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Abstract. The sesquioxides of molybdenum and tungsten have
been reported as thin films or on surfaces as early as 1971, but the
preparation of bulk materials and their crystal structures are still
unknown up to the present day. We present a systematic ab initio
approach to their possible syntheses and crystal structures apply-
ing complementary methods and basis-set types. For both com-
pounds, the corundum structure is the most stable and does not
display any imaginary frequencies. Calculations targeted at a high-
pressure synthesis starting from the stable oxides and metals
predict a reaction pressure of 15 GPa for M0203 and over 60 GPa
for W20:s.

Introduction

The distinct behavior of the d-block elements also applies
within the chromium group. Accordingly, molybdenum and
tungsten are the heavier atoms of this group and show simi-
lar atomic and ionic radii which also leads to an alike chem-
ical behavior and is the result (at least in part) of the lantha-
noid contraction. Chromium as the lighter atom has a
smaller radius and behaves differently, not too surprisingly.
The difference between chromium and its heavier homo-
logues molybdenum and tungsten, however, is not as signif-
icant as it is in the adjacent vanadium group.

It is quite puzzling to note that the Inorganic Crystal Struc-
ture Database (ICSD) does not list any sesquioxides of
molybdenum or tungsten. Nonetheless, there is a first report
on a cubic polymorph of both molybdenum and tungsten
sesquioxide by Palatnik et al. [1] which, however, only
provides the lattice parameters for the proposed cubic struc-
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tures, namely a = 6.84 A for Mo,0z and a = 6.86 A for
W,03. Second, a composition dubbed Mo203 and W-03
was also reportedly obtained on the surface of oxygen-
implanted single crystals of molybdenum and tungsten [2].
The observed surface layers, however, were amorphous as a
result of oxygen-ion bombardment. Third, the synthesis of
tungsten(l11) oxide was again claimed as a thin film via
atomic layer deposition in 2006 [3] but no details on the
crystal structure could be given as the X-ray diffraction data
indicated that the samples were amorphous.

As a first experimental attempt, a conventional synthetic
approach inspired by the successful synthesis of the meta-
stable sesquioxides of vanadium [4] was used. Different
oxide (crystalline and amorphous) and oxide fluoride pre-
cursors were reduced with altered Ho/Ar flow rates. The
usage of hexafluorides is difficult due to their liquid (Mo)
and gaseous (W) aggregate state at ambient conditions.
Additionally, experiments with oxide hydrates and oxide
nitrides were performed as well. All results were more than
underwhelming. Well-known phases such as MoO; and
WO; were predominantly formed throughout all experi-
ments. Other typical results were highly amorphous sam-
ples. Motivated by the lack of experimentally confirmed
crystal structures, we used density-functional theory to
present a first-principles approach to the crystal structures
and possible synthetic routes to molybdenum and tungsten
sesquioxide.

Theoretical methodology

Periodic density-functional theory (DFT) calculations were
performed as implemented in the Vienna ab initio simula-
tion package (VASP) [5]. Core and valence electrons were
separated using projector-augmented waves (PAW) [6], and
the generalized-gradient-approximation as described by
Perdew, Burke and Ernzerhof (GGA-PBE) [7-8] was used
to treat contributions of exchange and correlation. An ener-
gy-cutoff of 500 eV and an adapted k-point sampling en-
sured well-converged structures. The k-point grid was in-
creased until the number of k-points multiplied with the
number of atoms was greater than 5000, a sufficient criteri-
on in the past; numerical values are given in the SI. All
lattice parameters and atomic positions were allowed to
relax until the ionic convergence criterion of 107 eV was
reached. For selected cases (i.e., Al,O3 as the reference
structure, La,03 and Sb,03) additional corrections for van-
der-Waals forces were included, namely Grimme’s
“D3(BJ)” dispersion correction with Becke-Johnson damp-
ing [9-10] as implemented in VASP 5.3.5.

