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Abstract

Tungsten is one of the primary materials of choice for several commercial fusion

power plant designs, in particular for divertor targets and first wall. In main-

tenance conditions or during a loss of coolant accident, tungsten is expected

to reach temperatures at which it readily volatilises as tungsten trioxide, po-

tentially distributing radioactive material and posing a hazard to personnel.

The oxidation of tungsten is reported to show an orientation dependence, how-

ever, the mechanism by which it occurs is not fully understood on an atomic

level, providing a barrier to the understanding of tungsten smart alloys, which

are being developed to reduce oxidation and mitigate the hazards. From the

DFT+U simulations, we show how key features of the electronic structure of

the tungsten-oxygen system change as the tungsten-oxygen ratio evolves. We

then calculate the formation energies of oxygen vacancies and migration barri-

ers for their diffusion, allowing an assessment of their mobility in the different

tungsten oxide phases. Our results provide a new level of understanding of the

sub-stoichiometric Magnéli phases that are observed during the oxidation of

tungsten, which are perceived to be composed of WO2- and WO3-like regions.
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1. Introduction

Tungsten is a candidate material for use in the first wall and divertor tar-

gets of several proposed tokamak fusion devices, including the United Kingdom’s

STEP project, owing to its favourable thermal and physical properties [1]. How-

ever, theoretical studies have shown that pure tungsten first walls may reach5

temperatures of over 1300 K in the event of a loss of coolant accident [2]. The

primary cause of this temperature rise is the decay heat produced by activated

tungsten and its decay products, particularly the decay of 187W, formed via neu-

tron capture by 186W[3]. At these temperatures, tungsten is known to readily

oxidise in the presence of air to form tungsten trioxide, WO3, which begins at10

temperatures of around 1000 K[4]. The rapid oxidation of irradiated tungsten

enables the mobilisation of both tritium and the activation products of tung-

sten due to surface volatilisation, posing a safety hazard to first-responders and

other on-site personnel[2]. Similar conditions may be encountered during main-

tenance activities and decommissioning, thereby requiring strict atmospheric15

control. Alternatively, a deeper understanding of how and why tungsten oxides

form is key to guiding materials choices and the development of new, radiation-

and oxidation-resistant materials for use in future reactor designs.

The oxidation of tungsten has been widely studied over recent decades, but

no firm consensus exists as to the mechanism by which it is oxidised to tungsten20

trioxide, WO3. It is known to exhibit a strong dependence on oxidation condi-

tions and grain orientation, and to proceed through a series of tungsten oxides

as oxygen content in the system increases.[5] This process is well-summarised

in the work of Cifuentes et al.: at around 600 °C, W18O49 (WO2.72) forms a

protective oxide-metal interface, which cracks as it reaches a critical thickness.25

Subsequent ingress of oxygen through these cracks leads to the formation of

columnar W25O73 (WO2.92), leading to rapid growth of the oxide scale, fol-

lowed by eventual transformation into WO3 as the oxygen concentration at the

interface grows[6]. Under the Wagner theory of oxidation, the growth of the

oxide layer is controlled by the rate of ion transport and is dependent on the30
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Figure 1: Crystal structures of (a) WO2, (b) WO3, (c) W18O49 (WO2.72) and (d) W25O73

(WO2.92). Grey atoms denote tungsten. Red atoms denote oxygen. Oxygen sites in WO2

and WO3 are denoted by the numbers 1 through 6.

concentration gradients through the oxide scale[7]. As such, in this work, we

consider the role of oxygen vacancies as the means of establishing a concentra-

tion gradient in the oxide phases of interest, which are discussed below.

1.1. Crystallography

This brief summary highlights the key tungsten oxide phases. A description35

of each is provided below and illustrations are presented in Figure 1:

a) Tungsten trioxide exhibits a range of polymorphs in the temperature range

of 0 < T < 1000 K: monoclinic, < 223 K; triclinic, 223 - 288 K; monoclinic,

288 - 603 K; orthorhombic, 603 - 1013 K; tetragonal, > 1013 K. The room

temperature monoclinic phase with the space group P21/c is studied in this40

work. This phase includes three unique oxygen sites at the 4e Wyckoff

positions, each bonded to two equivalent W6+ ions also at 4e Wyckoff

positions [8, 9].

