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ABSTRACT

The electronic structure of layered molybdenum trioxide MoOs is highly sensitive to changes in
oxygen stoichiometry as Mo®" has an empty 4d shell. Applications of MoOjs are responsive to
small changes in vacancy concentration, with some functions relying on a narrow window of
oxygen non-stoichiometry. Difficulties in analyzing the energetics of oxygen vacancies by
computational methods stem from the inability to accurately model the layered structure of
MoOs. One unit cell parameter is governed by long range forces across the structural gaps and
these dispersed interactions are not well described by conventional density functional theory
(DFT) methods. With the exchange functional vdW-DF2 we accurately model the structure, in
good agreement with experimental data. This basis allows exploration of the effect of oxygen
non-stoichiometry on the electronic structure and properties of the oxygen deficient material.
The layered structure efficiently screens the structural perturbations caused by oxygen vacancies.
The enthalpies of formation are calculated for oxygen vacancies at the three symmetry
inequivalent oxygen sites. The oxygen deficiency in MoOs gives rise to Mo 4d gap states with

energy levels dependent on the type of oxygen vacancy.
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INTRODUCTION

Transition metal oxides are known for their remarkable optical and electrical properties with
wide-ranging conductive and magnetic characteristics resulting from partially filled cation d-
shells. Molybdenum trioxide (MoOs3) is notable for its photo-, gaso-, thermo- and electro-
chromism, high catalytic activity and variable band gap.'” In stoichiometric MoO; the Mo®"
cation has an empty 4d shell, however, the material is stable, and often utilized, in an oxygen
deficient state. Oxygen vacancies donate electrons to the Mo 4d states, which are responsible for
many desirable and a few detrimental characteristics of the material.*'* As oxygen vacancies
play an important role in MoOs, understanding the effect of oxygen vacancies on the structural
and electronic properties is imperative to the majority of applications. In addition, MoOs is in the
family of inorganic layered compounds held together by weak nonlocal forces, into which there
is a growing body of research. Inclusion of nonlocal bonding in the computation of MoOs helps
with the description of anisotropic bulk properties as well as supporting the use of two-
dimensional sheets, belts and flakes in many electronic devices.'®™"

The thermodynamically stable phase of MoO; is a unique orthorhombic layered structure
(Figure 1), space group Pbnm, with each layer comprising two sub-layers of MoQs distorted
octahedra, edge-sharing along the c-axis and corner-sharing along the a-axis. The layers are
bound by weak, mainly van der Waals, interactions and the separation between the layers is
known as the van der Waals gap. There are three unique oxygen positions, Ol — singly
coordinated by a double-bond to the molybdenum atom, apical on the octahedron; O2 — doubly
coordinated and asymmetrically bridging the corner-sharing of the octahedra; and O3 — which is

triply coordinated and symmetrically bridges the edge-sharing.
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Figure 1. Crystal structure of MoO3 showing the three inequivalent oxygen positions and the van

der Waals gap. Ol is the apical oxygen; O2 is corner-sharing and O3 edge-sharing.

Stoichiometric MoO; is a wide-gap semiconductor with a band gap of 3.2 eV and a 4d"
electron configuration.'® The conduction band minimum (CBM) is composed primarily of empty
Mo 4d states and the valence band maximum (VBM) of O 2p states. Oxygen vacancies both
donate electrons to the Mo 4d states and reduce the crystal field sufficiently to allow the
formation of extended 4d gap states.'”

Photovoltaics is a rapidly growing technological field and one in which MoOs has found
several niches, being used as an electron injection layer in organic solar cells and gaining interest
as an absorbing material in new generations of solar cells.”'®?* Due to the importance of energy
level alignment, interband transitions and optical properties in photovoltaic applications,

awareness of the effect of oxygen non-stoichiometry on the electronic structure of MoOs is
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imperative for design of high-efficiency devices. Vacancy induced band gap states in MoOs have
been utilized for sub-band gap transitions and enhancement of solar cell device performance.
10.1921" Critical for operation, the stability of oxygen defects was found to be dependent on the
method of reduction, due to differences in bonding dependent on position in the structure.” The
bonding types were examined in the context of surface reconstruction in a theoretical study by
Coquet e al. on slab models.”® Related theoretical works have looked at lattice distortions,
doping and electronic structure effects in MoO3; and MoO,, but the energetics and consequences
of oxygen vacancy formation in MoO; has not been studied in detail.>**” One reason for this
may be the challenges of modelling the layered structure accurately due to weak interactions
between the layers, necessitating the use of surface models or artificially constrained lattice
parameters. The development of van der Waals exchange correlation functionals in density
functional theory (DFT) enables a self-consistent treatment of the dispersive interactions and
lately these have proven useful in dealing with the layered structure of MoOj3.2***>° Where past
studies have been restricted by cluster or slab models, in this study we apply exchange
functionals used with the van der Waals density functional vdW-DF to stoichiometric MoOs. In
addition, the DFT+U method is used to reproduce the experimentally observed gap states arising
from oxygen deficiency. We compare the energetics of symmetry inequivalent vacancies in
MoO;3, finding the defects to have similar and very small energies of formation, and elucidate the
effect on the ionic and electronic structure.

