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For titanium dioxide with anatase structure doped with carbon or nitrogen, the first-principle method of projector augmented waves (PAW) is used
to calculate electronic band structure, to evaluate vacancy formation energy for the oxygen sublattice, and to analyze optical absorption. It is
demonstrated that the presence of carbon dopants results in the stabilization of oxygen vacancies and leads to increased absorption in the visible
spectrum, which can facilitate the photocatalytic activity. The presence of nitrogen dopant also facilitates vacancy stabilization but no increase in
the interband absorption is expected in the visible spectrum, i.e., the presence of nitrogen dopant cannot be considered as a factor contributing to
increased photocatalytic activity. It follows from the calculated data that the maximum photocatalytic activity should be expected for the partiallyreduced anatase doped with carbon because of the absorption in the visible spectrum that combines with long time of electron-hole recombination.
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1.

Introduction

Titanium dioxide with anatase structure is stable, inexpensive, and exhibits photocatalytic activity in the UV
range, which makes it a promising material for application in the development of photocatalysts capable of operating
efficiently under solar radiation [1–7]. To this end, the material has to be modified to enhance its optical absorption
in the visible spectrum comprising a majority of the radiation energy, i.e., it is required to increase the number of
photocatalytically active electron-hole pairs. At the same time, electrons and holes are required to retain high mobility,
while their recombination rate should be low.
Doping with 2p-, 3p-, 6p- and 3d- elements is regarded to be an effective method for enhancing absorption in the
visible spectrum and partial reduction of titanium dioxide. The reduction results in vacancies formed in the oxygen
sublattice, which is also considered to be of utility for enhancing photocatalytic activity. In particular, a process
of photocatalytic decomposition of organic molecules on partially-reduced anatase under visible light irradiation is
reported in [8–12]. State-of-the-art theoretical methods developed for calculating electronic structure and properties
can be instrumental in designing efficient photocatalysts. Such methods are useful for obtaining information about the
states of oxygen vacancies and other defects present in the band gap. They can be applied to explore defect-related
characteristics of optical absorption, to study mobility of current carriers and to determine electron-hole recombination
rates. A significant amount of research has been reported in the literature, along with calculations of electronic band
structure, calculations of defect formation energy [13–19], crystalline geometry modifications near dopants [13, 14,
16, 18], and interpretation of optical [14, 20], photoemission [14] and EPR spectra [14]. However, the cited references
have some drawbacks that hinder realization of the state-of-the-art capabilities developed for modeling the electronic
structure and characteristics of solids. Thus, the cited sources [13–17, 19, 21] fail to include calculations of optical
properties and to consider correlations between the band structure and the optical properties. Also disputable is the
method applied in [15–17, 19, 21] for calculating the formation energy of vacancies with the charge q = +1 or +2.
When calculating the formation energy of charged vacancies using this approach, the fault is that the presence of
charge is modeled by introducing only a uniform charge distribution. However, in real objects, dopant atoms of
carbon, nitrogen and other elements may be electron acceptors, which may cause a substantial effect on the chemical
bonding around vacancies.
The goal of the present research is to provide the results of a new theoretical study exploring the issues related to
the effect of vacancies on the photocatalytic activity of anatase. The study comprises calculations of band structure,
reviews the energy aspects of vacancy formation, and provides assessment of optical absorption coefficients at various
energies. In addition, an effort is made to model the electronic structure of charged vacancies by introducing impurity
centers of nitrogen atoms, which transform vacancies into a charged state of q = +1, or carbon atoms, which result in
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a charged state of q = +2. The study allowed a number of conclusions to be made about the prospects for enhancing
the photocatalytic performance of partially reduced anatase.
2.

