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Abstract

Synthesis, analysis, structure and applications of molybdenum and tungsten trioxides and dioxides as well as mixed-valence
compounds have been described. The chapter What is behind ‘molybdic acid’ and ‘tungstic acid’? explains and corrects the
incorrect terms ‘molybdic acid’ and ‘tungstic acid’ for the hydrates MoO;-nH,0 (n=1, 2) and WO;-nH,0 (n=1, 2, 0.5).
The chapter Mixed molybdenum/tungsten trioxides highlights the use of Mo, W, _,O; as antimicrobial substance.
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NIRS Near Infrared spectroscopy: From
12,820 cm™ (780 nm) to 4000 cm ™!
(2500 nm)
nm Nanometer (1 nm=10" m=10" cm=10 A)
NMR Nuclear magnetic resonance
ON Oxidation number
PDF Powder diffraction file
pm Picometer (1 pm=10"2m=10""cm=0.01 A)
ppm Parts per million (1 ppm=0.0001%)
POM Polyoxometalate(s)
p (rtho) Symbol for density
SEM Scanning electron microscopy
TBO Tungsten blue oxide
XPS X-ray photoelectron spectroscopy, aka ESCA
(electron spectroscopy for chemical analysis)
XRD X-ray diffraction
V4 Number of formula units in a unit cell

Basic properties of molybdenum
and tungsten

Molybdenum: Group 6, Period 5 in the Periodic Table
of Elements; Atomic number 42; Electron configuration
[Kr]4d35s!; Molar mass 95.94 g mol™!; m.p. 2623 °C

Tungsten: Group 6, Period 6 in the Periodic Table
of Elements; Atomic number 74; Electron configura-
tion [Xe]4f!'*5d*6s? or [Xe]4f'45d°6s'; Molar mass
183.85 g mol~!; m.p. 3420 °C

The metals molybdenum and tungsten belong to the 90
naturally occurring elements. As elements of the d-block in
the Periodic Table, which includes groups 3—12, they are
classified as ‘transition elements’ or ‘transition metals.” Both
metals also belong to the group of ‘refractory metals.” These
are a class of metals that are extraordinarily resistant to heat
and wear. Most definitions of the term ‘refractory metal’ list
the high melting point as a key requirement for inclusion. By
one definition, a melting point above 2200 °C is necessary to
qualify. The five elements niobium, molybdenum, tantalum,
rhenium and tungsten are included in all definitions [1, 2].

Molybdenum oxides
Molybdenum trioxides

Molybdenum(VI) oxide, MoOs, is formed during the roasting
of many molybdenum compounds as a white solid at room
temperature (p 4.69 g cm™>; m.p. 795 °C; b.p. 1155 °C).
According to mass spectrometric studies, the MoO; vapor
(850 °C) contains mainly the polymeric species M0;Oq,
Mo,O,, and MosO;5 [3]. In contrast to tungsten trioxide,
WOj;, molybdenum trioxide, MoOj3, reacts with acids as well
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as bases. Such substances are classified as acid—base ampho-
teric compounds,' aka ampholytes. The term is derived from
the Greek word du@orepwc (amphoteros), meaning ‘both.’
When MoO; reacts with, e.g., HCI, it acts as a base to form
the molybdenyl cation MoO,**. When it reacts with, e.g.,
NaOH, it acts as an acid to form the monomolybdate anion,
Mo0,>~. Molybdenum trioxide forms five polymorphs. In
addition to the thermodynamically stable a-MoOj;, four meta-
stable polymorphs have been discovered.

Orthorhombic a-MoO,

Orthorhombic a-MoOj; (space group according to the Her-
mann-Mauguin notation*: Pbnm, a=1385.5, b=2369.6,
c=396.3 pm) has a peculiar double-layer structure
joMoO1 11022053 [4]. The layers are built up of MoOg octahedra
at two levels, connected along the b axis by common edges and
corners, to form zigzag rows, and along the ¢ axis by common
corners only (Fig. 1). Each MoOg octahedron has one double-
bonded oxygen atom (Mo=0). Therefore, three kinds of struc-
turally different oxygen atoms exist, namely terminal (singly
coordinated), asymmetric bridging (twofold coordinated) and
symmetric (threefold coordinated) bridging oxygen atoms.

Monoclinic -MoO,

Monoclinic #-MoO; was first synthesized by gently heated
spray-dried molybdenum trioxide monohydrate, MoO5-H,O
(often incorrectly denominated ‘molybdic acid’, ‘H,Mo00,’),
which had been prepared by passing sodium molybdate solu-
tion over an ion-exchange resin [5]. Powdered samples of
p-MoO; have been obtained by gentle heat treatment of
freeze-dried MoO5-H,O at 350 °C for 1 h [6]. The XRD
peaks were indexed on the basis of a monoclinic cell (space
group P2,/c). The cell parameters a=712.28, b=533.6,
¢=556.65 pm and =92.01° were determined. The struc-
ture of monoclinic f-MoOQj is similar to monoclinic WO;
and related to the three-dimensional ReOj; structure, which
consists of a corner-connected octahedral network, as
shown in Fig. 2. An ab initio LAPW (linearized augmented
planewave) study [7] of the a- and fB-phases of bulk MoO;
revealed that structure and electronic properties of @-MoO;

' Redox-amphoteric compounds (aka ampholytes) are substances
which react—depending on the reactant—as an oxidizing or reducing
agent. H,0, (oxidation number of oxygen —1) oxidizes, e.g., iodide,
I7, to I, and is reduced to H,O (ON-2). On the other hand, it reduces,
e.g., permanganate MnO,~ to Mn?* and is oxidized to O, (ON +0).

