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Abstract.

We investigated the influence of size and structure on the electronic structure
of 0.5-3.2 nm diameter TiO, nanoparticles in both vacuum and water using density
functional theory calculations. Specifically, we tracked the optical and electronic energy
gap of a set of (TiO,), nanoparticles ranging from small non-bulk-like clusters with n =4,
8 and 16, to larger nanoparticles derived from the anatase bulk crystal with n = 35 and
84. As the difference between these two energy gaps (the exciton binding energy)
becomes negligible in the bulk, this magnitude provides an indicator of the bulk-like
character of the electronic structure of the nanoparticles under study. Extrapolating our
results to larger sizes, we obtain a rough estimate of the nanoparticle size at which the
electronic structure will begin to be effectively bulk-like. Our results generally
confirmed that the electronic structure of nanoparticle ground state and excited state has
a more pronounced structure dependency than size dependency within 0.5-1.5 nm size.
We also showed that thermodynamic preference for the photocatalytic species is the
first S; exciton. This S; exciton is stable in vacuum but may evolve to free charge
carriers upon structural relaxation in an aqueous environment for 0.5-1.5 nm size
particles studied in the present article. An analysis of ionization potentials and electron
affinities relative to the standard reduction potential for the water splitting half-reactions
revealed the importance of considering the structural relaxation in the excited states and
the presence of water for assessing the thermodynamic conditions for photocatalytic

water splitting.
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1. Introduction

Titanium dioxide (TiO,), also referred to as titania, is widely studied by theory*
and experiment*® both with respect to its fundamental properties2'3 and from a more
applied perspective.* The latter interest in this material originates from the broad range

%% environmental clean-up”® and

of industrial applications ranging through solar cells,
photocatalysis.>*? The applications of TiO, in photocatalysis constitute a particularly
active field of research due to the possibility of generating H, from water splitting under
light irradiation.’*!* Because of the rather large band gap (> 3.0 eV)™® of the most
common polymorphs of titania (anatase and rutile), photocatalytic water splittictng
using these materials requires ultraviolet (UV) radiation. This feature inhibits their
practical use under sunlight as only ~10% of the sunlight incoming photons have
enough energy to be absorbed and hence to participate in the photocatalytic process.

A number of different strategies have been used to modify the band gap of
TiO, in order to increase its viable use with sunlight. Doping by different types of
chemical elements, in particular with atomic nitrogen, has attracted much interest'®*’
However, some theoretical studies have shown that reducing the band gap to the visible
range by introducing doping-induced defect states does not guarantee better catalytic
performance.® For instance, heavily fluorine-doped anatase exhibits a clear blue color
which electron paramagnetic resonance (EPR) measurements unambiguously attributes
to Ti*" centers.’® However, in spite of these improved electronic properties, the
photocatalytic activity of F-doped anatase in the visible remains quite modest. This
example clearly highlights the difficulties encountered in the search for water splitting
photocatalysts with sufficient activity in the visible.™®

Nanostructuring has also been used to modify the photocatalytic activity of

Ti0,. Of particular relevance to the present study, techniques have been developed for a

control of the shape and size of titania nanoparticles in order to optimize them for



photoactivity.?® However, in such experiments, it is difficult to discern between the
different effects of size and shape and those introduced by the synthetic conditions. Lu
et al.? have shown, for example, that F-doping largely stabilizes the (001) reactive
facets of anatase, a feature that has been explained by ab initio thermodynamic
arguments based on density functional theory (DFT) calculations.? However, as
mentioned above,*® F-doping also introduces Ti** centers. The intertwined influences of
F-doping thus make it difficult to assign any resulting change in reactivity to either the
presence of the particular enhanced structural feature or the new chemistry of the
resulting nanomaterial.

The difficulties encountered by experiments to separate complex factors are not
present when employing theoretical models in which one can represent different
morphologies for a given composition or vary the composition for a given morphology.
However, modeling the structure of TiO, nanoparticles of an experimentally relevant
size using first-principles electronic structure methods is still a huge challenge, and even
more so if the goal is to determine excited states and their properties. To overcome this

difficulty a large amount of work has used extended models for TiO, bulk

18, 23 - 30 31-33

polymorphs and several surfaces , where the computational cost is
significantly reduced by imposing periodic boundary conditions. The use of these
models has provided a large amount of useful information but effects arising from the
finite size and shape of the TiO, nanoparticles are largely missing. To help close the gap
between such periodic models and small nanocluster models, Barnard et al.>* developed
a self-consistent tight-binding (SCTB) model that was found to be able to mimic the
results obtained from DFT calculations of a moderately sized (TiO,)35 nanoparticle. This
approach was then subsequently employed to investigate the stability and atomic
structure of (TiO,), particles with n up to 455 (i.e. 1365 atoms) having different realistic

bulk-cut morphologies. Nevertheless, a more accurate description of the electronic
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structure properties of these large nanoparticles has yet to be attempted. Auvinen et al.*®

carried out DFT and time-dependent DFT (TD-DFT) calculations for (TiO;), particles
with selected sizes in the range n = 8-38. They showed that the electronic structure of
the studied TiO, nanoparticles strongly depends on the atomic structure and also that
constraining small nanoparticles to possess a bulk-like atomic structure is very likely to
yield metastable structures with respect to the most stable structural ground states,
which are typically non-bulk-like. In other reported studies specifically searching for
low energy (TiO;), clusters, those with sizes up to n = 16 are indeed found to not
display the anatase crystal structure.®®3"#3% Rather, small to moderately large (TiO,),
nanoclusters typically exhibit a significant number of non-bulk-like energetically low
lying isomers. Since this implies that experimental measurements may provide
information over an ensemble of particles rather than on the most stable structural
ground state, it is necessary to investigate the properties of different isomers of TiO,
nanoparticles. This is analogous to the bulk case of TiO, polymorph engineering, where
similarly energetically stable yet distinct crystal structures lead to different
modifications of band edges and the hence band gaps due to varying local
coordination.” The ground state and excited electronic structure of specific low energy
(TiO,), non-bulk-like clusters in the size range n =1-15 have been studied in detail,***?
but information regarding larger particles is almost inexistent. Therefore, the aim of the
present work is to provide a bridge between these two ranges through a unified
consistent theoretical examination of how the ground state and excited electronic
structure evolves from non-bulk-like clusters to bulk-structured nanoparticles
considering several different isomers of the smaller clusters.

