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Electronic and optical properties of Mn–S co-doped anatase
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The electronic and optical properties of Mn–S co-doped anatase TiO2 were calculated using the plane-wave-based ultrasoft
pseudopotential density functional method within its generalized gradient approximation (GGA). The calculated results show
that the band gap of Mn–S co-doped TiO2 is larger than that of the pure TiO2, and two impurity bands appear in the forbidden
band, one of which above the valence band plays a vital role for the improvement of the visible light catalytic activity. The
Mn–S co-doped anatase TiO2 could be a potential candidate for a photocatalyst because of its enhanced absorption ability of
visible light.
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1. Introduction

Anatase titanium dioxide (TiO2), which is well-
known as a cheap, nontoxic, stable semiconduc-
tor material, has attracted much attention in re-
cent decades as an interesting material for solar
cells applications and the most promising photo-
catalyst [1–3]. However, the pure anatase TiO2 has
low energy conversion efficiency and, because of
its fundamental band gap of 3.23 eV, absorbs only
a small portion of the solar energy in the ultravi-
olet region (UV) which corresponds to 3 to 5 %
of the sunlight. Recently, many attempts, such as
surface sensitization [4], composite semiconduc-
tor coupling [5], and ion doping [6–10], have been
carried out to modify the band structure of TiO2.
Among these methods, doping is regarded as a
promising way to modify the band edges of TiO2
and extend its photocatalytic activity to the visi-
ble spectrum, and various kinds of dopants, such
as N, C, S, Cu, W, Mn [11–16], have been used to
achieve the goal. Mono-doped TiO2 can respond to
the visible light and broaden the optical absorption
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region; however, the introduction of impurity bands
can easily create recombination centers for elec-
trons and holes, which is not beneficial for activity
improvement of the photocatalysts. Recent studies
have shown that anion-cation co-doping can signif-
icantly improve the photocatalytic activity of TiO2,
as the co-doping ions can reduce the recombination
centers and effectively improve the charge carriers
migration efficiency, therefore, enhance the photo-
catalytic activity of TiO2 [17].

Many studies have been performed to inves-
tigate the effects of Mn and S mono-doping on
the optical absorption of TiO2. Umebayashi et
al. [13, 18] successfully synthesized S-doped TiO2
(S/TiO2) by oxidation annealing of TiS2. They
found that the S atoms replaced O atoms and the
S/TiO2 showed optical redshift. Cui et al. [19] cal-
culated the electronic structures and optical absorp-
tion spectra of S/TiO2 by means of first-principles
calculations. The results indicated that the isolated
S 3p states that appeared at the upper edge of the
valence band caused the narrowing of the band
gap of S/TiO2; Zhang et al. [20] prepared Mn-
doped TiO2 (Mn/TiO2) films by sol-gel method.
They found that the sample with the dopant
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concentration of 0.7 at.% had the highest activity
based on the degradation rate of methyl orange. Bi-
nas et al. [21] synthesized Mn/TiO2 nanostructured
powders by sol-gel method, and they found that
the photocatalytic activity of 0.1 % Mn:TiO2 was
higher than that of the other photocatalytic materi-
als with different concentrations (0.5 % and 1 %)
under both UV and visible light.

As far as we know, neither experimental nor
theoretical studies have been reported on the
Mn–S co-doped anatase TiO2 (Mn–S/TiO2).
Therefore, in this paper, the plane-wave-based ul-
trasoft pseudopotential method, based on the den-
sity functional theory within the GGA, has been
utilized to obtain a fundamental insight into the ef-
fects of Mn–S co-doping of the anatase TiO2, aim-
ing at prediction of the interplay of the co-dopants
on the energy band structure of anatase TiO2 and
providing a theoretical basis for the experimental
study.

