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The electronic and optical properties of several possible C/B-codoped models of anatase and rutile TiO,
have been investigated systematically using spin-polarized density functional theory calculations. Our
calculated results show that the synergistic effect of C/B codoping can induce some hybridized energy

states appearing in the forbidden gap and the band gap has a narrowing in anatase and rutile TiO,,
which can lead to a decrease of the photon excitation energy and an obvious red-shift of the optical
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absorption edge. These results lead to an excellent photocatalytic activity in C/B-codoped TiO,.

Moreover, with the increase of C and B impurities’ concentration in anatase and rutile TiO,, we find that
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1 Introduction

Titanium dioxide (TiO,) has attracted great attention as a
promising metal oxide for applications in photocatalysts, water
splitting for hydrogen production, and solar cells due to its
excellent physical and chemical properties, such as high
oxidative power, long term stability, non-toxicity, and low
cost.’® However, its universal use is restricted to ultraviolet-
light (1 < 390 nm) due to the wide band gap of TiO, (3.2 eV for
anatase structure’ and 3.0 eV for rutile structure®). Furthermore,
photoexcited electron-hole pairs tend to recombine relatively
easily in TiO,.° Both of these factors limit possible applications
in photocatalytic materials’ design. Therefore, reducing the
band gap of TiO, to make it photosensitive to the visible-light
region with low electron-hole recombination has become one
of the most important goals in photocatalyst studies.

To extend the optical absorption of TiO,-based materials to
the visible-light region and to obtain the maximum amount of
energy from the solar spectrum, doping TiO, with non-metal
elements has been used widely. For instance, Jin et al.*® reported
that the photocatalytic activity of Si-doped TiO, prepared via
hydrothermal process is higher than that of Degussa P25 and
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the intensity of impurity states has a strengthening in the band gap, the position of impurity states
changes, and the visible-light absorption performance improves gradually.

pure TiO,. Yang et al. studied the geometrical structures and
electronic properties of Si-doped TiO,."* The results show that
substitutional Si-doping leads to a band gap narrowing in TiO,,
which may be responsible for the experimental red-shift of the
optical absorption edge. Asahi et al. showed that substituting O
with N was an effective approach to achieve a band gap nar-
rowing.'”> Then, a large number of experimental and theoretical
studies also indicated that localized N 2p states located close to
the valence band maximum led to the absorption of visible-
light."**® Umebayashi et al. have reported that S-doping into the
lattice of TiO, will lead to band gap narrowing, and later theo-
retical studies showed that impurity states of S 3p on the upper
edge of the valence band induce a red-shift of the optical
absorption edge.**

In addition, C-doped TiO, has been synthesized and corre-
sponding theories have also been reported.>*** For example,
the study of Valentin et al.*® indicates that carbon impurities
result in modest variations of the band gap and induce several
localized occupied states in the band gap, which may account
for the experimentally observed red-shift of the optical
absorption edge towards the visible-light region. And their
results also indicate that carbon doping may favor the forma-
tion of oxygen vacancies in bulk TiO,. The photocatalytic
activity of B-doped TiO, has been widely investigated.**** Zhao
et al. reported that B-doped TiO, showed a substantial red-shift
of the optical absorption edge and the photocatalytic activity
was greatly enhanced as it was further loaded with Ni,0;.>
Some research indicates that codoping of different non-metal
elements into TiO, can further narrow its band gap and improve
its photocatalytic activity. For example, Jia et al. studied the
microscopic mechanism for band gap narrowing and the origin
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of the enhanced visible-light photocatalytic activity in N/S-
codoped anatase TiO,.*" Li et al. reported that C/H-codoping
produces significant band gap narrowing, which leads to higher
visible-light photocatalytic efficiency than C-doped anatase
TiO,.** Long and English investigated systematically the influ-
ence on electronic properties of anatase TiO, codoping by N and
Si using Heyd-Scuseria-Ernzerhof (HSE06) hybrid density
functional theory calculations.®® These results indicate that
non-metal codoping is one of the most effective approaches to
extend the absorption edge of TiO, to the visible-light range.