b) Tungsten dioxide, WO2, which is observed at lower temperatures and

3
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oxygen partial pressures. The most stable phase of WO2 crystallises in45

the monoclinic P21/c space group. One W4+ ion occupies one 4e Wyckoff

position, whilst two inequivalent oxygen ions occupy 4e Wyckoff positions

[10, 11, 12].

c) The W18O49 phase (alternatively WO2.72), which exhibits a tungsten

bronze-like structure in the monoclinic P2/m space group, with a β angle50

of 115.20°according to Salje et al. This phase consists of 16 oxygen ions at

2n Wyckoff positions, 9 at 2m Wyckoff positions, and 1 oxygen ion at the

1f Wyckoff position. The tungsten ions, in a 10:8 mixture of W5+ and

W6+ oxidation states, occupy the 2n Wyckoff positions[13, 14].

d) The W25O73 phase (alternatively WO2.92), which exhibits a sheer struc-55

ture of the monoclinic P2/c space group with a β angle of 98.3°. This

phase consists of 37 unique oxygen sites, 1 at the 2f Wyckoff positions

and the remaining at the 4g Wyckoff positions. The tungsten ions oc-

cupy 13 unique sites, one at the 2f Wyckoff position and the remainder

at the 4g Wyckoff positions, in a 1:12 mixture of W5+ and W6+ oxidation60

states[15].

In this work, we examine the thermodynamics and kinetics for oxygen trans-

port, mediated via vacancies, through the tungsten oxide phases WO2, WO3,

and the so-called ’Magnéli’ phases W18O49 and W25O73 to better understand

the oxidation process. To support our discussion we provide a detailed review65

of the physical structure of each phase and investigation into the evolution of

their electronic structures with increasing oxygen content.

2. Methodology

2.1. Density Functional Theory

All calculations herein were performed at the DFT level of theory as imple-70

mented in the VASP package[16, 17, 18, 19]. Standard PAW pseudopotentials

4
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were used with 14 valence electrons for W, treating the 5s, 6s, 5p and 5d elec-

trons as valence, and 6 valence electrons for O, treating the 2s and 2p orbitals as

valence. A plane-wave cut-off energy of 520 eV was selected and a Monkhorst-

Pack k -point mesh was optimised for each structure. In all cases the k -point75

grids were converged to ensure a tolerance of 1 meV per atom. For unit cells, the

dimensions of the Monkhorst-Pack grids were: WO3, 6× 6× 6; WO2, 8× 8× 8;

W18O49, 1 × 4 × 1; W25O73, 6 × 1 × 1. Gaussian smearing with a smearing

width of 0.2 eV was applied to the electronic bands. In ionic relaxation, the

ionic positions, cell volume and shape were relaxed until the maximum force80

exerted on any atom in a single dimension met the criterion |F|< 1 meV/Å.

All calculations were performed spin-polarised and the magnetic moments were

allowed to relax to their ground state configurations.

In order to account for on-site Coulombic interactions between localised

W 5d electrons, all calculations have been performed under the rotationally85

invariant DFT+U formalism as described by Dudarev et al., i.e., Ueff = U–J

[20]. In this work, J = 0, and hence Ueff = U , which has been calculated ab

initio under the linear response ansatz described by Cococionni et al. [21]. For

a singular W atom, a small change is made in the U parameter, V , ranging

from V = -0.25 eV to 0.25 eV in steps of 0.05 eV. At each step, the occupancy90

of the W 5d orbitals of the atom is computed in both the self-consistent and

non-self-consistent fields. The W 5d occupancies are then plotted against V ,

and the U parameter is calculated as:

U = χ−1 − χ−1
0 ≈

(
∂NSCF

I

∂VI

−1
)
−
(
∂NNSCF

I

∂VI

)−1

(1)

where, NSCF
I and NNSCF

I is the number of electrons occupying the d orbital

of the W atom to which V is applied in the self-consistent field and non-self-95

consistent field settings respectively. As such, the U parameters used in this

work are: WO3, 5.13 eV; WO2, 4.84 eV; W18O49, 4.23 eV; W25O73, 3.75 eV.

