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This work presents a comparative study of point defects in three TiO2

polymorphs: anatase, rutile, and brookite. Open volume point defects were
characterized using the positron annihilation spectroscopy combined with
ab initio calculations of positron lifetimes. The TiO2 polymorphs have
been investigated in the form of polycrystalline powders and nanopowders.
Polycrystalline and nanocrystalline TiO2 powders contain vacancies, va-
cancy clusters, and nanoscopic pores in which positronium forms. Anatase
has the most open structure and exhibits the longest positron lifetimes. In
contrast, the shortest positron lifetimes were observed for rutile.
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1. Introduction

Titanium dioxide (TiO2) is a photocatalytic material that facilitates en-
vironmentally important chemical reactions such as the splitting of water
to produce hydrogen [1]. At atmospheric pressure, TiO2 naturally occurs
in three polymorphs: rutile (tetragonal), anatase (tetragonal), and brookite
(orthorhombic). While rutile is the stable phase, both anatase and brookite
are metastable and transform irreversibly to rutile at elevated tempera-
tures [2]. Both rutile and anatase have distinct properties that make them
suitable for various medical applications, particularly in areas such as drug
delivery [3, 4], antibacterial coatings [5], and biosensing [6]. Anatase is rec-
ognized for its superior photocatalytic activity compared to rutile, making
it valuable for applications in environmental remediation and antibacterial
surfaces. The photocatalytic mechanism involves generating reactive oxygen
species that can disinfect surfaces and reduce bacterial load, which is crucial
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in preventing device-related infections and combating antibiotic-resistant
bacteria [6]. Rutile is used in the development of biomedical implants due
to its biocompatibility and low allergenicity [7].

Since functional properties, e.g. catalytic activity of TiO2, are strongly
influenced by point defects [8], it is important to characterize point defects
in TiO2. The positron annihilation spectroscopy (PAS) [9] using positron or
positronium (Ps) [10] as a probe of open-volume defects is a powerful tool for
defect studies in solids. PAS has been employed for the characterization of
point defects in rutile [11] and anatase [12]. However, no comparative PAS
study of open volume point defects in TiO2 polymorphs has been done so
far. This work presents the results of PAS characterization of open-volume
point defects in rutile, anatase, and brookite.

2. Experimental

The TiO2 polymorphs were investigated in the form of polycrystalline
and nanocrystalline powders prepared by sol-gel synthesis. The investigated
samples are described in Table 1.

Table 1. List of samples studied. Polycrystalline powders have grain size of the
order of 10 µm, nanopowders have grain size smaller than 100 nm. The last column
shows lattice parameters determined by XRD.

Sample Description Phase Lattice parameters [Å]
R-POLY polycrystalline powder rutile a = 4.59510(1)

Merck 204730 c = 2.95965(1)

R-NANO nanopowder rutile a = 4.5968(1)

Merck 637262 c = 2.9596(1)

A-POLY polycrystalline powder anatase a = 3.78634(2)

Merck 2322033 c = 9.51731(6)

B-NANO nanopowder brookite a = 5.1370(2)

Merck 791326 b = 5.4519(2)

c = 9.1766(4)

The phase composition of samples was determined by X-ray diffraction
(XRD) using CuKα radiation and a Bruker D8 Discover diffractometer with
the 1D Lynx-Eye detector. The lattice parameters and phase composition
were determined by Rietveld analysis of XRD patterns using TOPAS V5
code [13].
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A 22Na radioisotope with activity of 1 MBq deposited on a 7 µm Kapton
foil was used as a positron source. It was placed in the center of a cylindrical
chamber with the diameter of 10 mm and height of 5 mm filled with mea-
sured powder so that all positrons emitted from the source are stopped in
the measured powder. The chamber was completely filled with the measured
powder and sealed. No external pressure was applied, and the chamber was
not evacuated. The loose powders were measured under atmospheric pres-
sure. The positron lifetime measurements were carried out using a digital
spectrometer [14] with the time resolution of 145 ps (FWHM of resolution
function). At least 107 positron annihilation events were collected in each
positron lifetime spectrum. The source contribution consisting of a compo-
nent with the lifetime of 380 ps and intensity of 10% was determined using
a procedure described in Ref. [15], and was always subtracted from positron
lifetime spectra. Decomposition of positron lifetime spectra into individual
components was done using a PLRF19 code [16].