2 Hermann-Mauguin notation is used to represent the symme-
try elements in 32 crystallographic point groups and 230 space
groups. It is named after the German crystallographer Carl Hermann
(1888-1961), who introduced it in 1928, and the French mineralo-
gist Charles-Victor Mauguin (1878-1958), who modified it in 1931.
See also: International Tables for Crystallography: https://doi.org/10.
1107/97809553602060000001
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Fig. 1 Octahedral model of orthorhombic a-MoO,
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Fig.2 Octahedral model of monoclinic f-MoOj;

are in good agreement with experimental and previous theo-
retical results. The orthorhombic modification is partially
ionic, and the symmetrically bridging oxygen atoms exhibit
more ionic character, while the terminal ones are more cova-
lent. The characterization of the electronic structure of f-
MoO; by density of states (DOS) disclosed that it is not a
fully ionic system, containing certain covalent components.
The f— a transformation is both exothermic and photochro-
mic. Above 400 °C at moderate heating rates, the yellow
B-MoOs is converted to the white a-phase. The relatively
high transformation temperature of f-MoOj is caused by its
sufficient kinetic stability at room temperature. The partial
substitution of molybdenum by tungsten stabilizes the ReO5

structure (cf. chapter Mixed molybdenum/tungsten trioxide
for germ-free surfaces).

Monoclinic f*-MoO,

Another modification of molybdenum trioxide, designated
B‘-MoOj3, has been determined from neutron powder dif-
fraction data and refined [8] using the Rietveld reﬁnement.3
At first, Dy goM0O; was prepared by a spillover reaction.*
Pp‘-MoO; was produced by heating this intercalate in oxy-
gen at 200 °C, driving off D,0. The structure of #*-MoO;
was refined as monoclinic (P2,/n, a=742.45, b="747.83,
c=768.97 pm, =90.09°). It is isostructural with the room-
temperature monoclinic modification of WO;.

Monoclinic e-MoO,

The high-pressure modification e-MoOj; (or MoO;-1I) exhib-
its a specific monoclinic (P2,/m) phase [9]. Similar to the
a-MoO; structure, e-MoOj has a layer structure. In fact, the
individual M0O,,0,,,05,; layers of e-MoO; and a-MoO;
are virtually identical. However, the stacking sequence of the
layers of e-MoO; (aaa) differs from that of a-MoO; (aba),
causing an improved packing efficiency for the layers of
£-MoQO; versus those of a-MoOj.

Hexagonal h-MoO,

Finally, a vast variety of polymeric ‘hexagonal
molybdenum oxides’ h-MoO; (P6s;/m or P6;) exists.
Their structure can be best described by the formula
(NH4)X;[M0EI 1,03,(OH),(H,0),, ,]-nH,0 with
0.10<x<0.14; 0.84 <y <0.88; m+n>3-x-3y; O lattice
vacancy. The hexagonal MoOg framework accommodates
[NH,]* cations, which float relatively freely in the struc-
ture’s tunnels. The model of the phase 4-MoOj; is shown in
Fig. 3 [10]. This phase, distinct among the other metastable
MoO; polymorphs, allows a versatile intercalation chemistry
with interesting chemical, electrochemical, electronic and
catalytic properties [11].

3 Rietveld method described by the Dutch crystallographer Hugo
M. Rietveld (1932-2016) enables the structure refinement of non-
monocrystalline powder samples.

See also: Young RA (1993) The Rietveld Method, Oxford Univer-
sity Press.
4 Spillover, generally, is the transport of a species adsorbed or
formed on a surface onto another surface.

In heterogeneous catalysis, hydrogen molecules can be adsorbed and
dissociated by the metal catalyst.

@ Springer
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Fig.3 Combined ball-and-stick/octahedral model of the h-MoO;
framework (view along c-axis)

Molybdenum dioxide

Brown-violet molybdenum(IV) oxide, MoO, (p 6.47 g cm™;
m.p. 1100 °C), is formed by reduction of MoO; with hydro-
gen, ammonia, sulfur or carbon monoxide as well as electro-
lytically in molten salts. Above 1050 °C MoO, is noticeably
volatile. Single crystals of MoO,—as well as of WO,—are
available by chemical transport reactions [12]. The metallic
conductor crystallizes in a distorted monoclinic rutile (TiO,)
structure. In TiO, the oxide anions are closely packed, and
the titanium atoms occupy half of the octahedral interstices.
In MoO, the Mo atoms are off-center, leading to alternat-
ing short and long Mo—Mo distances. The short Mo—Mo
distance amounts to 251 pm, which is even less than the
Mo—-Mo distance of 272.5 pm in metallic molybdenum. The
bond length is shorter than expected for a single bond. The
bonding is complex and involves a delocalization of some
of the Mo electrons in a conduction band accounting for the
metallic conductivity [13].

Low-dimensional molybdenum oxides

A number of studies have been carried out on binary and
ternary molybdenum oxides. These oxides are stable phases
without extended homogeneity ranges. All structures of
these oxides are composed of MoOg octahedra, MoO, tet-
rahedra and pentagonal MoO, bipyramids. These oxides
of mixed valence belong to three structural classes: ReOs,
MoOj; and a structure of a mixed-polygonal type [14].

A series of molybdenum oxides with a composition MoO,,
(2 <x<3) between MoO; and MoO, is formed, for exam-
ple, when heating MoOj; in vacuum or by reducing MoO;
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Fig.4 Polyhedral model of the Magnéli phase y-Mo,O,

with Mo. The following phases exist: Mo,O;; (£ MoO, -s),
Mo ;047 (£ M0O, 765), M0sO1, (£ M0O, 55), MogOp3 (£
MoO, g75), M035055 (£ M0O, g55), M0gO56 (£ MO, g5)
and Mo,;055 (£ M00, o,5). The phase diagram Mo-O has
been established [15].

