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Abstract. Utilizing Density Functional Theory (DFT) as the computational method,
we aimed to gain insights into the structural and electronic characteristics of Bi-
based photocatalysts, particularly bismuth tungstate and bismuth molybdate. Both
materials exhibit an orthorhombic structure and belong to the space group Pca2;
under certain conditions. The exchange-correlation functional used throughout the
study was the Perdew-Burke-Ernzerhof (PBE) functional within the generalized
gradient approximation (GGA), enabling detailed analyses of their crystal structure,
electronic band structure, density of states, and charge density. The electronic
properties of both photocatalysts exhibit similar features as expected from the
similarities in crystal structure. Notably, bismuth molybdate has a narrower band gap
than bismuth tungstate, attributed to the atomic size difference between molybdenum
and tungsten. The results confirm their semiconductor nature, highlighting their
potential for sustainable-energy photocatalytic applications.
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1. Introduction

In recent decades, with the increasing demand for energy and the need to address
environmental problems, different types of semiconductors have been researched due to
their significant photocatalytic properties. Researchers have been striving to evaluate the
intrinsic properties of the photocatalysts and enhance the efficiency using different
techniques [1].

A narrow bandgap is observed in most bismuth-based photocatalysts due to the
presence of Bi 6s and O 2p hybrid orbitals in the valence band, making them highly
effective for visible light utilization. Over the past few years, a range of bismuth-based
photocatalysts have been developed, progressing in the study of bismuth-based
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nanomaterials for pollutant degradation and water splitting [2]. Despite their outstanding
characteristics, such as good visible-light response, adjustable electronic band structure,
and environmental friendliness, bismuth-based photocatalysts still perform inadequately
in practical applications due to the high rate of recombination of the electron-hole pairs [3].

The two bismuth-based photocatalysts examined in this work are Bismuth tungstate
(B12WOg), also known as BWO, and Bismuth molybdate (BioMo0QOs), known as BMoO.
Both materials belong to the family of Aurivillius phases (n = 1 and 2) of the general
formula Bi2An-1BnOsn+1 (Where A = Ca, Sr, Ba, Pb, Bi, Na, K and B = Ti, Nb, Ta, Mo,
W, Fe) [4]. Under suitable synthesis conditions, they crystallize in the non-
centrosymmetric orthorhombic space group Pca2i, featuring two-fold screw axes along
the c-direction and glide planes that govern atomic packing [5].

While Bi2WOs is a promising material in electronic component manufacturing, its
photocatalytic characteristics under visible light were first recognized for dioxygen
production in water in 1999. Since then, BiWOs has been extensively used to degrade
different molecules under visible light [4].

Swapping W for Mo produces bismuth molybdate, which is widely utilized in solar
cells, ionic conductors, catalysts, and other applications. Especially in the field of
photocatalysis, Bi2Mo0Os has been studied for its potential to address energy and
environmental problems [6].

Throughout this study, we focus on investigating the crystal structure and electronic
properties of two key bismuth-based photocatalysts, bismuth tungstate and bismuth
molybdate. The DFT calculations were performed in the CASTEP module integrated into
the Material Studio software.

2. Content
2.1. Computational method

The analysis of properties of the two materials is based on the calculation using the
Density Functional Theory (DFT) approach, utilizing the CASTEP module. Convergence
tests over various plane-wave cutoff energies and k-point meshes led us to adopt a cutoff
energy of 590 eV and a 5x3x5 Monkhorst—Pack grid for geometry optimization of
bismuth tungstate using valence configurations of Bi (5d' 6s? 6p?®), W (5p® 5d* 6s?), and
O (2s* 2p*). For bismuth molybdate, in which Mo (4p°4d°> 5s') replaces W, the
corresponding value was 620 eV with the same 5x3x5 grid. Exchange—correlation effects
were described by the Perdew—Burke—Ernzerhof (PBE) functional within the generalized
gradient approximation (GGA). To maintain a reasonable accuracy while considering the
computational cost, the pseudopotential was set to Ultrasoft. The self-consistent field
(SCF) tolerance was set to 10 eV, indicating that the relaxation process iterates
repeatedly until the total energy difference between successive steps falls below this
threshold. Geometry optimizations were performed with convergence criteria of 0.03
eV/A for maximum force, 0.05 GPa for stress, and 0.001 A for displacement. These
calculations considered scalar-relativistic effects while omitting spin—orbit coupling
(SOC). The electronic properties, including the band structure, density of states, and
charge density, were then analyzed based on the optimized structures.
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2.2. Results and Discussion

2.2.1. Structural properties

The orthorhombic structures of the bismuth tungstate and bismuth molybdate consist
of alternating [Bi,O2]*" sheets and layers of [WOs]>~ and [MoOs]*>~ octahedral units,
respectively, forming a stacked perovskite-like structure [3]. Table 1 and Table 2 present
the calculated lattice parameters and the corresponding reference results for BWO and
BMoO, respectively.

