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Alkali-ion conductors of relevance to battery systeﬁs and
other solid-electrolyte applications héve been examined in the
present program in an attempt to gain inéight\into the principles
which govern fast-ion conduction. The program has two main_
tasks:

(a) Performiﬁg exploratory syntheses, characterization, and

conductivity measurements of possible new fast-ion conducters;

Such phases include members of new structural families whose

characteriétics suggest a high likelihood for fast-ion

conduction, but for wh%ch property measurements have not
been performed. Also under study are cryscal-éhemical
modifications oﬁ structures already known to be good con-
ductors.

(b) Determination of crystal structures, using x-ray or

neutron scattering, of materials of high conductivity and

in which a marked variation of property with structure and

chemistry is apparent. The objective is to establish the

locations, site occupaﬁcies and ‘thermal vibration amplitudes
of the mobile ions, and to r;late transport properties to
changes in framework geometry and chénges in the atomic
arrangement at the saddle point of likély diffusion jumps.

Such structure-property relatlons are an essential basis of

the understanding which will permit the tailloring of new

compoéitions with desirable properties.



The ionic electrical conductivity of solid solutlons in the

NASICON solid solution system, Na Zr,Si P 0.,, is known to
. x" 27 7x 3-x 12

at 300°C) at x = 2.3, a value

1+

increase to a maximum (0.2 ohm-lcm_l

four orders of magnitude larger than the conductivity of the end- -

members of the system. The increase in conductivity seemed closely

-~

connected to structural change as one lattice constant and the
unit cell volume of the solid solutions pass through a maximum
near the ,same composition. The structural change, moreover, is
anomalous in that the cell volume would be expected to expand
monotonically with increasing replacement of P by the larger Si
ion. No structural data was. available for an intermediate solid
solution in the NASICON system or any other related system. The
distribution of Na among available sites, the ordering (if any) of
Si and P, the structure of the monoclinic phase wﬁich occurs for
1.6 <x<2.2 and its relation to the rhombohedral structure at
other x, were all consequently unknown and greatly limited insighﬁ
into the transport mechanism in these phases.

Detailed structural analyses of a series of solid solutions
extending across the NASICON system {x = 1.0 and 2.5(hexagonal,
R3c) and x = 1.6 and 2.0 (monoclinic, C 2/c¢c)] have been completed
in the past year. Rietveld profile analysis was performed with pow-
der diffraction data collected in 0.05° 28 steps for 12° <28 <117° .

with Cu-monochromated 1.5423 & neutrons. Least=squares refinement

[

of the structural parameters proceeded to highly satisfactory

weighted profile residuals which ranged 6.45-8.38% for the four
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compositions, values close to residuals of 5.07-5.287% expected on

the basis of counting statistics. Of two available sites for the

mobile Na ions, a first which is fully occupied at x = 0 was found

to remain fully occupied at all compositions. A second site, Na(2),
found fully occupied at x = 3, fill; pfogressively with incréasing

x. In the monoclinic phases, Na(2) splits into two sets of
s}mmetryjﬁndependent sites which are not equally occupied. Extrap- .
olation indicates that these will have equal occupancy (i.e.;

equal energy) at x = 2.1, a composition close to that of maximum

room temperature conductivity. The Si and P ions were found to be

.ordered (but not fully) in both monoclinic phases. Both Na(l): oo

and Na(2) have highly anisotropic values of the parameters . B
necessary to describe their thermal vibrations, maximum displace-
ment occurring normal to the ¢ axis (or pseudohexagonal ¢ axis)
and nearly parallel to ¢ for the two ions, respectively. The ther-
mal motion for Na(l) was found to be onlx‘aﬁparent, however, as
Fourier synthesis of the scattering density for this ion revealéd
it to be displaced to locations off the center of .its coordination
octahedron.

The principal chanée in the framework with change ip composi¥
tion is distortion and.rotation of the orientation of the Si/P
tetrahedra as x increases to 2.0, tollowed by progressive return

toward the original orientation for larger x. This rotation acts

to increase the height of the Na(l) octahedron along CHEX and is



responsible for the anomalous maximum in the value of ¢ as a func-
tion of composition. A procedurekfor calculation of the position
and maximum radius oflthe sphere which can just pass through a
non-coplanar assemblage of rigid equal spheres was developed and
used to evaluate the size of the "window' at the saddlepoint.for
jumps along likely Na diffusion paths in the structure. It is found
that the rotation of the tetrahedral units in NASICON causes the
windows to increase to a maximum size, close to the radius of

Na+, near x = 2, the_composition of maximum conductivity.

The probable diffusion path which is responsible fqr the
high ionic conductivity of NASICON is likely a jump between Na(2)
sites. This view is supported by (a) highly anisotropic thermal
vibration (and thus a softer poteamtial energy we;l) in a direction
along the line connecting such sites (the apparent anisotropy of
Na(l) vibrations actually representing an average of positional
disorder), (b) the correspondence between the composition of
maximum room temperature conductivity and that at which the site
energies of these locations become equal and (¢) the fact that the
product of Na charge carriers and vacancy concentratiod, c (1-0),
which obtains maximum value at C = 1/2, coincides with maximunm
observed conductivity when C is taken as the Na(2) concentration

The ionic conductivity of solid solutions in the NASICON

system therefore reaches a maximum for intermediate compositions
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because the concentration of Na ions and the window size along the
diffusion path both reach optimum values near the same composition.
(The fact that the energies of non-equivalent Na(s) sites in the
monéclinic phases also beéome equal near this composition would
also conﬁribute to the enhancement of the room—tempefature éon—
ductivity. This would not be a factor at the elevated temperatures
at which Ehese phases have transformed to the rhombohedral struc-
ture in which all Na(2) sites are symmetry-equivalent.)

The relevance of these results toward the development of
improvéd battery materials is that information on the diffusion
mechanism, as well as the wi;dow size and Na concentration necessary
for optimum conduction, have now been established. Accordingly, it
should be possible on this basis to use known interionic distances
to tailor new compositions with similar structural parametefs
including some, perhaps, which might be free of the phosphorus
component which has been suggested as the origin of degradation of

NASICON in the presence of molten sodium.
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