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Abstract

Substitutionally doped BiaW;_,M,O¢ (M = Mo, Cr, Fe, Zn; x = 0.125,
0,25, 0.5) is investigated using the density functional theory (DFT). For all the
investigated transition metal dopants, the optical properties in the visible light
range are improved over the undoped BiaWOg. Irrespective of concentration,
the lattice relaxation around the dopants is constrained to the first coordination
shell. Mo, Fe, and Cr introduce localized defect states in the band gap, con-
tributing to band gap narrowing. The localized states are hybridized between
the impurity d—bands and host W 5d— and O 2p-states. Zn facilitates the
reduction of the band gap by inducing a shift of the states near the top of the
valence band toward higher energies. Our results suggest that Zn doping on the
W lattice site may improve the photocatalytic properties of BioWOg more than
the other dopants.

1. Introduction

Recently, there has been a growing interest in developing efficient visible
light driven photocatalysts that would be used for decomposition of organic
pollutants and photocatalytic hydrogen production [I]. While TiO2 is a su-
perior photocatalyst for fuel cell production, water treatment, environmental
protection, and other applications, it is mainly active under ultraviolet radia-
tion which is less than 5 percent of the total solar radiation. Therefore, one of

the main goals of visible light photocatalysis is searching for TiO, alternatives
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that can use solar energy more effectively. Among the promising materials for
visible light spectrum photocatalysis is Bismuth tungstate (chemical formula
BiaWOg), which exhibits excellent performance in the photodegradation of pol-
lutants under visible light [2H5] and a notable activity to inactivate Escherichia
coli [6].

BisWOg belongs to the class of perovskite-like Aurivillius compounds of
BisA,,—1B,,03,+3 type (A and B are cations with different atomic coordination).
In the case of BisWOQOg, W is a 6—fold coordinated atom positioned in the center
of an oxygen octahedron and n = 1. The structure is presented in Fig.
and constitutes of WO3; ™~ perovskite-like layers alternating Bi;O3" fluorite-like
layers.

Apart from single crystals, BiaWOg comes in many different forms, includ-
ing nano-particles, nano-plates, helix-like structures, flower-like structures, thin
films, and other superstructures [7]. Even though BisWOg can absorb in the
visible range, its photocatalytic activity is still low to be comparable to that
of TiO2 [§]. This is mostly due to its high electron/hole recombination rate,
which is a result of the relatively low potential of the Bi;WOg conduction band
which prevents the trapping of activated electrons by Os to form superoxide ion
022~ [2,[8]. The photocatalytic performance strongly depends on the structure,
shape, and form of the material, but it can also be affected by incorporating
foreign atoms.

Foreign dopants, more than the structure itself, can help improve the electron-
hole lifetimes and expand the region responsive to visible light, thereby improv-
ing the overall photocatalytic activity. With regard to the improvement of the
photocatalytic properties, the dopants may also play a crucial role by changing
the position of its levels in the valence band (V B), within the band gap, or in
the conduction band (CB). The dopant levels may also expand or shorten the
width of the valence or conduction band, directly affecting the mobility of the
photogenerated charges.

Doping has been a widely used strategy to decrease the recombination of pho-

toinduced electron-hole pairs in BioWQOg. For instance, Tian et al. showed that
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Gd doping has great influence on the photocatalytic activity and microstruc-
ture of BiaWOg [9]. Guo et al. successfully produced Fe-ions modified Bi; WOg
nanosheets, with improved photocatalytic activity for the degradation of gaseous
toluene [I0]. Zhang et al. demonstrated that BisMog o5 Wy, 7506 shows much
higher activity than BioWOg under visible light [11]. Shi et al. showed that the
photocatalytic activity of F~ substituted BioWOg for degradation of methylene
blue under visible light irradiation increased about two times compared to pure
BiaWOg [12]. Doping BisWOg with Br also proved to be a way to produce
samples with better photocatalytic activity [I3] [14]. Also it has been reported
that doping BioWOg with many other metals, such as Lu [I5], Ag [16], Cu [17],
Mo [18], Zn [19], Zr [20], Er [21H23], Pt [24], Sr [25], Cd [26], Eu, La [27], and
Ba [28] raised the degradation rate of pollutants under visible light. Several
studies of codoped BiaWOg [21], 29] B0] also exist in the literature.