2. Calculation model and method
Anatase TiO2 has a tetragonal structure (space

group: I41/amd, local symmetry: D19
4h), and con-

tains four Ti atoms and eight O atoms in the prim-
itive cell. The doping system was constructed from
a relaxed (3 × 3 × 1) 108-atom anatase supercell.
The large supercell was used to minimize possi-
ble artificial Coulomb interactions between impu-
rity ions in neighboring supercells. In order to re-
duce the influence of boundary effects, the central
Ti atom was replaced by Mn and the neighboring O
by S. The doping model is shown in Fig. 1, with the
corresponding doping concentrations of 0.93 at.%
for mono-doping and 1.85 at.% for co-doping.

The non-spin-polarized density functional
theory (DFT) calculations were performed by
the CASTEP [22] program on the basis of the
plane-wave method within a generalized gradient
approximation, with the exchange-correlation
function of Perdew-Burke-Ernzerhof (PBE). The
interactions between valence electrons and the
ionic core were described by ultrasoft pseudopo-
tential, which was used with Ti: 3s23p63d24s2,
O: 2s22p4, Mn: 3d54s2 and S: 3s23p4 as

Fig. 1. Structural model of the Mn–S/TiO2.

the valence electrons configuration. We
chose the cut-off energy of 300 eV for
all the computations. The special points
sampling integration over the Brillouin zone
was carried out using the Monkhorst-Pack method
with a 2 × 2 × 2 special-point mesh. All of the
structures were allowed to relax using the Broyden-
Fletcher-Goldfarb-Shanno (BFGS) quasi-Newton
scheme with the convergence threshold for the
maximum energy change of 2.0 × 10−5 eV/atom,
and the maximum force, maximum stress and max-
imum displacement tolerances set as 0.05 eV/Å,
0.1 GPa, and 0.002 Å, respectively. These parame-
ters are sufficient for well-converged total energy
and structural transition calculations.

3. Results and discussion
3.1. Structural properties and formation
energies

After geometry optimization, the lattice param-
eters were a = b = 3.8078 Å and c = 9.8213 Å,
which was in good consistency with experimen-
tal [23] and theoretical [24] data.

To examine the relative difficulties of incor-
porating different ions into the lattice, the dopant
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formation energies were calculated according to
the formula below:

E(S/TiO2) f orm = E(doped)−E(pure)−µS +µO

(1)

E(Mn/TiO2) f orm =E(doped)−E(pure)

−µMn +µTi (2)

E(Mn−S/TiO2) f orm =E(doped)−E(pure)

−µMn −µS +µO +µTi

(3)

where E(doped) is the total energy of TiO2 with
dopant, and E(pure) is the total energy of the super-
cell of pure TiO2, µS is the chemical potential of S,
which is determined by the energy of SO2 molecule
(µS = µSO2 − µO2),µMn represents the calculated
chemical potential of Mn from bulk atoms. The
growth of an engineered TiO2 is not an equilibrium
process but a variable determined by a growing en-
vironment [25], which can be either Ti-rich, O-rich,
or anything in-between. Under Ti-rich conditions,
the µTi chemical potential is assumed to be the en-
ergy of bulk Ti, while the µO chemical potential is
determined by the following formula:

2µO +µTi = µTiO2 (4)

Under O-rich conditions, the µO chemical potential
is calculated from the ground-state energy of the O2
molecule (µO = 1/2µO2), while µTi is obtained by
formula 4. The calculated formation energies are
listed in Table 1.

Table 1. Formation energies (eV) Eform for Mn, S, and
Mn–S co-doped TiO2.

Eform Ti-rich O-rich

Mn-doped 7.00083 −3.60248
S-doped 3.96403 9.26558

Mn–S codoped 9.99344 4.69175

From Table 1 it can be seen that under Ti-rich
condition, the formation energies of the three kinds
of doping are positive, which indicates that if these
three kinds of doping were carried out in the ex-
periment, it would be a thermonegative reaction.

On the other hand, under O-rich condition, the re-
sults indicate that the experiments of S-doping and
Mn–S co-doping should be thermonegative reac-
tions, but Mn-doping experiment should be an
exothermic reaction. By comparison of the data on
formation energies, we concluded that the Mn/TiO2
and Mn–S/TiO2 are easy to form in oxygen en-
richment condition. However, the S/TiO2 is easy to
form in titanium enrichment condition.

