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INTRODUCTION

In recent years, studies of the physicochemical
properties of titania nanoparticles obtained by differ�
ent methods have become a frequent practice [1–4].
The given material is characterized by high chemical
activity under ultraviolet radiation (UV) and this
allows its use as reaction catalysts [5, 6], as an active
component of solar cells [7, 8], etc. As is known, the
activity of TiO2 nanoparticles is much higher in com�
parison with the bulk material due to its increased
active surface area.

The UV radiation of titania nanoparticles leads to
the generation of electron–hole pairs that participate
in the catalytic processes on the surface of particles
due to the absorption of photon energy. The process is
generally accompanied by the inverse phenomenon,
i.e., the recombination of charge carriers. The proba�
bility of the recombination of electron–hole pairs was
established to depend on the bandgap energy (Eg) of a
semiconductor [9]. The higher Eg is, the lower the
probability of the transition of electrons from the con�
duction band into the valence band is. On the other
hand, the use of semiconductors with a low Eg allows
the useful energy to be increased for TiO2 under solar
radiation, as the excitation of valence�band electrons
requires lower�energy photons [10]. In this connec�
tion, studies devoted to revealing factors that have an
effect on the change of the bandgap energy of nano�
particles become topical. Titania is a wide�bandgap

semiconductor with an Eg of nearly 3–3.3 eV, which
allows us to use the absorption spectrum of TiO2 nano�
particles for the estimation of Eg at the intrinsic
absorption edge [11].

The objective of our work is to obtain TiO2 nano�
particles doped by different methods and to perform
the further analysis of their spectral characteristics
with the purpose of determining the changes intro�
duced into the absorption spectra of nanoparticles in
the course of their modification.

SYNTHESIS OF SPECIMENS

Nanoparticles were obtained by the sol�gel
method, which includes the preparation of a sol with
its subsequent transition into a gel, i.e., into a colloid
system consisting of a liquid disperse medium con�
fined within a spatial network formed by linked dis�
perse�phase particles [12–19]. The sol�gel method is a
universal process that is used to obtain inorganic
nanocrystalline materials. The sol�gel process occu�
pies a special niche among the chemical methods for
the synthesis of nanomaterials due to the possibilities
of the fine control of target product properties, the
flexible variation of synthesis conditions, and also due
to low requirements for the purity of the reagents and
a broad spectrum of chemical and physical modifica�
tion. This method can be applied for the synthesis of
almost all the types of doped TiO2. The wide applica�
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tion of this method is due to a number of reasons. In
the first instance, this is its universality, as was already
mentioned above. Then, this method is easy to imple�
ment and does not require expensive equipment. It
should also be noted that the sol�gel method is based
on readily feasible hydrolysis chemical reactions, most
of which are rather fast.

Nanocrystalline titania was synthesized as follows.
To a concentrated hydrochloric acid solution, tita�
nium tetrachloride was added until 15 wt % of TiCl4
was attained. A 25% ammonia solution (56 mL; den�
sity, 0.9 g/mL) was then added to the obtained solution
drop by drop under continuous stirring, whereupon a
white flake�like precipitate was observed to form by
the reaction

H2TiCl6 + 6NH3 ⋅ H2O

= 6NH4Cl + TiO2 ⋅ xH2O↓ + (4 – x)H2O.

The resulting precipitate was repeatedly washed
from chlorine ions by the method of sequential cen�
trifugation and decantation. The precipitate was sepa�
rated out by centrifugation and divided into several
portions: the first portion was dried in a drying cabinet
at 100°C for a day and the second portion was allowed
to stay in the form of a suspension. The dried powder
was ground in an agate mortar and then subjected to
thermal annealing in air at a temperature of 300°C for
a day. This is the method by which the non�doped
nanocrystalline titania used in reference experiments
was synthesized.