5
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2.2. Defect Formalism

The formation energy of the oxygen vacancies in the tungsten oxide phases

has been calculated according to equation 2:100

∆Ei
f = Edefect − Eperfect + µO + q(EVBM + εf ) + Ecorr (2)

where, Eperfect is the DFT energy of the perfect system, Edefect is the DFT

energy of the system with one oxygen vacancy, µO is the chemical potential of

oxygen, q is the charge of the vacancy (in non-metallic systems), EVBM and εf

are the energies of the valance band maximum and Fermi level respectively, and

Ecorr is the Kumagai charge correction term to account for the finite size of the105

simulation supercell[22]. The dielectric tensor for WO3 has been calculated ab

initio, using density functional perturbation theory (DFPT) as implemented in

VASP. The calculated tensor is predicted to be roughly isotropic:

ϵ =


57.02 0.01 −0.07

−1.02 58.06 −1.02

−0.07 0.01 54.77

 (3)

Calculation of defect formation energies was performed in supercells, how-

ever, the exact size of the supercell depended on the system of interest. For110

WO3 and WO2 supercells were constructed from 3×3×3 replications of unit

cells, whilst for W18O49 and W25O73 supercells were constructed from 1×2×1

repetitions of the unit cells. During optimisation of the defect-containing su-

percells, the lattice parameters remained fixed to best mimic an isolated defect.

While for the examination of the crystal structures we present results using a115

range of functionals, only the Generalised Gradient Approximation functional

of Perdew et al. is used for the defect simulations.

The chemical potential of oxygen was defined at two limits. Under the

oxygen rich condition, µO−rich
O was determined from a DFT simulation of the

oxygen dimer in an arbitrarily large (a = b = c = 10 Å) unit cell, whose120

dimensions were constrained during the calculation. The O-O bond length was

then optimised and the energy of the system extracted and halved to find µO =

6
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-4.94 eV with a bond length of 1.211 Å (compared to 1.207 Å experimentally).

In the oxygen poor limit the chemical potential was determined according to:

µO−poor
O = µWOx − µW(s)

(4)

where, µWO2
and µW(s)

are the chemical potentials of the tungsten oxide and125

tungsten metal respectively. The chemical potential of W was taken as the DFT

energy of a single atom in bcc W, µW(s)
= -12.98 eV.

2.3. Activation Energies

Activation barriers to diffusion have been calculated using the climbing im-

age nudged elastic band code provided by the VASP Transition State Tools130

package[23]. In the case of WO3 we calculate the migration energy for the +2,

+1 and 0 charge states.

3. Results and Discussion

3.1. Crystal Structure

For each phase of interest, the lattice parameters, cell angles and band gaps135

calculated using different exchange correlation functionals are presented in Ta-

ble 1. Local and semi-local exchange-correlation functionals, such as the Lo-

cal Density Approximation (LDA) and the Generalized Gradient Approxima-

tion (GGA) functionals, are known to underestimate the band gap, Eg, while

hybrid functionals such as HSE06 are expected to give much more accurate140

values[30]. However, the use of hybrid functionals is prohibitively costly for

studying the large number of defect formation energies required in this work.

Further, there are known issues with the application of hybrid functionals to

metallic materials[31]. Therefore, in this work, the HSE06 functional is only

used to calculate the band gap in WO3.145

For room-temperature monoclinic WO3, the results presented in Table 1

show that DFT overestimates the lattice parameter, irrespective of the func-

tional used. This trend is particularly marked for the semi-local functionals,

7
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however, is still evident when the hybrid HSE06 functional is employed. Al-

though there is some deviation in the lattice parameters calculated in this work150

compared to the experimentally observed values, the values presented in this

work agree with previous DFT studies[25, 24].

Upon examination of individual W-O bond lengths within one WO6 octa-

hedra, it is seen that the average bond length in WO3 is around 1.94 Å when

optimised using the PBE exchange-correlation functional. As shown in Table 3,155

there is a considerable distortion in the a-axis when optimised using the PBE

functional. The deviation in our calculated structural parameters may be due

to the initial structure employed in these calculations, which were available on

the Inorganic Crystal Structural Database. There is a degree of uncertainty

in the positions of oxygen ions introduced by the Rietveld refinement of neu-160

tron powder refraction and X-ray diffraction experiments[32, 33, 34]. Combined

with the close similarities in structure between the various tungsten trioxide

phases, there is an increased likelihood of the structure relaxing into a local

DFT minima.