Recently, Wu et al. prepared firstly a C/B-codoped TiO,
photocatalyst by the gel-hydrothermal method.** The experi-
mental results show that the C/B-codoped TiO, samples exhibit
a stronger optical adsorption and higher photocatalytic activity
in the visible-light region than pure TiO,. However, to the best
of our knowledge, there have been few reports regarding
the physical and chemical origin of photocatalytic activity of
C/B-codoped TiO, and some basic questions about the char-
acter of C and B impurities, such as C, B doping effect on the
geometry and electronic structures etc. To address these ques-
tions, in the present work, we investigated the electronic and
optical properties of several possible C/B-codoped models of
anatase and rutile TiO, systematically using spin-polarized
density functional theory (DFT) calculations. The theoretical
analysis provided a possible explanation for the experimentally
observed red-shift of optical absorption edge and outstanding
photocatalytic activity in C/B-codoped TiO,.

2 Computation model and methods

All the spin-polarized DFT calculations were performed using
the projector augmented wave pseudopotentials as imple-
mented in the VASP code.***® The exchange correlation function
was treated by the generalized gradient approximation (GGA)
with the Perdew-Wang parameterization (known as GGA-
PW91).*” The Brillouin-zone integrations were approximated by
using the special k-point sampling of the Monhkorst-Pack
scheme.?® A cutoff energy of 500 eV and a mesh size of 5 x 5 x 5
were used for geometry optimization and electronic property
calculations. Using the block Davidson scheme, both the atomic
positions and cell parameters were optimized until the residual
forces were below 0.01 eV A~". It is well-known that the tradi-
tional DFT method usually underestimates the band gap for
semiconductors. However, the DFT + U approach introduces an
on-site correction in order to describe systems with localized d
electrons, which can produce a better band gap in comparison
with experimental results. Therefore, all our calculations of the
electronic and optical properties were conducted using the
GGA + U method® for Ti 3d electrons. It was found that
the band gap of pure TiO, was 2.90 eV for anatase structure and
2.67 €V for rutile structure with U = 10.0 eV and J = 1.0 eV for Ti
3d electrons, and was only weakly dependent on the J value.
The valence electron configurations considered in this study
included Ti (3d*4s%), O (2s°2p"), C (25*2p®), and B (2s>2p"). All
the doping systems were constructed from a relaxed (2 x 2 x 1)
48-atom anatase and a relaxed (2 x 2 x 2) 48-atom rutile TiO,
supercells, as are shown in Fig. 1. A variety of possible C or/and
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B (co)doped anatase and rutile TiO, structures were considered
by replacing an oxygen or titanium atom in the lattice with a
carbon or boron atom, such as substitutional C at the Ti site
(C@Ti), substitutional C at the O site (C@O), substitutional B at
the Ti site (B@Ti), and substitutional B at the O site (B@O) for
the bulk monodoped systems. For codoped systems, C locates
either at Ti or at O and B locates either at O or at Ti, such as
C@TI&B@Ti, C@OXB@O, C@TI&B@O, and C@OXB@Ti.
The partial geometries taken from the structures optimized for
C or/and B (co)doped anatase and rutile TiO, supercells are
shown in Fig. 2 and 3.

@ ®

Fig. 1 (a) Anatase supercell (Ti16035,) and (b) rutile supercell (Ti;¢03>). The gray
spheres represent Ti atoms, and the red spheres represent O atoms.

(a) ®) )

Fig. 2 Optimized partial structures using the 48-atom 2 x 2 x 1 anatase TiO,
supercell: (a) C-doped (C@O), (b) B-doped (B@O), and (c) C/B-codoped
(C@O&B@O). The gray spheres and red spheres represent the Ti and O atoms,
respectively. The blue spheres and purple spheres represent C and B atoms,
respectively.

%
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Fig. 3 Optimized partial structures using the 48-atom 2 x 2 x 2 rutile TiO;
supercell: (a) C-doped (C@O), (b) B-doped (B@O), and (c) C/B-codoped
(C@O&B@O). The gray spheres and red spheres represent the Ti and O atoms,
respectively. The blue spheres and purples sphere represent C and B atoms,
respectively.
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3 Results and discussion
Model structures of C or/and B doped anatase and rutile TiO,

In our calculations, we considered two possible monodoping
ways to introduce C or B atoms into the anatase and rutile
lattices of TiO,. The first one is an O atom replaced with a C or B
atom (C@O or B@O); the second one is a Ti atom replaced with
a C or B atom (C@Ti or B@Ti). For codoped models, we
considered similarly four possible ways to introduce C/B atoms
into the anatase and rutile lattices of TiO,. The first one is two O
atoms replaced with a C and B atom (C@O&B@O); the second
one is two Ti atoms replaced with a C and B atom (C@Ti&B@Ti);
the third one is a Ti and an O atom replaced with a C and B
atom, respectively (C@Ti&B@O); the last one is an O and a Ti
atom replaced with a C and B atom, respectively (C@O&B@Ti).

