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Abstract: We present a theoretical investigation on the wide-band-gap semiconductor WOj in its
room-temperature monoclinic structure. We carried out density functional theory and GGA-1/2
calculations on the bulk phase and the most stable (001) surface of the material, either in their
stoichiometric form or in the presence of oxygen vacancies at various concentrations. Concerning the
bulk phase, our results show how the inclusion of these defects correctly reproduces the intrinsic
n-type doping of the material. The system is also found to be magnetic at reasonably high defect
concentrations. As for the surface, the presence of vacancies gives rise to a magnetic behavior, whose
features depend on the relative arrangement of native point defects. Oxygen vacancies are also
responsible for additional tungsten oxidation states in both bulk and surface. Based on these results,
we provide a rationale for the interpretation of most experimental data of this material and, possibly,
other widespread transition metal oxides with similar properties and applications such as ReO3, TiO,,
and SnO,.

Keywords: WO3; oxygen vacancies; first-principle calculations; electronic properties; thermodynamic
stability

1. Introduction

Tungsten oxide WO3 is a wide-band-gap semiconductor with a reference perovskite-
like ABOj structure, where the A site is empty. The simplest structure of WO3 is cu-
bic, as for ReOs, and consists of a three-dimensional network of corner-sharing regular
WOg octahedrons. Several distortions occur depending on temperature: the material ex-
hibits a low-temperature monoclinic structure from 0 to 230 K [1,2], a triclinic structure
from 230 to 290 K [1,3-5], followed by a room temperature y-monoclinic structure from
290 to 600 K [3,4,6,7]. Above 600 K up to 1010 K, WO;3 converts into an orthorhombic
phase [8-12], and above 1010 K it becomes tetragonal [10,12,13].

From an electronic point of view, WO is a binary d° transition metal oxide well-
known for its electrical and optical properties [14] and for its use as an electrochromic
smart window [15], component of lithium-ion batteries [16], gas sensor [17-20], and
chemiresistor [21]. As happens in all metal oxides, also in WOj3 the presence of oxygen
vacancies is very common, whether intentionally incorporated during the synthesis or
otherwise. In other words, WOj3 is predisposed to be sub-stoichiometric with actual
formula WOj3_;. The detailed study of these point defects and of their concentration is
highly relevant because they drive numerous functional properties such as, for example,
electrochromism [15,22-25].

The sub-stoichiometric oxygen content induces the occurrence of oxygen vacancy (Vo)
electronic states, which are considered responsible for the n-type doping of these materials,
with two electrons released in the lattice for every absent oxygen atom [15,26,27]. The exact
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essence of the electronic states associated with these defects and their positions within
the band-gap is still debated [28-31] and deserves, in our opinion, a further investigation.
To this end, we present here accurate, periodic density functional theory-based ab initio
calculations of the structural, electronic, and magnetic properties of monoclinic WO3 and
defective WO;_;, aiming at elucidating the fundamental aspects of the electronic properties
induced by oxygen vacancies. The spectral properties only (band structure and density
of states) are computed within the GGA-1/2 approach [32,33], a method based on the
Janak theorem [34] that describes the energy gap extremely better than standard DFT
approaches [35-39].

In the study of stoichiometric and non-stoichiometric bulk tungsten oxide, the follow-
ing topics will be highlighted: (i) the estimate of the energy gap, (ii) the determination of the
oxidation states of W atoms using the quantum theory of atoms in molecules (QTAIM) [40],
(iii) the magnetic properties, (iv) the estimate of the formation enthalpy of an oxygen
vacancy as a function of vacancy density, and (v) the band structures.

This study also includes the analysis of the properties of the most stable WO;_ ;5 surface,
namely, the (001). The interplay between the electronic states generated by bulk oxygen
vacancies and those arising from the truncation of the bulk due to surface formation has
been investigated as well, eventually in the presence of surface oxygen vacancies [41,42].

The article is organized as follows: in the next section we report the details of the
computational setup adopted in this study. The electronic and magnetic structures of
WOg3-based systems are described in Section 3, which is divided into four main subsections
concerning (Section 3.1) the stoichiometric bulk, (Section 3.2) the non-stoichiometric bulk,
(Section 3.3) the stoichiometric (001) surface, and (Section 3.4) the non-stoichiometric (001)
surface. The conclusions are presented in Section 4.

2. Method

Ab initio calculations were performed on the y-monoclinic phase of WO3 using
the density functional theory (DFT) with the GGA Perdew-Burke-Ernzerhof exchange-
correlation energy functional [43], as implemented in the SIESTA code [44]. We adopted
pseudopotentials of non-local norm-conserving Troullier-Martins type [45]. The parameters
for the pseudopotential of W atoms (frozen [Xe]4f 14 core) were taken from Ref. [46],
but with a slightly different valence configuration, i.e., 5d°6s'. As for O atoms (frozen [He]
core), we fixed a cutoff radius—equal for all angular channels—to 1.47 A. The basis set was
constituted by double-{ localized atomic orbitals for various angular components. For W
atoms, we used the basis set proposed by Rivero et al. [46], while for oxygens, we adopted
the basis set suggested by Lambert-Mauriat et al. [47], except for the second cutoff radius
of the 2s basis function, set to 2.2 bohr. In defective systems, we placed a ghost atom in
the vacancy site, along with its basis set, to account for the basis set superposition error
(BSSE). Integrations in the Brillouin zone were performed by a summation on a dense grid
of k-points with maximum spacing between contiguous points equal to 0.075 A~1. This
choice is equivalent to a 6 X 6 x 6 k-points mesh for the 32 atoms unit cell. The real space
grid is equivalent to a plane wave energy cut-off of 550 Ry. The optimization of the cell
parameters and the relaxation of atomic positions were performed until the residual atomic
forces were smaller than 0.04 eV/A~1. We verified in some model cases that when halving
this value, the change in total energy per atom is smaller than 2 - 107 eV and the largest
atomic displacement is less than 0.0015 A.

