Open Access Article. Published on 02 April 2024. Downloaded on 4/8/2026 1:31:21 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Nanoscale

7® ROYAL SOCIETY
P OF CHEMISTRY

View Article Online

View Journal | View Issue

{ M) Check for updates ‘

Cite this: Nanoscale, 2024, 16, 8975

Received 4th December 2023,
Accepted 1st April 2024

DOI: 10.1039/d3nr06189b

rsc.li/nanoscale

Introduction

Tuning electronic levels in photoactive
hydroxylated titania nanosystems: combining the
ligand dipole effect and quantum confinementy

a

2 Angel Morales-Garcia, ) *2 Francesc lllas and

%a,b

Miguel Recio-Poo,
Stefan T. Bromley

Reducing the size of titania (TiO,) to the nanoscale promotes the photoactive anatase phase for use in a
range of applications from industrial catalysis to environment remediation. The nanoscale dimensions of
these systems affect the magnitude of the electronic energy gap by quantum confinement. Upon inter-
action with agueous environments or water vapour, the surfaces of these systems will also be hydroxylated
to some degree. In turn, this affects the electronic energy levels due to the cumulative electrostatic effect
of the dipolar hydroxyl (—OH) ligands (i.e. the ligand dipole effect). Using accurate density functional calcu-
lations, we investigate the combined effects of quantum confinement and the hydration-induced ligand
dipole effect on a set of realistic titania nanosystems over a wide range of hydroxylation. Our detailed inves-
tigation reveals that, contrary to previous models, the ligand dipole effect does not-linearly depend on the
ligand coverage due to the formation of inter-ligand OH---OH hydrogen bonds. To account for the resulting
effects, we propose a refined model, which describes the ligand dipole effect more accurately in our
systems. We show that both hydroxylation (by the ligand dipole effect) and size (by quantum confinement)
have significant but distinct impacts on the electronic energy levels in nanotitania. As an example, we
discuss how variations in these effects can be used to tune the highest unoccupied energy level in nanotita-
nia for enhancing the efficiency of the hydrogen evolution reaction. Overall, we show that any specific
energy shift can be achieved by a range of different combinations of nanosystem size and degree of
hydroxylation, thus providing options for energy-level tuning while also allowing consideration of practical
constraints (e.g. synthetic limitations, operating conditions) for photochemical applications.

surface hole centres in photocatalytic processes.” Herein, we
show that hydroxylation can have a surprisingly significant

Nanoparticles (NPs) of the photoactive anatase polymorph of
titania (TiO,) are widely studied and used for a range of photo-
chemical uses such as photocatalytic H, production," or reme-
diation of polluted water.” In such applications, titania NPs
are expected to be significantly hydroxylated due to interaction
with their aqueous working environment.®> The photochemical
importance of surface OH groups in these systems due to their
role in hydroxyl radical formation ("OH) is well established.*™®
Surface hydroxyls and adsorbed water can also help to stabilise

“Departament de Ciéncia de Materials i Quimica Fisica & Institut de Quimica
Teorica i Computacional (IQTCUB), Universitat de Barcelona,

¢/Marti i Franqués 1-11, 08028 Barcelona, Spain. E-mail: angel. morales@ub.edu,
s.bromley@ub.edu

bInstitucié Catalana de recerca i Estudis Avangats (ICREA), Passeig Lluis Companys
23, 08010 Barcelona, Spain

1 Electronic supplementary information (ESI) available. See DOI: https://doi.org/
10.1039/d3nr06189b

This journal is © The Royal Society of Chemistry 2024

further effect on the energetic positions of the frontier orbital
energy levels that eventually define the band edges in
sufficiently large titania NPs. Band edge positions play an
essential role in determining the utility and performance of
semiconducting materials for photocatalytic applications.®’
Generally, the degree and type of alignment of a material’s
band edge energies with the energy levels of species interact-
ing with its surfaces can strongly influence the transfer of
photo-generated charge carriers for reduction/oxidation reac-
tions. For photocatalytic water splitting, for example, the band
edges of the system in question should lie above and below the
redox potentials for H, and O, respectively.'® Understanding
and controlling factors that significantly affect band edge posi-
tions are thus critical for developing and advancing photoelec-
trochemical technologies.