COMPUTATIONAL DETAILS

DFT calculations were performed using the Vienna ab initio Simulation Package (VASP) with
the projector augmented wave (PAW) pseudopotentials Mo sv (4s5°4p®5s'4d’) and O h

(2522p4).31_34 Due to the dispersion interaction between the layers of the structure, the vdW-DF
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approach was taken and the unit cell was optimized based on testing various exchange
functionals used with vdW-DF. The functionals perform optimally for the hard oxygen
pseudopotential supplied with VASP. Convergence was reached for an energy cut-off for the
plane-wave basis set of 810 eV. For a 2x1x2 supercell a 4x2x4 Gamma centred k-point grid was
used for Brillouin zone integration, with equivalent k-point density used for larger supercells. All
considered structures were fully optimized until the residual forces on the ions were less than
0.01 eV for stoichiometric cells and less than 0.05 eV for defect cells. The DFT + U approach of
Dudarev et al. was applied in addition to the vdW-DF method to better describe the energy levels
of the Mo 4d orbitals.”

RESULTS

Stoichiometric MoQOj;. The structure of MoQjs includes mixed ionic-covalent bonds within the
layers of octahedra and mixed electrostatic and van der Waals bonding between the layers.36 The
latter are dispersed interactions and are not well described by traditional DFT, which uses local
or semi-local functionals. The exchange functionals used with vdW-DF aim to approximate non-

local forces with the exchange-correlation energy taking the form of

waC — EfGA + ELDA + E:l

C

GGA
Ex

where is the exchange energy taken from the generalized gradient approximation (GGA),

E."P% is the correlation energy from the local density approximation (LDA) and the EXM energy
term is an addition of the non-local correlation effects.’” The five vdW-DF exchange correlation
functionals vdW-DF,”” vdW-DF2,”® vdW-DF-optPBE,”® vdW-DF-optB88*® and vdW-DF-
optB86b*° were tested for MoOs along with LDA and GGA. The geometry was fully optimized

and the resulting lattice parameters and band gaps are compared with experimental values in

Table 1.
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Table 1. Lattice parameters, band gap, E,, and interlayer spacings, d, calculated with different

functionals.
a Aa b Ab c Ac E, AE, d
[A] (%] [A] [%]  [A] [%] [eV]  [%] [A]
Experimental 3.963 - 13.855 - 3.696 - 3.2 - 6.928
GGA 3.927 -0.9  14.191 2.4 3.687 02 1943 -39.3 7.096
vdW-DF 3.993 0.8 14.069 1.5 3.710 0.4 2.163 -32.4 7.034
vdW-DF2 3.976 0.3 13.876 0.1 3.743 1.3 1.870 -41.6 6.938
vdW-DF-optPBE  3.929 -0.9  13.710 -1.0  3.704 0.2 1.944 -393 6.855
vdW-DF-optB88 3.888 -1.9  13.345 -3.7  3.707 0.3 1.760 -45.0 6.673
vdW-DF-optB86b  3.879 -2.1  13.301 -4.0  3.699 0.1 1.796 -43.9 6.650
LDA 3.799 -4.1  13.005 -6.1  3.669 -0.7 1467 -542 6.503
T— 0K, ZPEC 3.957(1) - 13.744(4) - 3.699(1) - 6.872
A is the deviation from experimental values.'™”” T — 0 K, ZPEC is the lattice parameters

corrected for thermal expansion and zero point anharmonic expansion.*

In addition, the experimental lattice parameters with thermal expansion and zero point

anharmonic expansion corrected to 0 K as calculated in Ref. 40 are shown. The functionals vdW-

DF2 and vdW-DF-optPBE give the best match to the lattice parameter across the van der Waals

gap, b. vdW-DF?2 is slightly underbinding and -optPBE slightly overbinding but both are below 1

