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Abstract

MoO:; is a versatile catalyst for oxidation reactions that consists of bilayers connected by
van der Waals interaction. In principle a MoO; nanocrystal can be exfoliated to create two-
dimensional ribbons. For this article, we study the difference between the chemistry of slabs
having a variety of crystal faces and that of the edges of ribbons cut from a two-dimensional
bilayer. As a descriptor of chemical reactivity we use the energy of oxygen-vacancy formation:
the easier it is to form an oxygen vacancy, the better oxidant the face of a slab or the edge of a
two-dimensional ribbon is. We find that the properties of ribbon edges are different from those
of the corresponding slab surfaces. The surface energies of slabs are in the order (010)s < (100)s
< (101)s < (001)s, whereas the edge energies of ribbons are in the order <100>; ~ <101>, <
<001>( (the subscript s indicates a slab and r, a ribbon). Among the surfaces studied, we have
found that (001)s and (101)s faces have the lowest oxygen-vacancy formation energies, and
(010)s has the highest. In contrast, among the edges studied, <101> has the lowest vacancy
formation energies. Our calculations suggest that no benefit is obtained by creating <100>, or
<001> ribbon edges. However, a significant decrease of oxygen-vacancy formation energies is
observed on formation of <101>; edge by exfoliating (101)s slabs. Also, among the structures
studied, we found <101> edges to be the most reactive and (010)s surfaces to be the least

reactive.

1. Introduction

Recent experiments™® have shown that layered compounds can be exfoliated
(delaminated) to make two-dimensional materials. In particular, the exfoliation of a-MoO; has
been achieved* 5! by a variety of methods. In this article we use density functional theory
(DFT) to explore whether the catalytic properties of the two-dimensional MoO; produced by
exfoliation are different from those of MoO; slabs. While we focus here on molybdenum oxide,
the question of whether exfoliation produces new (hopefully better) catalysts is of more general
interest because other oxides used in catalysis, such as V,0s, RuO,, TiO,, NiO, and CoO, can

also be exfoliated.



There are several reasons for expecting that two-dimensional oxides will have different
catalytic properties than the bulk materials. Corma'?*® and Katz® have shown that the catalytic
performance of delaminated zeolites is different from that of the same zeolite prior to
delamination. Doped MoS;, which is used as a catalyst in the oil industry, also seems to be a
two-dimensional system whose activity is mainly at the border of the platelets.2”° It has been
shown that submonolayers of molybdenum oxide supported on another oxide are better catalysts
for methanol oxidation?-%° or oxidative dehydrogenation of propane?: 3% than MoO; powder.
The catalytic activity deteriorates when more than a monolayer of molybdenum oxide is added to
the support. These systems seem to indicate that two-dimensionality leads to different catalytic
activity. Finally, it is the experience of much of chemistry that changes in morphology lead to

changes in function, which is another reason for examining two-dimensional MoO;.

Several 180 isotope labelling studies have shown that the lattice oxygen is involved in
oxidation reactions catalyzed by metal oxides,*®° as assumed in the Mars-van Krevelen
mechanism.**-4? The energy of oxygen-vacancy formation has been used as a predictor of the
ability of surface oxygen to engage in chemical reactions with reductants.*>*® It is for this
reason that we compare here the energy of oxygen-vacancy formation on the surface of MoO;
slabs, on a two-dimensional sheet that extends to infinity in both direction, and on two-
dimensional ribbons that are bilayers that extend to infinity in one direction and are finite in the
other. The delamination of a-MoQ; is possible because the bulk is a layered compound
consisting of two atomic layers (which we call a bilayer) which are held together by chemical
bonds. The MoO; crystal consists of bilayers held together by van der Waals forces. Therefore,
we expect that exfoliation will generate bilayers and this is why we study bilayers rather than
monolayers.

0-MoOj3 has found applications in electronic devices,*®*’ battery electrodes,*®° optical
devices,*> and gas sensors.” %3%° The presence of oxygen vacancies will affect the

performance in these applications.

Previous computational work®®-"® on MoO3 was performed for the (010) surface. This is
the cleavage plane and therefore is expected to have the lowest surface energy and be
predominantly present in MoOs crystallites. However, having lowest surface energy also

suggests that this face might be the least reactive. Other faces, which have higher surface



energy, hence a lower area in the crystallite, might be more active and might dominate catalytic
activity. For this reason we study oxygen-vacancy formation energies on (010), (100), (001),
and (101) faces. More importantly, we address in this work how reactivity changes when these
surfaces become edges in a two-dimensional ribbon of MoO; bilayers prepared by exfoliation.
The remainder of this article is organized as follow. In Section 2 we briefly describe the
models of slabs and ribbons of a-Mo00O; along with computational details. In Section 3, we
discuss results of oxygen-vacancy formation on various surfaces and edges. Section 4 is a

summary of the results.

