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Abstract Using density functional theory calculation

within the CASTEP code, we investigated the possible

various kinds of defects in the Al: mBiVO4 crystals. On the

one hand, the substitution of V site with Al(subAl-V) was

studied along with one Al substitution with an oxygen

vacancy (subAl-V ? VO). The two defect models both

induced an obvious band gap narrowing. It predicted theo-

retically that the redshift of absorption edge phenomenon

may be measured in experiment. The most obvious differ-

ence was the appearance of a valence-band hole of the for-

mer due to the charge imbalance, while the latter has reached

local charge balance. On the other hand, the substitution of

Bi site with Al (subAl-Bi) induced an increase in the band gap,

but the value is still small. This indicated that subAl-Bi still

shows higher photocatalytic activity. Moreover, we found

that mBiVO4 (subAl-Bi) and mBiVO4 (subAl-V ? VO) should

have stronger ability of photocatalytic water splitting and H2

evolution than those of pure mBiVO4 by analyzing the

density of states and band edges.

Keywords Monoclinic BiVO4 � Al introduction �
Oxygen vacancy � Electronic structure � Water splitting

1 Introduction

Owing to the fact that scheelite-type ABO4 compounds

have good prospects as heterogeneous catalysts, oxide ion

conductors, and possible negative electrode materials to

replace the graphite presently being used in the Li-ion

batteries. Scheelite-structured ABO4 ternary oxides are

important materials from both a theoretical and a techno-

logical point of view [1]. Bismuth vanadate (BiVO4) is one

of the most widely studied and important of the scheelite-

structured ABO4 ternary oxides.

In addition, monoclinic (distortion scheelite structure)

BiVO4 (for short, mBiVO4) is one of novel semiconductor

photocatalysts with narrow band [2–7]. mBiVO4 has shown

particular promise for water photodecomposition with the

reasonable band edge [8]. However, this photocatalyst has

no H2 evolution ability due to its poor reduction potential

(ca. 0.0 eV vs. NHE) [9, 10], though mBiVO4 possesses a

valence band edge (ca. ?2.4 eV vs. NHE) with a high

oxidation activity of splitting water into O2 under visible

light [11]. Therefore, it is necessary to find a feasible

route for enhancing the reduction activity of splitting water

into H2.

So far, there have been many reports mBiVO4 doping

metal is considered to be a feasible route for enhancing the

photocatalytic activity such as Fe [12], Co [13–15], Cu [16,

17], Pd [18, 19], Mn [20], Ag [21–23], Ce [24], W [25], Mo

[26], V [27], Bi [28]. Moreover, recent studies show that

aluminum metal is a better dopant in photocatalysts due to

its stable thermal expansion coefficient and physical

property [29]. Nie et al. [30] synthesized a Al/ZnO com-

posite by using chemical co-precipitation; the UV–Vis

absorption spectra showed that the Al/ZnO exhibits a

redshift in the absorption edge. Shon et al. [31] studied the

photocatalytic activity of Al/TiO2 and demonstrated that it

photodecomposed acetaldehyde efficiently under visible

light irradiation. Li et al. [32] also reported La2AlTaO7

showed higher photocatalytic activity than La3TaO7 for

hydrogen evolution from water, and the effect of Al was

discussed based on density function theory (DFT) calcu-

lation. However, R. Shirley et al. [33] reported Al does not
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introduce band gap states but leads to an increase in the

band gap in both anatase and rutile TiO2 using density

functional theory. This suggests that Al/TiO2 reduced the

photocatalytic activity. However, the experimental study of

the introduction of Al atom into monoclinic BiVO4 to

improve its photocatalytic activity has not been reported so

far as we know.

In order to investigate the effect of Al atom in the Al:

mBiVO4 crystals, in this paper, the electronic structures of

Al: mBiVO4 were calculated using CASTEP code based on

the density functional theory (DFT). First, the possible

various defect models were simulated, and then we

examined the preferred defect model. The correlation

between the photocatalytic activity of splitting water and

the electronic structure, and the variation of band edge was

also discussed in detail.