A similar discrepancy versus experimental data is observed in monoclinic165

WO2 using the PBE functional, particularly in the a- and c-axes. However, our

results are in line with previous DFT studies on the same phase. In addition,

the average bond length in WO2 optimised using the PBE exchange-correlation

functional is 2.08 Å. This is considerably higher than the average bond length

in WO3. However, there is much more distortion in the bond lengths in WO2170

when optimised using the PBE functional compared to the LDA functional.

W25O73 andW18O49 were optimised using only the PBE exchange-correlation

functional. The lattice parameters obtained for these phases are much closer

to the experimentally observed values, although the computed values in the a-

and c-axes for W25O73 are slightly larger. Upon examination of the structure of175

W25O73, the overestimation of the lattice parameters in the a- and c-axes may

be attributed to the similarity in geometry between this phase and WO3, as the

former contains large regions of corner-sharing WO6 octahedra whilst the latter

consists solely of the same octahedral motifs.

8
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3.2. Electronic Structure180

The projected density of states (PDOS) for each phase of interest was ob-

tained using the PBE functional with the DFT+U formalism. Figure 2 shows

the gradual evolution of the total density of states with increasing oxygen con-

tent, from WO2 through to WO3. The PDOS of the W 5d and O 2p states are

shown in blue and red respectively, and each plot is shifted such that the Fermi185

level is at zero. WO2, W18O49 and W25O73 are all predicted to be metallic,

with their Fermi levels lying within bands exhibiting primarily W 5d character.

Experimentally, W18O49 is shown to possess semiconductor properties due to its

surface being covered with oxygen atoms, however, bulk W18O49 is metallic[35].

In WO2, there is a band of W 5d states just below the Fermi level; as the oxygen190

content of the system increases, this band increases in energy and eventually

forms the conduction band seen in the DOS of WO3. The Magnéli phases ex-

hibit features from the DOS of both WO2 and WO3, and the band gap exhibited

in WO3 can first be seen in the DOS of W18O49, although the Fermi level is

still within the band.195

The magnetic moments of each atom in each phase were allowed to relax

to their lowest-energy configurations. In WO2, ferromagnetic ordering was pre-

dicted with magnetic moments of approximately +0.890 µB on each W atom.

In W18O49, ferromagnetic ordering was predicted with magnetic moments rang-

ing from +0.146 to +0.494 µB on each W atom. The distribution of magnetic200

moments is shown in Figure 3. In W25O73, a total magnetic moment of +0.005

µB was predicted, indicating negligible magnetic ordering. Finally, in WO3, the

ground state configuration in these calculations was non-magnetic. It is known

experimentally that WO3 is paramagnetic, however, due to the limitations of

the software used, the paramagnetic ordering in WO3 cannot be accurately205

represented, and therefore the non-magnetic configuration is taken as the best

available approximation[13]. Nevertheless, the decreasing magnetic moments

between WO2 and WO3 is commensurate with magnetic susceptibility experi-

ments performed on these phases[36]. Henceforth, any discussion regarding the

perfect crystals of these phases refers to those in their magnetic ground states210
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described here.

As discussed above, semi-local functionals typically underestimate the band

gaps in insulating materials. This is evident in Figure 2 where, for WO3, the

band gaps is shown to be about 1.34 eV. This is almost half of what has been

experimental observed, which lies in the range of 2.6 to 2.8 eV. Varying the U215