Using DFT and TD-DFT methods we have explored the electronic structure
properties of the ground and excited states of (TiOy), with n = 4, 8, 16, 35 and 84
resulting in nanoparticles containing up to 252 atoms and reaching ~3 nm in diameter.
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We show that while energetic stability tends to monotonically increases with size, the
corresponding electronic structure can vary significantly depending on the structure and
shape of nanoparticle. To investigate the size-dependent change in electronic structure
we focus on the optical and electronic energy gaps. In particular, we use the difference
between these two energy gaps (i.e. the exciton binding energy) as a measure of how
bulk-like a cluster of a certain size is with respect to its electronic structure. For the
range of nanoparticles studied, we will also show that, in vacuum, the exciton state is
always more stable than free charge carriers and that this hold for both vertical and
adiabatic time scales, whereas solvation may reverse this order. Finally, we present a
thermodynamic analysis with respect to the necessary, but not sufficient, conditions for
spontaneous water splitting triggered by photoexcited TiO, nanoparticles in vacuum and

in water.
2. Electronic structure properties

The band gap of TiO, materials is one of the key properties enabling their
technological applications either in photocatalysis or in solar cells. Hence, it is
important to recall that there are two well-defined ways to determine the band gap of a
material; often referred to as the electronic or fundamental gap and the optical band gap,
respectively.*® The electronic (or fundamental) band gap is measured by (direct and
inverse) photoemission experiments and thus involves charged states either of cationic
(free extra hole, h*) or anionic (free extra electron, e”) character. On the other hand, the
optical band gap is obtained by photoexcitation process that generates an excited
electron-hole (e™-h") pair, so called exciton pair. In the case of relatively small finite
systems, the optical band gap is lower than the electronic band gap due to the
electrostatic stabilization of the electron-hole pair interaction in the exciton state.

However, for large systems including bulk or extended surfaces, the difference between



electronic and optical gaps typically becomes negligible since the addition/removal of
one electron to/from fully delocalized states in the infinite solid will not significantly
affect its electronic structure. A difference can be found when, due to the specific
electronic structure features, the excess electron and/or hole involve localized states
forming a well-defined exciton. In fact, small exciton-like excitations have been found
in rutile and anatase but the corresponding excitation energies are of the order of a few
meV.44'46

As the concept of a band for a finite system is ill defined, we will hereafter use
the term “energy gap” for TiO, nanoparticles, which corresponds to “band gap” for
surface or bulk. We denote the electronic energy gap as “Egyy” and the optical energy
gap as “Oggp” In order to distinguish the two different kinds of energy gap. A rough
estimate of the Egp can often be obtained from the difference between the orbital
(Hartree-Fock or Kohn-Sham) energy of the highest occupied molecular orbital (HOMO)
and that of the lowest unoccupied molecular orbital (LUMO); hereafter this quantity
will be denoted as AEy.. = E(LUMO) — E(HOMO). These values show a strong
dependence on the choice of the exchange-correlation functional, because they depend
solely on the ground state one-electron Kohn-Sham eigenvalues. A more reliable
method to estimate Eg,, consists in taking the energy difference between the vertical

ionization potential (IP,) and electron affinity (EA,) (See equations 2, 4, and 5).
The Og,p is obtained from the S ground to S; excited state (So—S;)y vertical

excitation which involves the creation of an exciton in the S; state (See equation 3). We

note that in some cases the lowest triplet T, state is used instead of S; to define the

optical gap. In the present work we will focus mainly in the (S¢—S;), electronic

transition (similar results are found for the (So—T;), excitation, as shown in the

Supporting Information Tables S1 and S2).



Another important quantity is the so-called exciton binding energy (AEex)
defined as

AEex = Egap — Ogap (1),
which provides an estimate of e-h" pair interaction energy in the S; exciton state
compared to free charged particles. In the following, we will use the notation introduced

earlier by Guiglion et al.,*

also employed in subsequent works by some of these
authors.*®*° Thus, for a particle P we will use E(P) to denote the energy of the ground
state S at the optimized geometry and E(P"), E(P*), E(P) to denote the energies of Sy,

cationic and anionic states at the Sy optimized geometry, respectively. One then has,

Egap = IPy — EAy (2)
Ogap = (SO—>Sl)v = E(P*)v - E(P) (3)
IPy=E(P")y—E(P) , IPaa=E(P)aa—E(P) 4),
EA,=E(P)-E(P), , EAa = E(P) — E(P)aa (5),

where “v” and “ad” subscripts hereafter, denote vertical (using So geometry only) and
adiabatic (using the relaxed geometry of each species at each electronic state) quantities,
respectively. Accordingly, one can define vertical and adiabatic exciton binding energy
values which takes the form

AEexy =[E(P ) +E(P) ] -[E(P*)+E(P)] (6)

AEexad = [E(P)ad + E(P )ad ] — [E(P*)aq + E(P)] (6)
which formally corresponds to the energy change associated to the hypothetical process:
P+P* - P +P* (7

therefore, AEey and AEexag provide a measure of the stability of the exciton relative to
free charge carriers in vertical and adiabatic time scales, respectively. With the
definitions in (6) and (6°), a positive value of AEe indicates that the exciton is more

stable than free charge carriers.