Method for calculating electronic structure and vacancy formation energy

A supercell method was applied to model the defect structure comprising structural vacancies and impurity atoms
in titanium dioxide [22]. The extended cell was produced by twofold translations of tetragonal elementary cell of
anatase (Fig. 1) in every crystallographic direction; and it contained 32 sites in the titanium sublattice and 64 sites
in the oxygen sublattice. The supercell of the specified dimension allowed a minimum concentration of vacancies
at 1.56 % to be produced in the oxygen sublattice by removing one atom from the initially complete cell [23]. The
calculations were carried out using a pseudo-potential projector augmented waves method (PAW) within the basis of
plane waves realized in the VASP software package [24]. Software-provided PAW pseudo-potentials were used; and
for the exchange-correlation potential the GGA approximation was applied. The calculations were carried out for the
lattice composed of 27 vectors in the irreducible part of the Brillouin zone and with the maximum energy of plane
waves at 350 eV. In all calculations, the accuracy of self-consistent total energy was no worse than 10−6 eV.

F IG . 1. A tetragonal structure of anatase. Titanium atoms are designated with the black balls, and
oxygen atoms are designated with the light balls. Also shown are the oxygen vacancy sites VO and
the sites of substituting carbon or nitrogen atoms
In all cases considered below, the lattice parameters and the atomic coordinates were optimized in accordance
with the forces acting on the atoms (the optimization method is described in [24]). The total energy minimum was
considered to have been achieved if the total energy variation around the minimum did not exceed 0.001 eV. Thus
optimized, the parameters of crystal structure turned out to be rather close to the parameters of undoped anatase. For
instance, the calculated lattice parameters for carbon-doped anatase amounted to a = 3.7946 Å, c/a = 2.5295, and
for nitrogen-doped anatase the parameters were obtained at the values of = 3.7958 Å and c/a = 2.5208, while the
corresponding perfect anatase lattice parameters were 3.7845 Å and 2.5140, respectively. For the optimized geometry,
the total densities of states (DOS’s) obtained by tetrahedron integration [24] were plotted.
Modeling the vacancies having a charge of q = +1, +2 was carried out by introducing one atom of carbon or
nitrogen into the supercell. It was demonstrated in [25] that with synthesis under low partial oxygen pressure under
thermodynamic equilibrium conditions, the atoms of carbon or nitrogen have a tendency of forming vacancy-dopant
pairs. Therefore, in the present study we assumed that the dopants of carbon or nitrogen substitute for the oxygen
atoms nearest to vacancy.
Optical absorption coefficients were calculated for all considered variants of the defects in anatase. The calculations were based on the energy-dependent dielectric function that was calculated within the independent particle
approximation [24]. The absorption coefficient was calculated from the real and imaginary parts of the dielectric function according to the theory described in [26]. Specifically, within the theory, the absorption coefficient is calculated
as follows:
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where 1 and 2 are, respectively, the excitation energy-dependent real and imaginary parts of the dielectric function
averaged over directions of the wave vector.
The electron density functional theory, including the PAW method, is known to have a drawback that the bandgap
value in semiconductors is underestimated, which can result in erroneous calculations of optical characteristics. To
eliminate such errors, we used a so-called LDA+U approach, within which the exchange-correlation potential is impoved by introducing one-center Hubbard-type corrections. An option suggested by Dudarev et al in [27] was used,
where the exchange-correlation corrections depend on one parameter U . In all our calculations, we assume the parameter to be U = 7.8 eV, which brings the bandgap of the perfect anatase in a good agreement with experimental data,
i.e., 3.2 eV [28].
3.

Oxygen vacancy formation energy and the effect of doping with carbon or nitrogen

When calculating the vacancy formation energy in anatase, the entropy contribution was neglected and only the
first-principle calculations of the total energy were taken into consideration. In this approximation, the free energy of
oxygen vacancy formation in the 96-atom anatase cell can be written as follows:
Ef (vac) = Etot (Ti32 O63 ) + µ(O) − Etot (Ti32 O64 ) .
Here, µ(O) is the chemical potential of oxygen atom. Similarly, if a substitutional dopant for oxygen atom AO , where
A states for C or N, is added to the cell, then the vacancy formation energy can be calculated as:
Ef (vac, AO ) = Etot (Ti32 O62 AO ) + µ(O) − Etot (Ti32 O63 AO ) .
The method for calculating the chemical potential for oxygen atom was thoroughly described in [25], so here,
we only note that this method is based on the calculation of the total energy of oxygen molecule, and includes also
the temperature and the partial pressure dependences. Fig. 2 displays the values of chemical potential for three temperatures ranging from room temperature to a temperature of T = 900 K, which is a typical value for annealing
during synthesis from precursors. We also assume that the partial oxygen pressure can be varied from 1 to 10−30 atm
(conditional vacuum).

