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High-throughput HSE study on the doping effect
in anatase TiO2†

Jiahua Liu,‡ Mouyi Weng,‡ Sibai Li, Xin Chen, Jianhang Cen, Jianshu Jie, Weiji Xiao,
Jiaxin Zheng* and Feng Pan *

Titania is a widely used semiconductor due to its excellent optoelectronics and catalytic properties.

Doping with other cations or anions by substitution of Ti or O is a common way to adjust the electronic

structure of pristine TiO2. Here, using ab initio calculations at the Heyd–Scuseria–Ernzerhof (HSE06)

level, the substitution energy, formation energy and electronic structures of anatase TiO2 doped with

40 kinds of elements including transition metals, alkali metals, alkaline earth metals, p-block metals, and

nonmetals have been studied systematically. It is found that doping with most of these elements can

narrow down the band gap of TiO2, while in some doped systems, a recombination center induced by

intermediate bands is also observed. Besides, for transition metal-doped TiO2 systems, the electron spin

state analysis of dopants and the doping level investigation reveal that a relatively high spin structure

tends to be formed in Cr, Mn, Fe, Zn, Mo, Tc, Ru and Cd-doped TiO2, and the doping levels of

4d-orbital transition metals are generally higher than those of 3d-orbital transition metals.

1. Introduction

In recent years, titania (TiO2) has drawn much attention as a
promising material for photocatalytic and photochemical
reactions,1–4 environmental purification,5 water splitting applica-
tions6,7 and transparent conducting oxides (TCOs).8–10 However,
pristine TiO2 can only be excited by ultraviolet (UV) light radiation
with the wavelength below 400 nm because of its large band gap
(Eg = 3.20 eV for the anatase phase and 3.0 eV for the rutile
phase).11–15 In order to enhance its reaction efficiency, it is very
important to narrow the band gap of TiO2 and extend its optical
absorption region to the visible and/or near infrared spectral
region.16,17 Doping is an effective method to adjust the electronic
structure of TiO2 and extend the functionalities of TiO2 into the
visible light region, and it is able to enhance the photovoltaic
and photocatalytic efficiencies. Lots of experimental4,18–74 and
theoretical4,32,75–87 efforts have been made to study the doping
effects of transition metals, alkali metals, alkaline earth metals,
p-block metals and nonmetals.

Nevertheless, nearly all the theoretical studies on the doping
effect in TiO2 were based on ab initio calculations at the LDA or
GGA level. It is well known that standard DFT calculations
including LDA88 and GGA89–91 underestimate the band gaps
of semiconductors. LDA/GGA+U92,93 can correct the band gap

values effectively but relies on empirical parameters varying for
different elements and different systems. Especially, in doped
TiO2 systems, there is no convincing method to determine the
U value for the doped element. In many cases, the Hubbard U
values are quite arbitrary. For the above reasons, the calculated
results of doped TiO2 systems by different groups using different
U values are not comparable and even provide wrong predictions.
The HSE06 functional94–96 can improve the accuracy of the band
gap calculation with standard parameters. These parameters have
been proved to work well with the band gaps of common
semiconductors.95 Actually, the HSE06 functional has already
been adopted to study the doping effect in TiO2 in previous
theoretical works.97–100 However, due to the large computation
cost of HSE calculation, the unit cells built for calculation in
these works cannot be too large and the doping content is
usually much higher than the practical content in experiments.
For example, Tsai et al.97 calculated the transition metal-doped
TiO2 using HSE06, and proposed an approach to screen TiMO2

(M = transition metals) as the support materials of Pt applied in
fuel cells. The doping concentration in their work is up to
25 at%. Moreover, all these works only concern certain specific
systems, and a systematic accurate theoretical study on the
doping effect of TiO2 by HSE06 calculations is lacking. Given
the above situation, it is worthwhile to conduct a systematic
theoretical study on electronic structures of doped anatase TiO2

by using the HSE06 functional, which can not only provide
more accurate electronic structures for the doped systems but
can also faciliate finding new physics and obtaining the general
rule for the doping effect in TiO2.
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In this work, we attempt to systematically study the electronic
structures of anatase TiO2 doped by 40 different kinds of elements
including transition metals, alkali metals, alkaline earth metals,
p-block metals and nonmetals at HSE06 level. Most of these
elements have been doped in previous experimental works, such
as V,23,24,62,64,67 Cr,61,63 Mn,25,40 Fe,51,52,69,70 Co,60,68 Ni,56 Cu,58,59

Zn,29,73 Y,74 Zr,19,20 Nb,4,21 Mo,71,72 Ru,18,22 Rh,55,57 Pd,65,66 Ag,53,54

Cd,26 Li,48–50 Na,47 K,47 Rb,47 Be,44 Mg,42 Ca,43 Sr,45 Al,34 Ga,36 In,35

Ge,37,41 Sn,38,39 Si,33 C,27,31 B,28 N,27,31,32 P30 and S.27,31 Based on
the uniform parameters used in our calculation, electronic struc-
tures and doping effects between different doped systems are
compared. Besides, the electron spin states of dopants for transi-
tion metal-doped TiO2 and the relationship between the doping
elements and the intermediate band levels have also been system-
atically investigated. We find that 4d-orbital transition metals
tend to introduce a higher doping level to the doped systems
than 3d-orbital transition metals, and nearly all the doping
elements can reduce the band gap of TiO2 and broaden the
absorption spectrum. Our results provide guidelines on doping
elements for designing photocatalytic devices based on anatase
TiO2 with high performance.

