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Abstract

Boron-doped anatase TiO, has been shown to be a much more efficient and
stable photocatalyst than the pristine TiO,. We employed the LDA-supercell
approach to calculate the geometry and electronic structures of the doped
systems, in order to reveal the microscopic mechanism of how photocatalytic
efficiency is improved by boron doping. It is found that the boron atom tends
to either replace an oxygen atom or sits in the interstitial position. It is highly
unlikely for the boron atom to replace Ti. The density of states analysis shows
that for oxygen-substituted doping the boron atom is strongly bonded to two
oxygen atoms as well as to two Ti atoms, which results in new midgap states, and
eventually the absorption edge is red-shifted and the photocatalytic efficiency
is enhanced.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Since TiO, was found to be an efficient and stable photocatalyst more than 30 years ago [1-4],
intense research efforts have been particularly devoted to the photodegrading toxic organic
molecules as well as water and air purifications by TiO, [5-7]. The primary photochemical
processes occurring upon irradiation of a semiconductor are now understood in the following
way [8—10]: the photogenerated electrons and holes migrate to the surface of the semiconductor
first, then these charges can either ionize the oxygen molecule or water to form chemically
active radicals; eventually, these radicals can degrade the toxic molecules. In order to achieve
efficient photodegradation, it is necessary for the photogenerated electron and holes to be
efficiently separated and be mobile enough to reach the surfaces. Furthermore, the bandgap
of the semiconductor should match the optical spectrum of solar irradiation.

The bandgap defines the wavelength sensitivity of the semiconductor to irradiation. The
pristine TiO, is only active upon UV excitation (wavelength A < 387 nm), whose bandgap is
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3.2 eV in the anatase TiO, crystalline phase. Transition metal doping can expand to the
responsiveness to the visible [11-18]. Recently, doping TiO, with non-metal atoms has
received much attention [19-23]. Asahi et al [19] have reported progress on the nitrogen-doped
TiO, for both powder and film samples, and they also theoretically calculated the band structure
to understand how the photocatalytic efficiency is enhanced. They suggested that the oxygen
sites were substituted by nitrogen atoms, and that the visible light sensitivity of the nitrogen-
doped TiO, was due to the narrowing of the bandgap by mixing the N 2p and O 2p states. In
order for the photocatalysis to be more efficient, the electron—hole pair recombination process
should be suppressed. This can be accomplished by trapping the photogenerated electrons,
or the photogenerated holes. As reported by Zhou et al [24], the nickel oxide was shown
to facilitate the photoexcited electron transferring, hence the recombination of photoinduced
electrons and holes can be efficiently suppressed. Very recently, Zhao et al [25] have improved
appreciably the photocatalytic efficiency by doping TiO, with both non-metal boron atom and
nickel oxide, NiO3. They conclude that (i) by incorporating boron atoms in the TiO, bulk
the absorption spectrum can be extended to the visible region, and (ii) the Ni O3 stays in the
surface of the materials, which facilitates the electron—hole separation in the surface.

There are basically three origins for the enhanced photocatalytic efficiency by doping [19]:
(i) new states within the bandgap are induced; (ii) the bottom of the conduction band, or the
impurity empty states, are as high as that for the pristine TiO,, so that its photoreduction
activity is kept; (iii) the newly generated states should overlap in energy sufficiently with the
continuum band states, so that the photoexcited carriers can move rapidly to the reactive sites
at the catalyst surface within the lifetime.

TiO, doped by nonmetals, by carbon [26] or nitrogen [19, 27], has been extensively
investigated by DFT calculations. Doping-induced midgap states for different doping
concentrations as well as the density of states have been calculated to reveal the photocatalytic
properties. In this work, we present the first-principle calculations on boron-doping-induced
geometric and electronic structure modifications. The theoretical analysis provides pertinent
insights to understand how the photocatalytic efficiency is enhanced in experiment [25], and
eventually helps to design photocatalytic materials.

2. Methodology

The first-principle calculations were performed with a plane-wave-based pseudo-potential
method within the density function theory (DFT), as implemented in the CASTEP
program [28]. Exchange—correlation effects were treated with the local density approximation
(LDA) [29, 30]. The core electrons were replaced by norm-conserving pseudo-potentials, with
core radii of Ti, O, and B being 1.6, 1.6, and 1.4 A respectively [31], and the valence electron
configurations were 3d?4s” for Ti atoms, 2s?2p* for O atoms, and 2s>2p! for B atoms. We
have taken a 2 x 2 x 2 supercell of 48 atoms in calculations, consisting of eight primitive cells
of anatase TiO;.