At variance with the approach described above, the electronic structure of the relaxed
systems was computed within the GGA-1/2 approach, applied to the oxygen atoms only. In
particular, we used the same exchange-correlation functional, i.e., GGA-PBE, and a cut-off
value CUT equal to 2.5 bohr (see Refs. [32,33] for more details). We adopted the GGA-1/2
scheme instead of the more widespread DFT+U method since it is parameter-free and it
does not affect the computational cost of the calculations.

Information on the chemical properties of WOj3 such as, for example, the nature of
O-W bonding and the oxidation states of the metal atoms was gathered using the quantum
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theory of atoms in molecules (QTAIM) [40], as implemented in the Critic2 code [48]. This
theory is based on the topological analysis of the real space electron density distribution
and is well grounded in quantum chemistry. The QTAIM has a growing popularity because
it is model-free, thus enabling us to perform a direct comparison among the results obtained
with different approaches, both theoretical and experimental.

3. Results
3.1. Stoichiometric WO3 Bulk
3.1.1. Structural Properties

We considered the y-monoclinic phase of WO3 (space group P2, /,,), constituted by
eight WOq octahedrons joined via oxygen atoms bridging two tungsten ones (WgO»4).
The optimized unit cell (the guess for the optimization procedure was derived from an
experimental determination of this phase [49]) with unique axis b is reported in Table 1,
along with other experimental and theoretical results taken from the literature.

Table 1. Structural properties of WOj3 pristine system (non-defective) and band energy gap. Lengths
in A and volumes in A3.

a b c B (Degree) Vol * Gap (eV), (D) Direct (I) Indirect
Ref. [6] [Exp.] 7306 (1) 7.540(1) 7.692(1) 90.881 (5) 52.96 (7) -
Ref. [3] [Exp.] 7.3008 (5) 7.5388 (1) 7.6896(3)  90.892 (1) 52.898 -
Ref. [49] [Exp.] 73271 (2) 7.5644 (2) 7.7274(3) 90.488 (3)  53.535 (3) -
Ref. [50] [Exp.] 7.3033 (2) 7.5375(2) 7.6920(2)  90.855(1) 52.923 -
Ref. [51] [Exp.] 2.65,2.70,2.77 (I)
Ref. [52] [Exp.] 2.62 + 0.04 (I), 3.53 £ 0.02 (D)
Ref. [53] [Exp.] 2.57,2.70,2.75 (1)
Ref. [54] [Exp.] 2.70-2.75 £ 0.06
Ref. [55] [Exp.] 3.150 + 0.003 (D)
Ref. [56] [Exp.] 2.75
Ref. [57] [Exp.] 2.61
Ref. [21] [Exp.] 2.6
This work [PBE] 7.46 7.68 7.88 90.4 56.5 2481 (1),321 (D)
Ref. [58] [PW91] 7.55 7.62 7.83 90.2 56.3 0.90
Ref. [58] [LDA] 7.37 7.46 7.64 90.6 52.3 1.10
Ref. [47] [PBE] 7.48 7.66 7.85 90.4 56.2 ~1.0
Ref. [59] [LDA] 7.381 7.472 7.633 - ~52.6 1.31
Ref. [60] [PBE] 7.498 7.649 7.789 90.61 55.8 1.40
Ref. [61] [HSEO06] 7.39 7.64 7.75 90.3 54.7 2.80
Ref. [61] [B3LYP] 7.44 7.73 791 90.2 56.9 3.13,2.80 %
Ref. [62] [PBEsol] 7.492 7.546 7.757 90.06 54.8 1.31,2.76
Ref. [63] [HSEO06] 7.41 7.63 7.79 90.15 55.1 2.56
Ref. [64] [B1-WC] 7.359 7.486 7.544 91.31 51.9 2.85

* Per formula unit. ¥ PBE-1/2. ¥ HSE06.

The disposition of the atoms inside the unit cell and their connectivity are well-known,
and previous computational works [47,58,60] already reported them. The octahedrons are
slightly tilted with respect to one another and the W atoms are a bit off-center; hence, the
O-W bond lengths along the three crystallographic vectors differ. Their experimental and
theoretical values are reported in Table 2.

The overall agreement is good: the differences between pairs of long and short bonds
deviate from the experiments by less than 0.1 A, suggesting that the computational frame-
work adopted is suitable for the description of structural properties.
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Table 2. Bond sequences along the three cell axes (mean standard deviations are reported in parentheses).