2. Computational method

We used density functional theory (DFT)101 for all our calculations.
In our structural relaxation steps, a 2� 2� 2 supercell of TiO2 with
one doped atom is used, as shown in Fig. 1. This corresponds to a
doping concentration of 6.250 at%. All our calculations are imple-
mented in PWmat,102,103 which runs on graphics processing unit
(GPU) processors, and the NCPP-SG15-PBE pseudopotential104,105 is
used. Electron spin states have been considered before performing
the structure optimization. After separately optimizing the structure
for each plausible spin state, the lowest energy spin state was
chosen for further calculations. Structure optimization is per-
formed based on the generalized gradient approximation (GGA).
The Perdew–Burke–Ernzerhof (PBE) exchange correlation91 and
a plane wave representation for the wave-function with a cutoff
of 816 eV (60 Ryd) are used. The Brillouin zone was sampled by
4� 4� 3 special k-points using the Monkhorst–Pack scheme106 for
structure optimization. The calculation will not finish until the
force is less than 0.01 eV Å�1 on each atom and the energy between
two successive steps is less than 10�4 eV. In electronic structural
calculations, a 4 � 3 � 3 Monkhorst Pack k-point set was used for
HSE06 self-consistent calculation and for DOS calculation. And the
plane wave cutoff energy for wave-function used here is also 816 eV
(60 Ryd). In HSE06, we have used the following standard para-
meters: a = 0.25 and o = 0.20,95,96 which work well in terms of
correcting the band gaps of common semiconductors.

3. Results and discussion
3.1. Lattice constant and substitution energy and formation
energy

Fig. 1(a) shows anatase TiO2 with doped elements at Ti sites.
Table 1 shows the lattice constant, substitution energy and

formation energy for pristine anatase TiO2 and all doped systems.
Our calculated results of pristine TiO2 are a = b = 7.518 Å and
c = 9.372 Å, which are roughly consistent with the experimental
results (a = b = 7.568, and c = 9.515 Å).107,108

Furthermore, to assess the relative stability of doped TiO2

with different dopants, the substitution energy of the doped
systems (Es) is calculated. Considering that each dopant atom
replaces a titanium atom in our calculations, as shown in
Fig. 1(a), we can use the following equation to get substitution
energies:

Es ¼ Ed
TiO2
þ ETi � Ed � Ep

TiO2

¼ Ed
TiO2
� Ed

� �
� Ep

TiO2
� ETi

� � (1)

where Ed
TiO2

and Ep
TiO2

are the total energies of the doped system

and pristine supercell anatase TiO2, respectively; ETi and Ed are
energies per atom for metal Ti and dopants, each in the form of

Fig. 1 (a) Anatase TiO2 doped with elements, where red, blue and brown
denote oxygen, titanium, and dopant atoms, respectively. The dopant
atom replaces a titanium atom. (b) The relation between the substitution
energy (Es) and Nd, which denotes the difference of the number of valence
electrons between dopant atom and metal Ti atom. The line is the fitted
linear model based on the Es of transition metal-doped systems. The slope
is 1.67, the intercept is 2.93, and R2 = 0.93.
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its own most stable elementary substance, respectively. The
substitution energies of all the doped systems are positive, which
indicates that the doped impurities are in metastable states at the
local minima, and thus all the doped systems are not as thermo-
dynamically stable as pristine anatase TiO2. This is easy to
understand, because all the substitutional doping reactions are
not spontaneous processes. But, it is worth noting that the
positive substitution energy does not mean that the doped system
itself is not thermodynamically stable. To investigate the intrinsic
thermodynamic stability of doped TiO2 consisting of one atom
doped into the anatase TiO2 host, we further calculated the
formation energies of each doped TiO2 system. The formation
energies of pristine anatase TiO2 (Ep

fm) and doped systems (Ed
fm)

can be calculated by eqn (2) and (3), respectively:

Ep
fm ¼ Ep

TiO2
� 16� ETi � 32� EO (2)

Ed
fm ¼ Ed

TiO2
� 15� ETi � 32� EO � Ed (3)

where EO refers to energy per atom in O2 gas, which is the most
stable elementary form of oxygen under ambient conditions. The
formation energy of the doped systems (Ed

fm) can also be calcu-
lated by eqn (4), which is obvious if we add eqn (1) to (2):

Ed
fm = Es + Ep

fm (4)

From Table 1, we can see that the formation energy values of
all the doped systems (Ed

fm) are negative, which is evident
because the substitution energy (Es) values of all the doped
systems are much smaller than the absolute value of the
formation energy of pristine anatase TiO2 (Ep

fm), which is calculated
as �149.09 eV. The negative formation energy indicates that
each doped system itself is thermodynamically stable, consistent
with what we mentioned above that most of these elements have
been doped in previous experimental works,4,18–74 which proves
that all these doped systems are at least thermodynamically
stable enough to exist.