We optimized geometry structures of the doped anatase and
rutile TiO, supercells (48 atoms) by the DFT calculations; the
optimized lattice parameters, volumes, and impurity atomic
coordinates are shown in Table 1. For the anatase phase of TiO,,
our calculated lattice parametersarea =5 =3.774 A, c=9.409 4,
which are consistent with the experimental values.*’ The data of
Table 1 show that the lattice constants have a tiny change in the
different models, and the volume of the unit cell increases with
the impurity atom(s) of C or/and B doping. This can be under-
stood by the fact that the radii of impurity atoms C (0.91 A) and B
(1.17 A) are larger than that of O (0.65 A). The optimised coor-
dinates of the impurity atoms (C or/and B) are listed in Table 1.
The partial geometries taken from the optimized C or/and B
doped anatase TiO, supercell are shown in Fig. 2. The average
bond lengths of the doped anatase TiO, after geometry optimi-
zation are summarized in Table 2. For pure anatase TiO,, the
average Ti-O bond length is 1.981 A, there is no significant
change compared with those of the C- and B-doped structures.
The average Ti-O bond length of the C/B-codoped TiO, in the
supercell is shorter than C- and B-doped TiO,. The Ti-C bond
length in C-doped and C/B-codoped systems are longer than the
Ti-O bond length as the radius of the C atom is larger than that
of the O atom. Due to the larger radius of B, the Ti-B bond length
of B-doped and C/B-codoped TiO, is also longer than that of the
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Table 2 Average bond lengths of doped anatase TiO, after geometry optimi-
zation (in A)

Bond

length (A) Pure anatase C-doped B-doped C/B-codoped
Ti-O 1.981 2.056 2.108 1.984

Ti-C — 2.156 — 2.004

Ti-B — — 2.291 2.022

C-B — — — 2.136

Ti-O bond. In the case of codoped TiO,, the length of all these
bonds have an increase, and the Ti-B bond length is 2.136 A.

For the rutile phase of TiO,, the calculated parameters of the
unit cell are a = b = 4.566 A, ¢ = 2.950 A, which agree with the
experimental data.** The data of Table 1 show that the lattice
parameters have a tiny change in the different models, and the
volume of the unit cell increases with the impurity atom(s) of C
or/and B doping. The optimised coordinates for the impurity
atoms (C or/and B) of the model are obtained by DFT calcula-
tions, and are shown in Table 1. Fig. 3 gives the partial geom-
etries taken from the structure optimized C or/and B doped
rutile TiO, supercell. The average bond lengths of the doped
rutile TiO, after geometry optimization are listed in Table 3. For
pure rutile TiO,, the average Ti-O bond length is 1.958 A,
showing no significant change compared with those of the
C- and B-doped structures. However, the average Ti-O bond
length of the C/B-codoped TiO, in the supercell is longer than
C- and B-doped TiO,. The Ti-C bond lengths in C-doped and
C/B-codoped systems are longer than the Ti-O bond length as
the radius of the C atom is larger than that of the O atom. Due to
the larger radius of B, the Ti-B bond lengths of B-doped and
C/B-codoped TiO, are also longer than that of the Ti-O bond.
For C/B-codoped TiO,, the Ti-B bond length is 1.973 A, and the
lengths of the other bonds have increased, too.

These calculated results indicate that C/B codoping can lead
to a significant lattice deformation and a high defect formation
energy in anatase and rutile TiO,, which in turn changes the
dipole moments and makes the separation of photoexcited
electron-hole pairs easier.

Table 1 The volume change of the doped 48-atom anatase and rutile TiO, supercells. The cell volume is in A3 for one TiO5 formula unit

Lattice parameters (A)

Volume/f.u.
Phase Space group Doping model a b c (A%) Impurity atomic coordinates
Anatase  I4,/amd (141 #) tetragonal Pure (expt.”) 3.782  3.782  9.502  34.070 —
Pure (calc.) 3.774  3.774  9.409  33.498
C-doped (C@0) 3.797 3.780  9.457  33.936 C (0.5000, 0.2500, 0.4756)
B-doped (B@O) 3.817 3.771 9.461 34.046 B (0.5000, 0.2500, 0.4926)
C/B-codoped (C@O&B@O) 3.775 3.773 9.603 34.191 C (0.2992, 0.2500, 0.3296)
B (0.4460, 0.2500, 0.4246)
Rutile P4,/mnm (136 #) tetragonal ~ Pure (expt.?) 4.593  4.593  2.959  31.210 —
Pure (calc.) 4566  4.566  2.950  30.751
C-doped (C@O) 4.578 4.578 2.951 30.923 C (0.3538, 0.3538, 0.5000)
B-doped (B@0) 4591 4591 2952  31.106 B (0.3556, 0.3556, 0.5000)
C/B-codoped (C@O&B@O) 4.548 4.548 3.019 31.214 C (0.4606, 0.5394, 0.7500),
B (0.5751, 0.4249, 0.7500)
“ Ref. 44.
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Table 3 Average bond lengths of the doped rutile TiO, after geometry opti-
mization (in A)
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Table 4 Defect formation energies of doped anatase and rutile TiO, systems
(in eV)