3. Selected TiO, nanoparticles and computational details

The primary goal of the present manuscript is to reveal how the ground and
excited state electronic structure and derived properties vary with the size and the shape
of TiO, nanoparticles. We also studied photocatalytic requirements in a thermodynamic
sense, and estimation of excited state lifetimes of these nanoparticles. A set of (TiO;),
nanoparticles with n = 4, 8, 16, 35 and 84 was selected encompassing systems
containing up to 252 atoms (~ 3 nm in diameter). For the selection of the smaller
particles we have been inspired in the recent works of Zwijnenburg and

42,47,48

coworkers, whereas for the larger TiO, nanoparticles we rely on the previous

work of Barnard et al.**

Regarding the selection of the small nanoparticles, we know from previous
work that excitation (or photoemission) energy of (Ti0;), with n = 2, 5, 10 calculated
by B3LYP functional show serious deviation from values obtained with the
CAM-B3LYP functional.***** Hence, we selected non-bulk-like (TiO»), clusters with
n=4,8,16, where CAM-B3LYP and B3LYP yielded qualitatively similar results; we also
added structures of several lowest isomers which are well studied. The particles with »
=4, 8 and 16 thus chosen have structures with little resemblance to bulk anatase and
thus correspond to the so-called non-scalable (i.e. not having properties that can be
simply scaled from bulk values) regime (see Figure 1, left). On the contrary, the larger
particles with » = 35 and 84 exhibit clear bulk-like structure and can be taken as
representative examples of particles in the scalable regime (see Figure 1, right). For the
particles with n = 4-16, the structural effect of these nanoparticles on the electronic
structure was also investigated by choosing four different isomers (a-d) for each
selected n values, since exploring all stable isomers for relatively large TiO,
nanoparticles is effectively intractable. Electronic structures of ground and excited

states in the (Ti0,)4 and (TiO,)s were studied by many authors and it is known that, for
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these nanoparticles, DFT and TD-DFT approaches with hybrid functionals work well.
On the other hand, it is known that theoretical calculations employing the pure
Generalized Gradient Approximation (GGA) to the exchange-correlation potential have
difficulties in describing the electronic structure of oxides and other strongly correlated
materials1"'®. Thus, we employed B3LYP™ and CAM-B3LYP’' hybrid functionals,
which incorporate a certain fraction of Hartree-Fock exchange. The corresponding
calculations for ground and excited state electronic structure properties have been
carried out using a 6-31G(d) basis sets and the Gaussian09°* suite of programs.

The initial geometry of the structural ground state (a) and of the three higher
energy isomers (b to d) of the (TiO;)4 and (TiO;)s particles were taken from Marom et
al.*® For the (TiOy);6 particle, the candidate ground state and the rest of isomers were
generated using Monte Carlo basin hopping53 global optimization using a mixed
interatomic potential based strategy employed in previous work.”’ In order to minimize
the variance in energetic stability our isomers for each size n we chose low energy
isomers that were within 0.16 eV total energy per unit of the lowest energy isomer
found, calculated at a B3LYP/6-31G(d) level in vacuum. Specifically, isomers were
taken within the energy ranges +0.143, +0.130, +0.156 eV per TiO, unit for sizes n = 4,
8 and 16, respectively.

The structures of bulk-like particles (TiO)ss and (TiO2)ss Were selected based
on bi-pyramidal Wulff cuts® from the anatase bulk crystal. We found (TiO,)ss is the
smallest Wulff cut nanoparticle that preserves anatase (101) facets after geometrical
relaxation. For the (TiO;)ss, two slightly different geometries were used: (i) a
B3LYP/6-31G(d)/Gaussian09 optimized structure starting from the anatase bulk cut
structure optimized using SCTB as reported by Barnard et al.** ((TiO,)3s4), and (ii) a
PBE/tier-1/FHI-aims > optimized structure starting from the Wulff cut from

experimental anatase bulk exhibiting (101) facets ((TiO,)ss,). We note that, apart from
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the tilting of the apical O atoms, the two (TiO;);5 structures obtained from the (i) and (ii)
are quite similar with the difference in total energy calculated at the B3LYP/6-31G(d) in
vacuum being of 1.609 eV (0.046 eV per TiO; unit). Finally, for the largest (TiO;)s4
nanoparticle reaching 3 nm in size, the structure was optimized also using the FHI-aims

code at the PBE/tier-1 level from an anatase bulk cut exhibiting (101) facets ((TiO2)ssa).

In the forthcoming discussion we will refer to results for the two types of structures

following the standard method//structure notation. Consequently,

B3LYP/6-31G(d)//B3LYP/6-31G(d) denotes calculations at the B3LYP/6-31G(d) level

of theory at the structure optimized with the same method, and
B3LYP/6-31G(d)//PBE-tier]l refers to calculations at the B3LYP/6-31G(d) level of
theory but using the structures obtained from geometry optimization using PBE/tier-1

basis set.

For each of the structures, the IP, EA, E,ap, Ogap and AE., values were obtained
at two different level of theories B3LYP/6-31G(d) and CAM-B3LYP/6-31G(d) using
the Gaussian09 code for comparison. The CAM-B3LYP functional was chosen as it was
designed to provide relatively improved results for excitations regarding charge-transfer
character.”’ For the B3LYP, the Tamm-Dancoff approximation (TDA)® was used to
reduce the instability of excited states in the calculations involving the larger clusters.
Nevertheless, test calculations for the small (TiO,), particles (n = 4, 8, 16) indicate that
the Og,p values obtained at TDA-B3LYP and TD-B3LYP levels differ by less than 0.005
eV. For the CAM-B3LYP calculations, TDA was not found to be necessary.