In addition, roughly speaking, for metal-doped TiO2 systems,
the substitution energy (Es) shows a positive correlation with Nd,
which refers to the difference of the number of valence electrons
between dopant atom and metal Ti atom, as Fig. 1(b) shows.
Especially for the transition metal (from group 4 to group 11)-
doped TiO2 systems, Es and Nd are approximately linearly
related as eqn (5) shows:

Es = 1.67Nd + 2.93 (5)

The slope, the intercept and the R2 values of the fitting line are
1.67, 2.93 and 0.93, respectively. This linear relationship can be
attributed to the fact that the energy increment is proportional
to the amount of electrons introduced, which is roughly similar
to adding electrons to the pristine TiO2 system directly.

3.2. The electron spin state analysis of the dopant atom

Compared with the pristine TiO2 system, each doped system
may have extra valence electrons or lack valence electrons,
except for the Zr-doped system (because the Nd of Zr equals zero).
These relatively extra valence electrons may be in different spin
states. For example, when Nd = 3 (such as Mn), the relatively extra
3 valence electrons can be in 2 different spin states: three
electrons are all spinning upwards (or downwards), or two elec-
trons are spinning upwards (or downwards) and one electron is
spinning downwards (or upwards). If we use Ns to denote the
difference between the number of spin up extra valence electrons
and the number of spin down extra valence electrons, then these
two different situations can be described as Ns = 3 or Ns = 1, and
the two different spin states can be denoted as ‘‘spin3’’ and
‘‘spin1’’, respectively. We call the ‘‘spin1’’ state the low spin state.
In other words, the low spin state refers to the state in which Ns

is the smallest.
The electron spin state is very important in the calculations,

as it can severely affect the calculated properties for the system.
For example, different electron spin states of a dopant atom can
cause different calculated Es values, especially for transition
metal dopants, because all the transition metal elements have
d-orbitals, and most d-orbital metal-doped TiO2 systems have

Table 1 Calculated properties of pristine and doped anatase TiO2.
The equilibrium lattice constants a, b and c, and the substitution energy (Es)
of doping and the formation energy (Efm) of pristine and all the doped TiO2

systems

Dopant a = b (Å) c (Å) Es (eV) Efm (eV)

TiO2 7.51796 9.37235 0 �149.0898
Sc 7.54009 9.39536 4.93509 �144.1547
V 7.51557 9.35689 5.695146 �143.3947
Cr 7.50464 9.37381 7.249112 �141.8407
Mn 7.50529 9.36325 7.473602 �141.6162
Fe 7.49259 9.41224 9.689646 �139.4002
Co 7.49804 9.3603 10.99778 �138.092
Ni 7.49973 9.36417 11.64079 �137.449
Cu 7.48743 9.37389 14.32101 �134.7688
Zn 7.52162 9.39073 12.49569 �136.5941
Y 7.55462 9.48507 5.537453 �143.5524
Zr 7.53711 9.45009 2.643256 �146.4466
Nb 7.54094 9.38412 4.758256 �144.3316
Mo 7.53704 9.37343 7.705243 �141.3846
Tc 7.53623 9.36741 8.877888 �140.2119
Ru 7.53503 9.36382 10.60493 �138.4849
Rh 7.53044 9.36515 11.54304 �137.5468
Pd 7.53278 9.37164 12.43474 �136.6551
Ag 7.52904 9.43462 14.92767 �134.1622
Cd 7.53689 9.50437 13.63303 �135.4568
Li 7.53332 9.31932 13.08565 �136.0042
Na 7.55708 9.38223 14.22519 �134.8646
K 7.55165 9.66129 14.62018 �134.4696
Rb 7.55456 9.71642 15.45534 �133.6345
Cs 7.5692 9.73576 16.72006 �132.3698
Be 7.48421 9.34548 10.94096 �138.1489
Mg 7.53546 9.35056 9.496281 �139.5935
Ca 7.55913 9.45962 9.456507 �139.6333
Sr 7.5495 9.65751 9.77512 �139.3147
Ba 7.55548 9.73782 10.93572 �138.1541
Al 7.50301 9.35399 6.186241 �142.9036
Ga 7.51959 9.37147 9.486099 �139.6037
In 7.54225 9.45852 10.67036 �138.4195
Ge 7.49761 9.40643 7.842246 �141.2476
Sn 7.5306 9.45448 8.182663 �140.9072
Si 7.47902 9.37175 4.988594 �144.1012
C 7.58024 9.25395 14.19592 �134.8939
B 7.47631 9.3124 11.56507 �137.5248
N 7.48757 9.3606 19.88957 �129.2003
P 7.47929 9.34675 8.096238 �140.9936
S 7.50964 9.35944 12.59627 �136.4936
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spin polarization. Thus, it is very necessary to do the electron
spin state analysis through which we can find the spin state in
which the Es of the system is the lowest, and conversely, by
evaluating the value of Es, we can investigate the spin tendency
of the electrons of the doped atom.