Bond

length (A) Pure rutile C-doped B-doped C/B-codoped
Ti-O 1.958 1.919 1.880 1.964

Ti-C — 2.023 — 2.009

Ti-B — — 2.097 2.132

C-B — — — 1.973

Defect formation energy

To probe the stabilities of the doped systems, we calculated the
defect formation energies (E¢) for the monodoped and codoped
systems according to the formulae

Eixxar = Exay) — Epure) — (Wxy — By) ()

Er(C@ Y&B@Y) — E(C@ Y&B@Y) — E(pure) — (uc + U — My — ,“-Y)(Z)

(X=C,B; Y=Ti,0)

where Eure) is the total energy of the host pure TiO, supercell,
Ex@y) and Ecgyssay) are total energies of the monodoped and
codoped systems, respectively. Under equilibrium conditions,
the concentration of a point defect is controlled by its formation
energy, which depends on the chemical potentials of the host
and impurity atoms. For TiO,, the chemical potentials of O and
Ti satisfy the relationship urj + 240 = wrio,, Mo = Ko,/2, and
uri = i The chemical potential uo is determined by the
energy of an O, molecule in the O-rich growth condition
(corresponding to a high value of up). By referencing ug to the
energy of an O atom in the O, molecule, uy; in the Ti-rich
condition (corresponding to a high value of wr;) amounts to the
energy of one Ti atom in bulk Ti. u¢ is the chemical potential of
C impurity, which is calculated from bulk C. ug is the chemical
potential of B impurity, which is calculated by the bulk BN and
N, molecules (up = ppn — tn, Un = fin,/2)-

Our calculations for a variety of possible doping models gave
a successful explanation, and the ion of dopant may be
dependent on the growth condition. It should be noted that the
smaller the E; value is, the easier it is to incorporate impurity
ions into the TiO, supercell. Our calculated formation energies
for all of (co)doped anatase and rutile TiO, are listed in Table 4.
It can be observed that the formation energy of C@O is much
smaller than that of C@Ti under both Ti-rich and O-rich growth
conditions in C-doped anatase and rutile TiO,, suggesting that
the O atom is easier to be replaced with the C atom under both
Ti-rich and O-rich growth conditions. In particular, under the
O-rich growth condition, the formation energy of C@O is
negative in the anatase TiO, supercell, indicating that the C
impurity is readily incorporated into the crystal of anatase TiO,;
partial geometries are shown in Fig. 2(a) and 3(a). For B-doped
anatase and rutile TiO,, our calculations suggest that the
formation energy of B@O is still lower than that of B@Ti under
both Ti-rich and O-rich growth conditions, indicating that the O

This journal is © The Royal Society of Chemistry 2013

Defect formation energy (eV)

Anatase Rutile

Doped systems Ti-rich O-rich Ti-rich O-rich

Doped C@Ti 12.2422 10.3195 13.5925 11.6698
C@0 3.5698 —0.3035 4.3246 1.0222
B@Ti 10.9707 9.0480 11.7642 9.8415
B@O 7.2360 3.9336 7.9429 4.6405

Codoped C@Ti&B@Ti 18.4859 14.6405 21.3417 17.4963
C@0&B@0O 6.1546 —0.4502 10.0967 3.4919
C@Ti&B@O 14.7445 9.5194 14.5516 9.3265
C@O&B@Ti 12.1427 6.9176 12.7302 7.5051

