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IONIC CONDUCTIVITY IN SHEET OXIDES
C. Delmas, A. Maazaz, C. Fouassier, J.M. Réau and P. Hagenmuller
Laboratoire de Chimie du Solide du C.N.R.S.
Université de Bordeaux I

351 cours de la Libération, 33405 Talence, Cedex, Frahce.

ABSTRACT

A new class of alkali ionic conductors with sheet structures has been found.
The two families Ax(Lle_x)Oz (L =1In, Sc ; M = 2r, Hf, Sn, Pb) and Ax(Lx/ZSnl_x/z)Oz
(L = Mg, Ca, 2n) (A = Na, K) (x € 1) have been studied. In all those new layered ma-
terials the lattice is built up by sheets of edge-sharing (L, M)Og octahedra between
which the alkali ions are intercalated, with trigonal prismatic or octahedral envi-
ronment. The mobility of the alkali ions can be discussed on the basis of their en-
vironment and the electronegativity of the L and M elements. The results show that
the mobility is strongly correlated to the environment of the alkali ions : when the
mobile ion is in a trigonal prismatic site the conductivity is 3 or 4 orders of 10

higher than when it is in an octahedron.

INTRODUCTION

In recent years we have prepared several fami-
lies of sheet oxides with the formula A,MO;

(A =Na, K; M=cCr, Mn, Co) (0.5 < x < 1) [1].
Their structures can be classified into three
groups, but they are all characterized by a
packing of (MO,), sheets between which the al-
kali atoms are intercalated. These structures
are similar to those obtained for transition
chalcogenides and their intercalates Eﬂ. While
in such materials the weak repulsions between
adjacent chacogenide layers allow a very wide
range for x (0 £ x € 1), in oxides the higher
ionic character of the bonds requires x > 0.5.

The vacancy concentration is equal to 1-x and

a 2D ionic motion can be expected in these
materials. However all non-stoichiometric pha-
ses have an important electronic conductivity.
The same element is present in two different
oxidation states in equivalent sites. According
to the overlap of the tZg orbitals the d elec-
trons are more or less delocalized (the AxCoO,
phases are metallic, but K,CrO and AyMnO) are
semi-conductors) .

To get a pure ionic conductor one has to sup-
press the electronic component of the conduc-
tivity. We have done this by substitution of
the transition element in the sheets by a cou-
ple of diamagnetic ions having different oxi-
dation states. This leads to a formulation

Ay (L, M)O,.

In this paper we describe two families of sheet
oxides which are simultaneously ionic conduc-
tors and electronic insulators and we discuss

the influence of structural parameters and the
nature of bonding on the mobility of the alkali
ion.

CRYSTAL CHEMISTRY

According to the nature of the L and M ions

two series of materials can be obtained :

If L and M are respectively trivalent and te-
travalent the phases may be formulated
Ax(L,{IIMéYx)OZ. We have investigated this fa-
??jy with L = Sc, In and M = 2r, Hf, Sn, Pb

3].

If L and M are divalent and tetravalent respec-
tively, phases with the formula Ax(L§}2M§Yx/5)O2
are obtained. Such systems have been explore
for L = Mg, Ca, 2n, and M = Sn [4].

Figure 1 shows the composition of the different
sheet oxides obtained in these two series. Ob-
viously it is difficult to get non-stoichiome-
tric layered structures with sodium. All at-
tempts failed except in the case of
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FIG. 1 : Compositions of the AX(L, M)O2 phases
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Nay (IngSnj-x)02. Lamellar sodium phases are

obtained with 3d elements, probably because of the

small size of the 3d ions which causes a polari-
zation of the oxygen atoms and a higher covalen-
cy of the M-O bond. Likely the large size of the
diamagnetic ions(Sn4+ , In3+, zn2+, ca2t+...)
does not permit a strong polarization of the
oxygen and consequently the layered structure
can exist only when big alkali ions separate
the oxygen layers.

As shown in Fig. 1 three types of layer struc-
tures (03, P2 and P3) are obtained in the po-
tassium systems [1]. They are drawn in Fig. 2.
In each case the (L, M)O, sheets are built up
by edge~sharing octahedra.

The three types differ only by the sequence of
the sheets. As a consequence two types of en-
vironments are obtained for the alkali ion. The
trigonal prismatic environment is the most com-
mon ; octahedral coordination is only observed
for weak vacancy content {x » 0.9).

IONIC CONDUCTIVITY

The study of the ionic conductivity has been
performed by complex impedance measurements on
sintered pellets. Ionically hlocking eluactri-
cal contacts are obtained by evaporation of
gold under vacuum. Fig. 3 and Fig. 4 show plots
of log 0 vs reciprocal temperature for several
layer oxides. Table I lists the activation
energy and the conductivity obtained at 500 K
for these materials.