Along a (A) Along b (A) Along ¢ (A)
Ref. [6] [Exp.] 1.861 (15)-1.940 (16)  1.741 (15)-2.119 (15)  1.736 (10)-2.176 (10)
Ref. [49] [Exp.] 1.860 (11)-1.926 (11)  1.813 (17)-2.051 (17)  1.713 (11)-2.197 (11)
This work [PBE] f 1.919-1.934 1.820-2.093 1.793-2.189
Ref. [47] [PBE] 1.916-1.940 1.819-2.102 1.791-2.178
Ref. [65] [PBE] 1.865-1.937 1.785-2.087 1.795-2.166
Ref. [61] [B3LYP] 1.90-1.91 1.77-2.15 1.75-2.22
Ref. [66] [PBE+U] 1.89-1.90 1.84-2.04 1.80-2.10

 The Wyckoff positions of all atoms are available from the authors on request. ¥ For the P21-m structure.

3.1.2. Electronic Properties

For what concerns the electronic properties, the system is a d transition metal oxide
with an energy gap in the range of 2.6-2.7 eV [21,52-54] (see Table 1 for detailed val-
ues), which is in general considered indirect. The energy gap computed with standard
exchange-correlation functionals is always significantly underestimated. On the contrary,
B3LYP (possibly with different percentages of exact exchange [61,67,68]) and HSE06 [61,62]
functionals provide reasonably correct energy gaps, though somewhat overestimated. Note-
worthily, the correct evaluation of this quantity plays a key role for a reliable description of
the electronic properties of WOj3-based systems.

Figure 1 reports the band structure together with the density of states (DOS) of non-
defective WO3. The Brillouin zone and the special points used to draw the bands are also
reported (in agreement with the Bilbao Crystallographic Server [69] at http://www.cryst.
ehu.es (accessed on 10 January 2023) for the selected space group and unique axis b; please
note the difference with respect to Ref. [68]). The first issue is that the computed energy
gap is direct while the experiments suggest that it is indirect [52,53]. This discrepancy
between theory and experiment is easily explained by considering that the transition matrix
elements have negligible values for transitions between the highest occupied state and
the lowest unoccupied state at I'. Indeed, the y-monoclinic phase can be considered a
small distortion of the cubic phase, in which the gap is definitely indirect. From a detailed
inspection of Figure 2, one deduces that the highest energy value of the valence band (VB)
in T corresponds to the folded M and R points of the Brillouin zone of the simple cubic unit
cell. The direct gap must be associated to the transition between unfolded states in I'. The
occupied one resides 0.72 eV below the top of the VB, and the empty one corresponds to
the lowest unoccupied state. This was first suggested in Ref. [58] and subsequently proved
by Huda et al. [59] and Migas et al. [60] computing the optical absorption. Our computed
width of the band-gap at I' is 2.46 eV, to be compared with the experimental values of
2.6-2.7 eV [21,52-54]. The direct transition is found at about 3.2 eV, to be compared with
3.4-3.5 eV [26,52,55].

- L]
}é =
TS
\\ | TDOS ——
dof W
_ pofO ——
~3.2 i

D Z E A TI' Z CY

Figure 1. Left panel: band structure of y-monoclinic WO3 and density of states. Right panel: first
Brillouin zone.
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Figure 2. Band structure of the cubic phase of WO3. The unit cell is considered in the upper panel,
while the 2 x 2 x 2 is considered in the lower panel.

This excellent agreement—equal or even better than the accord obtained using more
demanding approaches like HSE06 or GW—is obtained within the parameter-free GGA-1/2
approach. Furthermore, using the experimental cell parameters (see Table 1) instead of
the optimized GGA-PBE ones, which are slightly longer, we find a band-gap amounting
to 2.69 eV, in perfect agreement with the measured data. The accuracy of the GGA-1/2
approach is further proved by comparing our theoretical results for the cubic phase to
the ones obtained in GW( [54]. The indirect gap and the vertical gap atI" are 1.70 eV and
2.54 eV in our calculation (lattice parameter 3.87 A), to be compared with 1.6 eV and 2.63 eV
in the GW)) case, without any indication about the lattice parameter.

Looking at the left panel of Figure 1, the presence of three very flat bands in the
conduction band (CB) can be detected. They originate at I' and extend along the three
crystallographic directions. Among them, the lowest in energy, not dispersed along the b3
(I'-B direction), is fully localized on the xy plane, as can be clearly seen in Figure 3. The
same applies for the other two flat bands in the CB, which have slightly higher energies
and are localized along the xz and the yz planes.

O

Figure 3. Real space distribution of the squared lowest unoccupied state at I'. The yellow isosurface
corresponds to p = 0.001 bohr 3.

We also performed an electron density distribution analysis of the system, based on the
QTAIM approach. The population on the two non-equivalent W atoms is 0.43 e and 0.42 ¢,
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while for the six inequivalent O we found 8.03 e (O atoms belonging to the chains along a),
and 7.76-7.78 e for the others. From these data, it emerges that O-W bonds along the b and
¢ directions are not purely ionic but contain a hybridization contribution estimated equal
to 11%.

