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The transformations of hydrated sodium molybdenum bronze, Nag23(H20)0.7sM0O3, with heat treatments

in a nitrogen atmosphere are as follows:
at 457K

Nao.23(H20)0.1sM0QOs (AD)
At 297/ R, NagesMoOs (with VD structure) At 583 K

at 330K

—Sese

Nao.23(H20)05MoOs (VD)
NaosMoegO17 + a small amount of other materials

at 800 and 900K | ey, This indicates a new and variable formation process of alkali metal molybdenum
bronzes. In this process, NagsMogQ17 was formed in the solid phase without the formation of any intermediate
products. Its formation temperature was about 600 K, which was less than those of the usual preparation

methods by about 200 K.

It is well-known that alkali metal molybdenum
bronzes exhibit low-dimensional electronic proper-
ties.1-8 They are semiconductors and most of them
show a semiconductor-metal transition.*=? In particular,
LiosMogO17 is known to exhibit superconductivity.®
They have been extensively studied because of interest
in these properties.!=1? On the other hand, hydrated
alkali molybdenum bronzes, A(H20),MoQOs, have
been synthesized by Schéllhorn et al.1? These bronzes
are apparently different regarding their Mo-O frame-
works from the metal bronzes; i.e., hydrated bronzes
possess a Mo-O framework based on the MoOs
structure, while the metal bronzes possess different
Mo-O frameworks.’® However, their compositions
are similar to each other, excluding the hydration
water. We have thus been interested in the structural
changes of hydrated molybdenum bronzes after removing
the hydration water. We therefore investigated the
structural changes of a hydrated sodium molybdenum
bronze with heat treatments in a nitrogen atmosphere
and found that NapsMogO17 is formed from the
hydrated bronze. Alkali metal molybdenum bronzes
have usually been synthesized by an electrolytic
reduction of AsMoOs~MoOs melts and by heating

stoichiometric mixtures of AsMoQO4, M0oOs, and MoOs
in a vacuum.l-19 In these syntheses, the formations of
the bronzes proceed in a liquid phase above 800 K. The
formation of NagsMogO17 from a hydrated bronze
proceeds at about 600 K in the solid phase without the
formation of any intermediate products. This fact not
only suggests that the formation proceeds by way of a
new mechanism, but also provides a new and variable
synthesis method of alkali metal molybdenum bronzes.
This paper describes them in full detail.

Experimental Procedure and Results

Preparation. Hydrated sodium molybdenum bronze was
prepared by Thomas and McCarron, III’s method.’® The
composition of the hydrated bronze was Nao23(H20)o0.1sMoQOs.

Differential Thermal Analysis. TG-DTA was carried
out in a nitrogen atmosphere on a MAC SCIENCE
TG-DTA 2000. A TG-DTA heating curve was obtained ata
heating rate of 10 K min~1, while a cooling curve was gotten
by cooling naturally.

The TG-DTA curve of hydrated sodium molybdenum
bronze is shown in Fig. 1. Four endothermic (at 330, 457,
800, and 927 K) and two exothermic peaks (at 583 and 633 K)
can be seen. The endothermic peaks at 330 and 457 K are

Table 1. The Results of Analysis
Treatment condition H20 wt%? Mo wt% - Na wt%h Mo5+/total Mo
As-prepared 8.7 59.4 (65.1) 3.3 (3.6) 0.23
420K 5.7 62.1 (65.9) 3.5 (3.7) 0.21
520 K 4.39 62.2 (65.0) 3.5 (3.7) 0.21
600 K 0 65.8 (65.8) 3.5 (3.5) 0.22
650 K 0 64.8 (64.8) 3.6 (3.6) 0.23
840 K 0 64.8 (64.8) 3.6 (3.6) 0.22

a) This value is given by TG analysis. b) This value means the re-hydration water on cooling. Values in
parentheses are calculated by excluding water contents.
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Fig. 1. TG-DTA curve of the hydrated sodium
molybdenum bronze in a nitrogen atmosphere on
heating and on cooling.
accompanied by a large weight loss, while the other peaks T —, v Y
1

are not. The peaks at 330, 457, 583, and 633 K disappear
upon cooling, and arise from irreversible phase transforma-
tions, while the peaks at 800 and 927K are reversible
transformations. The peaks at 330 and 457 K are attributed
to the release of hydration water, due to the large weight
losses.