We choose ‘medium’ accuracy for all the calculations. It corresponds to a plane wave
cut-off of 450 eV for our norm-conserving pseudopotential. It corresponds to 300 eV for ultra-
soft pseudopotential as the CASTEP module within the Materials Studio package converts
automatically. The total energy and the force convergence thresholds are 2 x 107> eV /atom
and 0.05 eV A~!, respectively. We note that in a previous investigation of the electronic
structures of Co-doped TiO, a plane wave cut-off is chosen as 280 eV for the ultra-soft
pseudo-potential [32a], very close to our choice of cut-off. We have further tested the cut-
off convergence by optimizing the pristine TiO, structure with increasing cut-off energies,
namely, for 450, 500, 550, and 600 eV. The corresponding total energies for the primitive
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cell (containing six atoms) are —1907.4823, —1907.8520, —1907.9387, and —1907.9554 eV,
respectively. Namely, from 450 to 600 eV, the energy difference per atom is less than 0.08 eV.
It is expected that the difference between the 450 eV cut-off and the converged one should
be less than 0.1 eV/atom, because the 600 eV cut-off case already shows quite convergent
behaviour. According to a general point of view, if the difference in energy per atom is less
than 0.1 eV, the results can be regarded as converged [32b]. Integrations over the Brillouin
zone were carried out by using the Monkhorst—Pack scheme [33] with 3 x 3 x 4 k-sampling
in the relevant irreducible wedge. Results have been obtained for the fully relaxed geometries
including all atoms, while lattice constant are fixed.

We have considered the following three cases of doping: (i) one of the 16 Ti atoms is
substituted by boron, denoted as case I hereafter; (ii) interstitial boron doping, denoted as case
II; (iii) one of the 32 oxygen atoms is replaced by a boron atom, denoted as case III. For the
purpose of analysing relative stability for the three cases, the following ‘anion localization
method’ for evaluating energies is proposed: (i) subtracting one boron atom energy from and
adding one Ti atom energy to the supercell energy; (ii) subtracting one boron atom energy from
the supercell energy; (iii) adding one oxygen atom energy to and subtracting one boron atom
energy from the supercell energy, respectively. Note that in all three cases, the boron atom
energy is subtracted from the total energy. Thus, it is irrelevant to the relative stability. The
Ti atom energy is obtained through calculating the Ti crystal with p63/mmc space symmetry
of within the same approach. We simply assume that the Ti atom in TiO, crystal possesses
the same energy. Then, from the calculated total energy of pristine TiO,, the value of oxygen
atom energy can be obtained.

3. Results and discussion

The supercell structures of three cases of doping are shown in figures 1(a)—(c) for cases I, II,
and III, respectively. We are mostly interested in the distorted structures around the doped
boron atoms, which are displayed in figure 2 both before and after geometry optimizations.
The calculated bond lengths and bond angles near the impurity atom for the three cases are
presented in table 1. We found that the B atom adopts sp® hybridization (a B atom bonded
with four O atoms) to form tetrahedral configuration for case I. From the optimized supercell
structure of case Il in figures 2(b2), when B is in the interstitial position, we find that there are
three O atoms close to the B atom, and these four atoms form a planar structure. Therefore,
the B atom in this case adopts sp? hybridization (a B atom bond with three O atoms). From
the optimized supercell structure of case III in figures 2(c2), O being substituted by B, we
note that there are two O atoms close to the B atom. The bond lengths of B-O1 and B-02
are equal and are calculated to be 1.35 A.In addition, there are also two Ti atoms close to the
doped B atom. The distances of B-Til and B-Ti2 are 2.38 and 2.37 A, respectively, which
is much shorter than the sum of the van der Waals radii for the B atom (1.55 A) and Ti atom
(1.95 A), 1.55+ 1.95 = 3.5 A. This means that the Ti and B can form a covalent bond. We
note that there exist both sp® and sp? hybridizations for B—O bonding in the ameghinite single
crystal [34], a mineral widely existing in nature. This indicates that the B atom prefers to
adopt sp?® and sp? hybridizations with the neighbouring O atoms. Namely, when four O atoms
are the neighbours the B atom will adopt sp? hybridizations, while when only three atoms are
available the B atom will prefer to form sp? hybridizations, as is evidenced in case I and case II.