Low-dimensional compounds exhibit interesting physi-
cal properties associated with their electronic instabilities
[16]. Red bronze A, ;3Mo0; (A=Li, K, Rb, Cs, T1) [17] is
a semiconductor, while the phases Mo,O; [18, 19] as well
as MogO,; [20], blue bronze A, ;M00; (A=K, Rb, TI) [21],
purple bronze AjoMogO;; (A=Li, Na, K, TI) [22], and the
rare-earth bronze La,Mo,0; [23] exhibit metallic conductiv-
ity at room temperature. These phases are named Magnéli
phases after the Swedish crystallographer Arne Magnéli
(1914-1996). Structurally, all these oxides contain Mo—O
layers made up of edge- and corner-sharing MoOy octahe-
dra, with large and complex unit cells. The Magnéli phase
Mo,O,, exists in two modifications, y- and #-Mo,O, ;. Both
contain layers of MogO,,, solely made up of MoOg octahe-
dra. These layers are linked via MoO, tetrahedra to form
the three-dimensional structures of y-Mo,O,, (Fig. 4). The
y- and n-phases differ slightly only in the way the MosO,,
layers are joined by the MoO, tetrahedra. The term ‘crystal-
lographic shear’ to describe this type of structure was coined
by Arthur David Wadsley (1918-1969) and elaborated by
him in a seminal review of so-called non-stoichiometric
compounds [24]. These solid inorganic compounds have
compositions whose elemental proportions cannot be repre-
sented by integers. Contrary to Wadsley’s definition of ‘non-
stoichiometric compounds’ as ‘mixtures of discrete chemi-
cal compounds,” the modern understanding views them as
homogeneous. A small percentage of atoms is missing or
too many atoms are packed into an otherwise perfect crystal
lattice. Since the solids are overall electrically neutral, the
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charge equalization is realized by either the same atoms with
modified oxidation states or foreign elements with adequate
charges. The guidelines for understanding the crystal struc-
tures as well as the chemical bonding and electronic proper-
ties of such complex systems are outlined in [25].

Tungsten oxides

The system tungsten-oxygen is very complex and structur-
ally extremely adaptive. The important class of tungsten
oxides is widely studied and used in many technological
applications. While the fully oxidized phase, tungsten triox-
ide, has only corner-sharing WOq octahedra, a slight reduc-
tion results in edge-sharing between octahedra along crys-
tallographic shear (CS) planes. Further reduction gives rise
to formation of pentagonal column structures, in which at
first the pentagonal columns are sharing corners only. With
increased reduction, edge-sharing between the pentagonal
columns is introduced [26].

Tungsten trioxide

Yellow tungsten(VI) oxide, WO; (p 7.16 g cm™; m.p.
1473 °C; b.p. ca. 1700 °C), is the ultimate oxidation product
of all tungsten compounds. At about 1100 °C, WO; subli-
mates (sublimation heat 460 kJ mol~"). The vapor contains
the polymeric species W,0,,, W30y and W,04. When heat-
ing WOj; in vacuum (1300-1500 °C) and during its reduc-
tion with tungsten powder in an inert atmosphere or with
hydrogen, lower oxides WO, (2 <x < 3) are formed. These
are ordered phases with defined stoichiometry [27].

In contrast to the acid—base amphoteric' MoO,, WO,
reacts with bases only. It is characterized by a number of
modifications originated from the ideal cubic perovskite-
like structure under light distortion involving formation of
WO, octahedra arranged in various corner- and edge-sharing
configurations. Several temperature-dependent phase transi-
tions occur. Thus, the monoclinic a-WO; phase exists below
— 50 °C, followed by the triclinic #-WO; phase from — 50 to
17 °C and the monoclinic y-WO; phase from 17 to 330 °C,
which is stable at room temperature. The orthorhombic
0-WO; phase can be found at the temperature range of
330-740 °C. The tetragonal e-WO; phase is detected above
740 °C [28]. The high-temperature orthorhombic [29] and
hexagonal #-WO; [30] phases have also been reported. In
addition, the formation of metastable cubic WO; has been
observed in the course of the dehydration of tungsten tri-
oxide dihydrate, WO;-2H,0 [31]. Tungsten oxides are
attracting continuous attention as sensors to various gases,
chromogenic (electro-, photo- and thermochromic) materi-
als and catalysts in several acid-catalyzed or photocatalytic
reactions. Hexagonal WO, can be prepared by annealing
hexagonal ammonium tungsten bronze (cf. section Tungsten

Fig.6 Octahedral representation of monoclinic y-WO;

bronzes). Structure, composition and morphology of 1-WO,
were studied by XRD, XPS, Raman spectroscopy, 'H-MAS-
NMR, SEM and Brunauer-Emmett-Teller (BET) surface
area measurement, while its thermal stability was investi-
gated by in-situ XRD [32]. The octahedral representations
of hexagonal 1-WO; and monoclinic y-WOj; are shown in
Figs. 5 and 6.