% deviation compared to both original and 0 K corrected lattice parameters. There is

underbinding when GGA and vdW-DF are used, consistent with results for other van der Waals

systems.*! However, -optB88 and -optB86b have previously performed better on layered crystal

structures than vdW-DF2 and -optPBE.*' The atypical response of this system could be due to

the rich combination of bonding contributions, making MoO3; a remarkable case. Indeed, a

comparison study of the two layered molybdenum compounds MoOs and MoS; found that MoO3
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could not be as accurately described by the vdW-DF approach as MoS,.* Continuing on this
assumption that MoOs is unusual for a van der Waals structure, some explanation can be given
by considering the repulsive forces at short separations. These have been shown to be important
for transition metals, in contrast to the long range separations generally dominating in van der

43-46
Waals systems.

The order of the functionals in the table follows the gradient of the exchange
enhancement factor (F) with small reduced density gradients (s), s < 1, included in the models,
being steep for GGA and vdW-DF and flat for LDA.* Looking at lattice constant b, the length
decreases going down the table, suggesting a correlation with F at small s. The same trend from
vdW-DF to LDA can be seen with the a parameter, in which direction the octahedra are corner-
sharing, giving some flexibility in ionic positions. In the ¢ direction where the octahedra are
edge-sharing, giving more rigid ion positions, there is no clear trend with the various functionals
and all give a reasonable approximation. Thus, it seems that the short range forces may be
dominating the binding of the structure. There is support for this view from previous studies
which have found that variations in binding amongst layered structures comes from covalent
bonding rather than van der Waals components, and that the transition metal species strongly
affects the binding energy difference between compounds.'' Based on these observations, both
the vdW-DF2 and vdW-DF-optPBE treatment of non-local forces can be used for good
approximations of lattice constants for the MoOs structure.

The electronic band gap is typically underestimated by around 40% with the local density
approximation (LDA).*’ Here, all functionals gave a significant underestimation of the band gap,
with LDA being the furthest off at 54.2% deviation from the experimental value, whilst the

vdW-DF functional came closest with only 32.4% deviation. The differences in band gap are

mainly an indirect effect of the choice of functional and can largely be attributed to the change in
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geometry. For instance, LDA produces an increased band gap of 1.76 eV when used with the
geometry relaxed by vdW-DF2. While hybrid functionals can accurately predict the band gap,
they do not treat the van der Waals interactions which are imperative to the cohesion of the
MoO:s structure. This leads to deviation from the lattice parameters, even when van der Waals
interactions are included.* Due to its accurate description of the unique crystal structure of
MoOs, the vdW-DF2 functional was chosen to continue the investigation into oxygen vacancies.
As the vdW-DF method cannot account for the strong correlation between Mo 4d electrons
which charge compensate an oxygen vacancy in a neutral cell, the DFT + U approach of
Dudarev ef al. was applied to the molybdenum 4d orbitals.*> Determination of U for
molybdenum oxides is not straightforward.**>' The fully ab initio linear-response approach was
found to breakdown for early transition metal oxides including MoO,.”! Calibration with
empirical data has struggled due to the empty 4d orbitals in MoOs, resulting in a limited response
to U on lattice parameters and band gap width.*** A thermochemical basis has been used
previously in which a high U of 8.6 ¢V was chosen.”® However the authors later question the
validity of this due to the error introduced by calculation of the O, molecule needed to fulfill the
thermodynamic relations.”” In addition, empirical comparisons are hampered in these cases by
poor treatment of van der Waals interactions by GGA exchange functionals, exhibited by

overestimation of lattice parameters.“g’50

This will correspond to underestimation of
thermodynamic quantities such as absorption energies, and using these as a basis will lead to a
severe choice of U that may not reflect the electronic structure. Despite this, a strong electron
correlation is still expected in MoO;. A study by Coquet et al. based on charge localization

analysis of reduced Mo centers by a hybrid DFT cluster model found strong correlation of 4d

electrons replicated by U = 6.3 eV.> Use of hybrid DFT functionals is unsuitable here due to the
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large supercells necessary to isolate a vacancy. However, the issues with empirical treatment can
be somewhat avoided in the non-stoichiometric case as the U correction can act directly on the
4d electrons. Thus, the effect of U on electronic structure can be tracked and the available
experimental data makes empirical selection of U an appropriate choice here. The gap states
arising from oxygen vacancies in MoOs lie close to the conduction band minimum (CBM). A
recent report on a MoOs nanobelt with oxygen vacancies quantified by ultraviolet photoelectron
spectroscopy (UPS) shows that the peak of the gap states occurs 1.9 eV above the valence band
maximum (VBM).'® This justifies a choice of U parameter that elicits intermediate states near
the top of the band gap.