3.2. Defective Bulk: WO3_s
3.2.1. Vacancy Formation Energies

The intrinsic n-doped semiconductor behavior of WOs3, widely recognized in the
literature [26,27,47], is probably due to the most abundant defects found in this material,
i.e., oxygen vacancies (Vp). Indeed, they are likely to induce a shift of the Fermi level
towards the CB, populating new states close to it and producing the observed intrinsic
n-doping. Our promising results on the stoichiometric material, and especially the excellent
agreement between the experimental and calculated energy gap, allow us to approach the
defective medium, i.e., the oxygen-deficient case, with a high level of confidence.

The standard procedure for producing WO3 gives rise to a natural lack of oxygen
with respect to the stoichiometric formula. In the literature, different values for J in
WO;_;, ranging from O up to 0.3, have been reported [29,56,70]. Our study considers
0.0208 < ¢ < 0.125, corresponding to the removal of just one oxygen atom in simulation
cells that are 6, 5, 4, 3, 2, and 1 times larger than the unit cell (32 atoms). In Figure 4, the
cells used for the defective systems are reported.

32 atoms (1 cell) 64 atoms (2 cells) 96 atoms (3 cells) o . 128 atoms (4 cells) 192 atoms (6 cells)

Figure 4. Cells used for the defective systems calculation, containing one oxygen vacancy each.

Since our computational approach is subject to periodic boundary conditions, the
arrangement of the oxygen vacancies is ordered and, especially in the case of small cells,
this generates a vacancy—vacancy interaction along the whole lattice. As a consequence,
the formation of a vacancy state that is actually a band could be observed. This approach
also prevents the finding of any large polaronic solution, which would require the use of a
very large supercell [71]. Within this approach, there are six inequivalent positions for an
oxygen vacancy, two for each crystallographic direction. In this work, we consider only
vacancies distributed along the c axis, being the most energetically stable case [47,67,72].

Since the choice of the structural optimization scheme can affect the results, we tested
three different strategies: (i) relaxation of the chain of atoms along the direction of the
created vacancy (i.e., along the c axis in this work) and of the nearest neighbor oxygen
atoms, (ii) relaxation of the coordinates of all the atoms of the simulation unit cell, and
(iii) relaxation of all the atoms and also of the lattice cell vectors. The last case can produce
fictitious results because of the strain due to the cooperative effect of the periodically
arranged vacancies, especially for small cells (i.e., high vacancy densities), and will be
skipped in the discussion. In Table 3, we report the formation energy (enthalpy) of one
oxygen vacancy for different vacancy densities, as obtained by the following relation:

) = ES) +1/2E(0) — Ef1, (1)
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(n)

where EOU is the total energy of the defective bulk, i.e., one single O vacancy in n unit cells,

E(O,) is the computed energy of the O, molecule in the gas phase, and Eéﬁ)lk is the total
energy of n cells of non-defective bulk.

(n)

Table 3. Formation enthalpy for a single vacancy in WO3_s, £, ineV.
() + ()
é o, o, ¥
1 0.1250 4.01 3.72
2 0.0625 2.77 2.57
3 0.0417 2.46 2.23
4 0.0313 2.32 2.13
5 0.0250 2.25 2.10
2x2 0.0313 2.64 2.27
3x2 0.0208 2.34 2.02

 Relaxation of the chain. ¥ Relaxation of all atoms.

Some values of £ ") are reported in the literature and they span quite a wide range:
3.87,2.87,and 2.53 eV reported in Ref. [47] must be compared with our 3.72, 2.57, and 2.13 eV.
A very large value is proposed in Ref. [67], i.e., 5.32 eV, to be compared with our 3.72 eV.
The same authors report 4.2 eV for a smaller density of vacancies (2.27 eV in our study) [68].
Figure 5 shows the computed formation enthalpies while varying the vacancy density.
The solid lines report the results obtained as a function of the cell length along the c axis,
while the symbols report the results obtained by doubling the cell width in the xy plane
(c(2 x 2) supercell).

)
0.125 0.042 0.025 0.018 0.014
45 T T T T r r r
Chain Relax
All atoms relax
4.0
S
2
z 3.5
©
<
g 3.0
C
o
©
g 25 .
i .
20} + —_— N
1.5

Figure 5. Formation enthalpy of a single oxygen vacancy for different vacancy densities. The dotted
line is an analytical fit for one of the cases (the last two points are obtained by extrapolation of the
other results). n represents the number of unit cells for one vacancy.

From the analysis of these results, we note that: (i) the expected decrease in the for-
mation enthalpies, observed while increasing the cell length, converges for computational
cells made of five or more unit cells; (ii) the full relaxation of all the atomic coordinates
gives a further energy gain that amounts to ~0.2-0.3 eV and a corresponding decrease in
the formation enthalpy; (iii) the same decrease is observed, as expected, while increasing
the cell width and it implies an energy gain of 0.1-0.3 eV; (iv) the effect of the cell length is
more relevant with respect to the cell width; in fact, the relaxation energy is larger for long
cells than for large ones having the same volume (see the case of supercells ¢(2 x 2) x 2
and 1 x 1 x 4). This confirms that the relaxation due to the oxygen vacancy is essentially
along the direction containing the defect (the c axis in this case). It is our opinion that the
relaxation of the cell parameters could introduce a source of error because of the coopera-
tive strain due to the periodically arranged vacancies, resulting in underestimated values
of the formation enthalpy. Additional relaxation of the cell parameters gives a further
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decrease in this quantity amounting to 0.2-0.3 eV, but it is probably underestimated due to
cooperative strain.

