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Abstract

The reducibility of bulk metal oxides in which the cation is in its highest oxidation
state (MgO, Sc;03, Y03, TiO2, m-ZrO2, m-HfO,, CeO,, V205, Nb20Os, Ta0s, WO3, CrOs,
Al;03, B-Ga03, SiO2, SN0, and Zn0) has been studied by standard periodic density
functional theory. We have defined and calculated descriptors able to describe and
guantify semi-quantitatively the extent of reduction: electronic band gap, oxygen vacancy
formation energy and electronic localization. We find that there is no single criterion for
characterizing the reducibility. We discuss the advantages and limitations of each
method, and we apply them to classify the materials with the PBE+U and B3LYP
functionals. Typical irreducible oxides such as MgO show a large band gap, high oxygen
vacancy formation energy and electronic localization of the reduction electrons forming
and F-center, with a diamagnetic singlet electronic state. Reducible oxides such as TiO;
present small band gaps, small oxygen vacancy formation energy and electron localization
of the reduction electrons in the cations, decreasing their oxidation state and presenting
open-shell electronic states. Intermediate or ambivalent behavior is found for ZrO,, HfO,

B-Ga;03, ZnO and SnO;.

Key-words: metal oxide, rocksalt MgO, Sc,03, Y,03, TiO3, rutile, anatase, m-ZrO;, m-HfO,,
Ce03, V105, Nb0s, Ta;0s, W03, CrOs, Al;03, B-Gaz03, SiO2, SnO; and ZnO, oxygen

vacancy formation, F-center, electron localization, reducibility, B3LYP, PBE+U



1) Introduction

1.1 General comments

The family of metal oxides exhibits a wide range of compositions and properties,
attracting nowadays much attention due to the broad domain of industrial and technological
applications. Metal oxides are highly versatile and one can find for instance metal oxides
acting as insulators, semiconductors, conductors and superconductors. In particular,
reducibility is a key property determining the oxide chemical behavior. The ability of metal
cations to decrease their oxidation state strongly influences the physico-chemical properties
of the material. The control of the material’s composition, the oxidation state of its cation(s)
and the extent of reduction are challenging issues to design systems with tailored structural
and electronic properties. In this context, understanding the nature and the mechanisms of
reduction of metal oxides is a crucial step. The aim of the present paper is to provide insights
in the comprehension of reducibility mechanisms of selected metal oxides, aiming at
rationalizing the stabilization of reduced systems by means of standard modeling
techniques. We will use periodic density functional (DFT) methods to describe a series of
representative metal oxides, MgO, Sc,03, Y203, TiO2, m-ZrO,, m-HfO,, CeO3, V205, Nb,0s,
Ta20s5, W03, CrOs, Al,Os3, B-Ga;0s, SiOz, SnO2 and ZnO, as regards their reducible
properties. We will present some descriptors used to measure and characterize their
reducibility, and we will discuss their advantages and limitations. We will give a classification
of the metal oxides based on these criteria, and we will show that there is no universal
ranking or index. Besides the reducible or irreducible behavior character of common oxides
(MgO and SiO; are irreducible, CeO; or TiO; are reducible), the intermediate character of

other oxides (ZrO;, Ga20s3) shows up upon consideration of several descriptors.



Metal oxides are complex in their composition and structure, and we have restricted our
study to binary systems whose cations are in its highest oxidation state (MO-HOS) and
deprived of valence electrons. This allows a comparison of materials on an equal footing.
Common metal oxides such as Mg0O, SiO, or Al,03, for which much information is available,
are naturally included in the study. As regards the transition metals series, we have focused
on early (Sc, Ti, V, Cr and elements in their column in the periodic table), and late metals (Zn)
whose geometry and electronic structure is well-known, avoiding systems whose cations
have d electrons implying complex magnetic structures poorly described by standard DFT
methods. Less well-known metals such as Ga, for which some data are available, are also
included. The final choice of systems, although necessarily subjective, has been carefully
made to give an overall view of different reducible properties and is well suited for the
present work. Our goal is three-fold: i) to present and analyze reactivity descriptors able to
account for the reducibility properties of metal oxides, qualitative and quantitative ii) to
apply this analysis to a series of selected oxides, with both an individual description for each
compound and a general classification of all the oxides family iii) to discuss the validity and
drawbacks of each descriptor and the limits of using only one of them, especially in the cases
of intermediate reducible behavior. The present work does not aim at i) investigating
systematically all the metal oxides existing in nature ii) providing highly accurate description
of structural and electronic properties of metal oxides; we limit ourselves to the use of
standard ab initio techniques, warning when the method is known to fail and providing
alternatives when possible iii) to review all the literature of modeling metal oxides. Within
this scheme, we hope that the present paper will contribute to a better understanding of the
metal oxides reducibility and will provide useful information on the description of metal

oxides structures by standard computational approaches.



A final remark concerns the reactivity of metal oxide surfaces as compared to bulk
materials. Our group has a long tradition in the study of surface reactivity for heterogeneous
catalysis applications, in which metal oxides are of key importance. This expertise has
motivated in the past the study of catalytic activity and selectivity in metal oxide surfaces as
determined by the nature of the surface active sites and their interaction with gas-phase
molecules. Reducibility was found to be crucial in the comprehension of the adsorption
mechanisms, since it monitors both the strength and the site of the adsorption [1,2]. A
remarkable observation is the so-called support effect, in which the supported metal oxide
catalysts exhibited differences in activity of several orders of magnitude when, for the same
active phase V;0s, the support changes from irreducible (SiO2, Al,03) to reducible (TiO2,
Ce03) oxides [3-5]. The reducibility also correlates with the “Strong Metal-support
Interaction” monitoring the catalytic activity of supported metals: no SMSI effect is found for
Al,03, SiO2, MgO, HfO;, ZrO; and Y,03 that are irreducible while the SMSI concerns TiO;,
Ta;0s, Nb2Os, CeO; that are reducible [6-8]. The choice of focusing on bulk structures rather
than on surfaces thus obeys two reasons: first, to deal with a structural model simpler than
the surfaces, getting rid of the excess reactivity of undercoordinated surface atoms and
second, to provide the basis to compare bulk and surface reactivity. The text contains thus
comments and remarks for surface reactivity when they are felt to be constructive for the

comprehension of the reducibility mechanisms.



Oxidation Mg Sc Y Ti Zr Hf Ce \' Nb Ta Cr w Zn Al Ga Si Sn
stated

Vi CrO3 WO3

Vv V20s Nb20s Ta20s Cr304

v TiOy, 7r02 HfO2 Ce0: VO NbO2 TaO2 CrO; WO2 SiO2 SnO2
TisOs V30s

] Sc203 Y203 Ti203 (Zr13) (Hfl3) Ce203 V203 Cr203 AlO3 Gaz03
TisOs V30s Cr304

Il MgO TiO NbO TaO Cr304 Zn0 GaOo SnO

Zn02
| VO Ga20

Table 1: Metal oxides of different stoichiometry and oxidation states of the cation (left column). They are presented according the group in the periodic table of the

metal. MO-HOS from group IR are underlined in solid line.



1.2 Empirical classifications of reducibility

Table 1 displays our selection of metal oxides with different oxidation states for the cation when known.

