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Thermal decomposition of cesium peroxo-polytungstate, an amorphous precursor, yielded not only
pyrochlore-type but also hexagonal WO,-type cesium tungstate, depending on the Cs/W ratio (v) in
the precursors; the former is in the range 0.48 = v =< 0.54 and the latter (.30 = v = 0.34, Mixtures
of these two phases were formed in the intermediate region of x. On reduction at 700°C, the pyrochiore
phase gave a compound with the same framework, with its cubic cell paramelter being elongated from
10.25 1o 10.32 A, but reoxidition resulted in a mixture of pyrochlore and hexagonal phases. In
conltrast, reduction and oxidation of the hexagonal phase at 600°C was reversible, Powder XRD profile
refinements were performed with reduced and oxidized hexagonal cesium tungstates {x = 0.30) in the
space group P6/mem. The former compounds (¢ = 7.4049(1) and ¢ = 7.6098(1)) are based on an
almost idealized h-WO, laimework with Cs sitting onits large 20 interstices (R = 0.0240). The oxidized
compounds (7.4012018) and 7.6728¢1THA. ;= 0.007) possessed a lucunar ungsten sublattice.  © 199}
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Introduction

Tungsten- or molybdenum-based com-
pounds with the framework structures at-
tract much attention in relation to intercala-
tion chemistry, which provides the basis for
many applications, including secondary
batlerics, ctc. In this connection, synthetic
routes for pyrochlore- or hexagonat-tung-
states, the common frameworks of which

arc built out of six-membered rings of

corner-sharing WO, octahedra, have exten-
sively been investigated.,

We have reported defective pyrochlore-
type xCsQy 5+ WO, (or more properly Cs,
W, 60y, where y = 6x/(6 + x)) synthe-
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sized by thermal decomposition of an amor-
phous salt precipitated by reacting peroxo-
polytungstic acid with CsCl solution (7, 2).
Previously, Coucou and Figlarz had suc-
ceeded in synthesizing similar tungstates in
an acidic ethylene glycol solution (3), Very
recently, Driouiche et al. prepared the same
class of compound by reacting h-WQ, and
Cs,CO4 in the solid state at 300°C (). Com-
mon features of these syntheses are that the
reaction temperatures arce relatively low and
the products arc in & fully oxidized state in
which their tungsten sublatlice is defeetive.

On the other hand, hexagonal tungsiates
incarporated with Jarge cations such as Cs*
or Rb' have not yet been synthesized by
the low-temperature process, though we
have reported that xKO, 5 - WO, in a hexag-
onat form is successfully obtained from po-
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Fic. 1. Structural model of [PA (peroxo-polytungstic
acid) anion.

tassium peroxopolytungstate (2), and Reis
et al. obtained its sodium version using a
hydrothermal technique (5). To date, how-
ever, Cs- or Rb-tungstate with such a frame-
work can only be synthesized as a reduced
state by the conventional Magneli’s method
(6) in which a mixture of Cs,WO, and WO,
(or Cs,WQ,, W0, and W) is reacted under
vacuum at high temperature.

In this paper we report the synthesis of
hexagonal Cs-tungstate via peroxo-poly-
tungstic acid and its structural aspects.
Redox chemistry of hexagonal- and pyro-
chlore-type Cs-tungstate is also described.

Synthetic Procedure

Peroxo-polytungstic acid (starting mate-
rial, denoted as “IPA™) was prepared ac-
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cording to the previously reported method
(7). In short, metallic W powder was dis-
solved in 15% H,0, to yield a pale yellow
acidic solution. 1t was then dried at room
temperature after removing excess H,0O,
catalytically with a platinized Pt net, re-
sulting in a yellow glassy substance {=[PA)
with an approximate empirical formula of
2WO0, - H,(, - 2H,0. The whole structure
of IPA is not thoroughly understood be-
cause of its noncrystalline nature. However,
it was found by our recent XRD analysis (&)
that the observed radial distribution func-
tion of IPA agreed very well with the caleu-
tated one from a polyanion model shown in
Fig. 1, which was also consistent with its
vibrational spectra. Thus this model is the
most probable picture of the IPA-polyanion
to date.