F IG . 2. Calculated values of the chemical potential for oxygen atom (upper panel) and vacancy
formation energy (lower panel) in anatase as a function of temperature and partial oxygen pressure
P . Solid lines designate the results for T = 900 ; dashed lines designate the result for 600 , and
dotted lines correspond to T = 300
It can be seen that the chemical potential values and, accordingly, the vacancy formation energy values, decrease
as temperature increases and partial pressure decreases. However, at all the considered values of T and P , the oxygen
vacancy formation energy retains a great positive value, i.e., in undoped anatase under thermodynamic equilibrium
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synthetic conditions of the formation of vacancies at a high concentration is not feasible. This conclusion agrees with
the outcomes reported in [13, 14], even though the values of vacancy formation energy are somewhat different from
the ones reported in our study.
The vacancy formation energy values in the presence of carbon or nitrogen dopants as a function of pressure and
temperature are shown in Fig. 3.

F IG . 3. Calculated values of vacancy formation energy in anatase in the presence of carbon or
nitrogen dopants as a function of temperature and partial oxygen pressure P . The solid lines indicate
the results obtained at a temperature of T = 900 ; the dashed line corresponds to T = 600 ; and the
dotted line corresponds to T = 300
It can be seen that introduction of carbon or nitrogen atoms into the anatase structure results in a significant
decrease in the vacancy formation energy. The energy values become negative at a temperature of 900 and at the
partial oxygen pressure P = 10−24 atm for doping with carbon and at the pressure P = 10−12 atm for doping with
nitrogen, which is indicative of a possibility to significantly increase the vacancy concentration with the presence of
these dopants. This outcome is also in agreement with the conclusions reported in [13, 14]. It can also be seen that the
presence of nitrogen results in a more significant decrease in the vacancy formation energy. However, we will show
below that increasing the photocatalytic activity of N-doped anatase is unlikely to be achieved by increasing vacancy
concentration in anatase.
4.

Electronic structure, optical absorption and photocatalytic activity of partially reduced anatase in the
presence of carbon or nitrogen dopants

Figure 4 displays densities of states for pristine anatase and for anatase containing 1.56 atom% of oxygen vacancies. Showing a good agreement with experiment, the bandgap width is 3.21 eV for undoped anatase; and it is 3.12 eV
for anatase with vacancies. In the presence of vacancies, below the bottom of conduction band at 5.89 eV, there appears
a band of vacancy states which contains two electrons and, because of the lack of electron transfer into lower-energy
states, is electrically neutral. There is no gap between the vacancy band states and the conduction band states; this
agrees with the results reported in [29], according to which the width of bandgap in partially-reduced anatase does
not exceed 0.01 eV. Therefore, along with the fundamental absorption, one should expect optical absorption occurring
over the entire visible range and near IR due to the excitations from the vacancy states into the conduction band. This
is supported quite well with the experimental data reported in [30], which are presented in Fig. 5.
Figure 6 displays the densities of states observed with nitrogen or carbon atoms being introduced into partially
reduced anatase; and Fig. 7 shows the corresponding data obtained in the calculations of absorption coefficients. The
states of nitrogen atom are localized near the bandgap bottom, and the vacancy states are located near the upper edge
of the bandgap. If a nitrogen atom substitutes for an oxygen atom, then it traps one extra electron from the vacancy
states, which corresponds to the transition of a vacancy into the state with a charge of q = +1. It follows from this
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F IG . 4. Density of states in the valence and conduction bands as calculated in the LDA+U approximation for undoped anatase (upper panel) and for anatase containing oxygen vacancies (lower
panel). Marked are the Fermi level positions

