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Abstract  

Oxygen vacancy formation energies are often used as a descriptor of the catalytic activity of 

metal oxides for oxidation reactions having the Mars-van Krevelen mechanism.  When these 

energies are calculated, it is often assumed that they depend only on the concentration of the 

vacancies in the top oxygen layer.  Previous work has shown that in the case of TiO2 and V2O5, 

the energy of vacancy formation depends not only on their concentration but also on the manner 

in which they are distributed on the surface.  However the energy change due to the change of 

configuration in these systems is very small.  Here we find that in the case of α-MoO3(010) the 

dependence on the energy of vacancy formation of the distribution of vacancies is very large: if 

the lattice made by the vacancies consists of parallelograms, the energy of vacancy formation is 

0.4 eV smaller than when the lattice consists of rectangles (the two systems having the same 

vacancy concentration).  
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1. Introduction.  Oxides are used as catalysts for partial oxidation reactions.1-3  It is generally 

accepted that these reactions proceed through the Mars-van Krevelen mechanism,4-6 which 

asserts that the oxygen atoms present in the products originate from the surface of the oxide; the 

role of the gaseous oxygen in the feed is to reoxidize the oxide.  In all cases we are aware of, the 

reoxidation of the surface is very rapid, and it is not a factor in the overall oxidation kinetics.  

Because of this it has often been assumed7-9 that the energy required for making an oxygen 

vacancy is a good descriptor of the oxidizing power of an oxide: a lower energy of vacancy 

formation means a better oxidant.  This assumption has stimulated a substantial amount of work 

that calculated the energy of oxygen vacancy formation on various crystalline faces of a large 

number of oxides.  The interest in oxygen vacancy formation is increased by the fact that in 

many cases they affect the electronic and optical properties of oxides.  

 Many calculations have shown that the energy to make a vacancy depends on vacancy 

concentration.  This dependence has been studied by calculating how the energy of vacancy 

formation changes with the size of the supercell used in the computation; because of periodic 

boundary conditions, a larger supercell means a lower vacancy concentration.  Implied in this 

procedure is the assumption that the energy of a periodic array of oxygen vacancies depends only 

on concentration.  Since the single-crystal oxide surfaces are anisotropic, one suspects that the 

energy of vacancy formation will also depend on the manner in which they are distributed on the 

surface.  The energy of forming the same vacancy concentration may be different if the 

vacancies are arranged differently on the surface.   

The effect of spatial distribution of vacancies on oxygen vacancy formation energies has 

been discussed previously for TiO2 10  and for V2O5.11-12  In both cases the change in the energy 

of vacancy formation when the distribution was changed, without changing the concentration, 
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was surprisingly small (less than 0.1 eV for TiO2 and less than 0.12 eV for V2O5).  Here we show 

that in the case of α-MoO3(010), the energy dependence on the distribution of vacancies is very 

large.  In particular, the energy of vacancy formation when we use parallelogram supercell is 

smaller by 0.4 eV/per vacancy than when we use a rectangular supercell, even though in both 

cases we remove one out of sixteen surface oxygen atoms.  We use α-MoO3(010) as an example, 

because molybdenum oxide is  used as a partial oxidation catalyst.13-14 

 

2. Computational methodology.  We used the VASP program15-18 for total energy and 

equilibrium geometry calculations with the PBE+U functional,19 the projector-augmented-wave 

(PAW) method20 and the Grimme’s D2 method to include van der Waals interactions.21  All 

calculations were performed with spin-polarized DFT.  The supercell consists of 4×1×4 unit cells 

with a vacuum layer of 12 Å.  Our simulation cell contains 32 Mo atoms and 96 O atoms. 

Calculations using HSE06 hybrid functional are prohibitively expensive for the large unit cell 

considered here.  Therefore, we used U = 2 eV (for the d-orbitals of Mo atoms) because it gave 

the best fit to the experimental energy of the reaction MoO3 + H2 → MoO2 + H2O, to the 

measured unit cell parameters, and to the magnetic moments of Mo in MoO2 (which were 

calculated with the HSE06 hybrid functional).  We varied the k-point mesh until the energy of 

vacancy formation was converged.  The energy cut-off was 400 eV, which was tested by 

showing that a few calculations using 500 eV give the same total energies.  The MoO3 slab used 

in all calculations has one MoO3 bilayer.  The bilayers in a MoO3 crystal interact weakly through 

van der Waals interactions; a few calculations with two bilayers gave the same results as the ones 

with one bilayer.  The energy of oxygen vacancy formation ∆EO was calculated by using the 

equation ∆E0 = Evac + ½EO2 – Est where EO2 is the energy of the gas phase O2 molecule, Evac is 
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the energy of a (010) surface with one oxygen vacancy per supercell, and Est is the energy of the 

same supercell with no vacancy.  Since we compare the energy of vacancy formation for two 

supercells the difference between these two energies is not affected by the DFT error in 

calculating the binding energy of O2. 

