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Study of structural, electronic and optical
properties of tungsten doped bismuth oxychloride
by DFT calculationsf

Wenjuan Yang,® Yanwei Wen,? Rong Chen,” Dawen Zeng*® and Bin Shan**°

First-principle calculations have been carried out to investigate structural stabilities, electronic structures
and optical properties of tungsten doped bismuth oxychloride (BiOCl). The structures of substitutional
and interstitial tungsten, and in the form of WOg-ligand-doped BiOCl are examined. The substitutional
and interstitial tungsten doping leads to discrete midgap states within the forbidden band gap, which has
an adverse effect on the photocatalytic properties. On the other hand, the WOg-ligand-doped BiOCl
structure induces a continuum of hybridized states in the forbidden gap, which favors transport of
electrons and holes and could result in enhancement of visible light activity. In addition, the band gap of
WOg-BiOCl decreases by 0.25 eV with valence band maximum (VBM) shifting upwards compared to that
of pure BIiOCLl. By calculating optical absorption spectra of pure BiOCl and WOg-ligand-doped BiOCl
structure, it is found that the absorption peak of the WOg-ligand-doped BiOCI structure has a red shift
towards visible light compared with that of pure BiOCl, which agrees well with experimental observations.
These results reveal the tungsten doped BIOCl system as a promising material in photocatalytic
decomposition of organics and water splitting under sunlight irradiation.
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which includes doping of metal elements (Cu,""'* Mn,*® Bi,"
Ag,'* Fe," etc.), non-metal metal elements (I,'° C,'” C and N

Introduction

Semiconductor photocatalysis has emerged as an effective
technology for pollutant degradation and water splitting. The
critical issue that limits its industrialization stems from lack of
high efficient semiconductor photocatalytic materials."* Bismuth
oxychloride (BiOCI) has recently drawn great attention because of
its highly efficient photocatalytic performance.*” BiOCI® is a
member of V-VI-VII ternary layered compounds which has been
demonstrated to show superior photocatalytic activity under
ultraviolet light irradiation. However, the optical band gap of
the pure BiOCI sample is about 3.4 eV, '° which makes only the
ultraviolet radiation available and thus leads to poor photocatalytic
performance under visible light.

In order to enhance the optical absorption of BiOCl, many
strategies have been developed to engineer its band structure,
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codoping®), co-doping of metal and non-metal metal elements
(I and Mn,” Fe and Nb*°), introduction of defects (oxygen
vacancy’' and Bi-O-Bi vacancy®?) and so on. Among these
methods, variable-valence metallic ions have seen some success
as doping species in improving the photocatalytic properties of
pure BiOCL. Li et al."® synthesized an Fe/BiOCI sample via self-
doped reactive ionic liquids, the photocatalytic activity of which
was shown to be higher than that of the pure BiOCl sample. Fan
et al.* found that Mn doped BiOCl with oxygen vacancy could
narrow the band gap and extend the optical absorption to
visible, red and infrared light region based on density functional
theory (DFT) + U calculations. Tungsten (W) is another promising
candidate to be doped into BiOCl owing to its variable valence and
earth abundance. As a transition metal compound, tungsten
chloride (WCls) is widely used as a reactant in the synthesis
process of BiOCL>** Thus tungsten may naturally exist in the
product of BiOCl, which shows wider optical absorption and
enhanced photocatalytic performance compared with pure BiOCl
without WClg as a reactant.”* What’s more, in alkaline solution
tungsten could form WOg ligand anion®?* (W®" + 8OH™  —
WO4®"), which may also exist in BiOCl samples. However, the
role of tungsten in BiOCI crystals remains unknown and the
mechanism that underlies the enhanced photocatalytic activity is
not clear, which deserves to be further studied.
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In the present study, we investigated structural stabilities,
electronic structures and optical absorption of tungsten doped BiOCl
both in the elemental form and WO ligand form based on DFT + U
calculations. Our results reveal the most probable configurations of
substitutional (SubW) and interstitial (IntW) tungsten and WO,
ligand doped in BiOCI crystal and confirm that the elemental doping
of the tungsten atom leads to additional density of states (DOS)
within the band gap that do not hybrid with intrinsic bands. For the
case of WOg-ligand-doped BiOC], it produces hybridized DOS in the
forbidden band gap, which favors transportation and migration
of electrons and holes. The absorption range of sunlight can
be effectively extended by WOg-ligand doped BiOCI phases. An
in-depth comparison of our theoretical absorption result and
experimental UV-vis spectrum is presented so as to ascertain the
effect of WOg ligand doped in BiOCL