Investigation of Phase Transformations. The samples
heated both before and after each DTA peak temperature
were investigated in detail using chemical analysis and an
X-ray diffraction (XRD) method. Samples heated below
520 K were dark blue in color and those heated above 600 K
were dark red. Sintering of the sample occurred above 800 K.
The Na and Mo contents in the samples were measured by
using a HITACHI 180-80 atomic absorption spectrophoto-
meter with the 3302.3 A line of Na and the 3132.6 A line of
Mo. The Mo5t contents of the samples were determined
chemically by Choain and Marion’s method.’® XRD
patterns were obtained by using a RIGAKUDENKI GEIGER
D-1 FLEX diffractometer with Cu Ka radiation. Samples
for the measurements were mixed with an internal standard
(ca. 5 wt% Si).

The analytical results are summarized in Table 1. The
quantity of Mo5* remains constant. Upon heat treatments,
as increase in the heating temperature, the HoO content of
the sample decreases. Samples heated below 520 K contain
H:20 and those heated above 600 K do not. According to a
differential thermal analysis, a sample after an endotherm at
457 K should contain no hydration water. Nevertheless, a
sample heated at 520 K contains 4.3 wt% of water. When the
sample was cooled to room temperature, the weight gain was
observed by TG measurements. Therefore, the water in the
sample is re-hydration water. The composition of a sample
heated above 600 K is Nao23sMoOs, while that of a sample
heated at 420 K is Nao.23(H20)05M0Os. The real composition
of a sample at 520 K is Nao2sMoQOs. The XRD patterns of the
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Fig. 2. Changes in X-ray diffraction patterns of the
hydrated sodium molybdenum bronze by heat treat-
ments in a nitrogen atmosphere. (a)as-prepared, and
heated (b) at 420 K, (c) at 520 K, (d) at 600 K, (e) at
650 K, and (f) at 840 K.

samples are shown in Fig. 2. An as-prepared sample and a
sample heated at 420K are identical with an air-dried
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hydrated sodium molybdenum bronze (denoted as AD),
[Na(H20)xJo2sM0Os3 (2<x<6), and an vacuum-dried hydrated
sodium molybdenum bronze (denoted as VD), [Na(Hz0)z]o.25-
MoQs, of Thomas and McCarron, III, respectively.’d A
sample heated at 520 K still maintains its VD structure,
although the diffraction peaks become rather broad. By
heating at 600 K, the diffraction peaks of VD disappear and
new peaks appear at 12.45, 16.09, 23.11, 27.23, 27.84, 30.04,
32.46, and 33.42°. The peaks marked by the symbol e are
attributed to NaggsMo0017.19 Others show the formation of a
small amount of MoO3 and NasMo2O7. A sample heated at
650 K gives nearly the same diffraction pattern as that at
600 K, except for minor differences in the range 24—28°. For
a sample heated at 840 K, the diffraction peaks of NaosMogO17
remain, though many other peaks also appear. These peaks
are attributed to MoOs and a solid solution of NazMo4O1s+
MoQ3.19

Discussion

Transformations in a Nitrogen Atmosphere. The
first release of hydration water gives rise to a
transformation from AD to VD. After the second
release of hydration water, i.e., the complete removal
of the hydration water, the sample still retains the VD
structure up to 583 K. This sample can incorporate
water molecules from the atmosphere. The broadening
in the XRD pattern of this sample (Fig. 2(c)) may be
due to inadequate hydration.'® The main product of a
sample heated at 600 K was NagsMogO17. The DTA
peak at 583 K is, therefore, attributed to a transforma-
tion from VD to NaogMosO17. According to the X-ray
results, though the sample before and after the DTA
peak at 633 K give no characteristic change, a minor
difference appears in the range 24—28°. A differential
thermal analysis of the hydrated bronze with lower Na
content!? revealed that the peak at 633K is also
correlated to the formation of NagsMosO17. The DTA
endothermic peaks at 800 and 927 K are reversible.
Appreciable sintering of the sample took place above
800 K, as mentioned above. Thus, these peaks are due
to melting of the sample. Compared with the phase
diagram of NagMoO4 and Mo0Os,!® we presume that
the peaks at 800 and 927 K arise from transformations
to an equilibrium mixture of the solid and solution
and to solution, respectively. According to chemical
analyses, the compositions of the samples heated above
583 K are Nag2sMoOs. On the other hand, the
composition of the dominant product is NagsMosO17.
The appearance of a few materials other than
NaogsMoeO17 in samples heated above 600 K may result
from a deviation of the compositions of the samples
from NagsMosO17. Transformations of the hydrated
bronze with heat treatments in a nitrogen atmosphere
are formulated as follows:

H:0
AD

(Nao2s(H20)078M0Os)  end. peak
at 330K
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H20
VD
(Nao23(H20)050M003)  end. peak

at 457K

VD structure
—————— Nag9sMogO17 + other ————

(Nao2sMoOs*) exo. peak exo. peak
at 583 K at 633 K
NaosMogO17 + other' melt

end. peaks
at 800 K and 927 K

*When cooled in the presence of water vapor, this
sample with a VD structure can easily contain
re-hydration water. 'Other materials, which are
identical with MoQs and NazMo20O7, are contained in
small amounts.

Formation Mechanism of NagsMosO17. NagsMosO17
was formed at 583 K from a hydrated sodium
molybdenum bronze. The sample has a VD structure
just before the formation of NagesMogOi17. The
formation temperature is lower than the melting
points of the sample by at least 200 K. These facts
indicate that the formation proceeds directly from VD
in the solid-phase process. This formation mechanism
is different from those by usual methods. By the usual
methods, the formation proceeds in the liquid phase
and via intermediate products with similar structures.”-10
The formation of NaosMoeO17 from VD is a structural
phase transition. Formation at a lower temperature
(based on the phase transition) may arise from the fact
that the hydrated bronze possesses Na atoms already
inserted in the Mo-O framework. The structures of
NaosMoeO17 and VD have already been reported,!1-13
as shown in Fig. 3. These structures can be described
as being slabs connected by Na atoms. The slab of
NaopsMogO17 is build up of 4 layers of Mo octahedra
and 2 layers of tetrahedra sharing corners, while that of
VD contains 2 layers of Mo octahedra sharing edges.
An inspection of these two structures suggests that the
direct formation of NagsMosOi7 from VD is possible
through the following steps, as shown in Fig. 3(b): (1)
passing of Na atoms through the slabs, (ii) linkage of
each two slabs, and (iii) reformation of the Mo-O
framework. The radius of a sphere which can pass
through an open space in the slabs of VD may be
smaller than 0.3 A. This value is obtained from well
established atomic positions of Do3sM00Os3,® of which
the Mo-O framework is comparable to that of VD. (An
ion radius of O atom, 1.4 A, was used.1®) The ion
radius of Na atoms is 1.12 A20 and is too large to pass
through the open space. However, the chemical bonds
in the bronze are expected to be rather loose at 600 K,
which corresponds to a few hundred degree below its
melting point. The loose bonds may permit Na atoms
to pass through the slabs.
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(b)

Fig. 3.
(b) VD. Open and hatched circles indicate atomic
positions at Z=0 and 1/2, respectively.

The formation of NapsMoeOi17 from VD is a new
formation process, which stimulates not only great
interest in the physical phenomenon, but also merits
for applications. The preparation of alkali metal
molybdenum bronzes from hydrated alkali molybdenum
bronzes can be performed at a lower temperature than
by the usual fused methods. The preparation of
bronzes in a thin film or a complex form is also
possible, since the formation of bronzes proceeds in a
solid-phase process without any formation of melts.
In this work, the formation of NagsMoeOi17 was
accompanied by the coexistence of a small amount of
other materials. This prevents a realization of the
above applications. To prepare bronzes without such
a coexistence, the composition of the hydrated sodium
molybdenum bronze must be controlled. Methods to
control the composition are now being studied.
Moreover, an investigation regarding other hydrated
alkali molybdenum bronzes is also in progress.
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