2. Methodology
2.1. Models
Bulk a-M00Os. a-MoOs is the most stable form of molybdenum trioxide. It has orthorhombic
structure (space group Pbnm) and is composed of bilayers perpendicular to the [010] direction,
interacting through van der Waal’s forces.”*" Each bilayer consists of two layers of corner- and
edge-sharing distorted [M0Og] octahedrons as shown in Figure 1. (An interactive 3D model of
MoOs is given in the Supporting Information, Figure S11.) In the [001] direction the
octahedrons are connected by edges (two oxygens are shared) and in the [100] direction they are
connected by corner oxygen atoms (one O atom is shared). The primitive unit cell (PUC)
consists of four [MoOs] units. For studying [101], [010], and [101] surfaces and edges, a
transformation matrix was applied to PUC to change the basis vectors. The new unit cell
(“UC1”) consists of eight [MoOg3] units.

a-MoO3 has three crystallographically distinct oxygen atoms (see Figure 1): a singly
coordinated terminal oxygen (Ot) which makes a double bond with a Mo atom (this M=0O group
is sometimes called a molybdyl), a 2-fold coordinated asymmetric oxygen (Oa), and a 3-fold
coordinated symmetric oxygen (Os). Oa forms one long bond (2.18 A) and one short bond (1.75
A) with two Mo atoms in the same layer. Os on the other hand forms two equal bonds (1.95 A)
to Mo atoms in the same layer and has a much longer bond with a Mo atom in another layer.

To determine the U-parameter for the DFT+U calculation, we calculate the energy of
conversion of MoO- to MoQO; (see below). MoO; has a distorted rutile structure with a
monoclinic unit cell (space group P2_1/c).”®"" The primitive unit cell of MoO consists of four

[MoO2] units. Bonding in MoO> is complex and may be explained through a Goodenough



model.” In a nutshell, MoO- (d?) shows both metallic conductivity (due to partial filling of the
M-O z* band) and metal-metal bonding (due to filling of the Mo-Mo ¢ band preferring the
formation of metal-metal dimers, and hence the distorted rutile structure). We do not intend to
study MoO, except for the fact that we need its energy for determining the value of U (see
Section 2.2).

The models used for a-Mo0O3 slabs are shown in Figure 2. Only the lowest energy
surfaces are shown here. To determine the lowest energy structures we studied a larger number
of systems, which are shown in the Supporting Information (Figures S1, S2, and S3). In what
follows we use the subscript s for slab faces. For example, slabs exposing to vacuum the surface
perpendicular to [010] direction are labeled (010)s. Two possible ways to form a (100) surface
are shown in Supporting Information (Figure S1). We find that cutting along a weaker (and
hence longer) Mo-Oa bond produces surfaces (or edges) with lowest energy (see Supporting
Information Figure S1).

For studying the (100), (010), and (001) surfaces, a supercell was obtained by repeating
PUC four times in the [100] and [001] directions. For preparing (101) surfaces, UC1 was
repeated three times in the [101] and [101] directions. The (101) surface is identical to the (101)
surface and therefore we only studied (101). The slab thickness used in calculations was
sufficient to converge surface energies (convergence data is not shown). We provide interactive
3D models of lowest energy slab in the Supporting Information (Figure S12).

a-MoOs Sheets and Ribbons. In what follows we use the word “sheet’ for a bilayer that
extends to infinity in two directions. A ribbon is a bilayer that extends to infinity in one
direction (Figure 3a shows a schematic representation of a ribbon). a-MoOs sheets are
constructed by exfoliating a-M0O3 slabs along [010] to a single bilayer and then re-optimizing.
Since in the bulk MoQ; the bilayers are connected by van der Waals interactions, we do not
expect that the reactivity of a two-dimensional sheet is very different from that of a (010) slab
containing more than one sheet. The models used for a-MoOs ribbons are shown in Figure 3.
Only lowest energy edges are shown here. For all possible cuts to form edges, see Supporting
Information (Figures S4, S5, and S6). Ribbons are labeled by angle brackets with a subscript ‘r’.
For example the ribbon having an edge along the [100] direction is denoted by <100>,. For the



lowest energy ribbon, we also provide an interactive 3D model in the Supporting Information
(Figure S13).

For slabs and ribbons, a vacuum of 14 A is added along the cut and/or cleavage direction,
to decouple the images from each other. For example, a vacuum of 14 A is added along [010]
and [100] directions for the <100>, ribbon.

2.2. Computational details

Spin-polarized density functional theory (DFT) calculations were performed with the
Vienna ab initio program (VASP),”®8 using the Perdew-Burke-Ernzerhof (PBE) functional®®
and the projector-augmented-wave (PAW) method.?* The frozen-core approximation was used
with a cutoff radius of 0.804 A and 1.429 A for O and Mo atoms, respectively. Six electrons
([2s%2p*]) for O atom and twelve electrons ([4p®5s'5d°]) for Mo atom were treated explicitly.
The effect of the other electrons was included through the default PAW pseudo-potential.

Periodic boundary conditions were applied in all the directions.®> Van der Waal forces
were incorporated using the pair-additive Grimme D2 method.2® The DFT+U method with
Dudarev’s approximation®’ was used to compensate for the self-interaction error in the PBE
functional. We used a value of 2 eV for Uesr (Where Uess = U — J) for d-orbitals of Mo atom
which we derived to fit the reduction energy of the oxide, the unit cell parameters, and the
magnetic moments (see Section 2.3).

Full geometry relaxations were performed until the maximum force on each atom was
less than 0.02 eV/A. The iterations in the electronic energy calculation were stopped when the
total energy change was less than 10° eV. The calculated cell parameters of a-MoOsz and Mo-O
bond lengths with Uest = 2 €V are in good agreement with the experimental results (see Table 1
and Table 2). VVolume optimization calculations were performed for the bulk structures using a
plane-wave energy cutoff of 500 eV. The initial structures in optimization were that given by
XRD. Thereafter, i.e. for ribbons and slabs, production runs were performed with a plane-wave
energy cutoff of 400 eV with fixed simulation cell parameters obtained from volume relaxation
at higher cutoff.