Computational methodology

The DFT + U calculations have been performed to investigate the
structural, electronic and optical properties of orthorhombic
BiOCl doped with tungsten. The exchange-correlation energy
is in the form of Perdew-Burke-Ernzerhof (PBE)*® with the
projected augmented wave potentials (PAW)*” as implemented
in the Vienna Ab initio Simulation Package (VASP).>**° Kohn-
Sham single electron wave functions are expanded by plane
waves with an energy cutoff of 400 eV and a uniform 5 x 5 x
3 I centered k-points mesh is utilized to sample the Brillion
zone. The atomic coordinates are fully relaxed using the conjugate
gradient method™® until the force on each atom is converged to less
than 0.02 eV A™". The optimized lattice constants for the unit cell
BiOCI (space group: Panmim) are: a= b =3.91 A and ¢ = 7.40 A, which
are in good agreement with the experimental values of a = b =
3.891 A and ¢ = 7.369 A" A supercell of 2 x 2 x 3 is built to
minimize the image interactions,>* corresponding to a tungsten
doping concentration of about 0.99 wt%, which is close to the
experimental value.

Standard DFT calculations have been previously used to
successfully model the structural and electronic properties of
the pure BiOCL'®*°"*> We also confirm that additional DFT-D2
correction to account for the vDw forces has little effect on the
electronic properties of BiOCl (shown in Fig. S3, ESIt). How-
ever, for the configurations of W doped BiOCl, DFT generally
fails to appropriately describe the electronic structure of transi-
tion metals such as W with the significant intra-atomic correla-
tion of partially filled 5d electrons. In this study, the DFT + U
method is used to account for the strong correlation effect in the
transition metal doped BiOCI systems.*>** We have set U = 4 and
J =1 for tungsten atoms according to the literature.**"*

The absorption spectrum of BiOCl doped with tungsten was
also calculated by the Fermi golden rule within the dipole
approximation from PBE wave functions. The imaginary part
of the dielectric function due to direct interband transitions is
obtained by the following equation:*°

2 .
ea(ho) =" =3 [(Wilurly) [0 (ES — B~ E)

K,V,c
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where Q, w, v, v, and ¢ are the unit-cell volume, photon
frequency, the vector defining the polarization of the incident
electric field, valence bands, and the conduction bands, respectively.
&, is the imaginary part of the dielectric function.

Experimental synthesis and optical
characterization of the tungsten doped
BiOCl sample

The tungsten doped BiOCl composite was synthesized via a
solvothermal process using ethylene glycol (EG) without water
as a solution. Firstly, 5.5 mmol KCI, 0.085 mmol WCls and
0.002 mol Bi(NO;);-5H,0 were dissolved in 50 ml of EG by
ultrasonication for about 10 minutes and stirred at the room
temperature until all reactants were dissolved. Then 20 mmol
urea was added to the solution by stirring until it dissolved
fully. When the solution became colorless and clear, it was
transferred into 100 ml Teflon-lined stainless steel autoclaves.
The autoclaves were sealed and maintained at a constant
temperature of 150 °C for 3 hours. The samples were subsequently
cooled to ambient temperature naturally in the oven. All generated
samples were obtained by filtering and washing with ethanol and
deionized water 3-5 times to remove EG and impurity ions. Finally,
the samples were dried at 90 °C for 10 hours in the oven. The optical
band gaps of the powders were measured from UV-vis diffuse
reflection spectra which was obtained on a Lambda 35 UV-vis
spectrometer (PerkinElmer Co., Ltd, USA) with a scanning
wavelength ranging from 200 nm to 700 nm.