3.2. Population analysis and electron
density

The charge density on the (0 0 1) surfaces of
TiO2, Mn/TiO2, S/TiO2 and Mn–S/TiO2 were plot-
ted to study the origin of the band gap modifica-
tions, the charge distribution and transfer caused by
Mn–S co-doping, as shown in Fig. 2. The atomic
populations of dopants in the doping systems are
listed in Table 2.

Table 2. Atomic populations of doped TiO2 supercell.

Species s p d Total charge [e]

Mn/TiO2:Mn 0.30 0.32 5.44 6.06 0.94
S/TiO2:S 1.80 4.54 0.00 6.34 −0.34

Mn–S/ TiO2:Mn 0.29 0.36 5.59 6.24 0.76
Mn–S/ TiO2:S 1.82 4.35 0.00 6.17 −0.17

From Table 2 we can know that the charge of
Mn in Mn–S/TiO2 is less than in Mn/TiO2, and the
charge of S in Mn–S/TiO2 is larger than in S/TiO2.
These results mean that the strength of the covalent
bond between Mn and S in Mn–S/TiO2 is weaker
than the Mn–O bond in Mn/TiO2 and the Ti–S bond
in S/TiO2.

As it can be seen in Fig. 2b, the strength of
the covalent bond of Mn–O is weaker than that of
Ti–O, and this is probably due to the weaker elec-
tropositivity of Mn than that of Ti. In Fig. 2c, it is
very clear that the strength of the covalent bond of
Ti–S is weaker than that of Ti–O, and this is be-
cause of the lower electronegativity of S than that
of O. Due to the weaker electropositivity of Mn
and electronegativity of S, the strength of covalent
bonds of Mn–S and Ti–S is weaker than those of
Mn–O and Ti–O.
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Fig. 2. Two-dimensional profiles of (a) pure TiO2, (b)
Mn/TiO2, (c) S/TiO2, (d) Mn–S/TiO2.

3.3. Band structures and density of states

To compare the doping effects of different dop-
ing elements on the energy band of TiO2, the
band structures of pure TiO2, Mn/TiO2, S/TiO2,
and Mn–S/TiO2 along the high symmetry points
across the first Brillouin zone were illustrated in
Fig. 3. Because a lot of theoretical calculations of
Mn/TiO2 [26–28] and S/TiO2 [19, 29, 30] have
been reported, we will not concentrate on the de-
tailed research on them. But for contrast, we also
calculated the energy band of Mn/TiO2 and S/TiO2.
The Fermi level was set as the highest filled level
of the electrons. The corresponding total and par-
tial densities of states (DOS and PDOS) are shown
in Fig. 4. They have been used to further analysis
of the constitution of valence band (VB) and con-
duction band (CB), and to understand the changes
of electronic structures caused by Mn–S co-doping.
The VB, which is located between –4.506 eV and
the Fermi level, was formed by the bonding states
of the hybridized O 2p-Ti 3d orbitals with a mi-
nor contribution from Ti 3p and Ti 4s oribitals.
The CB located between 2.198 and 3.074 eV above
the Fermi level was formed primarily by the Ti 3d
orbitals with a minor contribution from O 2p or-
bitals. Obviously, the calculated band gap of TiO2
is 2.198 eV [31] as shown in Fig. 3a, which is
largely underestimated compared with the experi-
mental [32] band gap of 3.2 eV due to the inherent
drawback of the ideal electron gas model in GGA
approach. It is because of the DFT limitations, as
the discontinuity in the exchange correlation poten-
tial has not been taken into account [33–35]. How-
ever, these results are reliable and advisable for the
qualitative analysis and do not affect the accuracy
of comparing the related properties of crystals.

From Fig. 3d and Fig. 4d it can be seen that the
VB of Mn–S/TiO2 has been formed by the bonding
states of the hybridized O 2p-Ti 3d-S 3p orbitals
with minor contributions from Mn 3d, Ti 3p and
Ti 4s orbitals. The CB of Mn–S/TiO2 above the
Fermi level is formed primarily by the Ti 3d and
Mn 3d orbitals with minor contributions from O 2p
and S 3p oribitals. This indicates that the electrons
and holes can be separated effectively and then im-
prove the photocatalytic efficiency of TiO2 due to
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Fig. 3. Band structures of (a) pure TiO2, (b) Mn/TiO2,
(c) S/TiO2, (d) Mn–S/TiO2.