In this work we investigate the changes in structural, electronic, and optical
properties of BiyWOg upon doping with Cr, Mo, Fe, and Zn transition metals.
The electronic properties of the system are strongly affected by the new chem-
ical environment established by the dopants. After replacing one or several W
atoms with transition metals, we calculated the changes in the corresponding
bond lengths, band structure, density of states (DOS), and optical absorption
coefficients. Cr and Mo were chosen as isoelectronic elements with respect to
the host constituent, W. Fe is often used in doping of various material. Zn,
with its electronic configuration of occupied dopant states (3d'°) in the valence
band, is a good candidate for reducing the band gap, as observed in a previous

study [30, B1] for substitution on the Bi lattice site.

2. Calculation details

The calculations presented in this paper were performed using the Vienna
ab initio simulation package VASP [32] B3]. VASP employs Projector Aug-
mented Wave (PAW) pseudopotentials and plane waves to calculate the ground

state properties of crystalline structures. The exchange and correlation effects



Figure 1: Crystal structure of BioWOg projected onto the ac plane.
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of the electronic system were accounted for within the generalized gradient ap-
proximation (GGA) in its PBE [34] implementation. In the calculation of the
DOS we also used hybrid functionals to be able to give more accurate predic-
tion of the size of the band gap and the position of the individual dopant levels.
A cut-off energy of 300 eV along with a MonkhorstPack [35] k—point mesh of
7x3x7 k—points for the pure system and 3x2x7 k—points for the doped systems

calculations were chosen.

3. Structural Properties

BiaWOg crystallizes into the space group P2lab (No. 29) [36, B7]. It is
characterized by an orthorhombic unit cell with 36 atoms. The calculated lattice
parameters (a = 5.437, b = 5.622, and ¢ = 16.923 A) are in good agreement
with the experimental ones [36] [37] and the previously reported calculated ones
[38]. The impurity system was modeled by incorporating the dopant atoms
in a 72-atom supercell with 2x1x1 geometry. As an example, the different
arrangements of iron substituting on the tungsten sublattice are shown in Fig.
The a, b, and ¢ parameters of the supercells were fixed to the values derived
from the lattice parameters of the pure optimized orthorhombic unit cell. We
considered three different concentrations of 12.5%, 25%, and 50% (corresponding
to a replacement of 1, 2, and 4 W atoms, respectively). After the substitution,
all the atoms in the supercell were allowed to relax with force minimization
criterion of 0.03 eVA~!. The atomic positions were rearranged at each ionic
step according to the interatomic Hellmann-Feynman forces calculated with
VASP. Using the Broyden Fletcher Goldfarb Shanno (BFGS) quasi-Newton
optimization method, as implemented in the Atomic Simulation Environment
python interface [39], the inner degrees of freedom of the atoms were minimized
to the corresponding nearest local minima.

On average, the substituting atoms perturb the host lattice to a different
extent depending on their type. Our calculations indicate that there are no

sizable displacements or rearrangements of atoms. The effects of the transition
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Figure 2: Different configurations of iron doped BiaWOQg calculated in this work: left 12.5%,
center 25%, and right 50% of W atoms replaced by Fe.

metal substitution are largely confined to the nearest neighbor (NN) atomic
coordination.