Tungsten dioxide

The chocolate brown tungsten(IV) oxide, WO, (p
10.8 g cm™; m.p. 1700 °C; b.p. 1730 °C), is an intermedi-
ate product of the reduction of tungsten compounds. It forms
monoclinic crystals with a distorted rutile (TiO,) structure
and is therefore structurally very different from the higher
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oxides. Each tungsten center has d” configuration, which
gives the material a high-electric conductivity. WO, can be
prepared by reduction of WO; with tungsten powder over
the course of 40 h at 900 °C:

2WO, + W = 3WO0,

The pure material is produced by reduction of WO,
with moist hydrogen (e.g., at 900 °C, water vapor pressure
50 kPa) [33]. Single crystals are obtained by chemical trans-
port technique using iodine. Because halides show oxidiz-
ing characteristics, tungsten oxyhalides are often formed as
transport-effective species in which tungsten has a higher
oxidation number than in the solid as shown for the transport
of WO, with iodine [34]:

WO,(s) + I,(g) 2 WO,1,(g)

Magnéli WO, phases

In addition to five modifications of WOj;, several substoi-
chiometric structures of WO,,, where n ranges from 2.625 to
2.92, have been experimentally observed. They are W3,0q,
(£ WO, 635), W305 (5 WO, 467), W13049 (£ WO, 7), W1;,047
(£ WO, 765), W5014 (& WO, ), Wi Osg (£ WO, o) and
W,5053 (2 WO, o). Their predominant preparation method
is the heating of powder mixtures of WO; with tungsten or
WO, in sealed, evacuated ampoules. Mineralizing and trans-
porting agents, such as HCI and Cl,, have sometimes been
used to facilitate the reaction and improve the crystallinity
of the suboxides formed. The crystal structures of Magnéli
phases are found to be orthorhombic for W;,0¢, and W;0q,
monoclinic for W 40,9, W 5,047, W,,0s5 and W,50,; and
tetragonal for W5O,,. These phases are characterized by for-
mation of WO, pentagonal bipyramids surrounded by five
edge-sharing WOq octahedra [26, 35]. The term ‘crystallo-
graphic shear’ to describe this type of structures was coined
by Arthur David Wadsley (cf. section Low-dimensional
molybdenum oxides).

Tungsten bronzes

By passing dry hydrogen over heated sodium tung-
state, Na,WO,, the German chemist Friedrich Wohler
(1800-1882) observed in 1824 the formation of golden
yellow crystals of metallic appearance. This was the first
account of the formation of a tungsten bronze, a name origi-
nating from the metallic cluster characteristic of these com-
pounds [36]. Tungsten bronzes are well-defined ‘non-stoi-
chiometric compounds’ (cf. section Magnéli phases) of the
general formula M, WO; (M =H, Li, K, Rb, Cs, Fr, Be, Mg,
Ca, Sr, Ba, Ra, Sc, Y, La, Ac, V, Nb; x is a variable < 1), most
commonly with an alkali metal. For a considerable time, the
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tungsten bronzes were thought to be unique, but in recent
years analogous compounds of molybdenum, vanadium,
niobium and titanium have been prepared and found to have
similar properties. The term ‘bronze’ is now applied to a
ternary metal oxide of the general formula M’ M”, O, where
M’’ is a transition metal, M’ is some other metal, and x is
a variable falling in the range 0 <x < 1. Such a compound
possesses high electrical conductivity, is either metallic or
semi-conducting, is intensely colored and shows metallic
luster in crystalline form. It is chemically inert, and, through
variation of x, sequences of solid phases occur, with definite
and sometimes wide ranges of homogeneity [37].

Hexagonal ammonium tungsten bronze (HATB) is
an important constituent of the intermediate tungsten blue
oxide (TBO) in non-sag tungsten wire production [38].
Broad-line and high-resolution solid-state 'H-NMR investi-
gation of industrially manufactured TBOs and reference sub-
stances revealed a distinction between five proton-containing
species. Henceforward, together with chemical, quantitative
XRD and NH,*/K* ion-exchange analyses, a comprehensive
characterization of different TBOs was available. Typically,
TBO contains variable fractions of the crystalline compound
HATB (cf. Fig. 5), monoclinic y-WO; (cf. Fig. 6), tungsten
suboxides like W,(,Osg and W 30,4 as well as X-ray amor-
phous phases [39, 40].

Especially HATB, but also pyrochlore-related structures,
are the basic structural motifs of many other metal oxides
and metal fluorides, which are very promising heterogeneous
catalysts in many different areas. As examples, two related
publications are cited [41, 42].

What is behind ‘molybdic acid’ and ‘tungstic acid’?

In the system MoO;-H,0 two compounds of the formal
composition MoO;-H,0 and MoOj;-2H,0 exist. The sys-
tem WO;-H,0 is characterized by the hydrates WO;-H,0,
WO,;-2H,0 and WO;-0.5H,0. Broadline 'H-NMR and IR/
Raman spectroscopic studies as well as X-ray single-crystal
structure studies have shown that water in all five hydrates is
present in the form of H,0. Molecular species akin to sulfu-
ric acid, H,SO,, i.e., ‘H,M00,’ and ‘H,WO,,” do not exist.
The denominations ‘molybdic acid’ and ‘tungstic acid,’ still
applied in numerous scientific publications and sale adver-
tisements for these compounds, are definitely incorrect and
should not be used in a chemical description.

‘Molybdic acid’

Molybdenum trioxide dihydrate, MoO5-2H,0, crystallizes
as yellow crystals when a solution of ammonium paramo-
lybdate, (NH,)4[Mo0,0,,]-4H,0, in fairly concentrated nitric
acid is stored for a long time. The sample of the compo-
sition MoO;-1.1H,0 was prepared by slow dehydration of
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the dihydrate at room temperature in a vacuum desiccator.
More than 60 years ago, proton magnetic resonance experi-
ments were carried out in an attempt to answer the ques-
tion ‘hydrate’ or ‘acid?’ [43]. At 77 K, the second moments
of the absorption curves amounted to 30.7 + 1.6 gauss? for
Mo0;-2H,0 and 27.6 + 1.4 gauss® for MoOs-1.1H,0. Line
shapes were recorded for samples ranging from MoO;-2H,0
to MoO;-1.1H,0 at temperatures of 77 K and 290 K.