3. Theoretical modeling

Positron lifetimes were calculated within the two-component density
functional theory using the so-called standard scheme [17] and employing
the code described in Refs. [18, 19]. First, the electron density n−(r) in
the crystal without positron was calculated. Subsequently, the ground-state
positron wave function ψ+(r) and the energy eigenvalue E+ were calculated
by solving the single-particle Schrödinger equation

−1

2
∇2ψ+(r) + V+(r)ψ+(r) = E+ψ+(r)

for positron in an effective potential

V+(r) = ϕ(r) + Vxc[n−]

consisting of the Coulomb potential ϕ(r) produced by the charge distribution
of electrons and nuclei and the electron–positron exchange-correlation func-
tional Vxc[n−] in the limit of vanishing positron density [17]. The positron
lifetime τ was calculated as the inverse of the overlap integral of the electron
density n−(r) and positron density n+(r) = |ψ+(r)|2 using the equation

τ =

{
πr2ec

∫
n−(r)n+(r)γ[n−] dr

}−1

,

where re and c stand for the classical electron radius and the speed of light,
respectively. The enhancement factor γ[n−] accounts for an increase in the
electron density at the site of the positron [17]. We used the local density
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approximation of γ[n−] and Vxc[n−] parametrized by Boroński and Niemi-
nen [20] with a correction for incomplete positron screening in semiconduc-
tors [21].

The tetragonal structure (space group P42/mnm ) with lattice parame-
ters a = 4.596 Å and c = 2.960 Å was considered for rutile. Point defects
were modeled using 4×4×4 supercell (128 Ti and 256 O atoms). In the case
of anatase the calculations were done using the tetragonal structure (space
group I41/amd) with lattice parameters a = 3.786 Å and c = 9.517 Å. De-
fects were modeled using 4 × 4 × 4 supercell (256 Ti and 512 O atoms).
The orthorombic structure (space group Pbca) with lattice parameters a =
5.1371 Å, b = 5.4521 Å, and c = 9.1774 Å was considered for brookite.
Defects were modeled using 4× 4× 4 supercell (512 Ti and 1024 O atoms).
Ion relaxations were not considered. Convergence tests with respect to the
supercell size showed that calculated positron lifetimes are converged within
0.1 ps.

4. Results

Table 2 shows the calculated lifetimes of positrons annihilated in the free
state (bulk) and trapped at various defects in the three TiO2 polymorphs.
The following defects were considered for each phase: oxygen vacancy (VO),
titanium vacancy (VTi), titanium and oxygen divacancy (VTi + VO), and
VTi + 2VO complex consisting of VTi and two VO in the nearest neighbor
sites, i.e. missing TiO2 unit. The calculated positron binding energy for
each defect is included in Table 2 as well. The bulk positron lifetimes for
the three TiO2 polymorphs are significantly different. Anatase has the most
open structure reflected by the longest bulk positron lifetime, while rutile has
the shortest bulk positron lifetime. Figure 1 (a) shows that the bulk positron
lifetime linearly increases with increasing cell volume per TiO2 unit.

Table 2. Calculated lifetimes of free positrons (bulk) and positrons trapped at
various defects in the three TiO2 polymorphs. The calculated positron binding
energies EB for various defects are listed in the table as well.

Rutile Anatase Brookite
τ [ps] EB [eV] τ [ps] EB [eV] τ [ps] EB [eV]

bulk 144 — 174 — 156 —
VO 146 0.02 175 0.01 158 0.01
VTi 168 1.25 184 0.58 173 0.96
VTi +VO 191 1.60 208 0.88 199 1.32
VTi + 2VO 211 1.89 232 1.14 214 1.53
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Fig. 1. (a) Calculated positron lifetimes plotted as a function of the cell volume per
TiO2 unit; (b) the mean radius of nanoscopic pores in the TiO2 powder samples.

The positron lifetimes calculated for VO are very close to the bulk
positron lifetimes and positron binding energies to VO are negligible. Hence,
VO are too shallow potential wells incapable of positron confinement and VO

are “invisible” for positrons. On the other hand, VTi is a deep positron trap
with positron binding energy of 0.58–1.25 eV depending on the polymorph.
The calculated lifetime of positrons trapped in VTi is significantly longer
than the bulk positron lifetime and also linearly increases with the cell vol-
ume. VTi + VO and VTi + 2VO complexes are even deeper potential wells
and the calculated positron lifetimes are further prolonged. Similarly to VTi,
the lifetime of trapped positrons linearly increases with the cell volume per
TiO2 unit.

The positron lifetime spectra measured in all TiO2 powder samples can
be well described by three components summarized in Table 3. The life-
times of all components are higher than the corresponding bulk lifetimes.
It indicates that concentration of defects in the powders is so high that

Table 3. Results of the positron lifetime measurements for TiO2 powders: life-
times τi and relative intensities Ii of the components resolved in the positron life-
time spectra.