Fig. 4. PDOS of (a) pure TiO2, (b) Mn/TiO2, (c)
S/TiO2, (d) Mn–S/TiO2.
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the energy levels crossed with each other at the
bottom of the CB. The calculated band gap of the
Mn–S/TiO2 is 2.393 eV, which is 0.195 eV larger
than that of the intrinsic TiO2. It was found that
there are two impurity bands in the band gap: one is
located near the Fermi level including three impu-
rity energy levels, and another is located above the
VB which contains two energy levels. The impurity
band located between the VB and the Fermi level
is mainly composed of S 3p orbital, which is filled
up by electrons, and the electrons in this impurity
band can be excited to the CB. From the calcula-
tion results, it was found that the distance between
this impurity band and the CB is 1.934 eV, which is
less than the band gap of TiO2, equal to 2.198 eV.
This would be very advantageous to the electronic
transition and has an important influence on the ab-
sorption of light, which is confirmed by the optical
absorption spectra in Fig. 5. The impurity band is
located near the Fermi level including three energy
levels composed of mainly hybridized Mn 3d-S 3p
orbitals. This impurity band can act as the bridge
for the electron transition and enhance the light ab-
sorption. However, it can also act as recombination
centers [36].

3.4. Optical properties

In order to explore the absorption properties,
the optical absorption spectra of pure anatase TiO2,
Mn/TiO2, S/TiO2 and Mn–S/TiO2 were calculated
on the basis of the detailed electronic band struc-
ture as shown in Fig. 5. Because of the underesti-
mated band gap of pure TiO2, we induced a scis-
sors operator of 1.032 eV (band gap difference be-
tween experimental and calculated value) for ob-
taining an exact optical absorption spectra in the
visible region. It is obvious that the absorption
edges of Mn/TiO2, S/TiO2 and Mn–S/TiO2 move
toward the longer wavelength, which means en-
hancement of visible light absorption. Mn–S/TiO2
has stronger light absorption in the visible region
compared with pure TiO2, Mn/TiO2, and S/TiO2.
This implies that the Mn–S/TiO2 probably has a
higher photocatalytic activity. Actually, there are
many factors affecting the photocatalytic efficiency
of TiO2, in addition to external conditions (such as

light source, time, temperature, and the pH value
of reaction system), and also including intrinsic
characteristics of TiO2, especially specific surface
area, impurity energy levels or bands, and defects.
In this paper, we mainly consider the effects of
impurity bands and we think the impurity bands
play an important role, especially the one between
the Fermi level and the VB. Because this impurity
band can act as a “step” which reduces the elec-
tronic transition energy, it means that more elec-
trons can be excited. More excited electrons means
greater probability that photo-excited electrons can
migrate to the surface. Meanwhile, the impurity en-
ergy levels or band could also act as a separating
center. The photo-excited electrons-holes can sep-
arate rapidly and effectively, which will promote
the carriers diffusion and enhance the charge car-
rier lifetime. Therefore, the quantum transforma-
tion efficiency can be improved, which will lead
to the enhancement of the photocatalytic efficiency
of Mn–S/TiO2.

Fig. 5. Absorption spectra of pure TiO2, Mn/TiO2,
S/TiO2 and Mn–S/TiO2.

4. Conclusions
First-principles method has been employed to

study the effects of Mn–S co-doping on the elec-
tronic and optical properties of anatase TiO2. The
calculation on Mn–S/TiO2 with GGA shows that
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the introduction of Mn and S induces two impu-
rity bands in the forbidden band. The impurity
band, especially the one located between the Fermi
level and the VB causes the obvious redshift and
absorption enhancement in the visible region for
Mn–S/TiO2. Therefore, Mn–S co-doping is a fine
choice for enhancing the photocatalytic activity of
TiO2.
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