The Infrared spectra of the two hydrates, compared to
those of MoOj;, provided additional evidence. The sam-
ples showed broad Infrared absorption bands with max-
ima at the following frequencies (cm_l; m medium, w
weak, sh shoulder) MoO;-2H,0: 3100 m, 2336 w,
1592 m, 963 m, 909 m; MoO;-1.1H,0: 2,326 w, 1,140 sh,
1081 sh, 980 m, 823 w; MoO;: 3200 m, 2326 w, 1600 m,
1122 sh, 926 m. The pairs of frequencies 3100/1592 and
3200/1600 cm™! are absent from the spectrum of MoO,
and are therefore attributed to water frequencies charac-
teristic of the hydrated crystals. The lines at 1592 and
1600 cm™" in the dihydrate and monohydrate are attrib-
uted to an O-H bending frequency and are little changed
from the value of 1600 cm™ in water vapor. The maxima
at 3100 and 3200 cm™' are attributed to the stretching
frequencies and are considerably removed from the values
in water vapor of 3652 and 3756 cm™'. Such shifts are
well known to occur in hydrogen-bonded compounds, and
there is a general tendency for the O—H stretching fre-
quency to decrease with a shortening of the O-H---O dis-
tance. The nuclear magnetic resonance results gave only
the inter-proton distance (156 +3 pm) in the water mol-
ecule; the O—H distance is not derived until the HOH
angle is known. Assuming that this angle is the same as
that in water vapor (104° 28"), the proton magnetic reso-
nance results give an O—H distance of 99 pm, which is
very close to the value of 98 pm suggested by the data
assembled in [44].

The Raman and Infrared spectra of MoO5-2H,0 and
Mo0O,Cl,-H,0 have been assigned based on the known
crystal structures of these compounds. In the region of the
Mo-O stretching frequencies, the spectra of MoO3-2H,0
and MoO,C1, or WO,C1, are very similar. The same is
valid for MoO;-2H,0 compared with MoO;. The fre-
quency v, (Mo—-O-Mo) depends highly on the ratio of
the bond lengths of the two bridge bonds [45].

Single crystals of the white molybdenum trioxide
monohydrate, MoO5-H,0, were transformed by heating to
160 °C into perfect pseudomorphs built up from oriented
MoO; crystallites of known structure. From the mutual
orientation relationship of the unit cells of both phases

involved in this fopotactic reaction,’ as determined by
X-ray photographs, a model for the so far unknown crystal
structure of white MoO;-H,O could be deduced. Inde-
pendently, the structure of MoO;-H,O was determined
by X-ray diffractometer data: Triclinic space group P1:
a=738.8, b=370.0, c=667.3 pm; a=107.8, f=113.6,
y=91.2°; Z=2. The structure is built up from isolated
double chains of strongly distorted [MoOs(H,0)] octa-
hedra sharing two common edges with each other. This
result agrees well with the model derived from fopotaxy
(see Footnote 5), and it becomes evident how the MoO;
lattice is formed through corner linking of the isolated
double chains after the water molecules are removed.
The study of topotactic phenomena seems rather gener-
ally applicable to deduce the main features of structures
involved and for better understanding of structural rela-
tionships. The monohydrate consists of layers of octahe-
drally coordinated MoOs(H,O) units where four vertices
are shared [46].

The crystal structure of molybdenum trioxide dihy-
drate, MoO;-2H,0, has been determined based on three-
dimensional X-ray diffractometer data [47]. It crystallizes
in the monoclinic space group P2,/n in a superstructure
unit cell of dimensions a=1047.6(5), b=1382.2(6),
c=1060.6(5) pm, #=91.62(3)°; Z=16. The structure
consists of a system of infinite [MoO5(H,0)], layers. Five
oxygen atoms and one H,O molecule form a strongly dis-
torted octahedron around Mo. Every octahedron shares
a corner with each of four neighboring octahedra within
the layers. The octahedra form characteristic zigzag rows
within the layers, with alternating short (176.6/180.0 pm)
and long (215.6/205.4 pm) Mo—O bridge bond distances.
The bonded hydrate molecule was identified by the long
axial Mo-O distance of 228.8 pm, as opposed to the
short axial (terminal) Mo-O bond of 169.4 pm (Fig. 7),
by analogy to the structure of WO;-H,O (Fig. 8). The sec-
ond half of the water molecules is not bonded to Mo, but
acts as hydrate water in the voids between the layers, each
inter-layer H,O molecule being in hydrogen-bonding con-
tact with both neighboring layers. The compound should
therefore be correctly referred to as molybdenum hydrato-
trioxide hydrate, [M0O,,,O(0OH,)]-H,0 or molybdenum-
aquo-trioxide hydrate, [MoO;(OH,)]-H,0. M0O;-2H,0
was the first example of an oxide hydrate with both coor-
dinated and hydrate water molecules.