For benchmarking purposes we have also used the hybrid Heyd-Scuseria-Ernzerhof
(HSEO06) functional.®-° For the HSEO06 functional, geometry optimizations were performed at

fixed cell parameters obtained from experiments.



The k-point mesh was chosen to satisfy the relation k-point x simulation cell length > 25
A, along each cell direction. For example, for a simulation cell of dimensions 30 A x 15 A x 15
A, we used a k-point mesh of 1 x 2 x 2. The k-points chosen by this methodology lead to
converged oxygen-vacancy energies. The energies of gas-phase Hz, Oz, and H.O were computed
using a cubic box of length 15 A. We observed no change in energy on increasing the box length
to 20 A.
The Bader charge on each atom was calculated with an algorithm developed by Henkelman

et al.! Surface energies were computed using the relation:

1
Esurf = ﬂ[Eslab (ns) — N Ebulk]’ (1)

where Epuik IS the energy of the bulk a-MoOz per [M0oOz] unit, ns is number of MoOs units in the
a-MoOs slab, A is the surface area of the slab, and Esiab is the total energy of the a-MoOs slab.
Edge energies of a ribbon were calculated using the relation:

1
Eedge = I[ Eribbon (nr) —n, Esheet ] ) (2)

where Esneet IS the energy of the (010) a-MoOs infinite two-dimensional sheet per unit of [MoOs3],
nr is number of [MoOzs] units in the a-MoOs ribbon, L is the length of the edge of the ribbon, and
Eribbon IS the total energy of the ribbon. Using Esneet as reference removes surface energy and

gives only the energy attributed to the edge.

2.3. Estimation of Uett
A wide variety of Uefs values falling in the range of 1-8.3 eV has been used in the

literature.>” 5969929 The value of Ue depends on the quantities being fitted since it is unlikely
that one can find a value of U« that will give correct results for all measurable properties. Here
we are interested in computing total energies and we chose®?1%? U, to fit the energy of the
reaction MoOs + H, — MoO- + H;O. In addition, we required that U« should also give correct
values for the cell parameters and the magnetic moment of MoO- calculated by HSE. We note
here that the range of U« studied in this work does not affect the magnetic moment on Mo atom
in MoOs crystal, however, have significant effect in MoO- crystal.

Figure 4 shows the change of the energy of the reaction MoOs + H, — MoO; + H,O
(denoted by “4E” in Figure 4a), of the lattice parameters a/y (Figure 4b) and b/c (Figure 4c), and



of the magnetic moment as a function of Ue. In these calculations Ues was varied between 1 and
8 in increments of 1. Spin-polarized PBE with Uess = 2 eV gives good fits to all four quantities.
Figure 4d suggests that MoO: is anti-ferromagnetic, whereas experiments near room temperature
suggest MoOz is Pauli-paramagnetic.®’*® We are not aware of any study that has measured
magnetic susceptibility of MoO: at 0 K, which is what our calculations give. MoO> may be
antiferromagnetic at very low temperatures and Pauli-paramagnetic at high temperatures. Such

behavior has been previously observed for NiS.1%

3. Results and Discussion

3.1. Structures and energies of surfaces of slabs and of edges of ribbons

The (010)s face. The notation (010) indicates the (010) face of a slab (the subscript s indicates
that the structure is a slab and not a ribbon). As discussed before, a-MoO3 consists of (010)
bilayers interacting with van der Waals forces. Thus, creating a (010)s surface does not require
breaking chemical bonds. We have studied one and two bilayers of a-MoOs. As seen in Table
2, we find (as found previously®’) negligible difference in the bond lengths and Bader charges
between one bilayer, two bilayers, and bulk a-MoOs. This is not surprising: bulk a-MoOs3 can be
cleaved to expose this face.

The (100)s face and the <100>r edge. We use the symbols (100)s for the (100) face of a slab
and <100>; for the edge of a ribbon that ended on the (100) face of the slab being laminated.
The (100) face is obtained by cutting Mo-O, bonds (the meaning of various subscripts for oxygen
are explained in Figure 1). The structures of (100)s and <100>, after geometry optimization, are
shown in Figure 2c and Figure 3b, respectively. The changes in the Mo-O bond lengths in
[MoOs] octahedra are shown in Figure 5. Cutting Mo-O, bonds to create the (100) face or the
<100> ribbon exposes: (a) under-coordinated Oa in one sub-layer and (b) Mo in the other. Upon
optimization, the under-coordinated oxygen forms a double bond with a Mo atom located in the
same (010) plane (the Mo-O bond decreases from 1.75 A to 1.68 A). It is not surprising that
previous studies have found an increase in intensity of Mo=0 Raman peak (~ 990 cm™) on
increase in surface area of (100) surface.’® The exposed Mo center assumes a distorted square-
pyramidal geometry and strengthens bonds with nearby oxygens (the most significant being
decrease in Mo-Os bond length from 2.41 A to 2.17 A along [010] sub-layers). We find



negligible difference in bond lengths between the (100)s surface and <100>; edge as shown in

Figure 5.

