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We did a density functional theory spin-polarized calculation based on pseudopotential method on the effect

of both vacancy and substitutional impurity in the tungsten tri-oxide lattice. We investigated oxygen and tungsten
vacancies and for substitutional dopants we used palladium (Pd), platinum (Pt) and gold (Au) atoms with the
formula AxW1−xO3 and x = 0.125, 0.25, 0.375, 0.5. We obtained electronic band structure, density of states and
magnetization of defected and doped WO3. The results show that in the presence of tungsten vacancy, WO3 acts
as a semiconductor with an indirect band gap while oxygen vacancy induces a metallic behavior for WO3. Besides,
for Pt and Pd the location of trap states lead to photoexcited hole capturing, which can improve photocurrent but
for Au dopant, the trap states occur in the middle of the band gap as active recombination centers. Furthermore,
both kind of vacancies and Pt dopant can induce magnetization in all values of x, while Pd and Au are less efficient
in inducing magnetization.
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1. Introduction

In recent years, tungsten tri-oxide (WO3) has grabbed
much attention due to its wide technological applications.
It is used in semiconductor gas sensors (SGS), electro
chromic devices such as smart windows, high temper-
ature super-conductors (HTSCs), photocatalytic water
splitting, solar cells and a variety of other applications.
Moreover, the possibility of ion intercalation or deinter-
calation gives rise to several potential applications in sec-
ondary rechargeable batteries [1–5]. Low expense, more
thermal stability, non-toxicity, high chemical activity and
simple structure are just a few of the main ideal intrin-
sic properties. The injection of electron or hole can cause
changes in the properties of tungsten tri-oxide. In partic-
ular, photocatalytic activity and gas-sensing property of
WO3 are modified via doping with transition metals such
as palladium (Pd), platinum (Pt) and gold (Au) [6–8].
Indeed, band gap engineering is possible via doping. Sev-
eral attempts have been reported that verify the improve-
ment of photo-activity of WO3 by selective doping [9–
12]. Furthermore, WO3 doped by Pt represented high
stability and recyclability under the experimental condi-
tions and these productions can be used in the photo-
oxidation process in order to destroy organic hazards un-
der sunlight radiation [13]. Very recently it has been
reported [14] that doping of WO3 with Pd atoms be-
low 5% reveals no peaks corresponding to the Pd metal-
lic phase in X-ray diffraction (XRD) patterns. Indeed,
the ratio of Pd:W below 4% not only shows significant
improvement in sensing response time compared to pure
samples, but also increasing this ratio causes that the
maximum sensitivity temperature decreases. Experi-
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mental researches based on several methods like photo-
acoustic spectroscopy (PAS) or X-ray absorption near
edge structure (XANES) show that pure WO3 is a semi-
conductor with direct band gap and has a relatively
wide band gap ranges from 2.5 to 3.0 eV [15–17]. Sim-
ilar to other transition metals, several distortions are
possible in pure WO3 as a function of temperature.
The most common and stable phase of pure WO3 is mon-
oclinic structure with the P21/n space group from 17 ◦C
to 330 ◦C [18]. Therefore we use this structure for our
calculation.

To study the effects of transition metal doping on elec-
tronic structure and the functionality of WO3, we inves-
tigated the doping of WO3 with Pt, Pd and Au atoms
that are substituted in place of tungsten (W) atoms with
different percent of dopant atoms (AxW1−xO3). In order
to compare the results with pure and defected WO3 we
calculated the electronic structure of these systems in the
preliminary stage, and then the effects of doping were ob-
tained. In this paper we have reported and analyzed our
results on electronic and band structure (BS), density of
states (DOS), projected DOS (PDOS) and magnetization
properties (µtot).