A first empirical criterion to determine if a metal oxide is reducible is the existence of compounds with
different stoichiometry. Thus, metals with only one stable oxidation state can be classified as irreducible.
This is the case for MgO, Al,0s3, SiO; and Y203 and that we will call from now on group IR. The presence of
several possible stoichiometries suggests the possibility of reduction, as for TiO,, CeO,, V20s, Sn03, Taz0s,
Nb2Os, CrO3, WO3 and Ga;0s, this class will be denoted as group R. In the case of HfO; and ZrO,, other
oxides are not known; however the oxidation state Il exists in salts (see iodides for instance). This defines
a third group (INT) as an intermediate between the two others.

A finer description may divide each group into subclasses according to the formal charge of the cation

(oxidation number). Thus CrOs is labeled R6 and Al,Os, IR3. One can remark that oxidation numbers of class
IR range from Il to IV, the two oxides classified as INT are INT4 and the oxidation numbers of class R range
from Ill to VI. Note however that the simple analysis of the cation oxidation state is not decisive in the
classification: cations in the IV oxidation state, leading to tetravalent MO; oxides, can be IR (SiO3), R (TiO;,
Ce03) and INT (ZrO3, HfO3). When the oxidation state of the cation is high, reducibility is more likely. Data
for standard electrode potential (half equations for the capture of electrons from M™ ions in the highest
oxidation states to the next) are incomplete but confirm the classification. They are negative for the IR and
INT groups (E9(AI3*/Al)=-1.66 V, E°(Zr**/Zr)= -1.45 V and E°(Zn%**/Zn)= -0.76 V) and positive for the R group
(E9(Sn**/Sn?*)= +0.15 eV and E°(Ce**/Ce3*)=+1.44 eV).

Coordination might be thought as another possible criterion. In the group R, the O coordination varies
from 3 in titania to 4 in ceria while in the group IR it varies from 2 in silica to 6 in magnesia. The nature of
the cation (metal vs. nonmetal) does not discriminate between the groups: the R group contains nonmetal
(Sn), transition metal (Ti) and rare earth (Ce); the IR group, nonmetal (Si) and alkaline-earth metal (Mg).

Pauling electronegativity might also be thought as a measure; however, the value is similar for the

cation of oxides belonging to different groups, 1.8 eV*2 for Sn (group R) and Si (group IR), 1.5 eV¥2 for V



(group R) and Al (group IR). A related property of the bond i.e. ionicity or covalency, is not determining for

this classification: CrOsz and TiO2 (group R) and SiO; (group IR) are equally considered as covalent [9]. Partial
charges estimated from the electronegativity scale by Sanderson [10] are more negative than -0.3 |e| for
IR (and INT) oxides and less for R oxides; however it is very weak for for silica, -0.23 |e| that definitely
belongs to the IR group.

The atomic configuration of the M™1* jons after the capture of an electron from the cation in the

highest oxidation states also seems to monitor the reducibility according to the nature of the level
occupied by the electron of reduction; s states would be difficult to reach while d and f seem more
accessible. The population of a 3s shell, high in energy, correlates with irreducibility for MgO, Al,0s and
SiO,. However, that of a 4s or a 5s shell in the cases of Sn0;, Ga;03 and ZnO do not. On the other hand, all
the oxides containing transition metals are not easily reducible. This is the case of Y,0s classified as IR from
table 1 whose dipositive cations have d! electronic configuration [11,12]. This is also the case of INT oxides
(HfO2 and Zr03).

Besides the problems in the definition of the non-observable descriptors discussed here, reducibility

does not seem to be correlated with a single structural or electronic property.
2. Describing reducibility from calculations

2.1 Electronic structure of common metal oxides: the band gap

The electronic structure of our selection of metal oxides is characterized by an electronic gap
separating the valence band, fully occupied, and a conduction band, empty. The former is made of the
crystal orbitals of the oxygen dianion while the latter corresponds to the empty atomic levels of cations;
this analysis that neglects the delocalization due to the conjugation of orbitals is the essence of formal
oxidation numbers and leads to an ideal electron count. This description corresponds to semiconductors or
insulators. Note that our selection is not exhaustive and does not include metal oxides in which the cation
has an oxidation state larger than VI (such as Re;O7, OsO4 or RuO4 for instance). It also excludes those

whose cations belong to the columns 8-11 of the periodic table (Fe;03, CoO, Ni»Os, CuO or Au;03) which



represents cases where the top of the valence band consists of d-electron states, in contrast to the O 2p
states. ZnO is special in the list since Zn possesses 3d electrons, with electronic configuration for Zn?* 3d°
450, The electronic structure of the oxide presents O 2p states at the top of the conduction band, and Zn 4s
states at the bottom of the conduction band[13] It is thus characterized by an electronic gap and a
conduction band on the metal cation that may be populated under reduction.

The energetic band gap appearing between the valence and conduction bands is therefore related to
the reducibility of a metal oxide. It is easier to reduce a semiconductor than an insulator so that the trend
for the gap width is an indication of reducibility. For insulators, the gap is large and reactivity is controlled
by the preservation of the electron count [14-16]. The situation is different for semiconductors: valence
and conduction bands get closer and this makes the systems more reactive.

The calculation of band gaps from density functional calculations suffers from a severe
underestimation of the values due to an improper description of the conduction band. However, despite
this systematic deviation, the comparison of calculated band gaps for different materials is still useful, and
will be used as a descriptor for the study of reducibility trends. In section 4.1 we display the experimental
values for the gap, measured by different means. Trends are indeed the same than those calculated here
with a unique methodology and allow the classification of oxides into the same three classes.

2.2 Formation of oxygen vacancies

Reducibility is connected to the decrease of the metal oxidation state. This can be afforded
experimentally by removing oxygen from the material resulting in a modified stoichiometry. The reduced
oxide often, but not always, presents an enhanced reactivity compared to the stoichiometric oxide. The

mechanism of creation of an oxygen vacancy can be represented by the following equation:

1
MOx :MOx_l +§02 (1)

The removal of a neutral lattice oxygen is energetically costly, and the higher the energy involved in the
process, Evac, the less reducible the material. Equation (1) has the advantage of being easily measurable by

computational techniques, from the total energy of the stoichiometric MO,, reduced MOy.1 and gas-phase



0 systems, providing a numerical value for the extension of reduction in a metal oxide. Note that the
energy Evac obtained will depend on the local structure of the oxygen site removed. As a rule of thumb, the
lower the coordination, the smaller the value of Eyac.

Several studies give already information on oxygen vacancies in transition metal and rare earth oxides
surfaces. The main one is the review by Ganduglia-Pirovano et al. [17] that concerns TiO;, ZrO,, V,0s and
Ce02. We have repeated these calculations for consistency of results comparing oxides but we only present
more detailed presentation for less studied materials.

2.3 Electron localization in reduced metal oxides

2.3.1 Adding an extra electron

Since reduction involves the presence of excess electrons compared to the stoichiometric oxide, a rough
way of mimicking reduced oxides can be made by adding an extra electron to the stoichiometric
compound. This electron cannot be stabilized in the oxygen anionic levels of the valence band and has to
find available energetic levels higher in energy, as happens in a reduced system. The resulting system is
negatively charged, and the difference in energy between the anionic and neutral systems is related to the
reducibility of the material; it corresponds formally to the definition of electron affinity. This is a rough
approximation but has the advantage of giving an image of the reduction electron in the crystal structure,
without geometrical distortion due to the removal of lattice oxygen, as described above. Table 2 presents

the values obtained in the present work.