Table 1. Structural properties of Bi:WOg

. Present Prev10.us Experimental
Properties . theoretical
calculation results
results
Cell angles a=p=y=90°
5.487 7] 5.457 [9]
3337 5.426 [8] 5.437[10]
Lattice 16.892 17.108 [7] 16.427 [9]
constants (A) ' 16.397 [8] 16.430 [10]
5.518 [7] 5.436 [9]
3607 5.426 [8] 5.458 [10]
Unit cell 517.93 [7] 487.29 [9]
volume (A?) 526.36 483.73 [8] 487.21 [10]
1.804
1.807
Bond lengths 1.883 1.94 -2.20 [7]
(A) ¢ W-0 1.885 )
2.240
2.248
97.83°
98.74°
99.06° R R
Bond angles | O-W-O 101.22° 90°-180° [7] -
101.82°
153.43°

The lattice constants of bismuth tungstate in the study deviate by 1% to 3% compared
to theoretical calculations obtained using the GGA+U approach [7] and the PBE
functional within GGA [8]. Similarly, when compared to experimental data [9], [10], the
discrepancy remains around 2% to 3%. For the unit cell volume, the deviation is
approximately 9%, notably large relative to previous studies. This can be explained by
the omission of the SOC effect, which is significant for heavy atoms like Bi and W, and
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may affect the equilibrium geometry. Additionally, the use of the GGA-PBE functional,
which typically overestimates lattice parameters, also plays a role. Due to the distortion
of the octahedral, the length of the bonds between W and O atoms varies in the range of
1.80 to 2.25 A, while the angles of the bonds O-W-O exhibit a significant variability.

Table 2. Structural properties of Bi2MoOs

Previous .
. Present . Experimental
Properties . theoretical
calculation results
results
Cell angles a=L=y=90°
5.51[11] 5.506 [13]
5.482
5.50 [12] 5.51 [14]
Lattice 16,100 16.48 [11] 16.226 [13]
COIEZ{&)‘MS ' 16.24 [12] 16.21 [14]
5.53[11] 5.487 [13]
5.509
5.49 [12] 5.49 [14]
Unit cell 45923 502.15 [11] 490.21 [13]
voRime ' 490.37 [12] 490.35 [14]
(A
1.771
1.777
Bond 1.852
lengths (&) | MO© 1.856 ] ]
2272
2.287
77.55°
79.22°
Bond 83.80°
angles 0-Mo-0 101.95° ) i
148.57°
171.72°

In the case of bismuth molybdate, the computed lattice constants show a deviation of
below 1% with respect to those from the previous studies, both theoretical and
experimental, which implies the reliability of the computational model in this work.

Owing to the similar Aurivillius-type layered perovskite structure, the properties of
the two materials exhibit significant similarities in general. However, the size of Mo®" is

71



Nguyen HN & Tran PTL

smaller than that of W¢*, leading to smaller lattice constants, shorter length of the bond
Mo — O (compared to that of W — O), as well as slightly different octahedral distortions.

2.2.2. Band structures

The band gaps obtained in the present calculation are listed in Tables 3 and 4 in
comparison with reference results. Figure 1 and Figure 2 present the band structures of
the two photocatalysts, with red and green lines drawn horizontally to mark the valence
band maximum (VBM) and conduction band minimum (CBM).

Table 3. Calculated band gap of Bi:2WQOs compared with references

Provert Present Previous theoretical Experimental
perty calculation results results
2.40 [14] (5.4%) 2.61 [15] (13%)
B 2.2
and gap (V) ! 1.92 [7] (28%) 2.80 [16] (19%)

The calculated bandgap in this study is 2.27 eV, 5.4% lower than the previous
theoretical result [14], which uses GGA-PBE with GW correlation and 18% higher than
that in the work using the GGA+U approach [7]. Compared to the experimental data, a
deviation of up to 19% is shown. This can be explained by the fact that the GGA approach
tends to underestimate the band gap of materials, especially for the transition-metal
oxides, which has been observed in a range of works before [17].

Energy (eV)

e z T Y s X U R

Figure 1. Band diagram structure of Bi:WOs

The band structure diagram indicates that both the VBM and CBM are located at the
X point, exhibiting the direct nature of the band gap of bismuth tungstate.

Table 4. Calculated band gap of Bi2MoOs compared with references

Propert Present Previous theoretical Experimental
perty calculation results results
1.76 [18] (7.4%) 2.59 [20] (27%)
B vV 1.
and gap (¢V) 89 2.44 [19] (23%) 2.60 [21] (27%)

The computed band gap of BizMoOgs shows a significant deviation of up to 27%
relative to experimental results. The present calculation offers an improvement over the
previous theoretical computation using GGA PBE (reference [18]), though it remains
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23% lower than other values obtained using the same functional (reference [19]). A
stronger tendency to underestimate the band gap is observed in the case of Bi2MoOe.