To investigate the unknown crystal structures of the hypo-
thetical compounds Mo,03; and W»O3, a set of 13 well-
known A;X3 structures was chosen as starting structures,
namely the same used in our previous studies on the ses-
quioxides of Cr, Nb and Ta. A full relaxation of the struc-
tures including atomic positions and cell parameters was
performed to ensure the lowest-energy structure to be
found. To speed up the calculations, symmetry was applied
while iterating but no explicit symmetry reduction or
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change to subgroups was introduced, unless automatically
occuring during optimization. To predict high-pressure
polymorphs, the volume of the optimized structures at am-
bient pressure was varied by scaling the cell parameters
from 94% to 104%, and the resulting energy vs. volume
data were fitted to the Birch-Murnaghan equation of

state [11]. Thus, the pressure and, eventually, the reaction
enthalpies as a function of the pressure were calculated.
The dynamic stability of selected M,Os candidates was
investigated by calculating the phonon density of states
(pDOS) using the program Phonopy [12]. As a first step,
supercells of the optimized structures were constructed. All
symmetry-inequivalent atoms were then slightly shifted out
of their equilibrium positions to numerically calculate the
Hellmann-Feynman forces. Subsequently, the force con-
stants and then the dynamical matrices were computed.
Phonon frequencies and eigenvectors were calculated from
the dynamical matrices. The pDOS can then be assessed by
summing up over all phonon frequencies [13].

As a complementary approach and in order to investigate
the influence of exact exchange on the electronic ground
states and the relative stabilities of the polymorphs, we also
calculated the same set of 13 structures with the crystalline-
orbital program CRYSTAL14 [14]. Here, the Bloch func-
tions are represented by atom-centered basis functions. The
localized nature of the basis functions leads to an efficient
calculation of exact exchange. For comparison with the
VASP-PBE results, we employed the hybrid functional
PW1PW which has been previously used in similar studies
of thermodynamic and electronic properties of transition-
metal oxides [15-16]. The Hartree—Fock contribution of this
functional is 20%, and it was optimized towards the band
gaps of MgO, NiO, and CoO [17]. The basis sets remained
unmodified. Atomic basis sets of standard quality were
selected for Mo [18], W [19] and O [20]. We then consid-
ered closed-shell diamagnetic (DM), open-shell ferromag-
netic (FM) and antiferromagnetic (AFM) states. Full opti-
mizations within the symmetry restrictions of the space
groups and their magnetic subgroups were performed. In
what follows in tabular form, only the relative energies of
the lowest magnetic states of the polymorphs are given.
Magnetic calculations with FM and AFM ordering resulted
in zero magnetic moments and identical energy values for
the stable corundum type structure when using VASP.

Results and discussion

As said before, a set of 13 well-known A;X3 starting struc-
tures was first fully optimized for both compositions M0,03
and W03 with VASP-PBE and CRYSTAL-PW1PW. The
resulting energies and volumes are listed in Table 1 for the
molybdenum and Table 2 for the tungsten case. The corun-
dum-type [Al>Os] starting structure resulted in the lowest
total energy for both elements. The fully relaxed structure
resembles the corundum starting structure quite well but
with one significant difference: the previously slightly dis-
torted hexagonal close packing (hcp) of the oxygen atoms
becomes perfectly ordered in the relaxed structure. The
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origin of this effect could not be determined yet, but a mag-
netic effect is unlikely, as a magnetic moment was unstable
in the calculations. When performing the identical relaxa-
tion with Al>Os3 in the corundum structure, the ordering
phenomenon was not observed. Therefore, a temperature
effect also seems unlikely. Furthermore, the monoclinic
[V20s] starting structure (Figure 1, right) transforms into
the corundum structure upon structural optimization and,
thus, arrives at the same total energy. Once again, this ap-
plies to both sesquioxides of molybdenum and tungsten
which is why we only depict the structure of Mo.0Os in
Figure 1. We also note that this behavior (V203 — Al;O3)
has previously been observed in a similar DFT investiga-
tion for chromium sesquioxide [21], in which the [V20s]
starting structure also transformed into the corundum struc-
ture upon structural optimization. No starting structure type
seems to be within a reasonable energetic range of about
0.2 eV (= 20 kJ/mol per formula unit) to the corundum
structure type which is the energetically preferred structure
for both investigated sesquioxides. This is also true when
the CRYSTAL-PW1PW results are considered. Despite the
fact that the magnetic ground states derived from VASP-
PBE and CRYSTAL-PW1PW are different in many cases,
which then leads to a different ordering of the less stable
polymorphs, the corundum and [V.0s3]-derived structures
are clearly preferred over all the others. The stability differ-
ences between these structures and other phases increases
even more whenever London dispersion interactions (need-
ed in particular for layered structures) are taken into ac-
count. Therefore, and for reasons of computational efficien-
cy, we will continue our investigation only with the corun-
dum structure type. The calculated cell parameters and
atomic positions for Mo,0O3 and W,O3 are listed in Table 3.