Nitrogen�doped nanocrystalline titania was syn�
thesizes as follows. To introduce nitrogen into the
structure of titania, a synthesized titanic acid suspen�
sion was boiled with an ammonium carbonate
(NH4)2CO3 solution with a reflux condenser for 3 h.
To obtain specimens with different nitrogen admixture
concentration, we used various ratios of a titanic acid
suspension and an (NH4)2CO3 solution. The NTiO2
(0.2 wt %), NTiO2 (0.4 wt %), and NTiO2 (1 wt %)
specimens were synthesized using the following
reagent ratios: 20 g of ammonium carbonate in
100 mL of water, 35 g of ammonium carbonate in
100 mL of water, and 75 g of ammonium carbonate in
100 mL of water, respectively. The obtained white pre�
cipitate was separated out by centrifugation and
annealed in air at a temperature of 300°C for a day.

Carbon�doped nanocrystalline titania was synthe�
sized as follows. To an H3TiCl6 hydrochloride acid
solution (30 mL, 15 wt % of TiCl3), NH2OH ⋅ HCl was
added until the violet color disappeared. The resulting
solution was diluted with water in such a fashion that
the concentration of TiCl4 was 0.25 M. The solution
was then cooled with ice with the simultaneous drop�
wise addition of TBA (0.25 M) in the stoichiometric
amount. The level of pH was nearly 2. The stoichiom�
etry was calculated by the following reaction:

H2TiCl6 + 2(n�Bu)4N
+OH–

 [TiCl4(H2O)2] + 2(n�Bu)4N
+Cl–.

The remaining TBA solution was added to the mix�
ture until the level of pH = 3 was attained. An NH3
solution was then added to increase the level of pH to
5.5. The suspension was allowed to stay for 24 h for
aging. The suspension was then centrifuged and the
precipitate was dried at 70°C for 3 days.

The dried powder was ground in a mortar for
30 min. The obtained powder was annealed for 1 h at
400°C and a heating rate of 5°C/min. After annealing,
the powder was ground once again. The obtained
specimens had a carbon concentration of 0.2 wt %
(CTiO2). In the other variant, the remaining TBA
solution was added to the TiCl4–TBA mixture until
the level of pH = 4 was attained. Further treatment was
performed in the same way as in the first variant. Thus,
synthesized specimens had a carbon concentration of
0.4 wt% (CTiO2). In the third variant, the remaining
TBA solution was added to the mixture until the level
of pH = 5 was attained at the initial stage. The
obtained specimens had a carbon concentration of
1 wt % (CTiO2).

For our study, we prepared TiO2 powder specimens
(pure TiO2 powder prepared in two different reactions,
four types of TiO2 powders doped with nitrogen to var�
ious degrees, and three types of TiO2 powders doped
with carbon to various degrees). The specimens were
prepared on substrates of the two types: transparent
and completely absorbing visible and UV radiation
substrates (three specimens of each type on each sub�
strate).

METHODS OF STUDIES

The microphotos of specimens were taken with
using an Leo912 AB Omega transmission�electron
microscope.

The diffuse scattering spectra of the obtained spec�
imens were studied on a Perkin Elmer LS�55 spec�
trograph. The instrument allows the detection of the
diffuse scattering of light from the surface of speci�
mens in the spectral region of 200–900 nm with a
spectral slit width from 2.5 to 20 nm.

The paramagnetic sites (radicals) were studied on a
Bruker Elexsys�500 EPR spectrometer (operational
frequency, 9.5 GHz; instrument sensitivity, 5 ×
1010 spin/Gs). To calculate the concentration of para�

The sizes of nanocrystalline titania nanocrystallites accord�
ing to the method of X�ray diffraction

Specimen d, nm ± 1

C�TiO2�1 (0.2 wt % of C) 15

C�TiO2�2 (0.4 wt % of C) 17

C�TiO2�3 (1 wt % of C) 17

N�TiO2�1 (0.2 wt % of N) 15

N�TiO2�2 (0.4 wt % of N) 12

N�TiO2�3 (1 wt % of N) 12
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magnetic sites, we used a reference specimen (CuCl2 ⋅
2H2O) with a known number of spins. The procedure
of determining the concentration of paramagnetic
sites with the use of reference specimens is standard
and has been described in many works, for example, in
[20]. The temperatures of the measurements were 300
and 110 K.

The microstructure of the materials was studied by
transmission electron microscopy (TEM) on a Leo912

AB Omega microscope (Center of Collective Use,
Moscow State University). The accelerating voltage
was 100 kV, the image resolution was 0.2 nm, the mag�
nification was 80–500 000 times. Small amounts of
powders were placed onto gold grids coated with a thin
polymer film.