parameter between U = 0 eV and U = 6 eV has a marginal effect on the size

of the band gap in WO3, as shown in Figure 4; an increase in the U parameter

from 0 to 5.13 eV raised the band gap by approximately 0.2 eV. However, using

the hybrid HSE06 functional, the band gap is predicted to be Eg = 2.53 eV,

which closely matches previous hybrid DFT studies on WO3 (2.56 eV)[24].220

3.3. Oxygen vacancy defect formation energies

The oxygen vacancy formation energies for WO3 as a function of the Fermi

level are presented in Figure 6 (note the plot is presented up to the band gap

predicted using the HSE06 functional). In each plot, the black line denotes the

vacancy formation energy of the VO(1) defect, the blue line the VO(2) and the225

red line the VO(3) defect. The positions of these defects are shown in Figure

5. The trend observed is similar to that predicted by Linderälv[37]. At the

valance band maximum (EF = 0), the oxygen vacancy V 2+
O(2) defect exhibits

the lowest formation energy at each charge state, which corresponds to the

oxygen site which lies between the plane of tungsten atoms. At the valence230

band maximum the formation energy is -0.98 eV in the O-rich limit and -3.29

eV in the O-poor limit. There is a discrepancy between the formation energies

for the charged defects and those presented by Linderälv. This can be explained

by the difference in the choice of the charge correction and, in particular, the

dielectric tensor used in the employed in the correction.235

Figure 6 shows that the charge neutral defect is predicted to have the lowest

formation energy at the conduction band minimum, and that there is a narrow

region in the mid gap (between 1.60 and 1.65 eV) where the V 1+
O(2) defect is

dominant.

WO2 is metallic, therefore, only the neutral charge state is considered for240
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the two unique oxygen vacancy sites, labelled 1 and 2 in Figure 5. The values

calculated for the oxygen vacancy formation energies in WO2 are summarised in

Table 4, clearly showing the wide range of formation energies and the effect of

the chemical potential of oxygen. In the oxygen-poor limit, the values presented

here agree with those proposed by Huang et al. (2.49 eV), who calculated the245

chemical potential of oxygen in the manner described here with a U parameter

of 6.2 eV [38].

On the other hand, the values presented in this work are considerably higher

in the oxygen-rich limit than those proposed by Linderälv (3.54 eV and 2.98 eV

respectively). In both this work and the work of Linderälv, the µO has been250

defined as half the energy of an oxygen dimer, and in this work this has been

calculated from a DFT simulation on an isolated dimer in a vacuum using the

PBE functional. Whilst the exact value of µO is not reported in Linderälv’s

work, the value of µO calculated in this work is slightly higher than the exper-

imental value of -5.23 eV, and higher still than previous theoretical values of255

around -6.00 eV, calculated using GGA functionals[39, 40]. It is known that the

overbinding of GGA functionals, especially in O2, leads to a larger value of µO.

Wang et al. proposes a correction of -1.36 eV on the energy of the O2 dimer to

compensate for this overbinding[41]. In this work, the suggested correction has

not been applied as the chemical potential calculated herein (-4.94 eV) is much260

closer to the experimental value.

The Magnéli phases W18O49 and W25O73 are vastly more complicated than

those of WO2 and WO3. These phases have 25 and 147 unique oxygen vacancy

sites respectively. We present the oxygen vacancy formation energies in the

oxygen-rich limit in Figure 7. The highest values of the vacancy formation265

energies occur in regions of the unit cell which are comprised of WO2-like motifs,

whereby each oxygen atom is coordinated to three tungsten atoms. Oxygen

vacancy formation energies in these regions are as high as 6.57 eV in W18O49.

On the other hand, the lowest oxygen vacancy formation energy is found in the

center of the unit cell, bridging two WO6 octahedra, with a value of 3.55 eV.270

For both W18O49 and W25O73, in the regions where the oxygen vacancy
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formation energy is higher, oxygen is coordinated to three tungsten atoms with

a bond length of between 1.98 and 2.09 Å. This is comparable to the W-O bond

lengths predicted in WO2, which are around 2.08 Å. Lower oxygen vacancy for-

mation energies are found in regions where oxygen is coordinated to only two275

tungsten atoms (as in WO3), where shorter bond lengths of between 1.84 and

1.97 Å are observed. Again, this is comparable to the W-O bond lengths pre-

dicted in WO3, which are around 1.94 Å. From these observations, the Magnéli

phases appear to be composed of WO3-like and WO2-like regions, both in terms

physical and electronic structure.280

3.4. Oxygen Vacancy Migration Barriers

Finally, we present the migration barriers between oxygen vacancy sites in

WO3 and WO2. The values calculated for the neutral (q = 0) system closely

correspond to existing data reported by Le et al., who reported migration bar-

riers of ≈0.14 eV for the V
(1)
O −→ V

(2)
O pathway and values between 0.87 ≈ 1.07285

eV for the V
(1)
O ←→ V

(3)
O pathway[42]. Therefore, the accuracy of the one-image

NEB calculations employed in this work is considered sufficient.