3 A topotactic reaction (topotaxy) is a chemical solid-state reaction
such that the orientations of the product crystals are determined by
the orientation of the initial crystal.
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Fig.7 Combined ball-and-stick/octahedral model of the MoO;-2H,0
framework

Fig.8 Combined ball-and-stick/octahedral model of the mineral
tungstite, WO53-H,0O

‘Tungstic acid’

The term ‘tungstic acid’ incorrectly refers to tungsten
trioxide monohydrate, WO5-H,O {p 5.59 g cm™3; m.p.
100 °C (decomposes); b.p. 1473 °C}, tungsten trioxide
dihydrate, WO;-2H,0, and tungsten trioxide hemihydrate,
WO;:0.5H,0. The dihydrate forms as a precipitate of
strongly acidified aqueous tungstate solutions at 25 °C and
is transformed into the monohydrate at 50-100 °C. IR spec-
tra and "H-NMR results have shown that tungsten trioxide
di- and monohydrate contain the water as crystal water [48].

@ Springer

The X-ray single-crystal study of the mineral fungstite,
WO;-H,0 [49], confirmed the spectroscopic findings [48]
for WO5-H,O. Tungstite is a mineral, formed as an oxidation
product of the minerals wolframite, (Fe, Mn)WO,, scheelite,
CaWOy,, and other primary tungsten minerals.® It was not
possible to isolate enough pure material of rungstite for a
microprobe analysis or for a bulk analysis of WO;-H,O.
However, the powder-diffraction data of tungstite fit syn-
thetic WO;-H,O (PDF 18-1418). The crystal structure of
tungstite has been solved from single-crystal X-ray-diffrac-
tometer data collected with MoKa radiation and has been
refined to an R factor’ of 4.3%. Tungstite is orthorhombic,
Pmnb with a=524.9, b=107L1, c=513.3 pm; Z=4. Its
layer-like structure (Fig. 8) illustrates the interlayer hydro-
gen bonding. Each tungsten atom is octahedrally coordinated
by five oxygen atoms and one water molecule. The W-O
bond lengths of the four twofold coordinated oxygen atoms
amount to 183.3 pm (2x) and 193.3 pm (2x). The water
molecule is identified by the long axial bond of 233.9 pm,
as opposed to the short axial (terminal) W—O bond of
168.8 pm, by analogy to the structure of MoO;-2H,0
(Fig. 7). The sheets are held together by a network of hydro-
gen bonds, such that the water axial position in a given octa-
hedron bonds two axial atoms from octahedra in the adjacent
layer. Thus, a zigzag pattern of hydrogen bonds is formed,
extending in the ¢ direction, as illustrated in Fig. 8.

Cubic pyrochlore-type® WO,;:0.5H,0 has been synthe-
sized hydrothermally directly from a solution of Na,WO,
and HCl in closed tubes at 155 °C. Its crystal structure has
been determined by X-ray diffraction of a single crystal:
Space group Fd3m, a=1030.5(3) pm; Z=16. The structure
contains corner-sharing WO octahedra, leaving tunnels
along the direction [110], in which the water molecules are
located [50]. WO;-0.5H,0 is representative of defect pyro-
chlores. The structure of oxide pyrochlores, with the general
formula A,B,0¢0’, tolerates chemical substitution at the A,
B, O and O’ sites as well as vacancies at the A and O’ sites.
In WO;-0.5H,0 (W,04-H,0), the sites of the A-cations are
unoccupied and the crystal water is located at the O’ sites.

5 A primary mineral or magmatic rock is any mineral formed during
the original crystallization of the host igneous rock (derived from the
Latin word ignis meaning fire). Igneous rock is formed through the
cooling and solidification of magma or lava.

7 In crystallography, the R factor is a measure of the agreement
between the crystallographic model and the experimental X-ray dif-
fraction data. In other words, it is a measure of how well the refined
structure predicts the observed data.

8 The pyrochlore group gets its name from the generic name
pyrochlore, which was first introduced by Jons Jakob Berze-
lius (1779—1848) for a cubic mineral found by Nils Otto Tank
(1800—1864) in the 1820s in a syenite pegmatite at Stavern (formerly
Fredriksvédrn), Norway. The name is derived from the Greek zip
(fire) and yAwpdg (green) in allusion to the fact that the mineral usu-
ally turns green on ignition.
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Applications of molybdenum oxides

Molybdenum(VI) oxide, MoOs, is produced on the largest
scale of any molybdenum compound. Its primary application
is as an oxidation catalyst and as a raw material for the pro-
duction of molybdenum metal. Orthorhombic a-MoO; is a
wide-bandgap n-type semiconductor, which is very attractive
for different technological applications such as photochro-
mic materials, smart windows, self-developing photogra-
phy, conductive gas sensors, lubricants and catalysts [51].
Hexagonal molybdenum trioxide, #~-MoOj;, has the potential
application for secondary lithium-ion batteries [52] when it
is obtained as well-faceted rods [53]. It also presents photo-
luminescent properties with emission bands at 436, 606 and
668 nm when excited at 330 nm [54].

Molybdenum trioxide, a cathodically blue coloring sub-
stance, is known as an electrochromic compound nearly as
long as tungsten trioxide. Its properties and behavior resem-
ble that of WO; in many aspects (cf. section Applications of
tungsten oxides).

A recent study investigated the cytotoxicity of molybde-
num trioxide nanoplates toward invasive breast cancer cells
by analyzing morphological changes and performing the
corresponding analyses. The findings suggested that MoO;
exposure induces apoptosis (programmed cell death) and
generates reactive oxygen species in these cells. The study
revealed the potential utility of MoOj; for treating metastatic
cancer cells, which might enable advancements in cancer
therapy [55].