The (001)s face and the <001>r. (001)sand <001>, are created by cutting Mo-Os bonds (for
oxygen labeling see Figure 1). The structures of (001)sand <001>;, after geometry optimization,
are shown in Figure 2e and Figure 3d, respectively. We compare changes in the Mo-O bond
lengths in [M0Os] octahedra in Figure 6. Cutting of Mo-Os bond exposes: (a) under-coordinated
Os on one [010] sub-layer and (b) Mo on the other. Upon optimization the under-coordinated
oxygen strengthens its interaction with exposed Mo on the other (010) sublayer (resulting in a
decrease in Mo-Os bond from 2.41 A to ~ 1.9 A). The exposed Mo atom assumes a distorted
square-pyramidal geometry. The atoms on the <001>; edge have room to relax in the [010]
direction. As a result, the Mo-Os on the octahedral molybdenum center on the edge has a longer
bond length (~ 3.79 A), compared to that on (001)s surface (~ 3.11 A). Apart from that, we find
negligible difference in bond lengths between the (001)s surface and the <001> edge (see Figure
6).

The (101)s face and the <101>r edge. The creation of the (101)s face or of the <101>, ribbon
requires cutting Mo-Os and Mo-O¢ bonds (for the definition of the subscripts on oxygen see
Figure 1), as shown in Figure 7. This exposes: under-coordinated Osand Oa on one (010) sub-
layer and Mo on the other. Upon optimization, each under-coordinated O, atom forms a double
bond with a Mo atom located in the same (010) plane (indicated by decrease in Mo-O bond from
1.75 A to 1.69 A); and Os strengthens its interaction with exposed Mo on the other (010)
sublayer (indicated by decrease in Mo-Os bond from 2.41 A to ~1.84 A). Because of more
conformational freedom in [010] direction, we find a longer bond length of Mo-Os on the <101>;
edge (~ 3.52 A) as compared to that on (101)s surface (~ 3.09 A). Apart from that, we find
negligible difference in bond lengths between relaxed (101)s surface and <101>; edge as shown

in Figure 7.

Surface and edge energies. a-MoOz crystals grown under low pressures by vapor condensation
are thin flat bars, with (010)s as the flat face and elongated along the [001] direction.?? Indeed,
as shown in Figure 2, we find that (010)s surface has the lowest surface energy, followed by



(100)s. Note that we compute surface energies in vacuum under the assumption that the surface
does not have oxygen vacancies, or steps, or adsorbates (e.g. hydroxyls). None of these
assumptions is valid for crystals grown in the laboratory. Because of this, one should not expect
that the equilibrium shape produced by Wulff's construction—based on the calculated surface
energies—will match the shapes obtained in experiments. However, it happens that in this
particular case our computational results produce qualitatively similar picture of the crystal
structure as obtained from the experiments.

The edge energies are 0.218 eV/A for <100>, 0.278 eV/A for <001>, and 0.218 eV/A
for <101>,. Interestingly, the edge energy of <101> is nearly equal to that of <100>, while this
equality does not take place for (101) and (100) faces. This is because exfoliated <101> has
more room to relax in the [010] direction as compared to (101)s.

3.2. Oxygen Vacancy Formation

We report oxygen-vacancy formation energies (4Eo) with respect to formation of half a O
molecule, i.e., AEo = Evac + ¥2 Eo, — Est. Here Evac is the energy of a surface (or edge) with one
oxygen vacancy per supercell, Eo, is the energy of the gas phase O> molecule, and Es is the
energy of the same supercell with no vacancy (the subscript st stands for stoichiometric).
Because the binding energy of O, calculated by PBE is erroneous, we put little emphasis on the
absolute magnitude of vacancy formation energies but assume that the relative values are
meaningful because the difference between energy of formation of two different oxygen
vacancies (i.e. O is removed from two different locations) does not depend on the energy of the
gaseous oxygen.

When an oxygen atom is removed from an oxide, to form an oxygen vacancy, two
“unpaired electrons” are left behind in the reduced oxide. Previous calculations for TiO,193-104
and Ce0,1%-1% have shown that these two unpaired electrons will be localized on two cations
reducing them: the formation of one vacancy produces two Ti%* or two Ce*. In the case of MoO;
the situation is more complicated because: (1) the two electrons left behind could both go on one
Mo ion creating an ion with formal charge 4+; or the two electrons can go on two different Mo
ions creating two ions with formal charge 5+; or they can be delocalized over a group of ions;
and (2) the location of the reduced ions with respect to the oxygen-vacancy site and with respect

to each other also needs to be studied since these locations did affect the energy of oxygen-

10



vacancy formation on TiO,%1% or CeO,. We have not explored the dependence of the oxygen-
vacancy formation on the location of the reduced ions because this would require an extremely
large number of calculations (for example, in the case of TiO,, Chrétien and Metiu®* examined
80 different possibilities).