The band edge positions of the bulk anatase phase have
been widely studied with respect to those of the less photo-
active rutile polymorph due to a proposed staggered alignment
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having a synergistic role in photocatalytic water splitting."!
The energy gap in titania NPs is highly affected by size-depen-
dent quantum confinement (QC),"> which, in turn, can thus
affect the rutile-anatase energy edge alignment."> The main
effect of QC upon decreasing NP size is to increase the spacing
between those discrete energy levels that define the band gap
in the corresponding extended system. Attempts to more finely
tune band edge positions in titania NPs without varying their
size have followed a number of different strategies such as:
engineering morphology and/or crystallinity,"*"” chemical
doping,"®'® and creation of heterostructures with other
materials.”*>*> These approaches require significant control of
the detailed chemical structure of the NPs and, once
employed, cannot be easily and/or dynamically changed by
external means. In this work we examine the influence on
band edge positions in nanotitania by ever-present surface
hydroxyls, whose surface coverage can be controlled by exter-
nal conditions (e.g. water vapour partial pressure).>?

For small anhydrous titania nanoclusters, hydration leads
to progressive increasing the coverage of surface -OH species
which in turn leads to a gradual fluctuating increase in the
electronic gap magnitude.”® This gap increase is ascribed to
the stabilisation of the electronic structure of the nanoparticle
as a result of hydroxylation-induced healing of local under-
coordinated atoms/defects. For the relatively large titania NPs
considered herein, we also find a similar hydroxylation-
induced moderate energy gap increase. However, we find that
the main effect of hydroxylation is to significantly shift both
band edge positions in a similar parallel manner. This
phenomenon can be ascribed to the ligand-induced Stark
effect in which the cumulative electric field from the dipoles of
surface ligands act to uniformly shift all the electronic energy
levels of the NP with a linear dependence on ligand coverage.
This effect was first observed, and has been subsequently
mainly explored, for controlling the band edge positions of
quantum dots by organic ligands for increasing solar cell
efficiencies.>*>® In the field of photocatalysis, there have also
been a few studies using dipolar fields of organic ligands to
improve catalytic performance,®”*® where the effect is usually
referred to as the ligand-induced dipole effect (LIDE).> In the
following, we will use the acronym LIDE to be consistent with
the practice in the photocatalytic literature.

Herein, we focus on LIDE in hydroxylated anatase titania
NPs using realistic models developed in previous works'®?°
which have been used to rationalise experimental results on
hydroxylated anatase NPs.> As far as we are aware, hydroxy-
lation induced LIDE for titania has only been previously
studied using periodic slab models of ideal surfaces with
small numbers of hydrogen atoms placed on oxygen atoms
(i.e. hydrogenation) on regular surface sites.*** In contrast,
our NP based approach allows for a highly detailed examin-
ation of hydroxylation from dissociated water at various
different sites such as corners, edges and facets. In addition,
with the absence of periodic boundary constraints in our NP
models, we can follow a gradual and progressive hydroxylation
over a wide range of -OH coverages. Thereby, we show that
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LIDE in our systems has an unexpected non-linear ~OH ligand
coverage dependence that detailed analysis of the results
shows to be due to effects of OH::-OH interactions. Using our
versatile NP models, we are also able to examine the additional
effect of QC by considering hydroxylated NPs with different
sizes. We note that as our models are discrete, they also allow
us to use the true vacuum level as a natural unambiguous
reference for all band edge energies for all NP systems con-
sidered."® To provide further context for our work, we compare
our results for anatase NPs with analogous calculations on a
non-crystalline anatase-mimicking NP> and on an extended
anatase surface slab model.

Overall, our study provides a highly detailed and systematic
description of the combined effects of hydroxylation (through
LIDE, electronic stabilisation and inter-ligand interactions)
and system size (governing QC) on the electronic band edge
positions in titania nanosystems. Due to the versatility of our
modelling approach, we can accurately assess the relative influ-
ence of each effect and thereby provide guidance on how to
combine these factors to optimise band edge positions for
photocatalytic applications. Specifically, we show how the
band edges in our considered systems vary relative to the stan-
dard potentials for the hydrogen evolution reaction (HER) and
the oxygen evolution reaction (OER) involved in water splitting.
The valence band maximum (VBM) is always found to be lower
than the potential for the OER. In contrast, by following level-
alignment with respect to hydroxylation and system size, we
show that the conduction band minimum (CBM) can be sensi-
tively tuned to be above or below the potential for the HER. We
highlight that any particular level alignhment can be achieved
using a range of different choices of size and hydroxylation
degree. Unlike many other level-tuning approaches such as
chemical doping or interfacing with other materials, these
system variables are not dependent on chemically detailed
interventions. As such, varying size and hydroxylation degree
provides a top-down approach to tuning electronic energy
levels, whose versatility means that it can accommodate
different practical constraints when designing and/or operat-
ing photochemical nanosystems.