Cesium peroxo-polytungstate (white amor-
phous substance, denoted as “Cs-IPA™)
was precipitated by adding 10 ml of IPA
solution (containing 7.0 mmol of W) into
20 ml of stirred CsBr solution with a
concentration ranging from 0.12 to 1,41
mol - liter~!. During this process, part of
peroxides in the polyanion were reduced
and a significant amount of Br, was isolated.
After overnight storage, the precipitate was
filtrated, rinsed with water, and dried at
80°C. The X-ray fluorescence analysis
showed that the Cs/W ratios (x) in Cs-IPA
thus obtained varied from 0.30 to 0.59, as
shown in Table I, depending on the initial
mixing ratios. However, every Cs-1PA in
Table I may be constructed out of IPA or
its condensed polyanions, because their IR
spectra are almost identical to that of IPA
itself, as shown in Fig. 2.

The TG and DTA results (Fig. 3), re-

TABLE 1

Cs/W RATI0S IN INITIAL MIXTURE AND Cs-1PA

Mixing Cs/W ratio 0.5
Cs/W in precipitate (= Cs-IPA) 0,30

1 2 3 6
0.40 0.48 0.54 0.59

Note, [WSt] = 0.23 mole - liter™' {= constant).
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Fi1G. 2. IR spectra of IPA and as-prepared Cs-1PA. .

(a) IPA, (b} Cs-IPA (Cs/W = 0.30) and (¢) Cs-IPA
(Cs/W = 0.48).

corded for a Cs-IPA (x = 0.30) in air,
showed that it decomposes simply one-step-
wise and starts crystallizing near 350°C.
Cs-IPAsinother compositions decompose in
the same way, but, as shown in Fig. 4, the
peak temperature of the crystallization heat
is lowered from 390°C (for x = 0.3) to 350°C
(x = 0.59) and the peak is remarkably sharp-
ened as xis increased. Powder X-ray diffrac-
tion (Fig. 5) showed that the products after
crystallization, which were white to pale-
yellow matter, took a HTB (hexagonal tung-
sten bronze)-type structure for x = 0,30 ~
0.34 and a pyrochlore-type for 0.48 ~ 0.59.

endoe—exo,

450 600
temperature fc®

FiG. 3. TG/DT spectra of Cs-IPA (Cs/W = 0.30).
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But an intermediate composition (x = 0.4,
for example) gave a mixture of these two
phases,

Both phases thus formed were stable up
to about 700°C and then gradually dispro-
portionated into unknown phases. It is
noted that this is the first synthesis of fuily
oxidized hexagonal cesium tungstate.

On heating Cs-IPA (x = 0.30) in a reduc-
ing atmosphere (10% H,/0.5% H,O/N,-
balance) instead of air at 600°C, dark blue
hexagonal Cs-tungstate was obtained. This
reduced compound had very high crystallin-
ity, as shown in XRD pattern Fig. 6a. How-
ever, Cs-rich precursors (x = 0.48 or more)
yielded a mixture of hexagonal and pyro-
chlore phase under the same synthetic con-
ditions, as shown in Fig. 6b. We found that
this mixture turned into an almost single
pyrochlore phase with high crystallinity in
a reducing atmosphere (H,/H,0) as the re-
action temperature was raised up to 700°C,
as shown in Fig. 6¢c. A very weak peak at
20 = 40° was probably due to metallic W.

s
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Fi1G. 4. DT spectra of Cs-IPA with various Cs/W
ratios. Atmosphere, air, heating rate, 25°C min~.. (a)
Cs/W = 0.30, (b) 0.40 (¢) 0.48 (d) 0.54 and (e) 0.59.
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Fig. 5. XRD of Cs-tungstates synthesized from
amorphous Cs-IPA with various Cs/W ratios. Heat-
treatment conditions; in air at 600°C for 1 h. {a)
Cs/W = 0.30, (b) 0.40, (c) 0.48, (d) 0.54,and (e) 0.39.

Structural Analysis

Powder XRD profile refinements were
performed for the present hexagonal Cs-
tungstates on the Rictveld method using the
RIETAN computational system (9). Sam-
ples in an oxidized and reduced form were
prepared by heating Cs-IPA (x = 0.30) at
600°C for 1 h in air and in a reducing atmo-
sphere (10% H,/0.5% H,0/N,-balance), re-
spectively. Crystallographic data were col-
lected with an X-ray powder diffractometer
using monochromatized CuKa radiation.
The 2#-scanning was stepwise with the
width of 0.026° and the measuring time was
4 sec. To diminish orientation effects, the
sample was well ground and attached as
lightly as possible on a sample holder.

