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Abstract

Water splitting under the influence of solar light on semiconducting electrodes Im-
mersed in aqueous electrolyte is a potentially clean and renewable source for hydrogen
fuel production. Its efficiency depends on relative position of the band gap edges (the
visible light interval between infrared and ultraviolet (UV) ranges of electromagnetic
spectrum correspondsto gap widths1.5-2.8eV)accompanied by a properband alignment
relative to both reduction (H*/H,) and oxidation (O,/H,O) potentials (—4.44 eV and -5.67
eV on energy scale for vacuum, respectively) which must be positioned inside the band
gap. [tswidth for TiO, anatase-structured bulk is experimentally found tobe 3.2eV, which
corresponds to photocatalytic activity under UV light possessing only ~1% efficiency of
sunlight energy conversion. Noticeable growth of this efficiency can be achieved by by
adjusting the band gap edges for titania bulk through nanoscale transformation of its
morphology toanatase-typenanotubes (NTs) (formed by folding of (001) or (101) nanothin
TiO, sheets consisting of 9 or 6 atomiclayers and possessing either (11,0) or (-7,1) chiralities,
respectively) accompanied by partial substitution of pristine atoms by Co, Fey;, Ny and
So single dopants as well as No+S, codopants. In the latter case, the band gap can be
reduced downto2.2eV while theefficiencyisachieved up to~15%. The energy differences
between the edges of band gap (VB and CB), the highest occupied and lowest unoccu-
pied impurity levelsinside theband gap (HOIL and LUIL, respectively) induced in doped
NTs, while preserving the proper disposition of these levels relatively to the redox
potentials, so that &yg<épop < €0,/H,0 <€y H, <&y <écp thus reducing the photon
energy required for dissociation of H,O molecule. In this chapter, we analyze applicabil-
ity oflarge-scalefirstprinciplecalculationsonthedopedsingle-walltitaniaNTsof different
morphologies with the aim of establishment of their suitability for photocatalytic water
splitting.

I NT E C H © 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,

and reproduction in any medium, provided the original work is properly cited.
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1. Introduction

Finding alternative energy sources is one of the most urgent research problems since tradi-
tional fuels run out at an extreme rate as their depleting rate surpasses the rate of restora-
tion. Photocatalytic dissociation of H,O molecules under the influence of solar light on a
semiconductor electrode is a very promising process for production of hydrogen fuel, which
is an environmentally friendly energy source. Indeed, the only combustion product of H, is
water, while traditional hydrogen production technologies (e.g., steam reforming) are
accompanied by CO, release and/or other undesirable side products. Another advantage of
hydrogen as energy carrier is its high energy density ~237 kJ/mol [1]. On the other hand, among
different energy sources surrounding people, the Sun is the most abundant — approximately
3.0x10* J of its emitted energy reaches the Earth every year. In turn, the humanity consumes
around 4.0x10% J [2], so advances in technology are required to converse, use and store the
solar energy with high efficiency. Moreover, photocatalysis is often considered as artificial
photosynthesis and as such is an attractive and challenging research topic in the fields of
contemporary chemistry and renewable energetics [3, 4].

In this chapter, we systematize, analyze and verify, systematize and analyze the results
obtained using first principle calculations on the atomic and electronic structure of pristine
and doped by C,, Fey;, Ny and S substitutes TiO, anatase-structured single-wall nanotubes
(SW NTs). Their chirality vectors are perpendicular to (001) and (101) nanosheets consisting
of 9 or 6 layers, respectively, while chirality indexes have been chosen among (1,0) vs. (-n,n)
sets, respectively. Evaluation of photocatalytic suitability of all titania NTs simulated by us
has been performed taking into account their correspondence to band gaps, widths of which
are smaller than photon energies in visible light interval while redox levels H*/H, and O,/H,0O
(—4.44 and -5.67 eV, respectively) are positioned inside these band gaps. This chapter is based
on results of our own studies [5-9] as well as theoretical and experimental data available in
the literature.

2. Literature review

2.1. Fundamentals of water photocatalytic splitting

In the first publication on water photocatalytic splitting, Honda and Fujishima managed to
split water into oxygen and hydrogen using rutile-structured TiO, anode and platinum
cathode [10], both immersed into water electrolyte solution. Since titania bulk samples were
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found to be suited for solar energy conversion, they attracted a great attention in electrochem-
ical technologies. Figure 1 clearly illustrates the mechanism of photocatalytic splitting.

(i} Photon absorption,
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Figure 1. Elemental stages of photocatalytic water splitting [4].

In the first stage, a photon is absorbed by a semiconductor electrode (anode) which leads to
generation of excitons — pairs of excited electrons and electron holes (second stage). Electrons
being excited migrate to a conduction band (CB), and electron holes stay in a valence band
(VB). The third stage includes charge separation and migration to reaction centers on a
catalyst’s or cocatalyst’s surface. Usually cocatalyst is used because in that case photoanode
and cathode, i.e., areas where hydrogen and oxygen are generated, are divided, and the
backward reaction between the gases cannot happen. Another important aspect is that the
kinetics of electron transfer on a semiconductor surface may cause a necessity of the cocatalyst
presence (such as Pt, NiO or RuQO,), which can suppress charge recombination (fourth stage)
occurring mainly due to the presence of irregularities in the semiconductor crystalline
structure. The fifth stage results in the appearance of reaction centers on the electrode substrate.
A better understanding of the whole water-splitting process can be gained from Figure 2.
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Figure 2. The model of photocatalytic activity of semiconducting electrode [4].

Fundamental requirement to an electrode is to be a semiconductor possessing band gap in the
energy spectrum which cannot be passed by the compound’s electrons. Normally, they are
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localized at the ground states below the top of the band gap. But, when an electron receives
additional portion of energy from an external source (for example, due to rising temperature
or light photon absorption), which is sufficient to overcome the band gap — the electron turns
into an excited state, above the bottom of CB (Figure 2), while an electron hole (positive charge
carrier) is left in a VB. An electron cannot exist in an excited (metastable) state for a long time
— it is not energetically beneficial. This is why electrons transferred to a CB tend to get rid of
energy surplus (e.g., by irradiating it) and to return back into their ground state in a VB.