From these data two principal findings can be
derived :

~ the nature of the enviromment of the alkali
ion (octaliedral or trigonal prismatic) is the
main parameter influencing the conductivity

- the mobility of the alkali ion can be corre-
lated with the covalent character of the sheets.
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: Different types of packings in layered

These two points will be developed in the fol-
lowing sections.

The comparison of conductivity data of

Nax(InxSnl_x)O2 and KInOy in which alkali ions
are intercalated in an octahedral environment,
and of Kg 72(Ing, 72Snp,28)0, characterized by
a trigonal prismatic environment of potassium
suggests a difference in size of the different
bottlenecks. In other words, the variation of
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FIG..3 : Variation of the logarithm of conduc-
tivity vs reciprocal temperature for
a (1III, MIV)o2 phases
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FIG. 4 : Variation of the logarithm of conduc~
tivity vs reciprocal temperature for
Ax(LII, Sn)O2 phases

the A-O distance when an A* ion moves from one
site to the neighbouring one can explain this
difference in behaviour [50

As shown in Fig. 5, for an octahedral environ-
ment, the ionic transport requires that the A%
cations pass through an empty tetrahedron.

Therefore, between two equivalent sites there
are two triangular bottlenecks. On the contra-

TABLE I : Conductivities at 500 K and activa-
tion energies for Ax(L,M)O2 phases.

0500 K
-1 -1 AE
( “.cm ) |(eV)
-3
Xp. 720, 72%%0. 28'°2 2.2 10_2 0.65
K0.72(In0.72Hf0‘28)02 1. 10-2 0.67
K0-72(In0.725n0-28)02 2.2 10_4 0.69
KO.72(5c0.725f0.28)02 5.6 10_3 0.62
K0.70(Mgo.355n0.65)02 5.0 10-4 0.52
K0'7O(Ca0.358n0_65)02 6.3 10_3 0.54
K0.70(Zn0.355n0.65)02 7.9 10_9 0.45
NaIn02 7.6 10 1.09
-8
NaO.9O(In0.QOSn0.10)02 6.3 10_7 G.93
Lx<1no,, 2.5 10 0.87
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FIG. 5 : Diffusion path of the alkali ion in
octahedral environment

ry when the alkali ion is in a trigonal prism
(Fig. 6) there are two rectangular bottlenecks
and the intermediate site is another triangular
prism.

From the cell parameters andothe indium-oxygen
bond lengths (d;, ~ = 2.155 A [@ ) we have cal-
culated the R ratio of the cation-anion dis-
tance during diffusion to that inside of the
original polyhedron [7]. We can admit that the
value 1-R characterizes the stericbulk part of
the activation energy. In Fig. 7 we have plot-
ted the values of 1-R for octahedral and tri-
gonal prismatic environments of the alkali ion.

Final
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position
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positions

FIG. 6 : Diffusion path.of the alkali ion in
trigonal prismatic environment



These curves show on one hand that the steric
interaction is greater in NaInO; than in KInOj,
in agreement with the conductivity curves, and
on the other hand that the A-O distance varia-
tion is much less pronounced for the trigonal
prismatic environment than for the octahedral
one. This accounts for the high conductivity
of Ky 92(Ing 72505 58)05. In the case of laye-
red sulfides, L. Trichet and J. Rouxel have
also observed the highest mobilities when the
alkali ions occupy trigonal prisms [8].
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FIG. 7 : variation of the steric part of the
activation en«rgy during the diffusion

Correlation between mobility and covalent cha-
racter of the sheets

As Fig. 3 and Table I show clearly, in the

l(g (L61355n6V65)02 phases (L = Ca, Mg, 2Zn)
the mobility of the alkali ion increases from
calcium to zinc. The electronegativity and
therefore the covalency of the (L, M)-0O bonds
(calculated from the Pauling formula |8|) in-~
crease in the same order. The greater the co-
valency of the sheets, the lower the electro-

static interactions between the mobile cation
and its anionic environment will ke and as a
consequence the higher the mobility.

Such an effect of the covalency has been also
reported by J. Rouxel and coworkers in the case
of isostructural sulfides [B, IOJ. The activa-
tion energy in these materials is significant-
ly below that of oxides because the M-X (X = S,
Se, Te) bonds are more covalent.

For K0-72(L6¥§2M5Y28)02 phases the conductivi-
ty increases with the covalency of the sheets,
but the activation energy increases slowly from
0.62 eV to 0.69 eV. The activation energy of
the AX(L§}2MIY )02 series, which is between
0.45 oV and 08426V, is significantly below
that of the Ax(L£II , MIYX)Oz phases. All these
results suggest the influence of another para-
meter on the activation energy. We have shown
that for Kg,72(Ing 725n0,.28)0, the sheets were
rippled (indium and tin atoms are not at the
same z value) [11] . This deformation of the
sheets probably increases the activation ener-
gy. It can also be emphasized that in these
phases the number of A* and LIII jons are equal.
Such a composition can stabilize a more ordered
distribution and thus decrease the mobility.
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