The density of states (DOS) was calculated for a range of U for the MoO; structure with an
oxygen vacancy at the O2 position. Without using the DFT + U method the calculated Mo 4d
states introduced by the oxygen vacancy appear high up in the conduction band, an overly
delocalized estimation due to the unphysical self-interaction of d-electrons included in DFT.”
The U parameter was applied to modify these states and Figure 2 displays the resulting band gap,
with the VBM normalized to 0 eV for ease of comparison, and the energy positions of the
stoichiometric and defect CBM and defect gap states plotted against the U value. Where the gap
states are next to the CBM (for U = 3 and 3.5 eV) they are clearly distinguished in the DOS by a
minimum density of zero between the states and the CBM and an area equal to two electrons,

which are the two electrons donated from the oxygen vacancy.
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Figure 2. Aligned valence band maximum, stoichiometric conduction band minimum, defect gap
states and defect conduction band minimum as a function of U parameter for a 2x1x2 supercell,

where the defect is an oxygen vacancy on the O2 position.

For all values of U, defect cells have a band gap smaller than the calculated value for the
stoichiometric structure. This is due to the defect deforming the octahedral geometry, causing
changes in the orbital overlap, although smearing of the d-states caused by the Hubbard U term
could also contribute.”* The ordinary trend is that increasing U widens the band gap due to the
occupied VBM and the unoccupied CBM being forced away from each other in energy. The
situation shown in Figure 2 is complicated by the presence of occupied states within the band
gap but the trends can still be understood by this tendency. The band gap does increase with U
parameter up to U= 5 eV, whilst the intermediate states are consolidated and shifted deeper into
the band gap. The band gap decreases from U = 5.5 eV when the occupied gap states are
depressed to the VBM but continues to increase when the defect states are fully incorporated in
the valence band. At U values lower and higher than 5.5 eV the intermediate states are
assimilated into the conduction band and valence band respectively. A Hubbard U value of 5 eV

was chosen as the most suitable because of the maximum band gap occurring at this point and
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the gap state position being comparable to experimental values.'®'® This is in keeping with the
strongly correlated behaviour previously found.”

Oxygen vacancy formation energies. Properties of MoO; that originate from oxygen
vacancies will be regulated by the vacancy concentration. Defect concentrations are determined
by formation energies, which depend on the structural changes and the charge of the defect. The

formation energy of a point defect is defined as

Ef,dcf = Edct;ccll o Epcrt;ccll - Z nill'li
where Egef cenl 1 the total energy of the defect-containing system consisting of »; atoms, with
atomic chemical potential x;. From this the total energy of the perfect stoichiometric cell,

Eperf_cell» 18 subtracted with the sum over the removed species for mass balance. For a cell with

charge ¢ the expression is expanded to account for electroneutrality,

correction

E _ Echargeq + Echargeq_ E

fdef def cell def cell perf_cell
=2 bty + q[(Eyyy +Av) +AE ]

where the electrons in the system are described by their chemical potential which can be taken
as the Fermi energy Ep measured relative to the valence band maximum Evygy. The effect of
artificial periodicity is accounted for by an image charge correction. In addition, the imposed cell
charge must be balanced by a potential alignment term, Av.’*">

There are several schemes available to do these corrections. One system applicable to
anisotropic crystal structures is the method of Makov and Payne, which takes the Madelung
energy, o, and the dielectric constant, €, into account.>* Within this model there is finite scaling

of the defect formation energy with supercell size. This can be applied to correct for finite-size

effects by treating neutral cells with linear extrapolation and charged cells with a second order
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polynomial.> Taking this approach, three supercell sizes were used, 2x1x2, 2x1x3 and 3x1x3,
with respectively 64, 96 and 144 atoms. The 16 atom 1x1x1 unit cell showed artificial defect-
defect interactions, so it was not included for fitting. Neutral, +1 and +2 charge states were
modelled for vacancies on each of the three oxygen positions in MoQOs. The upper limit for po
was set as zero, corresponding to gaseous oxygen in an oxygen rich environment. The lower
limit was defined by the reduction scenario MoO; + 2 O, = M0Os3, po = E(M00O3) — E(Mo0O;) =
-5.085 eV. The raw Egqer of neutral cells fits well to linear scaling with 1/N, N being the number
of atoms in the supercell. However, the charged cells were poorly modelled by the polynomial
scaling of the Makov-Payne scheme, suggesting unphysical low defect formation energies. The
cause of this could be the relatively small and non-isometric sample of supercell sizes, but larger
cell sizes are unfeasible with the stringent conditions of this study. Instead, a linear extrapolation
fits well to the charged cells and provides corrected defect energies of formation close to the
E¢4er of the largest cell.’® The linear fits are shown in Figure 3 for the oxidizing limit. The 3x1x3
defect energies of formation and corrected defect energies of formation for vacancies on the