We verified that, when no relaxation at all is performed, exactly the same formation
enthalpy is obtained for all the systems considered, i.e., independently on the vacancy
density, and it amounts to 5.1 eV.

3.2.2. Stability of the O Vacancy

To study the stability of individual vacancy densities (o = nivo = %ﬁ) as a function of
the experimental conditions, we can use Equation (1) and compare it with the chemical
potential of the O, species. Following Ref. [73], we consider the Gibbs free energy Go, per
cell volume nVjy (Vp being the volume of the unit cell):

Go, = [E5) +1/2 o, (P, T)]/ (nVh), @)
where the O, chemical potential is defined as
Ho,(P,T) = H(T) — H°(0) — TS°(T) + kgT In(P/P°), 3

with P? being the reference pressure of 1 bar. The use of + instead of — in front of o, is
due to the exchange of products with the reactants with respect to Ref. [73]. The values of
S°(T) and H°(T) — H°(0) (at P°) are taken from JANAF thermochemical tables [74].

The left panel of Figure 6 reports the Gibbs free energy Go,, given in Equation (2),
as a function of the inverse of the vacancy density. Two different possible behaviors are
found: for uo, > —4.17 eV Gp, has no local minimum, indicating that the most stable
situation is the complete absence of vacancies, which, of course can be present for kinetic
reasons. Differently, for uo, < —4.17 eV, Gp, presents a single minimum at the most stable
vacancy density. This value is a function of yio, and ultimately, of P and T. Some contour
levels of 1o, (P, T) as a function of P and T are reported in the right panel of Figure 6. The
cross (x) corresponds to T = 1920 K and P = 0.2 bar (1o, = —5 eV). In this case, the
optimal vacancy density corresponds to one missing oxygen atom every 84 oxygen atoms
(6 = 0.035), which is consistent with the experimental data.

p (Vo)
100 050 033 025 020  0.17
2.0 , , , , , .
u-—40evV ——
u--60eV —— |  p—— 3500
15 u--80eV — - o _—
L
-
_ 10} 2500
= X =
> —
s 05 po e 1500
N 17
s 417
-6
S 00 8 500
=10 —— 7
-0.5 -4 -8 -2 -1 0 1 2
log(P/P°)
1.0

Figure 6. Left panel: Gibbs free energy of the oxygen vacancy formation for three different values
of up,. The line with symbols represents the minima of Gp, as a function of yo,, the first point at
the right side of the line corresponds to o, = —4.5 eV, and each further point (towards the left)
corresponds to a decrease of 0.5 eV. n represents the number of unit cells for each vacancy. Right
panel: contour plot of po, (P, T). The symbol X marks the chemical potential of O, at T = 1920 K and
P = 0.2 bar (see text for more details).

A more accurate estimate can be made considering two different regimes for the
formation enthalpy. In fact, in small simulation cells (corresponding to high vacancy
densities), the formation enthalpy is smaller as we consider elongated shapes instead of
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large ones. Of course, once the energy gain due to the relaxation becomes very small, as, for
example, for cells longer than 5 unit cells, the energy gain due to the enlargement of the
basis of the simulation cell becomes relevant. This happens at about n = 5.4 and from
this value ahead a different fitting function could be considered (see Figure 5). The main
difference between the two fitting functions is the asymptotic value, which is 0.2 eV smaller
for the larger cell. This value is indeed the energy gain for the relaxation of a larger cell
once the increase in its length does not give any further energy gain. The results reported
above did not consider this more complex procedure. Nevertheless, they are fully valid due
to the small value of # in the regime relevant to experiments. Only the formation enthalpy
in the limit of extremely diluted vacancies is to be corrected from —2.08 eV to —1.88 eV.

It is worth noting that a correction to the formation enthalpy formula has been sug-
gested [75] that amounts to A = 1.36 eV and accounts for the following errors in the
GGA approach used here: (i) the binding energy of the O, molecule (overbound by about
—0.8 eV) and (ii) “adding electrons to the oxygen p orbital when O?~ is formed from O,”.
If this term is considered, all the results reported above must be shifted by substituting
Ho, — A for jp,. For example, the green line in the left panel of Figure 6 corresponds to
Ho, = —7.36 V.

3.2.3. Electronic and Magnetic Properties

One of the aspects that arouses great interest towards this metal oxide concerns the
magnetic properties of the system. Experimental evidence suggests the presence of just one
unpaired electron localized in correspondence to each O vacancy [56,76]. Indeed, the XPS
data [56,77-80] show that—for reasonable vacancy densities—a single additional oxidation
state for the tungsten atoms appears, which is unambiguously assigned to W2,

Also, the electrical characterization [56] shows beyond any doubt that each O vacancy
contributes with electrons to the conduction band population. The only possible conclusion
is that the O vacancy binds only one electron, releasing the other in the conduction bands.

