JOURNAL OF SOLID STATE CHEMISTRY 107, 108-116 (1993)

Trirutile Phases of HTaWO, - xH,0: Vibrational Properties and

Electrical Conductivity

M. CATTL* E. CAZZANELLILt C. M. MARL* aNDp G. MARIOTTO%¥

*Dipartimento di Chimica Fisica ed Elettrochimica, Universita di Milano, Via C. Golgi 19,
20133, Milan, Italy; and 1Dipartimento di Fisica, Universita di Trento, 38050 Povo,

Trento, ltaly

Received October 12, 1992; in revised form March 1, 1993; accepied March 3, 1993

The phases of HTaW O, - xH,0 (x = 3/2, 1/2,0) system with trirutile structure, including fully anhydrous
TaWO; ;, were characterized by X-ray and thermoanalytical methods and investigated by Raman
scaltering and complex impedence spectroscopy. The vibrational study involved the LiTaWQ, precur-
sor as well. Raman spectra show an evolution carrelated with progressive water loss after selective
heat treatments, up to 960°C. In some conditions, a disordered modification of TaWQs s appears in
the spectra even below 300°C. The ionic conductivity is smaller than in the pyrochlore polymorph
and can be ascribed to a lower mobility of H* ions in the trirutile structure, with an activation energy

of 0.35 eV. © 1993 Academic Press, Inc.

1. Introduction

The hydrogenated oxydcs of the class
HMYMY'O, have been synthetized in recent
years and studied for their interesting pro-
tonic conductivity. They can be obtained
via ionic exchange from corresponding al-
kali compounds. In particular, for HTaWQ;
and HNbWO,, three basically different
structures are reported, related to the con-
ventional pyrochlore (/-5}, trirutile (6), and
ReO, (perovskite) (7) structure types, re-
spectively. In all of these crystal forms, wa-
ter molecules are contained in variable
amount.

A complex evolution occurs when HTa
WO, - xH,O is obtained by replacing Li*
cations by protons in LiTaWO,, which ex-
hibits a trirutile crystal structure, character-
ized by corner-sharing and edge-sharing oc-
tahedral wnits packed into a layered
configuration (8). According to details of the

F Email: MARIOTTOGITNCISCA (Bitnet); MARI-
OTTOEIFNVAX . SCIENCE.UNITN.IT (Internet).
(0022-4596/93 $5.00

Copyright ©3 1993 by Academic Press, Inc.
All rights of reproduction in any ferm reserved.

ion-cxchange reaction, either an isostruct-
ural trirutile-type form (6) or a ReO,-type
modification (7) of HTaWQ,- xH,O is ob-
tained, with a variable amount of structural
water. In the former case, the acidic protons
and the water molecules are located be-
tween the oxide layers (6), i.e., in the same
regions formerly occupied by Li* ions. A
preliminary Raman study of the trirutile
polymorph (9) has revealed the existence of
a fully dehydrated, highly disordered form,
which is obtained by laser irradiation or by
thermal annealing of either the pyrochlore
or the trirutile modification itself.
Electrical conductivity measurements are
available for the pyrochlore phase of HTa
WO, - xH,O (1), but not for the other crystal
modifications. A peculiar dependence of the
conductivity on temperature has been found
and related to progressive dehydration of
the pyrochlore. However, according to a
detailed theoretical analysis of the mecha-
nism of proton motion of thermally acti-
vated hopping (70}, an active rolc of struc-
tural water molecules in the conduction
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process has been ruled out, in agreement
with previous Raman findings (5).

A new study of the trirutile modification
of HTaWO - xH,0 is presented here, with
the aim of clarifying some of the open points
concerning its electrical and vibrational be-
havior.

2. Experimental and Results

2.1. Preparation and Phase Relations

The lithium precursor LiTaWQ, was syn-
thetized by solid-state reaction of a mixture
of Li,CO,, Ta,0s, and WO, in stoichiomet-
ric ratio (I1). The reagents were calcined in
air at 800°C for 12 hr twice, with an interme-
diate grinding step. X-ray powder diffrac-
tion proved the product to be single-phase
LiTaWO; with a trirutile-type pattern. This
compound was proton exchanged ina 4 M
HNO, solution for 48 hr at 80°C, with an
intermediate substitution of the acid (6, 12).
Care has to be taken in this preparation step,
because using more severe conditions (typi-
cally, 13 M H,SO, at 200°C) can lead to
formation of HTaWO, - H,O with perov-
skite-type structure (7). Comptete Li*/H™
exchange was checked by lithium analysis
in solution by atomic absorption spectro-
photometry.