In the present study we proceeded as follows. When a bridging oxygen is removed we
initialized the magnetic moments on the two Mo atoms that were bridged by the lost oxygen to
be equal to +1 ps. This means that prior to optimization the two Mo atoms that lost the oxygen
atom bridging them are in a 5+ formal state. After that we allow the ions and the electrons to
evolve so that a minimum in the total energy is reached. If the magnetic moment on the two Mo
atoms is still 1 pg we conclude that the unpaired electrons are localized on the two Mo atoms
making them Mo®*. Alternatively, when the oxygen from the molybdenyl is removed we set the
initial magnetic moment on the Mo atom that lost the oxygen to 2 us and proceed with the
optimization. The final location of unpaired electrons is interpreted using combination of
HOMOs and Bader charges (as discussed below). We find below unpaired electrons localized
either on single Mo atom (giving Mo**) or on two Mo atoms (giving 2 Mo>*) or on several Mo
atoms in which case we say that they are delocalized (this does not mean that they form a band,
because they do not). Experimentally, several XPS studies® 17110 concluded that both Mo* and
Mos* are present in the reduced a-MoOs and there are EPR studies® 1% 111 claiming that Mos* is

also present.

3.2.1. (010) a-MoOs3 Sheets and Slabs

The oxygen-vacancy formation energies on all the systems studied here are given in Table
3. For the (010)s face, we find that O, is easiest to remove, followed by Oy; there is no difference
in vacancy formation energies in 1-bilayer and 2-bilayers. Previous calculations, which did not
use DFT+U, found that the energy to remove Ox is very close to the energy to remove O, °% °8 112
Calculations using DFT+U (Uett = 6.3 V), found that O is easier to remove.>” % However, the
experiments reported by Smith and Ozkan®®® 12 suggest that O, is easier to remove, which is in
qualitative agreement with the present calculations.

The density of states (DOS) of stoichiometric (010) bilayers and the bilayer with an oxygen
vacancy are shown in Figure 8. Figure 8b shows the density of states when either an O, or an O,

is removed. They are shown together because when we remove O, (which is a molybdenyl
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oxygen) a neighboring bridging oxygen O, moves to replace the atom that was removed (thus
recreating the molybdenyl). As a result the vacancy created by O is the same as the one formed
when we remove O.. The removal of O, causes the formation of two degenerate orbitals with
opposite spins and with the energy in the band gap. The equal density surface for the two
orbitals is shown at the right-hand side of the Figure 8b. The location of the oxygen vacancy is
shown in yellow. The two orbitals have the same energy and identical shape and differ only
through the spin of the electron. They spread over several Mo atoms (green) and are mainly a
combination of Mo d-orbitals. The delocalization of these electrons is also reflected by the
change of the Bader charge on these Mo atoms (from 2.69 to 2.5-2.55). It is interesting to note
that the distribution of the unpaired electrons is along the [100] direction: in our previous work
we showed that is causes an anisotropy in the surface which will cause a preference for a certain
distribution of vacancies on the surface.”

Figure 8c shows the density of states after the removal of Os. The removal causes the
formation of two degenerate orbitals whose energy is in the band-gap. A plot of these orbitals
(which differ only through the spin of the electron) is shown at the right-hand side of the panel.
The unpaired electrons are now localized on the two Mo atoms that were bridged by the removed
oxygen atom. We interpret this to mean that two Mo®* were converted to Mo®". This formal
charge assignment is also supported by a decrease in the Bader charge. The bottom panel shows
the density of states for a state of higher energy obtained by removing an O, and starting the
calculation with 2 ug on the Mo atom that lost oxygen. In this case the formation of the vacancy
creates two non-degenerate states in the gap both with spin up. Essentially the difference
between the vacancy formed in the (b) panel and the one formed in the (d) panel is that one is a
“singlet” state and the other is a “triplet”. The energy of forming the triplet vacancy is higher
than that for forming the singlet. The pictures of these two orbitals show that the unpaired
electrons are essentially located on the Mo atom that lost oxygen. We interpret this to mean that
the molybdenum atom that lost the molybdenyl has a formal charge of 4+. This assignment is
supported by the fact that the Bader charge on this molybdenum atom is 2.15, which is very
close to the charge of 2.12 of the Mo atom in a MoO; crystal.

3.2.2. a-Mo0Os3 Slabs and Ribbons

12



Here, we compare oxygen-vacancy formation energies (4Es) on the surface of a slab and
the corresponding edge of the ribbon. We provide the lowest vacancy formation energies in
Table 3. The complete list of oxygen-vacancy formation energies is given in Supporting
Information (Table S1). On surface of the slab we only studied vacancy formation by removing
those oxygen sites which had lowest 4E, on the corresponding edge of the ribbon. For example,
we only studied removal of O(2) from (100)s surface because removal of O(2) has the lowest
energy on the <100>redge. (A subscript ‘r’ denotes ribbon and subscript ‘s’ denotes slab.) Also,
we note that oxygens are labelled as O(1) , O(2), ..., O(n) which are shown in Figures 2 and 3.

The (100)s face and the <100>r edge. We studied removal of five different types of oxygen on
the <100>redge labelled in Figure 3b. Among these five oxygens on the <100>;edge, we find
O(1) or O(2) are the easiest to remove. The energies of oxygen removal are given in Table 3
(see Table S1 in Supporting Information for complete list of energies of oxygen removal). We
also provide density of states and partial charge density plots after oxygen removal in Figure S8.
We note here that removing O(1) and O(2) leads to the same final geometry (magenta in Figure
3b), and hence the same vacancy formation energies. The final geometry after optimization of
<100>, with O(2) vacancy is shown in Figure 9. We show removed oxygen with yellow sphere.
On removal of O(2), we find that the molybdenum —which lost its oxygen atom— strengthens
its bond with neighboring Oa (indicated by decrease in bond length from 2.17 A to 1.74 A). The
removal of O(2) leaves behind two electrons. The two electrons localize on the next nearest and
the next-next nearest neighbors along [100] direction. This can be seen from the HOMOs in
Figure 9a). In this case, the formation of the vacancy creates two degenerate states which are
located in the band gap (see density of states plots in Figure S8 in the Supporting Information).
To confirm the state of Mo atoms, we performed Bader charge analysis and found a decrease in
Bader charge on these Mo atoms from 2.6 to 2.4. We interpret these results to mean that the two
Mo atoms which were formally 6+ have converted to 5+.