The next requirement is connected with the positions of the CB and the VB on energy scale.
The bottom of the CB must be situated slightly higher than the standard hydrogen electrode
(SHE) level (0 V, or —4.44 eV, in compliance with vacuum level) as shown in Figure 2, so the
following reaction is energetically favorable in electrolyte contacting the electrode [1]:

2H" (aq) +2¢” — H’(g) (1)

The position of the ¢(H'/H,) level relative to the vacuum level on the energy scale has been
calculated earlier using a Born—-Haber thermochemical cycle [11]. Obviously, the electrons lose
a part of their energy while migrating to a reaction center (Figure 1). And the top of the VB
ought to be slightly below the oxidation energy level (Figure 2) at which hydroxyl groups are
oxidized (-1.23 V, or -5.67 V, in compliance with the vacuum level):

(OH)'+2h+—>H20+%OZ(g) 2

It should be also noted that the band structure imaged in Figure 2 does not take into account
the influence of the electrolytic environment to catalyst. When electrodes are put into water
or aqueous electrolyte solution, the band levels and potentials can bend according to different
scenarios, e.g., that suggested by Gratzel (Figure 3).

it |
s
g HyO
A
:’-(
h n
f.;—"_‘.-// 0,
o .I Band '_‘-\L
&

Figure 3. The band structure bending of n-type semiconductor in the presence of electrolyte [12].
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Changes in the band potentials depend on charge surplus or shortage in the semiconductor.
In other words, is it a p-type or n-type semiconductor? Figure 3 illustrates n-type semicon-
ductor, while for p-type direction of bending is opposite. Bending degree depends on several
factors, e.g., on pH of electrolyte. Obviously, traditional first principle methods of ab initio
simulations cannot describe the bending effect in principle and we do not consider it in this
chapter. An important aspect of photocatalytic suitability is also a width of the band gap.

The energy threshold between SHE level and the level at which hydroxyl groups are oxidized
is found to be 1.23 eV [1]. Taking the aforementioned requirements about the positions of the
bands into account, it is easy to understand that the band gap width has to be larger than 1.23
eV (optimally, it should exceed 1.5 eV), which corresponds to ranges of visible light and near-
infrared (IR) light. Also, the band gap must be narrower than 2.8 eV in order to allow a catalyst
to employ energy of visible light and near-ultraviolet (UV) light, excluding UV range. UV light
constitutes only few percents out of total Sun’s irradiation (4-5% [4, 10, 13]), whereas the visible
light constitutes 43—46% [13, 14]. Obviously, the band gap must correspond to the range of
visible light in order to provide high efficiency of semiconductor photocatalysts.

Titania is considered to be prospective material for solving the problem due to a wide range
of its properties [14]. Those include chemical stability, insolubility in water, nontoxicity, low
price and sustainability against photocorrosion. Its position at the bottom of CB, formed by
empty 3d atomic orbitals of titanium, is very beneficial - slightly above the SHE level, in respect
to the requirement. However, the top of the VB, formed by 2p atomic orbitals of O atoms, is
essentially below the level at which hydroxyl groups are oxidized. And the band gap is too
wide — 3.2 eV in anatase- and brookite-structured phases, vs. 3.0 eV in rutile phase. In general,
most metal oxides have band gaps larger than 3.0 eV [1].

Theoretical maximum of solar energy conversion degree for a titania catalyst with 3.2 eV wide
band gap is approximately 1%. In turn, it is 15% for a catalyst with a 2.2 eV band gap (as for
Fe,O; bulk). A band gap of 2.0-2.2 eV width is generally considered to be optimum [15]. Still,
according to another study, total energy losses are evaluated to be around 0.8 eV, which implies
an optimal band gap of roughly 2.0 eV [16]. Photocatalytic water splitting efficiency must reach
at least 10% conversion to be competitive against solar-cell-driven water electrolysis and to be
economically profitable [15]. Obviously, photocatalytic properties of pristine TiO, bulk are not
good enough to maintain the process effectively, so there is a need to modify the electronic
structure of the material either by defect engineering (e.g., doping) or nanoscale transformation
of its morphology. Our theoretical simulations show that pristine anatase-structured titania
SWNTs rolled up from both (001) and (101) nanothin sheets possess the band gaps noticeably
larger than those of TiO, bulk (by several tenths eV) [5, 7, 9]. On the other hand, the band gaps
of doped titania NTs are essentially reduced, down to 2.2 eV in the case of Ny+S, codoping of
TiO, (001) NT [7].

2.2. Advances in experimental studies of TiO, photocatalysts

Numerous experiments focused on titania doping by different metal ions have already been
performed. Among effective dopants one can find V, Ni, Cr, Mo, Fe, Sn, Mn and other cations
[13]. In 1982, Borgarello et al. [17] discovered that Cr** doped TiO, could generate hydrogen
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and oxygen in the process of water splitting under visible light irradiation (wavelength interval
400-550 nm). Klosek and Raftery [18] demonstrated that visible light absorption in titania
doped with V* is a result of the electron transfer from the V 3d electron-induced energy level
to the CB. Their research became a key to more effective ways of ethanol photooxidation under
visible light, another route to hydrogen generation. Fe’* doped TiO, also exhibits enhanced
photocatalytic activity. Moreover, Fe** 3d electrons induce additional levels in the TiO, CB [19].
Doping of titania photocatalysts by Cr, Mg and Fe cations can improve their efficiency, for
example, magnesium can reduce energy barrier for interphase transfer of electrons [20]. At the
same time, the newly induced electronic states can behave as recombination centers, e.g., shift
the impurity levels lower than the reduction SHE level.

TiO, doped by nonmetal ions exhibits a red shift of the absorption spectrum and possesses a
higher photocatalytic activity than pure TiO,, especially in the visible part of the solar irradi-
ation spectrum [12]. Unlike metal ions, nonmetallic dopants usually do not induce new energy
levels but squeeze the band gap directly by shifting the top of the VB upward [12], still it is not
always the case. Nevertheless, Chen et al. [21] used X-ray photoelectron spectroscopy to show
that in the electronic structure of C-, N- or S-doped TiO, the extra mid-gap states between the
VB and the CB induced by dopants can appear. For example, titania doped by nitrogen exhibits
high photocatalytic activity in water/methanol solution [22]. On the other hand, the S dopants
substituting host oxygens or host titans can improve its photocatalytic activity too [23, 24].
Moreover, sulfur-doped titania exhibits higher photocatalytic activity with respect to the
nitrogen-doped system [25]. The C-doped TiO, compounds were synthesized too [26], which
exhibit a quite narrow forbidden gap and an enhanced photocatalytic activity than pure
TiO, with mixed rutile and anatase domains. C-doped TiO, NTs also possess better photoca-
talytic activity [27]. Levels induced in the band gap were shown to broaden the activity of C-
doped TiO, NTs from the visible to the IR region.

Limited amount of information on codoping of titania photocatalysts is available for nonme-
tallic dopants so far. Yan et al. [28] reported about the study on N- and S-codoping applied to
TiO, NT array films by treatment with thiourea and calcination under vacuum and high
temperature. The codoped NTs exhibit essentially broadened absorption spectrum and
enhanced photocatalytic activity in methylene blue degradation process. Alternatively, Lv et
al. [29] studied N+S codoped TiO,/fly ash beads composite material and its photocatalytic
activity in visible light range. Besides doped photocatalysts, appearance of vacancies as point
defects can lead to rise in electrical conductivity and to changes in band gap structures [30].