The electronic/magnetic behavior is governed by the presence of two additional
electrons delivered in the solid by the oxygen vacancy, which do not find accommodation
in the VB. In principle, there are three different possibilities for these two electrons: (i) Both
can populate the CB, giving no localized states and a non-magnetic ground state. In this
case, the electronic states induced by the perturbed potential (vacancy states) are located
well inside the conduction band. (ii) One of the two electrons is localized while the other
is delocalized in the CB. This case is realized if one vacancy state lies in the energy gap
(or just at the bottom of the conduction band). The system tends to be in a doublet state
(§ =1/2, u =1 ug), though we are in the presence of an even number of electrons per unit
cell. In extended systems, this situation is easily explained because the second electron fills
both spin components of the conduction bands. (iii) Both electrons are localized. This can
happen if the two vacancy states fall inside the band-gap, either spin-paired, i.e., forming a
singlet (S = 0, u = 0), or with parallel spin, i.e., forming a triplet (S =1, y = 2 up).

It is evident from the literature, as well as from our previous considerations, that the
crucial parameters for capturing the correct magnetic state are the value of the energy
gap and the position of the vacancy states with respect to the gap edges. As an example,
a very large energy gap would likely produce the third case because the vacancy states
fall in the gap [68], while an extremely small energy gap would push both electrons into
the CB, i.e,, falling into the first case [47]. No doubt, the mutual position of the conduction
band minimum and the energy of the vacancy states is likely to determine the magnetic
and electronic behavior of the system. At the same time, the above scheme is clearly
oversimplified, as the vacancy states tend to be sharp only in the limit of small vacancy
density; otherwise, they would form an electronic band. In the latter case, a non-integer
value of S (0 < p < 2ug) would be found [28]. The case of WOs is very intriguing
because the two energy levels discussed above are very similar and the picture depicted in
case (ii) cannot be ruled out.
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3.2.4. Band Structure

In the following, we present the electronic band structure computed for bulk WO3
with some representative vacancy densities. As a first example, we report in Figure 7a the
band structure and the DOS of the largest cell considered, i.e., the ¢(2 x 2) x 3, obtained by
removing only one oxygen along the ¢ direction and without any relaxation.

Energy — Ef (eV)

0o —

down —
W

Energy — Eg (eV)

Y T BDZ EA T ZCY

Figure 7. Band structure and density of states of WO;_;: (a) large unrelaxed cell, vacancy concen-
tration corresponding to § = 0.021; (b) small relaxed cell, vacancy concentration corresponding to
6 = 0.125. Both panels reports in black the total DOS of the majority (up) and minority (down) spin
components, as well as their projection on tungsten atoms (W, in green) and on oxygen atoms (O,
in red).

This represents the typical situation in which one electronic state falls within the
band-gap and the other is spread in the CB. The magnetic moment amounts to 1.435 yg and
not to 1 up because of the spin asymmetry of the lowest conduction states. A similar result
is reported in Ref. [28] for some locations of the oxygen vacancy. The spatial distribution of
the localized state (i.e., the electron density) is reported in Figure 8, showing the partial
localization of the electronic density, which spans quite a large region around the vacancy
and along the O-W chain. The oxidation numbers of neighboring W atoms are +5 and +-6.
The second electron released in the lattice by oxygen vacancy formation occupies mainly the
lowest flat band in CB and, as previously discussed, it is distributed in a plane orthogonal
to the ¢ direction, passing through the W®* cation first neighbor of V. These findings are
in nice agreement with the results reported in Ref. [68].

° bl )

4

Figure 8. Charge density of the mid-gap localized electronic state for the large unrelaxed cell (see
Figure 7a). The yellow isosurface corresponds to p = —0.001 e/bohr>.

When relaxation is introduced, the scenario changes completely: the doublet state
disappears in favor of a non-magnetic solution where both electrons belong to the CB. This
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behavior is confirmed for all the cells/densities considered but the smallest one (n = 1). At
this high vacancy density, the magnetic behavior is preserved and the magnetic moment
is 1.076 up (S = 1/2). Figure 7b reports the band structure and the DOS of the 32-atom
unit cell with one oxygen vacancy along the ¢ direction. Although the GGA-1/2 method
is fully reliable for energy gap predictions, it still suffers from the tendency of pure GGA
exchange-correlation functionals to underestimate electron localization, which might affect
the results reported here. The inclusion of a self-interaction correction, as well as some
Fock contribution to the exchange energy, might also generate one localized state for larger
value of 7, thus increasing the range of vacancy densities where spin doublet states exist.
From the experimental point of view, UPS data show the presence of a peak at ~0.5 eV
below the conduction band minimum [26], while XPS data locate the peak at a slightly
higher energy [80]. Also this evidence support the possibility that magnetic solutions for
vacancy states are persistent over a significant range of defect densities.

3.3. Stoichiometric WO3(001) Surface

While the bulk properties are the fundamental starting point for studying WOs;,
the surface of this material plays a major role in many practical purposes, for example, the
sensing capability versus volatile organic compounds (VOC) [21]. For this reason, we have
studied at first the stoichiometric surface and, secondly, the effect of subsurface oxygen
vacancies as well as on the outermost layer.