In addition, we considered solvation effect of TiO, nanoparticles by water
(dielectric constant ¢ = 78.3553) by using the implicit conductor-like polarizable
continuum model (CPCM)’ to estimate the thermodynamic driving force to facilitate
water splitting half-reactions, i.e., hydrogen (HER) and oxygen evolution (OER) at pH

= 7. Several reports in the literature explicitly consider water solvent molecules and
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4 0,64 o+ - .
98,59.60.64 Thig is because the defect sites of

hydration/hydroxylation of TiO, surfaces.
Ti0,; surfaces, such as mono-coordinated oxygen and three-coordinated titanium atoms,
are highly prone to be protonated/hydrated to stabilize the system (exothermic process)
when immersed in water. It is clear that the approximate nature of the CPCM method
cannot account for local (and explicit) water solvation effects and hydration of the
possible defect sites, which may be especially important for the small nanoparticles
studied in the present work. Nevertheless, we argue that CPCM may qualitatively
capture some of the most important features of water solvation such as dielectric
screening of electrostatic interaction, which is critical to describe e —h* interaction
energy in the exciton state and spatial distributions of molecular orbitals. Indeed,
significant and sensible changes in half-reaction potentials of the TiO, nanoparticles
upon water solvation were found in the present study, which are useful to understand
the effect of the solvation, at least in a qualitative way. It is also interesting to note that
the ranges of the half-reaction potentials in CPCM water model in the present study do
well correspond to those of rutile nanocrystals immersed in explicit water environment
with hydrated surfaces.* However, we also note that the results obtained by CPCM
model artificially affect some properties such as localization of free electron/hole in the
(unhydrated) structural defects such as under-coordinated titanium/oxygen as shown in

Figures S8-11. This caveat applies to all the CPCM related results and discussions

presented throughout the paper.

4. Results and discussion

4.1 TiO; nanoparticle structure

From Figure 1 it is quite clear that the structure of small nanoparticles containing 4-16
TiO, units have many under-coordinated Ti and O atoms and little resemblance to the

bulk structure, a feature that is well-known for small clusters of metal oxides.®* In these
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cases, the size of the particle is not large enough to build a Madelung field, which is an
important component defining the stability of the structure of bulk polymorphs. Small
(TiOy), (i.e. for n =4, 8 and 16 in our study) nanoparticles made from symmetric cuts
from the bulk anatase polymorphs are expected to be highly metastable with respect to
our correspondingly sized lowest energy clusters. Taking as an example, the (TiO;)6
nanoparticle derived from the anatase bulk by Persson et al.%?, the optimized structure
maintains a distorted anatase structure but at this size it cannot display well-defined low
index surfaces. The total energy difference between our candidate ground state and this
structural isomer is also found to be quite large (4.867 eV or 0.304 eV per TiO, unit) at
a B3LYP/6-31G(d) level in vacuum, and clearly outside of our considered stability
range. A different situation is encountered for our larger (TiO,)3s nanoparticle which
displays a relatively unperturbed anatase structure, and exhibits clear (101) facets.®*
Clearly, this nanoparticle can be regarded as a true anatase nanocrystal, although at
present we do not have good knowledge of other possible energetically competing
isomers in this size range to assess its corresponding energetic stability.

Figure 2 reports the trend in stability for the different particles taking into
account size, shape and structure as obtained from B3LYP/6-31G(d) calculations in
vacuum. We note that similar trends are found for the results in water and for those
obtained at the B3LYP/6-31G(d) level either in vacuum or water as we report in the
Supporting Information (Table S3). The plot in figure 2 shows the expected monotonic
decrease of the total energy per unit for the our lowest energy (TiO,), nanoparticles for
n =4, 8 and 16 units, and for the optimized bulk cuts with 35 and 84 units. Ideally, one
would need to use the bulk value obtained with the same methods and basis set as a
reference. However, as we performed our calculations with a local basis set using a DFT
code developed for non-periodic calculations, this implies several technical problems

and we found it convenient to use the value for the largest particle as the reference.
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Figure 2 shows the steep descent in energetic stability for the smaller particles and the
smoother leveling off in stability for the largest ones. The range of energy per TiO, unit

spanned for the different isomers is indicated by a vertical shaded bar.
4.2 Electronic structure of TiO, nanoparticles in vacuum

We first analyze the electronic structure of the small (TiO;), nanoparticles for n = 4, 8
and 16 as a function of shape and size in vacuum and as predicted by the
B3LYP/6-31G(d)//B3LYP/6-31G(d) calculations. Qualitatively, both Ogs and AEH.L
follow similar trends (See Supporting Information Table S4 for AEy..) with respect to
their dependency on structure for each size and changes in size. Moreover, for the
lowest energy structures of the (TiO,)4 and (TiO2)g nanoparticles, the present values for

Oy are similar to those reported by Berardo et al.*?

using also the B3LYP functional. For
the (TiO,)ss bulk-cut nanoparticle the Oy, calculated using B3LYP/6-31G(d) depends
somewhat on the chosen structure; 3.67 eV for the B3LYP/6-31G(d) optimized
structure and 3.36 eV for the PBE/tier-1 optimized structure. Hence, the effect of the
DFT method used to optimize the structure on the calculated Ogap is 0.31 eV or ~10%.
For the largest (TiO,)ss particles, the B3LYP/6-31G(d) value of Ogyy employing the
PBE/tier-1 optimized structure is 3.40 eV.