2. Computational details

Spin-polarized density functional theory calculations
were performed using the Quantum-Espresso pack-
age [19, 20] with the plane wave method to calculate the
electronic structure of monoclinic lattice of tungsten tri-
oxide (WO3) in the cases of genuine form, defected form
with a tungsten and an oxygen vacancies and doped sys-
tems in which one of the dopant atoms (palladium (Pd),
platinum (Pt) and gold (Au)) substituted with tung-
sten atoms. Generalized gradient approximation (GGA),
and the Perdew–Burke–Ernzerhof (PBE) functional were
used for electron exchange-correlation energy [21, 22].
A kinetic energy cut-off of 30 Ry (≈400 eV), was used
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Fig. 1. Schematic view of WO3 supercell. Blue (O)
and red (W).

with a plane-wave basis set. The integration of the Bril-
louin zone was conducted using a 6 × 6 × 6 Monkhorst–
Pack grid with the Γ -point included and a Gaussian
broadening with a width of 0.01 eV for smearing was used
to guarantee accuracy up to 0.001 Ry. A monoclinic unit
cell of a = 7.30084 Å, b = 7.53889 Å, c = 7.68962 Å,
α = 90◦, β = 90.892◦, γ = 90◦ and V = 53.014 Å3/cell
based on experimental values was used. This structure
can be considered as a deformed perovskite ABO3 struc-

ture, where the A cations are missing, the B cations lo-
cate at the center of the octahedron and oxygen atoms
are on each unit cell edge midway between the B atoms.
This is the same as in the ReO3 structure. The supercell
which was used for all systems is shown in Fig. 1. It con-
sists of 8 tungsten atoms and 24 oxygen atoms and thus
is suitable for our desired doping. In each case of cal-
culation all atoms were fully relaxed to obtain geometry
optimization and the forces were reduced to 0.02 eV/Å.

3. Results and discussion

3.1. Bulk

We studied the electronic structure of pure monoclinic
WO3 in the preliminary stage of our study. Our calcula-
tion shows that WO3 in a stoichiometric form is a semi-
conductor with a direct band gap of 1.89 eV in Γ point
which is consistent with previous works [23–25]. It should
be mentioned that in comparison with experimental re-
sults, the band gap is underestimated as expected for
GGA exchange-correlation functional. There is also an
indirect band gap in Z–Γ which is negligibly (≈0.2 eV)
greater than direct band gap. Total and Fermi energies
have been obtained of 27.19 Ry/fomula unit and 5.09 eV,
respectively.

Fig. 2. BS (left) and DOS and PDOS (right) of bulk WO3.

In Fig. 2, we have presented the calculated BS, DOS
and PDOS. The total DOS reveals that density of states
for spin up and spin down are exactly the same which in-
dicates that there is no magnetic moment for pure WO3.
The PDOS plot depicts that the valence band (VB)
mainly consists of the 2p states of O in range of –1.0 eV
to 5.09 eV near the Fermi energy edge, and d-orbital
states of W predominantly plays a main role for the con-
duction band (CB) above the Fermi level One can see
that in comparison with other transition metal oxides
such as ZnO or TiO2 5d-orbitals in conduction band of
WO3 are more effective and this can produce a more un-

stable bounding in this material which conduce that WO3

crystallizes in different modified structure easily [26, 27].
In order to compare the defected and doped systems with
pure WO3, we have presented some of the calculated elec-
tronic data in Table I. It contains VB width (∆VB), CB
width (∆CB), integral of DOS plot along CB and VB,
band gap (Egap), gap type and magnetization (µtot) of
pure, defected and doped WO3.

3.2. Defected WO3

Using the same supercell with 32 atoms consisting of
8 tungsten and 24 oxygen atoms, we studied the effect
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of W and O vacancies separately on electronic structure
of WO3. At the first step one of the tungsten (W) atoms
was removed and the structure (W7O24) was fully relaxed

and at the next step relaxation process was repeated with
removing one of the oxygen atoms (W8 O23).

TABLE I

VB width (∆VB), CB width (∆CB), Integral of DOS plot along CB and VB, band gap (Egap), gap type and
magnetization (µtot) of defected and doped WO3 in comparison with bulk.

System ∆VB [eV] ∫ DOSVB ∆CB [eV] ∫ DOSCB Egap [eV] Gap type µtot [µB/cell]
Bulk WO3 6.1 192 2.9 38 1.89 (D) Γ → Γ 0.00

W-vacancy W0.88O3 6.6 138 3.8 37 0.66 (ID) E → B 2.16
O-vacancy WO2.88 6.4 138 3.4 40 0.14 – 2.00

