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Both LiNbWO4 and LiTaWO, undergo ion exchange in hot aqueous H,;SO, yielding the hydrates
HMWOq - H;O (M = Nb or Ta). The reaction is accompanied by a structural transformation from the
rutile to the ReQj; structure. The cell constants are a = 3.783(3) A for HNbWO, - H;O and a = 3.785(5)

A for HTaWO -

H;0. The ReO; structure is retained by the dehydration products HMWOQO, and

MWO; s as well. HMWOq phases yield H,.., MWOg hydrogen bronzes on exposure to hydrogen in the

presence of platinum catalyst.

1. Introduction

Several complex metal oxides containing
alkali metals undergo ion exchange in aque-
ous or molten salt media retaining their
structural features. Such ion-exchange re-
actions provide low-temperature routes for
the synthesis of new solids that cannot be
prepared by high-temperature methods (Z,
2). An interesting example of ion-exchange
reaction accompanied by a structural trans-
formation is that of proton exchange of
LiNbO; and LiTaO; (3). The exchange
results in the formation of cubic HNbO;
and HTaOj; possessing an ReOs-type struc-
ture. We have been interested in investigat-
ing the possible occurrence of a similar ex-
change of lithium in oxides crystallizing in
different structures. We have found that
when LINbWOg and LiTaWOg are refluxed
with aqueous H,S0O;, HNbWO¢ and
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HTaWOQOq are formed. The reaction is ac-
companied by a transformation from the
rutile to the ReO; structure. We believe that
this is the first instance of such a transfor-
mation occurring at low temperatures. In
this paper, we report the preparation and
structural characterization of HNbWOg and
HTaWOg from their lithium analogues and
suggest a possible mechanism for the rutile-
ReO; transformation.

2. Experimental

LiNbWOg¢ and LiTaWQO4 were prepared
by reacting the required quantities of
Li2CO3, WO3, and Nb205/T2.205 at 800°C
for 24 hr. Both the oxides crystallize in
trirutile structure as revealed by X-ray
powder diffraction. Their lattice parame-
ters (a = 4.677(6) and ¢ = 9.27(1) A for the
niobium compound and a = 4.673(2) and ¢
= 9.309(5) A for the tantalum compound)
agree with the values reported in the litera-
ture (¢).
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F16. 1. X-Ray powder diffraction patterns of (a)
LiNbWOQq, (b) HNbWO, - H,0O, (¢) HNbWO,, (d)
NbWOs s, and (e) NbWOs s after heating at 900°C for
12 hr.

Ion exchange of lithium in LINbWOQOg and
LiTaWOg was investigated by refluxing the
solids in hot aqueous H,SO; and HNO;.
The reaction was monitored by the flame
test of the filtrate and X-ray diffraction of
the solid. Exchange was not significant with
HNO:; but facile exchange occurred with 9—
13 M H;S0, at 150-210°C, the tantalum
compound requiring higher concentrations
of the acid. The reaction was complete with
LiNbWOg in 24 hr in 9 M H,SO, while it
required about a week with LiTaWQg in 13
M H,S0,. The solid products were filtered,
washed with water, and air-dried at 110°C.
Their composition as determined by chemi-
cal analysis of tungsten and thermogravi-
metry was HMWOq - H,O (M = Nb or Ta).
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The protonated oxides were character-
ized by X-ray diffraction, thermogravime-
try and IR absorption spectroscopy. X-ray
diffraction patterns were recorded with a
JEOL JDX-8P powder diffractometer using
Fe-filtered CoKa radiation. Thermogravi-
metric curves were recorded using a Sarto-
rius microbalance at a heating rate of 5°C
per minute. Infrared spectra were recorded
in KBr pellets and Nujol mull using a
Perkin—-Elmer 599 spectrometer.

3. Results and Discussion

Both LiNbWO¢ and LiTaWOQg transform
to the protonated oxides on treatment with
hot aqueous H,S0O, as revealed by the pres-
ence of lithium in the filtrate and the
changes in X-ray diffraction patterns of the
solids. Chemical analysis of tungsten and
thermogravimetric analysis of water con-
tent revealed that the composition of the
solid products is HMWOq - H,O (M = Nb
or Ta). Both protonated phases are isomor-
phous adopting the simple cubic structure
of ReOs (or perovskite) (Fig. 1). The X-ray
reflections are broad indicating that the par-
ticle size of the products is much smaller
than that of the parent LiMWOQg. The
observed d spacings and intensities of
HNbWO4 - H,O (together with other re-
lated niobium oxides) are given in Table I.
The unit cell parameters of HUWO, - H,0O
(a = 3.783(3) A for the niobium compound
and a = 3.785(5) A for the tantalum com-
pound) are comparable to HNbO; and
HTaO; possessing ReO;-related structure
(3). Recently, Weller and Dickens (5) have
reported a cubic cell of a = 7.622 A for
HTaO0; on the basis of a powder X-ray and
neutron diffraction study. The doubling of
the cubic cell of the ReO; structure has
been attributed to tilting of the TaOg octa-
hedra. We do not see any evidence for such
doubling of the unit cell in the diffraction
patterns of HMWOQOgq.