three oxygen positions are given in Table 2.
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Figure 3. Defect energy of formation, Egger vs. 1/N with po= 0 eV, where N is the number of

atoms in the supercell.

Table 2. Defect energies of formation in eV for the three oxygen vacancy positions, in 0, +1 and
+2 charge states, in two oxygen atmospheres. Raw values from the 3x1x3 supercell and corrected

values from linear extrapolation of supercell size are given.

3x1x3 values corrected values
vacancy O-poor O-rich O-poor O-rich
charge
position po=-5.085eV ~ po=0eV no=-5.085eV  po=0eV
01 0 1.334 6.419 1.248 6.333
+1 -2.584 2.501 -2.428 2.657
+2 -6.944 -1.859 -7.258 -2.174
02 0 1.742 6.827 1.651 6.735
+1 -2.992 2.093 -3.515 1.570
+2 -7.195 -2.110 -7.754 -2.670
03 0 2.436 7.521 2.353 7.438
+1 -1.463 3.622 -1.491 3.594
+2 -5.582 -0.497 -6.267 -1.182

In the oxygen rich limit the neutral formation energies are large at all vacancy positions. The
O1 vacancy position has the lowest energy of formation for neutral cells, followed by O2 and
O3. This relative stability in the Ol vacancy is justified intuitively by the orientation of the O1
oxygen towards the van der Waals gap. The defect formation energies in oxygen rich conditions
range from 6.3-7.4 eV for neutral cells. This is in excellent agreement with the values reported in

an early work by Tokarz-Sobieraj ef al., where surface cluster DFT calculations gave formation
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energies of 6.8-7.6 eV.? However, the lowest energy of formation was reported to be on the O3
position. This discrepancy is likely due to the fact that the geometry of the cluster was not
optimized. This is further supported by the DFT + U work of Coquet ef al. who calculated the
stability of vacancies to follow the same order as found here.*

In the reducing limit the formation energies are small for neutral cells and highly negative for
charged cells. This is corroborated by the ready reduction of MoO;.”” Furthermore, an estimation
made by Gai et al., based on thermodynamic relations and experimental data, predicted a low
enthalpy of vacancy formation of 0.4 eV + 0.1 eV at 298 K.*® As this estimation is an average
over a range of oxygen stoichiometries, it is logical that the values given here differ as they
correspond to vacancy formation in the dilute limit. The dilute limit is quickly surpassed in
MoOs as vacancy ordering and extended defects form at low temperatures and at concentrations
of oxygen vacancies as low as x = 0.001.°° Such ordering increases the configurational entropy
and acts to stabilize the system, increasing the energy of formation of defect formation with
progressive reduction.

The different charge states of the defects are considered in Figure 4, a plot of the formation
energies in both oxygen conditions as a function of the Fermi energy. For alignment the Fermi
energy is set at zero at the top of the valence band, and the band gap is taken as that of the
stoichiometric cell. There is a transition from the +2 state to the neutral state as we move through
the band gap. There is no range of Er where the +1 charge state is stable. These transition
energies relative to the VBM are given in Table 3. The O1 vacancy has the deepest transition

energy and the O2 has the shallowest.
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Figure 4. The formation energy of the most stable charge state (green line) of the three oxygen

vacancies as a function of the Fermi energy, Er, for oxygen rich and oxygen poor conditions.

Table 3. Transition energies in eV of the charge states of the three oxygen vacancy positions

relative to the VBM.