Models and computational strategy

We employ three previously reported realistic titania NP
models with different sizes and crystalinities.>*®*° Two of
these (TiO,),, NPs, with sizes n = 35, 165, possess the anatase
crystal structure with bipyramidal faceted morphologies. We
also consider one amorphous (TiO,);5 NP with a roughly
spherical morphology. All NP structures are shown in Fig. 1a.
The anatase titania NPs were designed following a top-down
strategy in which the bulk anatase crystal is cut to generate
bipyramids with the most stable (101) surface on all exposed
facets.">'® The bare anatase titania NPs were progressively
hydroxylated considering the relative reactivity of different
surface sites (e.g.,, apical, edge, facet).®> The amorphous
(TiO,);5 NP was generated by a simulated annealing process®?

This journal is © The Royal Society of Chemistry 2024
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0% hydroxylation

Fig. 1

(Ti0,)35(H,0)47 (50%)

50% hydroxylation
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(Ti0,)165(H20)49 (50%)

100% hydroxilation

(a) Examples of hydroxylated NP structures. From left to right: an annealed amorphous (TiO,)35(H,0)1> NP, and faceted anatase crystalline

(TiO2)35(H20)17 and (TiO,)165(H20)49 NPs. The percentages in parentheses indicate the degree of hydroxylation. (b) Supercell of an extended (101)
surface model of anatase with 0 (left), 50% (middle) and 100% (right) degrees of hydroxylation. Atom key: O — red, Ti — grey, H — white.

in which the faceted (TiO,);5 NP was heated up to 3000 K, fol-
lowed by sequential cooling steps.>® The simulated annealing
was performed using the NanoTiO interatomic potential (IP)**
and the GULP code.?® The structures of the hydroxylated amor-
phous (TiO,);s NPs were generated by separate simulated
annealing runs for each degree of hydroxylation.>°

To compare with our NP based results we also considered a
periodic slab model of the (101) anatase surface (see Fig. 1b).
This model consists of six layers of a (3 x 1) anatase supercell
in which the (101) surface is symmetrically exposed on either
side of slab. Periodically repeated slabs in the out-of-plane
direction were separated by approximately 20 A of vacuum
space to avoid artificial inter-slab interactions. For each degree
of hydroxylation considered we symmetrically hydroxylated
both top and bottom surfaces of the slab to avoid the build-up
of anisotropic electric fields. In these models, the averaged
electrostatic potential over the mid-plane in the vacuum space
was used to define a zero reference for evaluating the changes
in band edge positions with respect to hydroxylation. Note that
in the discrete NP systems the real vacuum level could be used
as an absolute energy reference. In both the slab and NP
systems we define the degree of hydroxylation with respect to
the maximum hydroxylation we could achieve (i.e., defined to
be 100%).

All the anhydrous (TiO,),, and hydrated (TiO,),(H,0),, nano-
structures and surface models were relaxed using all-electron

This journal is © The Royal Society of Chemistry 2024

DFT-based calculations as implemented in the FHI-aims
code.*® The Perdew-Burke-Ernzerhof (PBE) exchange-corre-
lation density functional®” was selected to perform the struc-
tural optimizations. A light tier-1 numerical atom-centred
orbital basis set was employed. Such a basis set is comparable
in accuracy to a TZVP Gaussian-type orbital basis set for
TiO,."? The convergence thresholds for atomic forces and total
energy during the optimization were set to 10~ eV A™' and
107° eV, respectively. A 1 x 1 x 1 k-point grid (i.e. T-point) was
used in the (101) surface model. We verified that I'-point calcu-
lations provide sufficiently converged energies for the relatively
large periodic supercell employed (see ESIt).