Pd-Doped

Pd0.12W0.88O3

Pd0.25W0.75O3

Pd0.37W0.63O3

Pd0.50W0.50O3

6.9
7.5
–
7.8

196
200
204
208

3.1
3.1
–
3.4

40
40
39
42

0.86
0.21
–

0.16

(ID) A→ Γ

(ID) B→ Γ

no gap
–

2.11
–0.01
0.00
0.00

Pt-Doped
Pt0.12W0.88O3

Pt0.25W0.75O3

Pt0.50W0.50O3

7.8
8.2
8.5

196
200
208

2.5
2.7
2.7

40
40
42

0.46
0.37
0.32

(ID) A→ Γ

(ID) B → Γ

(ID) B → Γ

–0.46
–2.51
–3.86

Au-doped

Au0.12W0.88O3

Au0.25W0.75O3

Au0.37W0.63O3

Au0.50W0.50O3

7.8
–
8.0
–

197
202
207
212

3.1
–
2.8
–

41
40
43
43

0.23
–

0.11
–

(ID) C → Γ

no gap
(ID) A→ Γ

no gap

–1.07
0.00
0.76
0.00

Fig. 3. BS (left) and DOS and PDOS (right) of the WO3 with W — vacancy (top), O — (bottom).

Figure 3 presents the results of both kinds of vacan-
cies calculations for BS, DOS and PDOS. These plots
show that some new states have been generated inside
the gap in both cases. In fact, W-vacancy (W7O24) ex-

hibits semiconductor state with an indirect but smaller
band gap of ≈0.66 eV in E–B points in reciprocal lattice.
In the other hand, as it is seen from BS and DOS dia-
grams for O-vacancy (W8O23), Fermi energy has been
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shifted toward higher energies and induces a transition
to metallic phase. The gap disappears completely and
there is no separation between VB and CB and the den-
sity of states above Ef has been increased severely. One
can notice that in spite of this fact that pure WO3 has no
magnetic moment (µtot = 0), creating a vacancy of both
kinds (W or O) induces magnetism in WO3. We obtained
a total magnetization µtot of 2.16 µB/cell for W-vacancy
and 2.00 µB/cell for O-vacancy. The above observations
are in agreement with the previous works [28, 29].

3.3. Doped WO3

At the next step we studied the effect of doping WO3

with Pd, Pt and Au atoms. As Pt and Au belong to
adjacent columns while Pd and Pt belong to two adja-
cent rows of periodic table, it is possible to compare the
behavior of doped WO3 versus atomic numbers and elec-

tronic shells. In order to investigate the optimized struc-
ture of AxW1−xO3, we performed the relaxation calcula-
tions for Pd, Pt and Au and for four cases of x = 0.125,
0.25, 0.375, 0.50 (except x = 0.575 for Pt). In the above
formula A stands for dopant. In Figs. 4–6 we present the
calculated DOS, PDOS and BS plots. In the following
paragraphs, at first we introduce the results for each case
then analyze and compare them afterwards.

3.3.1. Pd dopant

It is seen from the BS and DOS diagrams that in
x = 0.125, system still remains semiconductor with a
smaller but indirect band gap of 0.86 eV in comparison
with pure system. Meanwhile in all other amount of x,
system tends to metallic phase and this behavior is im-
proved with increasing the Pd dopant which causes a
deficit of electron in this case (see Fig. 4).

Fig. 4. BS, DOS and PDOS of PdxW1−xO3, (a) x = 0.125, (b) x = 0.25, (c) x = 0.375, (d) x = 0.5.

3.3.2. Pt dopant

BS and DOS diagrams in Fig. 5 depict that Pt impurity
causes additional states inside the gap in all values of x,
and thereby shifts the Fermi level into the VB, so that the
systems have a transition from semiconductor to metallic
phase. In addition it should be noted that W d orbital
plays the main role in CB whereas there is a competition
between Pd d and O p orbitals in VB. This features grow

with elevating of x value. It is also seen that gradually a
wide VB is forming and electron density near the Fermi
level is increasing with increase in the magnitude of Pt
which can improve the electron transport properties.

