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A B S T R A C T

The surface stability and equilibrium morphology of MoO3 were investigated by the first principles calculations.
The thermodynamic energies of the stoichiometric surfaces of MoO3 are in the order
(0 1 0) < (1 0 1) < (0 0 1) < (1 0 0). It is found that the (0 1 0) surface has a lowest surface energy, which
agrees well with the previous calculations. The energies of the non-stoichiometric surfaces were evaluated as
functions of temperature and oxygen partial pressure. The results show that the energies of Mo-terminated
surfaces decrease with temperatures, and increase with oxygen partial pressures, while the energies of O-ter-
minated surfaces show the opposite rule. The equilibrium morphology of MoO3 was predicted by using the
Gibbs-Wulff model, and then was compared with the other’s experiments and theoretical results.

1. Introduction

Among the transition-metal oxides, MoO3 has been attracted much
attention for its good catalytic activity and physicochemical properties,
which have been applied extensively in catalytic field and photoelectric
devices [1–5]. The orthorhombic MoO3 is a stable phase with a layered
structure, and its neighboring sheets are influenced by van der Waals
force. Furthermore, MoO3 is also a volatile oxidation product of mo-
lybdenum disilicide at the intermediate temperature (about
650–850 K), which is an important reason of the pesting oxidation
[6,7].

The investigation of surface structure is of great interest for com-
prehending the catalytic properties of MoO3. As we know, molybdenum
trioxide could display significant crystallographic directionality, and its
various crystal surfaces show discrepancy catalytic behavior and par-
ticipate in different catalytic reactions [8]. Tokarz-Sobieraj [8] pointed
out that the (0 1 0) surface has a lowest surface energy, which is sug-
gested that the (0 1 0) surface should have the lowest reactivity. And
the other surfaces with higher surface energy always have a smaller
area in the equilibrium morphology and higher chemical activity. And
the surface sensitivity of MoO3 is also important to the pesting oxida-
tion of MoSi2 at the intermediate temperature. Furthermore, it is ne-
cessary to study the surface energy for a help to predict the equilibrium
morphology of MoO3.

Owing to a difficult experimental preparation and determination of
low-index surface, the first-principles study should be carried out to
achieve a better understanding for the surface behavior [9–12]. In this
paper, we investigated the stabilities of low-index surfaces and equili-
brium morphology of MoO3 by using the first-principles calculations.
The equilibrium morphology of MoO3 was predicted using the Gibbs-
Wulff model, and then was compared with the other’s experiments and
calculated results.

2. Computational methods

The α-MoO3 is composed of double-layers stacked along [0 1 0],
belonging to orthorhombic system with the space group Pbmn [13].
The conventional cell of MoO3 containing four MoO3 elemental units is
given in Fig. 1. The present calculations with spin-polarized DFT were
implemented by PAW pseudopotential with the Perdew-Burke-Ern-
zerhof (PBE) functional [14] in VASP [15,16]. The DFT-D2 [17] method
was used to calculate the van der Waals interactions. The DFT+U [18]
method was employed, and a U parameter of 2.0 eV for the d-orbitals of
Mo was adopted, which has been justified and used in Refs. [19,20].
Another U parameter of 6.3 eV is also evaluated, and it is compared
with the results of U parameter 2.0 eV in the Section 3.1. The electronic
configurations of Mo-4p64d55s1 and O-2s22p4 are considered, and the
cutoff energy was 520 eV. The present cutoff energy 520 eV was found
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to be sufficient in Ref. [21], and some lower cutoff energies are used in
previous works [13,19,20,22]. The 14× 4×14 Monkhorst-Pack k-
points [23] were generated to integrate the Brillouin zone.

We would investigate the various terminated surfaces of MoO3 in
the present study. The stoichiometric (1 0 0), (0 1 0), (0 0 1), (1 0 1),
Mo-terminated (0 1 0), (1 0 1), and O-terminated (0 1 0), (1 0 1) were
calculated. The K-points 4×14×1, 14×14×1, 14× 4×1,
10×4×1, 7× 4×1, and 7×4×1 were performed for (1 0 0),
(0 1 0), (0 0 1), and (1 0 1) surfaces, respectively. The symmetric slab
structures separated by a 16 Å vacuum were implemented. The total
energy convergence was 1× 10−5 eV/atom, and the force convergence
was 2×10−2 eV/Å, which was found to be sufficient in other's pre-
vious works [20,21,24]. These surface structures are shown in Fig. 2.
The vertical direction of all these slab structures is [0 0 1] direction, and
it is also the direction of the vacuum region included. The horizontal
direction of (1 0 0) surface is [1 0 0] direction, while the horizontal
direction of other surfaces is [0 1 0] direction.