DFT calculations employing the PBE functional are gener-
ally reliable in providing a good structural description of
materials. However, generalised gradient approximation
(GGA) functionals such as PBE tend to be relatively poor
when describing electronic properties such as the energy gap
and band edge positions.*® Hybrid density functionals which
mix in a percentage of Hartree-Fock exchange into GGA func-
tionals can help to overcome this systematic drawback.*® A
hybrid PBEx (12.5% Hartree-Fock exchange) functional has
previously been shown to significantly improve the descrip-
tion of the electronic structure of titania systems.*>*' A sys-
tematic PBEx-inspired correction of our computed PBE-based
energy gaps and band edge positions was employed
throughout.**
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Results and discussion

We divide the discussion of our results into three parts. We
first discuss the evolution of the electronic energy gap (E,)
values and how they are influenced by system size and hydroxy-
lation. Afterwards, we focus on the effect of hydroxylation-
induced LIDE on the band edges in our considered systems.
Finally, we relate our results to water splitting though compari-
son of band edge energies with the potentials for the HER and
OER and suggest how hydroxylation, and system size could be
used to optimise photocatalytic performance. As our NP
models are discrete systems, the VBM and CBM are formally
associated with the highest occupied molecular orbital
(HOMO) energy and the lowest unoccupied molecular orbital
(LUMO) energy, respectively. As such we will tend to refer to
HOMO and LUMO values when discussing our NP-based
results.

Electronic energy gaps

We first consider the E, values of the (101) anatase surface
slab and the faceted titania NPs with respect to degree of
hydroxylation (see Fig. 2). For the anhydrous anatase slab, we
obtain an E, value of 3.58 eV, which is 0.25 eV larger than the
experimental band gap of bulk anatase (3.23 eV).** As our
approach provides an accurate E, value for bulk anatase, this
is likely due to the finite thickness of our slab model and the
associated band-opening effect of QC. Upon reducing the size
and dimension of the anatase slab to anatase NPs of progress-
ively decreasing size (i.e., (TiOy)165 > (TiO5)35) both the HOMO
and LUMO are shifted up in energy, but with the LUMO
upshift being more pronounced. In the smallest anhydrous
anatase (TiO,)3;s NP considered, this QC-induced effect raises
the value of E, to 3.84 eV, which is 0.26 eV higher than for the
anhydrous slab. With hydroxylation, the main influence of QC
is maintained with the E, values being smaller in the hydroxyl-
ated slabs with respect to those in the correspondingly
hydroxylated NPs. However, increasing hydroxylation also

4.2 T T T r
(TiOy)35
(TiOg)1g5 —— 1
(101) anatase surf. ——

44t

©

Eg energies (eV)

20 20 40 60 80
Degree of hydroxylation (%)

100

Fig. 2 Evolution of E4 energies with degree of hydroxylation of the
(TiO,), (n = 35, and 165) anatase NPs and the extended (101) anatase
surface as depicted in Fig. 1.
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leads to a differential small increase in E, values for different
system sizes. For the anatase slab, the magnitude of E,
increases by 0.05 eV from 0%-100% hydroxylation. In contrast,
for the corresponding increase in hydroxylation, the increase
in E, is of 0.18 and 0.31 eV for (TiO,);65 and for (TiO,);s,
respectively. This increase in E, is likely due to hydroxylation-
induced healing of local undercoordinated atoms/defects and
a concomitant stabilisation of the electronic structure, as
noted in previous work on hydroxylated titania nanoclusters.?®
The relative increase in the magnitude of this effect with redu-
cing system size is probably due to the increasing proportion
of low-coordinated surface sites (especially at corners and
edges) going from the planar surface slab to progressively
smaller discrete NPs. For the smallest NP, this overall increase
in E, with hydroxylation is also accompanied by relatively large
energy fluctuations with respect to small changes in hydroxy-
lation as also observed in small titania nanoclusters.”®
However, this effect seems to diminish with increasing system
size, where the hydroxylation-induced E, increase becomes
smaller and more gradual.