We note that the Og,, values are 0.38 — 1.16 eV lower than the corresponding
AEy. ones, this is simply a result of having the LUMO singly occupied in the S; excited
state and of the concomitant stabilization through the electron-hole pair interaction.
Interestingly, the AEy.| value for (TiO,)s4 is 4.02 eV, which is close to the band gap of
3.92 eV computed for bulk anatase by Finazzi et al.?” using the B3LYP functional and a
periodic model. Nevertheless, this comparison has to be taken with caution since, as

shown below, convergence to bulk electronic properties involves rather larger

nanoparticle sizes. Figure 3 also reveals that the Og, of the investigated TiO,
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nanoparticles exhibit a large dependence on the nanoparticle structure and a smaller one
on the size. On the other hand, the Eg,, values decrease significantly with the particle
size. This is likely due to the free charge carriers (cationic and anionic nanoparticles)
being relatively more stabilized through spatial delocalization of the electron (e”) or
hole (h") in the larger nanoparticles. Nevertheless, the dependence of Egyp oOn
nanoparticle structure can be significant for the smaller cluster and is found to vary by
up to 2.3 eV for both (TiO,), and (TiO,)16. In the case of (TiO,)g, however, the range of
Egap Values spanned by the different isomers is much narrower.

At the CAM-B3LYP/6-31G(d) level of theory, the size and structure
dependency of Oy, and Egep are almost quantitatively identical to that for
B3LYP/6-31G(d) discussed above indicating that these trends are, to some extent,
independent of the hybrid DFT method employed. Although the CAM-B3LYP
functional only yields slightly larger values of both Og,, and Egqp values compared to
B3LYP, it provides AEy., values that are about 3 eV higher than those from B3LYP; a
drawback of CAM-B3LYP previously reported by several authors.®® This difference in
the AEy. values does not seem to represent a problem since the physically meaningful
Ogap Values predicted by B3LYP and CAM-B3LYP in vacuum are quite similar. Note
also that reported CAM-B3LYP calculated values for photoluminesence of TiO,

nanoparticles correspond well to experimental data.*®®*

4.3 Electronic structure of TiO; nanoparticles in water

The effect of water as a solvent, as included using the CPCM method, leads to a
dramatic change in the calculated Og, values (see Figure 4). Notably, a rather large
reduction of the Oy, dependence on cluster isomer structure with respect to the
non-solvated calculations (see Figure 3 for comparison) is predicted from the TD-DFT

calculations using both B3LYP/6-31G(d) and CAM-B3LYP/6-31G(d) methods. This
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phenomenon is probably due to the dielectric screening of specific charge localization
patterns of extra electron and hole species on each isomer (see Supporting Information
Figure S1). In this context, significant lowering of Egp can also be expected and
understood. Overall, the Og,, and Eggp values in water slightly decrease as the size of the

TiO, nanoparticle increases.
4.4 Dependence of the exciton binding energy on nanoparticle size and shape

In Section 2, we argued that the exciton binding energy (AEex) can be taken as
a measure of electron-hole pair interaction in the excited state and of the stability of
excitons relative to free charge carriers. Figure 5a shows vertical exciton binding
energies AE., for all TiO, nanoparticles in vacuum and in water as predicted from DFT
and TD-DFT calculations using the B3LYP and CAM-B3LYP functionals whereas
Figure 5b reports the CAM-B3LYP results for the adiabatic AE.x values for the particles
containing up to 16 units. For the vertical AE¢ values, both B3LYP and CAM-B3LYP
functionals provide qualitatively and quantitatively similar results except for slight
deviation in small nanoparticles in vacuum. The adiabatic AEg values in Figure 5b
correspond to results obtained with the CAM-B3LYP method since the B3LYP
calculations exhibited a computational instability for geometry relaxation in excited

state with charge transfer character.*
4.5 Relative stability of S| excitons and free charge carriers.

A very important feature in Figure 5b is that exciton binding energy of the
TiO, nanoparticles in water becomes negative after geometry relaxation. Hence, at the
CAM-B3LYP level, one gets vertical AEc (water) >0 eV and adiabatic AE.(water) <0
eV. In other words, the stabilization through structural relaxation in the free charge
carrier state is larger than that in the S; exciton state. This indicates that under

irradiation, photocatalytic species initially stable as an S; exciton pair may evolve to
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free charge carriers upon structural relaxation in water environment. Considering that

the excited state lifetime for bulk anatase) is ~10 ns®>©%67

one can safely argue that a
similar time scale will apply for TiO, nanoparticles. This seems to be sufficient to allow
for structural relaxation in the excited state which has important consequences. In fact,
it would be especially meaningful that free charge carriers may become abundant and
do play an important role during the photocatalytic reaction in water; a picture that
contrasts with the purely thermodynamic point of view favoring the S; exciton species.
To further verify that lifetime of excited states in TiO, nanoparticles is large
enough so as to allow for structural relaxation, calculated excited state lifetime () have
been calculated. This span a rather wide range (0.05 — 50 ps) of time scales depending
on the sizes and structures of the TiO, nanoparticles studied; details regarding the
calculation of lifetimes and the corresponding values are reported in Figures S6, S7 and
Tables S12 to S17 of the Supporting information. Hence, structural relaxation in the S;
exciton state may occur before electronic decay. It is also worth to note that the S;
lifetime in water is significantly smaller than in vacuum due to the dielectric screening
of the electron-hole interaction and transition dipole moment from Sy to S;. Considering
that the calculated lifetime values in the present work are significantly longer than

experimental reports for bulk and surface,®®’

non-radiative decay would be a much
faster process than radiative decay, which is consistent with report by Zwijnenburg for
hydrated rutile nanocluster in water®*. Yet, the calculated lifetime in the present work is
much shorter than the prediction for the hydrated nanocluster (0.2 - 3 ms)** indicating
that non-radiative decay would become dominant for these systems.

In contrast, in vacuum, the S; exciton state is more stable than the free charge
carriers state regardless of the structural relaxation, both vertical AEe(vacuum) > 0 (for
up to (TiO,)ss) and adiabatic AEe(vacuum) > 0 eV (for up to (TiO,)6) (Figures 5a and
5b). These different thermodynamic preferences among free charge carrier and S;

16



exciton states upon structural relaxation— S; — S; in vacuum but S; — free charge

carriers in water— in conjunction with their redox potentials relative to water splitting
half-reactions has important implications on the determination of the photocatalytic

ability of TiO, nanoparticles (See Section 4.5.).
4.6 Size and shape dependence of exciton binding energy.

