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ABSTRACT

We have demonstrated the existence of fast, thrce-dimensional Na*-ion transport
in the system Na1+3yzr2(pl-ySiyo4)3 for 0 < y< 1, and we have shown that the
structure consists of a rigid skeleton of tetrahedra sharing corners with octahc-
dra, octahedra with tctrahedra, having an interconnected intersiitial space with
four Na+—ion positions per formula unit. The Na+ .ion positions are not crystallo-
graphically equivalent: MI positions are octahedrally coordinaied by MII positions,
which form close-packed sheets in the basal plancs of an hexagonal (R3c) unit cell; I
MII positions have two near-ncighbor MI positions, one in each of the neighboring
basal planes. Thc lV[I + SMH matrix has only MI sites occupied in NaZr‘z(PO4)3,
all sites occupied in Na4Zr2(SiO4)3. A distortion from hexagonal to orthorhombic
C2/c symmetry occurs in a narrow compositional range about Na3Zr2PSi2012,
but the distortion has littlc apparent influence on the Na+-ion mobility. At 300°C,
the operating temperature of a Na-S battery, the resistivity (5 Q-cm) for Na‘-ion I
transport in NaSZrZPSiZO12 is competitive with the best p''-alumina. Thc acti-
vation energy for Na+-ion transport, about 0.26 eV, is about 0.08 eV higher than
that of B''-alumina, which makes this compound superior to the best g'' -alumina if
at temperaturcs greater than 300°C, inferior at lower temperatures. The com-
pound is stable in molten sodium and can be sintered at 1250°C. We have elected
to concentratec on the fabrication of ceramic cups suitable for cell construction in
order to test the chemical stability of this compound under the operating conditions
of a Na-S cell,
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SOLID ELECTROLYTES: ALKALI-ION TRANSPORT
IN SKELETON STRUCTURES

1. SUMMARY

The essential strategy of our seareh for fast alkali-ion conduction in skeleton structures is
prescnted in See, Il; and the structure determination of the most important system discovered
5 :
to date, Nai+3er2(I 1_‘}181‘}104)3,
that will be published ir the February 1976 issue of the Materials Researeh Bulletin,

is presented in Sec.1ll. These two seections represent papcrs

The eompound Na',’ZrZPSiZOL2 (Nazirpsio) has a Na*-ion ccnduetivity that is eompcetitive
with the best 8 "-alumina at thc operating tempcratures of a Na-S battery, Whereas 8" supports
Na‘t-ion conductivity in only widely separated layers, Na3ZrZPSi2012 supports three-dimensional
Nat-ion transport, Therefore, whereas 8" has the smaller activation cnergy for Na*-ion trans-
port (ea ~ 0.18 eV vs 0.26 eV), it also has the smaller pre-exponential factor in thc conduetivity

expression
o = (N’ /kT) et — ¢) za}v | exp (aS/k) exp (- e, /kT)

where N is the density of available Na'-ion sites, e is the Na'-ion eoneentration, z is thc
average numhcr of nearcst neighbor sites separatcd a distance a, v, is the jump-attempt fre-
queney at temperatures T >> ea/k, and I TAS is the Gibbs free energy that must be supplied
thermally to activate a jump.

The cxecellent properties of Nazirpsio have caused us to split our effort into two parts:
(1) a continuation of the search for improvcd Na+-ion eonduction in skeleton structures, and
(2) the development of Nazirpsio as a competitor to 8"-alumina. In the first of these efforts,
we have turned again to the Carnegieite structure of high-temperature NaAlSiO4, which contains
a skeleton of corner-shared tctrahedra, In the second, we are initially coneentrating on the
preparation of dense ceramie cups and of densc ceramie disks scaled into glass TJ-tubes for
definitive measurements of Na'-ion transport and of chemical stability as a function of eharging
and diseharging current densities, Appropriate life tests will also be initiated.

Sample preparation: Fabrication of dense ceramic membranes of Na',’ZrZPSiZOL2 promises
to be easier and more straightforward than the production of g "-alumina membranes o. compar-
abls quality, We have, for example, consistently produced disks of 91 to 94 percent thcoretical
density by firing eold-presced disks to 1225°C in air for 3 hours. We have also produced both
open and elosed-ended tubes of Nazirpsio by the same heat trcatment of cold-formed tubecs, The
quality of the tubcs was improved by isostatic pressing before firing. With either procedure,
tubes of greater than 90 percent theoretieal density are obtained.

An advantage of this material is that it can bec held at sintering temperatures for long periods
without any apparent loss of sodium.

A1l the eonductivity measurements reported to date have been made on unsealed specimens
sintered in air. Three speciniens that were hot forged at 1150°C exhibited densities of about
97 percent theoretical,

We plan to procced with the development of fabrication techniques for achieving ultimate
densities not only of disks, but of any arbitrary shape such as a tube, a cup, or a corrogated

slab. The optimum initial particle size is presently under investigation,
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Sodium-sodium cell: We have made a successful, though brief, DC measurement of I\'a+-ion

conductivity at high current density in a Na-Na cell, This is a significant result; it demen-
strates that the in situ vacuum-fill technique used does indeced prevent the formation of a resis-
tive film at the sodium-electrolyte interface, a problem that has plagued previous workers in
the field. The research group at the Ford Motor Co., for example, have used Na-Na cells for
testing samples of §-alumina, out not for a reliable determination of intrinsic electrical prop-
erties. In contrast, we should be able to combine conductivity measurements with lifetime
evaluation in a Na-Na cell,

Our design of a sodium-sodium cell began with an investigation of the lifetimes of ¢poxy
cements at temperatures T < 300°C. A disk of nominal composition N.'=13Zr'ZPS'12012 was sealed
into a Vycor tube with Epoxy Patch (a product of the Hysol Division of the Dexter Corporation)
and was mounted into our Na-Na cell, which was then charged with liquid sodium using the pro-
cedure described in the previous semiannual report, Particular pains were taken to ensure that
both the ceramic and Vycor surfaces were completely wetted by the epoxy and that no bubbles
were present in the seal, Voltage-current measurements were made at several temperatures
from 140 to 280°C. The absence of anv frequency dependence was establisiied by using a Tek-
tronix oscilloscope to cbserve the current flowing in response to the application of a square-
wave voltage across the Na-Na cell. This result demonstrated the absence of any contamination
film at the sodium-ceramic interface, However, the response to DC excitation showed a marked
polarity dependence that was apparently due to the formation and trapping of a sodium-vapor
bubble undernea the sample. In order to avoid this difficulty in the future, we are developing
a U-‘ube cell in which the disk-shaped electrolyte is mounted vertically - rather than horizon-
tally — in the center, thereby ensuring equivalence of the two disk surfaces. Moreover, a
ceramic-to-glass seal is being developed to replace the epoxy since subsequent exarn. s .ion of
the sealing epoxy showed significant decomposition even a’ the modest temperatures employed
for our experiments,

In order to develop a satisfactory ceramic-to-glass +eal, the diametriral thermal expansion
¢’ the eeramic disks was measured. The sample was potitioned on edge in the middle of a
thimble-sized furnace by means of a piece of fused quartz of very low thermal expansion, The
furnace rested on an aluminum block that was sufficiently massive to remain at constant tem-
perature during the measurement., A movable mirror, pivoted from an extension of the refer-
ence surface, was supported by a second piece of fused quartz resting onthe upper edge of the
sample disk. Expansion of the sample moved the mirror about its pivot poiat, and the deflee-
tion was amplified by multiple reflections of the beam from a helium-neon alignment laser be-
tween the movable mirror and a stationary one. We found it essential to prevent any rolling
motion of the samples, Using this arrangement, we were able to duplicate the literature values
for the thermal- expansmn eoefficients of Vycor (a = 0. 8 X 10 6/ C), soft glass (9.2 X 10~ / C),
cold-rolled steel (12 X 10~ / C) and brass (18.5 X 10~ / C). For Nazirpsio we obtalned a
best value of @ = 6.7 + 0,4 X 10~ / C. This elosely approximates the value of 6.4 X 10~ / C
given for the Corning Code 7280 alkali-resistant glass, Preliminary seals have demonstrated
that 7280 glass furms an excellent, virtually strain-free bond to Nazirpsio ceramic disks.