The crystallographic and thermal charac-
terizations of all samples were performed
by a Siemens D-500 X-ray powder diffracto-
meter (CuKa radiation, scan speed of
1°(26)/min), and by a Netzsch thermoana-
lyzer (TGA + DTA, heating rate 5°C/min).
The diffraction pattern of the fresh polycrys-
talline powders obtained after ion exchange
corresponded to pure HTaWO,-3/2H,0
with trirutile-type structure [a = 4.710(9)
A, ¢ = 25.80(5) Al. A thermal study by
thermogravimetric and differential thermat
analysis, coupled with isothermal treat-
ments at different temperatures in a furnace
and subsequent X-ray diffraction on the
samples confirmed substantially the phase
relations obtained by the previous investiga-
tion (6). The dehydration reactions oc-
curring can be summarized as follows:
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HTaWO,-32H,0 =
HTaWO,- 12H,0 + H,0  (30-80°C),
HTaWO,-1/2H,0 =
HTaWwO, + 1/2H,0 (120-220°C),
HTaW(Q,—
TaWO, 5 + 1/2H,0  (220-400°C).

The hemihydrated phase has a small but
well defined range of thermal stability. Its
diffraction pattern, though similar to that
of HTaWQ,-3/2H,0, shows a number of
peculiar peak shifts which are diagnostic,
consistently with the significant shortening
of the ¢ cell edge. On the other hand, the
stability range of the pure dehydrated phase
in air appears to be vanishing, with an X-
ray powder pattern which resembles very
closely that of the hemihydrated phase.

2.2. Electrical conductivity

The measurements were performed on
pellets covered by thin Pt films sputtered on
both sides, A Solartron complex admittance
apparatus was employed, using frequencies
in the range 1-3 x 10°Hz. Circles on the
complex impedence plane appeared clearly,
and the conductivities o were obtained from
a high-frequency intercept with the real
axis. The measuring procedure was re-
peated at several temperature values in the
range 25-200°C in air, obtaining the Arr-
henius-type plot of log (o T) versus 1/T shown
in Fig. 1. A complex multiphase shape ap-
pears, similar to that obtained for the pyro-
chlore polymorph of HTaWO, - xH,O ({};
however, here the correspondence between
regions of the curve and hydration of the
compound is different. In fact, by taking
into account the results of the thermal study,
the bottom of the curve can be ascribed to
the pure hemihydrate phase, while the low-
and high-T branches should correspond to
HTaWO,-3/2H,0-HTaW(;1/2H,0 and
HTaWQg- 1/2H,0-HTaW(Q,  two-phase
systems, respectively. On the other hand,
in the pyrochlore case we had a continuous
dehydration of HTaWO, - H,O in the low-T
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FiG. 1. Arrhenius plot of the conductivity values for
HTaWOQ; - xH;0 pellets, measured in air, between 25
and 200°C.

region, and a stability range of single phase
HTaW0Q, in the high-T branch of the
curve {I).

According to the interpretation of pyro-
chlore results (7), in the low-T region the
electrical conductivity should be mainly as-
cribed to H* transport via H,O molecules,
probably related to grain-boundary humid-
ity (12). This explains the decreasing trend
of o(T), due to dehydration. In the high-T
region, on the other hand, the dehydration
effect is overcompensated by the Arrhenius-
like enhancement of conductivity on tem-
perature. An increase of log(oT) versus
1/T is produced, which becomes linear only
after complete loss of water, when charge
transport occurs by thermally activated
hopping of acidic H* ions. The activation
energy for the latter process (T > 150°C) is
computed to be 0.39 eV. In order to better
characterize the electrical behavior of the
anhydrous phase HTaWOQ,, conductivity
measurements were repeated in dry argon
atmosphere within the T range 80-190°C.
Unlike the air results, now the Arrhenius
plot shows a neat linear behaviour (Fig. 2);
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this is ascribed to conduction of the acidic
H™ proton with activation energy of 0.35
eV, in reasonable agreement with the previ-
ous result obtained in a narrower tempera-
ture range.