Figure 5a, shows that vertical AEey sharply decreases as the number of TiO,
units increases, which is primarily due to the behavior of Eg, (vacuum) as shown in
Figure 3. This indicates that the electrostatic electron-hole pair interaction energy in a
large (TiO,)ss nanoparticle is small which is probably due to the large electron-hole
distance and/or to the delocalized character of both electron and hole. The latter effect is
evidenced by weak electron-hole densities for larger nanoparticles as shown in
Supporting Information (Figures S8-11). The plot of AEe(vacuum) as a function of the
number of TiO, units in Figure 6a is found to be well fitted by an inverse power law of
the form:

AEexy(vacuum) = 7.16n%%  (R?*=10.99) @)
revealing that the initial rapid decline of AE.x with the nanoparticles size becomes more
gradual for larger nanoparticles. For example, the difference in AEex(vacuum) going
from (TiOy)4 to (TiO,)gs (2.87 eV) is much larger than that between (TiO)gs and
(TiO,)s00 (estimated as 0.80 eV), indicating a significant quantum confinement effect
for particles with sizes below ~100 units (ca. ~ 3 nm size). This is likely to result from a
relatively strong electrostatic electron-hole pair interaction in small nanoparticles.
Assuming that the extrapolation of AEe(vacuum) holds for larger particles, one can

estimate the point at which the electrostatic electron-hole pair interaction in an S;
exciton becomes similar to that of free charge carriers. At this point AEe(vacuum) = 0

and one can safely argue that the electronic structure of the nanoparticle becomes
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practically bulk-like. Taking a typical experimental error to be approximately 0.1 eV,
when the difference in measured energy gaps is < 0.2 eV the optical and fundamental
gaps are assumed to be effectively indistinguishable in magnitude and both bulk like.
We thus take the size at which the exciton binding energy is 0.2 eV to be indicative of
the smallest size at which a TiO; nanoparticle exhibits a bulk-like electronic structure.
Using equation 7 and plotting the exciton binding energy against n®® we can
extrapolate from our data to give an estimate of this bulk onset size to be ~15000 units
(~20 nm apical diameter in an anatase bipyramidal nanoparticle), see Fig. 6b. This is
rather large and is actually at a size when anatase nanoparticles are predicted to become
metastable to rutile nanoparticles, implying that only relatively large metastable anatase
nanoparticles would display a saturated bulk-like electronic structure.®® We note,
however, that this estimate is dependent on the functional employed. This is especially
so with respect to the optical gap magnitude, which is particularly sensitive to the
degree of non local Fock exchange introduced in the functional.®® In our case the
B3LYP functional is known to overestimate the band gap of bulk anatase by 23%.’
Assuming a similar overestimate of the optical gap in our TD-DFT B3LYP calculations
for our large bulk like nanoparticles we can make an approximate correction to the
extrapolated nanoparticle size at which the electronic structure becomes bulk-like. In
Fig 6b we show that the corrected extrapolated size becomes (TiO3)g30 (~6.5 Nm apical
diameter in an anatase bipyramidal nanoparticle). Although, this value clearly rests
upon some assumptions we present it at reasonable estimate of the lower size limit at
which anatase nanoparticles start to become bulk-like with respect to their electronic

structure.
4.7 Relevance to Photocatalytic Water Splitting.

It is interesting to relate the presence of free charge carriers and S; exciton
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states as possible driving forces for the photocatalytic water splitting reaction, at least
from a thermodynamic point of view. Recently, many theoretical attempts have been
made to evaluate the photocatalytic capability of semiconducting materials. Such
calculations have focussed on properties such as the band edge (valence band maximum
and conduction band minimum) for bulk and surfaces,**>’® or the IP and EA of
nanoparticles and clusters.””:"* Comparing these quantities with standard reduction
potentials of water splitting half-reactions, one can obtain a rough estimate of the
necessary thermodynamic conditions for the photocatalytic capability of an anatase
catalyst.

The water splitting reaction driven by photo-excited TiO, nanoparticles
involves the hydrogen evolution reaction (HER) and the oxygen evolution reaction
(OER) redox processes; where TiO, nanoparticles in free charge carrier and/or S;
exciton states are the source for electrons and holes, respectively. The corresponding
redox reactions for hole/electron generation in TiO, nanoparticles from free charge
carriers are defined in equations 4 and 5. Here we note that IP/EA of anionic/cationic
TiO, particle were employed to simulate the redox behaviors of free electron/hole in
free charge carriers by assuming negligible electron-hole interactions. Here we define

similar quantities for the S; exciton.

IP* =EP)N-EP*y , IPu*=EP)aa—EP*  (8)

EA* =EP*),—E(P ) , EAu*=E(P*)ag— E(P)ag 9)

which correspond to the dissociation of bound electron through the electron transfer

processes involving the S; (P*) exciton state

P* L, Pr4e (10)
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P*+e o P (11)

We also note that IP* = IP — (So—S;) and EA* = EA + (S¢-S3).