Corundum-type [V,O,]-type

Fig. 1. Relaxed crystal structure of Mo203 (and W203) in the
corundum structure (left) displaying the lowest energy. The
[V203] starting structure (right) transforms into the corundum
structure (left) upon structural relaxation.

Table 1. Molar volumes and relative energies per formula unit for
hypothetical molybdenum sesquioxide Mo203 polymorphs as a
function of computational methodology and magnetic state (DM =
diamagnetic, FM = ferromagnetic, AFM = antiferromagnetic). The
listed structures represent the starting structures.

Structure Reference  V(PBE) AE(PBE) AE(PBE-D3) (eV) AE(PWI1PW) (eV)

type GY) (eVv)

Al203 [22] 54.02 0.00 0.00 0.00 (AFM)

V203 [23] 54.02 0.00 0.00 (DM)

Gaz203 [24] 55.22 0.30 0.61 (DM)
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Rh203 [25] 53.51 0.51 0.51 (AFM)

Smz03 [26] 57.15 0.69 1.21 (FM)

Sh20s [27] 61.75 0.70 0.90 0.80 (AFM)
Auz03 [28] 53.54 0.95 2.12 (AFM)
Fe:03 [29-30] 5756 1.04 1.93 (AFM)
Sh2Ss [31] 58.08 1.39 1.01 (AFM)
GdFeO; [32] 53.07 1.94 1.45 (AFM)
La:0s [33] 60.99 1.98 2.11 1.59 (AFM)
Bixbyite [34] 56.47 2.07 1.34 (AFM)
Ag0s [35] 57.65 2.84 1.77 (AFM)

Table 2. Same as before but for W20s3.

Structure Reference  V(PBE) AE(PBE) AE(PBE-D3) (V) AE(PW1PW) (eV)

type GS) (V)

AlO3 [22] 54.50 0.00 0.00 0.00 (AFM)
V203 [23] 54.50 000 0.00 (AFM)
Rh20s [25] 54.01 0.50 1.04 (AFM)
Sm203 [26] 58.00 0.66 2.04 (AFM)
Ga:0s [24] 58.79 0.91 1.38 (AFM)
Fe03 [29-30] 59.56 0.98 1.12 (AFM)
Au203 [28] 53.98 1.23 0.49 (AFM)
SbySs [31] 59.47 1.66 0.42 (AFM)
Sby03 [27] 57.37 1.77 0.14 0.34 (AFM)
GdFeOs [32] 52.73 2.20 0.82 (AFM)
La20s3 [33] 62.03 2.28 2.42 1.18 (AFM)
Bixbyite [34] 56.75 2.49 0.76 (AFM)
Ag203 [35] 57.62 2.89 1.04 (AFM)

Table 3. Structural details and molar volumes of molybdenum and
tungsten sesquioxide in the corundum structure based on VASP-
PBE calculations.