For the surface (100)s, O(2) can be found in two different environments (labelled as O(2)
and O'(2) in Figure 2c). 4E, for vacancy of both these oxygens are within PBE error (0.07 eV)
and therefore we were not able to decide which is easier to remove (see Table 3). We now
compare 4E, for O(2) vacancy on the (100)s slab to that on the <100>, edge. We find that the

difference is ~ 0.05 eV. Within the error of PBE, the two energies are equal and hence removal
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of O(2) on (100)s and <100>; will yield the same effect. This is not surprising given that we
found negligible differences in the bond lengths between the (001)s surface and the <001>; edge
(see Figure 5 and Section 3.1).

The (001)s face and the <001>r edge. Out of the five different types of oxygen studied (see
Figure 3d for labelling) on <001> edge, we find that O(2) or O(5) (shown in magenta in Figure
3d) are easiest to remove. The energy to remove these oxygens is the same because they gave
the same final geometry. The energy to remove O(1) or O(3) is nearly 0.2 eV higher than that of
0O(2) or O(5) (again they both yielded the same final geometry on optimization), which is within
PBE error. Therefore, we were not able to decide which of them is easiest to remove. Hence we
studied removal of both O(3) and O(3) on the surface of (001)s.

In Table 3, we compare vacancy formation energies on O(3) and O(5) on the edge of
<001> to that on the surface of (001)s. The complete list of oxygen-vacancy formation energies
are provided in Supporting Information in Table S1. The results show that it requires ~ 0.7 eV
less energy to remove an O(3) from the (001)s surface than from the <001>; edge. Therefore, we
predict that (001)s surface will be more active than <001>; edge. As shown in Figure 6 and
discussed in Section 3.1, there are significant structural differences between <001>; edge and
(001)s surface and therefore, this observation is not surprising.

The final geometries, after the optimization of the <001> ribbon with O(3) vacancy and
of the (001)s slab with O(3) vacancy are shown in Figures 10a and 10b, respectively. The
removal of O(3) causes a complex reconstruction on both the edge of the ribbon and on the
surface of the slab. The molybdenyls on the <100>; edge have more freedom to relax in the [010]
direction as compared to those on the (001)s face. Thus, oxygen-vacant <100> ribbon and (001)s
slab show considerable differences in relaxed structures as shown in Figure 10. The differences
in the initial and final geometries results in vastly different oxygen-vacancy formation energies.

Next we investigated the location of excess electrons after removal of oxygen. Again, we
use combination of partial charge densities of the states in the band gap and Bader charges to
interpret the location of excess of electrons. Interestingly, we find that excess electrons in case
of the oxygen-vacant <100>, are delocalized on several Mo atoms (see Figure S9 in the
Supporting Information), whereas removal of oxygen on (001)s face produces two Mo®" atoms.

The molybdenum atoms having excess electrons on (001)s face are numbered in Figure 10b).
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The (101)s face and the <101>r edge. We studied removal of four different oxygens on the edge
of <101> labelled in Figure 3d. On a <101>, ribbon, we find O(3) is easiest to remove (see
Table S1 in Supporting Information). We find that removal of O(3) oxygen from the surface of
(101)s requires ~0.8 eV more energy (see Table 3). Again, this observation is not surprising
given that there are significant differences in the initial structure of (101)s surface and <101>
edge (see Figure 7 and Section 3.1). This result indicates that it would be beneficial to exfoliate
MoQ:; if a more active Mars-van Krevelen catalyst is desired. Also, we find that among all the
surfaces (or edges) considered (101)s surface (or <101>; edge) contain the most reactive oxygen
(see Table S1 for complete list of oxygen vacancies studied in this work).

The final geometries after removal of O(3) are shown in Figure 11. We also provide final
geometries after removal of O(1) and O(2) in Supporting Information Figure S10. On both
(101)s surface and <101>; edge, the removal of these oxygen atoms causes a complex
reconstruction that is not limited to small, local relaxations of atomic positions as shown in
Figure 11. Again, we mention that it is the vastly different initial and final geometries that result
in significantly different oxygen-vacancy formation energies. Upon investigating excess
electron localization (using partial density plots of states in the band gap and Bader charges), we
find that, for both the reduced <101>; and the reduced (101)s, the electrons left behind after the

removal of the oxygen atoms are delocalized over several Mo atoms.

4. Conclusions

For this article, we investigated differences in structures and oxygen-vacancy formation
energies of various a-MoO3 surfaces of slabs and on the edges of ribbons. We performed
DFT+U calculations with Uet= 2 eV for Mo atom. This value of U.«Wwas obtained by fitting the
reduction energy of MoOs with Hy, the lattice parameters of MoO-, and the HSE magnetic
moment of Mo atoms in a unit cell of MoO..

