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Introduction

Titanium dioxide (TiO2) is a nontoxic, environ-
mentally safe, economically accessible, and eff ective 
functional material with a broad spectrum of appli-
cations.1—7 In the recent two decades, research-
ers worldwide have paid increasing attention to 
nanostructured TiO2, which is considered as prom-
ising as photocatalyst, photosorbent, and mate-
rial for nanoelectronics and photonics.8—12 Titanium 
dioxide is of particular importance for green chemis-
try methods of synthesis of organic compounds 
for medicine.13—19 Besides, there is considerable 
literature on nonstoichiometric titanium dioxide 
(TiO2–x), because it is reasonably assumed that, 
unlike stoichiometric TiO2, TiO2–x absorbs visi-
ble light including most part of solar light. In this 
connection, it is more appropriate to use TiO2–x 
instead of stoichiometric TiO2 as photocatalyst 
and photosorbent because the latter requires haz-
ardous UV light, which is economically unpro-
fitable. 

In this connection, in the text below we will ana-
lyze relevant publications and consider effi  cient 
methods for modifi cation (i.e., transformation) of 
stoichiometric TiO2 to nonstoichiometric TiO2–x 
with preservation of the nano state and large specifi c 
surface area. 

Methods for preparation of titanium dioxide 
with large specifi c surface area

Materials with large specifi c surface area can be 
prepared using various chemical and physical nano-
technologies, which are conditionally divided into 
two subgroups, viz., bottom—up (subgroup I) and 
top—down (subgroup II) methods.20 This classifi ca-
tion takes into account the key step at which a nano-
structure is formed. Subgroup I methods include 
those where nanoparticles are formed from atoms or 
ions. Similar processes occur when using additive 
technologies. Subgroup II methods include those 
used to obtain nanoparticles by brittle fracture and 
disintegration of bulk materials, coarse grains, and 
powder particles. These processes are typical of me-
chanical processing of materials. The subgroup I and 
II methods are primarily based on the chemical 
(synthetic) and physical (mechanical) approach, 
respectively. 

Titanium dioxide powders with large specifi c 
surface area are successfully obtained by both sub-
group I and II methods including hydrothermal 
synthesis10 and sol—gel technique17 (subgroup I) as 
well as high-energy ball milling of coarse-grained 
TiO2 powder (subgroup II). Electrochemical anod-
ization of titanium foil in a specifi c electrolyte9 can 
also be treated as a subgroup II method because 
excess titanium is removed from titanium foil, al-
though through electrochemical corrosion rather 
than by mechanical treatment. The process is ac-
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companied by the oxidation of titanium up to the 
higher oxide; however, regions at the Ti/TiO2 inter-
face contain nonstoichiometric titanium dioxide and 
Magnéli phases.21 

The widely used methods for large-scale prepara-
tion of titanium dioxide include, e.g., various mod-
ifi cations of chemical vapor synthesis. For instance, 
Degussa TiO2 nanopowders are obtained by combus-
tion of titanium tetrachloride in a gas phase, and 
materials thus fabricated contain diff erent amounts 
of nanoparticles with the rutile, anatase, and amor-
phous structure.22,23 Other practically important 
techniques include combustion of titanium tetra-
chloride in oxygen plasma,24 detonation synthesis 
using pyrolyzed titanium tetrachloride, oxygen, and 
hydrogen,25 synthesis of nanocrystalline titanium di-
oxide thin fi lms on the surface of other phases,26 syn-
thesis of nanocrystalline TiO2 fi lms by atomic layer 
de position using TiCl4 and H2O vapors on, e.g., the 
Al2O3 surface.27 In addition, the possibility of control-
ling the formation of titanium dioxide with specifi ed 
structure and crystallite size on heat treatment of 
amorphous titanium dioxide28 is of great importance.

Methods for modifi cation of titanium dioxide

Modifi cation (transformation) of titanium diox-
ide to nonstoichiometric TiO2–x is primarily aimed 
at creating point defects in the atomistic structure of 
the material, viz., structural vacancies in the oxygen 
sublattice. The emergence of oxygen vacancies causes 
changes not only in the atomistic structure of tita-
nium dioxide, but also in its electron and phonon 
spectra, which has strong impact on the functional 
optical properties of the material. The appearance 
of additional energy levels in the TiO2 band gap due 
to the eff ect of oxygen vacancies and Ti3+ ions un-
derlies a shift of the spectral response to the visible 
region and to eff ective narrowing of the band gap.29—32 
These changes in the electronic structure enhance 

the photocatalytic activity and photosorption under 
irradiation with visible light, which is useful for air 
and water cleaning from harmful impurities, and can 
be used in hydrogen energetics for hydrogen gen-
eration and in medicinal chemistry for green synthe-
sis of the available or new pharma ceuticals. 

