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The conductivities of the perovskite layered compounds KLaNb;,O; and its ion-exchanged forms
MLaNb,O; - xH,0O (M = Na.H) were investigaled in the temperature range 20 to 80°C by complex
impedance measurement with the samples held at various water vapor pressures. The conductivity
for all the compounds obeyed the relationship o = P, although the KLaNbyO; compound has no
hydrous form. This fact suggested the possibiity of proton conduction through the surfaces of parti-

cles, © 1993 Academic Press, Inc.

Introduction

In general, solid state proton conductivity
in hydrates can be classified into two catego-
ries; i.e., bulk conductivity due to water of
crystallization and surface conductivity due
to water of adsorption. In particular, sur-
faces and intergranular contacts of particles
within polycrystalline specimens take part
in proton conduction (/, 2). The layered acid
hydrates, such as H-montmorillonite {3) and
o-Zr{HPO,), - H,O (4), exhibit high proton
conductivities along the hydrated surfaces
of the microcrystals.

Recently the new layered acid hydrate
HLaNb,O; - xH,0O was prepared by the ion-
exchange reaction of KLaNb,O, with HNO,
solution (5). Since this compound can be
regarded as another example of a layered
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acid hydrate, we have, in this study, investi-
gated the anticipated proton conductivity
under various water vapor pressures.
For comparison, the conductivities of
KLaNb,O; and NalLaNb,O, - xH,O were
also investigated.

Experimental

KLaNb,O, was prepared by solid state
reaction of K,CO;, La,0,, and Nb,Os pow-
ders. Thoroughly mixed starting materials
with appropriate amounts of these powders
were fired at 1240°C in air for 3 hr. An addi-
tional 25 mol% of K,CQO, was added in ex-
cess to avoid a possible loss of potassium
due to volatilization. The above firings were
carried out with two intermittent grindings
to ensure efficient mixing of the reactants
so as to yield monophasic products. The
product was washed thoroughly with dis-
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tilled water to wash away the excess po-
tassium ions. Ion-exchanged forms,
NaLaNb,0; and HLaNb,O,, were obtained
by reacting KLaNb,O, powder with NaNOQ,
molten salts at 400°C for 24 hr and with 6
M HNO,; solution at 60°C for 24 hr, respec-
tively. All the ion-exchanged products ob-
tained were washed with distilled water and
dried at 30°C. The completion of the ion-
exchange reaction was confirmed by X-ray
powder diffraction (XRD) and X-ray fluo-
rescence analyses. Before measurements of
thermogravimetric analysis (TGA) and con-
ductivity, all the samples were preequili-
brated at the water vapor pressure of 3.16
kPa (equal to the water vapor pressure at
25°C).

The measurements of XRD were done by
using a Rigaku RAD-rA diffractometer
equipped with a high temperature furnace
attachment. The CuKea radiation used
was monochromatized by curved-crystal
graphite.

The thermal stability and the amount of
hydration for the products were examined
by thermogravimetric analysis (TGA) with
a Mac Science thermal analyzer system 001.

Specimens were prepared for conductiv-
ity measurement by pressing the powder
sample into a compact disc at a pressure of
400 kg cm~2. The disc was of typical dimen-
sions 10 mm diameter and about 1.0 mm
thickness, and its two opposite sides were
coated with an evaporated Au film. The con-
ductivities were determined from complex
impedance diagrams obtained using alter-
nating currents with frequencies between 40
Hz and 100 kHz, using a Hioki 3520 Hi Tes-
ter in the temperature range 20-80°C under
various water vapor pressures. These condi-
tions were achieved by streaming air, satu-
rated with water vapor by bubbling into dis-
tilled water held at various temperatures (0
to 90°C), through the measurement cell.

Results and Discussion

The KLaNb,O; structure consists of
LaNb,0; perovskite double layers, joined
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Fig. 1. TGA curves for HLaNb,0O; - xH,0 and
NaLaNb,0; - xH,0 preequilibrated with a water vapor
pressure of 3.16 kPa at 25°C.

by corner sharing between the NbQ, octahe-
dra (6). The potassium ions, which are sur-
rounded by six oxygen atoms with trigonal
prismatic coordination, are situated be-
tween the perovskite layers. The structure
of the anhydrous Na and H forms is basi-
cally the same as that of KL.aNb,O,, but the
stacking of the perovskite layers is some-
what different (7).

The Na- and H-exchanged compounds
were always obtained in a hydrous form
after the ion-exchange product was washed
with distilled water, while KLaNb,O, has
no hydrous form even after any treatments.
Figure 1 shows the TGA curves for hydrous
NaLaNb,(; and HLaNb,0,. It can be seen
that the H-form began losing weight as soon
as the temperature was raised above room
temperature, while the Na-form exhibits no
weight loss below 80°C. At the temperature
range from 180 to 300°C, a plateau-like
region appeared for the TGA curve of the
H form. High temperature XRD analy-
sis showed the presence of anhydrous
HLaNb,0O; in this temperature range, and
showed some complex thermal decomposi-
tion products at temperatures higher than
300°C. From the total weight loss after heat-
ing to 900°C, the maximum hydrous form
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equilibrated in 100% relative humidity at
25°C was found to be in agreement with the
formula HLaNb,O, - 0.5H,0. The indexing
of the XRD patterns gave tetragonal sys-
tems with the lattice constants a = 3.888 A
and ¢ = 10.548 A for the anhydrous form
and with a = 3.890 A and ¢ = 11.404 A
for the hydrous form, indicating that some
water molecules in the hydrous form are
located between the perovskite layers. Riet-
veld analysis for this compound failed to
yield a meaningful assignment of water mol-
ecules to definite crystallographic sites.
Therefore, the water molecules in the H
form could have some zeolitic water charac-
ter. This may be supported by the dehydra-
tion behavior observed in thc TGA curve;
e.g., the gradual weight loss in the tempera-
ture range from room temperature {o 180°C.
On the other hand, the TGA curve for the
Na form clearly shows three dehydration
steps at 80, 120, and 250°C, in which sharp
endothermic peaks were observed in the
DTA curve. The weight losscs at 80, 120,
and 250°C correspond, respectively, to the
loss of 0.7, 1.0, and 1.6 mole of water, indi-
cating the tollowing sequencc;