Mo203 R3c (167) Atom X y z

a 4710 A Mo 0 0 0.163
c 16.874 A o] 1/3 0 1/4

Z 6

v 54,01 A3

W203 R3c (167) Atom X y z

a 4.663 A w 0 0 0.163
c 17.366 A 0 13 0 1/4

Z 6

v 54,50 A3

For the most stable corundum polymorphs of both M0,03
and W,0Os3 the electronic density of states was calculated
with CRYSTAL-PW1PW. This is because, quite generally,
hybrid methods provide a more accurate description of the
electronic structure compared to semilocal GGA function-
als. In Figure 2, the projected density of states of the high-
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est valence and lowest conduction bands are shown for the
AFM ground states.

Mo

"

Density of states (arb. units)

2 0 2 4 6 -4-2 0 2 4 6 8
Energy (eV)

Fig. 2. Projected density of states for both sesquioxides in the
corundum structure according to CRYSTAL-PW1PW. The orbital
energy is given relative to the Fermi energy.

The electronic structures of the two compounds are rather
similar. In both cases, the valence band and the conduction
band predominantly consist of metal 4d(5d) orbitals, re-
spectively, but with significant contributions from the O 2p
states, indicating a partially covalent bonding. The upper
part of the valence band of W03 (right frame) is split into
two domains from 0 to —2 eV and between —2 and —4 eV
below the Fermi energy. Mo,Os (left frame) only shows one
domain between 0 to —2 eV. This is possibly due to a
smaller distortion from octahedral site symmetry of the
metal ions in M0,0Os so that the splitting of the tyg orbitals is
smaller in this compound. The fundamental band gap of
Mo,0s3 (2.39 eV) is slightly larger than that of W,03 (1.84
eV) at PW1PW level of theory. If the calculated electronic
band gaps are a reasonable approximation to the optical
band gaps, i.e., if the excitonic effects are small, then mo-
lybdenum sesquioxide could be a promising candidate for
photocatalytical applications since the gap is in the optimal
region, e.g., for water splitting.

Prior to an investigation of possible synthetic routes, we
performed phonon calculations on the sesquioxides of mo-
lybdenum and tungsten with VASP-PBE taking the corun-
dum structure. The calculated phonon densities of states
(pDOS) depicted in Figure 3 show no imaginary modes for
both sesquioxides and thereby verify their dynamic stabil-

ity.
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Fig. 3. Calculated phonon DOS of both sesquioxides in the corun-
dum structure based on VASP-PBE results.

Having identified the corundum structure as the most likely
one for Mo,03 and W,03, we then considered various reac-
tion routes to estimate the feasibility of their syntheses. The
selected pathways are limited to solid-state materials and
only include the metals and their different oxides. Molyb-
denum and tungsten both only form two oxides with an
integer oxidation state, namely the dioxide and the trioxide,
and therefore allowing only two simple reaction routes to
be computationally explored:

(|) M + MOz — M,03

(||) LM + 3/2 MO; —» M,03

The corresponding reaction enthalpies and volumes relative
to the reactants are listed in Table 4.

When investigating such reaction enthalpies, one has to be
aware of two key issues: first, the reactions are always
equilibrium reactions and, second, they compete with each
other. For example: if reaction (1) is exothermic, the reac-
tants will yield the product of route (I). This product, how-
ever, will decay into the reactants of reaction (1) in case the
latter is endothermic. As a consequence, all possible reac-
tion routes must show exothermic reaction enthalpies for
the proposed synthetic conditions.

Table 4. Relative theoretical reaction enthalpies and volumes of
M:0s3 for the hypothetical reaction routes | and 11 based on VASP-

PBE results.
Mo0203 W203
Synthesis AV (A3 AHr (kMmol) AV (A% AHR (kJ/mol)
m M+ MOz — M203 —20.30 —89.26 -19.38 105.91
() %M+3>M02 — M203 —4.56 37.06 —4.16 104.62

The synthesis of M0,0O3 via the trioxide route (1) is exo-
thermic while route Il shows a positive reaction enthalpy of
ca. 37 kd/mol. Also, the large volume loss of the product
relative to the reactants calls for a high-pressure synthesis.
For W03, both reaction routes show very similar reaction
enthalpies of about 105 kJ/mol and a negative relative vol-
ume. Hence, only a high-pressure synthesis is a good choice
for the tungsten sesquioxides, as well.