The photocatalyst and photosorbent activity de-
pends on various parameters, such as the band gap, 
the specifi c surface area, the defect crystal structure, 
the concentration of active sites, and the excited-state 
lifetimes of electrons and holes. High performance 
of photocatalysts and photosorbents requires that the 
band gap be of at most 2—3 eV. In this case the vis-
ible light photon energy is high enough for absorption 
and activation of the photocatalyst. Besides, sup-
pression of radiative transitions in the electron-hole 
subsystem of semiconducting TiO2–x causes an in-
crease in the catalytic and sorption capacity and an 
increase in the yield of the target reaction product 
in the case of synthesis of organic compounds. Thus, 
the optimal parameters of titanium dioxide nanoma-
terials include the specifi ed degree of nonstoichio-
metry, band gap, developed surface, high concentra-
tion of active sites, long excited-state lifetimes 
of electrons and holes, and minimum probability of 
radiative transitions. Design of such materials is 
topical for materials science (Table 1).

High-energy ball milling in planetary mills

High-energy ball milling of coarse-grained pow-
der of stoichiometric titanium dioxide is an effi  cient 
method for nanostructuring and modifying the ma-
terial. This is a readily available technique which 
does not require expensive reagents. When perform-
ing high-energy ball milling, powder particles are 
crushed into much smaller ones that can be as small 
as a few nanometers in size. The number of powder 
particles thus increases millions of times. Fragmen-
tation of particles and changes in their morphology 

Table 1. Fields of application of coarse-grained and nanostructured stoichiometric TiO2 as well as nanostructured modifi ed TiO2–x 

Titanium dioxide Selected characteristics of chemical compound Fields of application

Coarse-grained TiO2 Pigment, with small specifi c surface area Construction, paints, including zinc paints
Nanostructured TiO2 Nanostructured, with large specifi c surface area Photocatalysis and photosorption
   under UV irradiation
Nanostructured TiO2–x Nanostructured, with large specifi c surface area Photocatalysis and sorption under
  and effi  ciently narrowed band gap irradiation with visible light, nanoelectronics,
   hydrogen generation, medicinal chemistry
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can be accompanied by various processes including 
the formation of structural defects and phase trans-
formations. In addition, certain phases that cannot 
form under ambient conditions are accessible by ball 
milling. Co-existence of several diff erent nanophases 
of titanium dioxide in a support can be used to opti-
mize the performance of catalysts by tuning elec-
tronic and geometric eff ects. Thus, high-energy ball 
milling is actually an effi  cient method for preparation 
of mixtures of titanium dioxide nanopowders with 
developed surface and modifi ed properties. 

The authors of a recent study11 on modifi cation of 
titanium dioxide by high-energy ball milling used the 
following raw materials: rutile R0 (Component-
Reaktiv, Russia; rutile : anatase = 96 : 4 w/w) and anat-
ase A0 (Sigma—Aldrich; anatase : rutile = 98 : 2 w/w, 
purity 99.8%). A Retsch PM 200 planetary mill with 
jars and grinding balls made of high-strength oxide 
ceramics to prevent the formation of non-oxide 
impurities in the course of milling was used. 

An analysis of experimental data for rutile showed 
that milling causes the particle size to decrease 
while the specifi c surface area to increase from 8 to 
36 cm2 g–1. Milling of anatase induced phase trans-
formations and the formation of several titanium 
dioxide phases (a high-pressure phase, monoclinic 
anatase, and rutile), as well as variation of the coher-
ent scattering region and an increase in the specifi c 
surface area from 8 to 45 cm2 g–1. The introduction 
of defects into the system during ball milling was 
established and confi rmed by X-ray photoelectron 
spectroscopy (XPS), transmission electron micro-
scopy (TEM), and Raman spectroscopy. It was also 
found that the defects have a positive eff ect on the 
photosorption properties of the material. 