A special electronic driver for use with Na-Na cells was designed and constructed. It fea-
tures four independent output drivers, each of whieh ean drive a Na-Na cell at preset current
levels of 1.0, 0.5, 0,25, and 0.125 A with 1-percent accuracy and 5-V compliance., The use of

current control provides easy monitoring of cell resistance and automatic protection against
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short-circuit eeil failure. Relays, driven from an internal eloek, reverse the output pclarity
after time intervals that ean be preset to values between 15 min, anc 24 hours. This provision
is required f.r iifc testing beeause the passage of 1 A of eurrent for a per.od of 1 hour trans-
ports approa.imately 1 ee of liquid sodium through the sample. Our present cell vas designed
for approximately 2 cc of liquid in the inner tube; the new U-takc cell ‘or twice as much on
eaeh side.

A Nazirpsio disk was suecessfully sesled in a 7280 tute, but the glass eraeked when a
string saw was used to make a eut right at the sample. ‘Throagh a misunderstanding, a butt
seal was madc to another Nazirpsio disk. Although such a seal is inherently less secure, we
mounted it in the Na-Na eell and attempted a run using the driver described above. A current
of 0.5 A was passed through the samrle, and resistance values of 2.75, 2.60, and 2.45 Q@ were
measured at 240, 248, and 253°C, respeetively, indicating an aetivation energy of 0.20 eV,
Extrapolation with this value would yield a resistanee of 1.71 @ at 300°C and, guessing the sur-
faec area inside the glass seal to be 0.75 cmz, a resistivity of about 5 @-cm. Upon rcversing
polarity, the resistance appeared to incrcase by about 0.3 ©. At270°C, we measured the volt-
ase drop across the eell at \11 four preset current levels frcm 0,125 to 1.0 A, The eurrent-
voltage graph shows truly ohmie behavior over this entire range with an overp” ‘ntiz1 of 30 mV,
whizh may be due to our eontaet eleetrodes. The seal failed before further measut evaonts could
be made. It is pussible that the 1-A eurrent level eontributed to its failure,

Despite its Yrevity, the above run was a notable success. We made o LC mrasurement at
a high current density in a Na-Na eell and obtained values for the resistiv'ty that agree with
those previously found by high-frequency AC techmques. We expect to make many more nea-=
surements in sodium-sodium eells during the next six months. We plan to establish whether
Nazirpsio suffers any eleetrical degradation from prolonged exposure to liquid sodium and how
any such degradation might depend upon the eurrent density imposed upon it. Our next step will

be to construct a Na-S eell to determin~ the ehemical stability of Nazirpsic under normal op-

erating conditions.
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FAST Na'-10N TRANSPORT IN SKELETON STRUCTURES*

J. B. Goodenough, II. Y-I’. Hong, and J.A. Kafalas
Lincoln Laboratory, Massachusetts Institute of Technology
Lexington, Massachusetts 02173

ABSTRACT
Skele on structures have becn explored experimentally for fast Na*-ion transport.
A skeleton structure consists of a rigid skeletal array o 2toms stabilized by electrons

donated by alkali ions partially occupying sites in a thrce dimensionally linked inter-

stitial space. Fast Na'-ion transp~rt was demonstrated in several structures, and

14x 300 & 39-cm |

for x = 2, which is competitive with the best g''-alumina. An activation energy

the system Na Zr2p3-xSix012 has a Na‘t-ion resistivity at 300°C of o

&, % 0.29 eV is about 0.1 ¢V larger than that of §''-alumina.

Introduction

The discover,«1 of fast Na+-ion transport in £~ and ''-alumina has stimulated interest in
the use of solid electrolytes in cells and thermoelectric gencrators,2 The best compositions
have resistivities for fast Na'-ion transport at 300°C of P300 ~ 4(t-cm with an activation energy
for the mobility tla =0.16 eV>. The volatility of sodium together with the refractory character
of A1203 has made awkward eeonomic fabrication of eeramic membranes, but this problem ap-
pears to be solved.4 Nevertheless, - and g''-alumina are layer compounds in which the Na™ ions
are constrained to move in only two dimensions, Anisotropic thermal expansion5 can rcduce the
life of thermally cyeled membranes, and confinement of the Nat ions to widely separated layers
reduces sharply the fraction of the membrane volume that transports Nat ions. Therefore, the
design of a material that can provide equivalently fast Na®-ion transport in three dimensions

has challenged solid state chemists. We report here on a strategy and related experiments that

have enabled 1's to meet this challenge.

Skeleton Struetures

Our strategy was to investigate alkali-ion tra:isport in cubic "skeleton" structures. A skel-
eton structure consists of a rigid subarray with interconnected interstitial space in which icns
move in three dimensions. Ionie mobility requires the existence of an interconnected space of
partially occupied lattice sites having equivalent (or nearly so) site-oecupation energies. For
fast ion transport, the activation energy for an ion jump from onc site te another must be small.
Therefore, the site-interface "bottlenecks," whether shared faces or shared edges, must be

open enough for casy ion passagc.

#This work was sponsored by the Defense Advanced Research Projects Agency, NASA, and
NSF/RANN.
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Fig.2
Schematization of the eight {111> tunnel
segments from the origin to neighboring
body-centered positions in Im 3-cubic
KSbO3. Inthe ordered Pn3 structure,
each singly occupied branch has an M,
cation and the nearest-neighbor branches
are doubly occupied by M, cations.
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_ Fig.t
The (SbO5) array of cubic KSbOg3.

Fig. 3
The (110) projection of a
cubic pyrochlore BizRh07
showing the (Rh20¢)
skeleton of corner-shared
octahedra and 8h-16d-8b
passageways parallel to [110].
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According to the simple Einstein theory for ion mobility, the conductivity is given by
2-2
o =zNc(1 —c) e’a, v/kT (1)

where z is the number of nearest-neighbor alkali-ion sites of density N, ¢ is the concentration

of M' ions on the available set of interconnected sites, ¢ is the carrier charge, a, is the distance

!
betwecn sites. The jump frequency is

v =v_ exp (S/k) exp(—&a/kT) (2)

where the Gibbs free energy for a jump is t'a ~TS. The factor c(1 — ¢) defines the rcquirement
for partial site occupancy, and the activation energy (T,a is a m:asure of the "bottleneck barrier"
to ion transfer between equivalent lattice sites. The factor alzvo imposes the need for short
jump distances, since Yo is limited by the elastic vibé'ational-mode frequencies. Short-range
correlation may decrease the pre-exponential factor.