Results and discussion

As SubW and IntW have been previously observed experimentally,
these two configurations were considered in our modeling. In
addition, a model of WOg inserting into the Bi,O, planar structure
and substituting the Cl atoms of BiOCI have also been proposed
in many studies.> The model used to simulate the doping effect
is shown in Fig. 1. A BiOCl model with a W atom replacing a Bi
atom is named SubW-BiOCI as shown in site I in Fig. 1. Site II
refers to a BiOCl model with one W atom inserting into two Bi
atoms and named IntW-BiOCl. In actual crystal growth, defects
such as oxygen vacancies are also observed in the samples.”!
In Fig. 1(III), a SubW-BiOCl with one oxygen vacancy is considered
and could be marked as SubW-BiOCI-O'. Similarly IntW-BiOCl
with one oxygen vacancy is denoted as IntW-BiOCI-O’, as shown in
Fig. 1(IV). The stable doping site of WO, atoms in BiOCl is named
WOg-BiOCI in Fig. 1(V).

Structural stability

Tungsten doping leads to a local structural distortion of BiOCl,
which is investigated by analyzing crystal lattice constants and
angles. Table 1 shows structural parameters of all configurations.
The doped structures are obtained by relaxation of the unit cell to
the theoretical equilibrium configurations. According to column 2
to 7 in Table 1, the lattice constants and angles of SubW-BiOCl
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Fig.1 Optimized crystal models for the W doped BiOCl systems:
W doped BiOCl with one Bi atom being substituted by one W atom (I);
W doped BiOCl with one W interstitial between two Bi atoms (Il); W doped
BiOCl with one Bi atom being substituted by one W atom and one oxygen
vacancy (lll); W doped BiOCl with one W inserting between two Bi atoms
and one oxygen vacancy (IV); WOg doped BiOCL (V). The green, gray, red,
pink balls and red hollow squares represent Cl, W, O, Bi atoms and an
oxygen vacancy, respectively.

Table 1 Calculated structural parameters and formation energies for
different configurations

Formation

Sample a(®) b@A) c@ «() B() 7() energylev
BiOCl 391 391 7.40 90 90 90 —
SubW-BiOCl 4.00 4.00 7.42 90 90 90 3.00
IntW-BiOCl 4.00 4.00 7.50 91.3 90.6 89.5 10.46
SubW-BiOCI-O’ 3.98 4.08 7.53 93.1 90 90 16.51
IntW-BiOCI-O’ 394 397 7.51 89.3 89.5 90 3.03
WO,-BiOCl 391 391 7.65 90 90 90 5.38

and IntW-BiOCI-O’ elongate a little compared with those of pure
BiOCI owing to large radius of the W atom than that of the Bi atom.
For WOg-BIiOCl, the lattice constant (the last row in Table 1)
expands a lot along the ¢ axis owing to the large ligand radius.

The formation energy is an important criterion to evaluate
the stability for dopants in the host lattice. The formation
energies of tungsten doped BiOCI are calculated using the
following equations:

Eg = Esypw-sioct — (Epioct — Mai + Hw) 1

Egy = Ernew-sioct — (Epioct + fiw) 2

4

(1)

(2)

Eg3 = Esupw-siocro’ — (Esioct — Hgi T fhw — Ho) (3)
Ets = Emew-siocro’ — (Eioct + w — Ho) (4)

(5)

Ets = Ewo,siocl-doped — (Esioct — 6ftc1 + fhw + 6fi0) 5

where Epy, Ep, Eg, Ery and Egs are the formation energies of
SubW-BiOCl, IntW-BiOCl, SubW-BiOCI-O’, IntW-BiOCl-O’ and
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WOg-BiOCl, respectively. The calculated results are listed in
the last column of Table 1. Egioc, Esubw-iocl, Eintw-Biocl
Esubw-iocl-o’s Emew-siocro’ and Ewo_siocl are the total energies
of the pure BiOCl, Subw-BiOCl, IntW-BiOCl, SubW-BiOCI-O’,
IntW-BiOCIl-O’ and WO¢-BiOCl, respectively. The symbols uc;,
Usi, o and p, represent the chemical potential of the Cl atoms,
Bi atoms, O atoms and W atoms, respectively. uc; and po are
determined by the energy of a Cl or an O atom in a Cl, gas or an
O, molecule. pup; (i) is calculated from the bulk mono Bi
(W bec) crystal. With the absence of oxygen vacancy, the value
of SubW-BiOCl is smaller than that of IntW-BiOCl, indicating that
the structure of SubW-BiOCl is more stable than IntW-BiOCL
However, with the presence of oxygen vacancy, IntW-BiOCI-O’/
becomes more stable than SubW-BiOCI-O’' owing to the fact that
oxygen vacancy favors high energy release of IntW-BiOCI structure
distortion. The WOg ligand can insert into the BiOCI interlayer
positions with relatively low energy cost. Thus, SubW-BiOCl,
IntW-BiOCI-O’ and WO¢-BiOCl are considered for the following
electronic structure investigations.