Fermi energy E_/eV

vacancy position  +2/0

Ol
02
O3

1.478

1.802

1.548

Page 16 of 45

Structural perturbations from oxygen vacancies. Relaxed ion positions around vacancies on

O1, 02 and O3 positions overlaid on the unaffected, stoichiometric positions are illustrated in

Figure 5, calculated in a 3x1x3 cell. The O1 and O3 vacancies cause little distortion of the

surrounding ion positions compared with the O2 vacancy, which results in substantial movement

of an adjacent Mo away from the vacancy and an apical O towards the vacancy. In all cases, the

displacements are well confined to the layer in which the vacancy is located. The geometry
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1
2

2 effects on the vacancy containing octahedra are examined in Figure 6, which shows Mo—O
g bond lengths and select bond angles compared to the stoichiometric octahedron. The O2 and O3
é vacancies further distort the octahedron, whereas the O1 vacancy allows straightening of the
1? [100] oriented bonds, from 167° to 175°, restoring some of the octahedral symmetry. The apical
]g oxygen on both the Mo ions with an O2 and an O3 vacancy moves away from its approximate
14

12 [010] alignment and towards the vacant site; in the case of vacant O2 the opposite 20102
]; distorts from 91° to 138° and in the case of vacant O3 the opposite 20301 distorts from 106° to
é? 110°, both taking the geometry further away from a perfect octahedron.

gg a) 01 vacancy b) 02 vacancy c) 03 vacancy

°~d~—tz+ 1

28

31 —-° [ - I e« I B . . — °"'~
32 .

33 é é

35 = 9‘“‘* 9 $ -0 F‘L‘ﬁf"i 9 -0
s B D b
2 - b s

42 Figure 5. Relaxed structures with vacancies on positions a) O1, b) O2 and c) O3, overlaid on the

stoichiometric positions.
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Figure 6. Bond lengths and select bond angles on an octahedron in stoichiometric MoOs, and the
distorted polyhedrons adjacent to vacancies on O1, O2, O3 positions. Octahedra are aligned to

comparable orientations.

The displacements are quantified and plotted with distance from the vacant site in Figure 7.
The O2 defect causes the greatest structural perturbation, causing the closest Mo ion to shift by
0.48 A and the nearest O ions by nearly 0.3 A, while the O1 and O3 vacancies do not cause any
displacements larger than 0.2 A. Moving away from the vacancy the ion displacement quickly
declines and there are no displacements greater than 0.05 A at a distance of 7 A, indicating that a
2x1x2 supercell, in which the smallest cell parameter is 7.486 A, is large enough to contain the
effect of an isolated vacancy. 2x1x2 supercells are hence used for further analysis of the
electronic structure. Figure 7 also differentiates ions within the same layer as the defect and those
in another layer. For all three defects, the “out of layer” ions are displaced by less than 0.1 A, so

it is clear that for all three defects the displacements are well confined to the defect layer and
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structural effects are screened by the lack of direct structural coupling across the van der Waals

gap.
O1 vacancy 02 vacancy O3 vacancy

0.54 m® @ Mo in layer
=< 0.4- = Mo out of layer
€ # Oinlayer
(] =z O out of layer
£
[(}]
?
©0 e
o ............ ‘I_.&I » I...‘

12345678 910

Distance from vacant site /A

Figure 7. Mo and O ion displacements from stoichiometric position with distance from the
vacant site for O1, O2 and O3 vacancy positions in a 3x1x3 (144 atom) supercell. In layer and

out of layer signifies if the ion is located within the same layer as the vacancy or not.

Electronic structure. The structural effects can be further understood by comparison with the
electron localization function (ELF) plots in Figure 8. The ELF is an integration of the charge
density that illustrates the localization of electrons.®® The figures show the ELF plot of a neutral
cell with an oxygen vacancy, the equivalent cell with a +2 charge imposed and the stoichiometric
cell from the same perspective. The neutral cell includes the electrons that remain from the
vacant oxygen site, and with each defect these electrons move to fill orbitals at the nearest Mo
ion whilst distorting the orbitals towards the vacant site. Electrons from the O1 vacancy are
concentrated towards the van der Waals gap where there is space to leave the surrounding
structure largely unaffected. In contrast, the O2 vacancy forces the Mo orbital between the
remaining oxygen ions, heavily interfering with the octahedral dimensions, as shown in Figure 6.
The electrons from the O3 vacancy largely remain localized at the vacant site but also contribute
to the two adjacent Mo to which the oxygen was symmetrically bonded, although not to the third

more distant Mo. The +2 charge state depicts the circumstance in which the charge compensating
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electrons from the vacancy do not remain in its vicinity. Interestingly, in this situation the

structural changes almost exactly remain for all three vacancy positions.