Oxides E (ev) | supercell
Al,O3 12.82 (2x2x1)
MgO 9.79 (2x2x2)
Sn0O; 8.39 (2x2x3)
Ce0; 7.64 (2x2x2)
HfO, 7.46 (2x2x2)
Sio, 7.44 | (2x2x2)
Sc203 6.65 (1x1x1)
ZrO; 6.58 (2x2x2)
Y203 6.04 (1x1x1)
TiOz-rutile 5.36 (2x2x3)
B-Gay03 4.86 (1x3x2)
TiO2- anatase 453 (3x3x1)
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Ta0s 3.89 (2x2x2)
Zn0 3.14 (3x3x2)
Nb20s 2.40 | (1x2x1)
W03 1.56 (2x2x1)
V205 1.48 (1x3x2)
CrOs 0.25 (2x1x2)

Table 2: Vertical Electronic affinities (VEA) of metal oxides (one electron is added per supercell).

2.3.2 Localization of the extra electrons after formation of an oxygen vacancy

The creation of an oxygen vacancy also leads to the presence of excess electrons, namely two

electrons per vacancy. The process can be schematized as follows:

Ofretice = 2€7 + %OZ(g) (2)

The fate of the two electrons left is also connected to the reducibility of the metal cation. Thus, if
the metal cation is not reducible, the electrons may stay in the lattice position occupied by the oxygen
atom removed, resulting in an F-center (see scheme 1). The stabilization of these electrons is done by
the Madelung field of the crystal lattice. Their electronic signature is a localized state in the middle of

the band gap, detached from the valence band but close to it, of oxygen character, filled with two

electrons. F-centers are very reactive basic and reducing sites.

Irreducible cation: M™*—-0>—M"* — M”"M“++ 1/20,

Reducible cation: M"*—0Z—M"* — M("‘1>+—|:|—M(”'1)++ 1/20,

Scheme 1: removal of a lattice oxygen results in the formation of F-centers for irreducible cations, or to a

decrease in the oxidation state of the metal for reducible cations.

On the contrary, when cations are reducible they possess electronic levels available for accepting the

electrons left by the oxygen removed. These results in the decrease of their oxidation state (see scheme 1).

Upon reduction the metal sites become (partially) filled. The electronic signature in the band structure is

the shift of the Fermi energy to the conduction band, sometimes a localized state appears, detached from

11



the conduction band, with cationic predominant character. The usual situation is the reduction of two
cationic sites, each one with one electron, rather than one cationic site with two electrons. The former
leads to unpaired electrons and in a triplet state (T, Na-Ng=2) or in an antiferromagnetic singlet state (SA,
No=Np=1). The overlap between the singly occupied valence orbitals on the cation may generate some spin
electron density close to the vacant site; however, taking high isodensity contours, the density should split
in separate domains and localize on the cations. This different behavior also should characterize the oxides
as reducible, irreducible or intermediate and, as a consequence, can be used to predict their behavior in
certain reactions.

Thus, unraveling the factors influencing oxides defect formation should clarify the mechanisms involved
in the stabilization of reduced systems. This will help understanding and predicting the material’s
reactivity, and serve as a guide in the search of novel catalytic materials with tailored properties. A
comparison within an oxide series could permit the emergence of factors influencing oxides’ reducibility.

2.4 Implications for surfaces and adsorption processes

Adsorption of molecules on stoichiometric oxides often involves the formation of dative bonds
occurring with acid-base mechanisms and maintaining the ideal count with the electronic gap
associated with stoichiometry [14-16,18]. However for irreducible oxides, since the gap separating the
Frontier Orbitals is large, their surfaces are not very reactive and adsorption strength is generally weak,
often insufficient to dissociate adsorbates. When adsorbates dissociate on a surface the bond cleavage
is formally heterolytic, the fragments being adsorbed on surface ions of opposite charges. This concerns
even homopolar molecules such as H; and Cl,. For H, one hydride (M — H") and one hydroxyl (O — H*)
species are formed [14,16]. In fact, this rule is formal rather than a picture close to reality; it tells more
about the site distribution for H or Cl in the hydrogenated (chlorinated) surfaces and does not discuss
their formation, the dissociation of molecules being not so easy. Note that when surface oxygen is

missing, the O vacancies must accommodate unstable electron pairs and be very reactive. Our comment
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concerns clean surface, e.g. ultra-high vacuum UHV and dry conditions. Surface hydroxylation may
change this picture, covering all the sites and leaving only Brgnsted sites with weaker interactions.

The situation is different for semiconductors: they are more reactive due to a smaller gap and their
surfaces dissociate adsorbates more easily. However, the main difference is not only quantitative. A
different adsorption mechanism may occur, involving a redox process instead of an acid-base one. The
ideal electron count can be more easily violated since cations of the MO-HOS may be reduced. It follows
that adsorption of radicals (many electron donor atoms such as H and metals are radicals) can more
easily be done as protons (or cations) at a O surface site, the extra electron being simultaneously
transferred to metal cations of the metal oxide. H, adsorption leads to two surface hydroxyl groups.
Metals are also adsorbed as M™ with a reduction of the oxide support; the oxide may even be further
reduced when this is necessary for the reactivity of the metal adsorbed. The recombination of surface
hydroxyl groups may lead to the formation of water, leaving an oxygen vacancy. The surface oxygen
coordination is related to its reactivity and in general terms the lower the coordination the higher the
reactivity [19-21].

When the oxide is reduced by intrinsic structural defect formation (O vacancy), by hydrogenation or
by doping, the presence of “excess” electrons with respect to the perfect stoichiometric oxide modifies
the interaction between the oxide and an adsorbate. These two first reductive modes are similar; in the
presence of water, the vacancies of the O defective surface are saturated and the surface is a
hydrogenated perfect surface. The excess electrons are very reactive when they are unstable in
proportion to the cost energy of the formation of the reduced oxide.

3) Computational details

We present results using several DFT functionals: PBE, PBE+U and hybrid functional (B3LYP).

3.1 The periodic approach within density functional theory

In the present study we have adopted a periodic approach within density functional theory using

pure PBE functional [22]. This functional permits a correct description of oxygen vacancy formation
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energies Evac(7202). The core electrons were treated with standard PAW_PBE pseudopotentials [23,24],
while the valence electrons were described with plane wave basis set (Ecutoff = 400 eV), including the
following electronic configurations : O [1s12s%2p?], Mg [3s2], Y [4s24p®4d15s?], Ti [3p® 3d%4s?], Zr [4d?557],
Hf [5d%6s?], Ce [4f'5525pf5d16s2], V [3p®3d34s?], Nb [4d*5s!], Ta [5p®5d36s?], Cr[3p®3d°4st], W(5d°6s?), Zn
[4d10552], Al [3s23p?], Ga [4s24pl], Si [3523p?], Sn [4d195s25p2]. A set of k-points distanced by 0.05 Al in
the reciprocal space was used in the optimization procedure, while for density of states (DOS)
calculations a denser grid (0.025 A1) was applied. Only atomic positions were optimized.
Crystallographic parameters of unit cells were fixed to their experimental values. The relaxed structures,
stoichiometric and reduced, can be found online [25]. All the simulations were carried out using VASP
4.6 modeling package [26-29]. Images of structures were made with VESTA graphical package [30]. We
use the terms of singlet state and triplet states when the number of unpaired electrons is 0 and 2 per
unit cell; this has the advantage of speaking the same language as for molecular chemistry even if it is
not a rigorous notation for crystal materials.