By extending the measurements in air up
to 300°C, the data obtained show the left-
hand part of the parabola-like curve of Fig.
1 to go on raising with positive deviation
from linearity., Thus the third dehydration
step (HTaWQ, — TaWOs,; + 1/2H,0) ap-
pears to occur continuously over a tempera-
ture range, with no clear-cut slope change
in the Arrhenius plot (two-phase behavior).
From the study of the corresponding pyro-
chlore system (1, 13), it can be inferred that
a more thorough understanding of the con-
ductivity of these hydrated compounds can
be obtained only by carefully controlling the
water vapor pressure in the atmosphere.

2.3. Raman Scattering: Measuring
Procedures

For the annealings of LiTaWOQ,, a piece
of pellet in a quartz container inside a fur-
nace was used. The time ¢lapsed to cool
down to room temperature was at least I
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F1c. 2. Arthenius plot as in Fig. 1, but performed in
a dry argon atmosphere, between 80 and 190°C.
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hr. For the powders of hydrogenated com-
pounds the annealings were performed ei-
ther in open guartz containers or in glass
capillaries. To reintroduce water in samples
dehydrated previously, the powders were
suspended in water, stirred and then main-
tained at 60-80°C until complete evapora-
tion of the liquid. The same method was
applied to deuterate some samples, using
D,0 instead of normal water. Samples were
always kept in air both during and after ther-
mal treatments.

Raman spectra were excited by either
514.5- or 488.0-nm lines of an Ar™ ion laser.
To avoid possible decomposition of the sam-
ples the laser powers were typically main-
tained at about 100 mW or less; the time
required to collect a Raman spectrum in the
region between 0 and 1200 cm ™! was about
15 min. The scattered light was dispersed
by a Jobin—Yvon double monochromator
HG-28 with holographic gratings (2000
grooves per mm) and detected by a standard
photon counting system. The experimental
resolution was about 3 cm™! for most of
spectra.

The real temperature of samples under
irradiation in thermal equilibrium conditions
was estimated (with an error of 10-20°C)
through the anti-Stokes-to-Stokes intensity
ratio of the Raman modes between +200
and — 200 cm™', taking in account also the
intensity dependence on the frequency of
the scattered light (14).

2.4. Raman Spectra of Trirutife LiTaW(0,

The Raman spectrum of the salt LiTaW Oy
with a trirutile structure, parent of the pro-
tonated compound, is reported in Fig. 3.
The large number of the peaks and their
sharpness are consistent with a quite or-
dered crystal structure where atoms occupy
low symmetry sites. However, a normal
modes assignment is not allowed by lack of
well oriented monocrystalline samples.

The very strong peak at 960 cm ™!, with
the associated feature in the range 900-930
cm ™', is not observed in the spectra of iso-
morphous trirutile-like MTa,Q, compounds
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FiG. 3. Room-temperature Raman spectrum of
LiTaWQ; untreated polycrystalline sample.

(15, 16), where stretching modes of TaQ,
octahedra are reported to lie in the 700 cm ™!
region. On the other hand, comparable high
frequency peaks are shown by TiTa,0; (17),
with different space group, and are assigned
to the stretching mode of edge-sharing
TaOg octahedra.

In agreement with thermogravimetric and
DSC measurements, which do not reveal
any phase transition at higher temperature,
the vibrational spectrum of LiTaWO, re-
mains remarkably constant after thermal
treatments up to 800°C, as well as after
strong laser irradiations performed in air.