Systematic absences of reflections 001
and h®! (f # 2n) were clearly found in the
highly resolved pattern taken with the re-
duced sample in the range 5° < 28 =< 115°,
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We thus selected the space group P6./mcm,
in which the structure of various HTBs had
been solved (10-12). Tungsten and oxygen
were distributed at 6g, 124 (for O(1)), and
12f (for O(2)) according to Labbe’s position-
ing for Rb-HTB (12). The occupancy of each
site was fixed at 1.0, 0.5, and 1.0, respec-
tively, because, spectroscopic and density
data (shown later) suggested that reduced
Cs-tungstate represented by Cs, WO, (z = 6)
have a complete h— WO,-type framework.
The Cs position was fixed at 2/ (the origin)
with the occupancy being 3x(0.90 for this
case according to the analytical result). It
was found that iocating it at other sites (2a
or the more general 4e position) only led
to poorer convergence. Thus, the refined
atomic parameters were five, W and O coor-
dinate parameters and B-values of the com-
position ions, The observed and calculated
pattern are compared in Fig. 7a.

The final results of the refinement (Ry =
0.024) for reduced h-Cs, WO, (x = 0.30} are
shown in Table lla, indicating that a h-WO,-
type framework of the compound takes al-

»hexagonal
opyrochiore

20 30 26 (cuka®

Fi1G. 6. XRD of Cs-tungstates synthesized from
amorphous Cs-1PA in a reducing atmosphere. (a)
Cs/W = 0.30, heat-treated in 10% H,/0.5% H,Q/N,-
balance at 600°C for | hr: (b) Cs/W = 0.48, in 10%
H,/0.5% H,0/N,-balance at 600°C for 1 hr; {c) Cs/W =
0.48, in H./H,0 at 700°C for | hr.
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FiG. 7. The observed and calculated powder XRD

profiles for Cs-tungstates derived from Cs-IPA

(Cs/W = 0.3). (a) Hex{red); heat-treated in 10%

H,/0.5% H,0/Ns-batance (Cs,WO;, reduced phase);

and (b) Hex(ox); in air (CsyW,_,;, 04, oxidized phase),

most an idealized form: The position of O(1)
can be reduced from the 12k to the special
6f site within the error limit and the devia-
tion of O(2) from its ideal position, 12/(x, y,
4} where x = 2y with y = 0.211, is less
than 1%. Very near lattice parameters (a =
7.116(3), ¢ = 7.5981(5)) and atomic posi-
tions have been reported by Kihlborg er al.
for Csy 3, WO, prepared from a mixture of
Cs, W0, WO,, and WO, at 750°C in a sealed
tube, through the R factors of their result
(R; = 0.05) are not so small as ours (/1)
Therefore, these two Cs-HTBs may be basi-
cally identical except for a slight difference
in the Cs contents.

The structure of oxidized sample
(Cs, WO, ,,p: x = 0.30) was also refined in
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the same space group and atomic distribu-
tion. In this case, however, an incomplete
h-WQ, type framework with W-defects was
assumed, for there were no possible inter-
stices for excess oxygens to be accommo-
dated. As the compound is thus represented
by Cs,W,_,,,0; where y = 6x/(6 + x), the
occupancy factors of the Cs, W, O(1), and
(O(2) sites were fixed at 0.857, 0.952, (.5,
and 1.0. The refined atomic parameters were
five positional ones and the B-values of Cs
and W ions. The oxygens B-values were
fixed because they became negative due to
correlation with other parameters, which
happened frequently in powder refinement.

As shown in Fig. 7b, the observed and
calculated patterns show good agreement
(R, = 0.07, R; = 0.007), though the profiles
are rather broad. Crystallographic parame-
ters after refinement is tabulated in Table
IIb. As a whole, structural difference be-
tween the reduced and oxidized sample is
not drastic, but the latter’'s c-axis is signifi-
cantly elongated and the WO, octahedron
is more distorted. It is also noted that the
displacement of O(1) at 12k (x, 0, z) from
the basal plane (z = 0) is considerably large
{(z = 0.037(38)}, whereas reported z-values
for various reduced HTBs are very close to
zero. This generates a great deal of differ-
ence in the distances between W and two
possible O(1) positions (1.71 and 2.15 A).
The shorter distance is comparable with that
of W=0.