Band edge positions

For the anhydrous anatase slab, the VBM energy is found to be
—8.4 eV and the CBM energy to be —4.9 eV. These values
correspond well to other calculated band edge energies
reported for bulk anatase (—8.3 eV and —4.9 eV).*> We note
that these latter values were obtained by a method which,
similar to our approach, uses an absolute vacuum reference
and hybrid functionals, and which has been confirmed to be
quite reliable as compared with experiment."* As noted above,
both the corresponding HOMO and LUMO of the anhydrous
NPs are higher in energy due to QC. The resultant HOMOs of
both the largest (TiO,);s5s and smallest (TiO,);5 NPs are
upshifted by approximately 0.3 eV. In the case of the LUMOs,
the upshift is also about 0.3 eV for (TiO,);6s5, but almost 0.5 eV
for (TiO,)3;5. Upon hydroxylation, all initial band edge/orbital
energies appear to initially increase in a fairly parallel linear
manner with respect to the degree of hydroxylation. With
increasing hydroxylation, the rate of increase in these energies
slows down gradually. Overall, the total upshift in the edge/
orbital energies is >1 eV in all cases from 0-100% hydroxy-
lation. These data are summarised in Fig. 3. We note that this
hydroxylation-induced orbital energy up-shift is not only
observed for the HOMO and LUMO in our systems but is a
general effect that effects all orbital energies. In Fig. S1
and S2 of the ESIT we show, for example, the hydroxylation
dependent energies of ten energy levels ranged between
LUMO+5 and HOMO-5 and for a significantly deeper lying
energy level.

We also note that the magnitude of this effect does not
strongly depend on the underlying anatase crystal structure.
To show this, we compare the hydroxylation dependence of the
HOMO and LUMO of the faceted anatase (TiO,);5 NP with that
of an amorphous (TiO,);5s NP where the structure of the titania
core of the NP and the positions of all hydroxyls are optimised
for each degree of hydroxylation via simulated annealing®

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 Evolution of the energies of the HOMO (lower) and LUMO
(upper) with degree of hydroxylation of the (TiO,), (n = 35, and 165)
anatase NPs and the extended (101) anatase surface as depicted in Fig. 1.
Dotted grey lines represent the redox potentials for the HER (upper) and
the OER (lower), which have the approximate values of —4.5 and -5.7
eV, respectively.*44°

(see Fig. 4). The annealed NP clearly shows relatively larger
fluctuations in the energies of the frontier orbitals. These vari-
ations are related to both the structure of the titania NP core
structure and the hydroxylation configuration, which are re-cal-
culated for each degree of hydroxylation through the annealing
process. However, generally, we see that the average values of
both the HOMO and LUMO in both NP types increase systema-
tically in a similar way and over very similar energy ranges.
From the above, we propose that the general hydroxylation-
dependent upshift in all orbital energies in all our systems is
most likely due to the LIDE coming from the cumulative
electrostatic field of the surrounding dipolar -OH groups. To
quantify the total -OH-induced dipole moment acting on the
NP, the sum of the components of each ~OH dipole vector in
the direction of the centre of the NP should be calculated. To

This journal is © The Royal Society of Chemistry 2024

View Article Online

Paper
T 1 ' I
annealed (TiO,)5
-3.2 I crystalline (TiOy)35 !
< -85 !
o
>
2 38} |
(0]
c
(0]
5 | _
e 41
=
|
4.4 |
-4.7 \ ] | L i
T 1 ' I
annealed (TiO,)35 —+—
_7 4 | crystalline (TiOz)35 —e-
S
o
>
o
(0]
c
(]
(@)
=
(@]
I
] 1 ' I

0 20 40 60 80
Degree of hydroxylation (%)

100

Fig. 4 Evolution of the HOMO (lower) and LUMO (upper) energies with
respect to the degree of hydroxylation for annealed amorphous and
faceted anatase (TiO,)s5 NPs as depicted in Fig. 1.

obtain the effective radial O-H distances, we use the angle a
between Ti-O-H atoms and project the O-H bond distance
(don) along Ti-O bond direction, which taken to be approxi-
mately in-line with the radial direction to the NP centre (see
Fig. 5). Rather than assuming that the charge separation in
each -OH group is constant, we also measure possible H*" and
0°~ variations. Taking the above considerations into account,
we use the following expression for the total magnitude of the
-OH dipole contribution (poy) for each degree of
hydroxylation:

N
Pou = Z Qu,i - domn,; - cos(a;) (1)

i=1

where N is the number of OH groups on a NP, and Qy is the
positive charge on the H atoms in every OH ligand. We obtain
the Qg charges using the Hirshfeld atomic charge partitioning
scheme.*® Unlike dipoles, atomically partitioned charges are
not observables, and their accuracy cannot be directly
assessed. Here, we scale the magnitude of all partitioned