2.5. Raman Spectra of Trirutile
HTa WOG * xH20

2.5.1. Hydrated phases. The transforma-
tions of the hydrogenated trirutile depend
mainly on the water content; in order to
explore by Raman spectroscopy all phase
changes, powder samples were synthetized
at different times and repeatedly measured
after each heat treatment. A typical, well
reproducible spectrum obtained at “‘room
temperature’ in air, on freshly exchanged,
untreated powders is shown in Fig. 4a. A
generat broadening for all the spectral fea-
tures can be observed, with respect to the
parent LiTaW0Oy; in addition, the sequence
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Fi1G. 4. Room-temperature Raman spectra of the dif-
ferent phases derived from HTaWO, - xH,O: (a) un-
treated powders, hydration state between HTaWO, - 3/
2H;0 and HTaWOq - 1/2H,0; (b)powders heated for 65
hr at 150°C, sample composition HTaWO,; (¢) powders
after 17 hr at 440°C, fully dehydrated phase TaWO;
(d) powders after heating for 22 hr at 700°C; and (e)
powders after heating for 20 hr at 900°C.

of Raman peaks of Fig. 3 is conserved in
the exchanged compound, showing only a
systematic downshift of about 10 ¢m™~! and
an upshift of 35 cm™! for most of the low-
frequency and high-frequency modes, re-
spectively.

An unexpected, new spectral feature ap-
pears in the region 300-370 cm™' for the
HTaWO; - xH,0 samples; it shows an evolu-
tion strongly correlated to the thermal his-
tory of the samples, henceforth to the water
content, which is discussed in detail in the
next section.

The internal modes of the intercalated wa-
ter give very weak and not always reproduc-
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ible Raman spectra: the bending mode can
be identified with the band barely observ-
able at about 1600 cm™! in some samples.
The region of the O-H stretching modes
presents broad and weak features, whose
intensity is significantly sample dependent.
However, all untreated powders, exhibiting
the spectral shape of Fig. 4a for the host
matrix modes, show in the O-H stretching
region two very broad features, with max-
ima at about 2800 and 3400 cm~' (see Fig.
5a). The same two modes are also observed
in IR spectra, once again showing weak in-
tensity and broad shape.

No isotopic-shift effects were observed in
deuterated samples directly related to libra-
tional modes of the water molecule. Thus
water would only be involved in vibrational
modes relating large structural units,

All samples of freshly exchanged pow-
ders, measured in air, had an estimated tem-
perature (see Section 2.3) between 85 and
125°C, due to the heating effect of the laser.
Thus, according to the phase relations of

—_ b

3

o

L

il

>

-

0 a

=

L

.

=

H
1 1 1 l 1 1 .

2200 3700
FREQUENCY (cm™1)

F1G. 5. Raman spectrumin the region of O-H stretch-
ing: (a) freshly exchanged powders and (b) sample
heated 20 hr at 300°C, corresponding to HTaWOy
phase.
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Section 2.1, the Raman spectra of Fig. 4a
are likely to probe an intermediate state be-
tween HTaWQg-3/2H,0 and HTaWOQO,-
1/2H,0.

2.5.2. Spectral evolution under moderate
heating. Heatings below 100-120°C are
comparable for their effects to low-power
laser irradiation (about 100 mW); they pro-
duce only small variations in the bandwidths
and relative intensities, in comparison to
spectrum of Fig. 4a.

For thermal treatments of the initial hy-
drated phase between 120 and 300°C, the
changes of Raman spectrum appear erratic
and scarcely reproducible. However, many
experiments on different samples indicate
two main routes of structural evolution. In
the first case, spectra of a strongly disor-
dered phase are observed; this phase, la-
beled 8, is discussed below. The other trans-
formation (Fig. 4b) implies much less
relevant changes of the Raman spectrum,
i.e.:

(i) The lowest frequency mode shifts
from 61 to 67 cm ™.

(ii) The splitting of the doublet 115-137
cm~! of the hydrated samples increases
slightly, giving typical values of 110-140
cm ', This effect seems to be partially re-
versible after some months exposition to air.

(iii} The relative intensity of the 240-cm™!
peak decreases after dehydration.

(iv) The band at about 350 cm ™' changes
its intensity and its energy under desiccation
processes (Fig. 6). For strongly hydrated
samples it lies at about 365 cm ™!, with a
remarkable intensity (Fig. 6a). For moder-
ate heating both frequency and intensity de-
crease progressively; indeed, for dehy-
drated HTaWQ, samples the band appears
more or less overlapped with that at 310
¢m™! {Fig. 6c). A significant direct involve-
ment of the water molecule in the eigenvec-
tor of this mode can be ruled out by mea-
surements on deuterated samples, where a
peak frequency of 363 ¢cm™!is observed, as
in strongly hydrated materials.