Mo, as an isoelectronic dopant, seems to perturb the host lattice the least.
This is reflected in the positions of the NN oxygen atoms only slightly displaced
from their original lattice sites (see Tab. . The other isoelectronic dopant, Cr,
has a considerably smaller atomic radius than W. As a result, the perturbation
it induces in the lattice is larger. This is visible in the shortening of the four
Cr—O bond lengths present within in the WO, layer. In contrast, the remaining
two Cr—O bond lengths that connect chromium to the adjacent BisOs layers
are elongated. Compared to the Cr—doped systems, the structural optimization
of Zn—doped BisWOg shows that the NN oxygen atoms relax in the opposite
direction: the two Zn—O bonds that bridge the WO, layers are shortened,
while the majority of the other four distances are elongated. Fe is similar to
Mo because it introduces only a very small perturbation of the NN distances.
The bond lengths in Tab. [1| are given for the systems with 50% concentration
of dopant atoms. It is noteworthy that nearly the same optimized distances are
obtained after the lattice optimization of the supercells with 12.5% and 25%
concentration of dopant atoms, indicating that the structural perturbation is

localized in the vicinity of the foreign atom.
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Table 1: Displacement of the 6 NN oxygen atoms after dopant substitution on the W sub-
lattice in BiaWq 5 Mp.506 (M = Mo, Cr, Fe, and Zn). The NN distances are given as per-

centage changes from the ideal pure host distances.

d(A) d(A) | Ad(%) d(A) | Ad(%) d(A) | Ad(%) d(A) | Ad(%)
W0, | 1.877 | Mo—O; | 1.893 | +0.9 | Cr—O; | 1.783 | -50 | Zn—O; | 1.910 | +18 |Fe O, | 1.888 | +0.6
W—0, | 1943 | Mo—Oy | 1.932 | -0.6 | Cr—0, | 1.789 | -7.9 | Zn—0, | 1.935 | -04 | Fe—Op | 1.944 | +0.05
W03 | 1.789 | Mo—O3 | 1.757 | -1.8 | Cr—Os | 1.661 | -7.2 | Zn—0z | 1.920 | +7.3 | Fe—Os | 1L.717 | -4.0
W0, | 1813 | Mo—O4 | 1.818 | +0.3 | Cr—Oy4 | 1.678 | -74 | Zn—O4 | 2.055 | +13.3 | Fe—Oy | 1.785 | -1.5
W—05 | 2120 | Mo—O;5 | 2153 | +1.6 | Cr—05 | 2196 | +3.6 | Zn—Os5 | 1977 | -6.7 | Fe—Os5 | 2.193 | +3.4
W-Og | 2241 | Mo—Og | 2.240 | -0.05 | Cr—Og | 2313 | +32 | ZnOg | 2084 | -7.0 |Fe Og | 2275 | +1.5

4. Density of states

The standard LDA and GGA functionals, including the PBE functional used
in this work, perform relatively well for structural relaxation, but when it comes
to calculating the DOS of solids, they underestimate the size of the band gap
[40]. In our case, the PBE calculations gave 1.4 eV for pure BioWOg, which
is considerably smaller than experimental band gap that is between 2.7 and
2.9 eV, depending on the crystal state and morphology [I1], 4TH44]. Therefore,
for the DOS calculations of the pure and doped systems, we have chosen the
Heyd-Scuseria-Ernzerhof HSE06 screened hybrid functional [45]. This version
is similar to the more popular PBEO hybrid functional in terms of accuracy
and thermochemistry, but it has better convergence properties [46]. First order
Methfessel-Paxton smearing with smearing width of o = 0.05 eV was used for
the partial occupation of the atomic orbitals in all the DOS calculations.

Using the HSEO6 functional, the size of the calculated band gap of pure
Biy,WOg was improved to 2.47 eV. From the DOS given in Fig. [3] it is evident
that the valence band is mainly composed of O-2p-states along with a certain
amount of Bi-6p— and 6s—states and W-5d—states. The conduction band is
a mixture of W-5d—, O-2p—, and Bi-6p-states, which is consistent with the
previously reported calculated results [3 29].