2.3. Progress in ab initio modelling of TiO, photocatalytic efficiency

In spite of all the aforementioned efforts, the current understanding of fundamental changes
in the electronic structure with atomic composition of doped semiconducting NTs is not
sufficient for rational design of the atomic composition of these new compounds. To guide the
search, a theoretical procedure is necessary in order to prudently predict the electronic
structure and the charge redistribution in catalyst materials. Theoretical simulations per-
formed up to date deal mainly with doped and codoped photocatalytic bulk materials [31-
33], their low-index surfaces [34, 35] as well as nanoparticles and nanowires (NWs) [36, 37].
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There are two critical issues that are important for photocatalysis but not yet well treated in
the conventional density functional theory (DFT) and other packages: (a) the lack of resources,
essential for simulations of the strong polarization on the charged electrode surfaces in
aqueous electrolyte; (b) the inaccuracy of current DFT functionals in describing the redox levels
of oxides (i.e., the band gap and positions of its edges relative to the H*/H, and H,0O/O, levels)
[38]. The great challenges still exist for the computation of photocatalytic reaction kinetics as
it is driven by excess holes/electrons accumulated on the catalyst surfaces.

For titania bulk structure, spin-polarized DFT calculations predict that (2N, W) codoped TiO,
can be considered as an efficient visible-light photocatalyst [31]. Using the projected augment-
ed wave (PAW) method for ab initio calculations, Nolan found that small iron oxide clusters
can be stable at the TiO, surface [34] and their presence squeeze the band gap towards the
frequency range of visible light arising from the presence of iron oxide states lying above the
VBoftitania. The W-doped anatase (101) surface wasalsosimulated using DFTPAW calculations
[35]. C-, N- and S-doped (TiO,), nanoclusters were studied by Shevlin and Woodley using
both DFT and time-dependent DFT calculations [36]. Asahi et al. [32] studied the band structure
of the C-, N-, F-, P- and S-doped anatase structure of titania bulk using the same FP LAPW
method. The substitution of O by N (which led to mixing of N(2p) and O(2p) states) produ-
ces the best conditions for photocatalyticapplications since such structural modification results
in upward shift of the top of the VB, thus reducing the width of the band gap.

A number of doped materials exhibit a large mismatch between the length scales over which
the photon absorption takes place (up to micrometers), while at the relatively short distances
within the limit of few tens nanometers, at which electrons can be extracted, electron-hole
recombination was observed [16]. Reliable approach for solving this problem was found to be
the synthesis of nanostructured electrodes with the orthogonalized directions of photon and
electrons propagations, which is caused by markedly increased surface-to-volume ratios [39,
40]. Hollow NTs synthesized from the wide gap materials exhibit not only large surface area,
but also high mechanical stability and integrity leading to both charge transport and electron—
hole separation [41, 42]. TiO, (6,6) NTs built as regularly distributed bundles consisting of rutile
(110) monolayers were calculated recently using DFT method [37]. Reported electronic
structure of such a materials is predicted to be close to that of TiO, bulk. The electronic
structures of the C, N, V and Cr doped as well as C/V, C/Cr, N/V and N/Cr codoped titania
NWs were calculated too, in the case of C/Cr and C/V codoping a visible-light driven photo-
response was found to be the most enhanced [37].

On the whole, rather scarce number of publications focused on the computer simulations of
defective NTs and NWs, including their photocatalytic properties, can be explained by a lack
of methodical solutions for their construction in a variety of existing ab initio codes, which
makes their comprehensive study very time-consuming and expensive. Meanwhile, the last
versions of CRYSTAL code based on DFT-LCAO formalism, allow users either to exploit
periodic rototranslation symmetry of 1D NTs, or to generate differently structured 1D NWs,
setting the properly chosen Miller indexes of their lateral facets and simultaneously defining
their crystallographic orientations, both for efficient ground-state calculations on their
structural and electronic properties [43].

111



112

Semiconductor Photocatalysis - Materials, Mechanisms and Applications

3. Theoretical background

3.1. Computational details

We have performed first-principle ground-state calculations on the SW anatase-structured
TiO, (001) and (101) NTs, with fixed number of atomic layers as well as chiral indexes (1,0) vs.
(—n,n), respectively, doped by C, N, S, or Fe atoms and codoped by pair of N and S atoms. We
have simulated periodic and cluster models of doped NTs, for which either CRYSTAL code
[43] or NWChem code [44] has been applied, respectively. For both types of DFT-LCAO
calculations, we have used the formalism of the localized Gaussian-type functions (GTFs),
which form the basis set (BS) of atomic orbitals for each chemical element as implemented in
CRYSTAL and NWChem codes using crystalline and molecular orbitals constructed within
either CO LCAO or MO LCAO approaches.

To avoid shortcomings of the traditional DFT methodology, especially underestimate of band
gap widths, we have gone beyond this approach, applying the hybrid DFT-HF method for the
electronic structure calculations. The hybrid functionals incorporate traditional Hartree-Fock
(HF) approach determining the exchange energy E ! [45]. Practical justification for this
approach is the fact that errors of HF and DFT calculations often have opposite signs. For
example, the former overestimates the values of band gaps while the latter underestimates
them. The exchange-correlation energy in hybrid DFT-HF methods is expressed as linear
combination of two quasi-independent contributions [43]:

DFT+HF DFT HF
Exc = aDFTExc + aHFEx (3)

where coefficients determine hybrid functional parameters. It is very important to find such a
functional which can be used for qualitative description of a large number of systems without
additional parameters involved during calculation.

Values ayr=14% oy =20% Exp’
Ecp eV -4.3 -4.2 -4.3
&vg €V -7.4 -7.8 -7.3
Ag, eV 3.1 3.6 3.2

"Experimental values are taken from Ref. [4].

Table 1. Edges of the CB bottom (e¢p), the VB top (eyg) and the band gaps (Ae, eV) calculated for 20-layer TiO, (101)
slab using the hybrid B3LYP functional vs. varied a;p.

To perform all calculations on the pristine and doped titania NTs considered in this chapter,
a modified B3LYP hybrid exchange-correlation functional [46] has been adopted by us since
it provides the better reproduction for parameters of their atomic and electronic structure
obtained earlier in experiments and theoretical simulations. To achieve a quantitative agree-
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ment with the experimentally observed band gap for bulk anatase-structured TiO, (Ae = 3.18
eV) and the positions of band edges (Table 1), the admixture of nonlocal HF exchange in the
B3LYP functional defined by aper in Eq. (3) has been reduced from the standard 20% [43] to
14% [5].