Applications of tungsten oxides

Tungsten oxides are attracting continuous attention as sen-
sors to various gases, chromogenic (electro-, photo- and ther-
mochromic) materials and catalysts in several acid-catalyzed
or photocatalytic reactions. From the beginning of electro-
chromics® research in the 1960s until today, tungsten trioxide
is by far the most popular electrochromic material, which
has been investigated intensively. Thin layers of the yellow
compound WO;, with a thickness < 1000 nm, are largely
uncolored. Such a thin film can be reduced by electrochemi-
cal means to a deep-blue reduced form of tungsten trioxide.
Therefore, tungsten trioxide is a cathodic electrochromic
compound. During this reduction, charge balancing cations
(M™) such as H*, Li* or K™ are intercalated in the tungsten

9 Electrochromic materials are able to vary their coloration and
transparency to solar radiation, in a reversible manner, when they are
subjected to a small electric field (1-5 V). Important materials with
electrochromic properties are oxides of transition metals, in particular
WO;, MoO;, IrO,, NiO and V,0s.

oxide structure. By electrochemical oxidation, this process

blue uncolored

can be reversed: M,WO; 2 WO; +xe™ +xM*(x < 0.3)
[56].

The recently published review article [57] summarizes
the comprehensive progress made in the last few years in
the application of tungsten oxide-based materials, WO;_,,
M,WO; and their hybrid materials, as interesting research
topics, particularly for morphology control and composite
construction to enhance optical absorption, charge separa-
tion, redox capability and electrical conductivity. The sol-
vothermal treatment is the most used method alongside the
hydrothermal treatment, which is a facile and cost-effective
method that can produce WO, with different nanomorpholo-
gies. The morphology can be fine-tuned by controlling vari-
ables such as time, precursor concentration and temperature.
A critical challenge is to enhance the utilization efficiency
by extending the solar spectrum response from the UV to the
NIR region. To meet these requirements, hybrids of WO, ;,
and M, WO; have become important because of their strong
photo-absorption ability and intervalence charge properties.
A major advantage of this material is the ‘localized surface
plasmon resonance’ (LSPR) effect, which may encourage
researchers to focus not only on the interesting properties for
new applications but also to investigate the many opportuni-
ties it offers to improve the efficiency of current applications.

Mixed molybdenum/tungsten trioxides
Resistance to antibiotics

The worldwide increase of multi-resistant microorganisms
is responsible for millions of deaths per year [58]; 4.95 mil-
lion deaths according to a recent study were linked to an
antibiotic-resistant bacterial infection in 2021; 1.27 million
people died directly from infection with a resistant bacte-
rium. Without resistance, these deaths would have been pre-
ventable [59]. In the Report on Antibiotic Resistance, bacte-
rial resistance was seen as one of the most common cause
of death worldwide and requires immediate, innovative and
ambitious action [60-62]. Much emphasis is therefore based
on the prevention of nosocomial infections'® with multi-
resistant microorganisms. The crucial initial step however
is the investigation of the reasons for development of ‘multi
drug-resistant’ (MDR) microorganisms.

Viral infections of the upper respiratory tract are fre-
quently observed in children and predisposed patients for
bacterial superinfections, e.g., sinusitis (inflammation of

10" Nosocomial infections, also referred to as healthcare-associated
infections (HAI), are infections acquired during the process of receiv-
ing health care that was not present during the time of admission.
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the paranasal sinuses), otitis media (inflammatory dis-
eases of the middle ear) or bronchitis, and rarely pneumo-
nia or bloodstream infections, where the administration of
antibiotics is mandatory [63, 64]. Antibiotics have to be
administered only once a bacterial superinfection has been
documented. This requires frequent clinical controls of the
patient. Prophylactic antibiotics are not helpful for the pre-
vention of these bacterial superinfections. Prophylaxis of
bacterial superinfections is feasible with an approach other
than antibiotics. Effective alternatives are, e.g., anti-inflam-
matory properties based on herbal extracts (thyme, gentian,
primula) which open clogged paranasal sinus openings as
well as the patency of the Eustachian tube and improve the
‘mucociliary clearance’ (MCC) [65]. These herbal extracts
have been used for > 70 years to treat patients who have
infectious diseases.

Since the 1940s, antimicrobial agents have greatly
reduced illness and death from these diseases. However, the
drugs have been used so widely and for so long that the
infectious organisms the antibiotics are designed to kill have
adapted to them, making the drugs less effective. ‘Antimi-
crobial resistance’ (AMR) threatens the effective preven-
tion and treatment of an ever-increasing range of infections
caused by bacteria, parasites, viruses and fungi. AMR is an
increasingly serious threat to global public health. It occurs
naturally over time, usually through genetic changes. How-
ever, the misuse and overuse of antimicrobials accelerate
this process.

Antimicrobial surfaces

There is a strong and growing need for antimicrobial sur-
faces. Most antimicrobials today work well in a laboratory
environment, where efficacy tests with bacteria are made
according to standards. However, these tests normally do
not take into account the duration of antimicrobial activity
in ‘real-world’ settings where ‘shielding’ of the antimicro-
bial agent by low ambient humidity, rapid elution (washing
out) by water/disinfectants or the inactivation by sulfur-con-
taining compounds can—and do—occur. In the healthcare
sector, the formation of resistances and allergies is another
topic of serious concern with antimicrobials. The following
precautions and procedures are effective only in a limited
way and are generally very costly.

e The ‘Dutch model’: admission of each patient into an
isolation ward to investigate his or her colonization with
resistant microorganisms.

e Personnel-intensive care: the one-to-one nursing care to
an individual patient for a period of time results in a 70%
reduction of hospital-acquired infections.
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e Impregnation of biomaterials with disinfectants: limited
spectrum of activity and toxicity. Disinfectants annihilate
the entire flora and destabilize the skin.

e Extensive hand washing: healthcare workers' hands are
the most common vehicle for the transmission of health-
care-associated pathogens from patient to patient and
within the healthcare environment.

e The activity of silver/copper technologies is limited to
7—90 days.

e Application of organic biocides like formaldehyde,
HCHO, and phosphorus-, sulfur- or halogen-containing
polymers.