With these principles in mind, we have investigated four classes of skeleton structure: the
1Im 3 phase of high-pressure KSbO3, the defect-pyrochlore structure illustrated by Rbl\’lgAlFb,

the carnegieite structure of high-temperature NaA151O4, and the system NaHXZr2 3. X51X012.
0L x< 3.

A. The Im3 Phase

A primitive-cubic Pn3 phase of KSbO3 was first discovered by Spiegelberg.7 The structure
is composed of an (SbO3)- subarray, the skeleton, with an ordered arrangement of k* ions within
{111) tunnels that traverse the skeleton, intersecting at the origin and body-center positions,
see Fig.1. The {111) tunnels are made up of face-shared octahedral sites that are compressed
along the tunnel axis so as to provide 2 large spacing between the bridging O1 and O, oxygen
within a shared face. Along any {111) axis, three octahedral sites separate an origin and body-
center position, and the order of the shared faces is O -OZ-O -01, see Fig.2. Alkali-ion sites
having O and O2 faces are labeled M, sites, those with only O faces are M, sites. The unit
cell contains K125b12036, the K' ions occupying the M and M2 positions in an ordered manner
so that each tunnel segment contains either two 1 '\’l1 cat1ons or one M2 cation, and an MZ cation
has only Mi-cation nearest neighbors in the necighboring tunnel segments.

The stoichiometric, atmospheric-pressure phase of KSbO3 has the rhombohedral ilmenite
structure. During an investigation of the structural relationships among several A+B5+O com-
pounds, we8 found a cubic high-pressure phase with space group Im 3. This Im 3 phase has the
same skeleton as the primitive-cubic Pn3 phase discovered by Spiegelberg; but it contains
K ions randomly distributed among the M1 and l\.’l2 positions.

Three characteristics of this structurc are of interest: (1) Although the M, and M, sites
are not crystallographically equivalent, their site-occupation energies appear to be nearly so.

(2) The distance in KSbO between M and 1V[2 pesitions of a tunnel segment is only a, =+17383 ;\,
that between M, posxtmns of neighbomng tunnel segments is only ay =2. 66 A. (3) r“he distance
from the center of an O triangle to an O2 ion is 2.5 A, indicating that the "bottleneck" for
Na®-ion transport w1th1n a segment is not severe, and transfer between M, sites to neighboring
tunnel segments is constrained by the crystalline fields to go through the triangular face created
by an O, -0, edge and the origin or body-center position. These characteristics were sufficiently
promising that we decided to measure alkali-ion transport in compounds with this (Sb03)- skeleton
even though the chemical stability of the skeleton in the presence of molten alkali metals is prob-
ably not adequate for practical applications.
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B. The Defect Pyrochlore AB2X6

The cubic pyrochlore structure corresponds to the chemical formula A2B2X6X', where A is

a large cation and B is a smaller cation octahedrally coordinated by six X anions. The B, X,
subarray forms a skcleton of corner-shared octahedra, see fig.3. In the interpcnetrating AZX'
subarray, each X' anion is tetrahedrally coordinated by four A cations, and each A cation has
two nearest-neighbor X' ions on opposite sides. With space group Fd3m and the origin chosen
ata B site, the A and X' positions are identified as 16d and 8b, the cubic unit cell containing
A16816X48X'8' The B and X positions are the 16c and 48f positions of the space group.

Defect pyrocholores have a stable B,_X6 skelcton with vacancies introduced into the A, X' sub-
array. In PbRuO, and AngO3, for example, the X' atoms at the 8b sites are missing.g'10

Babel et a_l_.“ preparcd a number of flourides A+BZ+B'3+F6, where A = Cs, Rb, or K. These

2+B'3+I~‘6 skelcton identical to the Bsz pyrochlore skeleton, the B and B'

fluorides have a B
atoms being randomly distributed. In place of the AZX' subarray of a pyrochlore, only the 8b
positions are occupied by a large A" cation. In several oxides, displacement of the A cation
from an 8b toward a 16d (to occupy 32e) site has been signaled.12 Singcr13 encouraged us to ex-
plore these compounds for fast alkali-ion transport. Since the A site is a strongly squashed
octahedron presenting a minimal bottleneck barrier for jon transfer between 8b and 16d positions,
we decided to pursue two strategies: (1) Establish vacancies on the 8b positions by stabilizing
A1+_XB12:LXBY13_;F6 compounds, thus making non-zero the factor ¢(1 -~ ¢) in Eq. (1) for 8b occupancy
since the 16d sites are not energetically equivalent. However, this strategy suffers from a long
jump distance ah between 8b positions. (2) Increase the cell size until the crystal-ficld prefer-
ence of the M" ions for 16d sites balances the size preference for 8b sites, thus mak:ng the 8b
and 16d positions energetically equivalent. This latter strategy seemed preferable since the
jump distance ap is only half appe Moreover, this should be the condilion for miniraum &a.
This strategy was complicated by water contamination, in the case of K*-ion transporters, and

by cxcess NaZO in the case of Na'-ion transporters (see below).

C. Carnegieites

The aluminosilicates are classic skeleton structures. The zeolites, for example, form mo-
lecular sieves. As these latter structures are stabilized by water, they are unsuitable for solid
electrolytes that are to be in contact with molten alkali metal. Moreover, the openings are too
large for optimal alkali-ion transport. The high-temperature form of NaAlSiO4, carnegieite, -
is a more interesting possibility.

Carnegiete has a cubic (AlSiO4)- skeleton having the structure of cubic Si0,. see Fig.4. In
the idealized structurc, the Al and Si atoms form a cubic zinc-blende array with oxygen atoms on
every Al-Si bond axis. This arrangement provides a network of corner-shared tetrahedra that,
in the real carnegieite structurc, becomes distorted to a primitive-cubic array by interaction

with the Na' ions in the interstitial space.“ In the idealized structure, the interstitial space is

identical to the space occupied by the skeleton, as is well illustrated by the two interpenetrating,
anticarnegieite : ublattices of Cu20.15 Translation of the skeleton by aO/Z along « cuhe edge

would superimpose it on the interstitial space. Thus the interstitial space has two distinguishable
sites, M1 and M,, corresponding to the Al and Si sites of the skeleton, and any anion excess
would be located on the M1-IVI2 axis in thec shared face of the M, and M2 sites. This face con-

gists of a hexagon having its six sides alternately the edges of SiO4 and AlO4 tetrahedra. In the
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absence of excess anions, which would block M '-ion :ransfer, the barrier to M -ion motion

would seem to be a minimal crystal-field energy.