What needs to be emphasized is that the spin state we discussed
in this context refers to the spin state of the relatively extra valence
electrons introduced by the dopant. However, since pristine TiO2 is
a spin-free system in which the electrons of Ti and O are each
paired, the analysis of the spin state of the relatively additional
electrons introduced by the impurity atom is equivalent to analyzing
the electronic spin state of the entire doped system. Here, taking a
transition metal-doped system as an example, let us discuss the
relations between the spin state of d-orbital electrons and the Es of
the doped system. Fig. 2(a) shows the relations between the Es in
different spin states and the Nd, which are similar to what Fig. 1(b)
shows, and the difference is that Fig. 2 also shows the influence of
spin state on Es. The dopants with Ns Z 2 have 2 or 3 different spin
structures, which corresponds to the relative extra valence electrons
in different spin states, and the different spin states can be
characterized by the Ns. Therefore, we name these different spin
structures as the low spin structure, middle spin structure and high
spin structure, respectively, which correspond to the smallest Ns, the
middle Ns and the largest Ns, respectively.

We can find the lowest Es for each dopant from Fig. 2(a); yet,
the spin tendency of each dopant is not obvious in Fig. 2(a).
Hence, we plotted Fig. 2(b) by taking the Es of the low spin state as
the baseline for each dopant. For the convenience of description,
we introduce DEs, which is defined in eqn (6), as the ordinate.

DEs = Es � El
s (6)

where El
s denotes the substitution energy of doped TiO2 with

dopant atom in low spin structure; so, for each dopant element,
its DEs is zero when it is in its low spin structure.

The spin tendency can be clearly described by evaluating
whether the value of DEs is positive or negative. Fig. 2(b) shows
some regular patterns for d-orbital metal dopants: for the
dopants whose Nd is equal to 2, 3, 4, or 8, their DEs is negative,
so they tend to have a relatively high spin structure (middle
spin structure) in doped TiO2. These dopants are 3-d-orbital
metals, Cr, Mn, Fe, and Zn, and 4-d-orbital metals, Mo, Tc, Ru,
and Cd. While for the dopants whose Nd is equal to 5, 6, or 7,
their DEs is positive, so they tend to have a low spin structure in
doped TiO2. These dopants are 3-d-orbital metals, Co, Ni, and
Cu, and 4-d-orbital metals, Rh, Pd, and Ag.

This is consistent with the results of the crystal field theory.
In anatase TiO2, the Ti atom is at the center of an octahedron
composed of O atoms, and the doping atom replaces the Ti
atom, thereby also filling in the octahedron of O. According
to the orbital arrangement rule of the octahedral crystal field
(the energy of the three t2g orbitals is lower, and the energy of
the two eg orbitals is higher), when Nd is equal to 2, 3, 4 or 8, a
relatively high spin arrangement is taken; and when Nd is equal
to 5, 6 or 7, a low spin arrangement is taken. In particular,
Fig. 2(b) shows that when Nd is equal to 3 or 6, the absolute value
of DEs is the largest. This corresponds to the states where the

three t2g orbitals are half-filled and fully filled, respectively, at
which time the energy is at a minimum. Peng et al.78 studied the
magnetic properties of 3d transition metal-doped anatase TiO2 by
first-principles calculations, and they reported similar results to
ours. Our new results show that the 4d transition metal-doped
anatase TiO2 possesses similar magnetic properties.

In fact, the electron spin states have already been considered
in all the calculations, so all the data (except Fig. 2) are the final
results obtained by the calculations performed with the opti-
mum spin state parameters, which makes the doped systems
the most thermodynamically stable.

Fig. 2 The electron spin state of transition metal dopant atom and its
influence on the substitution energy (Es). (a) The relations between DEs and
Nd. (b) The relations between Es and Nd. The abscissa Nd is the same as in
Fig. 1(b). Es denotes the difference between Es and El

s (the substitution energy
of doped TiO2 with dopant atom in low spin structure). The low spin structure
means that the Ns (the difference between the number of spin up extra
valence electrons and the number of spin down extra valence electrons) is the
smallest. The term ‘‘spin0’’ refers to Ns = 0, and ‘‘spin1’’ refers to Ns = 1, and so
on. For the dopants whose Nd is equal to 2, 3, 4, or 8, their DEs is negative, so
they tend to have a relatively high spin structure (middle spin structure) in
doped TiO2, while for the dopants whose Nd is equal to 5, 6, or 7, their DEs is
positive, and so they tend to have a low spin structure in doped TiO2.
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3.3. Electronic structures

The projected density of states (PDOS) of pristine anatase TiO2

is shown in Fig. 3 (labeled with ‘‘Ti’’). It can be seen that
the valence band (VB) and conduction band (CB) are mainly

composed of O-2p and Ti-3d-orbitals, respectively. The band
structure information can be seen in the ESI.† The band gap of
pristine anatase TiO2 is estimated to be 3.59 eV, which is
roughly consistent with the experimental value of 3.2 eV.11–14

Fig. 3 PDOS of Sc, V, Cr, Mn, Y, Zr, Nb, Mo and Tc-doped TiO2 systems and pristine TiO2. The Fermi level is set at zero energy.
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We also estimated the position of the conduction band minimum
(CBM) and valence band maximum (VBM) described by k-point
coordinates, and the results are presented in Table S1 (ESI†). It
turns out that the band gap of pristine anatase TiO2 presents an
indirect nature, which is consistent with previous theoretical109,110

and experimental111,112 results. However, the direct band gap is
estimated to be 3.63 eV, which is only 0.4 eV larger than the
indirect band gap. Therefore, the band gap of pristine anatase
TiO2 can be almost recognized as a direct gap if we judge only
from the band structure diagram (Fig. S1, ESI†).