F IG . 5. Calculated absorption coefficients for perfect anatase and that having vacancies in the oxygen sublattice, and the corresponding experimental data reported in [29], in the insert

band structure that, as far as light absorption is concerned, a situation is realized that is similar to the situation for
undoped anatase. Really, it can be seen from Fig. 7 that over the entire optical range the absorption profile is rather
close to the profile of absorption in the reduced anatase.
However, the situation changes significantly with the presence of carbon atoms. In this case, inside the bandgap
there appear two narrow bands of carbon states near 3 and 4 eV, with the Fermi level being positioned at the upper
edge of the second band. Two electrons from the vacancy states drop to these states, i.e., a vacancy takes the charge
q = +2. The band near 3 eV is separated from the empty vacancy states with an interval of 2.8 eV, and the band near
4 eV is separated with an interval of 1.9 eV. It can be seen from Fig. 7 that near 2.8 eV, the light absorption is nearly
ten times as great as the absorption in reduced undoped anatase. This can lead to increased photocatalytic activity
because of the increased number of light quanta absorbed. Comparison with the densities of states demonstrates that
the absorption peak at 2.8 eV is partially caused by the transitions from the carbon atomic states near 3 eV into the
vacancy states. The second reason for this peak may be the excitations from the carbon band near 4 eV into the states
of conduction band that form a peak at 6.8 eV.
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F IG . 6. Density of states in the valence band and in the conduction band, calculated in the LDA+U
approximation for anatase containing oxygen vacancies and nitrogen atoms (upper panel) or oxygen
vacancies and carbon atoms (lower panel). Marked are the Fermi level positions

F IG . 7. Calculated values of absorption coefficient of anatase having vacancies in the oxygen sublattice in the presence of nitrogen atoms (upper panel) or carbon atoms (lower panel). Values of
absorption coefficients are also given for nitrogen or carbon-doped anatase without oxygen vacancies
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F IG . 8. Panel : solar radiation spectrum [31] and the corresponding Gaussian approximation; panels
B and C display the calculated values of optical efficiency
It is known that upon passing through the atmosphere the solar radiation spectrum looks like a curve approaching
the Gaussian distribution with a width of about 2 eV and a maximum located near 2.5 eV. To quantitatively describe
the efficiency of solar radiation absorption in the materials under study, we introduce a notion of a catalyst’s optical
efficiency defined as Q(E) = S(E) × K(E), where S(E) is the Gaussian approximation
to the solar radiation specZ
trum (see Fig. 8), and also the notion of an integral efficiency defined as IQ =

Q(E)dE, which upon calculation,

we confine inside the interval from 0.5 to 4 eV. The results for IQ are given in Table 1.
TABLE 1. Integral values of optical efficiency IQ
Compound

