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Abstract. By using first-principles calculations based on density functional theory,
we investigate the doping effect of rare-earth elements (La and Gd) in Bismuth
tungstate Bi,WOsg on structural characteristics. Firstly, the formation energies for
doping configurations are calculated in order to carry out the most stable one. The
obtained results prove that doping to sixteen Bi sites needs the similar formation
energies due to the geometrical symmetry of the origin material. Secondly, the
optimized structures of La- and Gd-doped systems are achieved by relaxation
calculations. Finally, by comparison the lattice parameter between two doped
systems, we find the insignificant changes in lattice constants, and hence, cell
volumes. This can be attributed to the similarity in ionic radii of dopants (La or Gd)
and host (Bi) ion.
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1. Introduction

Nowadays, the start of the industrial revolution with the exploitation and natural
resources utilization excessively triggers the solemn problem in living environment.
Photocatalytic semiconductor materials have been widely studied because of their
remarkable properties for pollution remediation and hydrogen production from water
splitting using solar energy [1-6]. Although photocatalysis efficiency has been broadly
studied both experimentally and theoretically for decades, finding efficient
photocatalyst is still the focus of many researchers. Presently, TiO,-based photocatalysts
is mostly studied and efficient photocatalyst due to their high reactivity, good chemical
stability, environmental friendly, and low cost [6-10]. However, the main limitation of
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TiO, photocatalyst is intrinsic band gap (rutile 3.05eV, anatase 3.26eV), TiO; is able to
be active only the ultraviolet part of the solar spectrum which accounts approximates
only 3% to 4% of ultraviolet contribution [11]. Therefore, it is essential to develop
novel visible-light-induced photocatalyst with high efficiency under normal solar light
condition. Bi,WOsg, a typical Aurivillius oxide with layered structure, has excellent intrinsic
physical and chemical properties such as catalytic behavior, ferroelectric, pyroelectricity,
piezoelectricity, oxide anion conducting and a nonlinear dielectric susceptibility [12-15].
Recently, Bi,WOs-based photo-catalysts have been widely studied for their promising
photocatalytic performance under visible-light-irradiation [16-23]. Many experimental
and theoretical publications have been performed to develop the photocatalytic
efficiency of Bi,WOgs in the visible light region via doping in cationic sites (mostly Bi)
since introducing doping states into the band gap and/or narrowing the latter.
Furthermore, the doping into a semiconductor can create a new optical absorption edge
which is very important in the photocatalysis process.

Therefore, in this paper, we focus on the formation of rare-earth element (M=La or
Gd) doped Bi,WOg systems. In order to find the favorite doping sites, the formation
energies are calculated for 16 Bi possible doping configurations. The effect of dopants
on crystal structure is elucidated. Besides, throughout this work, we use Visualization
for Electronic and Structure Analysis (VESTA) to view the structure of our system.

2. Content

2.1. Computational method

Our predictions are obtained from the state of the art first-principles
pseudopotential calculations based on Density Functional Theory (DFT) [24, 25] that is
implemented in software package CASTEP [26]. Interactions of valence electrons with
ion cores are modeled using projector augmented wave (PAW) [27] potentials. The
plane-wave basis set is employed for the valence electron wave function with cut-off
energy of 580 eV. Reference configurations of valence electrons were 6s® 6p° for Bi,
5d* 6s% for W, 2s? 2p* for O, 5d* 65 for La and 4f’ 5d* 6s* for Gd. For the exchange-
correlation energy, the generalized gradient approximation (GGA) was employed within
the Perdew-Burke-Ernzerhof (PBE) [28] functional. The Brillouin zone was sampled
using 2x4x7 Monkhorst-Pack k-point grids [29] which showed total energy
convergence within 1 meV per atom. The conjugate gradient minimization method was
used to optimize all the atomic positions. Structural relaxation was terminated when the
maximum Hellman-Feynman forces acting on each atom in the unit cell dropped to
0.001 eV/A. The supercell 2x1x1 was constructed by repetition of the unit cell of
Bi,WOg. This supercell was composed of 72 atoms: 16 Bi atoms, 8 W atoms and 48 O
atoms. Point defects were modeled by substituting one Bi site with a rare-earth atom so
as to give a composition of Bijg7sMg12sWOg (M = La or Gd). The doping site was
chosen so as to assemble the most stable configuration that possesses the smallest total
energy, i.e. the lowest formation energy, in the relaxed structures among the all possible
dopant configurations.
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2.2. Results and discussions

2.2.1. Formation energy

The optimized supercell 2x1x1 of Bi,WOQOg consists 16 Bi atoms (Figure 1a) [30].
In order to find out the suitable doping site, the formation energies AH, of sixteen
M-doped Bi,WOg configurations where M is substituted alternatively to sixteen
possible sites of Bi cation were calculated. The smaller formation energy is, the more
favorite doping site is. AH; is defined as the energy needed to replace a Bismuth atom
by an Lanthanum or Gadolinium atom, and is calculated as follows [31]:

Figure 1. Crystal structure of supercell undoped and M-doped Bi,WOg. Gray octahedra
indicate WOs substructures. A black solid box presents a boundary of the super-cell

1
AHp = Etor — Z#ixi (1)
i

where, E;,; IS the DFT total energy of the doped compound, y; is the chemical potential
of element i, and x; is the quantity of element i in the compound.