NaLaNb,0, - 1.6H,0 — NaLaNb,0,

120°C
" 0.9H20 e NaLaNb207 . 06H20

250°C e
—— NaLaNb,0; — oxides.

The Rietveld analysis for the fully hydrated
Naform indicates the location of water mol-
ecules in two crystallographic sites between
the perovskite layers, the details of which
will be reported elsewhere (7). The hydrat-
ing water molecules in the Na form seems
to have the character of water of crystalli-
zation.

The data collection for the impedance
measurement was done after the specimen
reached its equilibrium for a given water
vapor pressure. A typical ac-impedance dia-
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FiGg. 2. lmpedance diagram obtained at 25°C for
HLaNb.0; - xH,O held under a water vapor pressure
of 0.62 kPa. The solid line was calculated by a nonlinear
least squares method using the data from 3 kHz to 100
kHz. Z' and Z" mean the real and imaginary compo-
nenis of the impedance, respectively.

gram is shown in Fig. 2 for the hydrous
H form. The diagram consists of part of a
semicircle terminated with a sloping line.
The same type of diagram was obtained for
all other samples. The conductivity was de-
termined from the low-frequency intercept
of the semicirclc by means of a nonlinear
least-squares method. The frequency at the
top of the semicircle in Fig. 2 (3.5 kHz)
corresponds to a parallel capacitance of
1.3 x 107" F, which is greater by sevcral
orders of magnitude than the shunt capacity
of the measuring cell. Both this large parallel
capacity and the very depressed semicircle
shown in Fig. 2 imply that the grain bound-
ary participates in the conduction (8). In
such a case, since the total grain boundary
capacitance results from the sum of a series
of individual boundaries, the measured ca-
pacitance is usually much larger than the
cell shunt capacitance. Thus, two distinct
semicircles can be seen in the impedance
plots, although in our case the circle with
low frequencies could not be distinguished
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FiG. 3. Relationship between conductivity and water
vapor pressure for MLaNb,O; + xH,O (M = K,Na,H).

from the circle with high frequencies, proba-
bly because of the small difference between
the time constants for bulk and boundary
components. Figure 3 shows the relation-
ship between the conductivity and the water
vapor pressure for all the compounds. An
almost linear correlation can be seen in the
log o vs. log Py o points for every sample.
It has already been established that ionic
conductivity through alkali ions and protons
located between the perovskite layers oc-
curs for temperatures higher than 300°C (7).
This fact together with the essentially equiv-
alent behavior found for all the samples
shown in Fig. 3 indicates that the conductiv-
ity observed in wet atmospheres at near
room temperature is attributable to proton
conduction. It is also interesting that the
KLaNb,O; compound exhibited the same
conducting behavior as those for other hy-
drous compounds aithough it has no hy-
drous form even under a wet atmosphere.
Therefore, alarge part of the proton conduc-
tivity observed in Fig. 3 is probably due to
surface conduction along the grain bound-
aries, although the bulk conductivity could,
of course, participate in the conduction to
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some extent. The linear correlation as
shown in Fig. 3 leads to the equation

1/n
T, x PH;O!

where o, is the proton conductivity and
n is the constant depending on a given
temperature. The values of n calculated
by the least-squares method are around 2
at 25°C, around 10 at 50°C (data not
shown), and around 50 at 75°C for all
the samples. If the proton conductivity is
proportional to the amount of the water
adsorbed on the specimen, Eq. (1) leads to
the equation of the well known Freundlich-
type isotherm. The value of # for a Freund-
lich-type isotherm is usually greater than
unity, and, roughly speaking, the value
1/n expresses the density of adsorption on
a heterogeneous surface (9). That is, the
proton conduction in the present case i1s
likely to occur to some extent through the
water molecules in the adsorption layer
on the particle surface. Since such water
molecules seems to be physically ad-
sorbed, heating to above 100°C apparently
removes most of the surface water, thereby
removing the conduction medium. This sit-
uation as it typically occurs is shown in
Fig. 4 for an HLaNb,0O, - xH,0 sample
held under constant water vapor pressure
above 35°C. The increase in the conductiv-
ity as the temperature increases from 25
to 35°C seems to indicate that some thermal
activation processes are involved in the
proton conduction. At present, it is not
entirely clear why the surface proton con-
duction in the MLaNb,O, compounds is
more predominant than the bulk conduc-
tion through the interlayer water mole-
cules. The ion-exchanged compounds of
the Na and H forms are, however, ex-
tremely fine powders after the ion-ex-
change reaction. Therefore, the proton
conduction might be similar to that for
the Nb,O; - xH,O oxides, which consist
of irregular amphoteric charged particles
separated by an aqueous solution (/0).
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F1G. 4. Temperature dependence of conductivity for
HLaNb,0; - xH,0 held under a constant water vapor
pressure of 3,16 kPa.

Further study, which is needed to clarify
the conduction mechanism by measure-

ments of pore distribution, surface area,
and adsorption water, 1s currently being
carried out.
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