2 Structure model and computational method

2.1 Structure models

BiVO4 has a monoclinic distortion of scheelite structure

that belongs to the space group I2/b, with experimental

lattice parameters a = 5.194 Å, b = 5.090 Å, c = 11.697

Å and the lattice angles a = b = 90.0�, c = 90.4� [34].

The unit cell includes (BiVO4)4 structure, which is made

up of distorted VO4 tetrahedron and BiO8 octahedron. In

our calculations, three possible defect models have been

considered. Model 1 is to substitute one Al atom for one Bi

atom (subAl-Bi) in the BiVO4; Model 2 is to substitute one Al

atom for one V atom (subAl-V) in the BiVO4. Since the

substitution of Al for V (i.e., one Al3? ion replaces one V5?

ion) would induce a charge imbalance, the effect of oxygen

vacancy should be further investigated. Thus, a Al substi-

tution combines with an oxygen vacancy (subAl-V ? Vo)

forming defect model 3 to maintain overall charge. All these

structures investigated here are shown in Fig. 1.

2.2 Computational details

All calculations were performed using DFT with the plane-

wave pseudopotential (PWP) approach as implemented in

the CASTEP code [35]. The generalized gradient approx-

imation (GGA) functional by Perdew and Wang (PW91)

[36, 37] was employed. The computational setup was the

same as used in ref [38]. The core electrons were replaced

by the ultrasoft pseudopotentials, and the valence atomic

configurations were 6s26p3 for Bi, 2s22p4 for O,

3s23p63d34s2 for V, 3s23p1 for Al atom, all represented in a

reciprocal space. As we know, the energy cutoff was one of

the most important parameters that determine the accuracy

and the cost of the calculation. The k-point sampling set

defined the accuracy of the Brillouin zone. The way to

determine the appropriate sets of above parameters will be

discussed in the next section.

3 Results and discussion

3.1 Definition of the basis set

To gain an insight of energy cutoff required for reasonably

accurate calculations, a series of test calculations were

performed on the pure mBiVO4 system. For these calcu-

lations, we used a k-point sampling grid of 3 9 3 9 1, and

both the lattice parameters and atomic positions are relaxed

during the structural optimization. The relation between the

energy cutoff and total energy is shown in Fig. 2. The

results clearly show that the total energy is converged when

the cutoff energy is larger than 500 eV. However, con-

sidering the accuracy of lattice constants [34], the energy

cutoff of 340 eV is found good enough to achieve the

desired convergence.

A similar test was performed to evaluate the k-point

sampling required. Using the cutoff energy of 340 eV,

three different k-point grids are considered. The results are

shown in Fig. 2. Clearly, the size of k-point grid has small

effect on the total energy which may be due to the semi-

conductor character of the system, so we chose an inter-

mediate grid size of 4 9 4 9 2 to study the Al: mBiVO4

systems.

The results of the geometrical optimization of the pure

mBiVO4 at a cutoff of 340 eV and k-point sampling grid of

Fig. 1 The possible three defect models that are considered in this

paper
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4 9 4 9 2 are given in Table 1, which are in agreement

with experiment [34], with deviations of less than 1% in

the lattice constants.

3.2 Structures and formation energies

A systematic study of the structural lattice parameters for

mBiVO4 containing impurity Al atom was carried out.

From the calculation results listed in Table 1, since the

ionic radius of Bi3? (1.03 Å) is larger than those of Al3?

(0.51 Å), the subAl-Bi would induce a significant local

structure distortion and have a high formation energy. On

the other hand, it seems that the substitution at V site

results in a relative smaller lattice distortion. It is possibly

because of greater difference in ionic radii between Al3?

and Bi3? than that between Al3? (0.51 Å) and V5? (0.59

Å). This indicates that the substitution of Al for V requires

a relatively small formation energy. We will demonstrate

this by the subsequent calculated formation energy.