However, for case III, when B substituted the O atom before relaxation, as figure 2(cl)
shows, the nearest atoms are two Ti atoms with distance of 1.93 A. The second neighbouring
atoms are two O atoms with distances 2.786 A. In such a case, there are only two O atoms
close by the B atom. The B atom is strongly bonded with the two O atoms and weakly bonded
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Figure 1. Supercell structures of B-doped anatase TiO,: (a) Ti-substitution, (b) interstitial, and (c)
oxygen-substitution initial and CASTEP-optimized structures.

with the two Ti atoms; see figure 2(c2). The optimized structure with comparison with the
pristine one can be seen from table 1.

The DOS of pristine TiO, is shown in figure 3(a), which is in excellent agreement with the
previous calculation by Asahi ef al [35]. The valence band consists in mostly the O 2p orbital,
the conduction band mostly the Ti 3d orbitals. It should be noted that the LDA-calculated
bandgap is about 2.3 eV, while the experimental value is 3.2 eV. Namely, the theoretical
bandgap accounts for 70% of the real bandgap. This is a known problem in DFT, which was
pointed out in the 1970s by Kunz [36] and many others [37].

Figures 3(b) and (c) depict the calculated density of states (DOS) of doping case I and case
1L, in close comparison with the DOS of pristine TiO; (see figure 3(a)). We find that in these
two systems the doped B atom does not bring appreciable modifications to the DOS near the
Fermi surface. We then make a partial DOS (PDOS) analysis, which displays the contribution
of the B atom to the DOS; see figures 4(a) and (b). The PDOS calculations are based on
Mulliken population analysis, which considers the contribution to each energy band from a
given atomic orbital. The local DOS (LDOS) is generated by adding all the contributions
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(al)

(b1)

Figure 2. B impurity neighbouring structures of initial (al) Ti substitution, (bl) interstitial, and (c1)
O substitution; B impurity neighbouring structures of the CASTEP-optimized (a2) Ti substitution,

(b2) interstitial, and (c2) O substitution.

Table 1. The impurity induced geometric modifications for the three cases.

Doping cases

Bond lengths/angles

Pristine structure

Optimized structure

I Ti atoms substituted by boron

II Interstitial boron doping

IIT O atoms replaced by boron

B(Ti)-Ol
B(Ti)-02
B(Ti)-03
B(Ti)-04
B(Ti)-05
B(Ti)-06
LO1-B(Ti)}-02
£02-B(Ti)-03
£04-B(Ti)-01
£04-B(Ti)-03
01-02

02-03

03-01
£01-02-03
£02-03-01
£03-01-02

B(0)-01
B(0)-02
B(0)-Til
B(0)-Ti2
LTi1-0O1-B(0O)
/B(0)-02-Ti2
£L01-B(0)-02

1.93 A
1.93 A
1.973 A
1.973 A
1.930 A
1.930 A

92.443°
78.084°
101.916°
180.00°

3.057 A
2773 A
3.794 A
52.7°
46.2°
81°
1.93 A
193 A
1.93 A
193 A
92.44°
92.44°
85.3°

1.41 A
1.408 A
1.473 A
1.473 A
2510 A
2512 A

113.034°
93.994°
93.915°
131.425°

2247 A
2237 A
2.494 A
56.4°
56°
67.6°

1.35 A
135A
238A
237A
85.5°

84.6°

128.2°

together from the atomic orbitals on a given atom. We found that the p electronic states of the
doped B atom locate at the bottom of the valence band (—6 to —8 eV). This is related to the
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Figure 3. DOS of (a) pristine anatase TiO», (b) Ti substituted by B, (c) interstitial B doping, and
(d) O substituted by B.

symmetric environment of the impurity: by forming stable sp® or sp? hybridization, the lattice
distortion is quite localized, then the impurity would not affect the charge density beyond the
second-nearest neighbour atoms. Such a kind of doping can form deep impurity levels in the
energy spectrum, and the induced electronic level is buried at the bottom of the valence band.
Therefore, it is expected that in these two cases the doping would not shift the absorption edge,
and thus would not contribute to enhance the photocatalytic efficiency.