D. The System Na Zr,P, 5i O

2 3-x""x 12

F'rom general considerations, an open skeleton allowing three-dimensional ionic transport

1+4x

would have skeleton anions linked to at most two skeleton cations. The stronger these skeletal
bonds, the more stable the skelcton. The lm 3 and defect-pyrochlore skeletons are composed
of link~d octahedra, the carncgie.tz skeleton of linked tetrahedra. A remaining alternative is
a skeleton of linked tetrahera and octahedra. To explore this possibility, we initially chose
(PO4)3' and (SO4)2- tetrahedra to be linked by a cation with an octahedral-site preference.
Since oxides of the octahedral-site cation should not be reduced by molten alkuli metals, the
list of suitable ions is limited. Of the quadrivalent ions, the Zr4+ ion was a natural candidate
for the octahedral-site cation. One of us16 preheated a riix of ‘\Ia (O + Z rO + ZNII II PO

at 170°C to decompose NII4HZI‘O4‘. again at 900°C to decompose NaZCO3, and heated to 1600 C
for 3 hrs before turning off the furnace. Cube-shaped crystals about 0.1 mm on ar edge were
examined crystallographically and shown to be NaZ r2P3012 with space group R3c. It was also
found that all the phosphor may be replaced by silicon, giving the system NaHer'2 3. xSl 012,
0< x< 3. All structures are rhombohedral R3c, except in the range 1.8 ¢ x < 2.2 where a dis-
tortion to the monoclinic C2/c space group is found at room temperature. We subsequently dis-
covered that the structures of NaZr2P3012 and Na,Zr S13O12 had already been reporte'l in the

literature. 17,18

In the (Zr2P3 S1‘(012)“+x)- skeleton, each Zr4+ octahedron shares its six corners with
tetrahedra, and each tetrahedron shares its four corners with octahedra, see Ref.16 and
Figs.5, 6. Thus each anjon bonds strongly to a tetrahed:.l and an octahedral cation of the skel-
eton. In the rhombohedral phase, twn M*-ion sites are distinguishable in the interstitial space:
close-packed-hexagonal M2 layers in the basal plane connected by one-third as many M1 sites
between the M, layers. Thus the interstitial space is connected in three dimensions, and the
anion bottleneck between IVI1 and M, positions consists of a puckered hexagonal ring having as
its six sides alte rnately tetrahedral-site and octahedral-site edges of the skeleton. The mono-
clinic distortion uistinguishes two M, sites: 3M, — M, +2M, as shc:wn in Fig. 6(b), The jump
distances for monoclinic Na3Zr2PSiZO12 lie in the range 3.51 — 3.8 A,

Transport Measurements

Transport measurements were made on dense (in excess of 85 percent theoretical), poly-
crystalline ceramic disks approximutely 1/2" in diameter and 0.05" to 0.1" thick.

Ionic conductivity was measured with an ac vector-impedance meter (5 llz tc 500 kHz).
Gold or platinum blocking electrodes, which permit electron transport but restrict ionic trans-
port to a displacement current, were used to determine any electronic component. Nonblocking
electrodes, consisting of a coating of colloidal graphite on both sides of the sample, permit
Na*-jon discharge from the electrolyte, polarization at higher frequencies generally remaining
trivial to frequencies as low as 500 Hz. For comparison purposes, some dc and low-frequency

ac rneasurernents were made with molten I\'aNO3 on both sides of the specimen.
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Fig. 5
®:si O:a @ 20 View of rhombahedral R3c structure of
NaZrz P3042 showing the (ZraP3042)"
Fig. 4 uNrIms parallel to t.:lf gndlihe Na+dions ;n
: & p 5o positions octahedrally coordinate
The (A1SiO4)” subarray of carnegieite. byioz' ions. The My positions are also
octahedrally coordinated by empty Mz
positions (not shown) in the same basal
planes as the nearest-neighbor O°~ ions.

=]

(b) C2/¢c

Fig. 6
Basal or a;, -b,, plane of Zr-octahedra and P-tetrahedra neighboring an M4 site (M)
showing the octahedral coordination of Mz sites (circles).
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Results

A. NaSb03

A metastable "NaSbO," phase having the cubic Im 3 structure was obtained by ion exchange,
the high-pressure Im 3 phase of KSbO, or of T4SbO, being immersed Yor a few hours in molten
NaNO Single-crystal structure analysis, obtained by ion exchange of 21 crystal of T£SbO 3
]ocated the Na® ions randomly distributed among the octahedral M and M, sites of Fig.2. This
analysis produced three significant findings:

(1) The apparent sodium concentration is in excess of stoichiometry, suggesting a
chemical formula Na SbO with x = 0.29. This apparent exycess could be at least
partially due to an incomplete exchange of the heavier T2" ions, since only a single
exchange bath was used.

(2) There was no measurable electron density in the tunnel intersectiors at the origin
and body-center positions where excess 02- ions were anticipated.

(3) In the disordered Im 3 phase, Na;-Na: separations of only 2.30 A apparently
occur, especially as the occupancy factors of the M1I and MZ sites were in the ratio
0.82/0.28 rather than 2/1.

Since there was no measurable electronic component to the conductivity at 300°C, it is concluded
that the ion-exchanged composition must be NaSbO3 r yNaZO, y< 0.14, and that the excess oxygen
may be displaced toward empty M, sites, thus blocking a fraction of the tunnel segments to
Na‘-ion transport.

High pressure stabilizes the cubic Im 3 phase of KSbO, because this phase is more dense
than the ilmenite KSbOa. For NaSbO3 the situation is reversed, which limits the pressure that
can be applied for densification of the metastable, cubic NaShO,. Nevertheless, we were able
to obtain specimens of 92-98 percent theoretical density by adding 2 weight percent NaNH, flux
to a mixture of fine (<1 um) powder placed in a tungsten-carbide die-and-piston assembly. After
evacuation to <10'3 Torr, a pressure of 30,000 psi was applied and the temperature was raised
to 600°C for an hour or so before the pressure was released and the specimen was baked out at
500°C.

Conductivity measurements showed no measurable electronic contribution and an ionic resis-
tivity at 300°C of p344 = 18 Q-cm at 1 kHz with graphite electrodes. The fact that this resistivity
is only a factor four larger than that of the best g''-alumina samples at 300°C demonstrated to
us the validity of the skeleton-struciure concept.

1
B. NaSbO3 3 NaF

Since the tunnel-intersection sites are empty in NaSbO3, it suggests that they repel positive
ions and attract negative ions. If so, the Na® ions jump from M, site to M, site of neighboring
tunnel segments without passing throughb the tunnel intersections. Moreover, placement of an

anion at the intersection sites could stabilize a cubic phase of KShOz, thus explaining Spiegelberg's

stabilization at atmospheric pressure of the Pn3 phase by annealing for three weeks at 1000°C in
a porcelain crucible. Rothw. suspecting silicon contamination of Spiegelberg's crystal, was the
first to investigate impurity stabilization of cubic KSbO,. He subsequently tried stabilization of

KSbO3 by fluorine substitutions and reported the atmospheric-pressure preparation of

11
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1- SbO3 xe' Since he failed to report any chemical analysis, it is probable that his phase
was l\SbO3 . xKF, 0< x<€ 1/6. We independently investigated the atmospheric-pressure phasc
KSbO - 1/6KI", since we were interested not only in the possibility of eliminating a high-
pressure step in the preparation of NaSbO - 1/6NaF, but also in whether the existence of an
anion at the tunncl intersections would a1d or hindcr Nat-ion mobility.

The precursor l\SbO - 1/6KY¥ was prepared by firing a 2:1 by -weight mixture of
K, 1, Sb O 4l O:KT at 900 C for 2 hours. A cubic product was separated from the excess
KF by wash1ng in water. This product was ion-exchanged three successive times with NaNO3
at 330°C in a 20:1 by-weight mixture of NaNO3.product. The triple-ion-exchanged product,

which remained cubic, was hot-pressed into disks for ion-transport measurements.