The following configurations of localized GTF functions describing atoms of doped titania NTs
are adopted by us for further first principle calculations:

(i) For Ti atoms in TiO,, the basis set (BS) has been chosen in the form 411sp-311d, using the
efficient core potentials (ECPs) implemented by Hay and Wadt [47].

(ii) Full-electron basis sets have been adopted for all other atoms, except Ti, which are contained
in doped titania NTs, i.e., O: 8s—411sp-1d; C: 6s—411sp-11d; N: 6s-31p-1d, S: 8s—63111sp-11d
and Fe: 8s-6411sp—41d [43].

The most comprehensive simulations have been performed by us for periodic models of NTs,
for which the formalism of periodic rototranslation symmetry [43] has been exploited. This
approach has been successfully applied by us earlier for simulations of perfect SW TiO, NTs
of either anatase or fluorite phases [48, 49] as well as [001]- and [110]-oriented titania NWs of
rutile phase [50, 51]. Reciprocal space integration over the direct and reciprocal lattices of NTs
has been done by sampling the Brillouin zone of 2x2 supercells with 6x1x1 Pack-Monkhorst
k-mesh [52] in order to ensure an equable summation over the direct and reciprocal lattices of
NTs [45]. The outcome is 4 evenly distributed k-points within the segment of the irreducible
Brillouin zone. Further increase of k-mesh results in much more expensive calculations
yielding at the same time a negligible change in the total energy (~107 au). Self-consisted field
calculations are considered as converged when the total energy differs by less than 107 au in
two successive SCF cycles. For Fe- and N-doped NTs of both types as well as for the S+N
codoped TiO, NT, spin-polarized calculations have been performed (as shown in Section 4.1
by the presence of doubly-generated DOS) since numbers of electrons per unit cell with
opposite spins do not coincide, unlike pristine NTs and that doped by C and S atoms where
these numbers are equal.

Hybrid DFT-HF calculations on cluster and periodic models of pristine and doped titania (001)
NTs have been simultaneously performed by us using hybrid B3LYP functional as imple-
mented in NWChem [44] and CRYSTAL [43] codes, respectively. Other computational
parameters have been chosen similar in both codes. The obtained results have been compre-
hensively analyzed and compared [8]

3.2. Definition and verification of calculated properties

For reliable first-principle calculations of TiO, anatase-structured NTs, verification of bulk
titania properties is a necessary step. Moreover, variation of a;; when using B3LYP exchange-
correlation functional has been performed as described in Section 3.1, to reproduce parameters
of titania band structure with maximum precision (Table 1). Obviously, we have to check
whether it is also true for structural parameters of anatase bulk crystal (Figure 4). Its lattice is
characterized by tetragonal space group I4,/amd (space group Nr 141) [43, 49] with two formula
units in the primitive cell. Two lattice parameters a2 and ¢ measured experimentally (3.78 and
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9.51 A, respectively) are well correlated with those values calculated using hybrid DFT-LCAO
B3LYP method (3.80 and 9.65 A). Dimensionless parameter u of anatase lattice exactly
reproduces its experimentally observed value (0.208 [45]). Thus, verification of obtained results
gives us grounds to predict reliability of computational parameters for large-scale calculations
on pristine and doped titania NTs possessing either (001) or (101) rectangular morphologies
as well as (1,0) vs. (—n,n) chiralities, respectively.

Figure 4. Unit cell of anatase-type titania lattice possessing tetragonal space symmetry.

To estimate the ability of forming single substitutional dopant in a substrate, e.g., NT, one has
to calculate the corresponding formation energy:

form __ prtot tot tot tot
EAh - EAh/NT + Eh - EA,, - ENT (4)

where E ;"\, is the calculated total energy of a NT containing substitutional A, atom, E,* is

the total energy of the host (h) atom, which is removed from the NT and E j“;t is the total energy

calculated for the impurity atom while E % stands for the total energy calculated for the perfect

NT. Obviously, comparative analysis of formation energies for different dopants and sites of
their location within various substrates allows one to determine energetically most favorable
configurations of titania NTs for photocatalytic applications although conclusion on their
suitability can be done when analyzing band structures.

Defective NTs are often characterized by the presence of defect levels inside the band gaps. In
this case, the energy balance for possible water splitting under influence of visible light photons
is changed. The differences between the highest occupied and lowest unoccupied impurity
levels inside the band gap (HOIL and LUIL, respectively) are reduced in doped NTs, while
preserving the proper disposition of these levels relatively to the redox potentials, so that [7]
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Evp < Eyon < €o,/m,0 < €y, < Erunées < Ecp (5)

thus, reducing the photon energy required for dissociation of H,O molecule. Should a stand-
alone electrode be unable to fulfill these requirements, other steps may be undertaken, e.g.,
application of external bias voltage or fabrication of a system consisting of two (or more)
materials which are capable to ensure the required exciton generation as well as charge
separation and migration when acting jointly. The redox potentials displayed in Figure 2 are
related to standard conditions and aqueous medium with pH =0; further increase in pH value
results in shifting both redox levels towards the vacuum level (Figure 3) [42].

3.3. Models and properties of (001) and (101) TiO, anatase slabs

Before folding of titania anatase-structured nanothin films to TiO, NTs, we have to understand
their structure and main properties. Figure 5 shows two slab models with the highest and
lowest surface energy among anatase structures, i.e., (001) (0.90 J/m?) and (101) (0.44 J/m?),
respectively [53].
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Figure 5. Atop and across views of 9-layer (001) (a) and 6-layer (101) (b) nanosheets of anatase-type titania [5]. Ti atoms
are shown in gray, while O atoms are in red (dark gray) [5].

Obviously, (101) surfaces, normally the majority of the external surface of anatase titania (more
than 94%, according to the Wulff’s construction), are thermodynamically stable with a low
surface energy, which determines its low reactivity [54]. On the contrary, (001) surface is
characterized by the highest reactivity, e.g., towards adsorption of various species. To improve
titania’s reactivity, the preparation of shape-controlled TiO, nanocrystals with specific reactive
facets exposed is a greatly desired, and the minority (001) surfaces with a higher surface energy
attract extensive interest [55]. From the other side, an interesting effect was observed by
Herman et al. who discovered reconstruction of (001) titania surface under ultrahigh-vacuum
(UHV). This reconstruction significantly stabilizes the high-energy surface, but at the same
time reduces its reactivity [56]. Therefore, investigation of possible facet reconstruction is
important, and developing novel synthesis routes is necessary to prevent the reconstruction.
Reactivity of the NTs under consideration is another important aspect.
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3.4. Models of pristine and doped titania NTs

First, we have studied photocatalytic efficiency of pristine anatase (001) NTs (Figure 6) folded
from 9-layer (001) slab (Figure 5). Range of NT diameters has been varied from 0.6 to 4.0 nm
[5]. Optimized model of TiO, NT (Figure 6) has been used for simulation of different properties
as described in Section 4.1 (formation energies, widths of band gaps and positions of their
edges at the top of the VB and the bottom of the CB as well as mid-gap levels induced by

dopants).
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Figure 6. Schematic images of a unit cell monoperiodically repeated along a (36,0) TiO, (001) NT (dyr=4.81 nm) having
the substitutional point defects: (a) nanotube’s top view; (b) nanotube’s side view. Ti atoms are shown in gray, while O
atoms are in red (dark gray). At the inset drawn in (a) the basic unit cell of the TiO, NT is repeated by 18 symmetry
rototranslational operators. The numbered titan and oxygen atoms of the inset show the substitutional sites for impuri-
ty defect atoms (A,;, where “h” is for “host” atom) [7].