3.3.1 Transition metal-doped TiO2 systems. Fig. 3 and 4
show the PDOS of transition metal-doped TiO2 systems. For Sc
and Y-doped TiO2 systems, because the valence states of Sc and
Y (+3) are lower than Ti (+4), the O-2p-orbital has an unpaired
electron, leading to asymmetry of the PDOS. Besides, it can be
found that the Fermi level shifts downwards to the top of the VB
compared to the pristine TiO2, indicating that each Sc or Y
dopant offers a hole as charge carrier in TiO2, and in conse-
quence, the concentration of charge carriers is increased, which
is beneficial to the improvement of photocatalytic efficiency.
This is in agreement with the experimental results obtained
by Zhao et al.74 that 3 at% Y-doping in anatase TiO2 applied in
dye-sensitized solar cells caused the photocurrents to improve
vastly (from 13.2 to 15.74 mA cm�2) due to the increment of
concentration of charge carriers. For the Zr-doped TiO2 system,
it is found that the PDOS is almost the same as pristine TiO2,
which is consistent with the previous reported GGA results19

that the DOS around the Fermi level remained unchanged
and no defect level appeared within the gap in the 6.25 at%
Zr-doped anatase TiO2. Considering that both Zr and Ti are IV-B
group transition metals and have the same 4 valence electrons,
it is easy to understand that their electronic structures are
nearly the same. The features of PDOS of Sc, Y, and Zr-doped
TiO2 systems are basically consistent with the previous reported
GGA+U results.76,79 However, there are differences in the
position of the Fermi level. The Fermi level has shifted into
the VB in their GGA+U results, but it still remains in the band
gap in our HSE06 results. The Fermi level located in the VB
means that the doped system has already somehow behaved
like a metal, which is not reasonable for the substitutional
doping, especially for Zr, which has the same valence electrons
as Ti. This demonstrated that our HSE06 results are more
reasonable and more accurate.

For other transition metal-doped TiO2 systems, the number
of valence electrons of the dopant is more than that of Ti, and
therefore, it is interestingly found that the defect states usually
appear in the forbidden gap of the pristine TiO2 to form
intermediate bands (IBs). Thus, the intrinsic forbidden gap is
divided into two or many sub-gaps by the presence of such IBs.
On one hand, the intermediate states can be a stepping stone
to help valence electrons get excited into the CB under
the illumination of low energy photons, which will promote
the efficiency of optical absorption of low energy photons.
On the other hand, the IBs would also act as recombination
centers, which make electron and hole recombination much
easier. The probability of excitation or recombination depends

on the energy difference between VB and IBs or CB and IBs.
Usually, the deep level defect states easily become recombination
centers, and the shallow defect states, in contrast, are beneficial
for charge separation. In addition, for most of the transition metal
dopants, the defect states of the doped systems are mainly
composed of d-orbital states of dopants, except for Cu, Ag, Zn
and Cd (Fig. 3 and 4), because these metal dopants possess a fully
occupied d-orbital (d10). Especially for the systems doped by Zn
and Cd (with a stable electron configuration of d10s2), the defect
states with no proportion of d-orbital states from dopants are
totally composed of O-2p states of the host (Fig. 4).

For each Zn, Cd, Ru, Mn, Nb, Mo or Pd-doped TiO2 system,
the PDOS from Fig. 3 and 4 shows that all the defect states are
nearly at the top of the VB (Zn, Ru and Cd) or the bottom of the
CB (Mn, Nb, Mo, Ru and Pd), forming the tail of the VB or CB,
which can reduce the band gap. The reduction of band gap
can extend its range of optical absorption region to the visible
light region, which is beneficial to the improvement of optical
absorption efficiency. Thus, doping these transition metals can
enhance the photocatalytic efficiency. For Nb-doped TiO2, the
Fermi level moves into the CB, which was also reported from
previous GGA+U calculations.4,76,79 This means that the electrical
conductivity of Nb-doped TiO2 will be very excellent because of the
existence of free electrons in the CB, which was confirmed by
Yang et al.4 through their combined theoretical and experimental
work. Therefore, the photocatalytic efficiency of Nb-doped TiO2

can be promoted vastly by an extended free carrier absorption
of visible light and effective charge transfer. In addition, the
band structure information (ESI†) reveals that Mo and Cd
doping can change the type of band gap, i.e. turning an indirect
band gap into a direct one, which is also beneficial for the
optical absorption process and will improve the photocatalytic
efficiency. These conclusions are in agreement with the previous
experimental reports that doping Zn,29,73 Ru,18,22 Cd,26 Mn,25,40

Nb,4,21 and Mo113 can effectively reduce the band gap and thus
can obtain visible light responsive TiO2 with finally enhanced
photocatalytic efficiency.