3. Results and discussion

3.1. Structural properties of MoO3

The lattice constants of MoO3 are calculated and given in Table 1.
The experiments and other's calculations (including vdw-DF2 method)
are also listed in Table 1 for a comparison. It is seen that there are some
discrepancies among different calculations by various functionals and
vdw sections. Furthermore, there are still some differences between the
similar calculations with the same functional and vdw section, which
should be attributed to the different calculated parameters, such as
cutoff energies, K-points, electronic configurations, and con-
vergence criterions. The lattice parameters calculated with vdw-DF2
method by Inzani [25] are in good agreement with the experimental
data. However, it is clear that the other calculated lattice constants by
vdw-DF2 method are larger obviously than the experiments (see our
calculation and Ref. [26]). Compared to the vdw-DF2 method, the DFT-
D2 approach are relatively appropriate to the present MoO3 system.

In the DFT+U method, U parameter is very important. It is found
that U parameter of 2.0 eV [19,20] and 6.3 eV [21] for the d-orbitals of
Mo have been adopted in MoO3 system. The lattice constants of MoO3

by DFT-D2 approach with different U parameters (2.0 eV and 6.3 eV)
are also given in Table 1. As shown in Table 1, the average differences
of the present lattice constants calculated by DFT+U method with
U=2.0 eV from the experiments [28] are generally less than 1%, and

are smaller evidently than that of U=6.3 eV in this work. Furthermore,
it is found that the effect of U parameter on the electronic structure of
MoO3 is hardly noticeable [24]. The results suggest that the present
DFT+U method which deals with the van der Waals force by DFT-D2
approach (U=2.0 eV) is accurate and can been used in subsequent
calculations.

3.2. Surface stability of MoO3

To investigate the surface stability, it is necessary to calculate the
surface energy. The surface energy is expressed as [11,12]

= × ×
A
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2

( )tot
surf

Mo Mo
surf

O O
surf

(1)

where Etot
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Combined with Eq. (1) and Eq. (3), thus
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where k is Boltzmann's constant. µ K(0 )O
0

2
is the energy of single oxygen

molecule, which can be calculated in a box with 10 Å×10Å×10Å.
H T( )O2 and S T( )O2 can be referred to the experimental data from

JANAF table [30].
According to Eq. (4) and Eq. (6), the thermodynamic energy of non-

stoichiometric surface of MoO3 can be calculated as
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According to the Eq. (7), the thermodynamic energies of stoichio-
metric surfaces of MoO3 are given in Table 2. It is found that the surface
energies of MoO3 are in the order (0 1 0)< (1 0 1)< (0 0 1)< (1 0 0).
As shown in Table 2, the (0 1 0) surface has a lowest surface energy,
which agrees well with the previous calculations in Ref. [20]. The
present calculated surface energies have the same order to the results in
Ref. [20] except (1 0 0) surface. Remarkably, Agarwal [20] gives two
possible ways of cutting α-MoO3 to create (1 0 0) surface. The surface
energy of the stepped boundary built by breaking of only longer Mo-O
bond is 0.522 J/m2, while the surface energy of the plane boundary
built by breaking of both long and short Mo-O bond (similar to Fig. 2a)
is 0.839 J/m2 (as shown in the Supporting Information of Ref. [20]). In
our opinion, the stepped boundary built by breaking of only longer Mo-

Mo 

O

Fig. 1. The conventional cell of MoO3 containing four MoO3 elemental units.
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O bond in Ref. [20] is a special surface with some complex crystal
defects. If these above reasons are taken into account, the present cal-
culation gives the same ordering of the surface stability to the results in
Ref. [20]. Lei [13] and his collaborators also researched the thermo-
dynamic stability of (0 1 0) surface. Unfortunately, their results should
be incorrect, because the calculated surface energy of stoichiometric
(0 1 0) in Ref. [13] is negative.