Sample τ1 [ps] I1 [%] τ2 [ps] I2 [%] τ3 [ns] I3 [%]
R-POLY 178(3) 38(1) 354(3) 60(1) 3.8(1) 2(1)
R-NANO 215(4) 39(2) 397(4) 58(2) 3.82(7) 3(1)
A-POLY 200(10) 10(1) 372(2) 88(1) 4.2(1) 2(1)
B-NANO 229(3) 21(2) 423(3) 76(2) 3.83(8) 3(1)
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all positrons are trapped at defects. The first component with lifetime τ1
can be attributed to vacancy-like defects. The lifetime τ1 is close to the
lifetimes calculated for VTi +VO or VTi +2VO complexes. Hence, the com-
ponent τ1 comes from positrons trapped at VTi which are likely associated
with one or two VO. The longer component with lifetime τ2 comes from
positrons trapped at large defects, namely the vacancy clusters correspond-
ing to several missing Ti and O ions. High intensity I2 of this component
indicates that the vacancy clusters represent the dominating type of defects
in polycrystalline and nanocrystalline powders. The long-lived component
with lifetime τ3 comes from the pick-off annihilation of ortho-positronium
(oPs) formed inside internal cavities [10]. The presence of this component
confirms that TiO2 powder samples contain nanoscopic pores. Supposing
that the nanoscopic pores have a spherical shape, their mean radius, R,
can be estimated from the lifetime τ3 using the Tao–Eldrup model [22, 23].
Figure 1 (b) shows that mean pore radius R increases approximately expo-
nentially with the cell volume per TiO2 unit.

Note that some positrons can diffuse to the grain surface and form Ps by
picking up an electron on the surface. The Ps atom formed on the surface is
then emitted into the free space among the grains. To estimate the fraction
of positrons that can reach the grain surface by diffusion, let us consider
a polycrystalline powder with a mean grain size d ≈ 10 µm. The mean
positron diffusion length in defect-free semiconductors is typically in the
range of 100 nm [24]. However, the powders studied in our experiment con-
tain a very high concentration of defects, as evidenced by saturated positron
trapping. Therefore, the actual positron diffusion length L+ in the mea-
sured powders is shortened down to an order of magnitude lower value,
around 10 nm. The fraction f of positrons that can reach the grain surface
by diffusion within a grain is determined by the ratio of the volume of the
sub-surface region with a thickness of ts to the net volume of the grain,
f = πd2ts/

1
6πd

3 = 6ts/d. Assuming that positrons can reach the surface by
diffusion from a sub-surface layer with a thickness of ts ≈ 3L+ ≈ 30 nm, one
gets a fraction of 2% of positrons diffusing to the grain surface. Nanocrys-
talline powders are made up of grains that are around 100 nm in size. How-
ever, these nanocrystalline grains are clumped together into particles that
consist of several grains. The average size of these particles is similar to
the grain size of polycrystalline powders. Therefore, in nanocrystalline pow-
ders, the fraction of positrons that reach the surfaces of particles and form
Ps there is comparable to that in polycrystalline powders.

However, since we measure loose powders, the size of free volumes among
particles is comparable to the particle size, i.e. it is of the order of a few µm.
In these large open volumes, o-Ps is predominantly annihilated by three-
gamma self-annihilation, resulting in annihilation photons with energy lower
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than 511 keV, which does not match the energy window of the spectrometer
adjusted to the energy of 511 keV. As a result, the three-gamma annihilations
are not visible in the present experiment. Additionally, the o-Ps lifetime in
the micron-size free volumes among particles approaches the vacuum value of
142 ns, which is two orders of magnitude higher than the lifetimes measured
for our powders. This indicates that the o-Ps lifetimes listed in Table 3
correspond to the two-gamma pick-off annihilation of o-Ps localized in small
nanoscopic pores inside powder particles.

5. Conclusions

Positron lifetimes for different TiO2 polymorphs are significantly differ-
ent and linearly increase with the cell volume per TiO2 unit. Polycrystalline
and nanocrystalline powders of all TiO2 polymorphs contain vacancy clus-
ters as a dominating type of defects and, in addition, also nanoscopic pores
in which positronium is formed. The mean size of nanoscopic pores expo-
nentially increases with the cell volume per TiO2 unit.

This work was supported by the Czech Science Foundation (project 22-
21547S). Computational resources for ab initio calculations were supplied
by the e-INFRA CZ project (ID:90140), supported by the Ministry of Edu-
cation, Youth and Sports of the Czech Republic.
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