
54

Âåñòíèê ãåîíàóê, ÿíâàðü, 2022, ¹ 1

Introduction

Great attention is devoted to the study of photocat-
alytically active materials [1], which is associated with the 
urgency of the problem of air and water purifying from 
harmful substances of organic origin, creating self-clean-
ing surfaces, as well as the disposal of environmentally 
hazardous toxic organic substances. Due to the chemical 
resistance and stability of the titanium dioxide-based ma-
terials properties, they are of great practical importance 
for this field of application. Due to its zone structure tita-
nium dioxide shows photocatalytic properties when ex-
posed to electromagnetic radiation of the UV range, which 
allows using only about 4 % of the radiation intensity of 
sunlight. In [2] the doping of titanium dioxide with noble 
metal nanoparticles was proposed, which led to an in-
crease in the number of electrons and holes generated in 
the UV/Visible range and correspondingly to an increase 
in photoactivity. Theoretical calculations showed the 
change in the density of electronic states for nanostruc-
tures of such oxides as MgO, TiO2, etc. [3, 4]. 

It was shown [5] that titanium dioxide nanotubes syn-
thesized from natural raw materials were an effective pho-
tocatalytic reactor and could be considered as an alterna-

tive to the currently used commercial analogs. The results 
of the study of photocatalytic activity of synthesized tita-
nium dioxide nanostructures on the example of organic 
pollutants decomposition reaction in an aquatic environ-
ment were presented, the reaction constants were calcu-
lated with the Langmuir-Hinshelwood model. This paper 
shows redistribution of electrons in low-dimensional ox-
ide structures and influence of geometry of the photocat-
alytic nanoreactor (one-dimensional titanium oxide nano-
structures) on its activity. 

Experimental

The starting material is mainly a mixture of two high 
crystallinity phases: rutile and quartz (from the concen-
trate of titanium ore of the Pizhemskoe deposit, Russia). 
Weak reflexes of clay minerals, ilmenite, and anatase are 
present. The chemical composition (wt. %) is represented 
by TiO2 — 42.12, SiO2 — 46.57. Iron, aluminum oxides, etc. 
are in small amounts.

The titanium dioxide nanotubes were synthesized 
from natural raw materials by the method developed by 
the authors [6]. The shape and size of the starting mate-
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rial and synthesized samples were investigated by scan-
ning electron microscopy (TESCAN Vega 3). The chemical 
composition was determined by the X-ray fluorescence 
method (Shimadzu XRF-1800).

Results and discussion

The phase composition of the synthesized sample is 
represented by quartz and a low-crystallinity phase cor-
responding to the formed one-dimensional titanium ox-
ide nanostructures identified as sodium-containing hy-
drated titanate (H2-xTi3O7). SEM images (Fig. 1) allow es-
timating the geometric parameters of the obtained one-
dimensional nanostructures: outer diameter is about 
50–115 nm, length is 5–6 µm. The chemical composition 
(wt. %): TiO2 — 74.68, SiO2 — 12.64, Fe2O3 — 5.44, Al2O3 — 
4.71, Na2O — 0.14. Other elements are present in small 
amounts, which concentration and composition depend 
on the starting raw material and synthesis conditions.

Structural transformation at the nanoscale — the for-
mation of titanium dioxide nanotubes from natural raw 
materials — leads to a decrease in the bandgap width: 
2.4 eV for titanium dioxide nanotubes in contrast to ana-
tase (3.2 eV). In [2] a similar effect was achieved by dop-

ing with gold (or silver) nanoparticles, which formed ad-
ditional states in the bandgap, and, as a consequence, there 
was a shift of the absorption towards the visible radiation 
and enhancement in the electron-hole pair generation 
processes. 

In the case of structural transformation, the shift of 
the absorption towards visible radiation and the activa-
tion of electron-hole pair formation (i.e., reactivity) and 
catalytic activity are achieved due to a higher proportion 
of surface atoms as well. When considering the absorption 
of various types of radiation by titanium oxide nanostruc-
tures, we can assume that the proportion of surface atoms 
equals 100 %, i. e., assume that absorption occurs through-
out the nanoparticle (Fig. 2a). In addition, the wave func-
tions describing the electronic states in one-dimensional 
nanostructures are limited to one direction, which is dic-
tated by their geometry (nanotubes can be considered one-
dimensional objects) [7]. Near the upper boundary of the 
valence band and the lower boundary of the conduction 
band, the distribution of density of electronic states takes 
on a discretization (Fig. 2b).

The isomorphic iron impurity is a natural ligand (dop-
ing atom), due to which an additional allowed state ap-
pears inside the bandgap [8].

Fig. 1. Titanium dioxide nanotubes

Рис. 1. Нанотрубки диоксида титана

Fig. 2. Absorption of electromagnetic radiation by one-dimensional nanoparticles (a); discretization of the electron state density 
distribution in nanoparticles and appearance of midgap state inside the bandgap due to isomorphic impurities (b)

Рис. 2. Поглощение электромагнитного излучения одномерными наночастицами (a); дискретизация распределения 
плотности электронных состояний в наночастицах и появление дополнительных разрешенных уровней внутри запре-

щенной зоны благодаря изоморфным примесям (b)
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Conclusion

Structural transformation at the nanoscale — the for-
mation of titanium dioxide nanotubes from natural raw ma-
terial — leads to a decrease in the bandgap width to 2.4 eV. 
The isomorphic iron impurity results in the appearance of 
an additional state inside the bandgap, and, as a conse-
quence, also shifts the absorption towards visible radiation. 
The obtained nanostructures of titanium oxide are more 
active photocatalytic nanoreactors in comparison with their 
macroanalogs due to the structural transformation at the 
nanolevel and the natural doping atom (iron). 
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