EXPERIMENTAL RESULTS

As follows from the results of transmission electron
microscopy (Figs. 1a and 1b), the studied materials
contain spherical irregularly shaped nanocrystals.

To determine the size of nanoparticles with a
higher precision, we used the method of X�ray diffrac�
tion. The size of nanocrystallites (coherent scattering
regions) was estimated from the broadening of diffrac�
tion reflections by the Scherrer’s equation

where dXRD is the average size of a coherent scattering
region, β is the full width at the half maximum for the
corresponding diffraction peak, λ is the radiation
wavelength, θ is the diffraction angle, and k = 0.9. To
obtain X�ray diffraction patterns, we studied the pow�
der specimens on a Dron 4M X�ray diffractometer at
room temperature under the following conditions: X�
ray wavelength, 1.5406 Å, diffraction angle range of
measurements, 10–70 deg; step, 0.05 deg; time of sig�
nal accumulation at each point, 5 s. The size of crys�

dXRD
kλ

β θcos
������������,=

20 nm(a) 20 nm(b)

Fig. 1. Microphotos of nanocrystalline titania doped with
(a) nitrogen and (b) carbon.
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Fig. 2. X�ray diffraction patterns of (a) N–TiO2–1, (b) N–TiO2–3, (c) C–TiO2–1, and (d) C–TiO2–3 specimens.
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tallites (coherent scattering regions) was determined
by the Scherrer’s equation using Grain software. Only
the coherent scattering region sizes calculated for the
three most intense diffraction peaks were taken into
account. The obtained values were rounded off to
whole nanometers with allowance for the model error.
The relative error of the estimation method was 10%.
The X�ray diffraction patterns of doped nanocrystal�
line titania specimens with minimum and maximum
concentrations of admixture nitrogen and carbon are
shown in Fig. 2.

The results of estimating the size of titania crystal�
lites by X�ray diffraction are given in the table.

On the basis of the above, it is possible to make the
following conclusions:

(1) The size of nanocrystallites in doped nanocrys�
talline titania specimens varies within a range from 10
to 20 nm; and

(2) The specific surface area of doped nanocrystal�
line titania specimens lies within a range from 10 to
20 nm.

The typical appearance of the light scattering spec�
trum of a pure TiO2 specimen we synthesized in the
region from 200 to 850 nm is shown in Fig. 3.

The optical bandgap energy Eg of TiO2 nanopow�
ders was determined at the so�called intrinsic absorp�
tion edge. Several methods exist to accomplish this.

The first method allows us to make an approximate
estimate of Eg. To perform this, it is necessary to plot
the dependence of the absorption coefficient α on the
wavelength λ of incident light using a light scattering
spectrum. The plot must have a shape similar to that
shown in Fig. 4a.

In reality, the energy of a light quantum is related
with the wavelength as

where h is Planck’s constant and c is the speed of light.
Moreover, EI = �ω = hν. At high λ, the energy of a
quantum is small and absorption is absent. This corre�
sponds to the right part of the curve shown in Fig. 4a.
Once λ attains the value of λedge,

the absorption begins to abruptly grow. This means
that a sharp kink of the α(λ) dependence occurs at λ =
λedge (see Fig. 4a).

The difficulty of this approach consists in the cor�
rect estimation of the absorption coefficient from scat�
tering spectra. The value of α of semiconducting
materials varies within a wide range from 10–2 to
105 cm–1. For this reason, when the absorption coeffi�
cient is measured, the thickness of a specimen is
selected in such a fashion that the absorbance D = αd
(where d is the thickness of a specimen) is nearly 1. In

EI
hc
λ
����,=

ΔE hc
λedge

��������,=

0
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Fig. 3. The light�scattering spectrum of a pure TiO2 speci�
men in the region from 200 to 850 nm.
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Fig. 4. A scheme for estimating the optical bandgap energy from the dependences of (a) the absorption coefficient α on the wave�

length λ of incident light, (b) (α�ω)2 on �ω, and (c)  = f(�ω).α



MOSCOW UNIVERSITY PHYSICS BULLETIN  Vol. 68  No. 5  2013

THE OPTOELECTRONIC PROPERTIES 391

this case, it is possible to use, with the admissible error,
the expression

which provides the possibility of calculating the
absorption coefficient from the measured R (Fresnel
reflection coefficient), T (transmittance), and d as