3.2 Choice of U parameter in DFT+U approach

Pure GGA functionals are known to underestimate band gaps, and, for reducible oxides, are unable
to give a correct electronic structure [17]. Introducing a Hubbard correction in the metal virtual states
allows improving the localization [1,31,32]. For this reason, in section 4.2 we report the electronic
structure using this correction for reducible oxides. Applied Hubbard U-J parameters (Ues in the
following) are listed in Table 3. There is an arbitrary choice of the Ut parameters and the specific value
of Uetf remains a matter of debate, its choice strongly influencing the results obtained. In addition, there
is no guarantee that a good value for a given observable will be appropriate for another one. A correct
description of electronic structure does not guarantee the reliability of reduction energetics. Indeed, the
choice of Uef parameter may influence the oxides' reducibility order and therefore, in order to compare
the energies of oxygen vacancy formation we have used no Hubbard correction, treating them on equal

footing.

14



Note however, that reasonable Hubbard corrections have a limited effect on the Eyac(%202). In most
of the cases, the calculations give an increase of the Eyac(202) which could be explained by a larger
energy penalty associated with Ues;; on the reduced system electrons are transferred to the cation.
There are two exceptions, V205 and CrOs.

Three reducible oxides — TiO3, V205, and CeO; — have been previously extensively studied on DFT+U
level. Concerning TiO,, two sets have been proposed, that can be simplified to small values (U<4 eV) and
large ones (Uer>4.2 eV). The latter is justified by a fit of the band gap on the bulk (Ue=8 eV [33]) or on a
slab (Ues=4.2 eV [34]). Nevertheless it does not give a correct description of the electronic levels [1,31]
that is better obtained by a small value. We have chosen 3.8 eV as in ref. [1]. Note that the increase of
Evac(%202) is limited with this value (from 4.84 eV to 5.48 eV for the 2x2x2 cell of rutile) while it is clearly
excessive using a large Uefr (from 4.84 eV to 9.49 eV for the same cell and Ues=4.2 eV). Similarly Scanlon
et al. [35] have found a much more reasonable description of V.05 when using a moderate on-site
Coulomb interaction, Ue=4.0 eV, instead of a larger value (Ue=6.6 eV was previously proposed by
Laubachet al. [36] by fitting the calculated valence-band-conduction-band gap to the experimental
value).

Several Hubbard terms have been investigated for a good description of defective CeO,. Fabris et al.
[37] have used a small one site Coulomb term, Ue=1.5 eV, for GGA_PBE_+U following Cococcioni et al.
[38] who proposed Ues=1.5-2.0 eV for the GGA_PBE_+U. The adequacy was a matter of discussion
[39,40]. Fabris et al. [41] have used Ue#=4.5 eV for GGA PBE_+U and obtained insulating
antiferromagnetic ground state with E, (7402)=5.55 eV using an appropriate Ce-4f atomic orbital
projector. Nolan et al. [42] and Jiang et al. [43,44] have shown that a larger value, Ues=5 (PW91) or 6.3
eV (PBE), was necessary to be closer to experiment. According to lllas et al. [45] a well-balanced choice
of Uesr is proposed to be slightly larger at 2—3 eV for the GGA+U ones. At variance with the cases of

other oxides, in the case of ceria larger Ues values are shown to be more appropriate than small ones
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[45]. In section 3.2.3.1, we present results for different Ues values; a large U is necessary to have a
complete localization.

For Ta;0s5 we have taken U= 4 eV. A weaker value U=1.35 taken from ref [46] is insufficient to
detach the electronic state corresponding to the vacancy from the conduction band. A larger value is

necessary to have a state in the gap.

Oxide Uett (V)
TiO2 3.8 [1]
CeO; 25-4
V205 4 [35]
Nb2Os 3.0
Ta20s 4
WO3 2.5-4
CrOs 2.5
SnO; 1 on 5s orbital
ZnO (3d) 4.7 [47], U-J=7-1[48], U-J=7.5 [49]

Table 3. Selected Hubbard parameter for metal oxides of type IR.

3.2 The hybrid approach using B3LYP

The underestimation of the band gap by DFT, and the excessive delocalization of the electrons upon
reduction, are due to the self-interaction error of pure DFT functionals. The inclusion of a part of exact
exchange alleviates the problem and results in more realistic band gap values as well as a more localized
picture of the electrons after reduction. Hybrid functionals that contain both exact nonlocal exchange
(Hartree-Fock) and electronic correlation (DFT) have proven to describe better the electronic structure of
reduced chemical systems. The calculation of exact exchange within periodic plane-wave codes needs
more computational resources than with atomic basis sets, and results in heavy calculations compared to
pure DFT where the exchange is neglected. On the other side, inclusion of pure exchange improves the
description without using empirical correction parameters like the Hubbard Ues.

We have chosen to use the B3LYP functional because it has been very popular for molecular systems in the

past decades, and there are not much data in the literature of solid state systems obtained with this
16



functional. Recent works in the literature have shown that the use of B3LYP functional correctly describes
the band gap for a set of semiconductors and isolators [50], with only a small deviation compared to HSE
[51,52], the preferred functional in materials science [53,54]. It is worth noting that the two functionals
show the same trends.

3.4 Energetics of oxygen vacancy formation

The energy of oxygen vacancy (Vo) formation can serve as a reducibility criterion for a metal oxide.
The higher the value of Eva, the less reducible the oxide. It can be reported with respect to oxygen atom
or dioxygen molecule:

Evac(O) = E(surface with vacancy) + E(O) — E(stoichiometric surface) (3a)
Evac(%202) = E(surface with vacancy) + %2E(O2) — E(stoichiometric surface) (3b)

The PBE energies of atomic and molecular oxygen are E(O) = -1.89 eV and E(O;) = -9.85 eV. The
difference between these two values is related to the dissociation energy of oxygen molecule O; in the
following manner:

Eqiss(02) = 2.E(0) — E(02) (4)

The experimental value of dissociation energy is of (5.114+0.002) eV [55,56]. Our PBE value of
6.07 eV is close to this one and other reported theoretical values obtained with a similar approach 5.81-
6.14 eV (PW91) [57]. Evac(¥502) = Evac(O) +3.03 may also be viewed as the Gibbs energy, Evac(%:02) + n(0),
taking 0 as chemical potential for oxygen. Some authors propose a correction to the values of Eyac to
account for the overbinding of the O, molecule by pure DFT [58]. We have chosen to show the raw
values without correction for PBE+U and B3LYP.

The calculated Evac(%202) depend on the vacancy concentration, i.e. on the model size. To allow
comparison within the obtained data, we will refer to the vacancy concentration as to the ratio ™/,
between the number of vacancies (m) and the total number of oxygen atoms (n), per unit cell.

3.5 Structural model
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Most of the examined oxides exist in several crystalline phases, and only some of them were taken
into account. In the present study we have explored oxygen vacancy in rutile and anatase phases of
TiO2, monoclinic ZrO,, HfO;, Ga;03 (B-Gay03), cubic MgO (NaCl-type) and CeO; (fluorite type), trigonal
(or hexagonal, depending on the axes choice) corundum Al,Os. Multiple unit cells were used in order to
avoid the anisotropy and consider concentration effects (Table 2), built with the MAPS suite [59].