TiO2

TiO2 +
vacancy

TiO2 +N

TiO2 +N+
vacancy

TiO2 +C

TiO2 +C+
vacancy

IQ × 104

2.8

6.3

3.4

6.6

8.3

9.0

Analysis of the data leads to the following conclusions. Perfect anatase, which is seen to absorb only a fraction of
UV part of solar radiation, has the lowest optical efficiency, which is nearly one third as much as the optical efficiency
of the other materials under study. Since doping with nitrogen causes just a slight red-shift of the fundamental absorption edge, the lack of absorption in the visible spectrum for TiO2 + N causes only a small increase in the integral
quantum efficiency. However, for partially reduced anatase, both in the TiO2 + vacancy and TiO2 + N + vacancy
cases, the absorption in the visible spectrum results in a doubled increase of IQ as compared to the perfect anatase.
The maximum integral efficiency is predicted for C-doped anatase, as can be seen from the data for TiO2 + C and
TiO2 + C + vacancy cases. The reason is that these compounds exhibit in creased absorption near the maximum of
solar radiation spectrum.
It should be noted, however, that there are certain properties of the band structure, which hinder any significant
increase in the photocatalytic activity under doping, regardless of the absorption observed in the visible spectrum and
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despite the increased values of optical efficiency. A necessary condition for photocatalytic activity is a sufficiently
long time required for the recombination of electron-hole pairs, which should be greater than the time for transferring
excited carriers into the reaction medium. It is known that the picoseconds or greater time is required for the recombination of pairs formed via the interband excitations in semiconducting oxides [32, 33]. It is also known that a time
of no less than ten ps is required for transferring electrons onto the islands of a sensibilizator (e.g. the time for transferring electrons from TiO2 onto platinum islands on the surface), and even a greater time (up to 100 ms) is required,
for example, for transferring electrons on oxygen molecules on the surface, see a review reported in [33]. However,
one should expect that the recombination time is going to be several orders of magnitude smaller if there is no gap
between the vacancy states and the conduction band, as is the cases for TiO2 + vacancy and TiO2 + N + vacancy. It
was shown in [34] that, because of the emission of phonons, the excited electrons in the conduction band states of
TiO2 lose their excitation energy and sink onto the bottom of the band over the time that does not exceed several tens
of fs; after this time the electrons recombine with the holes in the vacancy states. These data are also in agreement
with the experimental results which reveal that the trapping of conduction band electron onto the states of dopants
near the top of the band gap occurs over 100 – 250 fs, while the hole trapping on the states near the bottom of the gap
takes 50 – 150 fs [33]. Therefore, one can expect that for these cases, only a small number of electrons are involved in
the photocatalytic process. These are the excited electrons which form a high-energy “tail” of the electron distribution
in the conduction band [34]; in analogy, a similar distribution of holes inside the valence band can exist [35]. In both
cases, as in TiO2 + vacancy as in TiO2 + N + vacancy, the electron-hole pairs can be formed not only because of the
excitations inside the conduction band but also because of the excitations into the conduction band from the valence
band or from the band of nitrogen states. However, the energy of such excitations is greater than 3 eV, which also
prevents any significant increase in the photocatalytic activity as compared to the perfect anatase. It should be noted
that, although the nitrogen-doped anatase is a classical subject of photocatalytic studies, there are data available that
report about its rather small photocatalytic activity. Thus, in [36–39], the photocatalytic activity of N-doped anatase
has been studied in the decomposition reactions of formic acid, ethylene glycol and other compounds, but no positive
effect of N-doping has been revealed
Therefore, only in the TiO2 + C + vacancy case, that is, for the C-doped partially-reduced anatase, we can expect
an increase in the photocatalytic activity caused by the optical absorption accompanied by the long time required
for the recombination of excited electron-hole pairs. To our knowledge, there are no systematic data available on
the photocatalytic activity of similar compounds; however,the photocatalytic activity of C-doped anatase observed in
the visible spectrum has repeatedly been reported in literature (see, for instance, the literature review in [36]). Our
calculations provide evidence that the photocatalytic activity of C-doped anatase can be increased through its partial
reduction.
5.

Conclusion

Based on the first-principle calculations of the electronic band structure and oxygen vacancy formation energy
for undoped anatase and that containing carbon or nitrogen dopants, we analyzed the influence of vacancies on the
photocatalytic activity in visible spectrum. It was demonstrated for undoped anatase that a high vacancy concentration
cannot be obtained via synthes is under thermodynamic equilibrium conditions, neither at an elevated temperature nor
at a low partial oxygen pressure. In addition, because of the short electron-hole recombination time and because of the
high fundamental absorption energy, no significant increase in the photocatalytic activity can be observed for reduced
undoped anatase.
We also demonstrate that the vacancy formation energy can be decreased considerably, i.e., the vacancy concentration can be increased, in the presence of carbon or nitrogen atoms substituting the oxygen atoms. This effect
is especially pronounced for nitrogen dopants. However, with nitrogen doping, because of the excessive energy of
fundamental absorption and short time of electron-hole recombination, one can hardly expect an essential increase
in the photocatalytic activity. Our calculations provide evidence that the optical absorptionmay increase in partially
reduced C-doped anatase because of the interband transitions at the energy approaching the solar radiation intensity
maximum.This might be a result of tuning the electronic band structure via creation of new states near the middle of
the band gap and beneath the bottom of the conduction band.
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