K

In ordcr to characterize the products with single-crystal structure analysis, a mixture of
20 g potassium pyro-antimonate and 100 g KI* was fired in a covered platinum crucible at 1100°C
for 12 hours and then programmed down at a rate of 5°C/hour to room ter perature. Many well
shaped single crystals about 0.05 mm in size werc obtained. Powdcr diffraction of the specimen
showed a body-ccntered-cubic pattern. A crystal measuring 0.03 x 0,03 x 0.05 mm was selected
for structural analysis. The sodium analog was prcpared by ion exchange in molten NaNO3.

The sodium crystal sclected for structural analysis measured about the same size as that of the
potassium analog.

Oscillation and Weissenberg photographs of both crystals showed diffraction symmetry m3,
The systematic absence was hkf for h +k +1 = 2n + 1, which is consistent with space groups
123, 1213,8and Im 3. The space group Im 3 was assigned as determined for the Im 3-NaSbO3
structure.. Thrce-dimensional intensity data to 26 = 55° were collccted in the same fashion as
in Ref. 8. A total of 605 reflections was measured for the KSbO3-KF product, 4973 fer the so-
dium analog.

A strong similarity between the powder patterns of Im 3-NaSbO, and the new phase induced
us to use an identical (SbO3) skeleton for the init'al refinement. The least-squares program
gave a reliability factor R = 0.17 for thc KSbO3 - KF product, R = 0.14 for the ion-exchanged
crystal. From the calculated structure factors based on this mo.el, a difference Fourier map
in both cases revealed two independent alkali-ion positions at (x,x, x): a larger electron density
at x = 0.15 and a lower at x = 1/4. Unlike the Im 3-NaSbO3 pattern, a ccnsiderable electron den-
sity appeared at (0,0, 0), or the tunnel-intersection sites 2a. We assigned F ions to the 2a site
in both cases, corresponding to compositional formulas K¥5bO, 1/6KF and NaSbO, * 1/6NaF,
and obtained reliability factors R = 0,077 and R = 0.064, respectively, after a few refinement
cycles with anisotropic temperature factors. The final analyses are summarized in Tables 1-3.

Comparison of the Im 3-NaSbO, and the NaSbO . 1/6NaF structures is instructive. The
Im3- NaSbO3 product of ion exchange with cubic KSbO or T! SbO contains excess electron den-
sity, presumably indicating NaSbO Na O. The apparent occupanc1cs of the sodium-atom
sites a.e 29 percent at 8¢ (MZ) and 82 percent of 161 (Mi)' the tunnel-intersection sites 2a are
empty. The 16f positions form a simple cube about each 2a site, and the shortest 16f-16f M, -
M, ) separation is only 2.27 A in Im 3- NaSbO This surprisingly short distance seems to imply
the displacement of the excess 0%~ ions toward vacant 16f positions. In the NaSbO, - 1/6NaF
structure, on the other hand, each 2a site is occupied by an F ion and there is no apparent
sodium-atom excess over the chemical formula. The sodium-atom site occupancies are 25 per-

cent at 8c and 80 percent at 161, and the shortest Na’L-Na+ distance is 2.85 A.
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RESISTANCE (ohms)

Table 3: Bond Distances (in &) in KSbO3 0

Octahedron around Sb KSbO, * 1/6KF NasbO; * 1/6NaF
Sb — O(1) 2x 2.008(6) 1.994(6)
- 0(2) 2x 1.960(9) 1.947(8)
2x 1.995(9) 1.979(8)
Octahedron around alkali ion M(1)
M(1) — O(2) 6x 2.604(4) 2.474(3)
Octahedron around alkali ic. M(2)
M(2) — O(4) 3¢ 2.913(6) 2.79(1)
- 0(2) X 2.686(9) 2.52(1)
Cube around F
F — M(2) 8x 2.632(6) 2.482(9)
10,008 =
1000+
o
Fig. 7
Resistance vs 1/T for a typical
100 b ceramic specimen of NaSbOs3
NaF with graphite electrodes at
1 rHz.
e
a
L 1 i L L

2
1000/ T

1/6KF and NaSbO, - 1/6NaF
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An anomalously high temperature coefficient is observed for the Na' ions in positions 16f,
the anisotropic temperature coefficient indicating that the thermal motion along cubic axes is
six times larger than that along cubic diagonals. Isostructural KSbO + 1/6KF, which also con~-
tains no M*-ion excess, has a temperature coefficient only one- th1rd as large. These findings
are consistent with higher Na*-ion nobility in NaSbO + 1/6NaF and with a hopping of Na* ions
between 16f positions of different tunnels that not only is around the 2a sites, but also is easier
than hopping within a tunnel scgment.

Although NaSbO + 1/6NaF has moderate temperature stability, it cannot be heated to tem-
pcratures near the meltmg point and it cannot sustain very high pressures. At 5000 atmospheres
and 600°C, there is a partial disproportionation and transformation to the more dense ilmenite
phase of NaSbO3. Therefore, hot-pressed disks for ion-transport measurements were prepared
in the same manner as the NaSbO3 disks. Samples of 92-percent density had 1-kHz resistivities
2t 300°C of P300 = 13 and 17 Q-cm, respeetively, for mcasurements made with graphite and mol-
ten NaNO electrodes. With d.c. and molten NaNO electrodes, a P3g0 © 18 Q-cm was obtained.
t'ig. 7 shows a plot of resistrace ve 1/T for a typ1ca1 specimen of NaSbO + 1/6NaF. The slope
yields an activation energy of (: ~ 0.35 eV for a Na® -ion jump.

From these measurfments wce deduce threc conclusions: (1) Cubic skeleton structures have
the 1mprovement in pre-exponential factor of Fqs. (1) and (2) anticipated for bulk vs layer

Na*-ion conduction. (2) Placement of an anion at the tunnel intersections does not impede the
Na+-1on mobility, thereby confirming that the Na't ions avoid these positions in cubi. NaSbO
(3) Reduction in the Na‘t-ion activation energy &g for hopping would make the transport proper-
ties of cubic skeleton structures superior to those of f-alumina,

In order to determine how 6 changes with lattice parameter, we attempted to study the
Na*-ion conductivity as a functlon of pressure. Unfortunately the die broke before we could
obtairn quantitative data, but the data clearly indicated that the conductivity decreases with the
lattice parameter (da/dao> 0). Since the pre-exponential factor should be relatively pressure-
insensitive, we may conclude that a smaller &a can be achieved by increasing the lattice parar
eter a, We have found that isostructural KBiO3 is hygroscopic, but it would be interesting to
explore the system NaSbi_xBixO3 - 1/6NaF to see how E’a changes with cell size for those com-
positions whcre HZO contamination is not a problem. Since our objective was a practical elec~

trolyte stablc against molten sodium, we did rot pursue this investigation.