We tried to make the size of these models as similar as possible. The crystallographic parameters
of the elementary unit cells were fixed to the experimental values (Table 4), the error with respect to
optimized ones, present in the literature, does not exceed 0.1 A [60,61]. The optimized supercells are
available online [25].

MgO, CeO,, TiO, oxides contain only one type of oxygen atom: its coordination number is 6, 4 and
3, respectively, in MgO, CeO; and Al;0s, TiO,. On the contrary, other MO-HOS dispose of several types
of oxygen sites; this increases the possibilities of vacancy formation. Monoclinic oxides ZrO,, HfO,, have
two types of oxygen sites, 3-fold and 4-fold coordinated oxygen atoms. CrOs has three kinds of O atoms,
one bridging and two terminal atoms. V205 has four kinds of oxygen atoms, one terminal (or vanadyl
oxygen), one bridging and two three-fold coordinated. B-Ga;0s3 has two types of 3-fold oxygen atoms

(denoted as 3g and 3v) and one type of 4-fold oxygen atom.

Oxide Crystalline Spatial Unit cell parameters References
system group a, A b, A c, A B,°
MgO Cubic Fm-3m 4.21 - - - [62]
Y203 Cubic la-3 10.604 - - - [63]
TiO3 rutile Tetragonal P4;/mnm | 4.594 - 2.959 - [64]
TiOzanatase | Tetragonal 14,/amd 3.785 - 9.514 - [65]
2r0; Monoclinic P21/c 5.150 5.212 5.315 99.23 [66]
HfO; Monoclinic P2i/c 5.118 5.169 5.297 99.18 [67]
CeO; Cubic Fm-3m 5.41 - - - [68]
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V205 Orthorhombic | Pmmn 11.519 3.564 4.373 - [69]
Nb,Os Monoclinic (I) | P2/m 21.153 3.8233 19.356 119.8 [70]
Tax0s Hexagonal P6/mmm” | 7.248 3.88 - [71]
CrOs Orthorhombic | Ama2 5.743 8.557 4.789 - [72]
Zn0O Hexagonal P63mc 3.25 5.207 [73]
Wourtzite
WOs3 Monoclinic P21/m 7.732 7.758 7.731 90.0 [74,75]
Al,O3 Hexagonal R-3c 4,758 - 12.982 - [76]
Gay03 Monoclinic C2/m 12.23 3.04 5.80 103.7 [77,78]
SiO2 Trigonal P3:21 4.913 - 5.405 - [79]
SnO;rutile | Tetragonal P4;/mnm 4,737 - 3.186 - [80,81]
Zn0O Waurtzite P6smc 3.250 3.250 5.207 120 [82]

Table 4. Parameters of primitive unit cells (1x1x1) used to construct the supercells as defined in Table 2. *

P6/mmm for the unreconstructed structure
4) Results and discussion

4.1 Trends from band gaps

As introduced above, the width of the band gap in a metal oxide band structure is a first indication
of its reducibility. Indeed, reduction implies the filling of empty orbitals that should be the most
accessible, whose energy is at the bottom level of the conduction band. These levels may be shifted in
the band gap. It is well known that pure DFT functionals are not an excellent tool for the analysis of the
electronic structures because of the incorrect treatment of self-correlation [17]; gaps are
underestimated and +U corrections may be necessary to improve the description. However, introducing
Hubbard corrections will make the results dependent on a set of parameters while some trends can still
be observed even with pure PBE functional used in our approach. Results without and with Hubbard

correction are displayed in Table S1 together with other theoretical results and experimental ones.
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Trends are indeed similar and the Hubbard correction for reducible oxides does not affect the ordering.
They show an evolution from insulating materials of group IR, to semiconductors for oxides of group R.
Considering the PBE values in Table S1, two groups are clearly distinguished by a threshold of 3 eV. IR
and INT oxides are above this limit. ZnO is a special case: it does not belong to the strict definition of
MO-HOS, because Zn?* has 3d core electrons contrary to transition metal cations of the same line. The
group INT is close to the limit. The R oxides are below this limit. Silica is number 2 in the list well above
the INT oxide.

Further analysis shows that the order within each group shows variations compared to other
classifications. There are also differences relative to experiments that can arise from the DFT
methodology but also from the different techniques of measurement. In our calculations, Ga;0s appears
closer to TiO; than the experimental value indicated from ref. [83]. Trends for cationic charges
(oxidation numbers) seem to indicate an influence of the O coordination, a weaker gap for R6 and a
larger one for R3. Silica (IR4) has a much larger gap than ZnO (IR2); coordination and ionicity must then
be taken into account (see discussion below). However, the gap values for several IR3 oxides scramble

the sequence.
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Figure 1. Scaling the reducibility of the oxides using the gap criterion. We used 3 different

approaches; DFT, DFT+U and B3LYP. The reducibility decreases from up to down.

4.2 Trends from oxygen vacancy formation energies.

The energies of formation of the vacancies (see Table S2 in the supplementary material) give a
clear separation between the oxides. Figure 2 displays the formation energies of oxygen vacancies (from
the least reducible to the most reducible oxide). Two groups appear separated by a limit of Eyac = 4 eV
(or Evac(O) = 8 eV). The cost for removing an O atom is larger for IR and INT oxides, smaller for R oxides.
Silica has a smaller cost than expected. It is easier to remove an O atom than for INT oxides. The reason
is the energy gain following the formation of a Si-Si bond. ZnO is the main exception that again classifies

it as reducible. The trend is in agreement with recent results [84].
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Figure 2. Scaling the reducibility of the oxides using the formation energy of the vacancy criterion. We

display only the PBE values. The reducibility decreases from up to down.

4.3 Trends from the electron localization

The analysis of the electronic structure of reduced metal oxides can bring extremely valuable
information on the stabilization of the excess electron(s) coming from the reduction process. Two main
observations, the density of states DOS diagrams and the visualization of isosurfaces for charge or spin
density, bring a detailed picture on the way a system stabilizes once reduced.

The density of states DOS diagrams allows seeing whether or not the reduced electrons are in a

state in the gap. In the case of reducible oxides, we expect the localization of the electrons on the
cations. The excess electrons occupy thus available cationic states that form the conduction band. The

resulting electronic structure may be metallic (ferrimagnetic) if the spin orbitals mix with other
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conduction band states and the Fermi level is then in the conduction band. The reduced crystal may be
viewed as an n-type semiconductor. Paying attention to the values of successive ionization potentials, it
is always more favorable to reduce two sites than localizing two electrons on the same site; so it seems
more favorable to generate a high-spin system (a triplet state based on the supercell in the terminology
of quantum chemistry).

The second one is the presence and the position of a localized state in the gap for the DOS curve.
The presence of such a state in the gap allows stabilizing the two excess electrons, maintaining Na- Np
even integer. This is the case of F-center in MgO, where the electrons are localized in the cavity formed
after the removal of lattice oxygen. Then the excess electron density is found to be localized at the
vacancy site. This picture “typically happens in insulating oxides” [85].

Visualizing the spin density difference No-Np, will lead to a delocalized picture where several

cationic sites are involved. There is also the possibility of localizing the electrons in one or two different
cationic sites close to the vacancy. This leads to diamagnetic (closed-shell singlet, when the electrons
are paired on a single site), antiferromagnetic states (open-shell singlet, when the electrons are located
on two cationic sites and have different spin), or ferromagnetic (triplet, when the electrons have the
same spin). Visualizing the spin density difference will lead to a localized picture where two cationic
sites are involved.