Nanoscale, 2024, 16, 8975-8985 | 8979
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Fig. 5 Left: Radial component of the dipole moment vector acting towards the centre of a titania NP (o) associated with a single hydroxyl group.
Right: A relatively higher hydroxylation regime in which OH---OH H-bonding leads to o, < a4, and a reduced value of (Bon). Large grey, red, and small

grey spheres correspond to Ti, O and H atoms, respectively.

charges by a constant factor of ~0.7, such that the scaled
atomic charges in a calculation of the water molecule repro-
duces the experimental H,O dipole moment. We note that this
constant scaling does not affect any of our reported trends, but
just provides OH dipole magnitudes that are more reasonably
in line with the OH bond moment in the water molecule.*’” In
the context of dissociative water adsorption, H and OH con-
stituents interact, respectively, with under-coordinated O and
Ti surface atoms. In this way, the hydration process leads to
two kinds of hydroxyls which both can lead to an added
dipole. We estimate the total dipole using the calculated
charge on the H atoms and assuming that the deficit of elec-
trons is only taken by the neighbouring O atom in each case.
Lastly, for each -OH group, the factor cos(a;) projects out the
component of the dipole vector along the Ti-O bond direction
(i.e. approximately the radial direction leading towards the
centre of the NP).

We note that LIDE is usually modelled as being linearly pro-
portional to ligand coverage with a fixed dipole per
ligand.>®?°*"3? This dipole is typically assumed to arise from
the intrinsic dipole of the ligand and from the induced polar-
isation due to the ligand-surface interaction. In our expression,
the dipole of the -OH group and how it is affected by structural
change (via doy and @) and polarisation (via Qy) due to the
interaction with the surface is taken into account. We note
that the contributions to the overall dipole through polaris-
ation of the TiO, surface due to interaction with the —-OH
groups has been reported to be very small and largely indepen-
dent of OH coverage on rutile surfaces.*’ The small variation
in the partial charges of the surface Ti (and O) atoms with
respect to hydroxylation in our systems also confirms this
conclusion.

Here, we use eqn (1) to estimate how the total hydroxy-
lation-induced polarisation varies with -OH coverage. In all
studied systems, we find that doy has an almost constant
value, and thus has a linear effect on the total dipole with
respect to changes in degree of hydroxylation. In contrast, with
varying hydroxylation we find non-linear contributions to the
total dipole for a and Qy. Specifically, we find that both @ and

8980 | Nanoscale, 2024, 16, 8975-8985

Qu decrease with increasing hydroxylation, which tends to
moderate the overall dipole increase. The reason for the
decrease in both « and Qy is the formation of OH---OH inter-
hydroxyl H-bonds which becomes more and more prevalent
with higher -OH coverages. These H-bond interactions trigger
an increased bending of the Ti-O-H bond angles, making «
increasingly closer to 90° and thus causing a pgoy decrease.
Fig. 5 shows this ligand bending effect by comparing « for low
and high hydroxylation. Similarly, with increasing H-bonding,
we find that the OH---OH, H-bonded network promotes a
partial delocalisation/polarisation leading to a reduction in the
absolute values of the atomically partitioned charges on the
hydroxyl groups, and a dipole reduction. The change in both
the average value of @ and Qy with respect to the degree of
hydroxylation for the (TiO,), (n = 35, 165) anatase NPs is pro-
vided in the ESI (Fig. S37). In Fig. 6 we show evolution of poy
given by eqn (1) with respect to hydroxylation for our n = 35
and n = 165 (TiO,), anatase NPs. For reference we also show
the typically assumed model in which the total dipole is line-
arly dependent on ligand coverage.

Clearly, the H-bonding induced « variation and charge delo-
calisation tends to increasingly moderate the increase in poy
with increasing hydroxylation. For 50-100% hydroxylation for
the (TiO,)1¢s NP, for example, the magnitude of poy varies
from —15% to —22% with respect to a linear model. This ten-
dency is very similar to that we report for the variation of
energy levels with respect to degree of hydroxylation (see Fig. 2
and 3). The link between these two phenomena is likely to be
LIDE whose effect on energy levels can be estimated using our
calculated values of poy for each degree of hydroxylation for
each of our systems using eqn (2):*°
> (2)

where the energy of a level, E is given by the energy of the level
in the anhydrous TiO, system (E,) plus the LIDE shift (AE)
which depends mainly on poy (where we use the dipole
moment evaluated using eqn (1)), and r, an effective radius of
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dashed line shows the case in which all —OH dipoles contribute equally
irrespective of hydroxylation, while the solid line incorporates the varia-
bility of @ and Qy following eqgn ().

the system in question (which, for NPs, is taken to be the
radius of a spherical NP with the same volume as the corres-
ponding NP). Finally, A is a system dependent fitting constant.