We have chosen the 2x2 supercell of the (001) nanosheet prototype (Figure 5a), when con-
structing pristine 9-layer TiO, (36,0) NT with an internal diameter of 3.47 nm and walls of
thickness 0.67 nm (Figure 6) for further doping. Such a NT contains 648 atoms per NT unit
cell. In our study, C, N and S impurities substitute the host oxygens in six possible positions
(shown in the inset of Figure 6), while three possible dopant positions have been considered
for Fey; substitute. We define the defect concentration as the number of dopant atoms relative
to the number of atoms per supercell of a periodic structure which can be substituted by the
dopant. Since the extended periodically repeated 2x2 supercell possesses 12 TiO, formula units,
incorporation of the doping impurity leads to the 8% defect concentration in the titania NT for
the Ti site and ~4% for the O site. Modelling nitrogen and sulfur codoping at the titania NT
with similar defect concentration, we have substituted oxygens in O, and O, sites by S- and N-
dopants as shown in Figure 6. We note that reduction of defect concentration results in larger
supercell and leads to expensive calculations beyond our current computer facilities. For the
same reason, charge compensation defects for anionic dopants are not considered in this study
at all.
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a) X b)

Figure 7. Cluster models of TiO, (001) NTs: (a) ring fragment and (b) arc segment of ring.

For cluster models of TiO, (001) NTs, we use either several rings cut from periodic NT models
(Figure 7a), lengths of which correspond to the period of 1D NT, or even arc fragments of rings
(Figure 7b), which can be transformed to the whole rings using rototranslational symmetry.
Important part of cluster models is their boundary conditions around broken edges which
substitute the absence of periodicity in 0D models by hydrogen atom termination of all broken
bonds [8].

Initial internal morphology of cluster corresponds to analogous NT structure. Cluster models
have been used for simulation of (001)-oriented TiO, NTs only. In Section 4.2, we perform
comparative analysis of photocatalytic properties of doped anatase-structured NTs obtained
in cluster and periodic models.
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Figure 8. 6-layer TiO2(101) NT with chirality indexes (-12,12): front view (left panel) and aside view (right panel).
Large Ti atoms are shown in gray, while O atoms are in red [9].

A number of pristine 6-layered anatase (101) NTs with chirality indexes (n,1) and (-n,n) have
been modelled. TiO, (101) NT with chirality indexes (-12,12) has been chosen (Figure 8) as
optimal for further doping. This choice is a result of compromise between the minimal
formation energy estimated according to Eq. (4) and a number of atoms in the NT unit cell.
Such a NT consists of 432 atoms per unit cell. Here, we consider NTs 1x3 and 2x3 periodically
repeated “basic” unit cells containing 36 and 72 atoms, respectively, giving dopant concen-
tration of 2.78% (12 dopant atoms per NT unit cell) and 1.39% (6 dopant atoms per NT unit
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cell), respectively. Suitability of these (101) titania NTs for photocatalytic applications is
discussed in Section 4.3.

4. Photocatalytic efficiency of doped titania NT's

4.1. Periodic model of doped (001)-oriented NTs

The energy balance between the band gap edges (e.g., mid-gap levels induced by defects) and
the redox levels described in Eq. (5) is considered as a criterion for efficiency of photocatalytic
water splitting [1, 4, 38]. Figure 9 includes a pair of vertical lines denoting the reduction and
oxidation levels fixed in the plots of the densities of states calculated for pristine and doped
TiO, NTs. The band gap edges of the titania anatase-structured (101) slabs are compared with
the corresponding experimental values presented in Table 1 (Section 3.1).

We note that the band gap edge positions presented in Table 1 differ not more than 0.1-0.2 eV
from those experimentally observed, which gives us a reason to believe that predictions made
by us on the electronic structure of doped TiO, NTs are at least qualitatively and possibly
semiquantitatively reliable.

n Con No Son Fer;,
1 1.16" 3.79 2.61" 5.58
2 3.23 3.56" 3.6 5.42
3 2.99 3.95 4.34 5.37"
4 3.13 3.88 5.33 -

5 3.31 4.08 5.65 -

6 3.78 4.11 3.37 -
Bulk™ 4.12 3.22 5.36 4.44

*Host atoms A, substituted by impurities (h) are labeled in Figure 8.
**The lowest formation energies for each dopant are shown in bold.

***The last row contains E /{’orm values calculated for doped anatase bulk using 2x2 supercell.

Table 2. Defect formation energies (E [{orm , €V) in doped TiO, NTs calculated using Eq. (4)*. n is index number of O(,)

or Ti(,) atoms imaged in Figure 6 (inset).

In our study, impurity atoms have substituted each possible irreducible host O or Ti atom in
the NTs with rototranslationally and periodically repeated cells as shown in Figure 6 (Sec-
tion 3.4). Therefore, one of the six types of O atoms and one of the three types of Ti atoms have
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been consequently substituted by Cp, N, Sp and Fey;. According to our calculations, the carbon
and sulfur dopants would prefer to be positioned at the site of the outermost oxygen, while
nitrogen would prefer the second oxygen layer counting from the outer side (Table 2).

Obviously, the smallest formation energy of anion dopants has been found for C, (1.16 eV).
For Sy-doped TiO,NT, E /{:O’m = 2.61 eV, while 3.56 eV is required for Ny dopant. The most

energetically favorable position for the host Ti atom to be substituted by iron atom (E f{:’m =

5.37 eV) to be located in the Ti layer closest to the inner wall of the titania NT (inset of Figure 6
and Table 2). When calculating the band structure of the doped NTs, only the NTs with the
smallest defect formation energies have been taken into account. The formation energy of the
nitrogen-sulfur pair has been obtained to be 5.64 eV, which fulfils the relation 2EF™(S.) <
Efm(Se+Np) < 2EP™(Np) (in accordance with Table 2), thus confirming the approximate
additivity of estimated dopant formation energies, when these contain different numbers of
impurity atoms, irrespective of their chemical nature. Substitutional point defects in TiO, NTs
reveal a tendency to form defect-induced levels inside the optical band gap. In the case of the
Co, [ TiO, NT, the filled band is positioned ~2.2 eV above the top of the VB (Figure 9b), while

in the case of the N [ TiO, NT impurity (Figure 9¢), the induced mid-gap state is found to be
0.9 eV above the top of the VB. The mid-gap states computed for the S /TiO, NT (Figure 9d)

forms the top of the VB (for the S-doped bulk, the defect level lies ~0.2 eV above the top of the
VB), and in the case of Fey; /TiO, NT, the vacancy-induced level is positioned in the middle of

the band gap (Figure 9f). The top of the VB of the perfect titania NT is formed by O 2p orbitals,
while the bottom of the CB is formed by Ti 34 states.