Thermogravimetric analysis in air shows
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TABLE
X-Ray PowbER DIFFRACTION DATA OF HNbWO, - H.O, HNbWO,, NbWOs s, AND H..| ;NbWO,

HNbWOQ, - H,0¢ HNbWO," NbWO; ¢ H. ;NbWO
hil d (A) I d (A) 1 d(A) 1 d(A) I
100 3.779 100 3.773 100 3.779 100 3.773 100
110 2.672 45 2.681 42 2.691 42 2.675 55
111 2.181 7 2.199 5 2.214 5 2.203 8
200 1.891 14 1.894 13 1.910 12 1.884 I
210 1.691 22 1.696 18 1.702 18 1.695 22
211 1.545 9 1.548 10 1.553 9 1.546 11
220 1.337 3 1.340 3 1.347 3 1.340 3
221
300} 1.261 5 1.263 4 1.270 4 1.263 6

«q = 3.7833) A.
ba =3.791) A.
“a=3381(2) A.
4q =3.791) A.

that HMWOg - H,O readily loses water of
hydration to give anhydrous phases around
400°C (Fig. 2). The anhydrous compounds
are stable up to about 600°C and suffer fur-
ther weight loss. The second weight loss is
likely to be due to the reaction

Hwa06 i d wa055 + %Hzo

The weight loss expected for the reaction is
2.41% and that found is 2.20%. Both the
anhydrous HMWOQ, as well as MWOs s re-
tain the cubic ReO; structure (Figs. 1c and
d). It is indeed surprising that MWOs s pos-
sesses the ReO; structure since the com-
position is anion deficient. The anion
vacancies are probably ordered at the
microstructrual level which is not revealed
by powder X-ray diffraction. On annealing
the cubic NbWOs s at 900°C for 12 hr, the
phase transforms to a complex structure;
its diffraction pattern (Fig. le) which could
be indexed on a tetragonal cell with a
24.3 and ¢ = 3.92 A is strikingly similar to
the tetragonal tungsten bronzes possessing
pentagonal column structures (6, 7).
HTaWO6 . Hzo, HTaW06, and TaWO5,5
adopting defect pyrochlore structures have
been reported (8).

We have recorded the IR spectra of
HNbWO, - H;O, HNbWOQ,, and the cubic
NbWO:s s to find out the nature of water and

PERCENTAGE WEIGHT LOSS
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F16. 2. Thermogravimetric curves of (a) HNbWOq -
H,0 and (b) HTaWQq - H,0.
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F1G. 3. Infrared spectra of (a) HNbWOs - H,O, (b) HNbWOs, and (¢) NbWOs 5 recorded in Nujol

mull.

the presence of OH groups (Fig. 3).
HNbWOg - H,0 shows a strong, broad ab-
sorption between 3200 and 3500 cm~! and a
sharp absorption around 1625 cm~! which
are due to the stretching and bending
modes of water, respectively. In addition,
there is an absorption band around 1130
cm~! which is probably due to M—OH
bending. Metal hydroxides show absorp-
tion due to M—OH bending in this region
(9, 10). In the IR spectrum of anhydrous
HNbWOgq, the absorption at 1625 cm~! dis-
appears while the band around 1130'cm™!'1is
retained. This can be taken to indicate that
the proton in HNbWOg4 occurs as an OH
group. The compound has therefore to be
formulated as NbWOs(OH) similar to other
protonated oxides such as HNbO;, HTa0O,,
and HNb;Og (3, 11). Both W and M as well
as protons in HMWOQOq are apparently not
ordered since the structure retains the cu-
bic symmetry. In the IR spectrum of

NbWOs s, all the absorption bands due to
water and OH groups are absent. A broad
and strong absorption centered around 800
cm~! and another medium absorption
around 340 cm™! present in all the Nb—W
oxides investigated are likely to be due to
the internal modes of MOg and WOg octahe-
dra.