The situation becomes more complicated for the
detection of scattered radiation. Although no strict
multiple scattering theory exists, the theory of the dif�
fuse reflection and transmission of optically opaque
specimens, i.e., the so�called two�component theory

T 1 R–( )2 D–( ),exp=

α 1
d
�� 1 R–( )2

T
����������������.ln=

developed by Kubelka and Munk in the 1830–1840s,
is rather widely applied. For scattering specimens, this
theory has the same importance as the Bouguer–Beer
law in the absorption spectroscopy of transparent
specimens. In this theory, it is assumed that reflected
radiation is isotropic, i.e., direction independent, and
radiating light is monochromatic.

As a result of the solution of the Kubelka–Munk
equation system, it turns out that the diffusion reflec�
tance R

∞
 of a specimen depends only on the ratio of

the absorption coefficient K = α and the scattering
coefficient S instead of either the scattering coefficient
or the absorption coefficient, i.e.,

The function F(R
∞

) is called the Kubelka–Munk
function.

In diffusion reflection spectroscopy, as well as in
absorption and emission spectroscopy, the depen�
dence of the response of an instrument on the wave�
length must be eliminated. This is provided by mea�
suring the diffusion reflection spectrum of a specimen
itself logR(λ) and the spectrum of scattering from an
infinitely reflecting surface Rref(λ), for example, from
a surface coated with a thin barium sulfate, magne�
sium carbonate, or magnesium oxide layer; here, their
ratio is calculated in the logarithmic form
log[R(λ)/Rref(λ). In the absence of reflection from the
bottom part of a specimen (for example, when a spec�
imen has a sufficient thickness for light to be com�
pletely absorbed), it is equal to logR

∞
.

For the practical estimation of the bandgap energy
in the case of direct interband transitions, the experi�
mental data are expressed in the form of the depen�
dence

K/S 1 R
∞

–( )2
/2R

∞
F R

∞
( ).= =

α�ω( )2 A2
�ω Eg–( ),=
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Fig. 5. Graphic estimation of the optical bandgap energy of
the pure TiO2 specimens from the experimentally mea�

sured dependences (α�ω)2 and  on �ω.α
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which must be linear (Fig. 4b). As can be seen from
Fig. 4b, the value of Eg is determined by extrapolating
the linear dependence to the intersection with the
abscissa axis.

The experimental results of measuring the depen�
dence of α on �ω for indirect interband transitions are

plotted in the form of curves  = f(�ω) (Fig. 4c).
Taking the fact into account that �Ωi is small in com�
parison with Eg, it is usually possible to determine the
bandgap energy.

We analyzed the measurement results using differ�
ent methods for the estimation of the bandgap energy.
The scheme of the graphical estimation of the direct
bandgap energy of a pure TiO2 specimen, whose scat�
tering spectrum in shown in Fig. 3, is shown in Fig. 5.

α

The scheme for estimating the indirect bandgap
energy from a real spectral dependence is demon�
strated in the embedding.

The bandgap energy values we obtained using dif�
ferent methods for all the studied materials lie within a
range of 2.9–3.2 eV, and are in good agreement with
the data for titanium oxides [21–24]. It is important to
note that the insertion of admixture nitrogen and car�
bon did not lead to any considerable change in the
bandgap energy of a material. The bandgap energy of
a doped material remained the same, with a precision
of ±0.1 eV.