(v) The broad shoulder centered at about
800 cm~! in the fully hydrated phase shifts
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Fi1G. 6. Dependence on water content of the host
matrix Raman spectrum in the range 200-500 cm™":
(a) powders in equilibrium with liquid water, hydration
state close to HTaWQq - 3/2H,0; (b) untreated pow-
ders, hydration state between HTaWQ, - 3/2H,0 and
HTaWO, - 1/2H,0, as in Fig. 4a; and (c)} sample heated
20 hr at 220°C, phase HTaWQ,.

to lower frequency and increases its inten-
sity as a consequence of the heating. For
the samples treated at 300°C, which can be
considered totally transformed, the band
maximum lies at about 740 cm™".

(vi) Slight changes in the position of max-
ima occur for the two high energy bands.
One of them shifts from 915 to 925 cm ™!,
while the other one changes in the opposite
way (from about 996 to 990 cm™"). In addi-
tion a shoulder at about 1005 cm~! appears.
However, the most remarkable effect of
moderate heating on the Raman spectrum
seems to be the increase of relative intensity
of the 990-cm~! band.

(vii) The very broad band peaked in the
hydrated form at about 2800 ¢cm™' disap-
pears, as can be seen in Fig. 5b. A feature of
compatible energy with an O—H stretching
vibration survives at about 3300 cm~' in a



114

sample treated at 300°C for 20 hr, which
presents the same low-frequency Raman
spectrum as Fig. 4b. These results should
support an assignment of the former band
to the stretching mode of H,O molecules,
while the latter could be associated to the
O-H vibration of acidic protons.

Because of the relatively slight changes
of the Raman spectrum, and taking into ac-
count the thermal study on phase relations,
the phase obtained can be identified as dehy-
drated trirutile HTaWO,

2.5.3. Unstable disordered phase. The
spectrum of the disordered phase 3, ob-
tained from moderate heating of trirutile
HTaWO6, has been already reported (9) for
pellet samples, which underwent previously
thermal treatments at 150°C to evaporate the
organic solvent used for pelletizing process
(Fig. 7a). In the present measurements on
powders in glass capillary, a mixture of de-
hydrated HTaWO,; and 8 phase is often
shown by Raman spectra after treatments
below 300°C (Fig. 7b).

The B-phase spectrum was also obtained
by heating powders at about 400°C (Fig. 7c)
and always appears in samples strongly irra-
diated by laser light (typical laser powers
300 mW or more), independently of the
starting phase. Indeed, spectra of this kind
were obtained by irradiating freshly ex-
changed powders, samples already in the
stable dehydrated TaWO;, ; phase (see next
section), and even pyrochlore samples (9).
In such cases the relative intensity of the
highest frequency peak {(about 1000 cm™!)
and the broad band centered at 720 ¢cm !
may show differences, probably related to
the kinetics of evolution toward this phase.
The transformation is completed when the
sharp highest frequency peak is quenched.
As already pointed out in the previous paper
(9), the formation of this 8 phase is probably
connected to surface effects, since it is re-
vealed by Raman spectroscopy but not by
bulk probes such as X-ray diffraction.

2.54. High-temperature evolution and
Raman spectrum of TaWO; ;. A clear, dras-
tic and well reproducible modification of the
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Fic. 7. Raman spectra of the disordered phase g3,
obtained under different conditions: (a) trirutile pellet
samples, after thermal treatment at about 150°C; (b)
trirutile powders, heated 67 hr at 150°C, (mixed with
the ordered phase HTaWO,); and (c) same trirutile
powders, after heating 20 hr at 430°C.

Raman spectrum occurs when the samples
arc annealed in air for about 20 hr at temper-
atures between 400 and 600°C. A typical
spectrum is shown in Fig. 4c and can be
ascribed to the TaWQ; ; phase on the basis
of the thermal study reported in Section 2.1.
All attempts to rehydrate the powder sam-
ples after the above thermal treatments
failed, so that the water loss seems to be irre-
versible,

A few broad bands are observed, whose
maxima occur at the same energy of sharp
peaks of the hydrate ordered compound;
this suggests a disorder-activated vibra-
tional density of states. However, the char-
acteristic highest frequency peak at 1000
cm~! survives to this strong modification,
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and seems to be less coupled to the lattice;
i.e., it exhibits a narrower shape and a
slightly increased frequency. The assign-
ment of the spectrum to a fully dehydrated
phase is confirmed by the absence of any
O-H stretching vibration in the high fre-
quency range.