The formation of HMWOg¢ from LIMWOq
on treatment with aqueous H,SO, can take
place by either a topotactic mechanism
(similar to the formation of HMO, from
LiMO;) or a dissolution—recrystallization
process. To distinguish between the two
possibilities, we have refluxed a mixture of
Nb,Os and WO; in 9 m H,SO, for 24 hr
under conditions similar to the formation
of HNbWOy - H,O from LiNbWOQO,. No
HNbWO¢ was obtained in this reaction. It
is possible that HNbWOy is not formed in
this reaction because of the poor solubility
of Nb,Os in H,SO4. We have treated an
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(b)

Fic. 4. Transformation of the tetragonal close-packed anion array to hexagonal close-packed (kcp)
array by rotation of the occupied octahedra. (b) Transformation of NbWO; framework in LINbWOg
(trirutile) to NbO; framework of the LiNbO; structure. The oxygen array is idealized to hcp. Only
occupied octahedra are shown. Shaded and unshaded octahedra are at different levels. (i) LINbWOq
trirutile. Li-occupied octahedra are shown with filled circles. (ii) NbWOg network after removal of
lithium. Arrows indicate the direction of cation motion. (iii) NbWO, network after cation rearrange-
ment. This network is equivalent to NbO; network in LiNbO;.

equimolar mixture of LiNbWO¢ and Li
TaWO, with 13 M H,SO;, for { week. The
product obtained by this method showed an
X-ray diffraction pattern similar to those of
HNbWOg - H,O and HTaWO¢ - H,O. We
could not, however, decide from the pat-
tern whether it is a mixture of HNbWOg -
H,0 and HTaWOQ, - H,O or a single-phase
solid solution of the two, HNb;_,Ta,WQs -
H,0. Formation of a single-phase solid so-
lution would indicate that the reaction pro-
ceeds by a dissolution-recrystallization
process. An EDAX analysis of the product
in a scanning electron microscope by moni-
toring Ka of Nb and La of Ta revealed
that the majority of the crystals contained
both Nb and Ta although a few crystals
did contain either Nb or Ta. The result
seems to suggest that the formation of
HMWOQO4 - H,O from LIMWOg on treat-
ment with H,SO, proceeds by a dissolu-

tion—recrystallization mechanism although
a topotactic mechanism cannot be entirely
ruled out.

We suggest a possible mechanism for the
topotactic transformation of LiMWO to
ReO;-like HMWOqg in Fig. 4. On ion ex-
change, the tetragonal close-packed anion
array of the rutile structure transforms first
to the hexagonal close-packed (hcp) array.
Subsequently cation rearrangement occurs
to give a MWO¢ network that is similar to
the NbO; network of the LiNbO; structure.
The network then transforms to the ReO;
structure by a mechanism similar to that
proposed by Rice and Jackel (3) for the
transformation of LiMO; to HMOs. The lat-
ter involves rotation of the octahedra by
~60° about the cyxg of LiMO; which rear-
ranges the hcp anion array to the § ccp
anion array of the ReQjs structure. Further
work is needed to decide whether
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LiMWO¢—-HMWOq transformation occurs
by a topotactic mechanism or a dissolu-
tion—recrystallization mechanism.

Since it is known that WO; forms stable
hydrogen bronzes, H,WO; (I/2), we ex-
pected that HNbWQs and HTaWO4 would
form similar hydrogen bronzes. We indeed
found the formation of intense blue
H;::MWOQOs (M = Nb or Ta) when anhy-
drous HMWOq dispersed with 0.5% of Pt
was exposed to hydrogen at room tempera-
ture. Determination of the reducing power
of the samples by oxidimetry revealed the
formula of the bronzes to be H._;:MWOQs.
X-ray powder patterns of the blue bronzes
are nearly identical with those of HMWO,
indicating that the ReQ; structure is re-
tained in the bronzes. The observed d spac-
ings and intensities of H_3;NbWOQO¢ are
given in Table I. The hydrogen bronzes ex-
hibit a much lower resistivity (~30 ohm cm)
for compressed polycrystalline pellets than
the parent oxides (~10® ohm ¢m) at room
temperature. The blue color and the low
resistivity of the bronzes are indicative of
partial reduction of W to W3* on hydro-
gen insertion. Unlike HWO;, H; MWOq
bronzes are unstable under ambient condi-
tions transforming to straw-white-colored
parent oxides in ~30 min. The reaction is
however reversible. The reversible inser-
tion of hydrogen in HMWO¢ may be impor-
tant in electrochromic devices.
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