Electronic properties

The photocatalytic properties of water splitting strongly depend
on the electronic structures of semiconductors. To increase the
efficiency of the photocatalytic reaction in the region of the
visible light, a reasonable band gap of the system is required for
the maximum conversion of visible light. Hence, it is important
to reduce the band gap so as to shift the spectral response into
the visible region and thus improve its photocatalytic properties.

The band structure, total density of states (TDOS) and partial
density of states (PDOS) for the pure BiOCl are presented in
Fig. 2. The calculated Fermi level is set at an energy of 0 eV
in the band gap, indicating typical intrinsic semiconducting
characteristics in the electronic structure. Fig. 2 (left and middle)
shows that both the conduction band minimum (CBM) and the
valence band maximum (VBM) are located at the M and G points
in the Brillouin zone, respectively. It implies that the undoped
BiOCl is an indirect band gap semiconductor. The calculated
band gap is 2.65 eV, which is in consistent with previous DFT
calculations,>**°™*? but smaller than the experimental data of
3.1-3.4 eV.*>***° The underestimation of the band gap value is

= TDOS
B
= Cl
—0

Spin up

Spin down

Energy(eV)

Fig. 2 Band structure (spin up (left) and spin down (middle)) and PDOS
(right) for the pure BiOCL. Fermi energy is set at an energy of zero.
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Fig. 3 Band structure (spin up (left) and spin down (middle)) and PDOS
(right) for the SubW-BiOCL. Fermi energy is set at an energy of zero.

due to the well-known shortcomings of the exchange-correction
function in describing excited states. Although the absolute
value of the calculated band gap is not reliable, it could still
provide valuable qualitative information on the analysis of the
band gap offset. In Fig. 2 (right), the valence band of pure BiOCl is
fully occupied, which mainly consists of Cl 2p and O 2p orbitals,
whereas the empty conduction band has major contribution from
the Bi 6p orbitals.

Fig. 3 depicts the band structure (spin up (left) and spin
down (middle)) and DOS structure (right) of SubW-BiOCI.
Compared with the undoped BiOCl, a noteworthy feature in
the band structure of SubW-BiOClI is the appearance of new
impurity energy levels at an energy of around —1.0 eV below
Fermi level along with some states at CB tails (Fig. 3(left)). The
W dopant increases the asymmetry between the neighbouring
atoms and introduces an unpaired d electron. Its 5d states are
somewhat delocalized, thus contributing significantly to the
formation of impurity energy levels. Furthermore, the Fermi
level shifts upward into the conduction band, which makes the
structure exhibit a typical n-type metallic character. The intrinsic
band gap of this structure is about 2.65 eV, which is nearly the
same as that of pure BiOCl In Fig. 3 (right), the composed
orbitals of VBM and CBM are the same as that of pure BiOCI. It
can be observed that the Bi 6p orbitals and W 5d*6s” orbitals
mainly contribute to the mid-gap impurity bands. The DOS in
the forbidden gap may serve as electron and hole recombination
centers, which are harmful for photocatalytic performance.

Oxygen vacancy, as one of the fundamental and intrinsic
defects in semiconductor materials, often has an important
impact on their physicochemical properties, such as electronic
structures, optical absorption and so on.***” Oxygen vacancy
could be easily generated in the growth of BiOCL>' Fig. 4
depicts the band structure (spin up (left) and spin down
(middle)) and DOS structure (right) of IntW-BiOCI-O'. In
Fig. 4 (left), it still presents semiconducting character with a
band gap of 2.65 eV along with some states at CB tails. Some
isolated impurity states appear around the E-Fermi, similar to
that of Subw-BiOCl. In TDOS and PDOS (Fig. 4 (right)), VBM
and CBM are mainly composed of Cl 2p states and Bi 6p states,
respectively. The gap states have contributions primarily from
Bi 6p orbitals and W 5d*6s> orbitals, which offer a stepping
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Fig. 4 Band structure (spin up (left) and spin down (middle)) and PDOS
(right) for the structure of IntW-BiOCL-O’. Fermi energy is set at an energy
of zero.

stone for the absorption of low energy photons via the excita-
tion of electrons at the VBM to the intermediate states, from
where they can be excited again to the CBM for effective
photoactivity of BiOCl. Nevertheless, these gap states can also
act as recombination centers of photogenerated carriers, which
are not ideal for photocatalytic applications.