For pyrochlore-phase compounds, the
rather poor crystallinity of the oxidized sam-
ples and contamination by impurity phases
in the reduced samples have not permitted
us to obtain a definitive structurat determi-
nation. However, tentative analysis sug-
gested that oxidized pyrochlore, repre-
sented by Cs, W, _,,s0,(z = 16), where y =
6x/(6 + x), were substantially identical with
our previously reported Cs-tungstate (/}. [ts
cubic lattice parameter was 10.2555(14) A
for x = 0.48, and the reduced compound
Cs, WO, (with the same Cs/W ratio) showed
a longer parameter, 10.3196(1)A.



CESIUM TUNGSTATE 181
TABLE lla
CRYSTALLOGRAPHIC DATA FOR Cs WO, OBTAINED AT 600°C IN a REDUCING
ATMOSPHERE {x = .30 FROM CHEMICAL ANALYSIS)
System
Space group Hexagonal; Poy/mcm
Z 6
a 7.4049(1)
c 7.6098(1)
Atomic position
Atom Site Parameter Occupancy B
w 6eix, 0. 1) x:0.4857(3) 1.0 1.14(12)
o(l) 12kix, 0, z) x:0.493(19) 0.5 0.59(5)
7:0.01(1)
02} 12j(x, ¥, x:0.2102(29) 1.0 0.28(84)
31 0.4185(20)
Cs 260, 0, 0) 0.9 0.86(44)
Interatomic distance (A)
W-0 in WO, octahedron 0(2)-0(2} in hexagonal tunnel
wW-0(1) 1.84 02)-0(2)y 2.67
1.84 2.70
W-0(2} 2.01 0(2)-0(2) in prism tunnel
2.01 0(2)-02y 2.76
1.83
1.98 0(2)-0(1) in octahedron
0O2)-0(1) 2.82
Cs-0{2) 3.29 2.73
4.52 2.63
2.79

Note. Ry = 0.024,

Structural Change on Redox Reaction

A pale-yellow oxidized form of hexagonal
Cs,W,_ 0y (v = 6x/(6 + x): x = 0.30),
prepared by heating Cs-IPA in air at 600°C,
was changed into a dark-blue reduced form
by reduction in a reducing atmosphere (109
H,/0.5% H,0/N,-balance} at the same tem-
perature. As shown in Fig. 8a, its XRD pat-
tern exactly agrees with Fig. 6a recorded
with the sample obtained by heating Cs-IPA
in the same reduction atmosphere at 600°C,
indicating that these two reduced com-
pounds are identical. Reoxidizing them in
air at the same temperature yielded a pale
ycllow hexagonal phase (Fig. 8b), which is
substantially simifar to the initial oxidized
form except for a considerable difference
in their crystallinity and lattice parameters

{reoxidized compound: ¢ = 7.373 and ¢ =
7.717 A). For further redox repetition, how-
ever, the reaction in the hexagonal phases
{denoted “Hex"),

Hex(ox) «» Hex{red) (1)

was perfectly reversible, including those
crystallographic points.

Infrared spectra recorded with Hex(ox)
and Hex(red) using the KBr pellet technique
are shown in Fig. 9. A very sharp band at 950
cm~! seen in the former’s spectrum (Fig.
94) may be assigned to W = O (terminal),
indicating that part of W are vacant in the
Hex{ox) framework. However, this band is
almost missing in the latter’s spectrum (Fig.
9bj. Therefore, the compounds may be for-
mulated as Hex(ox): Cs,W _,.0; (y =
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TABLE IIb

CRYSTALLOGRAPHIC DATA FOR Cs, W, _ ,0; OBTAINED AT 600°C IN AIR
{x = 0.29 FROM CHEMICAL ANALYSES)

System
Space group Hexagonal; P6;/mem
z 6
a 7.4012(18)
¢ 7.6728(17)
Atomic position
Atom Site Parameter QOccupancy B
W 6g(x, 0, 1) x:0.4927(7) 0.95 1.31(N
Oo(l) 12kix. 0. 2) x:0.5242(73) 0.5 1.3
2:0.037(38)
0(2) 12j(x, v, B x:0.2086(73) 1.0 1.3
¥:0.4270(13)
Cs 7B(0, 0, 0) 0.86 2.40(15)

Interatomic distance (:5\)
W-0 in WOy octahedron
W-0(1) 2.15
1.71
1.90
1.90
1.98
1.98

W-0(2)

0(2)-0(2) in hexagonal tunnel
o)-0(2y 2.79

2.68

0(2)-0(2) in prism tunnel
O(2)-0(2) 2.66

0(2)-0(1) in octahedron

0(2)-0(1) 2.48

Cs-0(2) 3.34

4.62

2.98
2,62
2.78

Note. Ry = 0.007.