Note that the description above is idealized; the real systems calculated present deviations from
these behaviors, either because of more complex electronic structure, or because of an artifact of the
model or the method. Table 5, deduced from Table S2 in the supplementary materials (see “spin state”)
summarizes the most representative results obtained for the systems analyzed. In the following we will
describe each of the systems calculated discussing the relevance of the band structure in the analysis of
the reducible properties.

4.4 Characterization of the reduced metal oxides
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In the present section we describe some representative compounds as regards the reducibility indices
discussed above. The full set of systems described in detail can be found online [25].

MgO (IR2) is the most representative irreducible oxide. Due to the simplicity of its structure, one
can find in the literature many studies on oxygen vacancy formation both in the bulk and on surface of
MgO, see for instance [86,87]. The Mg?* and O% ions are octahedral and the bonding is highly ionic. The
measured band gap in magnesium oxide is 7.8 eV [87]. Our PBE value of 4.77 eV, although
underestimates the experimental one as expected from DFT-GGA, clearly reproduces the energetic gap
of an insulating system.

The formation energy of a bulk oxygen vacancy (Vs), Evac(O), is close to 10 eV (Table S2) and is an
indication of the irreducibility of the material. Upon formation of the oxygen vacancy, the DOS exhibits a
state in the gap as corresponds to an F-center, located above the valence band by 2.57 eV (PBE) , 3.06
eV (B3LYP). This is in good agreement with experimental and comparable theoretical results [88,89,87].
The reduction electrons of the defective MgO-structure are stabilized by the Madelung potential at the

center of the O-vacancy and not localized on the neighboring metal cations, as can be seen in Figure 3.

PBE B3LYP
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Figure 3: DOS in arbitrary units (left, middle), the vertical line indicates the Fermi level. A state in the gap
appears. Right, view of the F-center in MgO (plot of the isosurface charge density), where the electron density is
localized in the cavity.

Al>Os3 (IR3) presents a similar description, with the high Eac values found in the series explained by
the strong Madelung potential stabilizing the electrons in the vacancy. Quartz SiO2 (IR4) presents

however low Eyac values because the oxygen in the lattice is only two-fold. In addition, after removal of
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this oxygen the Si-Si distance shortens, and the reduced system can be analyzed as presenting a
covalent Si-Si bond. Sc203 and Y203 (IR3) show lower values of the band gap, 4.7-6.6 eV, but high Eyac
values. The electronic state after formation of an oxygen vacancy is singlet antiferromagnetic, contrary
to the singlet diamagnetic found for the other irreducible compounds. The electron density of the
reduced systems clearly shows an F-center with some extension on the neighboring Sc or Y atoms, and a
state in the gap in the PBE+U calculation. The B3LYP calculation also presents a state in the gap for Y,03
, but did not lead to an isolated state Sc,03 which was unexpected.

ZnO (IR2) is a particular case. The absence of other oxidation states of Zn than +2 would classify
Zn0 as irreducible. However, it is often classified as a wide-band gap semiconductor of the II-VI group
(n-type), with a band gap of 3.43 eV [47,90]. Our own comparison of gaps (Table S1) and formation
energies of oxygen vacancies (Table S2) would classify ZnO as a reducible oxide. Compared to MgO, ZnO
appears to be clearly more reducible. The electronic structure of Zn?* is 3d1° 4s°. The presence of the 3d
shell completely filled accounts for the stability of the Zn?* ion, while the 4s shell, energetically close,
may provide electronic states to accept extra electrons coming from reduction. This means that the
reduction of Zn?* might lead to metallic Zn. 3d electrons may be considered as core electrons. UV
photoemission measurements for bulk showed the Zn 3d core level at about 7.5 eV below the valence
band and Surface states have been revealed in ARPES studies assigned to the O 2p-derived dangling
bond states [13,91].

The band gap and Evac values are rather small compared to the previous irreducible oxides, but it
forms F-centers upon creation of an O-vacancy (observed experimentally, see for instance [92-96]), with
the corresponding localization of an electron pair in the lattice, together with some delocalization on
neighboring Zn sites. The state in the gap only appears when using B3LYP, PBE gives a delocalized
picture.

CrO3(R6) chromia is a reducible material with a small band gap of 2.14 eV and a variety of

intermediate oxidation states. The calculated energies for creating oxygen vacancies are very small,
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0.16-3.27 eV (U=4 eV) or 1.07-3.56 eV (U=0 eV) for three types of oxygen (bridging, terminal horizontal
and terminal vertical with respect to the chains). Terminal oxygen sites are easier to remove, due to an
umbrella reconstruction that restores the fourfold coordination for the Cr atom that loses one ligand,
also observed in V,0s.

Oxygen vacancy formation in CrOs leads to the appearance of defect states in the band gap,
despite its small width. Reduction electrons localize on Cr atoms adjacent to the oxygen vacancy, which

is a feature of high reducibility (Figure 4).

PBEU B3LYP ° ° ° o

Figure 4: DOS in arbitrary units (positive values alpha spin, negative beta spin) in PBEU (left, U=2.5 eV) and B3LYP
(middle) for vertical O-defective CrOs. The vertical line indicates the Fermi level. Right, isocontours of spin density

are located on chromium sites.
The analysis of CrOs is that of a prototypical reducible oxide. The efficient relaxation upon oxygen
removal explains the small values of oxygen vacancy formation energies.

WOs (R6) also presents small band gap (2.5-2.6 eV) and Eyac. The electronic state of lowest energy
for the oxygen-defective system is a singlet. Whereas PBE+U give a delocalized picture of the reduction
electrons after oxygen removal (for U up to 4 eV), hybrid DFT calculations give a state in the gap [85].
The reduction leads to a d! state which remains above the levels of donor (O2p) which leads to a
semiconductor (except for the low temperature monoclinic phase, P21/c). Di Valentin and Pacchioni
[85] have drawn similar electron density plot using B3LYP method and conclude that most of the excess

electrons are localized at the center of the vacancy. The presence of an F center for the most reducible
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oxide of the series explains the spin-paired configuration but clearly does not support a relation
between F-center and irreducibility.

TiO; (R4), extensively studied in the literature, presents low band gap and Eyac for both rutile and
anatase. Both polymorphs exhibit an antiferromagnetic singlet state upon formation of an oxygen
vacancy, a state in the gap, as well as a localized picture of the electron density after reduction,
centered on Ti sites neighboring the vacancy when using PBE+U and B3LYP. A delocalized picture is
found with pure DFT. A similar behavior is observed for CeO. (R4). V205 (R5) is characterized as
reducible for all the descriptors used. The reducibility associated to the oxygen vacancy formation is
connected to the presence of terminal oxygen sites and a layered structure. The removal of these sites
is stabilized by a strong relaxation and bonding redistribution that results in a small energetic cost for
creating the vacancy. Niobia Nb20s (R5) presents smaller reducibility than V,0s, with a higher value of
Evac due to the lack of relaxation in the structure. A singlet diamagnetic state is found upon removal of
an oxygen site and a state in the gap close to the conduction band with Nb sites occupied. Tantala Ta20s
(R5) electronic structure after formation of an O-vacancy is that of an F-centre, but with a lower band
gap, indicating potential reducible properties. Reducibility would come from the structural flexibility
that allows an efficient accommodation of the electrons left upon oxygen removal in the crystal lattice,
as in vanadia.