We then needed to determine the changes that
occur in the visible region of the absorption spectra of
TiO2 specimens after doping with admixtures. To
accomplish this, we took corresponding pairs of spec�
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Fig. 8. EPR spectra of the N–TiO2–3 specimens (a) in the
dark and under the radiation with natural light and (b) in
the dark and under the radiation with an incandescent
lamp. The EPR spectra recording temperature is 300 K.
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Fig. 9. EPR spectra of the N–TiO2–3 specimens (a) in the
dark and under radiation with natural light and (b) in the
dark and under the radiation with an incandescent lamp.
The EPR spectra recording temperature is 77 K.
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tra that were obtained from pure titania and a modified
material and determined the contribution of the
admixtures to the absorption of light by subtracting
them from one another. The difference spectra that
were obtained from different specimens of the same
material were averaged and smoothed. The spectra of
additional absorption produced by the introduction of
admixture carbon into titania are illustrated in Fig. 6.
From Fig. 6 it can be seen that the additional absorp�
tion of a material in the visible spectral region grows,
as the concentration of the admixture increases.

The spectra of additional absorption of titania due
to the introduction of admixture nitrogen to it are
shown in the next figure. From Fig. 7 it can be seen
that an increase in the amount of admixture nitrogen
atoms introduced into titania also increases the
absorption coefficient in the visible region. The addi�
tional absorption values were normalized to the maxi�
mum absorption of pure TiO2. It is obvious that the

integral absorption of each specimen in the visible
spectral region is proportional to the area under a cor�
responding spectrum.

From the results of these optical studies, it is possi�
ble to draw the conclusion that the growth of the con�
centration of both admixture nitrogen and carbon
increases the absorption of light by TiO2 nanoparticles
in the visible spectral region, although the energy
bandgap of the material remains nearly unchanged.

Further, we studied the effect of photoexcitation
with different�energy quanta on the paramagnetic
properties of doped nanocrystalline titania specimens.
The specimens were radiated with natural light or the
light of an incandescent lamp (100 W). The results of
radiating the N–TiO2–3 specimens with natural light
indoors and with an incandescent lamp are shown in
Figs. 8a and 8b, respectively. As can be seen from this
figures, the amplitude of EPR spectra and the radical
concentration proportional to it grow under light, and
the effect from the photoexcitation with a lamp was
more appreciable.

Similar results were also obtained for NO• radicals
(Fig. 9).

To determine the positions of the levels of radicals
in the bandgap, we performed experiments on the
radiation of specimens with different�energy quanta.
For this purpose, we used a Bruker Elexsys ER 203
high�pressure mercury lamp (100 w). The required
wavelength was separated with an MDR�204 mono�
chromator. The EPR spectra of N–TiO2–3 specimens
in the dark and under radiation with different�energy
quanta are shown in Fig. 10. It can be seen that the
intensity of the EPR signal abruptly grows at hν =
2.3 eV. This effect is illustrated in more detail in
Fig. 11. Such variations in the amplitude of the EPR
signal from N• radicals can be explained, assuming the
existence of extrinsic absorption in the studied speci�
mens according to N– + hν  N0 + e (on the con�
duction band). Hence, the number of paramagnetic
sites grows. The change of the amplitude of an EPR
signal was a completely reversible process. The band
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Fig. 10. The EPR spectra of the N–TiO2–3 specimens in
the dark and under the radiation with different�energy
quanta.
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scheme of this process is shown in Fig. 12. The com�
plete reversibility of the effect of light argues for the
realization of this process.

We also studied the effect of photoexcitation with
different�energy quanta on the behavior of NO• radi�
cals. The amplitude of the EPR signal of NO• radicals
and, correspondingly, their concentration, were
observed to grow under light with hν = 2.1 eV (Fig. 13,
curve b).

Similar measurements were also performed under
light with other energies of quanta. The results are
shown in Fig. 14.

It may be supposed that an electron passes from the
NO– level into the conduction band upon the absorp�
tion of a quantum and a site becomes paramagnetic.
The process was completely reversible after the light

was turned off. The data indicate that the NO• level is
nearly 2 eV lower than the bottom edge of the conduc�
tion band (Fig. 15).

Similar studies were performed for the carbon�
doped nanocrystalline titania specimens. The results
of the effect of light on the EPR spectra of this speci�
mens under radiation with natural light and with an
incandescent lamp are illustrated in Figs. 16a and 16b,
respectively.