The projected DOS computed for the nitrogen and sulfur codoped TiO, NT is shown in
Figure 9e. For the nitrogen and sulfur codoped TiO, NT, the N-dominated mid-gap levels shift
by 0.3 eV downward, formed the occupied gap level below the O,/H,O redox potential. By the
presence of the sulfur codopant, the bottom of the CB shifts downward with an energy gap of
about 2.2 eV, thus reducing the photon energy required for water splitting reaction. The
nitrogen and sulfur codoped structure exhibits a gap state below the top of the VB because of
defect—-defect interactions. For this system the top of the VB and the bottom of the CB shift
downward relative to the nitrogen-doped structure. Relative to the bottom of the CB of the
sulfur-doped structure, the CB shifts back toward the CB position of the pristine structure.
Codoping thus gives rise to visible-light-driven excitation from the mid-gap states of 2.3 eV,
which is just slightly smaller than for the nitrogen-doped NT. This allows one to predict that
nitrogen and sulfur codoped TiO, NTs can be suggested as a good candidate for the visible-
light-driven photocatalytic water splitting [30].

On the basis of the standard thermodynamic conditions of an active photocatalyst for H,O
splitting, we discuss and evaluate the influence of the incorporated cation and anion species
on the photocatalytic activity of TiO, NTs. We have calculated the total and projected DOS for
C-, N-, S- and Fe-doped NTs, as compared with that of pristine TiO, NT (Figure 9). The
schematic representation of the band gap edges and mid-gap states of all these NTs is shown
in Figure 10.
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Figure 9. Total and projected densities of states calculated for perfect and doped titania nanotubes: (a) pristine, (b) C-
doped, (c) N-doped, (d) S-doped, (e) N+S codoped and (f) Fe-doped. Vertical lines stand for &¢ ;0 and &4y, potentials.
Zero of the energy scale corresponds to the vacuum level [7].
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Figure 10. Schematic representation of the band edges and mid-gap states of pristine and doped TiO, nanotubes. The

blue and red horizontal dashed lines correspond to the redox &g ,/H,0 and € potentials, respectively. Zero of the

H'[H,
energy scale corresponds to the standard hydrogen electrode (SHE) [7].

As can be seen from Table 2, the most energetically favorable positions for anion dopant on
titania NT are the outer host oxygen atoms, while Fe prefers to substitute the inner titan atoms.
For pristine TiO, (001) NT, the bottom of the CB is ~1.0 eV above the H"/H, potential, whereas
the top of its VB is ~1.2 eV below the O,/H,O potential (Figures 9a and 10). A carbon substi-
tutional impurity in a TiO, NT induces an occupied defect level ~0.2 eV above the oxidation
potential (Figures 9b and 10). This leads to an unsuitable VB position for the oxygen evolution
reaction. The N-doped TiO, NT possesses an occupied impurity level practically at the O,/H,O
potential (Figures 9c and 10), while the bottom of the CB relative to the perfect NT is almost
unchanged. For the sulfur-doped titania NT, we predict that the bottom of the CB is located
almost at the level of reduction potential, while the top of the VB corresponds to that of the
ideal NT being practically unchanged (Figures 9d and 10). The iron-doped titania NT exhibits

defect-induced mid-gap states about 0.5 eV lower than the ¢ level (Figures 9f and 10),

H+/H2
which results in the recombination of electrons and holes. On the whole, considering the
possible configurations of the doped titania NT, we predict that the most efficient nanopho-
tocatalyst for the visible-light-driven H,O splitting could be N and S codoped titania NTs (cf.
Figures 9e and 10).
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4.2. Cluster models of doped (001)-oriented NTs

To verify the periodic model of doped SW nine-layer (36,0) TiO, (001) NT (Figure 6) and results
obtained in its DFT-LCAO calculations, we have performed time-dependent TD DFT-LCAO
calculations, using NWChem code [44], on 2x2, 3x3 and 4x4 arc-segment models of TiO, NT
(Figure 7), reproducing the morphology of periodic NT and providing adequate boundary
conditions around each cluster model as shortly described in Section 3.4 [8]. Positions of N
and S;, (as the most preferable dopants) are also reproduced from the periodic model of doped
titania NT (Figure 6).

To perform simultaneously 1D NT and 0D cluster calculations within the same theoretical
approach described in Section 3.1, we have used a modified B3LYP hybrid exchange-correla-
tion functional [46] adopted earlier to perform periodic calculations on the doped titania NTs
[5-7].

Figure 11. (a) Schematic representation of the 0D 4 x 4 fragment of TiO, NT (chosen as its cluster model) with dangling
bonds saturated by hydrogen atoms (black). (b) Front view [8].

We have studied 0D cluster models of the 1D periodic NTs intending to perform TD-DFT
calculations, which unfortunately are still not possible using the periodic first principle codes.
Meanwhile, it is possible to run these calculations within cluster approach, e.g., using
NWChem code [44]. On the other hand, this code does not admit performance of periodic 1D
calculations, which also should take into account the symmetry of system allowing growth of
size for model with correspondingly arranged atoms. To reduce the total number of atoms,
while preserving geometry and stoichiometry, we have generated a number of 0D clusters by
slicing the NT (Figure 11). Since it is possible to perform both 1D and 0D calculations at the
same level of theory with the same set of parameters, the results calculated for the 1D NTs can
serve as a performance benchmark for the 0D cluster models. We have sliced the NT into
different arc-segments nxnxd (Figure 7), where d is the NT’s thickness (a constant, and therefore
omitted from the clusters’ shorthand notation nxn), while n has been chosen to be 2, 3 and 4.
During calculations, positions of atoms in clusters have been kept fixed to avoid relaxation
and to preserve the curvature of the NT.