To investigate the electronic structure modification of BiOCl
by the WOg ligand, the band gap and the DOS are presented in
Fig. 5. The band structure of WO¢-BiOCl in Fig. 5 (left) displays
that semiconductor characterizations are preserved with a band
gap of 2.40 eV, which is smaller than that of pure BiOCL
Narrower band gap of WO¢-BiOCI will effectively increase the
concentration and lifetime of charge carriers, which favors
photocatalytic properties. This band structure introduces con-
tinuum bands at an energy of —1.0 eV below Fermi level and
hybridizes well with intrinsic bands. This would favor mobility
and efficient separation of photoexcited electron-hole pairs.
The Fermi level shifts downward, so that WO, ligand doped
BiOCI shows p-type doping. With respect to the DOS in Fig. 5
(right), the VBM is mainly composed of Cl 2p, O 2p and a small
Bi 6p states, whereas the CBM is formed dominantly by Bi 6p, O
2p and a small CI 2p state. Hybrid bands at an energy of —1.0 eV
come from the oxygen of WOg as shown in PDOS. We expect that
the WOg-BiOCl structure will exhibit excellent photocatalytic

Energy

Energy (eV)

Fig. 5 Band structure (spin up (left) and spin down (middle)) and PDOS
(right) of WOg-BiOCL. Fermi energy is set at an energy of zero.
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performance due to the beneficial p-type doping characteristic
and band gap reduction without recombination centers.

Band edge positions

Besides appropriate band gaps, suitable CBM and VBM positions
of photocatalytic materials are important for the design of a
photochemical water reduction and oxidation reaction. The
detailed CBM and VBM positions of pure BiOCl, SubW-BiOCl,
IntW-BiOCI-O’ and WO¢-BiOCl, TDOS are depicted in Fig. 6. The
TDOS and band edges are aligned according to the deep levels
which are less sensitive to chemical environments.**** VBM and
CBM values with respect to the NHE potential of pure BiOCI
(shown in Fig. 7) were taken from the experimental values.>® For
tungsten doped BiOCl, the VBM were obtained according to the
relative position difference compared to that of pure BiOCI and
the CBM were obtained from the experimental band gap in the
DOS figure. The results show that the CBM and VBM positions
for the Subw-BiOCl remain the same. However, the isolated
impurity bands near the CBM may become recombination
centers of photogenerated charge carriers, leading to poor
photocatalytic activity. For IntW-BiOCl-O’, the VBM and CBM
values also remain unchanged compared to that of pure BiOCl
and new isolated impurity states are nearly in the middle of
forbidden gap, which may act as the photoexcited electrons and
holes recombination centers and reduce the energy conversion
efficiency in a photocatalytic process. For the WOg-BiOCI struc-
ture, CBM is identified as unchanged and impurity states in the
forbidden gap are not observed. However, VBM shifts upward by
0.25 eV with respect to that of pure BiOCL. Its ability of oxidation
is positive enough to oxidize OH™ into *OH, which is beneficial
for enhancing the photocatalytic properties.

WOg-BiOCI

<X —

IntW-BiOCI-O'
)
2
-
8 SubW-BiOCI
[a] A L—%

Pure BiOCI

—

Energy (eV)

Fig. 6 TDOS for pure BiOCl, SubW-BiOC|, IntW-BiOCl-O’ and WOe-BiOCL.
Deep levels are aligned to get the band edge positions.
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Fig. 7 Comparison of the positions of redox and oxide levels of different
configurations. VBM and CBM values are given with respect to the normal
hydrogen electrode (NHE) potential.