Fig. 3 shows the relationships between surface energies of MoO3 and
the oxygen chemical potential. It is seen from Fig. 3a that the energies
of Mo-terminated surfaces increase with the oxygen chemical potential,
while the energies of O-terminated surfaces decrease with the oxygen
chemical potential. According to the experimental data from JANAF
table [30], the oxygen chemical potential as a function of the oxygen
partial pressure is shown in Fig. 3b. The oxygen chemical potential
increase linearly with oxygen partial pressures pln O2, but decrease with
temperatures. It is noticed that the surface energies of MoO3 is affected

sensitively by the temperatures and oxygen partial pressure pO2.
To reveal further the relationship between the surface energies of

MoO3 and the growth condition, the surface energies of MoO3 as a
function of oxygen partial pressure pO2 are shown in Fig. 4. As shown in
Fig. 4, it is clear that the energies of Mo-terminated surfaces decrease
with temperatures, and increase with oxygen partial pressures, while
the energies of O-terminated surfaces show the opposite rule. At room
temperature (300 K) and middle temperature (600 K), the stoichio-
metric surfaces have the relatively lower surface energy in a wide range
of oxygen partial pressure, but their corresponding non-stoichiometric
surfaces (including the Mo- and O-terminated surfaces) always have
higher surface energy. It is suggested that the stoichiometric surfaces
have the relatively higher thermodynamic stability at lower tempera-
ture. At high temperatures (800 K and 1000 K), the energies of the Mo-
terminated surfaces decrease significantly compared with the low
temperatures, while the energies of the O-terminated surfaces increase
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Fig. 2. The structures of low-index surfaces for MoO3. The vacuum regions are included in these slab structures in [0 0 1] direction. (a) (1 0 0) (b) (0 1 0) (c) (0 1 0)-
Mo (d) (0 1 0)-O (e) (0 0 1) (f) (1 0 1) (g) (1 0 1)-Mo (h) (1 0 1)-O.
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obviously. It is clear that a surface transition from a stoichiometric to a
Mo-termination should occur at low oxygen partial pressure. As shown
in Fig. 4, the (0 1 0)-Mo surface has a higher stability than the stoi-
chiometric (0 1 0) at =pln 77O2 at 800 K, while the transition take
place at a higher pressure ( =pln 55O2 ) at 1000 K.

Fig. 5 shows the calculated termination stability and surface phase
diagram of MoO3. The termination stability is plotted from connecting
these transitions at different temperatures for (1 0 1) and (0 1 0) sur-
faces (in Fig. 5a). The two curves exhibit the phase boundary between
the stoichiometric and Mo-rich termination of the (1 0 1) and (0 1 0)
surfaces. It is seen that the phase boundary of the (1 0 1) is very close to
that of (0 1 0) surface. And the region above the curve prefers forming
the Mo-rich termination, while the region below the curve prefers
forming the stoichiometric surface. With the increasing temperature,
the transition point from the Mo-rich termination to stoichiometric
surface tends to occur under a higher pressure. It is suggested that the
conditions of transformation from stoichiometric to Mo-rich termina-
tion are high temperature and high vacuum. As mentioned above (in
Fig. 4), these O-terminated surfaces of MoO3 should not exist under the

investigated oxygen partial pressure, so there is not their phase regions
in Fig. 5a. Compare to that of the (1 0 1) surfaces, the stoichiometric
and Mo-rich termination of the (0 1 0) surface have higher stability
under any temperature and pO2 conditions. Hence, the surface phase
diagram of MoO3 are built and shown in Fig. 5b. Owing to the difficulty
of preparation for ultra high vacuum, it is favorable to formation of
stoichiometric (0 1 0) surface under partial experimental condition.

3.3. Equilibrium morphology of MoO3

The equilibrium morphology of a mono-crystal MoO3 could be
constructed and predicted according to the Wulff's relationship [31,32].

= hconstant /xyz xyz( ) ( ) (8)

where xyz( ) is the (xyz) surface energy for the mono-crystal MoO3 (as
shown in Table 2), and h xyz( ) is the normal line length of the (xyz)
surface away from Wulff's point.

Fig. 6 shows the predicted equilibrium morphology and preferential
growth of MoO3 under two different pO2 ( =pln 20O2 and

=pln 70O2 ) at 900 K. The surface energy of these investigated sur-
faces for MoO3 at 900 K as a function of pln O2is given in Fig. 6a. Under a
high pO2( =pln 20O2 ) at 900 K, the stoichiometric surfaces of MoO3
have the lowest surface energies compared with Mo-terminated and O-
terminated surfaces, and their surface energies are in the order
(0 1 0)< (1 0 1)< (0 0 1)< (1 0 0). As shown in Fig. 6b, the equili-
brium morphology of MoO3 under a high pO2( =pln 20O2 ) is an eight
prism, which is very similar to a cube. The {0 1 0} plane constitutes top
face and bottom face, and {1 0 1} dominates the side faces. The small
surface {1 0 0} and {0 0 1} connects the four neighboring {1 0 1} side

Table 1
The bulk properties of MoO3.