01 vacancy
Neutral cell  +2 charged cell

I@1 |

a)

Figure 8. Plots of the electron localization function of 2x1x2 supercells containing a) O1, b) 02
and c) O3 vacancies. The defect cells are shown in neutral and +2 charge states alongside the

stoichiometric cell.

The electronic effects of these charge density changes can be seen by examining the band
structure and DOS, plotted alongside the stoichiometric case in Figure 9a-d, with the
corresponding Brillouin zone shown in Figure 9e. The Fermi energy is set at 0 eV and the orbital
occupations can be seen in the partial DOS. In the stoichiometric cell the band gap is calculated

as 1.96 eV and the VBM is composed primarily of O 2p states and the CBM mainly of Mo 4d
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states. The principal effect of the defect is to introduce states within the band gap. Integrating the
DOS over the energy range of the gap states reveals that exactly two electrons occupy these
states. This corresponds to the two electrons donated by the oxygen removed from the vacant
site. The nature of the gap states differs with each vacancy position in energy level and range
although they are all primarily composed of Mo 44 orbitals. The band structure of the gap states
is sloped in directions that correspond to the c-axis, the direction of the edge-sharing octahedra,
and completely flat along the b-axis, which is perpendicular to the octahedral layers, similar to
the bands at the CBM and VBM. This implies that the mobility of the charge carriers is greatest
in 2D within the octahedral layers and is strongly restricted across the layers by the van der
Waals gap. The defect bands also vary in gradient with vacancy position, being steepest for the
O3 vacancy. Comparing this to the ELF plot, the O3 defect concentrates electrons along this
edge-sharing chain of octahedra and further spreads the states in energy. Another effect of the
defects is to reduce the band gap, from 1.96 eV for the stoichiometric cell to 1.64, 1.88 and 1.68
eV for O1, O2 and O3 defects respectively. This effect is more pronounced for the charged cells
(DOS in Figure S1), where the band gap narrows with increasing charge. Although these
calculated band gap values are underestimations of the experimental values, the trend can be
understood as the orbital overlap changing with octahedral distortion, as displayed in figures 5
and 6. There is additional dispersion of the gap states in the charged cells due to the effect of the

U parameter on the unfilled states.
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Figure 9. Band structures of MoOs a) in the stoichiometric case, and with a vacancy on b) O1, c)
02 and d) O3 positions, alongside the total, Mo 4d and O 2p density of states. The Fermi level is
aligned to 0 eV. e) Brillouin zone of an orthorhombic lattice.”' The path I'-Y-T-Z-I'-X-S-R-U-

X|Z-U|S-Y|T-R was used for calculating bandstructures.

The orbitals around the Fermi level are resolved into Mo 4d,,, 4d,., 4d.., 4dxz_y2 , 44 and O 2p
orbitals in Figure 10. Despite the distorted octahedra of the structure, the effect of the crystal
field is seen in the stoichiometric DOS in that the bottom of the conduction band is dominated by

the Mo 4d,,, 4d,. and 4d,. states, i.e. those states which are not aligned with the Mo-O bonding

ACS Paragon Plus Environment
22

Page 22 of 45



Page 23 of 45

OCoONOOOPR~WN =

The Journal of Physical Chemistry

direction are lower in energy. The defects act to perturb the 4d levels, dependent on the changes
in the octahedral symmetry. In the case of the O1 vacancy Figure 5a shows that the octahedral
distortion is reduced by the vacancy as the bonds are straightened. It follows that the gap states
are entirely composed of Mo 4dxz_y2 and 4d22 states, as transfer of electrons from the oxygen to
the metal is most efficient for those levels pointing directly to the vacant oxygen, in the b-
direction, and these electrons are distributed towards the neighbouring oxygen ions. This can be
seen in the ELF plot in Figure 8a, as the electrons are concentrated in the [010] axis of the
deficient octahedron and also extend into the corner-sharing [100] chain. The O2 gap states have
a mixture of d,, and d.? components, with electron concentration clearly distorted as displayed in
the off-axis charge density in Figure 8b. Similarly, the O3 gap states have mixing of the d,., d\.
and d.° orbitals, alluding to the greater distortion of the octahedron seen in the geometrical
changes and charge density concentrated in all z-components, seen in Figure 8c in the edge-

sharing chain which zigzags in the [001] direction.