For each V, Cr, Fe, Co, Tc, Rh or Ag-doped TiO2 system, it can
be seen from Fig. 3 and 4 that parts of the IBs are integrated
with the VB or CB and thus reduce the band gap, while the
other parts of the IBs are located away from the VBM or CBM,
dividing the intrinsic forbidden gap into two parts. The reduction
of band gap for all these doped systems has been experimentally
reported, such as those for V,64,67 Cr,61 Fe,52 Co,60 Rh57 and Ag.54

However, the reduction of band gap only means that the spectral
activity is enhanced, while the eventual photocatalytic efficiency
may not be improved because of the existence of recombination
centers. For V and Tc-doped TiO2 systems, the energy difference
between VBM and IB minimum is much smaller than the energy
difference between CBM and IB maximum, so the probability for a
hole in the VB to pump up into the IB will be larger than the
probability for an electron in the CB to combine with a hole in the
IB. This is consistent with previous experimental results64,67 that V
doping enhanced the photocatalytic activity under visible light
irradiation. While for Cr, Fe, Co and Ni-doped TiO2 systems, the
IBs are closer to the CBM than to the VBM, indicating a larger
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probability for an electron in the CB to combine with a hole in the
IB. Especially for Fe and Co-doped systems, the IBs are much
closer to the CBM, so the photocatalytic performance of Fe or
Co-doped TiO2 will not be very good. This is in agreement with
previous experimental results by Li et al.52 that although the

absorbing band edge has moved to the visible range after Fe
doping into TiO2, the photocatalytic activity is lower than that of
the un-doped TiO2. Besides, E. B. Gracien et al.114 experimentally
investigated the photocatalytic activity of Mn, Cr and Co-doped
TiO2, and they found that the photocatalytic efficiency of

Fig. 4 PDOS of Fe, Co, Ni, Cu, Zn, Ru, Rh, Pd, Ag and Cd-doped TiO2 systems. The Fermi level is set at zero energy.
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Co-doped TiO2 is worse than that of Cr or Mn-doped TiO2 and Mn
doping gives the best enhancement, consistent with our theore-
tical results. As for Cu, Rh and Ag-doped TiO2 systems, their IBs
are in the middle of the band gap, which introduces a deep level
recombination center. Therefore, despite the reduction of band
gap, doping these elements would not improve the photocatalytic
performance vastly, which is confirmed by the experimental
results by Mahlambi et al.115 They reported that Ag, Co, Ni and
Pd-doped TiO2 exhibited photo activity under solar light irradia-
tion, but the photocatalytic activity of the Ag-doped TiO2 is almost
as bad as that of the Co or Ni-doped TiO2, and that of the
Pd-doped TiO2 is the best.

Peng et al.78 reported their first-principles study on the
electronic structures of anatase TiO2 doped with 3d transition
metals (V, Cr, Mn, Fe, Co and Ni). There are also IBs appearing
in the band gap for most of the systems doped by these
elements in their results, which is consistent with ours. How-
ever, because they used the LDA type exchange–correlation
functional and without the Hubbard U parameter, the position
of the IBs is different from ours. In general, because their LDA
band gap is too small, many IBs are connected together, like
being squeezed, especially for Fe and Co-doped systems, while
most IBs are separated in our HSE06 results. Besides, there are
more IBs in their results because their doping concentration is
12.5 at%, which is twice that of ours. For example, in their
PDOS of the Cr-doped system, the integral area of IBs is quite
large, even comparable to the CB or VB, and more importantly,
the three t2g states are located away from the VBM and are not
clearly separated. By contrast, it can be seen from our Fig. 3 that
the integral area of IBs for the Cr-doped system looks relatively
small, and it is not comparable to the CB and VB. More
importantly, Fig. 3 and 5 show that for Cr-doping, the splitting
of two occupied t2g (dxz and dyz) states and one unoccupied t2g

(dxy) state has been clearly depicted by the HSE06 method; and
compared with their LDA result, the two dxz and dyz states in
our HSE06 result have been shifted down to the VBM and are
connected to it. The splitting of three t2g states for the Cr-doped
TiO2 system has also been reported in the GGA+U study by Yang
et al.116 However, in their GGA+U result, the two down shifted
dxz and dyz states are still a little bit away from the VBM,
revealing that the splitting of dxz (dyz) and dxy states for
Cr-doped TiO2 in GGA+U calculations is not as strong as that
in HSE06 calculations.