 

3. Results and Discussion.  The (010) face of α-MoO3 has three different kinds of oxygen 

atoms, labelled Ot, Oa and Os in Figure 1.  The easiest to remove (to make an oxygen vacancy) 

are Oa and Ot and their removal results in the same final state geometry; therefore they are 

equivalent as far as vacancy formation is concerned.  In what follows we discuss the vacancy 

formed by removing Oa (Figure 1b). In doing this we remove one out of sixteen oxygen atoms 

present in the surface layer of the supercell.   

It is possible to use in the calculations two supercells having different shape but 

containing the same number of oxygen atoms.  Fig. 1a shows a rectangular supercell and Fig. 1b 

shows a supercell whose shape is a parallelogram.  The periodic arrangement of the vacancies for 

the two supercells is shown schematically in Figs. 2a and 2b.  The concentrations of vacancies in 

the two figures is the same but they differ only through the manner in which they are arranged.   

Depending on the shape of the supercell used in the DFT calculations, the vacancies form a 

lattice with whose unit cell is a rectangle or parallelogram (Figs. 2a and 2b).  The formation of a 

rectangular array of vacancies requires 2.57 eV per supercell; this is larger by 0.4 eV (per 

supercell) than the energy of forming a “parallelogram lattice”.  This is a substantial difference 

which shows that the manner in which the vacancies are distributed matters.  
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Figure 1.  The two supercells used for calculating the energy of oxygen vacancy formation: 

(a) the rectangle supercell and the HOMO orbital created when the oxygen vacancy is formed; 

(b) the parallelogram supercell and the HOMO created when the vacancy is formed.  The oxygen 

atoms are red and the Mo atoms are green (they are not visible because they are obstructed by the 

oxygen, but their presence is indicated by the green lines coming out of them).  The site of the 

oxygen vacancy is colored yellow.  There are three kinds of oxygens on the (010) surface, 

labeled Oa, Ot and Os.  The removal of Oa, to make an oxygen vacancy, requires the least energy 

(this is given in the figure).  
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Figure 2.  A schematic representation of the distribution of oxygen vacancies (a) when the 

supercell is a rectangle and (b) when the supercell is a parallelogram.  

 

 Some insight into the reason for these differences is provided by the examination of the 

highest-occupied molecular orbital (HOMO) for the surface having an oxygen vacancy per 

supercell.  The removal of an oxygen atom from the surface leaves behind two unpaired 

electrons.  For a reducible oxide, such as titania,22-24 ceria,25-27 or vanadia,28-29 these electrons 

will reduce two cations.  For example, forming an oxygen vacancy in TiO2(110) reduces two Ti 

cations, from a formal charge of Ti4+, to form two polarons in which titanium has a formal charge 
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of Ti3+.22-23, 30  Based on these prior findings one would expect to observe a similar behavior in 

MoO3 since Mo is a reducible cation.  This is what we find when Os is removed: the two 

unpaired electrons left behind are localized on two Mo atoms reducing them (formally) from 

Mo6+ to Mo5+.  However, when Oa (or Ot) is removed the HOMO of the reduced surface is 

delocalized and its shape depends on the shape of the supercell: it is more delocalized when the 

supercell is a parallelogram.  We expect that a more delocalized orbital will have lower energy 

and this is confirmed by comparing the density of states of the two systems (Figure 3).  Figure 3 

shows only the orbitals whose energy is in the band gap and which are degenerate: each state is 

occupied by two electrons.  The HOMO of the parallelogram lattice has a lower energy than the 

HOMO of the rectangular lattice and this is one of the reasons why the parallelogram lattice has 

a lower total energy than the rectangular one.  In addition, we find that in the rectangle lattice the 

presence of the vacancy disrupts strongly the bonds in the [100] direction (see Figure 4), which 

indicates the presence of an anisotropic strain.  Less strain is observed in the parallelogram 

structure, which is another possible reason why this structure has lower energy.     

 Our main conclusion is that the energy of formation of a periodic array of vacancies in 

the surface layer of an oxide depends on both the surface concentration and on the spatial 

distribution of the vacancies: surfaces having the same oxygen vacancy concentration can have 

very different energies if they are distributed differently on the surface.  This effect is much 

larger for the α-MoO3(010) surface than it is for TiO2 or CeO2.    
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Figure 3. The density of states (DOS) of α-MoO3 (010) having an oxygen vacancy per supercell.  

The blue shows the density of states for a parallelogram configuration of vacancies and the red 

shows the DOS for the rectangle configuration.  The orbitals in the gap are the HOMOs occupied 

by the unpaired electrons left behind when O was removed from the surface.  The shape and the 

location of the orbitals are shown in Figure 1. 

 

 

Figure 4. (a) Schematic figure of bond lengths along [100] direction in the rectangular supercell 

with no vacancy.  (b) Schematic figure of bond lengths along [100] direction in the rectangular 

supercell with oxygen vacancy.  The vacancy is shown in yellow and bond lengths given in Å.  
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