In addition, milling is accompanied by an increase 
in the number of grain boundaries and interfaces, which 
leads to an increase in the surface energy of the 
powder, enhancement of the adsorption properties, 
and stability of catalysts. The materials synthesized 
in this work using the simple and profi table method 
of high-energy ball milling possess unique properties 
and phase composition and can play a sig nifi cant role 
as components of photocatalysts and photosorbents.

Electrochemical synthesis. Anodic oxidation

Nanostructured TiO2 is often synthesized by 
a simple electrochemical anodization method. Ac-

cor ding to this method, the metal (e.g., titanium) is 
anodized in the electrochemical system, which initi-
ates the oxidation reaction Me  Men+ + ne–.

The anodic oxidation method allows one to tune 
the morphology (nanotube length and the inner and 
outer diameters) and structure of the resulting TiO2 
nanotubes by varying the synthesis parameters, e.g., 
the electrolyte composition, water content, medium 
pH, current density and voltage, anodization time 
and temperature, and the number of reaction steps 
in the overall process. Thus, at present it is possible 
to fabricate coatings based on titanium dioxide nano-
tubes of diff erent morphology, structure, and prop-
erties9 for solving particular problems from photo-
catalysis to the design of memristor structures. The 
synthesized nanotubular TiO2 has amorphous struc-
ture, the fi lm morphology being dependent on the 
kinetics and conditions of the electrochemical pro-
cess. By tuning the synthesis parameters one can 
obtain both ordered nanotubes and porous arrays and 
disordered nanotube bundles. An effi  cient method 
for varying the atomistic and electronic structure of 
TiO2 is to induce nonstoichiometry in the material, 
viz., to form structural vacancies in the oxygen sub-
lattice, which leads to a shift of the spectral response 
to irradiation with visible light and to effi  cient 
narrowing of the band gap. 

The appearance of atomic defects in the amor-
phous network is followed by the formation of 
allowed energy levels in the TiO2 band gap, which 
in turn causes the absorption of visible light 
with λ ~450 nm. An analysis of the diff usion refl ec-
tance spectra using the Kubelka—Munk function 
showed that band gap of the nanotubular TiO2 fi lm 
is Eg = 3.3 eV (anodization time 120 min). In ad-
dition, the X-ray photoelectron spectrum of the 
synthesized amorphous nanotubular film exhi-
bited an additional doublet corresponding to the 
Ti3+ ion.

Figure 1 presents the energy band structure of 
nonstoichiometric titanium dioxide. The impurity 
levels act as electron acceptors, the band gap of 
stoichiometric TiO2 is about 3.3 eV (cf. ca. 2.8 eV 
for nonstoichiometric TiO2–x). More effi  cient ab-
sorption of visible light owing to the presence of 
oxygen vacancies in the structure is due to narrowing 
of the band gap. This has strong eff ect on photo-
catalytic and photosorption activity of the fi lm upon 
irradiation with visible light. 
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Annealing in diff erent atmospheres

Heat treatment of nanostructured titanium diox-
ide is usually performed in air or in gaseous media 
(N2, O2, or an N2—H2 mixture). Annealing changes 
not only the morphology, structure, and phase com-
position, but also the functional properties of tita-
nium dioxide, primarily due to the induction of 
nonstoichiometry. Structural vacancies formed dur-
ing heat treatment have a crucial eff ect on the opti-
cal and photocatalytic properties of the entire mate-
rial. The authors of Ref. 33 were the fi rst who proved 
the deviation from stoichiometry, viz., the presence 
of oxygen structural vacancies in the anodized nano-
tubular TiO2 structures after high-temperature an-
nealing. They reported that the oxide layer contained 
oxides with titanium in diff erent charge states (Fig. 2). 
More recently,34 an XPS examination of the com-
position of a TiO2 nanotubular layer grown by an-
odization in an electrolyte containing water (0.3—
2.4 mol L–1) and NH4F (0.015—0.17 mol L–1) re-
vealed the formation of nonstoichiometric titanium 
oxide TiO2–x containing mainly Ti4+, a noticeable 
concentration of Ti3+, and a small amount of Ti2+ 
ions. A study of the eff ect of the content of H2O and 
NH4F on the morphology and properties of the bar-
rier layer of TiO2 nanotubes grown by potentiostatic 
anodization35 demonstrated an increase in the con-
centration of Ti3+ and Ti2+ ions with increasing 
NH4F concentration in the electrolyte from 0.05 to 
0.2 mol L–1. It was also shown that as the content of 
water in the electrolyte increases from 1 to 50%, the 

proportion of the suboxides in the fi lm to decreases. 
In addition, the chemical structure of a material 
depends strongly on its morphology. As the nanotube 
pore diameter decreases from 140 to 20 nm, the 

