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Ionic conduction properties of polycrystalline samples of NaNb;;0,;, were investigated between 275
and 450°C by complex-impedance measurements, at frequencies ranging from 5 Hz to 10 MHz. The
samples were investigated by X-ray powder and electron diffraction techniques and high-resolution
transmission electron microscopy (HRTEM). NaNb,;0;; is shown to be a sodium ion conductor. The
sodium ions are most likely conducting in a zigzag manner in planes parallel to [100]. Structural defects
blocking the conductivity are identified by a structural image.

Introduction

Compounds with skeletal structures, like
NaNb;303;, have witnessed an increasing
interest because of their potential use as
material for solid electrolytes (I). In the
structure of NaNb,;0;; the sodium atoms
are lodged in rectangular tunnels with a
most likely transport in two dimensions, in-
cluding jumps into empty perovskite sites
of the structure. Many compounds with
one-dimensional, two-dimensional, or
three-dimensional transport of the conduct-
ing ions have been investigated before. For
a more extensive review see Ref. (I). In
order to be able to understand the transport
mechanisms of a compound it is important
to investigate its local structure. The
knowledge of the defect type may make it
possible to work out a modified preparation
method to get a better performing electro-
lyte. In some cases the local defects can
prohibit transport in certain directions of
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the structure. This was shown in the case of
B"-alumina by high-resolution electron mi-
croscopy (HRTEM) (2).

Experimental

Samples were prepared by heating a fine-
ly ground intimate mixture of NaNbO;,
prepared from o-Nb,Os and Na,CO,
by heating for 2 days at 1100°C, and a-
Nb,Os in the molar ratio 1:6 at 1100-
1200°C (3). The samples were rapidly
cooled in air.

X-Ray powder patterns were registered
on a Guinier-Hégg focusing camera with
monochromatized CuKa; radiation. Ac-
cording to the powder pattern the samples
were single phases, with data in agreement
with Ref. (4).

The HRTEM investigation at a structural
resolution of 2.5 A was carried out with a
JEOL 200CX, equipped with a top-entry
high-resolution +10° double tilting stage,
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F1G. 1. Polyhedra drawing of NaNb,;0,; projected along [010]. The dark NbOg-octahedra are 1/2b
up compared to the other octahedra. The sodium ions are marked with large circles. The unit cell is

outlined with the g-axis horizontal.

operating at 200 kV. Experimental images
recorded at Scherzer focus were compared
with computer simulated ones in order to
verify atomic resolution interpretation of
the images.

Compact cylindrical disks, 12.7 mm in di-
ameter and 2 to 4 mm thick with a bulk
density of 75-85% of the theoretical den-
sity, were prepared by cool-pressing micro-
crystalline powder at approximately 5 tons/
cm?. The disks were then sintered at 1150°C
for 24 hr. The two opposite sides of the

disks were coated with a thin film of plati-
num conductive paint. The impedance mea-
surements were performed with a Hewlett—
Packard 4192A impedance analyzer, with
the sample placed in a stream of oxygen-
free argon.

Local Structure

The crystal structure of NaNb30s; (4) is
built up of slightly distorted NbOg octahe-
dra having corners and edges in common as
shown in a [010] projection (Fig. 1). The
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FI1G. 2. A high-resolution electron micrograph showing a structural image of NaNb;;0;; projected
along [010]. Every niobium atom in the unit cell inserted can be identified (compare with Fig. 1.). The
conductivity-blocking slab of the 5 X 3 blockstructure can be seen between the large arrows.

sodium ions are coordinated to four oxygen
atoms at a distance of 2.59 A. The oxygen
atoms form a rectangular plane parallel to
the b-axis. The next nearest oxygen atoms
form a rectangular plane (Na-0O, 2 x 3.39
and 2 x 3.43 A) perpendicular to the former
plane. Similar coordination is known from
other sodium titanium oxides (4). The
atomic resolution of HRTEM clearly shows
the niobium atoms as black spots (compare
the unit cell in the polyhedra drawing in
Fig. 1 with the marked one in the image).

