticles, we
extrapolate the fit to both data sets to predict an approximate
NC < C crossover size of N = 125 (i.e. 375 atoms). This size
corresponds to a nanoparticle diameter of between 2-2.6 nm,
depending on nanoparticle morphology, and corresponds well
to the observed dominance of amorphous spherical titania
nanoparticles of 2-3 nm diameter before facetted anatase
nanocrystals tend to take over for larger sizes.'> We hope that
the approach described in this work will inspire similar
studies in order to derive estimates of the fundamental NC «
C crossover size for a range of other important materials for
which nanoscale crystallinity is a key property.
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