Charge density differences

Since the structures of SubW-BiOCI and IntW-BiOCI-O’ could yield
unhybrid bands which are harmful for photocatalytic performance,
we only focus on the structure of WOgligand-doped BiOCI. To
evaluate the bonds between the WOq ligand and surrounding Bi
and O atoms, differential charge density was plotted to identify the
bond characteristics of the WO4-BiOCl structure in Fig. 8. The
yellow region represents charge accumulation and the cyan region
indicates charge depletion in Fig. 8(a). The transfer of electrons
takes place among the O (WO, ligand), connected Bi and W atoms.
These electrons delocalize around the neighboring Bi and W atoms
and accumulate mainly at the nearest O (WOg ligand) atoms. The
corresponding planar average of the induced charge density
difference is shown in Fig. 8(b). The lower charge density at

(@)

07g/ot 3 =
o, ) o~
» (-] N

Ap(1
[=]

o b

o

10 15 20
Z(aB)

Fig. 8 Differential charge density for the WOg doped BiOCL. The yellow
region represents charge accumulation and the cyan region indicates
charge depletion; the isosurface value is 0.0052079 e A~® (a). The
corresponding planar average of the induced charge density difference
for the above structure is plotted in the black line as a function of position
in the z direction (b).
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the positions of Bi and W atoms illustrates that the transfer of
electrons depletes the charges of the Bi and W atoms. And the
higher charge density at the O atoms (WO ligand) illustrates
that the electrons accumulate at the O atoms. Bi atoms transfer
1.6 electrons to O atoms (WOs ligand) according to the Bader
charge.”" The accumulation of charge in the region of the dopant
WOs ligand also suggests the formation of a chemical bond.

Optical properties

The optical absorption spectra of pure BiOCl and WO¢-BiOCl
have been calculated and plotted with an imaginary part of the
dielectric function (¢,) as the y axis in Fig. 9(a). The optical
anisotropy for pure BiOCl is in agreement with reported experi-
mental data.?® For the structure of WO4-BiOCl, EDX and XPS
were performed which shows appearance of characteristic W
peaks at the corresponding energy positions (Fig. S1 and S2,
ESIT). This demonstrates that W is indeed doped into BiOCI.
The intensity of light absorption in the range of 200 nm to
300 nm decreases compared with that of pure BiOCl. And there
is a pronounced red shift of the adsorption edge from 380 nm
to 410 nm. We calculated the band gap difference of the
absorption according to the formula: E, = 1240//. The energy
difference is about 0.25 eV, which agrees well with the band gap

(@),

10

e BiOCl
——WOg doped BiOCI

0
200 300 400 500 600 700
Wavelength (nm)

(b)

0.8

e BiOCl
== Tungsten doped BiOCI

Absorption (a.u.)
o °
> >

o
N

o.o 1 1 '
200 300 400 500 600 700

Wavelenghth (nm)

Fig. 9 Calculated optical absorption spectra of pure BiOCland WOg ligand
doped BiOCl as a function of wavelength using the DFT + U method. y axis
is the imaginary part of the dielectric function (g,) (a). Experimental absorp-
tion spectra of pure BiOCl and tungsten doped BiOCl (b).
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narrowing from 2.65 eV to 2.40 eV. We conducted a relative
UV-vis absorption experimental test of tungsten doped BiOCl
and found the consistency of the red shift of the absorption
threshold as shown in the red line (Fig. 9(b)). Moreover, the
absorption edge is almost the same as that of the calculated
result, indicating reliability of our theoretical model. The red
shift of light absorption will excite more electron and hole pairs
on the exposed surface of semiconductors and enhance the
decomposition of organic pollutants and water splitting.

Conclusion

Structural stabilities, electronic properties and optical absorption of
SubW-BiOCl, IntW-BiOCl-O’ and WO¢-BiOCl are analyzed by
DFT calculations. For the SubW-BiOCl and IntW-BiOCI-O’, these
structures will bring up recombination centers in the forbidden
gap without tuning positions of the VBM and CBM, which do not
facilitate photocatalytic reactions. For the WO,-BiOCl structure,
the band gap decreased by 0.25 eV with mainly VBM shifting
upward compared with that of pure BiOCl, which is beneficial
for photocatalytic performance. In addition, suitable band edge
positions as well as red shift of light absorption render the WO~
BiOCl structure a suitable and promising photocatalytic material.
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