To study the relative stability of the possible three defect

models, the defect formation energies Eform were calculated

(Table 2). A widely accepted method for such analysis is to

evaluate their formation energies as a function of atomic

chemical potentials [39]. We calculated the formation ener-

gies Eform according to the following equation:

Eform ¼ Edefect � ðEpure þ lAl � lMÞ ð1Þ

where Edefect and Epure are the total energies of mBiVO4

lattice with and without Al atom, respectively. lAl the

chemical potential of impurity Al, which is obtained from

the free energy of one Al atom in bulk Al. Likewise, lM is

the chemical potential of the atom replaced by Al (i.e., Bi

or V), which is the corresponding energy of the ground

state. The calculated results are summarized in Table 2. It

is noticed that the defect model is energetically more

favorable while Eform value becomes smaller. As shown

in Table 2, it can be found that the formation energy of

subAl-V ? VO is negative, indicating that the substitution

of Al for V combining with an oxygen vacancy is most

favorable. In addition, it is interesting that the formation

energy of subAl-Bi is lower than that of subAl-V, which is

opposite to the situation we predicted in upper text. It is

noteworthy that subAl-V will generate two electron holes

(which can be seen in the band structure plot) due to the

charge imbalance. This is possible reason that subAl-V is

higher in energy. Thus, mBiVO4 (subAl-V) is the energeti-

cally hardest to realize than the others.

3.3 Electronic structures of pure mBiVO4

The band structure of the pure mBiVO4 is shown in Fig. 3a.

The calculated band gap between the valence band maxi-

mum (VBM) and the conduction band minimum (CBM) is

about 2.21 eV, which is slightly smaller than the experi-

mental value of 2.40 eV [5–7] due to the well-known

limitation of DFT. The situation is consistent with the

reports of tungstates previously [40, 41].

To analyze the origin of the electronic structure, the

projected density of states (PDOS) of the pure mBiVO4

Fig. 2 The sets of cutoff energy and k-point of mBiVO4 crystal

Table 1 The lattice

optimization for pure mBiVO4

and three possible defect

structures

Exp. Pure SubAl-Bi SubAl-V SubAl-V ? Vo

a (Å) 5.194 5.194 (0.0%) 5.124 (-1.4%) 5.139 (-1.06%) 5.164 (-0.6%)

b (Å) 5.090 5.113 (?0.5%) 5.048 (-1.3%) 5.106 (-0.14%) 5.203 (?1.8%)

c (Å) 11.697 11.753 (?0.5%) 12.024 (?2.3%) 11.634 (-1.01%) 11.779 (?0.4%)

a 90.0� 90.0� 92.4� 90.0� 90.1�
b 90.0� 90.0� 88.3� 89.9� 90.0�
c 90.4� 90.1� 90.9� 89.8� 90.0�

Table 2 Calculated formation

energies of three defect models

Unit is eV

Model EAl-doped Epure lAl lBi lV Eform

Model 1 subAl-Bi -15432.53 -15525.30 -56.44 -147.28 – 1.93

Model 2 subAl-V -13601.81 -15525.30 -56.44 – -1977.37 2.56

Model 3 subAl-V ? VO -13167.28 -15085.79 -56.44 -1977.37 -2.42
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structure is shown in Fig. 3b. It can be seen that the lower

part of VBs mainly consists of O 2p orbitals and the

hybridizations between O 2p and V 3d, Bi 6p are

observed, implying the covalent interactions between

V–O and Bi–O bonds. The upper part of VBs is domi-

nated by O 2p orbitals with small contributions from

V 3d and Bi 6s. The CBs are predominantly composed

of V 3d orbitals, with significant contribution from

O 2p and Bi 6p also present. An additional state is found

at-9.5 eV, which is mainly consisted of the Bi 6s orbi-

tals. Our theoretical results are consistent with those

reported in previous work [8, 38].