All crystals studied by means of HRTEM
were rich in structural defects. At least
three different kinds of defects were identi-
fied at atomic resolution. Only the defect
possibly affecting the ion transport in the
solid will be described here. In most crys-
tals broad slabs of a monoclinic 5 X 3 block
structure were found, as shown in the re-
gion between arrows in Fig. 2. During the
crystal growth process, which has most
likely taken place atom-plane by plane per-
pendicular to [101], there must have been
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F16G. 3. Complex impedance spectra of NaNb,;;01, recorded at 300°C with Pt-blocking electrods.

an occasional lack of sodium atoms thus
giving rise to a sodium-free 5 X 3 block
structure, because sodium ions in the
empty perovskite-like positions would give
rise to a dark contrast in the electron micro-
graphs (5). This structure obviously joins
coherently to the structure of NaNb30;3,
as can be seen in the image.

Impedance Measurements

Impedance measurements were carried
out in the temperature region 275-450°C
with a voltage signal of 250 mV and fre-
quencies below 10 MHz. The temperature
was regulated by a Eurotherm controller.
The resistivity of the disks were found to be
reproducible within 5%. A characteristic
impedance plot for NaNb;304; is shown in
Fig. 3 at 300°C. In all cases a single semicir-
cle (Fig. 3), whose center lies under the real
axis, was found. The conductivity was cal-
culated from the disk dimensions and ex-
trapolation of the semicircle to the R axis.
Since log(oT) versus 1/T plots are linear
over the entire measuring temperature
range (Fig. 4), the activation energy for
conduction E, was calculated assuming log
(o - T) = log oy — E,/(kT In 10). E, and log
(0y) were determined from least-squares
calculations.

Discussion

NaNb;;0s; is a moderate sodium ion con-
ductor at low temperatures if it is compared
with, for example, MgO-stabilized g-alu-
mina, which has oypc = 6.2 (7! m™!) (6).
But NaNb303; is rather good in compari-
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F1G. 4. Arrhenius diagram for NaNb;;03; compared
with the conductivity data of NagNb,,W Oy, dashed
line (6).
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son with other sodium ion conductors like
Na,Nb+.Wis-0s4 (Fig. 4).

The activation energy, E,, is reasonably
high, indicating the existence of fairly nar-
row pathways for the conducting ions
through the structure. According to the X-
ray structure determination all the sodium
positions are occupied (4). However the
structure contains many empty perovskite-
like positions (A in Fig. 1). As a matter of
fact a sodium ion in position A will have a
mean distance to the 12 nearest atoms of
2.82 A, which is close to that of the com-
pound of NaNbO; (2.77 A) (8). If the so-
dium ion passes to position A it has to pass
a square-like ““‘window’’ of four oxygen at-
oms in its corners. The shortest diagonal
distance in that square is 3.83 A. The so-
dium ion will be able to pass if we assume
an opposite thermal vibration of the oxygen
atoms of 0.35 A giving an OO distance of
4.5 A, This is a very plausible value accord-
ing to the thermal factors known (4), at
least at the higher temperatures. As soon as
one sodium moves from its normal position
one ion below can move up to the empty
position passing a ‘‘window’’ (B) with a di-
agonal of 4.3 A. This window will be passed
easier than the former one. A sodium ion in
the perovskite position (A) can for the same
reasons go farther to another perovskite po-
sition D and so on, ending up in a normal
sodium site. It is very unlikely that a so-
dium ion will pass from the perovskite posi-
tion A through the ‘‘window’’ C to position
E because the shortest diagonal of ‘‘win-
dow”” Cis only 3.08 A. Based on structural
considerations NaNb 301, is therefore most
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likely conducting sodium ions in a zigzag
manner within planes parallel to [100], but
the ions cannot jump from plane to plane.

The defect shown in Fig. 2 will act as a
blocking defect for the conduction of so-
dium ions. This illustrates how important it
is to determine the local structure of a ma-
terial before a possible transport mecha-
nism is presented. Materials with a great
number of blocking defects like NaNb;304;
will of course be unsuitable for high-per-
forming materials.
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