C. Defect Pyrochlore

Initially we prepared the defect pyrochlore "KTaW06" by conventional ceramic techniques.
A nominal "NaTaW06" was prepared by ion exchange in molten NaNO At 300°C, the resistivity
of this compound was about a factor 10 larger than that of NaSbO . 1/6NaF‘, but a lower activa-
.tion energy made it interesting, Because W6 ions would be reduced to W5 ions by molten so-

dium, we turned to a study of the chemically more stable pyrochlore A TaZOSF In the course

of this study, we found that the pyrochlores may be hydrated, and a subsequent investigation of

nominal NaTaWO6 showed it to be, in fact, partially hydrated 1t rooni temperature: NaTaWO6 .
\cll O with x =~ 0,5.

The compound RbTaZOBF can be synthesized directly. Ecual amounts of dry RbF and
reagent-grade ’I‘aZO5 were mixed in a crucible 2nd fired at 750°C under an argon atmosphere
for two days. Regrinding and refiring two timus produced single-phase powders. Single crys-
tals of RbTaZOSF‘ were prepared by addition of excess RbF as a flux. In one run, a 4:1 ratio of
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RbF and TaZOS wis fired at 1150°C for 30 minutes and qucnched. The product contained crys-
tals about 0.1 mm across.

The K and Na analogs could be synthesized directly. If RbTaZOSF is placed in molten KNO3,
the ion-exchange product is KTa O F. Chemical analysis gave Rb:Ta and K:Ta ratios of 1:2,
even on reversing the exchange. On exposure to air KTaZO F becomes hydrated to KTa O F
H,0. The lattice parameter of RbTaZO F is 10.496 A of KTa, O Ir e H O is 10.605 A. TGA
measurements showed a reversible, broad transition from 50° to 200 C havmg a weight loss of
one H O molecule per KTaZOSF molecule. Ion exchange from RbTaZOSF with molten NaNO3 did
not y1e1d the completely exchanged product NaTaZO F. 1t was necessary to ion exchange first
with K ions and then with Na*t ions. Chemical analysis gave a Na:Ta ratio of x:2 where 1 < x < 3.

In order to determine the ionic distribution over the interstitial 16d and 8b sites, single
crystals were selected for structure analysis. Oscillation and Weissenberg photographs showed
diffraction symmetry m3m for the products of both potassium and sodium exchange. The sys-
tematic absence was hkO for h + k = 4n + 1, which is consistent with the space group Fd3m re-
ported for the pyrochlores. Moreover, an additional absence occurs wherever the hkf are all
even and the index is not 4n, indicating that position 32e of 'd3m cannot be occupied. Thus, as
in the normal pyrochlore structure, the X6 = OSF atoms are randomly distributed over the
48f sites, and the B = Ta atoms occupy the 16c sites of the BX3 skeleton. To determine the
alkali-ion distribution over the 16d and 8b sites, three-dimensional intensity data to 26 = 60°
were collected and analyzed as described in Ref. 8. Table 4 summarizes the results of the struc-
tural refinements.

In Rr"\ZOSF, the 8b sites are completely occupied by Rb atoms and the 16d sites are empty.
The 8b sitc has 6 nearest-neighbor X atoms that form an ideal octahedron and 12 next-nearest-
neighbor X atoms. The Rb-X distances are 3.35 A and 3.78 ;i, respectively. A lack of electron
density at the 16d sites is consistent with the short distance, only 2.27 A from 8b to 16d.

In KTaZOSF : HZO' x~ray data show electron density at both the 26d and 8b sites in ratio
2.5:1. There are two possible explanations: (1) K" ions are randomly distributed over 16d and
8b sites, or (2) K+ ions occupy half the 16d sites and water occupies the 8b sites. Since the
O“” ion has an 8b-site preference and since just one HZO molecule is accepted per molecule,
the latter alternative can be inferred. Therefore, we conclude that the large cell size for the
K analog corresponds to *he hydrated compound KTa, O F * H,0, the water occupying the
8b sites, even though the distance 2.29 A between 8b and 16d sites gives a surprisingly short
K-O separation.

Whereas chemical analysis of the sodium analog gave a Na:Ta ratio x:2, with x =2, Table 4
gives an apparent Nat-ion excess equivalent to x ~ 3. We thought this discrepancy might be
due to the preserce of OH  ions giving Na, Ta, O F * OH, but neither 1R data nor TGA experi-
ments nor the preparation of “NaTaZOSF" from anhydrous KTa, O F gave any evidence of the
presence of OH™ ions. Since electrical measurements gave no measurable electronic compo-
nent to the conductivity, we concluded that the excess sodium is charge-compensated by O ” ions.
Anion analysis (by vacuum fusion at MIT) of a sample having a Na:Ta ratio x:2, with x = 1,55,
gave Na1.55TaZOS.28F' corresponding to NaTaZOSF + 0.28 NaZO. The excess 02' ions pre-
sumably occupy 8b positiors. X-ray intcnsities indicate that some Na' ions also occupy the
8b sites.

Excess Na, O appears characteristic of many fast Na‘t-ion conductors, including
(1 +x) NaZO p HA1203. 1n NaTaZOSF . xNaZO, the amount of excess NaZO and the lattice
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Table 4: Final Atoinic Parameters for MTaZOSF (M = Rb, K, Nax)
RbTaZOSF KTaZOSF NaxTaZOSF
F | Cell size a (fX) 10.496(3) 10,605(3) 10.470(2)
] 48f x 0.306(2) 0.305(2) 0.308(1)
t 0.1(4) 0.6(4) 1.8(2)
. 16d o 0 0.5 0.96(5)
¥ 17(3) 5.1(6)
16c ¥ 0.65(6) 0.98(6) 1.08(2)
: 8b © 1 H,0 1.05(7)
t 5.4(5) 15(6) 5.7(8)
R 0.10 0.10 0.053
x = position paramrter of OSF o = occupancy factor
t = isotropic temnperature factor R = discrepancy factor

Table 5: Lattice Parameters and Hydration of Defect Pyrochlore ABZX6

1. A =Li, Na, Ag and B = Nb, Sb, Ta: ABWO6 7 HZO with 10,27 < a < 10.42 A

2. A=K KMgAlF6 KNiA1F6 KCuCrF, KSbW06 KNbW06 KTaWO6

9.86 9.92 monocl. 10.23 10.33 10.34

KNiCrF6 g HZO KCOCrFé 2 HZO KTaWO6 0 HZO KNbW06 9 HZO

10.45 10.48 10.48 10.50
KNiVF‘6 . HZO KTaZOSF g HZO
A 10.51 10,61

i g 3. A =Rb, TL, Cs: All AB,X, with 9.94< a_< 10.57 A

A S A A W e e ey

e e ik i -




B R R A — Ay ey~ %%

—aslec b e e e o W

-

NP ——

parameter are found to vary with the temperature and duration of the ion- exchange process,
giving 10.44 < a < 10.48 A. Similar results were obtained when molten NaCO was used for the
ion exchange. The potential for oxidation was not even avoided by exchanging w1th NaNIiZ, since
it melts at a lower temperature where the KTaZOSF . HZO is hydrated.

Preparation of hot-pressed, ceramic disks of the sodium compound is complicated by the
fact that both temperature and pressure induce disproportionation to TaO I and the perovskite
NaTaO Specimens approaching 82 percent theoretical density were prepared by the procedures
used to make pcllets of NaSbO,. A P300 ~ 150 Q-cm and an (Sa ~ 0.4 eV were obtained with graph-

ite electrodes and 1 kHz., This finding is compatible with 16d sites partially occupiec by Na% ions.