atom is easier to be replaced with the B atom under both Ti-rich
and O-rich growth conditions; partial geometries are shown in
Fig. 2(b) and 3(b). For C locating either at Ti or at O and B
locating either at O or at Ti in codoped systems, the formation
energies of C@O&B®@O codoped model is much smaller than
those of the other codoped systems under both Ti-rich and O-
rich growth conditions. In particular, under the O-rich growth
condition, the formation energy of C@O&B®@O is negative in
anatase TiO, supercell, indicating that the C and B impurities
are readily incorporated into the crystal of anatase TiO,. These
results indicate that C and B impurities are preferred to
substitute the O ion under both Ti-rich and O-rich growth
conditions, Fig. 2(c) and 3(c) show the corresponding partial
geometries. Moreover, in order to study the distance depen-
dence between the C/B codopants, we have calculated the defect
formation energy and band gap of C/B-codoped TiO, using the
216-atom (3 x 3 x 2) anatase and 162-atom (3 x 3 x 3) rutile
TiO, supercells. The calculated results indicate that the defect
formation energy increases gradually with the increase of the
distance between the C/B codopants, but with almost no change
of the band gap.

Electronic structures

To understand the effects of C or/and B doping on the photo-
catalytic activity and optical absorption properties of anatase
and rutile TiO,, the electronic structures of all the (co)doped
models are calculated. As the traditional DFT method seriously
underestimates the band gap for semiconductors,*
calculated the electronic structure using the DFT + U method,
and the calculated band gaps are 2.90 eV and 2.67 eV for anatase
and rutile TiO,, respectively. These calculated results are
consistent with the experimental value of 3.20 eV for anatase
structure?” and 3.00 eV for rutile structure.®***°

The total density of states (TDOS) and partial density of
states (PDOS) of the (co)doped anatase TiO, are calculated and
plotted in Fig. 4 for all the pure and doped anatase TiO, models,
with up-spin DOS above zero and down-spin DOS below zero.
For comparison, the TDOS and PDOS of pure anatase that were
calculated (see Fig. 4(a) and (a’)) indicate that the valence band
(VB) mainly consists of O 2p states with a large bandwidth,

we
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showing strong delocalization and bonding characteristic
among the O 2p electrons, while the conduction band (CB) is
mainly contributed to by the Ti 3d states. For C-doped anatase
TiO, (C@O) (see Fig. 4(b) and (b)), a series of impurity energy
levels (C 2p orbital) appear in the forbidden gap, and all of the
impurity energy levels are located above the valence band
maximum (VBM) and below the conduction band minimum
(CBM). Therefore, the band gap should be much smaller than
the pure anatase TiO, if measured from the occupied states
above the VBM to CBM, which can possibly explain why
C-doped TiO, has better visible-light photocatalytic activity and
shows the red-shift phenomenon of the optical absorption
edge compared to pure TiO, reported in the experiment.** For
B-doped anatase TiO, (B@O) (see Fig. 4(c) and (c’)), the calcu-
lated TDOS shows that the top of the VB has a little shift and the
conduction bandwidth has a little increase compared with the
pure anatase TiO,. Moreover, some gap states are located in the
forbidden gap and mix with the CB edge, and further PDOS
calculations based on the Mulliken population analysis®>**
show that the gap states mostly consist of the B 2p orbital and
adjacent Ti 3d and O 2p orbitals. Hence, the electron excitations
from the VB to the unoccupied gap states above the VBM may
induce a red-shift of the optical absorption edge, which is
consistent with experimental measurements that the incorpo-
ration of B atoms in anatase TiO, results in a red-shift of the
optical absorption edge.**** For C/B-codoped anatase TiO,
(C@O&B@O) (see Fig. 4(d) and (d’)), we can see clearly that the
VBM has an obvious rise of about 0.5 eV compared with that of
the pure anatase TiO,, while the conduction band bottom has a
small decline of about 0.3 eV, which is mainly due to the
hybridization of C 2p, B 2p and O 2p, Ti 3d states. In addition,
there are many impurity states located in the band gap and a
significant difference between up-spin and down-spin states for
C 2p and B 2p orbitals, which may be due to spin-polarized
effects and stronger interaction between the C 2p and B 2p
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Fig.4 The total density of states (TDOS) and partial density of states (PDOS) for
the 48-atom anatase supercell (Ti;03;). (@ and a’) pure, (b and b’) C-doped
(C@0), (cand ') B-doped (B@O), and (d and d’) C/B-codoped (C@O&B@O). The
top of the valence band of pure anatase is taken as the reference level. The blue
solid lines represent the Fermi level E.
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orbitals. Therefore, the synergistic effect of C/B codoping in
anatase TiO, can lead to a decrease of the photon excitation
energy and an obvious red-shift of the optical absorption edge.
The calculated result gives a good explanation for experimental
optical absorption broadening to longer wavelength in C/B-
codoped TiO,. Furthermore, we calculated the Fermi level (Eg)
and plotted it in Fig. 4 for anatase TiO,. The Fermi level is
pinned in the VB edge for undoped anatase TiO,. With C
doping, B doping, and C/B codoping, the Fermi level is gradu-
ally moving towards the direction of the CB edge. Our theoret-
ical results are consistent with the previous study of Yang et al.
for B-doped anatase TiO,.** These results indicate that the TiO,
semiconductor converts gradually from p-type characteristic to
n-type characteristic with doping and codoping of impurity
elements. In addition, we can clearly observe that the Fermi
level crosses over the partial impurity states (see Fig. 4), espe-
cially for C doped and C/B codoped anatase TiO,, which indi-
cates that C doping and C/B codoping of anatase TiO, can make
a material semi-metallic or metallic in nature.