Many antimicrobial products that contain silver, copper
or organic biocides fall short of their expectations. There
is a need for antimicrobial surfaces in critical areas, such
as hospitals, foster homes, airports, trains, public spots and
the food processing industry, to prevent the spread of multi-
resistant pathogenic microorganisms and viral infections.

In situ-generated biocides by catalysts like molybdenum
trioxide, MoQOs, tungsten blue oxide (cf. section Hexago-
nal ammonium tungsten bronze), zinc molybdate, ZnMoO,,
and POMs (polyoxometalates) [66] show fast antimicro-
bial activity against a very broad spectrum of bacterial
pathogens.

Molybdenum/tungsten trioxides create germ-free
surfaces

It was shown that molybdenum trioxide, MoOj;, and tung-
sten trioxide, WO3, provide antimicrobial activity, when dis-
persed in various polymers. By catalyzing the formation of
oxonium, H3O+, on the surface of the materials, they mimic
natural defense mechanisms of the human skin [67].

The water solubility of MoO; (1.4 g L~ at 25 °C)
excludes the use of pure MoO;-based antimicrobial surfaces
from application, where a constant contact with water and a
long lifetime are required. The use of mixed Mo/W trioxides
obviates the water solubility of MoO;. The solid solutions
Mo, W ,_,05; combine the higher antimicrobial activity of
MoO; with the virtual insolubility of WO, in water. There-
fore, the successful testing of solid solutions Mo, W _,0O;
(0<n<1)revealed a significant improvement of the MoO;
method [68].

Synthesis of Mo, W,_,0,

Monocrystals of Mo, W,_,05; were first grown by heating
ground mixtures of MoO; and WO;. The mixtures were
pressed to pellets, sealed in quartz tubes and heated up to
1100 °C for 3 days. The structures of 12 identified phases
were closely related to the corresponding monoclinic WO,
phase (Fig. 6) except for n>0.95, where an orthorhombic
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MoO;-like structure was found [69]. Since then, six alterna-
tive preparation methods were described:

e Precipitations of ammonium molybdotungstate
from aqueous solutions of ammonium paratungstate,
(NHy),0[H,W,04,]-4H,0, and ammonium paramolybdate,
(NH,)4[Mo0,0,,]-4H,0 [70, 71].

e Co-crystallization of mixed ammonium molybdotung-
states by evaporation in a fan oven at 110 °C followed by
calcination at 500 °C [72].

o The mixed hydrates Mo, W,_,05-H,0 were prepared by
dissolving corresponding amounts of MoO; and WO; in a
minimum quantity of ammonia and then adding the obtained
solution dropwise to hot 6 M nitric acid under constant stir-
ring. The dehydration of the mixed hydrates resulted in
Mo, W, _, 05 having the ReO;— like structure [73].

e Dehydration of the hydrated mixed oxides
Mo, W, 0;-1/3H,0, prepared by the chimie douce method,"!
at about 300 °C [74].

e Spray-drying an aqueous solution, which contains a
mixture of MoO5-nH,0 and WO;-nH,0 (n=1, 2; cf. chap-
ter What is behind ‘molybdic acid’ and ‘tungstic acid’?).

The starting aqueous solutions were prepared by cation
exchange method from sodium molybdate, Na,MoO,, and
sodium tungstate, Na,WO,. The spray-dried precursors were
heated at 300 °C in oxygen [75]. A contamination of the
solid solution with about 200 ppm Na was detected.

e Freeze-drying an aqueous solution of MoO;-nH,0 and
WO;-nH,0 and heating the resulting powder to temperatures
between 275 and 325 °C [76]. As in the previous preparation
method, a contamination of the final product with sodium
was observed.

The new and convenient method for synthesizing solid
solutions Mo, W,_,O; guarantees a sodium-free product
[68]. Spray drying of aqueous solutions of ammonium
dimolybdate, (NH,),Mo0,0,, and ammonium metatung-
state, (NH,)4[H,W,0,0]-3H,0, resulted in precursors
which were subsequently calcined at 300—600 °C. The
obtained yellowish powders were ground and characterized
by chemical analysis and XRD. After calcination at>400 °C
only traces of H,O and NH; were detectable. The materi-
als were dispersed in concentrations of up to 2% into the
polymers polypropylene (PP), polyethylene (PE), polyvi-
nylchloride (PVC) and thermoplastic polyurethane (TPU).
The antimicrobial effect was determined using the so-called
drop-on as well as the roll-on method in concentrations of
10°—10° CFU mL™! (colony-forming units per milliliter)
against the reference germs ‘methicillin-resistant Staphylo-
coccus aureus’ (MRSA, S.a.), ‘Escherichia coli’ (E. coli,

"' Chimie douce (soft chemistry) is a technique that uses reactions at
moderate temperature in open reaction vessels under conditions simi-
lar to those in biological systems.

control/12h

Mo:W control/Oh 3h

6h  9h  12h
4
A A A A

Fig. 9 Antimicrobial tests of Mo,W 053, MoO; and WO; (2% oxide
in thermoplastic urethane): Drop-on method with the three reference
germs S.a., E.c. and P.a. (10’ CFU mL™!)

0:1 (WO5)

E.c.) and ‘Pseudomonas aeruginosa’ (P. aeruginosa, P.a.).
The solid solutions Moy ,5W 7505 and Mo 75W, ,505 deliv-
ered the best results (Fig. 9).
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