Rutile SN0z (R4) show similar behavior although the electronic state found after formation of an
oxygen vacancy is a singlet diamagnetic associated with the stability of the dication, Sn?* with an atomic
configuration 5s2. This picture would imply electron localization as a sphere on tin atom neighboring the
cavity or, by resonance, to a set of three spherical lobes on the three neighbors, but we obtain
unexpectedly the picture of an F-center.

ZrO; (INT4) and HfO2 (INT4) exhibit intermediate reducible behavior depending on the
coordination of the defective sites. The high band gaps and Evac values characterize them as irreducible.

The formation of four-fold coordinated oxygen vacancies form F-centers (antiferromagnetic singlet),
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whereas less coordinated sites would promote the electron transfer to neighboring cations reducing
them from +IV to +lIl states (triplet state). The two pictures are close in energy and the two behaviors
may be observed.

Gax03(R3) is expected to be irreducible since Ga belongs to the same family of Al, and Al,Os is
typically irreducible. The experimental band gap is moderate, 4.4-4.9 eV, see Table S1, and Eyac(%202)
values range between 3.79 and 4.42 eV (Table S2) according to the vacancy site. The removal of oxygen
sites leads to different pictures depending on their coordination as for ZrO, or HfO,. In addition,
relaxation stabilizes the formation of three-fold oxygen vacancies by formation of Ga-Ga bonds (similar
to SiO;) with Eyac values close to reducible systems like TiO2. In summary, gallia presents features of
irreducible materials such as the formation of F-centers, but also some characteristic behavior of
reducible materials (moderate band gap). Note that Ga* species [97,98] have been characterized

experimentally suggesting that electron transfer to Ga3* is possible.
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5. Comparison of electronic structures

Table 5 summarizes the main results obtained in this work, gathering together all the indices and descriptors.

type R6 R5 R6 R5 R4 IR2 R4 R3 R5 R4 R4 IR4 INT4 | INT4 | IR3 IR3 IR2 IR3

electronic | SD SD T SAT | T SD SD SD T SA SA SD SD SD SD SD SD SD

state

Localizat | Fcenter Nb-Nb | Cro* | v4* Ce3* | Fcenter | Fcenter | Ga-Ga Ta* Ti3+ Ti3+ Si-Si Zr3* Fcenter | Both | Both | Fcenter | Fcenter

ion
Bond bond Fcenter bond Fcenter

VEA
ranking
Band gap

ranking

Table 5: Summary of the results; IR oxides are in red, INT in green and R in blue. Details for the state correspond to the oxides as displayed on the first line. SD
for singlet diamagnetic, T for triplet, SA for antiferromagnetic singlet. The separation for the Eyac threshold (8 eV) is marked by the thick vertical line. The

ranking by vertical energy affinity (VEA) and band gap is marked by the horizontal thick line.
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The energies of formation of the vacancies (Table S2) give a clear separation between the oxides

of type R (Evac(O) < 8 eV) and those of type IR (Evac(O) > 8 eV). Plotting calculated Eyac energies vs. the

experimental band gap shows the three types of behaviour i.e. reducible R, irreducible IR and

intermediate INT as can be observed in Figure 5. Silica appears with a small Evac value compared to the

other systems of the R group. The compounds from group INT show Eyac values close to the IR ones but

relaxation is less favorable and the electrons are trapped The classification obtained from the values of

the electronic gap (Table S1) is the same. Again the separation between type R and type IR is clear,

marked by a threshold of 3 eV. However, differences appear within each group. Silica is on the top of

the values of the group IR.
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Figure 5: calculated oxygen vacancy formation (Evac(1/2 O2)) energy and vertical electron affinity

(VEA) vs. experimental band gap for the series of oxides.

30



The main reason for the different ordering is the relaxation occurring in the defective system.
The ordering obtained from the values of the electronic gap or VEA (Table 5, line 5) reflects an intrinsic
property while that on the energies of formation of the vacancies takes into account a geometric and
electronic rearrangement. This occurs in the IR group for silica, in the R group for gallia and tantalum
pentoxide making the energy of formation easier. Then, there is the formation of a bond between the
cations in the vicinity of the vacancy. The structures possessing terminal oxygen atoms, such as vanadia
and chromia, also exhibit a strong structural and M-0 bonding rearrangement accounting for a decrease
in the Evac values. The band gap criterion leads to a different ranking (Table 5, line 6).

Electronic states of group IR are singlet and diamagnetic. That of the group INT is singlet
antiferromagnetic; this appears, in the end, as the main difference with the group IR. Y03 shows a
mixed distribution with both localization in the cavity and on the atoms neighbouring the cavity. The
states for the group R show two unpaired electrons, antiferromagnetic or triplet. As expected,
localization on the metal cation is found for the group R.

The localization of the electrons as an indication of the reducibility shows surprises. There are two
exceptions, tin dioxide and gallia as discussed in the previous sections.

Finally the perception of an F-center is modified by many cases. There are unclear situations with
localization both in the cavity and on the neighbouring atoms. In several cases, the distance between
two cations indicates the formation of a metal-metal bond. The electron density at the center of the
bond might be interpreted as a formation of a covalent bond or as that of an F-center. When electrons
are localized in Vs cavities, the localization contour is not spherical, but has a flat triangular shape.
Contribution to the F-center of the two spin-orbitals of same energy but opposite spins may show

random distribution even though the resulting density has more symmetry.
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5. Conclusions

The reducible character of a series of metal oxides with the metal in its higher oxidation state
has been analyzed as regards geometric parameters (crystalline phase, atomic coordination,
reconstruction) and chemical descriptors (metal oxidation state, band gap, vertical electron affinity,
oxygen vacancy formation energy, electron localization). All the descriptors used are sensitive to the
computational setting and the results can be considered as semi-quantitative. They allow the
comparison between several structures and provide a comprehensive picture of the energetics and
electronic features of the reduction process or the reduced systems. Despite their limitations, general
trends are well represented, especially as regards extreme cases like irreducible MgO, SiO; or reducible
CrOs, TiO,. Moreover, the combination of several descriptors reveals the mechanisms of reduction and
allows characterizing intermediate behaviors.

Oxides under consideration can thus be classified with respect to their reducibility by different
criteria. As a general rule, a low oxidation state of the metal in the oxide, and a high coordination are
associated to a low reducibility. According to the energies of oxygen vacancy formation, electronic
structure and character of reduction electrons localization, MgO, SiO, and Al;O3 are hardly reducible
and are characterized by high band gap, high electron affinity, high oxygen vacancy formation energy,
localization of electrons in the position of the oxygen vacancy and a singlet diamagnetic electronic state.
On the other side, CrOs, W03, Ce0,, TiO;, V20s are reducible and characterized by high cation oxidation
states, low band gap, low electron affinity, low oxygen vacancy formation energy, localization of the
reduction electrons in the metal sites and open-shell electronic states. Intermediate or ambivalent
behavior is found for ZrO,, HfO,, ZnO, Y,03, B-Ga,03, Nb2Os, Ta;0s and SnO;. For these oxides a mixed
behavior is observed and is associated to metals with an electronic structure allowing reduction under
certain conditions. A mechanism to stabilize reduced systems in these intermediate cases may be to

form metal-metal bonds such as in Ga;0s. Interestingly, besides the electronic properties of the metal,
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the structural relaxation is found to play a key role stabilizing reduced (oxygen defective) crystals as in

Taz0:s.
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Supporting Information