The most stable surface of y-WQO3, according to the literature [81-83], is the (001)c(2 x 2)
reconstructed surface (often improperly referred to as (v/2 x v/2)R45°). In this frame, the ¢
axis is almost normal to the surface. The clean stoichiometric surface has been modeled by a
slab whose width corresponds to six unit cells (6 x 32 atoms). We relaxed the four outermost
WOg octahedron layers in both surfaces in a symmetric way. The surface reconstruction
was obtained by removing half of the exposed oxygen atoms in a chessboard fashion. Since
these atoms are connected to the W atoms below by alternating long and short W-O bonds,
we removed the long-bonded O atoms, i.e, those with the weaker bonding interaction with
the underlying W atoms. Indeed, this choice generates no artificial mid-gap states in the
surface electronic structure.

The relaxation of the surface atoms does not show relevant features, the most important
being the increase by 8% in the bond length between the sixfold coordinated surface W
and the underlying O. The O-W bond length involving the surface O; decreases by just
4%, while all the other bond lengths change by less than 2%. The surface energy is equal
to 0.32 J/m?, in almost perfect agreement with the values reported by Wang et al. [82]
and Lambert-Mauriat et al. [84]. The estimate of the work function is 5.2 eV (computed from
the conduction band minimum), to be compared with experimental values in the range
4.7-6.4 eV [85]. The analysis of the oxidation state (OS) of the surface atoms is relevant for
the comprehension of catalytic properties of this surface. Indeed, we are in the presence
of undercoordinated oxygen (O¢) and undercoordinated tungsten (Ws;) (see left panel of
Figure 9). Interestingly, the QTAIM charges indicate that the Wy surface atoms assume +5
as oxidation state. This means that an electron migrates from Wis¢ to the Wy, thus exposing
towards the vacuum an electronically saturated surface without particularly active sites,
with the Wy being sterically hindered.

In the right panel of Figure 9, we report the surface band structure and the corre-
sponding DOS of the clean WOj3 surface. It is worth noting the appearance of a couple of
parabolic dispersing states just below the bottom of the bulk conduction band (evidenced
by the higher horizontal dotted line). These states, which can be considered surface states,
come from the lowering of the unoccupied flat band of the bulk in the surface region (the
first two W layers). Remarkably, excess electrons released in the system would occupy
these states first. The surface band-gap is reduced with respect to the bulk one and amounts
to2.30eV.
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Figure 9. Left panel: cartoon of the clean WOj3 surface (for pictorial reasons we doubled the surface
area). Right panel: surface band structure and density of states. The higher horizontal dotted line
represents the position of the bottom of the bulk conduction band.

3.4. Defective Surface: WO5_5(001)

We now consider the presence of oxygen vacancies in the WO; surface. To avoid
vacancy—vacancy interaction between periodically repeated cells, we adopted a 192-atom
cell (identical to the largest unit cell considered for the bulk case), with facing free surfaces
separated by 18 A of vacuum. We relaxed the four topmost WOg octahedron layers, keeping
fixed the two at the bottom, except for the terminating O atoms. Concerning the bottom of
the slab, we compared two different approaches: in the first case, we saturated the terminal
oxygen atoms with hydrogen. Since this choice gives rise to undesired mid-gap states, we
opted for a symmetrically terminated slab where, at the bottom, we removed oxygen atoms
on the other rows with respect to the top layer. We verified that the surface energy obtained
this way is exactly the same as for the model adopted for the stoichiometric surface. This
means that both the saturation of the bottom surface and the slab width properly mimic a
free surface.

We first inserted an oxygen vacancy in the fourth layer from the top, i.e, deep below
the surface (Vp,), in order to simulate the stoichiometric termination of a defective bulk.
We then introduced oxygen vacancies at the surface by (i) removing the O; atom (Vop,,),
(ii) removing the O; atom (V, ), (iii) removing two Oy in a chessboard array (Vo,,,), and,
finally, we also considered (iv) a surface vacancy alone (V,), i.e., without any bulk defect.

Table 4 reports the formation enthalpy of vacancies obtained according to Equation (1),
where Ep, . must be substituted with the total energy of the stoichiometric clean surface.
The formation enthalpies for the surface vacancies are very similar to those in the bulk,
with the exception of Vg,, which is significantly smaller (i.e., more stable). A previously
published value for this defect amounts to 2.98 eV [86].

Table 4. Formation enthalpy for vacancy in WO3_5(001) surface.

N. of Vo £o, (V) (per vac.) # (uB)
Vo, 1 227 0.00
Vo, 2 420 (2.10) 1.04
Vo, 2 4.48 (2.24) 0.41
Vo, 3 6.16 (2.05) 0.00
Vo, 1 1.40 0.00

The analysis of the spectral properties of these systems is very intriguing. Indeed,
the presence of one surface oxygen vacancy together with the bulk one gives rise to a mag-
netic behavior. The DOSs calculated near the bottom of the conduction band, for pristine
and defective systems, are reported in Figure 10. As expected, the CB of the defective
surfaces becomes populated by the electrons released in the lattice upon oxygen removal.
Figure 10b reports the case of a single bulk vacancy and shows that both electrons are
delocalized, as happens in the case of low density of vacancies in the bulk. Once a further
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oxygen O is removed (Vp,,), the picture changes significantly. The system presents a
magnetic moment equal to 1.04 ug, which is due to weakly spin polarized surface states
and to a single unpaired electron, as can be seen in Figure 10c.