We find negligible structural differences in bond lengths on (100)s slabs compared to that
on <100> ribbon obtained after exfoliation. However, there are significant differences in bond
lengths for (001)s and (101)s slabs compared to those on ribbons.

The surface energies of slabs are in the order (010)s < (100)s < (101)s < (001)s, whereas the
edge energies of ribbons are in the order <100>; ~ <101>; < <001>.
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Oa (asymmetric bridging oxygen) or O (terminal molybdenyl) are easiest to remove on a
stoichiometric (010)s surface. Among the different surfaces studied, we find that (001)s and
(101)s faces have the lowest oxygen-vacancy formation energies and (010)s has the highest.
Among the edges studied, we find that <101>; has the lowest vacancy formation energies. This
is not surprising given that several experimental studies have previously reported catalytic
anisotropy of a-MoQ3,10% 114-118

We find that no benefit is obtained by creating <100> and <001> edges. However, a
significant decrease of oxygen-vacancy formation energies is observed on formation of <101>;
edge by exfoliating (101)s slabs. Among all the structures studied in this work, we find <101>,
has the lowest oxygen-vacancy formation energies, and therefore we predict <101>; edges to
have the highest reactivity for Mars-van Krevelen type reactions.

All in all we suggest if one desires to make a MoOs ribbon that is a milder oxidant, one
should minimize the length of the <101>redges. Alternatively, when a strong oxidant is desired

formation of <101>; edges should be maximized.

Supporting Information. Surface and edge preparation; complete list of oxygen vacancy
formation energies; side views of O(1), O(2) and O(3) vacancy on <101>; edge and top views of
0(1), O(2) and O(3) vacancy on (101)s slab; density of states plots for vacancies on <100>,
<001>, and <101>, edges; and interactive 3D models of MoO3 bulk, MoO3 slabs and MoOs
ribbons. This material is available free of charge via Internet at http://pubs.acs.org.
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[100]

Figure 1: Two views of crystal structure of bulk a-Mo00Os. [M0Og] octahedra are shown in
green. The bond lengths in one [M0Oe] octahedron are given at the top. The bilayers are clearly
visible in the structure. For an interactive 3D model of MoOs3 see Figure S11 in the Supporting

Information.
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Figure 2: The structures of the slabs studied here. The four drawings in the left column show
the slab surfaces viewed when looking down towards the surface (top view). The right column
shows a side-view of the slabs. The red arrow indicates the direction of view in the adjacent
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image. The blue line indicates the direction in which the structure is periodically repeated. A
missing blue border indicates where the slab borders the vacuum. Mo atoms are green and
oxygen is red. We use the intensity of the color to give depth perception: the atoms that are
farther from the reader have lower color saturation. The faces are (a,b) (010)s, (c,d) (100)s, (e,f)
(001)s, and (g,h) (101)s. For each face we give the surface energy E..«. The energy of oxygen-
vacancy formation was calculated only for the vacancies formed by removing the oxygen atoms
labeled in the figures. For example, oxygen vacancy was studied for O(3) and O(5) on slab
(001)s. These oxygen atoms are easiest to remove for the corresponding ribbon. For each slab,
we provide interactive 3D model in the Supporting Information, Figure S12.
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Figure 3: a) Schematic figure of an infinite 2-dimensional ribbon. The structure is periodically
repeated in the direction marked cross-section view and it is finite in the direction marked side
view. The structures in the left panel show side views of different ribbons. The blue lines show
the directions in which a structure is periodically repeated. If no blue line is present the structure
borders to vacuum. For example, in the Figure (b) the system is infinite in the [001] direction
and finite in the [010] and [100] directions. The figure in (c) is infinite in the direction facing the
viewer and finite in the other two directions. We have only studied the oxygen-vacancies formed
by removing the oxygen atoms that are labelled in the figure by the symbols O(n),n=1, .., 5.
The label of the oxygen atoms that are easier to remove are in magenta and the labels on the ones
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that are hard to remove are in black. The Mo atoms are green and the oxygen atoms are red.
Layers farther from the viewer are fainter. For each ribbon, we provide an interactive 3D model
in the Supporting Information, Figure S13.
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Figure 4: (a) Effect of Uetr on AE of the reaction MoOs + H, — MoO; + H.O. Experimental
value for this reaction (at 0 K) was obtained from the NIST JANAF tables.!® Effect of Uesr on:
(b) lattice parameters a and y of MoOg,( c) lattice parameters b and ¢ of MoO», and (d)
magnetic moments of four Mo atoms in the unit cell of MoO.. [Mo(1), Mo(2)] and [Mo(3),
Mo(4)] are the pairs of atoms involved in shorter metal-metal bond.
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Figure 5: Schematic figure of bond lengths in bulk a-MoO3 (left), relaxed <100>; edge (right
bottom), and relaxed (100)s surface (right top). For clarity only two [MoOs] octahedra in
different (010) sub-layers are shown. We represent cuts with dotted lines. Mo are shown in
green and oxygen in red. The oxygens numbered with parentheses (on surface and edge)
correspond those labelled in Figure 2c and Figure 3b.
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Figure 6: Schematic figure of bond lengths in bulk a-MoO3 (left), relaxed <001>, edge (right
bottom), and relaxed (001)s surface (right top). For clarity only two [MoOs] octahedra in
different (010) sub-layers are shown. The cuts are shown with dotted lines. Mo are shown in
green and oxygen in red. The oxygens numbered with parentheses (on surface and edge)
correspond to those labelled in Figure 2e and Figure 3d.
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Figure 7: Schematic figure of bond lengths in bulk a-MoO3 (left), relaxed <101>, edge (right
bottom), and relaxed (101)s surface (right top). For clarity only two [MoOs] octahedra in
different (010) sub-layers are shown. The cuts are shown with dotted lines. Mo are shown in
green and oxygen in red. The oxygens numbered with parentheses (on surface and edge)
correspond to those labelled in Figure 2g and Figure 3f.
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Figure 8: Density of states (DOS) for a stoichiometric (010); bilayer and for the same bilayer
with oxygen vacancies at various sites. (a) DOS of a stoichiometric, single bilayer (010)s sheet.
(b) DOS for the same bilayer with an oxygen vacancy formed by removing O, or O:. (c) DOS
when vacancy is formed by removing Os. (d) DOS for alternative, higher energy structure, in
which the oxygen vacancy was formed by removing O:. For each vacancy, partial charge
densities of HOMOs are also shown, for an isovalue of 0.05 e/A3. The yellow sphere represents
the position of the oxygen removed. We also show oxygen-vacancy formation energies for
generating a ¥%205.
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Figure 9: (a) Top view along (010) direction (the exfoliating direction) of <100>; with O(2)
vacancy. Layers farther from the viewer are fainter. Also shown are the partial charge densities
of states in the energy gap for an isovalue of 0.05 e/A%. The yellow sphere represents the position
of the oxygen removed. (b) Side view of <100>r with O(2) vacancy. Mo are shown in green and
oxygen in red.
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(001)s, AE, = 1.01 eV/A