The partial density of states (PDOS) presented in Fig. |4 offers additional
details about the electronic structure. The doping with all the four transition

metals introduces significant changes in the band gap size and shape. These
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Figure 3: Density of states of undoped BioWOg obtained with the HSE06 hybrid functional.

changes are particularly visible near the top of the V B and bottom of the C'B.

Band gap reduction is observed in all the four plots, mostly due to the
presence of deep impurity states in the band gap. However, the changes near the
top of the V B in the Zn—doped system are not a result of a significant presence of
Zn—bands. In this case, there is a split off of states near the top of the V B. This
is a result of a dopant-host interaction, i.e., interaction between the Zn—3d-states
situated about 7 eV below the top of the V B, and host O-2p-states close to
the V B maximum.

Our calculated band gap reduction for Bio W 5 Mo 5Og is about 10 % (band
gap of 2.24 eV vs. 2.47 eV for pure Bi;WOg), in excellent agreement with the
measurements [T [I§]. From the PDOS, it can be seen that Mo and Cr, with
their respective 4d— and 3d-states, introduce deep levels within the band gap of
Bismuth tungstate. In both cases, these levels are hybridized with the nearby
O-2p- and W-b5d-states. The Mo dopant levels are adjacent to the bottom
of the CB and hybridize more strongly with bands of W 5d character. By
comparison, the Cr—levels are further below and hybridize with the neighboring
tungsten d electrons to a much smaller degree.

Iron contributes with two separate deep levels within the band gap, both of
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Figure 4: PDOS of BioWOg using the HSE06 hybrid functional.
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Figure 5: Optical absorption coefficient for pure BioWOg compared to BioWOg doped with
Mo, Zn, Cr, and Fe.

which are hybridized with host bands similar to the the Cr— and Mo—doped
systems. In this case, however, the impurity levels are at almost equidistant
positions from the top of the V' B and the bottom of the C'B.

As indicated, Zn does not introduce any deep defect levels in the band gap
directly. Similar electronic structure was observed in previous calculations [31]
where Zn substitution on Bi lattice site was studied. This behavior could make
Zn a dopant of choice, as the impurity levels in the band gap often serve as

recombination centers, reducing the photocatalytic activity. Fhe-exeeHent-prop-

up—+6-80%- Our HSEO06 calculations indicate substantial changes at the top of

the V B, a V B shift in upward direction, and a consequent band gap reduction.

However, besides the absorptivity and the mobility of photoexcited charge
carriers, the photocatalytic activity of the semiconductor is also governed by
the positions of its conduction band minimum (CBM) and valence band max-
imum (VBM). For example, the photocatalytic decomposition of organic con-

taminants requires that the VB of the photocatalyst must match the potential

10
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level of oxidizing the organic contaminants. The VB and CB energy level of a
semiconductor can be roughly calculated from the formulas[31] Eyg = Ecp +
E; and Ecg = X - E - E;/2, where Eyg and Egg are the VB and CB edge
potentials, E. is the energy of free electrons on hydrogen scale (~ 4.5 eV), E,
is the band gap energy of the semiconductor and X is its Mulliken’s electroneg-
ativity (6.22 eV for BiaWOg). In order to match the experimental band gap
value of BiaWQOg, we employed 0.33 eV scissor operator. Our calculated Eyg
for pure BioaWOg is 3.11 eV, which is more positive than the standard redox
potentials of OH/OH™ (1.99 eV) and oxygen evolution (1.23 eV), meaning that
BioaWOg can be used for these reactions. In contrast, its Ecg of 0.31 eV is not
suitable for hydrogen evolution, as it is more positive than the hydrogen reduc-
tion potential. The calculated Eyg and Ecp values for Mo-doped BisWOg are
2.95 eV and 0.38 eV, which means that its oxidation ability decreases and its
reduction ability remains almost unchanged. The oxidation ability of Zn-doped
BisWOg (Eyp = 2.85 V) is comparable to that of the Mo-doped system, but its
reduction ability (Ecg = 0.56 eV) is even worse. Thus we can conclude that the
enhanced photocatalytic oxidation properties of Zn-doped BiosWOg that have
been observed in some measurements, [19] can be attributed exclusively to the
increased visible light absorption of the Zn-doped material.