Energy (eV)

G Z T Y S X U R
Figure 2. Band diagram structure of BixMoOQOs
The band structure diagram reveals that both the VBM and CBM are located at the
k-point X, affirming a direct band gap for bismuth molybdate.
Bismuth molybdate and bismuth tungstate exhibit a direct band gap, facilitating
efficient charge carrier transitions. However, due to structural differences, BiMoQOs has
a smaller band gap, influencing its electronic and optical properties.

2.2.3. Densities of states
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Figure 3. Orbital-resolved DOS of Bi:WOs

In Figures 3 and 5, the graph shows the partial density of states of BWO, highlighting
the contributions from different orbitals, while Figures 4 and 6 show the projected density
of states for the individual atomic species.

The total density of states shows the highest peak located between -2 and -1 eV,
indicating occupied electronic states essential for bonding interactions. Specifically, the
s orbital (represented by the black curve) exhibits minimal contribution across the energy
range. The p orbital (red line) exhibits a large contribution to the total electronic states
throughout, with significant peaks around -2 eV and 7 eV. The d orbital (blue line)
contributes notably around 4 eV, strongly influencing conduction band transitions.
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Figure 4. Atom-projected DOS of Bi:WOs

In the valence band region, the density of states is dominated by O 2p states, as
indicated by the large contribution of the green curve, while Bi and W contributed
comparatively less in this energy range. This suggests that the top of the valence band
(VBM) is primarily composed of O 2p orbitals, which is typical for oxide-based
photocatalysts. In contrast, the conduction band region shows a strong contribution from
W 5d states, as illustrated by the prominent blue curve. Bi states contribute more notably
in this region.

For Bi:MoOg, the peaks of the total density of state are around -2 eV, 3 eV, and 7
eV. In particular, similar to bismuth tungstate, the s orbital shows a modest contribution
while the p orbital plays the dominant role in contributing to the overall electronic states
in the considered energy range, especially in the valence band region. The d orbital has a
peak around 3 eV, exerting a notable influence on the conduction band region.
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Figure 5. Orbital-resolved DOS of Bi:xMoOs
The atomic-projected DOS of bismuth molybdate closely resembles that of bismuth
tungstate. O 2p states also play the primary role in contributing to the TDOS in the valence
band region. Moreover, Mo is observed to contribute modestly over this energy range.

The prominent blue DOS peak near the CBM illustrates a dominant contribution of Mo
4d states in the conduction band region.
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Figure 6. Atom-projected DOS of Bi2MoOgs

Overall, the DOS of the two considered materials shows many similarities in the
contribution of different orbitals and species to the total density of states, as reflected in
the comparable patterns in their DOS plots.

2.2.4. Electronic charge densities

The charge density plots of the two materials are presented in Figures 7 and 8. The
color scale ranges from blue, which illustrates low-density regions, to white,
corresponding to intermediate-density regions, and to red, for high-density regions.

-9.417
-7.046
-4.711
-2.358
~4.679¢-3

©
Figure 7. Electron density distribution of Bi2WQOgs shown from different perspectives
along the a, b, and c axes

-12.57
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—4.826e-3

©

Figure 8. Electron density distribution of Bi2MoOgs shown from different perspectives
along the a, b, and c axes
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In the diagram of Bi2WOQOs, the most intense red spots highlight regions around W
atoms, indicating strong electron localization in these areas. With the unequal distribution
of the shared electrons between the two atoms, the W—O bonds are expected to display
polar covalent interactions, which play a significant role in shaping both the band gap and
optical properties.

The electronic charge density distribution of BioMoOs closely resembles that of
Bi2WOs, with the highest charge density concentrated around the Mo atoms. Less
pronounced but still significant electron localization can be observed around O atoms.
Therefore, the Mo—O bonds are expected to exhibit polar covalent interactions.

3. Conclusions

The optimized structures of Bi2WOs and Bi2MoOg, obtained using the GGA PBE
functional, align well with previous experimental and theoretical data, validating the
computational approach. Both photocatalysts demonstrate semiconductor behavior, with
direct band gaps of 2.27 eV for BioWOg and 1.89 eV for BixMoOe. The difference in the
band gaps is attributed to structural differences, particularly the size variation between W
and Mo atoms. Regarding the density of states, the p orbital shows dominance in general,
especially the O 2p states, which contribute dominantly to the valence band, while the s
orbital only contributes modestly. The d orbital (W 5d and Mo 4d) influences notably in
the conduction band region. The charge density distributions predict W—O and Mo—-O
bonds to display polar covalent interactions.

In future work, we propose investigating efficient doping strategies to enhance the
performance of bismuth-based photocatalysts, particularly Bi,WOg and BizMoOe.
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