As follows from this figure, the EPR�spectra ampli�
tude and the radical concentration, which is propor�
tional to it, grow under light, and the effect is more
appreciable in the case of photoexcitation with a lamp
and completely reversible. The results of radiating the
carbon�containing specimens with different�energy
quanta are shown in Fig. 17.
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Fig. 13. The transformations of the EPR spectrum of the N–TiO2–3 specimens at a temperature of 77 K (a) before and (b) after
exposure to light with hν = 2.1 eV. The asterisk indicates the narrow EPR curve peak produced by N• radicals.
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Fig. 14. A diagram of the dependence of the intensity of the
EPR signal from NO• radicals on the energy of an incident
light quantum.
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Fig. 15. The process of the photoexcitation of an electron
from the NO• level to the conduction band.
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These data can be explained by the transition of an

electron from the  level into the conduction
band upon the absorption of a light quantum. As a
result, a defect becomes paramagnetic and the ampli�

tude of an EPR signal grows. The  level is nearly
2.5 eV lower than the bottom edge of the conduction
band.

For all the studied specimens, we calculated the
concentrations of Ns radicals, i.e.,

(1) The concentration of all radicals under natural
light

N–TiO2–1 – Ns = (2 ± 0.2) × 1019 g–1,

N–TiO2–2 – Ns = (4.5 ± 0.5) × 1019 g–1,

N–TiO2–3 – Ns = (1.7 ± 0.2) × 1020 g–1,

CO2
2–

CO2
2–

C–TiO2–1 – Ns = (2 ± 0.2) × 1017 g–1,

C–TiO2–2 – Ns = (3 ± 0.5) × 1019 g–1,

C–TiO2–3 – Ns = (1.5 ± 0.2) × 1020 g–1,

(2) The concentrations of all radicals under the
radiation with an incandescent lamp (100 W)

N–TiO2–1 – Ns = (3.5 ± 0.4) × 1019 g–1,

N–TiO2–2 – Ns = (8.0 ± 0.8) × 1019 g–1,

N–TiO2–3 – Ns = (3.2 ± 0.3) × 1020 g–1,

C–TiO2–1 – Ns = (2.2 ± 0.2) × 1017 g–1,

C–TiO2–2 – Ns = (5.0 ± 0.5) × 1019 g–1,

C–TiO2–3 – Ns = (2.9 ± 0.3) × 1020 g–1.

CONCLUSIONS

(1) The EPR spectra amplitude and the radical
concentration proportional to it grow under light and
the effect is more appreciable in the case of photoexci�
tation with a lamp and is completely reversible.

(2) The variations of the amplitude of EPR signals
in the dark–light–light source turning off cycles are
explained by the processes of the recharge of defect
sites.

(3) It was established that the levels of N•, NO•,

and  radicals are nearly 2.3, 2.1, and 2.5 eV lower
than the bottom edge of the conduction band.

(4) The concentrations of radicals in nitrogen and
carbon doped nanocrystalline titania have been calcu�
lated. Maximum concentrations are observed in the
specimens with the highest admixture content and are
Ns = (1.7 ± 0.2) × 1020 g–1 (or (1.5 ± 0.2) × 10 18 m–2)
under natural light and Ns = (3.2 ± 0.3) × 1020 g–1 (or
(2.8 ± 0.3) × 1018 m–2) under the radiation with an
incandescent lamp for nitrogen�containing specimens
and Ns = (1.5 ± 0.2) × 1020 g–1 (or (1.36 ± 0.14) ×
1018 m–2) under natural light and Ns – (2.9 ± 0.3) ×
1020 g–1 (or 2.6 ± 0.3) × 1018 m–2 under the radiation

CO2
–

0

3300 3400 H, Gs

(b)

0

3300 3400 H, Gs

(a) In the dark

In the light

IEPR, arb. units

*75

*75

In the dark

In the light

Fig. 16. The EPR spectra of the C–TiO2–3 specimens (a)
in the dark and under the radiation with natural light and
(b) in the dark and under the radiation with an incandes�
cent lamp. The EPR spectra recording temperature is
77 K.

2 eV 2.1 eV 2.5 eV 3.4 eV
0

IEPR, arb. units

in the dark

2.8 eV

Fig. 17. A diagram of the dependence of the intensity of the

EPR signal from  radicals on the energy of an inci�

dent light quantum.

CO2
–
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with an incandescent lamp for carbon�containing
specimens.
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