Most of the doping levels in the doping system are intro-
duced by valence electrons. Since the valence electrons of all
the transition metals are mainly d-orbital electrons, for transi-
tion metal-doped systems, the doping levels are mainly deter-
mined by the d-orbitals of the dopant atoms (except for Zn and
Cd-doped system), as confirmed in Fig. 3 and 4. After a careful
analysis of the doping level of transition metals, we found some
rules. In order to make these rules clearer, we plot the PDOS of
the d-orbitals of dopant atoms separately in Fig. 5. For the sake
of comparison, the transition metals were divided into many
pairs, such as V–Nb, Cr–Mo, Mn–Tc etc. In each pair, one
element comes from a 3d-orbital, another from a 4d-orbital,
and both elements have the same Nd. By comparing the two

elements in each pair, it is easy to find that 4d-orbital transition
metals tend to introduce a higher doping level to the doped
systems than 3d-orbital transition metals, just as Fig. 5 shows.
Besides, for each pair, the Fermi level of the 4d-orbital metal-
doped system is generally higher than that of the 3d-orbital
metal-doped system (except for the Mn–Tc pair). These rules
indicate that compared with 3d-orbital dopant atoms, the
impurity ionization energy of 4d-orbital dopants is generally
smaller, meaning that the 4d-orbital electrons are more easily
ionized than 3d-orbital electrons in the doped TiO2 systems.

3.3.2 Alkali or alkaline earth metal-doped TiO2 system. The
PDOS of alkali/alkaline earth metal-doped TiO2 is shown in
Fig. 6, from which we can see that the intermediate energy
states also appear in the forbidden gap of the pristine TiO2. But,
for alkali/alkaline earth metal-doped TiO2, the intermediate
states are mainly composed of O-2p-orbitals, which is very
different from transition metal-doped TiO2.

For alkali metal-doped TiO2 systems, we can see that the VB
moves towards the Fermi level, indicating the increment of
concentration of charge carriers and the slight reduction of
band gap. It can be seen from Fig. 6 that from Li to Cs, the
position of IBs is roughly getting further away from the
VBM, making it easier for them to become a recombination
center, and thus, the beneficial effects of doping get worse
and worse. This is in agreement with previous experimental
results by Bessekhouad et al.48 and Yang et al.47 The former
investigated the photocatalytic efficiency of Li, Na and K-doped
TiO2 and found that the Li-doped system exhibits the best
photocatalytic performance among the three. The latter
reported that the order of photocatalytic performance for
degradation from better to worse is Na 4 K 4 Rb. In addition,
the lower band gap and photocatalytic activity under sunlight
or visible irradiation have been experimentally reported for
Li-doped TiO2.46,50

For alkaline earth metal-doped TiO2 systems, the result is
similar to alkali metal-doped TiO2 systems, also with the Fermi
level shifted towards the VBM and a slightly reduced gap. From
Fig. 6, it can be seen that the position of IBs is roughly getting
deeper into the gap from Be to Ba, which makes it easier for
them to become recombination centers. Hence, roughly speaking,
the beneficial effects of Be, Mg and Ca-doping are more obvious.
Behnajady et al.42 reported that their experimental results
showed a lower band gap energy and a red shift of optical
absorption for the Mg-doped anatase TiO2, and Mg-doping
ultimately caused the photocatalytic activity of anatase to
improve significantly. The enhanced photocatalytic activity
has also been experimentally reported for Be-doping44 and
Ca-doping.43 In addition, the band structure information (ESI†)
indicates that Be, Mg and Ca doping can obtain a direct band
gap. Therefore, the beneficial effects of doping these elements
will be more evident.

3.3.3 P-block metal-doped TiO2 systems. Fig. 7 shows the
PDOS of the P-block metal-doped TiO2 systems. It can be seen
that there are no IBs appearing in the intrinsic forbidden gap
except for the Al-doped system. Due to the same number of
valence electrons for III-A group metals and III-B group metals,
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the characters of PDOS of Al, Ga and In (III-A group metal)-
doped TiO2 systems are similar to those of Sc and Y (III-B
group metal)-doped TiO2 systems. However, the difference is
that Al, Ga, and In-doped TiO2 systems all possess a direct
band gap (see ESI†), so the beneficial effects of this element-
doping will be better than that of Sc and Y-doping. The Fermi
level shifts down towards the VBM and reduces the band
gap slightly. The p-type doping of these metals offer holes
as charge carriers, resulting in the increment of carrier con-
centration. The increased carrier concentration and thus

enhanced electrical conductivity have been experimentally
reported for In-doped anatase TiO2 by Zhao et al.35 Besides,
Shirley et al.87 investigated the electronic and optical
properties of Al-doped anatase TiO2 by first-principles calcula-
tions with many different kinds of models considered
and reported that the model of one Ti atom substituted by
an Al atom exhibits a reduction of band gap and a shift
of absorption towards long wavelengths, which is also consis-
tent with our calculations. However, their results calculated
by using the PBE functional also showed that the model of