Table S1: Band gaps in oxides

Table S2. Formation energies of oxygen vacancies, Eyac, in oxides



Gaps (present work)

Gaps, literature data

Oxide ] Group
PBE PBE+U B3LYP Calculated Experimental
7-8 [4
5.9 [1] [4]
8.75 [5]
Al;03 6.2 8.9 6.2 [2] IR3
6.33 [3] 8.8 [6]
' 10.8 [7]
. 8.9 [8] 11.5[10]
SiO; 5.9 7.82 IR4
10.4 [9] 5.6-11.5[9]
MgO 4.77 7.23 4.8 [11] 7.8 [12] IR2
4.54 [13]
Y,03 3.93 6.15 4.7 [15] IR3
5.7 [14]
Sc203 3.69 5.76 6 [16] 6-6.3 [17] IR3
HfO, 4.00 5.80 4.12 [18] 5.7 [19] INT
3.41 [20]
ZrO; 3.47 5.27 5.42 [21] 5.3 23] INT
5.7 [22]
4.9 [25]
B-Ga;03 2.37 4.64 4.87 [24] R3
4.4-4.8 [26,17,27]

TiO; anatase 2.05 2.64 3.8 2.05 [28] 3.2 [29] R4
CeO; 1.97 2.25 3.59 1.8 [30] 3.0 [30] R4
Nb,Os 1.92 1.97 1.6 [31] 3.4 [32] R5

3.7-3.89 [33] 2.25-4.3 [33]
3.8 [34] 3.4 [35] 3.5-4.0 [38]
Sn0; 1.89 2.23 3.7 R4
0.95 [36] 3.89 [37]
1.65 [36]




1.4 [37]
TiO; rutile 1.81 2.41 3.44 1.77 [39] 3.0 [29] R4
1.06 [40] 3.9 [43]
Ta20s 1.80 3.86 1.31 [41] 3.75 [44] R5
0.96- 1.96 [42] 4.2 [45,46]
2.3[47] 2.0-2.1[48]
0-V20s 1.7 1.9 3.32 2.34 [49,50] R5
2.35[51]
2.25[52,53]
CrOs 1.42 1.6 3.49 2.14 [55] R6
1.8 [54]
1.6-2.4 [56] 2.62 [58]
W03 1.17 1.36 2.63 R6
0.9-1.58 [57] 2.77 [59]
0.79 [60]
0.77 [61]
Zn0 0.9 1.2 2.94 0.93 [62] 3.43 [60,65] IR2
1.15 [63]
3.2 [64]

Table S1. Band gaps in oxides under consideration ranked by decreasing values: a: gap found in the present work; b: theoretical gap found
by comparable methods; c: experimental gap (Note that the optical band gap is larger than the HOMO-LUMO gap when selection rules
forbid the lowest excitation).



Concentration of

Type of

Oxide/ phase Group Evac (O) eV Evac(1/2 O2) eV Spin state
defects vacancy
Al,03 IR3 1/72 « Vy 9.80 6.77 Singlet diamagnetic
MgO IR2 1/32 \" 979 6.75 Singlet di ti
. . inglet diamagnetic
8 ° 10.08 [66] 8 8
Y203 IR3 1/48+ V4 9.57 6.53 Singlet diamagnetic
Sc,03 IR3 1/48+ Vy 9.52 6.48 Singlet diamagnetic
9.55 6.52 . . .
1/64 V3 Singlet diamagnetic
HFO, INT4 9.36 [18] 6.42 [18]
1/64+ V4 9.43 6.39 Singlet diamagnetic
8.96 5.92 ) . .
1/64 V3 Singlet antiferromagnetic
8.90 [20] 5.96 [20]
ZrO; INT4 5.85
1/64+ Vs 8.89 5.94 [20] Singlet antiferromagnetic
8.88 [20]
5.92 [67]
SiO» IR4 1/48+ V3 8.18 5.15 Singlet diamagnetic
7.87 . . .
1/32 V3 4.84 Singlet antiferromagnetic
7.41 [34]
TiOz rutile R4 1/48 Vs 7.24 4.21 Singlet antiferromagnetic
1/64 V3 7.24 4.21 Singlet antiferromagnetic




3.69

1/180+ Vv 6.72 Singlet antiferromagnetic
/ } 4.05 [67] 8 8
1/32 Vs 8.23 [34] Singlet antiferromagnetic
TiO2 anatase R4
1/72+ V3 7.26 4.23 Singlet antiferromagnetic
1/80 Vah 7.53 4.50 Singlet diamagnetic
Singlet diamagnetic
§'-Ta,0s RS Von 8.13 5.10
Vay 8.73 570 Singlet diamagnetic
1/32 Vs 6.99 [34] Singlet diamagnetic
Sn0O; R4 ; - -
1/48+ Vs 6.87 3.84 Singlet diamagnetic
B-Ga203 R3 1/72+ Vg 6.82 3.79 Singlet diamagnetic
R3 1/72 Viy 7.23 4.19 Singlet diamagnetic
R3 1/72 Vy 7.45 4.42 Singlet diamagnetic
Zn0 IR2 1/36 Vy 6.45 3.41 Singlet diamagnetic
2.87 .
CeO; R4 1/64+« Vi 5.91 Triplet
3.62 [68]
CeO2 R4 1/90 Vi 1.46 [47] Triplet
V205 terminal R5 1/60+ V1 4.66 1.63 Singlet antiferromagnetic
1/60 V, 6.45 3.42 Singlet antiferromagnetic
V05 bridging R5 .
1/90 V) 3.15 [47] Triplet
1/60 V3 6.56 3.52 Singlet antiferromagnetic
V05 three-fold R5 -
1/90 V3 3.25 [47] Triplet




Nb,Os R5 1/140+ V> 5.60 2.57 Singlet
W03 R6 1/192 Vo 5.36 2.33 Singlet
WOs3 R6 1/16 Vay 5.34-4.51 [69] Singlet
CrO3 vertical R6 1/48+« V1 4.11 1.07 Triplet
CrO3 horizontal R6 1/48 V1 4.28 1.24 Triplet
CrOs bridging R6 1/48 Va 6.59 3.56 Singlet antiferromagnetic

Table S2. Formation energies of oxygen vacancies, Evac, in oxides. Energies referred to O instead of %02, (Evac(O) =Evac(1/2 O2) +3.03) are
also displayed. Results are listed in decreasing order (selecting the concentration of defects indicated by an asterisk * that corresponds to
supercells as defined in Table 2. All our calculations and those from literature are made with the same methodology (PBE/PAW) except those
from refs [18] and [20] made with PW91/US-PP. The type of vacancy indicates the coordination of the missing O atom. The results from ref
[66] use a (3x3x3) supercell (concentration: 1/108). For reducible oxides, the spin state is that obtained using the Hubbard correction (U from
Table 3). For Ta,0s, there are many O sites; removing a 3-fold coordinated O in the horizontal layer either leads to a reconstruction forming a
new bond (reconstructed) or decreases the coordination of the adjacent tantalum atoms including (V3n1) or not (V3n2) a 7-fold coordinated Ta

atom — see text and ref.[70].




Fractional Coordinates of the different bulk metal oxides

The geometry files (format POSCAR/CONTCAR VASP files)

used in the present work can be downloaded from:

https://sites.gooqgle.com/site/calatayudantonino/k/oxides



https://sites.google.com/site/calatayudantonino/k/oxides
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