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A B S T R A C T

Anatase nanoparticles containing surface oxygen vacancies (VO) and Ti3+ are of great importance for applica-
tions in photocatalysis, batteries, catalysis, sensors among other uses. The properties of VO and their dependence
on the size of nanoparticles are of great research interest and could allow obtaining advanced functional ma-
terials. In this work, a complete set of oxygen vacancies in an anatase nanoparticle of size 1.1 nm was in-
vestigated and compared to those of a twice larger nanoparticle, having the same shape and surface hydro-
xylation pattern. It turned out that the decrease in the size of the anatase nanoparticle strongly facilitated
creation of surface oxygen vacancies and Ti3+. After their creation, oxygen vacancies undergo three transfor-
mation paths — (1) small repulsion of surrounding Ti cations with retention of the vacancy, (2) transfer of
oxygen anion, leading to the movement of oxygen vacancy to a more stable position, and (3) collapse of oxygen
vacancy accompanied by structure deformation towards Magneli-like phase.

1. Introduction

Nanoparticles of titanium dioxide containing surface oxygen va-
cancies and other inherent defects such as Ti3+ and interstitial atoms
represent great interest from fundamental point of view as well as for
various applications in catalysis [1], photocatalysis [2,3], electro-
chemistry [4], sensors [5], batteries [6] and other fields. Introduction of
oxygen vacancies into TiO2 results in such physical changes as creation
of empty space that can be occupied by some other species, appearance
of intraband energy levels, visible light absorption and increased con-
ductivity [7]. These fundamental properties are important to greatly
improve the functional properties of TiO2 [8].

Further progress in creation of advanced TiO2-based materials
containing oxygen vacancies depends on the development of prepara-
tion methods and methods of characterization of intrinsic defects. The
methods of preparation employ oxidation of metallic titanium [9], re-
duction of TiO2 with NaBH4 [10] or hydrogen [11], vacuum or inert gas
thermal treatment of TiO2 [12,13]. To date, experimental methods of
characterization of oxygen vacancies include high resolution trans-
mission electron microscopy (HRTEM), electron paramagnetic re-
sonance (EPR or ESR), X-ray photoelectron spectroscopy (XPS), elec-
trochemical measurements and positron annihilation lifetime

spectroscopy (PALS) [14]. However, these methods provide mostly in-
tegral characteristics related to all vacancies in the sample while de-
tailed information on vacancies in specific locations such as vertices,
edges and planes of the sample surface remains hidden.

Hence, computational quantum mechanical research on oxygen
vacancies in TiO2 has been remaining the most direct and informative
method of characterization for single and multiple oxygen vacancies
[15]. Two major models of TiO2 are used — periodic and cluster.
Popular Density Functional Theory (DFT) approximations and ap-
proaches are typically used for modeling. However, it turned out that
changes in the type of functional (LDA, GGA, hybrid) and even in U
parameter for GGA cause strong changes in atomic structure of oxygen
vacancies, and in their energy of formation and electronic properties
[16–18]. There is also a significant effect of the slab size on properties
of oxygen vacancies [17,19]. Hence, the choice of the optimal com-
putational method has remained a challenge [20].

Detailed studies on varieties of oxygen vacancies existing in surface
and subsurface layers of atoms in TiO2 are rather scarce with the ma-
jority of publications dealing with below 10 variants [21]. A pleasant
exception is the work by Deskins et al. [18] who studied 49 variants of
oxygen vacancies in three surface layers of atoms in rutile (110) sur-
face. The importance of the exact location of oxygen vacancies was
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demonstrated by experimental studies, which showed that the location
of oxygen vacancies can exert strong influence on photocatalytic ac-
tivity of TiO2 [14,22,23]. Oxygen vacancies can serve as trap centers for
photogenerated electrons and increase thereby separation of photo-
generated charges [24]. Experimentally, deep (around 1.2 eV below
Fermi level) and shallow (around 0.2 eV below Fermi level) gap states
were found in (101) surface terminated anatase nanoparticles, which is
the dominant surface in anatase [25]. The nature of these states was not
clear; neither the locations of oxygen vacancies with the highest sta-
bility were known.

There are only few computational studies dealing with oxygen va-
cancies in TiO2 nanoparticles. Morales-Garcia et al. [26] investigated
six oxygen vacancies in anatase nanoparticle (TiO2)84 with size about
3 nm and found that the energy of formation of VO depends on their
location and strongly changes for different functionals (PBE, PBEx,
PBE0). Morita and Yasuoka [27] studied 13 oxygen vacancies in ana-
tase nanoparticles (TiO2)35 and (TiO2)165 of the same shape with PBE
and HSE06 functionals and also found large differences up to 2.19 eV
for the energy of formation of VO. Therefore, it is imperative to widen
this branch of research on oxygen vacancies in TiO2.

Previously we found that semiempirical method pm6 adequately
describes oxygen vacancies in a TiO2 anatase nanoparticle with facets
(101) and (001) and size 2.0 nm [28]. It was revealed that the enthalpy
of formation of oxygen vacancies depends strongly on their location in
the nanoparticle. In the present work, we extent our study to anatase
TiO2 nanoparticle with the same shape and size 1.1 nm in order to
elucidate the size effect on the properties of oxygen vacancies.

2. Methods of computations

Decahedral nanoparticle of anatase designated Ti22r1 with exposed
facets (001) and (101) and size 1.1 nm measured as the distance be-
tween opposite vertices between facets (001), (101) and (101) was
investigated in the present study. This nanoparticle of formula
(TiO2)29(H2O)4 contains 99 atoms and is one of the smallest anatase
nanoparticles: its XRD pattern contains only wide peak of planes [101]
and faintly seen peaks for planes [105]+ [211] and [204] [29].
Structure, electronic absorption spectrum and electronic properties of
this nanoparticle have been reported elsewhere [30,31]. Overall ap-
pearance of this nanoparticle atomic structure after complete optimi-
zation with pm6 method is shown in Fig. 1A.

Semiempirical method pm6 that is based on the Hartree-Fock theory
was used for all quantum chemical computations of the present study
[32]. Applicability and precision of this method for modeling of solid
state materials was tested before [33]. The precision for computations
with pm6 of the enthalpy of formation of anatase nanoparticles and
their structure was recently studied [34,35]. It was found that pm6
computations provide good agreement with experimental data for bulk
and nanosized anatase.

More recently, applicability of pm6 method was tested for the for-
mation of oxygen vacancies (VO) in anatase nanoparticle [28]. Gen-
erally, good agreement was found for results of pm6 method with
higher level density functional theory GGA and hybrid functionals re-
sults.

Methodology of the present study includes the formation of single
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Fig. 1. Structure of the initial TiO2 nanoparticle (A) and location of oxygen vacancies in the top (B), second (C) and third (D) atomic layers. Atoms colors: gray — Ti,
red — O, white — H. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

V.S. Drozd, et al. Solid State Ionics 339 (2019) 115009

2


	Oxygen vacancies in nano-sized TiO2 anatase nanoparticles
	Introduction
	Methods of computations