Fig. 1. Energy band structure of titanium dioxide with the oxygen vacancy defect level. 
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surface-area-to-volume ratio (and, therefore, the 
surface area of active sites) increases, which leads to 
greater dissociation of Ti+4 into Ti+3 under high-
temperature annealing and thus to higher content of 
nonstoichiometric defects like Ti3+ and oxygen 
vacancies in the 3D TiO2 nanotubes.36 

Main fi elds of application 
of modifi ed nanostructured titanium dioxide

Modifi ed nanostructured titanium dioxide (TiO2–x) 
is a nontoxic, environmentally safe, economically 
accessible, and effi  cient functional material with 
a broad spectrum of applications. In particular, 
stoichiometric and nonstoichiometric titanium di-
oxide nanotubes have attracted increasing attention 
of researchers worldwide in connection with pros-
pects for their application as photocatalysts for high-
performance synthesis of organic compounds based 
on green chemistry principles. 

Considering the rapidly developing area of me-
dicinal chemistry, mention should be made of the 
design of heterogeneous catalysts for oxidation, re-
search into new substrates, as well as search for the 
addition—oxidation reactions, halogen-free reac-
tions, one-pot reactions proceeding under mild 
conditions, and the development of compounds for 
bioassays.8,13—19 In this connection, noteworthy are 
the studies headed by O. N. Chupakhin37—39 that 
are aimed, among other things, at developing new 
compounds for medicine. 

Memristor structures are usually fabricated using 
advanced and expensive molecular beam epitaxy and 
chemical vapor deposition methods. In this connec-
tion, it seems promising to develop a nanotechnology 
for combining, on the atomic level, stoichiometric 
and nonstoichiometric (with respect to oxygen) layers 
of a semiconductor or dielectric sandwiched between 
metallic electrodes. It was reported9 that the memris-
tive behavior in nanostructures of nonstoichiometric 
titanium dioxide (TiO2–x) is usually provided by the 
mobility of cationic and anionic vacancies in the 
dielectric layer, while the thickness and defectiveness 
of this layer determine the electrical resistance of the 
structure in the low-, high-resistance, and interme-
diate states. The possibility to form and control the 
intermediate conductive states of memristor struc-
tures based on TiO2 nanotube arrays in a wide range 
of changes in charge carrier mobility off ers prospects 
for their application as a solid-state physical model 

of a synapse with high plasticity. In turn, this can be 
used for fabrication of effi  cient functional media for 
solid-state implementations of neurocomputing 
systems and artifi cial neural networks.9 

Modifi ed titanium dioxide can also be used for 
environmental protection purposes and CrVI disposal. 
Hexavalent chromium is a human carcinogen which 
is present in, e.g., industrial wastewater including 
waste water from metallurgical enterprises. The sorp-
tion properties of titanium dioxide depend strongly 
on the method of synthesis, on the specifi c surface 
area governed by the particle size, and on the par-
ticular crystalline modifi cation. High-energy ball 
milling is a relatively simple one-step method for 
preparation of modifi ed titanium dioxide with high 
sorption capacity. It was reported that high-energy 
ball milling of titanium dioxide improves the sorption 
of СrVI ions and it was established that CrIII is sorbed 
on the ground TiO2 much better than CrVI in a weak 
acidic medium (рН 4—6).12 The presence of acetate 
buff er solution has positive eff ect on the sorption of 
total chromium and on the possibility to remove 
hexavalent chromium.

Conclusions

The functional properties of modifi ed titanium 
dioxide are still far from being optimal; therefore, 
further studies of the mechanisms of photocatalytic 
reactions and photosorption are needed. Detailed 
studies of reaction mechanisms should be followed 
by targeted modifi cation of the atomistic structure 
and morphology of titanium dioxide to signifi cantly 
improve the functional properties of the material.
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