Following previous work,* ™ it is possible to relate the IP*/EA® values to
the experimental value for the potential of the standard hydrogen electrode (SHE)
potential (4.44 eV)"™®™*, by subtracting 4.44 eV from the calculated IP/EA® values for
the free carrier and exciton states, respectively. In fact, for the photocatalytic HER and
OER to take place, redox potentials of each half-reaction and photocatalytic TiO,
reduction and oxidation should be in a suitable order. Hence, each pair of IP/EA and (or)
IP*/EA* values should be well separated from the potentials of the half-reactions, one
above (i.e. more negative than) the HER and the other below (i.e. more positive than)
OER standard reduction potential so that HER and OER half-reactions spontaneously
receive e~ and h* via redox pair reactions, respectively (See Figure 7). From this
comparison it is then possible to obtain the trends for the photocatalytic capability of
free charge carrier and S; exciton species towards HER and OER half-reactions at pH =
0 and 7 (See also Ref 70 and 71 for further details on these concepts). It would be also
interesting to investigate the dynamical behaviors of the photocatalytic capabilities of
TiO, nanoparticles by comparing the standard redox potentials in the vertical and
adiabatic time scales, i.e., IP,.VEA™ and IP™/EAL™, respectively. Indeed,
dynamical aspects of photoexcited TiO, nanoparticles are of great importance because
the excited state lifetime of TiO, nanoparticles and standard chemical reactions are long
enough to allow the carrier relaxation in the excited state. The vertical and adiabatic
IP®/EA® potentials of the nanoparticles in water calculated by CAM-B3LYP/6-31G(d)
are reported in Figure 8 (a similar trend is predicted when employing B3LYP, see
Supporting Information Figures S2 to S4 and for full results for the standard reduction

potentials calculated by CAM-B3LYP in vacuum and water see Tables S8 to S11). The
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absolute values (not relative to SHE potential) of IP, (9.2 — 11.0 eV) and EA, (1.5-3.3
eV) potentials in the TiO, nanoparticles in vacuum calculated by
CAM-B3LYP/6-31G(d) level are much higher and lower than the corresponding IP,
(7.82 — 8.30 eV) and EA, (4.67 — 5.10 eV) potentials for periodic TiO, anatase,**"
probably due to the quantum confinement effect in the TiO, nanoparticles. Furthermore,
direct comparison of the vertical and adiabatic IP®/EA® potentials of our
nanoparticles in water calculated by CAM-B3LYP/6-31G(d) level with those of
hydrated rutile nanocrystal immersed in explicit water molecules in Ref 64 confirm the
validity of the present results (see Supporting Information Table S9).

To facilitate the discussion, we will first consider the properties of the particles
in vacuum. This is just for completeness and for comparison purposes since water
splitting in vacuum is physically meaningless. In short, only free charge carriers, which
is metastable species in vacuum (Figure 5a and 5b, left panels), have photocatalytic
capabilities, whereas S; exciton has no driving force for HER due to the too high EA*,
i.e., low LUMO energy (see Supporting Information Figure S2). Hence, TiO;
nanoparticles studied are incapable of photocatalytic water splitting in vacuum.
Regarding the effect of the size and shape of the nanoparticles, one can barely see a
significant trend in the potentials; excepting slight upwards/downwards trend of IP,/EA,
as a function of the size (Figure S2a top).

The presence of water, taken into account in the CPCM solvent model,
significantly changes the trend noted above. Result in Figure 8a show that a water
solvent leads to lowering/lifting of IP/EA potentials of free charge carriers due to
electrostatic stabilization of positive holes/negative electrons, respectively. Since IP
values are found to be more affected than EA values, photocatalytic OER driven by free
charge carrier becomes less exothermic. On the contrary, a water solvent leads to
lifting/lowering of IP*/EA*, because the energy stabilization in the S; exciton is smaller
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than that of free charge carriers (Figure 8b). Hence, the presence of water shifts the
IP*/EA* potentials to the point of enabling photocatalytic water splitting driven by the
S; exciton. Therefore, most of the small TiO, nanoparticles in both free charge carrier
and S; exciton states are expected to have photocatalytic capability for water splitting
even though some of them are incapable of the HER. Regarding the effect of the size
and shape of the nanoparticles, one can only see a slight downward trend of EA,
potentials as a function of the particle size.

According to the thermodynamic analysis of IP®/EA® potentials and to the
energetic stability between free charge carriers and the S; exciton, one may argue that
vertically generated S; exciton first facilitates the photocatalytic reaction and then free
charge carriers become main contributor to the reaction. It is, however, very difficult to
determine the major contributor throughout the whole reaction, because to track
time-resolved dynamics of excited state relaxation when free charge carriers become
more abundant than S; excitons is not at all trivial within the standard TD-DFT
framework. Therefore, the dynamics regarding the excited state decay and the electron
transfer processes in the course of photocatalytic water splitting of TiO, nanoparticles
remain as key issues to be solved. Another challenge is how to modify the TiO,
nanoparticles to lower the EA and IP* potentials in free charge carrier and S; exciton
states, respectively, because, in practice, the thermodynamic driving force for the HER
reaction will not be enough. Obvioulsy, it is very important to find a trend of the
half-reaction potentials of TiO, nanoparticles studied here so that one would be able to
predict the values of larger nanoparticles. However, unfortunately, we could not find
any significant and consistent trend in those potentials as a function of size and/or shape.
This is because the structural effect of small clusters studied here may be significant.
However, we found weak size dependencies of IP, and EA, potentials.

To conclude this section we note that structural relaxation in the excited state is
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responsible for significant change in the standard reduction potentials. It was found that
stabilization energy values through structural relaxation in the S; exciton, free electron
(anionic), and free hole (cationic) states in water are 0.3 — 1.0, 0.2 — 1.2, and 0.5 - 1.9
eV, respectively, at CAM-B3LYP/6-31G(d) level, indicating that the relaxation in the
free hole state is the most significant. On the other hand, the shape dependence of the
TiO, particles on the structural relaxation was also found to be significant. Upon
structural relaxation in the excited states this leads to changes in the IP, EA, IP*, and
EA* up to 1.9, 1.4, 1.5, and 0.7 eV, respectively, with concomitant changes in
IPSEA and IP™/EA™. The significant change in the standard reduction
potentials induced by structural relaxation in the excited states highlights the importance

of tracking adiabatic potential energy surface in the excited states.
5. Conclusions

We have studied the influence of the shape and size on the electronic structure
of TiO, nanoparticles in a realistic 0.5-3.2 nm range using DFT and TD-DFT
calculations using two types of hybrid functional and including solvent effects. The
present results show that electronic structure is significantly more dependent on a
nanoparticle’s structure than its size. Hence, especially for the smaller nanoclusters,
several different isomeric structures should be considered in order to evaluate the
electronic structure and subsequently derived properties.