We have simulated stoichiometric segment-like 0D clusters with varying parameter n and with
different terminations of the bonds that were broken while cutting the NT. In such models, a
common practice is to saturate broken bonds with hydrogen atoms [57]. However, in order to
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reproduce a partial charge on the outermost Ti atoms, we explored several saturation modes
other than H. Hydrogen is less electronegative than oxygen, and when slicing the NT, we
disconnect titanium from oxygen and pair Ti with H, effectively altering metal’s partial charge.
To compensate for that, we have tried also to terminate our clusters with hydroxyl groups OH
and with halogens F and Cl. However, our results indicate that these substituents not only
introduce a number of electronic levels, polluting the gap between the highest occupied
molecular orbital and the lowest unoccupied molecular orbital (HOMO/LUMO), but they also
shift the energies of these orbitals by 1-2 eV. Hydrogens do that as well (Figure 12), but their
effect on the HOMO/LUMO energies is less pronounced.

..-
‘I

Figure 12. Left: MO levels of the 4 x 4 0D cluster model for the N-doped TiO, NT. Right: The total density of states for
the 1D NT model of the analogous N-doped titania nanotube [8].

Arrangement of H-saturated atoms is another important issue. A change between relaxed and
unrelaxed geometry (effectively, a difference of ca. 0.1 A in Ti—H bond length) translates into
0.5 eV large shift of the band edges. We have achieved the best agreement between 0D and 1D
models (in terms of band edges’ energies and HOMO/LUMO energies, respectively) for H-
terminated 0D clusters. Coordinates of terminating atoms in them have been relaxed relative
to the TiO, backbone (which has been kept rigid during the optimization to preserve the
geometry of the NT). To sum up, in all our calculations that we shall discuss further, clusters
are arc-segments of the NT, that preserve stoichiometry and curvature of the NT, with any
dangling bonds saturated by hydrogen atoms. Positions of these atoms relative to fixed
coordinates of Ti and O atoms are relaxed in order to minimize the total energy of the object.
To avoid a gap pollution, we have decided not to analyze any states dominated by energies
arising due to hydrogen atoms. We have achieved this by excluding all the states in which
hydrogen orbitals contribute to the electron density more than 2.25%.
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The 0D cluster models have been investigated with the goal of using NWChem’s implemen-
tation of the TD-DFT method [44] to perform nonadiabatic simulations of the relaxation on
both NT and its environment following absorption of a photon. For direct verification of cluster
calculations using results obtained for periodic NT, we have considered 4x4 cluster model of
N-doped TiO, (001) NT (Figure 11). However, due to size restrictions, this model does not
allow us to simulate N+5 codoped NT. To compare with results of periodic model calculations,
we construct MO level distribution in cluster models vs. total DOS for TiO, NT (Figure 12) as
well as schematic representation of the band edges and mid-gap states of pristine and doped
TiO, NTs imaged for periodic and three cluster models: 2x2, 3x3 and 4x4, where the extension
numbers denote the number of elementary cells along and perpendicular to the NT axis,
respectively (Figure 13). Within our notation, the top of the VB and the bottom of the CB have
been defined as, respectively, the highest occupied level and the lowest unoccupied level the
contribution to which from dopant atom orbitals is relatively small. Figure 13 displays the
band edges within this set of definitions. It also shows a converging trend: while for the
undoped 2x2 clusters the disagreement with the pristine 1D NT model is quite noticeable,
while it becomes less significant for the 3x3 clusters and even more so for the 4x4 clusters.
Unsurprisingly, 0D models reproduce the top of the VB more accurately than the bottom of
the CB. What is surprising is that the relative positions of the defect-induced mid-gap states
with respect to the band edges between the 1D and 0D models are similar, even though they
possess very different defect concentrations. For example, the left side of Figure 12 shows the
single level at the gap between the LUMO and HOMO levels which is dominantly composed
of N 2p, states (along the NT axis). The band edges of 0D and 1D models become closer while
the 0D cluster size increases, yet the position of the defect-level does not show any convergence.
At-5.1 eV, it is significantly higher for the 4x4 0D cluster than the value of -5.8 eV for the 1D

NT.
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Noncoincidence of the dopant-induced levels in both 0D and 1D NT models may be a
consequence of the effectively larger defect concentration in the latter, which is 1 dopant per
24 O atoms in the periodically repeated unit cell (<4%), versus 1 dopant per 96 O atoms (=1%)
in the 4x4 0D cluster. For S-doping, size of the cluster heavily affects position of the defect level.
Moreover, for 2x2 and 3x3 models, the positions of S-induced levels are qualitatively different
from those of 4x4 and NT models: the former are in-gap while the latter are located below the
top of the VB.

To conclude, we observe that the 0D model qualitatively corresponds to the 1D model as far
as the band edges are concerned. Positions of the dopant-induced states, however, strongly
depend on the size of the cluster and, therefore, differ from those calculated for the NT. In N-
doped cluster, where this effect is the most emphasized, it can be partially attributed to the
spin polarization of the system, although the relatively naive definition of the cluster model
could have affected it just as much. More elaborate schemes exist, for example, polarizable
polar background embedding [58], but these schemes are beyond the scope of our study.

4.3. Periodic models of doped (101)-oriented NTs

For energetically more stable but possessing lower reactivity (101) types of TiO, NTs with
anatase morphology, we have considered only N and S dopants as well as N+S codoping since
C- and Fe-substitutes have been found to be ineffective for photocatalytic applications of (001)-
oriented TiO, NTs (Section 4.1). Calculations on these NTs have been performed using the
same DFT-LCAQO method with the hybrid exchange-correlation functional B3LYP [46] as used
earlier having 14% of nonlocal Fock exchange as implemented in CRYSTAL code [43].

Figure 14. Nonequivalent S or N dopant positions in the segment of 6-layer wall of (-12,12) TiO, (101) nanotube (Fig-
ure 4) [9].

As mentioned in Section 3.4, the pristine titania NT with chirality indexes (-12,12) (Figure 8)
has been chosen as the most suitable for our simulations on the doped TiO, (101) NTs. We
consider four possible dopant sites to substitute the nonequivalent oxygen atoms (Figure 14).
We denote the outermost O site as position 1, while the innermost O site is position 4. The S1
site is found to be the most energetically favorable — it requires the lowest formation energy
per unit cell/dopant, 2.47 eV for both concentrations (Table 3). As it has been found in all cases
the S dopant shows a tendency to be displaced from its initial position. The displacement
direction is orthogonal to the tangent line passing through the initial S atom position, and the
S atom is protruding out the NT wall. Obviously, it is easier to follow such displacement from
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initial positions S1 and S4, which explains that the dopant formation energies are lower for
these cases. Formation energies of S dopants presented in Table 3 almost do not depend on
their concentration, unlike N dopants for which this dependence is noticeable, excluding
external N1 site.

Concentration of defects

Site 1.39% 2.78%

So No So No
1 2.47 3.39° 247 3.39°
2 2.89 3.49 2.90 4.10
3 3.43 3.51 3.47 4.15
4 2.62 3.51 2.62 3.39

"The lowest energies are shown in bold.