However, for case III, figure 4(c), the DOS projections for the B impurity atom not only

contribute to the low-energy part (~—8 eV), but also to the high-energy portion (—2 eV), close
to the Fermi surface. In addition, the neighbouring Ti atoms and O atoms also contribute to
form the midgap state; see figures 5(a) and (b). The lower portion forms a deep impurity
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Figure 4. (a) Projected DOS for B contribution in Ti substitution; (b) projected DOS for B
contribution in interstitial doping; (c) projected DOS for B in O substitution.

level at the bottom of the valence band due to the B-O strong covalent bond, as in case I and
case II. The B-Ti and Ti—-O weak bond will lead to a shallow energy level, so we can see
that the neighbouring Ti atoms and O atoms and B atom together contribute to the midgap
state. Because of the strong electro-negativity of B compared with the neighbour O atom,
there appears appreciable electron transfer from B to O, and from Ti to B, so the impurity
would affect the charge density of the nearest and the second-nearest, and even beyond the
second-nearest neighbours. The effect of the impurity would not be localized. A qualitative
rationalization for the relative positions of the B impurity bands can be understood as follows.
The impurity is located in an asymmetric environment, with strong electronegative O atoms
on one side, and a less electronegative impurity species on the other. The B atom loses some
of its charge to the neighbouring O atoms, and thus becomes somewhat positively charged;
that is to say, the B becomes effectively ionized. The second-nearest Ti atom will lose some
of its charge to the B atom; therefore, the binding energy of this substitution will be smaller
than cases I and II.

That the impurity state is delocalized can be seen from the DOS of the crystal with O
substituted by B doping (figure 3(d)). It overlaps with the top of the valence band, i.e., the
2p electronic state of the O atoms. Figures 4(c) and 5(a) indicate that the deep levels of the
B impurity and its neighbouring O atoms locate at the same energy range (—10 to —8 eV).
This means that the B impurity and its neighbouring O atoms strongly overlap. However,
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Figure5. (a) Projected DOS for the O atoms which are closely linked to B in system III; (b) projected
DOS for the Ti atoms neighbouring the impurity B atom.

from figure 5(b), there is no contribution from the Ti atom in the same energy range. This
implies that Ti and B have very weak interaction, which further confirm our analysis based on
electronegativities.

If we look at the valence band at ~—2 eV, the B impurity together with its neighbouring
O atoms and Ti atoms contribute to the impurity-related midgap states at the top of the valence
band, which means that there exist weak B—Ti as well as Ti—O interactions. It should be noted
that in the DOS calculations for the supercell we have kept only a few empty bands as in the
pristine case to reduce the computational efforts: by and large, doping effects are revealed by
the modifications near the top of the valence band and the bottom of the conduction band.

Finally, we make a comparison on the total energies for the three doping cases in order
to reveal their relative structural stabilities. The total energies are calculated according to the
schemes described in section 2, and are found to be —15332.5, —15338.2, and —15337.3eV
for the three cases, respectively. We can find that case I (the Ti substituted B doping system)
is the most unstable one. However, as to systems II and III, their stability energies are quite
close to each other. If we subtract the energy of a B atom in a B single crystal with space
group 166 Rém, then the total energies become —15 255.09, —15260.77,and —15259.87 €V,
respectively>. In another word, the relative energy for II and III is about 0.11 eV per unit cell,
with interstitial doping slightly lower in energy than the O-substituted situation. Such a small
difference is beyond the accuracy of the present approach. Both cases II and III can occur in
the real materials, and the O-substitution is responsible for the red-shift of absorption edge.

3 These values are slightly different from the previous results as reported in the supporting materials of [25]. In this
work, a full geometry optimization has been carried out for all the systems, while in [25] only single point energies
are considered.
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4. Conclusion

Through first-principle DFT-LDA calculations, we have carefully examined three different
doping mechanisms. We show that a B atom can be doped into TiO, either in the interstitial
position or at the O site: their energy difference is not substantial. The O substitution will
lead to narrowing of the bandgap. The induced impurity states overlap sufficiently with the
2p electronic states of oxygen. Furthermore, in the conduction band, the boron-induced state
is not located in the band edge, so that the photoexcited electron can be as mobile as in the
pristine materials. Both satisfy the conditions for achieving highly efficient photocatalytic
function, which we believe are responsible for the experiment of Zhao et al [25].
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