As an example, we use the LIDE dependent shifting in the
LUMO with respect to hydroxylation in the (TiO,), (n = 35, 165)
NPs. In Fig. 7 we compare the DFT-calculated hydroxylation
dependent variation in the LUMO energy levels of these two
systems with predictions using eqn (2) from using: (i) constant
dipoles for each hydroxyl, (ii) OH dipoles calculated using eqn
(1). In both systems both models (i) and (ii) provide a good fit
to the variation in LUMO energies indicating that the main
effect on the energy change is due to LIDE. Comparing the
models, we can also see that in both systems, using the
dipoles from eqn (1) provides a non-negligible improvement
over the linear dipole model.

We can further justify the use of our new detailed model for
fitting the variation in energy levels with respect to the total
dipole moment from surface -OH groups. In Fig. 8 we show
the evolution in the HOMO and LUMO energies of our faceted
NPs directly from DFT calculations with respect to poy calcu-
lated using eqn (1). In all cases we observe a very good corre-

This journal is © The Royal Society of Chemistry 2024
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lation, which again supports the link between energy level
shifting and hydroxylation-induced LIDE. The correlation
between total dipole and energy shift is slightly less strong for
the HOMO in the larger NP (R*> = 0.95) than in the other cases
examined (R> = 0.99). This lower correlation is related to a
levelling of the (TiO,);65 HOMO level for high hydroxylation
(>70%) which also results in an abrupt upshift in the E, value
(see Fig. 2). This may be related to specific surface sites being
stabilised through chemical bonding and thus not purely a
dipolar effect.

Relevance to water splitting and extrapolation to larger NP sizes

The position of the absolute redox potential for the OER is
always significantly higher than the HOMO energies in our
considered systems (see Fig. 3). As such, photo-generated
holes in the HOMO would easily drive the OER for all systems
for all degrees of hydroxylation. However, for solar-induced
water splitting, the low HOMO energy would entail a relatively
large E,. With respect to capturing the maximum amount of
useful energy from available sunlight, this would be detrimen-
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tal. Minimising E, under the conditions that: (i) the HOMO
lies just below the redox potential for the OER, and (ii) the
LUMO lies just above the redox potential for the HER, would
help maximise the solar efficiency of water splitting photocata-
lysts. In the following, we focus on tuning the LUMO for the
HER, assuming that the OER potential could be matched by
employing other strategies (e.g., alternative materials,®
doping™).

For low hydroxylation degrees, the high QC of the smallest
(TiO,)s5 anatase NP causes it to have a LUMO which is optimally
placed just above the HER redox potential. We note, however,
that the anatase NPs of this size are metastable with respect to
amorphous NPs'®?*® which tend to have lower lying LUMO
levels for the lowest hydroxylation (see Fig. 3). We also note that
it would be practically very difficult to prepare populations of
NPs that are confined to such a small size range while also
restricting their natural tendency to be hydroxylated through
reaction with water. In larger NPs, the lower QC leads to a
decrease in the LUMO. However, this effect can be compensated
by increased hydroxylation and thus higher LIDE which causes
a LUMO energy increase. Moving to higher hydroxylation in
larger anatase NPs thus allows for more practically viable NPs to
have an optimally tuned LUMO energy. As such an approach is
linked only to the controllable working conditions of as-syn-
thesised NPs, it also avoids the use of extra level-tuning
measures (e.g. doping, interfacing with other materials). We
note that very recently reported experiments have indicated that
the induced dipole effect of deliberately grafted -OH ligands
can enhance of photocatalytic activity of BiPO,.>°

More generally, the combination of LIDE and QC allows
one to tune the energy levels for a particular application. Our
results show how orbital energies vary with the degree of
hydroxylation for three sizes of NPs and for the infinite-sized
limiting case of the extended anatase (101) surface. By interpo-