As in the case of (co)doped rutile TiO,, the electronic struc-
tures of all the pure and doped rutile TiO, models were also
calculated in order to investigate the carbon and boron doping
effects on the optical absorption of rutile TiO,. The TDOS and
PDOS of all the models are shown in Fig. 5, with up-spin DOS
above zero and down-spin DOS below zero. For pure rutile TiO,,
the VB is mainly contributed to by the O 2p state, while the CB is
mainly contributed to by the Ti 3d state, as shown in Fig. 5(a)
and (a'). The calculated band gap value is 2.67 eV, which is
similar to other theoretical results.*** Similar to the case of C
and B impurities in anatase TiO,, C or/and B doping induces
similar modifications to the electronic structures in rutile TiO,.
For C-doped rutile TiO, (C@O) (see Fig. 5(b) and (b')), there are a
series of down-spin impurity states (C 2p orbital) appearing in
the forbidden gap, and all of the impurity energy levels are
located above the VBM and below the CBM. In addition, the
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Fig. 5 The total density of states (TDOS) and partial density of states (PDOS) for
the 48-atom rutile supercell (Ti16035). (a and a’) pure, (b and b’) C-doped (C@0),
(c and ¢’) B-doped (B@O), and (d and d’) C/B-codoped (C@O&B@O). The top of
the valence band of pure rutile is taken as the reference level. The blue solid lines
represent the Fermi level E.
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CBM has an obvious decline compared with the pure rutile
TiO,, which may be due to stronger spin-polarized interactions
of C 2p states. Consequently, C doping can further reduce the
energy needed for electrons to be excited from VB to CB, which
may be responsible for the visible-light photocatalytic activity
and the red-shift phenomenon of the optical absorption edge in
C-doped TiO,. This conclusion is consistent with the experi-
ment reported by Wu et al.** For B-doped rutile TiO, (B@O) (see
Fig. 5(c) and (¢)), the VBM has a little shift compared with pure
rutile TiO,, and substitutional B replacing an O atom introduces
some gap states bordering the CB, which are mostly composed
of B 2p states and adjacent Ti 3d states. Thus, the transition
energy of excited electrons from the VB to the empty states
above the Fermi level may induce a red-shift of the optical
absorption edge. For C/B-codoped rutile TiO, (C@O&B®@O) (see
Fig. 5(d) and (d')), it is shown clearly that (i) the couples of the
VB, C 2p and B 2p result in a broadening of the VB and a nar-
rowing of the band gap; (ii) because of the significant difference
between up-spin and down-spin states, this leads to a lot of
unpaired electrons of C 2p and B 2p in the C/B-codoped rutile
TiO, system. These unpaired electrons of C 2p and B 2p inter-
actions lead to a series of impurity energy states (the hybrid-
ization of C 2p and B 2p orbitals) appearing in the forbidden
gap. Hence, the excitation from these impurity energy states to
the CB might also lead to a decrease of the photon excitation
energy and induce a more significant red-shift of the absorption
spectrum edge, which can possibly explain why C/B-codoped
TiO, has better photocatalytic activity than pure TiO, reported
in the experiment.** Moreover, we also calculated the Fermi
level and showed it in Fig. 5 for rutile TiO,. The Fermi level is
still pinned in the VB edge for undoped rutile TiO,. With C
doping, B doping, and C/B codoping, the Fermi level is gradu-
ally moving towards the direction of the CB edge of rutile TiO,,
and also crossing over the partial impurity states (see Fig. 5).
However, the Fermi level merely crosses over the edge of the
partial impurity states compared with the anatase TiO,. This
result shows that C or/and B (co)doping in rutile TiO, can make
a material appear weakly semi-metallic or metallic in nature.
Therefore, TiO, can make a material semi-metallic or metallic
in nature with C doping, B doping, and C/B codoping.