ACS Paragon Plus Environment
23



OCoONOOOPR~WN =

The Journal of Physical Chemistry Page 24 of 45

O1 vacancy 02 vacancy O3 vacancy
15 : : -
104 ) ; ] Mo 4d
dxy dxy dx Stoichiometric
o S P | n o PR | D
10- _ |
5. dyz | dyz i dyz : J
> 1o : - |
- 5] dKZ | dxz | dxz
O | i |
» 10- ’ - -
» 5 dxz_yz n | dxz_yz | dxz_yz
8 O-M J[_| i _M—._ s S _\‘M =t = =ik
L
| - 02p
Stoichiometric
; i i . Defect
: '. . ; ; , | ) =
-3 -2 1 0 1 2 3 -3 -2 1 0 1 2 3 -3 -2 1 0 1 2 3
Energy /eV Energy /eV Energy /eV

Figure 10. Orbital resolved density of states comparing the stoichiometric and defect Mo 4d,,,

4d,., 4d,., 4a’xz_y2 , 4d22 and O 2p orbitals, with O1, O2 and O3 vacancies.

CONCLUSIONS

The vdW-DF method provides an improved treatment of the van der Waals gap in the structure
of MoOs, and the vdW-DF2 functional can reproduce the experimental lattice parameter across
the gap within 0.1%. The Dudarev DFT + U method was used to treat the Mo 4d orbitals, with U
=5 eV chosen based on available experimental results. The difference in formation energies of
the three inequivalent oxygen vacancy positions shows that the apical, van der Waals gap-facing
oxygen is the most readily removed. Calculations with charged cells revealed deep lying
transition energies. Calculations of the electron localization function, band structure and density

of states showed that oxygen vacancies give rise to Mo 4d gap states where the orbital
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contributions depend on the localization of the vacancy and the octahedral distortion and
orientation. The O1 vacancy reduced the initial octahedral distortion, resulting in gap states
confined to the Mo 4dx2_y2 and 4d22 states, whereas the O2 and O3 vacancies deepened the
octahedral distortion, giving rise to gap states with mixed Mo 4d components. The band structure
implied an anisotropic mobility as a result of the layered structure. The band gap was reduced for
all vacancy positions, however within the band gap the defect bands varied with vacancy
position. The defect band was most dispersed in energy for the O3 vacancy due to the
concentration of electrons along the edge-sharing chain of octahedra. The defect formation
energies in oxygen rich conditions were high, from 6.3-7.4 eV, whilst the low vacancy formation
energy in oxygen poor conditions explains the ready reduction of MoOs. It should be noted that
the vacancy regime of MoOs has a narrow range of x for which vacancies are true point
defects.® The situation complicates itself beyond this, as vacancies order into a superlattice.
With progressive reduction the vacancies are eliminated by crystallographic shear and lattice
collapse.” These structural changes act to stabilize the material by reducing the free energy

relative to vacancies in supersaturation.
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Figure 1. Crystal structure of MoO3 showing the three inequivalent oxygen positions and the van der Waals
gap. 01 is the apical oxygen; 02 is corner-sharing and O3 edge-sharing.
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Figure 2. Aligned valence band maximum, stoichiometric conduction band minimum, defect gap states and
defect conduction band minimum as a function of U parameter for a 2x1x2 supercell, where the defect is an

Hubbard U / eV

oxygen vacancy on the O2 position.
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Figure 6. Bond lengths and select bond angles on an octahedron in stoichiometric MoO3, and the
distorted polyhedrons adjacent to vacancies on 01, 02, O3 positions. Octahedra are aligned to comparable
orientations.
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Figure 7. Mo and O ion displacements from stoichiometric position with distance from the vacant site for O1,
02 and O3 vacancy positions in a 3x1x3 (144 atom) supercell. In layer and out of layer signifies if the ion is
19 located within the same layer as the vacancy or not.
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Figure 8. Plots of the electron localization function of 2x1x2 supercells containing a) O1, b) O2 and c) 03
vacancies. The defect cells are shown in neutral and +2 charge states alongside the stoichiometric cell.
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37 Figure 9. Band structures of MoO3 a) in the stoichiometric case, and with a vacancy on b) O1, ¢) 02 and d)

38 03 positions, alongside the total, Mo 4d and O 2p density of states. The Fermi level is aligned to 0 eV. e)

39 Brillouin zone of an orthorhombic lattice.60 The path I'-Y-T-Z-I-X-S-R-U-X|Z-U|S-Y|T-R was used for
calculating bandstructures.
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Figure 10. Orbital resolved density of states comparing the stoichiometric and defect Mo 4dxy, 4dyz, 4dxz,
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4dx2-y2, 4dz2 and O 2p orbitals, with 01, 02 and O3 vacancies.
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