The width of the VB and CB is also affected by the dopants. A sizable
reduction of the width of the V B is observed in the case of Cr and Fe doping.
The width of the C'B is affected to a lesser degree, but here we also observe a
small reduction. In the case of Mo dopant, a very slight reduction (by 0.1 eV)
of the C'B width is observed, while the width of the V B remains the same. The
width reduction of the VB and C'B may have a huge impact on the mobility
of the photogenerated charges, as the smaller widths of the VB and C'B may
enhance the effective mass of the photogenerated charges and diminish their
mobility. In this respect, Cr and Fe may not be as ideal doping candidates as

the other two dopants.

11
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5. Optical Properties

The absorption coefficient plots of pure and doped BiaWOg as a function of
incident photon wavelength are shown in Fig. They were obtained within
the PBE formalism from the real and imaginary parts of the dielectric function,
averaged over the three polarization vectors.

As can be seen, transition metal doping on the W lattice site considerably
improves the light absorption in the visible range between 400 and 700 nm.
The undoped BisWOg is found to have the lowest absorbance in this region.
The steep shape of the spectra in the case of BioaWOg and BisWq.5Mog 506,
indicates that the absorption in these systems is not due to transitions from
impurity levels, but is a result of direct band-gap transitions. The red shift
of the main absorption peak and better absorption in the region between 400
and 600 nm, as compared to BioWOg, is found for BisWq.5Mog.50g. The ob-
tained absorption spectrum for this system (see Fig. [p]) is in excellent agreement
with the corresponding spectrum obtained from the UV-vis spectroscopic mea-
surements [47]. The absorbance of Zn—doped BisWOg tends to increase as the
wave-length increases, in contrast to the absorbance of BiosWOg doped with the
other dopants, which decreases as we approach the red end of the spectrum.
The different behavior of the absorption coefficient of Zn—-doped Bis WOy is in
agreement with the different mechanism of its band gap reduction, as suggested
by the calculated electronic structure.

The absorbance does not seem to saturate much with increased dopant con-
centration. As an illustration, Fig. [6] depicts the absorption coefficient plots
of Cr— and Zn—doped BisWOg as a function of concentration. In general, the
absorbance is improved with concentration for all the transition metals consid-
ered in this work for the majority of the visible wavelengths (Fig. [5). For the
Zn-doped system, the absorbance is markedly improved with concentration in
the region up to 2.9 eV (see Fig. 6, bottom), while the reverse seems to be true

for energies above the visible electromagnetic spectrum.

12
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Figure 6: Optical absorption coefficient of Cr— and Zn—doped BiaWOg as a function of dopant

concentration.

6. Conclusion

Based on the VASP simulation package we have conducted a series of cal-
culations of transition metal dopants in BioWOg. We have calculated the struc-
tural relaxation, DOS, and optical absorption coefficient of Bis WOg doped with
Mo, Cr, Fe, and Zn. All the dopants contribute to the reduction of the band
gap and help improve the ability of optical absorption in the visible range. This
behavior has been explained by the presence of deep impurity states within the
band gap. However, for Zn—doped Bis WOg, the band reduction is a consequence
of shifting the top of the valence band under the influence of the Zn 3d-levels.
Among the investigated dopants, Zn could be considered the best candidate for
improving the optical characteristics of Bi;WOg owing to the calculated band
narrowing without a direct presence of localized defect states in the band gap.
In addition, Zn doping on W lattice site does not seem to affect the mobility of
the generated charges, as reflected in the relatively unperturbed widths of the

V B and CB of this material.
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