To clearly show that C or/and B doping have made a great
impact on the band structure of anatase and rutile TiO,, we
plotted schematic representations of the band structures of
doped anatase and rutile TiO, in Fig. 6 and 7, respectively. For
anatase TiO, (see Fig. 6), the band gap is 2.90 eV without
doping. (i) For the system with C doping, there is an impurity
state of C 2p appearing above the VB, the energy difference
between the impurity state and the CB is about 2.18 eV, and the
host band gap does not change. (ii) For the system with B
doping, the CB has a decline of about 0.48 eV, and the host band
gap decreases to 2.42 eV. Moreover, there is an impurity state of
B 2p appearing above the VB, and the energy difference between
the impurity state and the VB is about 2.06 eV. (iii) For the
system with C and B codoping, the VB has a rise, the CB has a
decline, and the host band gap is about 2.10 eV. In addition,
there are the hybridized states of C 2p and B 2p appearing in the
forbidden gap. It shows the synergistic effect of carbon and
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Fig.7 Schematic representation of the band structures of pure and doped rutile
TiO,. (Energy level error is 107> eV.)

boron impurities. For rutile TiO, (see Fig. 7), the band gap of
pure rutile is 2.67 eV. (i) For the system with C doping, the host
band gap does not change. But there are two impurity states of C
2p appearing in the forbidden gap, and the energy differences
between the impurity states and the VB are about 1.00 eV and
1.71 eV. (ii) For the system with B doping, the CB has a decline,
and the host band gap decreases to 2.43 eV. Moreover, there is
an impurity state of B 2p appearing above the VB, the energy
difference between the impurity state and the VB is about 1.21
eV. (iii) For the system with C and B codoping, the VB has a rise,
and the host band gap is about 2.42 eV. In addition, there are
two hybridized energy states of C 2p and B 2p appearing above
the VB, the energy differences between the impurity state and
the VB are about 0.97 eV and 1.94 eV. It also shows the syner-
gistic effect of carbon and boron impurities. It is well-known
that the quick recombination of electron-holes is an important
point in TiO, material. C/B codoping induces several impurity
states appearing in the forbidden gap of TiO,, these impurity
states can effectively inhibit the electron transition from the CB
to the VB, which reduces the recombination rate of electron—
holes of TiO,. Consequently, C/B codoping of anatase and
rutile TiO, leads to an obvious red-shift of the absorption edge
and reduces the recombination rate of electron-holes, which
can result in a high photocatalytic activity of TiO,-based
materials.

Optical properties

It is well-known that optical absorption is a surface property in
TiO,. However, it is reasonable that the effect of doping on the
electronic structure and optical absorption properties of
anatase and rutile TiO, is investigated by the bulk TiO,,**>”
which partially reflects some experimental results. According to
the obtained electronic structures, we calculated the complex
dielectric function § = &, + i£,.%® The corresponding absorption
spectrum was estimated by the following equation
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where I is the optical absorption coefficient, w is the angular
frequency (E = hw).

The absorption spectrum of the pure and doped TiO,
systems are calculated and shown in Fig. 8. In anatase TiO, (see
Fig. 8(a)), it is found that pure anatase TiO, can only respond to
ultraviolet-light and shows no absorption response in the
visible-light region. For C doped system, it exhibits a good
optical absorption property in the visible-light region. Because
C-doped TiO, has an impurity state of C 2p in the forbidden
gap, it leads to a higher optical absorption performance than
pure anatase TiO, in the long wavelength range, which is
consistent with the experimental optical absorption spectrum.**
However, it is clear that the incorporation of B into the TiO,
lattice induces increasing optical absorption in the visible-light
region, corresponding to a photo transition energy of 2.06 eV
from the VB to the impurity state of B 2p. For C/B-codoped
system, it is interesting that the absorption of ultraviolet- and
visible-light are greatly enhanced, which is because the syner-
gistic effect of C and B codoping can lead to a decrease of the
photon excitation energy in view of the electronic structure. The
results may be responsible for the outstanding photocatalytic
activity and the obvious red-shift of the optical absorption edge
in C/B-codoped TiO,.