As shown in Table 5, the migration barrier required to migrate the V
(1)
O

vacancy to V
(2)
O vacancy, and from V

(3)
O to V

(2)
O , is considerably smaller than

the energy required to move between vacancies V
(1)
O and V

(3)
O . This corresponds290

to a preference in oxygen moving along the a-axis. Furthermore, the q = +1

system exhibits noticeably different migration energies to the q = 0 and q =

+2 systems, likely due to the unpaired electron present in this system. The

anisotropy in the migration energies suggests that the orientation of WO3 may

impact the rate at which the oxide interface grows into tungsten, aligning with295

the orientation dependency observed by Schlueter et al.[5].

In WO2, the migration barrier of oxygen diffusion is strongly directional. The

migration barrier required to migrate the V
(1)
O vacancy to the V

(2)
O vacancy is

1.81 eV, whilst migration in the reverse direction has an migration barrier of 2.90

eV. Similar values were obtained by Huang et al., in which the migration barriers300

for the migrations described above were 1.86 eV and 2.19 eV respectively[38].
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The significantly larger migration barriers means that WO2 is far less permeable

to oxygen compared to WO3, indicating that WO2 and WO2-like regions in the

Magnéli phases protect the pure tungsten metal from further oxidation. This

protective behaviour has been observed experimentally and attributed broadly,305

but not unanimously, to WO2 or the Magnéli phases[6, 43, 44].

4. Conclusion

In this work, we have reviewed the physical structure of the key tungsten

oxide phases observed during the oxidation of tungsten. As the tungsten-oxygen

ratio evolves, from WO2 through to WO3, we see a corresponding evolution of310

the electronic density of states for each phase. The W 5d states which lie just

below the Fermi level in WO2 shift to higher energies as the oxygen content

increases, until they rise above the Fermi level in WO3, which becomes an

insulator.

By investigating the evolution of the electronic structure, the bond lengths315

in the WO2 and WO3 phases, and the oxygen vacancy formation energies of the

four tungsten-oxygen systems of interest, we show that the substoichiometric

phases, W18O49 and W25O73, can be considered to be made of regions displaying

WO2-like and WO3-like properties (namely, bond lengths and oxygen vacancy

formation energies). It is suggested that the oxygen diffusion migration barriers320

may exhibit similar trends. This would account for the orientation dependence

of the oxidation of tungsten, as well as the observation that the Magnéli phases

only form thin, transient layers between WO2 and WO3. It has been shown

that the migration barriers of oxidation diffusion in WO2 are much larger than

those observed in WO3 (1.81 ∼ 2.90 eV vs. 0.15 ∼ 0.80 eV respectively).325

Furthermore, it is shown that oxygen migration in the ⟨100⟩ direction is strongly

preferred in WO3, with migration barriers as little as 0.13 eV in the +2 charge

state. Therefore, if the Magnéli phases are orientated such that their a-axis

lies perpendicular to the oxide-air interface, rapid diffusion of oxygen would

be expected through through the WO3-like regions. However, should they be330
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orientated such that their WO2-like regions occlude the WO3-like regions from

the oxide-air interface, then diffusion of oxygen through the b- or c-axes would

be much slower. In this way, the orientation dependence of the system and the

effect of the formation of columnar W25O73 on the oxidation of tungsten arises

out of the oxygen vacancy formation energies and diffusion barriers.335
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Lattice Parameters / Å

XC Functional U /eV a b c β/° Vol /Å3 Eg/eV Ref

WO3

LDA * 5.13 7.61 7.61 7.63 90.01 441.87 0.79 -

PBE * 5.13 7.71 7.68 7.74 90.09 458.30 1.34 -

HSE06 * 0.00 7.53 7.62 7.69 90.77 445.76 2.53 -

HSE06 0.00 7.39 7.64 7.75 90.3 440.43 2.80 [24]

PBE 5.20 7.72 7.68 7.75 91.50 459.49 - [25]

Tanisaki et al. - 7.30 7.53 7.68 90.54 422.16 - [26]

Saenz et al. - 7.30 7.54 7.69 90.91 423.27 - [27]

Loopstra et al. - 7.31 7.54 7.69 90.9 423.85 2.6∼3.2 [28]

WO2

LDA * 4.84 5.52 4.89 5.64 120.42 152.24 - -

PBE * 4.84 5.61 4.95 5.72 120.93 165.99 - -

PBE 0.00 5.82 4.96 5.75 120.48 156.44 - [10]