3.4 Electronic structures of defect models

3.4.1 Band structure

Figure 4 shows a comparison of the calculated energy band

structure of three defect models. For model 1 (subAl-Bi), a

new state only appears just below the bottom edge of VBs

as shown in Fig. 4a. The band gap is calculated to be about

2.27 eV, which is slightly larger than the value of pure

mBiVO4 (2.21 eV). This suggests that visible-light photo-

catalytic activity is also expected. On the contrary, it is

clear that a slightly decreasing of the band gap (about

0.08 eV) is observed as shown in Fig. 4b. Moreover, a

valence-band hole is formed associated with charge

imbalance that appears above the top of valence band. The

model 2 crystal will be charged neutral, and Al requires

two less electron from mBiVO4 lattice. This means that

2e- remaining per V atom replaced will have to be

accommodated in the band structure.

In the case of model 3, the substitution of one V by Al

combines with an oxygen vacancy leads to maintain overall

charge. Figure 4c shows that the VBM and CBM of model

3 are essentially the same as those of model 2. The con-

duction band is expanded obviously compared with that of

pure mBiVO4, which results in a narrowed band gap

between VBM and CBM of about 2.19 eV. This means that

a redshift of absorption edge phenomenon may be observed

in experiment. However, the new state is not appear above

the top of VB as opposed to the situation in model 2 in

which isolated states are introduced into the band gap. Our

Fig. 3 The calculated electronic band structure (a) and PDOS (b) of

pure mBiVO4

Fig. 4 The calculated

electronic band structures

a model 1 (subAl-Bi), b model 2

(subAl-V) and c model 3

(subAl-V ? VO)
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calculations suggest this state should overlap with the top

of the valence band.

3.4.2 Density of states

In order to further investigate the effect of Al 3s3p states,

the TDOS of three defect models and the PDOS of Al 3s3p

states were calculated and plotted in Fig. 5, panels A and

B, respectively. Fermi level is regarded as the energy zero

by default in these figures. Figure 5a and a0 show most Al

3s3p states are located in the CBs of the model 1 structure

(subAl-Bi). The mixing of Al 3s3p states with V 3d and Bi

6p states makes the position of CBM shift upwards (about

0.06 eV). Hence, it can be expected that mBiVO4 (subAl-Bi)

would exhibit a stronger reduction activity to split water

into H2 than pure mBiVO4. This will be demonstrated in

the next section about the band edge position calculation.

For the model 2 structure (subAl-V), Fig. 5b and b0 clearly

show that the contribution of Al 3s3p states at the CBs

becomes very small. Thus, the position of CBM shifts

downwards slightly (about 0.02 eV), with respect to pure

mBiVO4. Moreover, the Al 3s3p states extend into the band

gap from the VB edge of pure mBiVO4 by about 0.5 eV,

which is largely responsible for the band gap reduction.

But in the case of the model 3 structure (subAl-V ? VO),

it is interesting that the position of the top VBs shows

no significant change as well as the model 1 structure

(subAl-Bi), while the position of the bottom CBs is the same

as the model 2 structure (subAl-V). As a consequence, the

band gap has a narrowing of about 0.02 eV when compared

with that of pure mBiVO4, and the ability of photocatalytic

water splitting and H2 evolution of mBiVO4 (subAl-V ? VO)

will be improved.

3.4.3 Band edge position calculation

For further analyzing the effect of Al substitution on the

capability of photocatalysis, we also calculated the band

edge position according to a semi-empirical method pro-

posed by Butler and Ginley [42]. So far, considerable

success has been achieved in calculating band position and

photoelectric thresholds for many compounds using the

atomic electronegativity of the constituent atoms [42–44].