Table I shows that both values of the VB width (∆VB)
and the total amount of states in VB (∫ DOSVB) are in-
creased by growing the percentage of dopant. Obviously,
it should be occurred as a result of the bigger atomic
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number for Pt. Although this feature is repeated for
both CB width (∆CB) and the total amount of states in
CB (∫ DOSCB), but ∆CB is less than the pure state in all
cases (2.5−2.7 < 2.9 eV).
3.3.3. Au dopant

Results show that in WO3 doped by Au atoms
(AuxW1−xO3), VB maxima and CB minima are shifted
to higher energies in all cases and Ef locates inside
the VB. Depending on x values, structure of band and

DOS change in an oscillatory manner (Fig. 6). As for
x = 0.25, 0.5, VB and CB merge together and form a
wide valence band. While for x = 0.125, 0.375 there is
still a gap between CB and VB, despite that the Fermi
level locates inside the VB. Regarding this matter, it
is seen that in x = 0.5 case, system has more metallic
behavior, in contrast for x = 0.375, the system is less
metallic-like and closer to semiconducting phase.

Fig. 5. BS, DOS and PDOS of PtxW1−xO3, (a) x = 0.125, (b) x = 025, (c)x = 0.5.

In brief it is seen, for all kinds of dopants, that new
states start to generate inside the gap which act as trap
states. With increase in the dopant atoms, the den-
sity of trap states and the width of valence and conduc-
tion band are increasing while the gap size is decreas-
ing so that metallic behavior is improving. Moreover,

it should be noted that gap type transforms from direct
for bulk system to indirect for doped systems. Besides,
the gap is disappeared in Pd0.375W0.625O3, Pd0.5W0.5O3,
Au0.25W0.75O3, Au0.5W0.5O3. Indeed for Au dopant,
gap periodically appears and disappears as a result of
shifting Au d orbital and partly O p orbital. For
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Pd0.5W0.5O3, although valence and conduction bands are
almost introduced, there is no definite band gap.

Spin polarized calculations produce the possibility of
magnetization calculation. Table I shows that in spite
of this fact that WO3 has not any magnetization prop-
erties (µtot = 0), we find out that the Pt dopant atoms
can induce magnetization for WO3, while Au and Pd
atoms are less effective in creating magnetic properties.
Actually Au and Pd atoms, just for x = 0.125 produce
a total magnetization of –1.07 µB/cell and 2.11 µB/cell,
respectively and in other x values we have a negligible
magnetization. Increasing Pt dopant atoms increase to-
tal magnetization from –0.46 to –3.68 µB/cell.

To compare the effect of dopant atom independent of
the density of it, we focused the results for x = 0.25 of
Pd, Pt and Au. As it is seen, the dopant atoms reduce
the symmetry of the crystal in all of the doped systems,
so that the width of both VB and CB have been increased
and the d orbital of the dopant atoms has been hybridized
with O 2p states or W d states to create new states inside

the gap. These trap states can provide electron (hole)
capture or electron (hole) emission and hence improve the
process of photocatalysis. For Pd and Pt, the trap states
are located above the VB and not only lead to band gap
narrowing but also can capture the photo-excited holes
and thereby reduce the recombination rate and increase
the photocurrent. In case of Pt dopant, there are addi-
tional trap states located below the CB which can act as
electron capture centers. In this case, it is expected that
both kinds of traps (acceptor and donor) help the optical
transitions. For Au dopant, the trap states occur in the
middle of the band gap and lead to active recombination
center for photo-excited carriers (electron, hole) which is
not suitable for the photocatalytic reactions. It is seen
that enhancing the catalytic responses as a result of noble
metals doping in WO3, can induce improving the prop-
erties such as gasochromic effect and gas sensitivity of
the WO3 based sensor. This is in agreement with the
experimental results of [30–33].

Fig. 6. BS, DOS and PDOS of AuxW1−xO3, (a) x = 0.125, (b) x = 025, (c) x = 0.375, (d) x = 0.5.

4. Conclusion

In this paper, we have presented an overview of DFT
calculation on the electronic structure and density of
states for WO3 defected with both W and O vacancies
and also WO3 doped with transition metals. These calcu-
lations show that W-vacancy remains WO3 as a semicon-
ductor with an indirect band gap while O-vacancy causes

a transition to metallic phase. Moreover, doping of WO3

with transition metals illustrate that d orbitals of dopant
atoms produce trap states inside the gap which affect
on the electron (hole) transition rate. Indeed, palladium
and platinum improve photocatalytic reactions while Au
increases the recombination rate. Furthermore, vacancies
and dopant atoms can induce magnetization in Pt case,
while Au and Pd atoms are less effective.
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