PBE 5.20 5.62 4.95 5.72 120.93 159.12 - [25]

Bolzan et al. - 5.57 4.90 5.66 120.68 154.48 - [29]

W18O49

PBE * 4.13 18.32 3.78 14.03 115.21 971.57 - -

PBE 5.20 18.29 3.86 14.20 109.71 1008.87 - [25]

Salje et al. - 18.33 3.79 14.04 115.20 995.41 - [14]

W25O73

PBE * 3.75 12.12 3.86 59.83 93.51 2799.03 - -

PBE 5.20 12.26 3.86 60.57 97.91 2866.39 - [25]

Sundberg et al. - 11.93 3.82 59.72 98.3 2721.60 - [15]

Table 1: Lattice parameters and band gaps, Eg, where applicable, for WO3, WO2, W18O49

and W25O73. Asterisks (*) denote parameters, cell volumes and band gaps calculated in this

work. Experimental values are indicated with a U parameter of ’-’, whereas DFT studies

which have not applied a U parameter are listed as U = 0. Similarly, where a band gap has

not been evaluated are marked with a ’-’.
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Table 2: Optimised bond lengths in WO3.

W −Ox Bond Length / Å

XC Functional 1 2 3 4 5 6

LDA 1.93 1.88 1.90 1.91 1.95 1.86

PBE 1.87 2.00 1.96 1.90 1.85 2.03

HSE06 1.81 2.00 2.01 1.82 1.76 2.16

Table 3: Optimised bond lengths in WO2.

W −Ox Bond Length / Å

XC Functional 1 2 3 4 5 6

LDA 2.06 2.06 2.00 2.00 2.00 1.95

PBE 2.07 2.05 2.09 2.11 2.03 2.01

Table 4: Formation energies of oxygen vacancies in WO2 under oxygen rich and oxygen poor

conditions.

Formation energy / eV

Vacancy O-Rich O-Poor

VO(1) 5.99 2.54

VO(2) 4.90 1.45

Table 5: Oxygen vacancy migration barriers through tungsten trioxide in the +0, +1 and +2

charge states between two unique oxygen vacancy sites, i.e., A to B. Values for the reverse

migration (B to A) are included in brackets.

Migration barrier / eV

q VO(1) ↔ VO(2) VO(1) ↔ VO(3) VO(2) ↔ VO(3)

0 0.153 (0.733) 0.765 (0.781) 0.799 (0.234)

1 0.222 (0.750) 0.665 (0.664) 0.791 (0.262)

2 0.126 (0.741) 0.726 (0.741) 0.780 (0.161)
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Figure 2: Projected and full density of states of the tungsten oxide phases investigated in this

study. The Fermi level has been set to zero.
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Figure 3: Distribution of magnetic moments in W18O49, ranging from 0.000 µB (white) to

+0.494 µB (red).

Table 6: Oxygen vacancy migration barriers through tungsten dioxide. As there are only two

unique oxygen vacancy sites, the migration barrier between two identical, adjacent vacancy

sites has also been included.

Migration Barrier / eV

q V
(1)
O ↔ V

(2)
O V

(1)
O ↔ V

(1)
O

0 1.81 (2.90) 3.12 (3.12)
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Figure 4: Total density of states for monoclinic WO3, calculated with a U parameter of 0 eV

(blue line) and 5.13 eV (solid line). The total density of states as calculated using the HSE06

hybrid functional is shown in red.

Figure 5: Definitions of the unique oxygen vacancies in (a) tungsten trioxide and (b) tungsten

dioxide.
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Figure 6: Oxygen vacancy formation energy in tungsten trioxide as a function of the Fermi

level in both the O-rich and O-poor limits. The solid line denotes the +0 charge state, the

dashed line denotes the +1 charge state, and the dotted line denotes the +2 charge state. The

valence band maximum lies at 0 eV, whilst the conduction band maximum begins at 2.53 eV.
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Figure 7: Oxygen vacancy formation energies in the Magnéli phases (a) W18O49 and (b)

W25O73. W ions in black.

25

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



Declaration of interests 
  
☒ The authors declare that they have no known competing financial interests or personal relationships 
that could have appeared to influence the work reported in this paper. 
  
☐ The authors declare the following financial interests/personal relationships which may be considered 
as potential competing interests: 
 

 
  
  
  
 