6x/(6 + x)) and Hex(red): Cs, WO,. It was
shown by an in sitie measurement that the
weight change during reoxidizing process
(+0.85%) agreed with the calculated value
(+0.88%) within the experimental error
limit. The densities of Hex(ox)}and Hex{(red)
were 6.86 and 7.47 g - cm ™3, respectively,
which are in principle in good agreement
with their calculated value for six formula
units per cell, 7.17 and 7.50 g - cm ™. A
slight discrepancy {~4%) in Hex{ox) can be
accounted for by either the measurement
error due to closed micropores in the sample
or incorporation of oxygen vacancies in the
anion sublattice, which has been proposed
by Driouiche et al. (4) for their pyrochlore-
type Cs(or Rb)-tungstate.

Similar redox experiments were also per-
formed with Cs-tungstate (Cs/W = 0.48} in

the pyrochlore form. Initial oxidized com-
pound (Pyro(ox)) obtained by heating Cs-
IPA in air at 600°C turned into a reduced
pyrochlore form (Pyro(red)) after treatment
in a reducing atmosphere (H,/H,0) at
700°C, which was identical with the com-
pound previously shown in Fig. 6c as their
cell parameters agreed with each other. As
shown in Fig. 9d, Pyro(red) shows no band
at around 950 cm~!, which is clearly seen
in the spectrum of Pyro(ox} as shown in Fig.
9¢. Thus, the former is likely to be based
on a complete pyrochlore framework (i.e.,
Cs, W0}, while the latter on a lacunar one
(Cs,W,_,,05 where y = 6x/(6 + x)), as
pointed out by the present authors (2) and
Driouiche et al. (4) for their Cs-tungstates
in an oxidized form.

Reoxidation of Pyro(red) resulted in a
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F1G. 8. The change of XRD of Cs-tungstates on the
redox reaction. Hex(ox), Cs/W = 0.30, heat-treated
in air at 600°C. Hex(red), Cs/W = 0.30, in 10%
H,/0.5% H,O/N,-balance at 600°C. Pyro(red), Cs/W =
0.48, in Hy/H+O at 700°C. (a) heat-treated Hex{ox) in
10% H,/0.5% H,O/Nj-balance at 600°C for 1 hr; (b)
heat-treated Hex(red) in air at 600°C for 1 hr; (c} heat-
treated Pyro(red) in air at 600°C for | hr; and (d) heat-
treated Pyro(red) in air at 600°C for 8 hr.

mixture of pyrochlore and hexagonal phase,
as shown in Fig. &, and Pyro(ox) in a pure
phase could not be obtained even after treat-
ment for 8h at 600°C, as shown in Fig. 8d.
At higher temperature, additional peaks of
unknown phase appeared in the XRD
pattern. Consequently, the redox reaction
in the pyrochlore phase is virtually irre-
versible.

In addition, it is interesting to discuss the
schemes of those reactions. As mentioned
above, reduction of Pyro{ox) at 600°C {or
lower) gives a mixture of a pyrochlore and
hexagonal phase. To follow this process,
XRD patterns were taken with some sam-
ples treated for various times at 600°C in an
H,/H,0 atmosphere. As shown in Fig. 10a,
the sample at initial 1 hr consists of a re-
duced hexagonal (a = 7.40, ¢ = 7.61 A)
and a pyrochlore phase left almost not re-
duced (@ = 10.27 A). It is, therefore, sug-
gested that the initial stage of reduction is
disproportion of Pyro(ox) according to
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Cs,W,_,60;— a,Cs,;W0;
+ a,Cs;,W, 1,05, (2)

where y = 6x/(6 + x) = 0.44, if full occu-
pancy of the Cs sites (26 in hex. and 8b in
pyro.) and a complete anion sublattice are
assumed in both resultant compounds. This
assumption requires that the fraction
a;/{a, + &) must be less than about (.3,
Thisvalue could be larger, ifthe Cs/W ratioin
the pyrochlore phaseis permittedto belarger
than 6/11. As the reaction time is prolonged,
peaks due to the hexagonal phase become
weaker, and very sharp ones assigned to
reduced pyrochlore (¢ = 10.32 A) are
strengthened instead, as shown in Fig. 10b.
These results indicate that Pyro(red) is
formed by solid-state reaction between the
products of reaction (2),

a,Cs1, W05 + a,Cs,,W,,,,,0;—
Cs WO,(pyro), (3)
which may be remarkably slower than the

preceding disproportionation Eq. (2). Even
after protonged treatment for 10 hr at 600°C,

transmittance

a
W

c

d
R

1000 750 500
wavenumber ;cm-’