The electronegativity of an atom v defined by Mulliken is

the arithmetic mean of the atomic electron affinity (A) and

the first ionization energy (I1), i.e., � (Å? I1), other than

the common-defined term. For example, the CB edge

position of pure BiVO4 can be expressed empirically by

[44, 45]

Ec ¼ v� 1=2Eg þ Ee

¼ ðv4
Biv

4
Vv8

OÞ
1=6 � 1=2Eg þ Ee

ð2Þ

where Ec is the CB edge potential with respect to the

normal hydrogen electrode (NHE), Eg is the band gap of

the semiconductor, Ee is the energy of free electron on the

hydrogen scale (-4.5 eV), and v is the electronegativity of

the semiconductor, which is the geometric mean of the

electronegativity of the component atoms. The calculated

results are summarized in Table 3.

In order to compare more clearly,the calculated posi-

tions of top of valence band (EVB) and bottom of con-

duction band (ECB) for various defect models are shown in

Fig. 6. The results clearly show that the VBM and CBM of

mBiVO4 (subAl-Bi) are raised from those of pure mBiVO4

by about 0.03 and 0.09 eV, respectively. The raising of the

CBM suggests that mBiVO4 (subAl-Bi) would have stronger

ability to reduce H? to H2 than does pure mBiVO4. For

Fig. 5 The calculated TDOS of three defect models and the PDOS of Al 3s3p states (a, a0) model 1(subl-Bi), (b, b0) model 2 (subAl-V), and (c, c0)
model 3 (subAl-V ? VO)
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mBiVO4 (subAl-V), the VBM is raised by about 0.10 eV, so

mBiVO4 (subAl-V) should have a reduce ability for oxida-

tion. The CBM is slightly lowered by about 0.01 eV rela-

tive to the corresponding values of pure mBiVO4, so

mBiVO4 (subAl-V) should have the similar reduction abil-

ity. On the contrary, the CBM of mBiVO4 (subAl-V ? VO)

is raised by about 0.08 eV, so mBiVO4 (subAl-Bi) and

mBiVO4 (subAl-V ? VO) both have the similar ability to

reduce H? to H2. It is well known that H2O2 and O3 can

oxidize many organics because of their strong oxidation

power, 1.77 eV (H2O2) and 2.07 eV (O3). Compared with

them, the three defect models still possess stronger oxi-

dation power. Moreover, subAl-Bi and subAl-V ? VO would

have stronger ability of photocatalytic water splitting and

H2 evolution than pure mBiVO4.

4 Conclusion

In summary, we calculated the structural and electronic

properties of three possible structures to include Al atom

into the mBiVO4 lattice based on DFT. The optimized

geometries indicated that it is more favorable to substitute

Al for V site than for Bi site, while the calculated formation

energies suggested the substitution of Al for V involving an

oxygen vacancy (subAl-V ? VO) is the energetically most

favorable to realize in experiment. The band structures

revealed that an obvious band gap narrowing are observed

in subAl-V and subAl-V ? VO structures. The most obvious

difference is the new state is not appear above the top of

VB of the subAl-V ?VO structure as opposed to the situa-

tion in subAl-V structure in which isolated states are intro-

duced into the band gap. On the other hand, the band gap of

mBiVO4 (subAl-Bi) is larger than the measured value of

pure mBiVO4. However, the value is still small, so that

mBiVO4 (subAl-Bi) should still show well absorption for

visible light. Moreover, the density of states analysis

showed that both the CBM position of subAl-Bi and subAl-V ?

VO structures shift upward, which predicts mBiVO4 (subAl-Bi

and subAl-V ? VO) should have a stronger reduction

power. The calculated band edge positions demonstrated

that the two defect structures have stronger reduction

power than pure BiVO4, while mBiVO4 (subAl-V) structure

is without this characteristic. According to the results

mentioned above, we can predict theoretically both

mBiVO4 (subAl-Bi) and mBiVO4 (subAl-V ? VO) would

have stronger ability of photocatalytic water splitting and

H2 evolution than does pure mBiVO4.
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