To calculate the pressure dependence of all materials, the
energy vs. volume curves were calculated for all reactants
and products. By fitting the results to the Birch-Murnaghan

Author Title
Nils Beckera, Christoph A density-functional theory approach to the existence and stability
Reimannb, Dominik of molybdenum and tungsten sesquioxide polymorphs

Weberc, Tobias Lidtkec,
Martin Lerchc, Thomas
Bredowb and Richard
Dronskowskia,*

File Name Date Page
W203_Mo0203_ 04.08.2016 7(11)
revised_highlight

ed.docx



equation of state [11] and subsequent differentiation, the
energy dependence of the pressure is obtained. The pres-
sure-dependent enthalpies can be obtained via H = E + pV
which are depicted in Figures 4 and 5 relative to the corre-
sponding reactants. According to Figure 4, M0203 should
form around 15 GPa, not necessarily a routine high-
pressure experiment, but still manageable. As mentioned in
the introduction, it is impossible to synthesize M0,0O3 via a
conventional synthesis route at ambient pressure. Reduction
of MoO3, MoO3-H,0, molybdenum oxide nitrides, and
molybdenum oxide fluorides with various Ha/Ar gas mix-
tures at temperatures above 548 K always resulted in the
formation of MoO- and more complex phases like M04O11
or M018052.

40

30|

o0l \

(kd/mol)

\\ M o, o::
1 0 gy

%2 MoO, + '/ Mo

0 5 10 15 20
p (GPa)

Fig. 4. Density-functional (VASP-PBE) enthalpy-pressure dia-
gram for the synthesis of M020s3 in the corundum structure via

reaction II.

200/
2
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-.?._.‘, W+ WOV//
T ~
3 W,0,

~100
0 20 40 60 80

p (GPa)

Fig. 5. Density-functional (VASP-PBE) enthalpy-pressure dia-
gram for the synthesis of W20s3 via reaction | (blue, extrapolated
for p > 40 GPa) and reaction Il (green).

As shown in Figure 5, the two possible reaction routes for
W05 require quite different pressures. At a pressure of
about 12 GPa the sesquioxide becomes more favorable than
the reactants of route I, while route Il needs a pressure of
more than 60 GPa to yield the sesquioxide. Of course, this
huge difference is a direct consequence of the more nega-
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tive relative volume of reaction I (Table 4). An attempt to
prepare bulk W03 therefore requires very high pressures of
over 60 GPa and is experimentally quite challenging. The
role of the entropy is rather small for both sesquioxides: at
300 K the entropy term is only about 2 kJ/mol for the rele-
vant dioxide route (I1) and, thus, the influence on the transi-
tion pressures is tiny (under 1 GPa). All these findings are
reflected by our unsuccessful attempts in synthesizing this
phase at ambient pressure. The range of used precursors
and reaction conditions were comparable to those of the
lighter homologue. Additionally, different oxide chlorides
were also tested. Summarizing the results, it can be stated
that even at the lowest possible H; flow rate (0.01 L/h),
reduction of the precursor to tungsten metal was observed
at temperatures above 873 K. At lower temperatures, WO,
was the main product.

Conclusion

Density-functional theory calculations by means of the
GGA and a hybrid level on different sesquioxide structures
with the composition Mo,03; and W>03 yield the corundum
structure type as the structure with the lowest energy. Upon
structural optimization, the monoclinic [V20s3] structure
transforms into the corundum structure, as was previously
also observed for Cr,Os. All other investigated structures
are energetically much less favorable and therefore are not
likely to be found for the sesquioxides of molybdenum and
tungsten. Hypothetical synthetic routes were analyzed to
estimate the feasibility of the preparation. The synthesis of
Mo,03 should be possible via the dioxide at a pressure
above 15 GPa, while a synthesis of W03 requires a transi-
tion pressure greater than 60 GPa and should be accom-
plished via the dioxide, as well. Such high-pressure exper-
iments are in progress. Phonon calculations concerning the
dynamic stability of both sesquioxides suggest that they are
stable.
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