Fig. 5 PDOS of the d-orbitals of dopant atoms for V, Cr, Mn, Fe, Co, Ni, Cu, Zn, Nb, Mo, Tc, Ru, Rh, Pd, Ag and Cd-doped TiO2 systems. The dotted lines
are the VBM and CBM of pristine TiO2 instead of doped TiO2, and the dashed lines are the Fermi levels of each doped system. The two elements with the
same Nd are classified as one pair. For each pair, 4d-orbital transition metals tend to introduce a higher doping level to the system than 3d-orbital
transition metals, and the Fermi levels of 4d-orbital metal doped systems are generally higher than those of 3d-orbital metal doped systems (except for
Mn–Tc pairs).
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one Ti atom replaced by an Al atom yielded a conductor for
Al-doped TiO2, which is different from our HSE06 result.
This once again demonstrates that the HSE06 functional
provides higher accuracy for prediction of electronic struc-
tures. Similarly, the PDOS of Ge and Sn-doped TiO2 systems is

similar to those of the Zr-doped TiO2 system and pristine TiO2,
owing to the same number of valence electrons for metals
from IV-A group (Ge and Sn) and IV-B group (Zn and Ti). Thus,
the PDOS and band gap nearly remain unchanged for these metal-
doped systems.

Fig. 6 PDOS of Li, Na, K, Rb, Cs, Be, Mg, Ca, Sr and Ba-doped TiO2 systems. The Fermi level is set at zero energy.
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3.3.4 Nonmetal-doped TiO2 systems. The PDOS of nonmetal-
doped TiO2 systems is shown in Fig. 8. For B, N and S-doped
TiO2 systems, the Fermi level shifts towards the VBM, and the
IBs closer to the VBM also appear in the intrinsic gap, which
results in a reduction of the band gap. While for P-doped
systems, the Fermi level moves towards the CBM, and no IBs
appear in the intrinsic gap. The reduction of band gap and
redshift of absorption for B, N and S-doped anatase TiO2

have been theoretically81,82 and experimentally27 reported. For
example, Han et al.82 performed DFT calculations at the GGA+U
level for N-doping with a Ti atom replaced by a N atom,
and they obtained a similar result with the IBs also appearing
in the gap and above the VB and a reduced band gap.
Harb et al.81 calculated S-doped TiO2 with many different
doping models considered using the HSE06 functional and
their result for the model of a Ti atom substituted by a S atom
is consistent with ours. In addition, Yang et al.80 reported a
similar computational result for B-doped anatase TiO2 with a
Ti atom substituted by a B atom. However, because the
exchange–correlation functional that they used is a GGA type
and without the Hubbard U parameter, the defect states
induced by doping are near the VB in their calculated DOS,
whereas in our HSE06 result, the defect states are located away
from the VB and the IBs form in the intrinsic gap. In addition, a
direct band gap for the B and P-doped TiO2 systems is suggested

by the band structure information (ESI†), so the doping effects of
these two elements will be better. As for C and Si-doped TiO2

systems, similar to those of Ge and Sn, because of the same
number of valence electrons for elements from IV-A group and
IV-B group, the PDOS and band gap for these doped systems are
nearly the same as those of the Zr-doped TiO2 system and pristine
TiO2. However, the band structure information (ESI†) reveals that
the band gap of C and Si-doped TiO2 systems shares a direct
nature, which is different from Ge, Sn and Zr-doping. Therefore,
even though the change of the band gap size is not evident, the
change of the band gap type from indirect to direct makes the
beneficial doping effects of C and Si-doped TiO2 systems better
than those of Ge, Sn and Zr-doped TiO2 systems.

4. Conclusions

In summary, anatase TiO2 doped with 40 kinds of elements
has been systematically studied by using first-principles
calculation at the HSE06 level. The results show that doping
with most of these elements can reduce the band gap. How-
ever, in some doped systems, the introduced intermediate
bands may act as recombination centers and can lower the
photocatalytic efficiency. Based on the effect of doping
on photocatalytic performance, the doped systems can be

Fig. 7 PDOS of Al, Ga, In, Ge and Sn-doped TiO2 systems. The Fermi level is at zero energy.
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divided into three types: (1) Sc, Y, Zn, Ru, Cd, Mn, Nb, Mo, Pd,
V, Tc, Li, Na, Be, Mg, Ca, Al, Ga, In, B, N, S and P-doping can
reduce the band gap and enhance the photocatalytic efficiency
for anatase TiO2. (2) For Cr, Fe, Co, Ni, Cu, Rh, Ag, K, Rb, Cs, Sr,
and Ba-doped TiO2 systems, the introduced IBs will make
the photocatalytic efficiency lower. (3) For Zr, Ge, Sn, C and
Si-doped TiO2 systems, doping has little effect.

For transition metal-doped systems, Es and Nd are approxi-
mately linearly related. The electron spin state analysis of the
dopant atom for transition metal-doped systems shows that
Cr, Mn, Fe, Zn, Mo, Tc, Ru and Cd-doped TiO2 tends to have
a relatively high spin structure; while Co, Ni, Cu, Rh, Pd and
Ag-doped TiO2 tends to have a low spin structure. Besides,
4d-orbital transition metals tend to introduce a higher doping
level to doped systems than 3d-orbital transition metals, and
the Fermi level of 4d-orbital metal-doped TiO2 is generally higher
than that of 3d-orbital metal-doped TiO2, which indicates that
the 4d-orbital electrons are more easily ionized than 3d-orbital
electrons in doped TiO2 systems.
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