Intermetallic Space group Ref. method vdw a(Å) b(Å) c(Å)

MoO3 Pbmn this work PBE+U DFT-D2(U=2.0) 3.927 14.081 3.727
DFT-D2(U=6.3) 3.878 14.136 3.774
vdw-DF2 4.009 14.689 3.778

Ref. [20] PBE+U DFT-D2(U=2.0) 3.90 13.91 3.70
Ref. [21] PBE+U DFT-D2(U=6.3) 3.83 13.89 3.73
Ref. [22] PBE+U 4.022 13.855 3.752
Ref. [24] PBE+U 3.896 13.233 3.686
Ref. [25] LDA 3.799 13.005 3.669

GGA 3.927 14.191 3.687
vdw-DF 3.993 14.069 3.710
vdw-DF2 3.976 13.876 3.743

Ref. [26] PBE DFT-D2(U=N/A) 3.931 13.881 3.711
vdw-DF 4.054 14.855 3.728
vdw-DF2 4.043 14.691 3.753

Ref. [27] LDA 3.68 13.92 3.81
Ref. [28] experimental 3.964 13.863 3.699

Table 2
The energies (J/m2) of stoichiometric surfaces for MoO3.

method Ref. vdw (1 0 0) (0 1 0) (0 0 1) (1 0 1)

PBE+U this work DFT-D2 0.826 0.475 0.748 0.580
PBE+U Ref. [20] DFT-D2 0.522a

0.839b
0.151 0.796 0.612

a Stepped boundary built by breaking of only longer MoeO bond.
b Plane boundary built by breaking of both long and short MoeO bond.
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Fig. 3. The relationships between surface energies of MoO3 and the oxygen chemical potential. (a) The surface energies of MoO3 as a function of the oxygen chemical
potential. (b) The oxygen chemical potential as a function of the oxygen partial pressure pO2.
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faces. Based on this equilibrium morphology, the mono-crystal MoO3

should grow preferentially along [1 0 0] or [0 0 1] direction. Because
these {0 0 1} and {1 0 0} faces have relative high surface energy and
chemical activity, resulting in their high driving force of preferential
growth. The viewpoint has been confirmed by some previous experi-
ments [21,33,34]. According to our calculations, it is found that the
predicted equilibrium morphology of a bulk mono-crystal MoO3 under
the high pO2( =pln 20O2 ) at 900 K along [0 0 1] and [1 0 0] direction is
almost identical. And the predicted equilibrium shape along [0 0 1]
direction is plotted in Fig. 6c, which is in good agreement with the
experiments in Ref. [21,35]. And some MoO3 nanoribbons with similar
morphologies have also been found in Ref. [36,37]. In fact, the practical
morphology of MoO3 is also affected by some kinetic factors, such as
heat diffusion and growth technology. The MoO3 crystal may grow
along [0 1 0] direction, and the morphology of bulk single crystal MoO3

is also predicted in Fig. 6c.
Under a lowpO2 ( =pln 70O2 ) at 900 K, the surface energies of Mo-

rich (1 0 1) and (0 1 0) surfaces decline sharply, and the (0 1 0)-Mo and
(1 0 1)-Mo have higher stability than the stoichiometric surface. It is
suggested that the stoichiometric surface should transform to the cor-
responding Mo-rich termination under the lowpO2 at this temperature.
As shown in Fig. 6b, the equilibrium morphology of MoO3 under a low
pO2( =pln 70O2 ) is a flat four prism. The {0 1 0}-Mo plane constitutes
top face and bottom face, and {1 0 1}-Mo dominates the side faces,
which is similar to the sharp of high pO2( =pln 20O2 ). Different form
the morphology of high pO2( =pln 20O2 ), the others {1 0 0} and
{0 0 1} surfaces do not appear under the low pO2. Unfortunately, due to
the difficulty of preparation for ultra high vacuum, there is no available
experiment under a low pO2( =pln 70O2 ) for comparison.
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Fig. 4. The surface energies of MoO3 as a function of the oxygen partial pressure pO2.
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4. Conclusions

The surface stability and equilibrium morphology of MoO3 were
investigated by the first principles calculations. The thermodynamic
energies of the stoichiometric surfaces for MoO3 are in the order
(0 1 0)< (1 0 1)< (0 0 1)< (1 0 0). It is found that the (0 1 0) surface
has a lowest surface energy, which agrees well with the previous cal-
culations. The energies of the non-stoichiometric surfaces were eval-
uated as functions of temperature and oxygen partial pressure. The
results show that the energies of Mo-terminated surfaces decrease with
temperatures, and increase with oxygen partial pressures, while the
energies of O-terminated surfaces show the opposite rule. The equili-
brium morphology of MoO3 was predicted by using the Gibbs-Wulff
model, and then was compared with the other’s experiments and the-
oretical results.
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