The calculation of relevant properties of TiO, nanoparticles indicates that, in
the 0.5 - 3.2 nm range, the exciton binding energy is significant. This implies that the
exciton state is thermodynamically significantly energetically favored over free charged
species both in vacuum and in water for this size range. Tentative extrapolation of our
results indicate that this is likely also to be the case for relatively large nanoparticles and

that bulk like electronic behavior may be expected to emerge for ~6.5 nm diameter TiO,
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nanoparticles. The analysis of ionization potentials and electron affinities relative to the
standard reduction potential for the HER and OER shows that the free charge carrier
state of the TiO, nanoparticles studied here are able to drive photocatalytic water
splitting, at least from a thermodynamic point of view. However, for the more stable
exciton state, water splitting is only favored when the presence of water is taken into
account although the approximate solvation model used implies that this conclusion
needs to be taken with caution. Finally, we note that the present analysis provides
necessary but not sufficient conditions for water splitting by photo-excited TiO,

nanoparticles.
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Figure 1. Optimized structures of the four isomers of (TiO2)s, (TiO2)s and (TiO2)16
studied (left) and the bulk cut structures for (TiO2)ss and (TiOy)s4 (right). Relative total

energies per TiO, unit are given with relative to that of the (TiO;)s4 nanoparticle.
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Figure 2. Energy per unit as a function of size for the lowest energy isomers of the

(TiO,), particles with n = 4, 8, 16, 35 and 84 as predicted from B3LYP/6-31G(d)

calculations. Structures are as in Figure 1 and the vertical shaded bars for particles with

n =4, 8 and 16 indicate the energy range spanned by the different isomers studied. The

total energy per TiO, unit of the largest particle is taken to be zero.
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Figure 3. Optical (Ogap) energy gap (top panel) and electronic (Egap) energy gap (bottom
panel) of (TiO,)4, (TiOy)s, and (TiO2)1 cluster isomers (at a B3LYP/6-31G(d) level)
and (TiO,)ss, (TiO2)s4 (at a B3LYP/6-31G(d)//PBE/tier-1 level) bulk cut nanoparticles
in vacuum. Horizontal black and dashes lines indicates the experimental and B3LYP
calculated”” band gaps of bulk anatase. For the (TiO,)4, (TiO5)s, and (TiO,)16 particles,
black, red, green, and blue colors correspond to results for isomers a, b, c, d,

respectively. For (TiO,)ss black and red correspond to a and b isomers, respectively.
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Figure 4. Optical (Ogap) energy gap (top panel) and electronic (Egap) energy gap (bottom
panel) of (TiO,)4, (TiOy)s, and (TiO2)1 cluster isomers (at a B3LYP/6-31G(d) level)
and (TiO,)ss, (TiO2)s4 (at a B3LYP/6-31G(d)//PBEf/tier-1 level) bulk cut nanoparticles
in water. Horizontal black and dashes lines indicates the experimental and B3LYP
calculated”” band gaps of bulk anatase. For the (TiO,)4, (TiO5)s, and (TiO,)16 particles,
black, red, green, and blue colors correspond to results for isomers a, b, c, d,

respectively. For (TiO,)ss black and red correspond to a and b isomers, respectively.
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Figure 5a. Vertical (4Ee) exciton binding energies with respect to the number of TiO,

units in vacuum and water calculated at the B3LYP/6-31G(d) (top panels) and

CAM-B3LYP/6-31G(d) (bottom panels) levels of theory. For the (TiO;)3s and the

(TiO,)s4 particles calculation correspond to the B3LYP/6-31G(d)//PBE/tier-1 level of

theory. For the (TiO,)4, (TiOy)s, and (TiO,)16 particles, black, red, green, and blue colors

correspond to results for isomers a, b, c, d, respectively. For (TiO;)ss black and red

correspond to a and b isomers, respectively.
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Figure 5b. Adiabatic (4Ee) exciton binding energies with respect to the number of
TiO, units in vacuum and water calculated at the CAM-B3LYP/6-31G(d) level. For the
(Ti0,)4, (TiO,)s, and (TiO,)16 particles, black, red, green, and blue colors correspond to

results for isomers a, b, c, d, respectively.
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Figure 6. Variation of the vertical exciton binding energy AEe, (in vacuum) with
particle size from calculations at the B3LYP/6-31G(d) level. Top panel: AE, against
size in number of TiO, units (n) with fit to the five data points, bottom panel: AEe
against n®® with extrapolation to size for which AEe(vacuum) = 0.2 eV. The blue
dashed line in the bottom panel correspond to B3LYP values scaled down by 20% to

correct for the known overestimate of the optical gap (see text).
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Figure 7. Schematic representation of standard reduction potentials in free charge

carrier and S; exciton states for photocatalytic water splitting by TiO..
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Figure 8. Calculated CAM-B3LYP/6-31G(d) vertical (top panel) and adiabatic (bottom
panel) IP (triangles), EA (circles) of the TiO, nanoparticle free charge carrier (left) and
S: exciton states (right) in water, relative to absolute value of the experimental SHE
potential (4.44 eV). Potentials for HER (violet lines) and OER (orange lines) at pH =0
(dashed lines) and pH = 7 (solid lines) are shown. Black, red, green, and blue colors

correspond to results for isomers a, b, c, d, respectively.
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