() (b) ©
. CB Bottom . CB Bottom CB Bottom
spin up M spin up
spin down W spin down spin down
Er Er
(d (e) ®
. CB Bottom . CB Bottom ) CB Bottom
spin up spin up spin up
spin down W spin down spin down
Er Er Ef
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Figure 10. Zoom of the DOS near the bottom of the conduction bands (CB), for pure and some
defective systems: (a) clean surface, (b) Vg,, (c) Vo,,, (d) Vo,,, (e) Vo,,, (f) Vo, The filled part of the
DOS represents occupied states. The black vertical line indicates the position of the bottom of the
bulk CB (at 2.46 eV from the top of the valence band). The broadening of the eigenvalues is 0.01 eV.

The QTAIM [40] analysis, pictorially reported in Figure 11, evidenced the presence of
a W>* cation that is located in the second W layer and along the O-W chain containing the
bulk vacancy. Indeed, this configuration of vacancies gives rise to a state that is distributed
on the O-W plane lying in the yz direction and contains both oxygen vacancies. Figure 12
reports the spin density for the Vg, case.

Voot Vobs Vontt

[e] by

Figure 11. Atomic charge differences color-mapped onto the atomic structures of the systems
considered. The charges are referenced to those of the clean surface. The color bar is reported on
the right.

When the O; is removed (V,,, in Figure 10d), only a small residual magnetization is
present, but a surface W acquires electronic charge, becoming W . Figure 10e reports the
case where two additional oxygen vacancies at the surface-vacuum interface are considered.
The total magnetic moment vanishes and two coupled electronic states—localized and
occupied—can be observed. They are mainly located on the two W surface atoms, which
are still esa-coordinated. The QTAIM [40] charges indicate that these two atoms are in
OS = +5. We also observe the presence of one W' in the second W layer and along the
O-W chain containing the bulk vacancy.
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Figure 12. Spin density for the Vg, case. The black spheres represent the oxygen vacancies. The
isosurfaces correspond to p = 40.001 e/bohr>. The crystallographic axes b and ¢ are shown on the
right hand side of the plot.

In all the systems considered, the localized state is spatially located in a plane contain-
ing the c axis and the bulk vacancy, while the delocalized electron is mainly distributed on
the surface plane, thus increasing the surface electrical conductivity. Our simulations agree
with the main experimental evidence observed upon oxygen vacancy formation: (i) the
increase in the conducting population; (ii) the appearance of an active EPR signal, and
(iii) the presence of a localized /sharp electronic state just below the conduction band (as
revealed by spectroscopic studies) [26,80]. Eventually, Figure 10f reports the DOS obtained
when only a single surface vacancy per cell is considered. In this case, any magnetic feature
is lost and no localized electrons are found.

4. Conclusions

We presented a thorough and detailed study of the structural, electronic, and magnetic
properties of the bulk and the most stable surface of the 4° metal oxide WO3. This material
has many different applications thanks to its tunable properties, which are related to its
complex phase diagram and to the unavoidable presence of oxygen vacancies. We have
shown that these defects are able to modify significantly the electronic and magnetic
behavior of this material. Firstly, we considered the non-defective y-monoclinic bulk phase.
By means of the GGA-1/2 approach, we obtained electronic properties that nicely match
the experimental data, especially concerning the width of the energy gap.

Considering the presence of vacancies, we worked out the formation energy as a
function of vacancy density, also accounting for the role of environmental conditions (P,
T) in determining the actual vacancy density. Furthermore, we gave indications about the
electronic ground state of the bulk and of the most stable surface of pure and defective
tungsten oxide.

A high vacancy density in the bulk material induces a magnetic solution, suggesting
that each vacancy contributes one electron to the conduction band, while the other electron
is localized in the proximity of the vacancy site, creating a W™ species. It is not unlikely that
this finding would also be confirmed for more diluted systems if an exchange-correlation
functional capable of a better description of the self-interaction correction were adopted.

Moving from the bulk to the surface, the scenario becomes more variegated: the
reconstruction of the surface generates W5+ cations. Furthermore, a topmost oxygen
vacancy gives rise to a doublet state (S = 1/2) only in the presence of a sub-stoichiometric
bulk (Vg,,). Our results clearly demonstrate that the process of oxygen vacancy formation
cannot be simply described by the release of just one localized electron per vacancy, while
a second one populates the conduction bands. The relative arrangement of vacancies is
undoubtedly capable of significantly changing the charge and the spin distribution, and the
excess electrons might reduce bulk W atoms instead of surface ones.
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Overall, the main results of our investigation are in very good agreement with several
experimental studies of this metal oxide obtained with a variety of techniques. We are,
therefore, confident that our study has highlighted the importance of including oxygen
vacancies in any theoretical model that aims to reproduce properly the properties of this
important material. Furthermore, our findings can provide useful guidelines for modeling
other transition metal oxides with similar applications and oxygen-metal connectivity
such as TiO,, SnO,, and ReO3, where the presence of oxygen vacancies has also been
reported experimentally.
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