We firstly perform DFT calculations so that the total energies of all possible doped
configurations are carried out. Then the formation energies are obtained from equation
(1) and are listed in Table 1. It can be seen from Table 1 that the discrepancy in average
values of formation energies of La- and Gd-doped systems is only 0.1% (about -1.82171
eV and -1.81925 eV for La- and Gd-doped systems, respectively). Moreover, in each
doped system, the energy differences between the many possible configurations are not
large (about 0.0001 eV) for both La-doped and Gd-doped Bi,WOg. This can be
attributed to the geometrical symmetry of the pure system Bi,WOQOs that sixteen Bi
cations are all located in equivalent positions. Therefore, our next calculation will focus
on only one doped configuration where the Bi4 site is substituted by a La/Gd atom (Figure 1b).
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Table 1. Formation energy (eV) of sixteen possible configurations

of M-doped Bi;WOjg systems

Doping site La-doped Gd-doped
Bil -1.82179 -1.81928
Bi2 -1.82179 -1.81928
Bi3 -1.82179 -1.81929
Bi4 -1.82182 -1.81929
Bi5 -1.82179 -1.81928
Bi6 -1.82179 -1.81928
Bi7 -1.82179 -1.81929
Bi8 -1.82179 -1.81929
Bi9 -1.82161 -1.81922
Bil0 -1.82176 -1.81922
Bill -1.82161 -1.81922
Bil2 -1.82161 -1.81922
Bil3 -1.82161 -1.81922
Bil4 -1.82161 -1.81922
Bil5 -1.82161 -1.81922
Bil6 -1.82161 -1.81922

3.2. Structural characteristics

The optimized structures of undoped and doped systems, respectively, Bi,WOg and
Bi1g7sMo.12sWOs (M = La or Gd), are evaluated by relaxation calculations. For all
systems, we optimized both the cell shape and cell volume. The lattice parameters of
optimized structures with La or Gd dopants are listed in Table 2. The M-doped Bi,WOg
systems remained orthorhombic system, space group Pca2;, with the WOg octahedral
layers and the Bi—O-Bi layers, the same as undoped Bi,WOs. The lattice constants, in
general, decreased for the b axis, but increased for a and ¢ axes. The decrease of b axis
of the La-doped system is insignificant, and that of Gd-doped system is about 0.4%. The
increases for the a and ¢ axes of the La-doped system are about 0.2% and 0.16%,
respectively; while those values of Gd-doped system is insignificantly. Thus, the cell
volume is increased by 0.2% for La-doped system, but decreased by 0.3% for Gd-doped
system. Those changes resulted from the difference in ionic radii of dopant (1.032 A
and 0.938 A for La®" and Gd*" respectively) host (1.03 for Bi**) [32]. Due to the slight
difference in cell shape and cell volume between undoped and doped systems, we
expect that there is no significant elastic strain in the crystal structure in doped systems
and structural relaxation only affects the local surrounding of the defects in the actual
materials. The comparison of the coordinate of each atom and that of W-O bond lengths
in each octahedron are accomplished and verify our prior expectation.
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Table 2. Structure parameters of undoped and La- or Gd-doped Bi,WOg systems

Lattice constant/A Angle/deg.

Cell vol./ A®
a b C a B Y

Undoped | 11.1227 | 16.8683 | 5.6049 | 90.0000 | 90.0000 90.0000 1051.6132

La-doped | 11.1517 | 16.8357 | 5.6138 | 89.7751 | 90.0986 89.9155 1053.9734

Gd-doped | 11.1229 | 16.8026 | 5.6076 | 90.2281 | 89.9393 90.0454 1048.0275

3. Conclusions

First-principles calculations of M-doped Bi,WOg (M = La or Gd) show that the
crystal structure of orthorhombic undoped Bi,WOg Pca2; space group is maintained by
the doping. Due to the similarity in ionic radius between La (Gd) and host Bi, the unit
cell volume of La (Gd)-doped system changes only 0.2% (0.3%). Thus there is no
important elastic strain in doped systems by structural relaxation. The effect of these
dopants on electronic properties of Bi,WOg will be considered in our next work.
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