8982 | Nanoscale, 2024, 16, 8975-8985

lating between these results, we can provide approximate maps
of how hydroxylation affects any chosen orbital level(s) for
arbitrary system sizes. As an example, in Fig. 9 we show how
the LUMO in anatase NPs can be tuned by combinations of
hydroxylation and size to be either above or below the HER
redox potential. For LUMO energies well above the HER (red
region in Fig. 9) the reducing power of hydroxylated titania
NPs is relatively enhanced. We specifically highlight the
hydroxylation/size-tuning of the LUMO for efficient E, match-
ing (i.e. to be just above the HER redox potential — see green
region in Fig. 9). Overall, Fig. 9 shows that many titania
systems of different sizes and degree of hydroxylation can
achieve specified electronic level alignments.

We note that in Fig. 9 we assume that only -OH groups
from dissociated water causes the LIDE effect at all sizes. This
scenario is most probable for non-crystalline NPs for which
the surfaces tend to be more irregular and reactive. For more
crystalline bipyramidal anatase NPs, a low-to-moderate degree
of hydroxylation will readily occur through dissociative water
adsorption on lower-coordinated edges and corner sites.?
Larger anatase bipyramidal NPs will have a higher proportion
of their surfaces terminated by regular (101) facets. For the
extended (101) surface, it is likely that there is a competition
between molecular and dissociative water adsorption and that
the balance between these two is temperature dependent.’
Recent work using a combination of surface X-ray spectroscopy
and DFT calculations has reported a 3:1 ratio of dissociative
versus molecular water on the (101) anatase surface at room
temperature.>” For suitably high water coverages, having such
a mixture of molecular H,O (25%) and —-OH (75%) bound to
(101) NP facets would be more than sufficient to reach the
higher degrees of hydroxylation considered in Fig. 9.

In future work it would also be interesting to consider influ-
ence of the accompanying molecularly adsorbed water on the

This journal is © The Royal Society of Chemistry 2024
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(101) facets of larger bipyramidal NPs at higher water cov-
erages. Molecularly adsorbed water has a high dipole (similar
in magnitude to that of -OH) and is thus also expected
produce a dipolar Stark effect in titania NPs. However, for the
effect to be cumulative and vary systematically with changes in
coverage, the dipoles should be radially aligned. For low temp-
eratures a coherent ordering of molecularly adsorbed water
may indeed be possible and could induce a very similar effect
to that we describe for -OH groups. However, we would expect
molecular adsorption to be more susceptible to disordering
(e.g. via H-bond network rearrangements) at higher tempera-
tures, thus diminishing any effect.

Conclusions

Employing accurate DFT based calculations, we have carefully
analysed the influence of system size and hydroxylation on the
electronic energy levels in a set of titania nanosystems, includ-
ing realistic NP models and an extended anatase surface slab.
Reducing system size increases the spacings between energy
levels in a non-linear manner due to QC. Conversely, the
cumulative electrostatic dipole of surface -OH ligands shifts
all the energy levels by a uniform amount due to the LIDE.
The magnitude of this latter shift is found not to be linearly
dependent on the degree of ligand coverage, as is usually
assumed in LIDE models. Instead, we show that inter-ligand
interactions, in this case OH:--OH H-bonds, can lead to a non-
negligible coverage-dependent dipole reduction, due to ligand
bending and charge delocalisation.

We show that size-induced QC and hydroxylation-driven
LIDE can have significant, but distinct impacts on the elec-
tronic energy levels in nanotitania systems. As a highlighted
example, we show how combined variations in QC and LIDE
can be used to tune the highest unoccupied energy level in

This journal is © The Royal Society of Chemistry 2024

anatase NPs with respect to the HER redox potential. Here, we
show that any specific energy shift can be achieved by a range
of different combinations of system size and degree of hydroxy-
lation. This flexibility means that one can achieve level-tuning
(e.g., to enhance the HER) while taking into account different
practical constraints (e.g., synthetic NP size limitations,
degrees of hydroxylation due to operating conditions). We also
note that, unlike many other proposed level-tuning approaches
(e.g., chemical doping, interfacing with other materials), LIDE
and QC do not require chemically detailed interventions. In
summary, we show that combining QC and LIDE provides a
highly versatile top-down approach to tuning electronic energy
levels in photoactive nanomaterials.
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