Figure 10: (a) Side view of <001>r with O(3) vacancy. For definition of side view of <001>; see
Figure 3a. (b) Top view of (001)s with O(3) vacancy. Note that side view of <001> ribbon
corresponds to completely exfoliated top view of (001)s slab along [010] direction. We also
report O(3) vacancy formation energies required to generate a %202 molecule. Layers farther
from the viewer are fainter. Mo are shown in green and oxygen in red. The oxygen removed is
shown by yellow sphere. The bonds broken are shown with dotted lines. The Mo atoms
numbered ‘1’ and ‘2’ in Figure (b) are the atoms where the two electrons localizes after O(3)
removal for (001)s. For clarity, we have not shown the partial density of states.
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Figure 11: (a) Side view of <101>, with O(3) vacancy and (b) top view of (101)s O(3) vacancy.
Note that side view of <101> ribbons corresponds to completely exfoliated top view of (001)s
slabs along [010] direction. Layers farther from the viewer are fainter. We also report O(3)
vacancy formation energies required to generate a %20, molecule. Mo are shown in green and
oxygen in red. The oxygen removed is shown by yellow sphere and the bonds broken are shown
with dotted lines. In Supporting Information (Figure S7), we also provide final optimized
structures of O(1) and O(2) vacant surfaces and edges.
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Table 1: Cell parameters of a-Mo0Os crystal evaluated at Uess =2 eV.

Lattice Expt.”> PBE+U % Error

Parameter
a(A) 3.96 3.90 1.5
b (A) 13.86  13.91 0.4
c(A) 3.69 3.70 0.3

Table 2: Bond lengths and Bader charges of bulk and exfoliated bilayers of a-Mo0Os.

Expt. Bulk 1-bilayer 2-bilayer
Bond Lengths (A)
Mo-O 1.67 1.67 1.67 1.67
Mo-Os 1.95 1.93 1.95 1.95
Mo-O 174,225 179,218 1.76,2.18 1.75,2.18
Bader Charges
Mo 2.67 2.68 2.65
O¢ -0.69 -0.68 -0.68
Os -1.07 -1.07 -1.06
Oa -0.91 -0.93 -0.92
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Table 3: Oxygen vacancy formation energies required to form a %202 molecule by removal of
oxygen from surfaces and edges. For oxygen numbering refer to Figure 2 and Figure 3. Here we
only provide lowest vacancy formation energies. For a complete list see Supporting Information
Table S1. We use subscript ‘r’ to denote ribbons and ‘s’ to denote slabs. We use the word sheet
to denote a single bilayer of MoO3 which extends to infinity in two directions. We also give state

of two electrons left after oxygen removal.

Oxygens Removed AEo (eV)

Electron Localization

(010) Faces

Model 2D-Sheet Slab 2D-Sheet Slab
O, or O (010)s 2.57 2.57 Delocalized Delocalized
(100) Face and Edge
<100>, (100)s <100>, (100)s
0(1) 2.08? - 2 Mo®* -
0(2) 2.08? 2.06 (2.13)° 2 Mo** 2 Mo**
(001) Face and Edge
<001>, (001)s <001>, (001)s
0(1) 1.73¢ - Delocalized -
0(2) 1.50¢ - Delocalized -
0(@3) 1.73¢ 1.01 Delocalized 2 Mo®*
0o(5) 1.50¢ 1.29 Delocalized 2 Mo®*
(101) Face and Edge
<101>, (101)s <101>, (101)s
03 0.37 1.19 Delocalized Delocalized

20n optimization O(1) and O(2) vacancy yields the same final state.

bThe value in parentheses is for removing O'(2).

¢On optimization O(1) and O(3) vacancy yields the same final state.
40n optimization O(2) and O(5) vacancy yields the same final state.
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