Table 3. Defect formation energy (in eV) of S and N dopants at 2.78% and 1.39% defect concentrations as calculated
using Eq. (4).

For the two sulfur dopant sites lying closer to the outer surface, sites S1 and S2 (Figure 14),
there is a negative shift in energy for both the bottom of CB and the top of the VB. In fact, there
is no difference between CB/VB positions of the pristine NT and the NTs containing S dopants
at the positions S3 and S4. Doping at positions S1 and S4 promotes the highest photocatalytic
enhancement, reducing the gap between the lowest unoccupied state and the highest occupied
state, from 4.19 eV to 3.14 eV (3.12 eV) vs. 3.08 eV (3.07 eV) for 1.39% (2.78%) defect concen-
trations, respectively. It means that sulfur atoms themselves do not provide sufficient rise of
photocatalytic activity. S-induced occupied levels have been found to be lower at 1.39%
concentration. Unlike S-doped NTs, N dopants do not induce any visible shift in positions of
the VB top and the CB bottom, levels are almost the same as in the case of the pristine structure.
N dopants, however, induce empty states inside the band gap. For 2.78% defect concentration
these empty states are not always higher than the highest occupied state. For N2 case, the
empty state is located below an occupied state and is very close to the VB top, which means
that in reality it will be easily occupied by electrons with similar energies.

Suitability of No+Sp codoped TiO, (101) NTs is likely noticeably higher than S and N mono-
doped ones. Indeed, in the latter, there are only four nonequivalent dopant positions
(Figure 14). However, after one dopantis already introduced, anumber of options for different
combinations of codopant positions appear. Due to limited computational resources, we have
decided to put S dopant in its preferable position, S1 (Figure 14 and Table 3). Therefore, in
every modelled codoped structure the S atom is fixed in position 1, while N dopants can be
inserted in different surrounding positions. Possible dimer-type sites for S+N codopants are
assigned by additional indexes for identification (Figure 15: “FR” stands for “front”, “B” for
“between”, “N” for “near” and “UND” for “under”).
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Figure 15. Possible sites for N dopant if S atom is located in position S1 (Figure 14), in the segment of 6-layer wall of
(-12,12) TiO, (101) nanotube [9].

Electronic diagram of six studied Ny+Sp codoped TiO, NT configurations with defect concen-
tration of 2.78% is shown in Figure 16. Obviously, (N3-S1)B and (N3-SI)N are identical
(Figure 15), and one of them (the latter) must be excluded from further consideration. The
general observation is that the enhancement of the photocatalytical efficiency of the simulated
structures may be expected. In four cases out of six, the lowest empty state is induced slightly
below the g 4  level (oxygen potential), and the highest occupied state is located between

the empty state and the VB top. The distances between the empty and the occupied induced
states are the smallest for (N1-S1); or (N4-51); configurations, which means that it might be
relatively easy for electrons to transfer to the empty state and, consequently, to overcome the

Epp i, ~ €0 H,0 interval between redox potentials (Figure 16). The general observation is that in

most cases S and N atoms have a tendency to be found closer to each other.
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Figure 16. Energy diagram for the band gap edges and mid-gap states of pristine and N+5 codoped TiO,(101) NTs.
Gray column correspond to pristine (-12,12) NTs while green columns from the second to the sixth from the left corre-
spond to (N1-S1)FR, (N1-51)B, (N2-S1)N, (N3-S1)B, (N4-S1)B and (N4-S1)UND codopants imaged in Figures 14 and 15
[9].

Based on the results of our calculations, we predict that S or N dopants alone introduced into
the 6-layer TiO, (-12,12) NT cannot result in a significant rise of photocatalytic response. For
instance, the N doping may induce empty mid-gap states that can disrupt the photocatalytic
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process. We found that defect concentration does not have a big impact on the electronic
structure of NTs under study; our results show that rise in defect concentration from 1.39% to
2.78% (of doping atoms per unit cell) practically does not shift the band gap edges and mid-
gap states induced by these defects. We show that the S+N codoping of titania NT can result
in enhancement of photocatalytic efficiency, at least qualitatively. At the same time, we have
to conclude that changes of titania NT electronic structure induced by codoping depend on
defect concentration.

5. Summary

1. Ina series of recent papers [5-9], we have formulated main goals of our studies:

a.

d.

To evaluate photocatalytic suitability of inorganic nanostructures, as a first step we
have considered SW titania anatase-structured (101) and (001) NTs, both pristine and
doped.

To justify application of computational methods of ground state ab initio DFT-LCAO
calculations, e.g., CRYSTAL code (periodic structures of different dimensionalities)
and TD DFT NWChem code (0D cluster structures), reliability of both models as well
as reliable choice of hybrid Hamiltonian.

To calculate the structural and electronic properties of nanomaterials under study in
order to estimate their mechanical durability and homogeneity, electronic structure
and photocatalytic efficiency.

To search for novel nanomaterials suitable for photocatalytic applications.

2. Main results obtained in our large-scale computer simulations:

a.

Both SW (001) and (101) titania NTs are suitable for photocatalytic applications:
although the latter is more stable energetically, the former possesses noticeably
higher chemical reactivity.

The necessary condition to achieve suitability of doped nanostructures for photoca-
talytic application is a proper disposition of band gap edges and impurity levels

relative to the redox potentials: eyg<éyon <€o i,0<€y: w, <€Lum <€cp where HOIL and

LUIL are the highest occupied and the lowest unoccupied impurity levels, respec-
tively.

The next condition for such a suitability is the absence of the impurity levels between
oxidation and reduction levels ¢ 4y o and ¢, iy respectively, in order to exclude

electron-hole recombination.

The best candidates for doping of titania NTs have been found to be N and S,
substitutes, however, Ny+S, codoping of TiO, NTs is certainly the best choice.
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3. Further activities in the field of theoretical simulations in order to evaluate photocatalytic
suitability of nanoelectrodes:

a. To look for the best nanomaterials, both NTs and NWs, we have already studied
SrTiO; NWs [59] and continue comprehensive simulations on ZnO NWs including
their doping.

b. To look for new types of defective structures of studied nanomaterials suitable for
photocatalytic applications, e.g., vacancies and cation dopants.

c. For better understanding of photocatalytic processes upon nanoelectrodes we are
beginning TD DFT calculations on their charged and excited states.

d. To study the charge transfer at the surface of doped nanoelectrodes immersed in
aqueous electrolyte we intend to perform large-scale nonadiabatic molecular
dynamics (MD) calculations.

This study has been supported by the EC project WATERSPLIT (ERA.Net RUS Plus project
No. 237). The authors are indebted to A.V. Bandura, P.N. D’yachkov, R.A. Evarestov, E. Spohr
and M. Wessel for stimulating discussions.
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