A strong similarity of its overall shape to
that of 8-phase spectra is evident, but some
minor differences should be considered
{(compare Figs. 4c¢ and 7c¢}. To complete the
spectroscopic  study of rutile-related
HTaWO, phases successive annealings
have been performed at 700 (see Fig. 4d},
800 (spectrum not shown), and 900°C (see
Fig. 4¢) on a powder sample. The annealings
at 700°C seem to induce a transformation
into a phase even more similar to 8 (see Fig.
4d, compared to spectra of Fig. 7}, with a
variance in the relative intensity for the
highest frequency peak depending on the
previous thermal history.

After the heating at 800 and 900°C (Fig.
4e), a new transformation takes place. Ac-
cording to the X-ray diffraction study, the
structure of the new phase belongs to the
tetragonal tungsten bronze (TTB) class. In
the low-frequency Raman spectrum a new
sharp peak arises at about 90 cm ™! and some
broader features appear at about 320 and
800 cm !,

3. Discussion and Conclusions

The results of electrical conductivity and
Raman scattering measurements are consis-
tent with the phase relations within the HTa-
WO - xH,0 trirutile-like system, as derived
by thermal and crystallographic character-
izations. The only unresolved point con-
cerns the identification of 8 phase, detected
by Raman spectroscopy during some ther-
mal treatments. By considering the similar-
ity of its spectrum to that of TaWO; ; (Fig.
4¢), it would be natural to ascribe it to some
disordered or amorphous modifications of
such compound. Furthermore, the forma-
tion of this phase is probably just a surface
process, and may occur apparently at tem-
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peratures somewhat lower than the stability
range of bulky TawO; ;.

By comparison with the behaviour of the
corresponding pyrochlere system, some rel-
evant differences are observed.

First, the hydrated pyrochiore transforms
into the anhydrous term HTaWO,(p) in a
single step, over a wide temperature range
(25-230°C); HTaWO(p} remains stable up
to 370°C, and then changes into TaWQ, ((p)
fairly quickly (370-450°C) (). On the other
hand, the hydrated trirutile dehydrates in
two steps, and a true stability range for the
HTaWO(t} phase can be hardly defined,
since it promptly transforms into Ta-
WO;s(t). Both polymorphs of TaWO,;
show with the X-ray diffraction a transition
into a TTB-type phase above 800°C.

Second, the Raman measurements (see
Fig. 5 of Ref. (10)) suggest that the Ta
WO, s(p) structure resembles that of the
form HTaWQ; - xH,O(p), with respect to the
degree of order affecting the selection rules
for the Raman scattering. On the contrary,
the transition from the anhydrous form
HTaWO(t) to the totally dehydrogenated
TaWQ, ;(t) compound, observed reproduci-
bly by Raman spectroscopy after treatments
above 400°C, strongly changes the spectral
shape (see for comparison Figs. 4b and 4c).
However, the same spectrum appears for
both forms, trirutile and pyrochlore, after
heatings at 700°C, and can be related to the
transition toward TTB structures. The spec-
tral features appearing after the highest tem-
perature annealings are very similar to the
bands observed in strongly irradiated triru-
tile and pyrochlore samples (/0). It cannot
be excluded that such a phenomenon indi-
cates at least at the sample surface, the
transformation into a TTB structure.

The electrical conductivity of the hydro-
genated trirutile phase is smaller by an order
of magnitude than that of the corresponding
pyrochlore compound. This is an important
result, because it correlates well with the
different structure type and the different sta-
bility of the two HTaWO,-xH,0 poly-
morphs. Unlike the case of the pyrochlore
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compounds (2, 3), no neutron diffraction
study has been performed on the trirutile
phases, so that the details of their structures
(including the H-atom positions) are not
known. However, a consideration of the
main topological features of both forms sug-
gests that the layered configuration of triru-
tile should be less favourable for proton
transport via a hopping mechanism than that
of pyrochlore (based on tridimensional
channels). Further experimental (neutron
diffraction) and theoretical (H* potential
energy maps) work is planned to clarify
this point.
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