Slight differences in P3go 2nd &a were observed from sample to sample, but no correlation of
the transport properties with a, was attempted.

Table 5 lists known defect pyrochlores of the type AB2X6 and their lattice parameters. The
rb’, T¢%, and cst compounds, which have At jons only in 8b sites (though perhaps displaced
from the center), are dehydrated. The ol compounds, on the other hand, are only dehydrated
if the lattice parameter is small enough to retain the K* ions in &b sites. Compounds with larger
lattice parameter become hydrated on exposure to air. These findings suggest there is a critical
lattice parameter for hydration that is smaller than, but near the parameter at which K+ ions
have equal preference for 8b and 16d sites. Defect pyrochlores with smail At ions (L1 5 Na+,
Ag+) are all either hydrated2 or contain excess A,0, the A" ions occupying 16d sites.

Ion exchange of RngAlF‘6. a =9.94 A, gives anhydrous KMgAlF6 witk = = 9,86 A and a non-
cubic "NaMgA1F6" that can be reverse ion exchanged. Location of the K* ions on 8b sites was
not independently confirmed by single-crystal structure analysis, but it can be inferred. Unlike
the MTaZOSF system, these materials hot-press readily. After a preliminary bake at 200°C,
vacuum pressing at 60,000 psi at 500°C for one hour yielded disks of over 99- percent theoretical
density. The ionic conductivity of KMgA1F6 is extremely low ’pBOO =20,000 Q-cm), presumably
because the 8b array is filled. In this case, transfer of a K' ion to a neighboring 16d position
costs a large o electrostatic energy, since each 16d position has two near-neighbor 8b posi-
tions at a distance of only 2.12 A. Therefore, we introduced cation vacancies at the 8b positions
by preparing samples with chemical formula Ki-ngi L 11 +xF6' x = 0.05 and 0.10. The pyro-
chlore structure was unstable for x > 0.4. Cation vacancies at 8b positions would permit K*-ion
transfer from one 8b site to another via the 16d inte rmediary position. A dramatic increase in
conductivity was observed. A plot of K*-ion conductivity vs reciprocal temperature for a

Ko. 9Mg0 9Al1 4 I'¢ disk over 99-percent dense gave P390 ~ 800 Q-cm and an {'E ~ 0.35 eV.

From these experiments we draw the following conclusions: (1) The B2X6 network of the
A B 6X pyrochlore structure is a su1table skeleton for fast 1on transport (2) Direct prepara-
t1on of anhydreus defect-pyrochlore A b X6 requires large art cations (Cs A Rb* , and — for lattice
parameters below a critical 51ze = It ions) that are stabilized in the 8b (or X') positions.

(3) Fast ion transport of the k* ions among the 8b sites requires the introduction of 8b-site va-
cancies, as in Ky, 9Mg0 9 1, F¢. (4) Indirect preparation of defect pyrochlores at B, X, having
smaller AT cations randomly distributed on 16d sites is plagued by the introduction on 8b sites
of water or of excess anions. Wec failed to obtain a "clean" A's 2X¢ pyrochlore having A% fons
randomly distributcd on 16d positions, However, Na*t-ion transport in partially filled 16d posi-
tions occurs in NaTaZOSF * xNa,O. It would be interesting to compare the conducitivity in this
compound with that in a compound like NaWZO6 + F, if such a defeut pyrochlore can be prepared.
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Although these results indicate that the defect-pyrochlore structure is
fast alkali-ion transport, an activation energy of 0.35 eV is still a facto
Therefore, we turned to other skeieton structures.

capable of providing
r two higher than desired.

D. Carnegieite Skeletons

Because cubic NaAlSiO4 is unstable at room temperature,
compound Na.AlSiO4 . xNaZO. with x = 0.25 and 0.5, and Na
ceramic disk was made from the first of these by adding N

we prepared the related stabie
1+yngA11_ySiO4 withy =5/8, A
aF as a binder and H,0 to form a
slurry. The mixture was vacuum-baked at 150°C and then vacuum-fired under 15,000 psi at
950°C. The resulting disk had a density of the order of 75

percent and a resistivity P300 =
1900 Q-cm. The second was

"melted" in a crucible to form a disk-shaped lump filled with bub-
bles. Our suspicion that some form of decomposition occurred is su

pported by the measured
resistivity P300 = 600 Q-cm,

since the nominal amount of sodium should have filled all the avail-
able sodium positions. The third material was pressed into a disk by firing at 820°C in air under

20,000 psi. It had a P3gg = 200 Q-cm. Although P30p 18 more than an order of magnitude higher
than that of NaSbO3 - 1/6NaF, it nevertheless indicates that the carnegieite skeleton may yield
solid electrolytes of practical interest.

E. The System Na, ., Zr.P. Si O

14x7"27 3-x""x"12

In order to obtain dense ceramic disks of compositions in the system Na1+er251xP3_x012,

appropriate mixtures of NaZCO3, Zrz, SiOZ, and NH4H2 PO4 were heated for 16 hours at 170°C
(to decompose the NH4HZPO4) and calcined at 900°C for 4 hours. The product was cold-pressed
at 80,000 psi after the addition of 4-percent polyethylene glycol as a binder.
pellets were fired for 6 to 16 hours at temperatures between 1200 and 1400°C
perature of Na3Zr2PSi2012, for example,
decomposition of the spe~imen.

The cold-pressed
- The firing tem-
was 1250°C, since at 1275°C there was appreciable
Densities as high as 94 percent were obtained with this method,
Transport measurements with blocking electrodes indicated a negligible electronic contribution,
and prolonged immet sion in molten sodium showed chemical stability to this environment,
Table 6 lists the resistivities at 300°C for Na*-ion transport as obtained with graphite electrodes
at 1 kHz on ceramic disks more than 85-percent theoretical density. Fig. 8 shows a plot of T/R
Vs 1/T, where R is the sample resistance, for a ceramic disk of Na3Zr2PSiZO
tion energy obtained from this plot is E'a = 0.29 eV.

The compound NaZrZP3012 has all the M1 sites occupied by Na*t ions,

Since the M1 and M2 sites are not energetically equivalent, the factor c(l ~

12 The activa~

none of the M2 sites.16
¢) approaches zero

Si for P is charge
ions on M2 sites, which are linkad to oiie another via

80 long as the M1 sites remain occupied, Na+-ion co
a correlated ionic motior: Na2+ + Na.1+ +0, ~ DZ + Na1+

in Eq. (1), and the resistivity of this compound is very high. Substitution of
compensated by the introduction of Nat

M1 sites. Therefore, nductivity requires

+ Na2+, where the subscripts refer to
sites Mi and M2 and Orepresents an empty site. The fact that the lowe

where the rhombohedral axis 9 and cell volume are a maximum16
trostatic interactions reduce the M1

st values of p occur
+ 300+
suggests that Na '-Na~ elec-
-site preference energy with increasing x. For x > 2, both
M1 and M2 vacancies must coexist at 300°C, The fact that the crystal-cell volume reaches a
maximum w'th increasing x suggests that the electrostatic forces between Na™t
M1 and M2 sites may actually displace Nat

sites.

ions at adjacent
ions toward bottleneck positions between M1 and M2
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Table é: Resistivities at 300°C and Activation Energies (6T vs T~