1250

Fi6. 9. IR spectra of Cs-tungstates synthesized from
Cs-IPA. (a) Hex(ox); Cs/W = .30, heat-treated in air
at 600°C for 1 hr; (b) Hex(red); Cs/W = 0.30, in 10%
H,/0.5% H,O/N,-balance at 600°C; (¢} Pyrolox);
Cs/W = 0.48, in air at 600°C; and (d) Pyro(red);
Cs/W = (.48, in Hy/H,O at T00°C.
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FiG. 10. XRD of Cs-tungstates synthesized from py-
rochlore-oxidized form heat-treated in H./H,O a1 600°C
for different heating times. (a) 1 hr, (b} 5 hr, and (¢)
10 hr.

hexagonal peaks are still observable, as
shown in Fig. 1(c.

Reoxidation of Pyro(red) as shown in
Figs. 8c and 8d seems to proceed in the same
way but in a reverse manner. In this case,
however, formation of the defective pyro-
chlore framework according to the reversal
of Eq. (2) may be very slow,

Such reaction paths as in the above are
not surprising, because the structure of hex-
aponal and pyrochlore frameworks are
closely related to each other. As previously
pointed out by the present authors (2), there
are two kinds of hexagonal frameworks:
a normal h-WO;-type (P6y/mcm) (as is
the case with the present hexagonal phase)
and a type to be termed 2-D pyrochlore
(P6;/mcm). The latter type has recently
been found in a kind of Ba- and Pb-tungstate
(1, 2) derived from peroxopolytungstate, in
which layers formed out of six-membered
rings of WO, octahedra, the same ones

found in the (111) plane of the pyrochlore-
type framework, are stacked in upside-
down manner alternately by sharing their
top and bottom apices, as shown in Fig. 11.
The pyrochlore framework can be built up
by inserting a WO, octahedron on the top
oxygens around position A and then stack-
ing the same six-membered ring laver with
atranslation of (%, §). It is, therefore, thought
that the hexagonal phase (in a normal h-WQO,
type) produced during the redox process of
pyrochlore-type Cs-tungstate is formed via
such a 2-D pyrochlore framework,

The difference in the redox reversibility
between pyrochlore and hexagonal struc-
tures might be atiributed to whether their six-
membered ring network is rigid 3-D or more
loose 2-D. It is interesting to note that, if
every seventh W layer of hexagonal Cs
WO, , s is vacant, the compound would
take a lamellar structure, represented as
Cs*[CssW ;04 . Though such a super-
structure was not observed in its powder
XRD pattern, the oxygen transport needed
for the redox process of the hexagonal
phases seems to occur utilizing interlayer
regions of the lamellar structure partly gen-
erated in the compound.

Fii. 11. Idealized expression of the 2D-pyrochlore
type-WO, framework {projection along the (001] axis).
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Conclusions

We synthesized two kinds of cesium-
tungstates through thermal decomposition
of cesium peroxo-polytungstate as a precur-
sor at relatively low temperature. Cesium-
rich precursors (Cs/W = (.48) gave tung-
states with a pyrochlore-type framework,
similar to the compound that Driouiche et
al. had synthesized from h-WO, and cesium
carbonate. A precursor with a low cesium
content (Cs/W = 0.30) yielded a compound
based on an h-WO,-type framework with
tungsten vacancies. This is the first synthe-
sis of a fully oxidized cesium-tungstate in a
hexagonal form, though hexagonal Cs-
HTBs have long been known. On reduction,
it turned into a hexagonal compound sub-
stantially sitmilar to Cs-HTB, which could
reversibly be reoxidized into its initial form.
The pyrochlore phase was also reduced to
form a compound based on the same type
of framework in a reduced form. However,
this process was not topochemical but pro-
ceeded via formation of a hexagonal phase.
Reoxidation of the reduced pyrochlore com-
pound resulted in a mixture of a pyrochlore
and hexagonal phase. Such a redox behavior
of the pyrochlore-type cesium-tungstate
might be a reflection of structural similarity
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between the pyrochlore and the h-WQj,
framework. Further investigations are now
in progress.
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