. C/B-codoped

. B-doped

,C-doped
B-doped  C/B-codoped
C-doped - __ |
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IS
Absorbance (a.u.)
=
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Fig. 8 The optical absorption spectra of pure and doped TiO, models. (a)
Anatase phase and (b) rutile phase.
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It is also found that the pure rutile TiO, (Fig. 8(b)) can only
respond to ultraviolet-light and shows no absorption perfor-
mance in the visible-light region. For C doped system, there are
two impurity states of C 2p appearing in the band gap. Thus, the
electron transition from these impurity states to the CB would
lead to an obvious reduction of absorption energy and induce
visible-light absorption, which also gives a good explanation for
the experimental red-shift of the absorption edge.** For B doped
system, there is an impurity state of B 2p appearing in the
forbidden gap, and the CB has a decline of about 0.24 €V, which
leads to a stronger absorption of visible-light. For C/B-codoped
system, the VB has a rise of about 0.25 eV, and there are two
hybridized states of C 2p and B 2p appearing in the band gap.
Therefore, C and B codoping can further reduce the energy
needed for electrons to be excited from the VB to the CB, which
may be responsible for the visible-light photocatalytic activity
and the red-shift phenomenon of the optical absorption edge in
C/B-codoped TiO,.

Hence, our research of the optical absorption performance
of doped anatase and rutile TiO, indicates that the synergistic
effect of C and B codoping can enhance the optical absorption
of TiO,-based materials to visible-light and induce the red-shift
of the optical absorption edge, which results in an excellent
photocatalytic activity in C/B-codoped TiO,. These calculated
results are consistent with the experimental reports of Wu
et al.*

The influences of impurity concentration on the electronic
and optical properties

To investigate the effects of impurity concentration on the
electronic and optical properties for the doped anatase and
rutile TiO, systems, we calculated the electronic structures and
optical absorption spectra of different impurity concentrations
in C/B-codoped anatase and rutile TiO,. For C/B-codoped
anatase TiO,, the TDOS and absorption spectra of C/B impurity
concentrations of 1.04%, 2.08% and 4.17% were calculated and
are shown in Fig. 9. It is obvious that with the increase of C/B
impurity concentration, the intensity of impurity states has a
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Fig. 9 The TDOS and optical absorption curves of different impurity concentrations in C/B-codoped anatase TiO,: (a and a’) C: 1.04%, B: 1.04%; (b and b’) C: 2.08%,

B: 2.08%; and (c and ¢’) C: 4.17%, B: 4.17%.
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strengthening in the band gap and the position of impurity
states changes. Moreover, the visible-light absorption perfor-
mance improves gradually with the increase of C/B impurity
concentration. These results are responsible for the enhanced
photocatalytic activity with the increase of C/B impurity
concentration. For C/B-codoped rutile TiO,, the TDOS and
absorption spectra of C/B impurity concentrations of 1.39%,
2.08% and 4.17% were also calculated, as shown in Fig. 10. With
the increase of C/B impurity concentration, the variation of the
impurity states and the optical absorption performance have
the same trends as the C/B-codoped anatase TiO,, which may
lead to the enhanced photocatalytic activity of C/B-codoped
TiO,. Therefore, we obtain the same conclusions for the codo-
ped anatase and rutile phase TiO, systems. The conclusions are
consistent with the experimental results of Wu et al.®*

4 Conclusions

We have studied the electronic and optical properties of several
possible C-doped, B-doped, and C/B-codoped models of anatase
and rutile TiO, systematically using spin-polarized DFT calcu-
lations based on the plane-wave method. The calculated results
show that (i) C/B codoping of anatase TiO, can induce some
hybridized energy states (C 2p and B 2p) appearing in the
forbidden gap and the band gap has a narrowing by about 0.8
eV, which leads to a red-shift phenomenon of the optical
absorption edge in TiO,; (ii) the couples of the VB, C 2p and B 2p
result in a broadening of the VB and a narrowing of the band
gap in C/B-codoped rutile TiO,, which can also induce a red-
shift of the optical absorption edge. Therefore, the synergistic
effect of C/B codoping in anatase and rutile TiO, can lead to a
decrease of the photon excitation energy and an obvious red-
shift of the optical absorption edge. In addition, we have also
investigated the influences of impurity concentration on the
electronic and optical properties. The investigated results
indicate that the intensity of impurity states has a strengthening
in the band gap, the position of impurity states changes, and
the visible-light absorption performance improves gradually
with the increase of C/B impurity concentration in C/B-codoped

This journal is © The Royal Society of Chemistry 2013

anatase and rutile TiO,. In summary, the synergistic effect of C
and B codoping can enhance the optical absorption of TiO, in
the visible-light region and induce the red-shift of the optical
absorption edge, which results in an excellent photocatalytic
activity in C/B-codoped TiO,.
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