1) of Dense (>859,

Theoretical) Ceramic Specimens in the System Nay 1xZrp P3_xSix Q, with
Graphite Electrcdes at 500 kHz *

Composition (x) Structure P30 (2-cm) t‘:a )

SRS e g £ e
0.4 R 1867 0.26
0.8 R 341 0.31
1.2 R 38 0.27
1.6 R 21 0.32

v 1.8 M 8 0.24

2.0 M 5 c.29
2.2 M 0.24
2.4 R 0.26
2.6 R 28 0.24
2.8 R 56 0.24

*0(500 kHz)/o(410 kHz) ~ 2, Higher frenuencies used to reduce electrode

polarization,
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At 300°C, the transport properties of Na3ZrZPSi2012 are clearly equivalent to those of
g'*-alumina at temperatures T > 300°C, but inferior for T < 300°C. A much improved pre-
exponential factor is consistent with the three-dimensional character of the Na -ion transport
’ in Na Zr PSi 012. The fact that g''-alumina has an actlvatlon energy 0.1 eV smaller tha: that
I of Na ZrZPSxZO12 leaves hope that three-dimensional Nat-ion transport in skeleton structures
| may also have activation energies as 1ow as 0.2 eV. With the improved pre-exponential factor

of three-dimensional transport, such Na -ion conductors would be competitive with liquid elec-
trolytes at room temperarure.

s Tre system Na ZrZP3 x51xo appears to be easier to fabricate into dense ceramics
than g''-alumina. We have made both open and closed-ended tubes of Na Zr PSxZO12 at
90-percent theoretical density with preliminary extrus1on/1sostat1c-press1ng techniques.

The system Na1+x r, 3 xSx O is only one representative of a large class of compounds
that can be stabilized with this bas1c structure Ion exchange with Li+ Ag+, and KT ions has
been successfully accomphshed. L& Other ions can rcplace the octab :dral Zr4 ions. However,
we were not able to replace Si by Ge, which is suggestive of a size constraint for the tetrahedral
ion.

We would like to thank J. Singer for helpful discussion, K. Dwight for Figs.5 and 6, Carl

Anderson and David Tracy for technical assistance.

APPENDIX

The defect perovskite CuTa O6 has a (TaO )y sl;ezeleton of corner- shared octahedra, but it
| is strongly distorted from the cubic ReO structure.”” Reinen and Propac.h 1ndependent1y de-
duced the Pm 3 space group on the basis of optical and powder-diffraction data, but they did not |
determine the atomic positions. Single-crystal structure amalysis22 confirmed the existence of
square-coplanar oxygen coordination about Cu2+ ions and located them at positions 3d and 3c.
Although it is remarkable that so small a cation as Cu * should occupy the A site of a perovskite,
this is made possible by the cistortion of the TaO; network that reduces the A-site anion coordi- l
nation from twelve to four nearest neighbors.
Fast Na+-ion transpo~t is not found in cubic perovskite, presumably because the (oxygen-
square) bottlenecks at the shared Na- site faces have too small an area. However, thc Cu2+ on 1
should be small enough to pass through such a bottleneck. Moreover, the distortion of the
(TaO )~ skeleton creates square-coplanar configurations at 3/4 of the cubic-perovskite A sites,
! see Fig.9, and the Cu ions are randomly distributed over these square- coplanar sites, which

are 2/3-filled in CuTa206. However, the orientations of the square complexes arc such that a

Powder samples are green. Single crystals grown from a copper-oxide flux are dark. Con-
ductivity measurements on single-crystal specimens with copper electrodes gave an 6a =0.36 eV,
obtaincd from oT vs T-i, and a Pag0 ™ 1000 Q-cva. With gold or platinum electrodes the resis-
tivity at 300°C was a factor of 10 larger. We conclude that our single-crystal conductivity was

mixed, but that the Cu2+-ion conduction dominated.

g e ™ e g e
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Cu2+ ion must pass through an edge of the square on jumping from site to site. ]
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111. PAPER TO APPEAR FEERUARY ISSUE OF MATERIALS RESEARCH BULLETIN

CRYSTAL STRUCTURES AND CRYSTAL CHEMISTRY

IN THE SYSTEM Na Zr Sle3 xO12

H. Y-P. Hong
Lincoln Laboratory, Massachusetts Institutc of Technology
Lexington, Massachusetts 02173

ABSTRACT

As part of a search for skelcion structures for fast alkali-ion transport, the system
Na1 +erz&x 3- xoiz has been prepared, analyzed structurally and ion exchanged
reversibly with Lit, Ag*, and K* ions. Single-crystal x-ray analysis was used to
identify the composition NaZrZP3O12 and to refine its structure, which has rhombo-
hedral space group R3c with cell parameters a. - 8.815(1) A. A small distortion
to monoclinic symmetry occurs in the interval 1 8< x< 2.2, The structure for
Na3ZrZSi2°P012, proposed {rom powder data, has space group C2/c with LI
15.586(9) A, bm = 9.029(4) A, ™ 9.205(5) A and 8 = 123.70(5)°. Both structurcs
contain a rigid, threc-dimensxonal network of PO, or (5i0,) tetrahedra sharing cor-
ners with ZrO, octahedra and a three-dimensionally linked intersitia’ cpace. Of the
two distinguishable alkali-ion sites in the rhombohedral structurc, one is completely
occupied in both end members, the occupancy of the other ve.iies across the system

from 0 to 100 percent. Several properties are compared with the fast Nat-ion con-
ductor B-alumina.

Introduction

The research reported here was motivated by active interest in solid electrolytes having
fast alkali-ion transport and by the proposition (1) that solid electrolytes having alkali-ion con-
ductivities approaching those of liquids should occur in skeleton structures. Potential skeleton
structures would consist of a rigid, three-dimensional network stabilized by electrons donatcd
by transporting ions partially occupyil g a three-dimensionally linked interstitial space. Morc-
over, the smalles’, cross-sectional areas of an interstitial passageway, designated "bottlenecks"
(2), should have smallcst diameters greater than twice the sum of the anion and alkali-ion radii.
For Na -ion transport in an oxide, the bottlencck smallest diameter should, therefore, exceed
4.8 A.

In addition to these geometrical constraints, chemical bonding also plays a role. If the
crystalline fields and/or the site binding energy preferentially stabilizes an alkali ion at a par-
ticular set of lattice sites, the activation cnergy for jumping from cne site to the next may be
large even if the geomctrical constraints of the bottlenccks are small. Creation of strong bond-
ing within the rigid network should make the bonding betwcen alkali ion and network more ionic
and hence, pcrhaps, less site-specific if the geometrical constraints at the bottlenecks are not
a problem. Therc arc two ways that the strength of the intranetwork bonding can be incrcased

*This work was sponsored by the Dcfense Advanced Research Projects Agency and NSF/RANN.
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relative to the bonding between alkali ion and network: (1) The anions can bond with more than

two cations of the network and (2) the anions can form strongly covalent bonds with a cation to
make a complex anion. In a three-dimensional network, each anion must bond with at least two
cations of the network. If the anions bond to four or more network cations, the network is close-
packed and there is no passageway for interstitial alkali ions. If anions bond to three network
cations, laye - structures such as g-alumina may be anticipated. The low activation energy of
f-alumina may be at least partly due to the fact tnat all the oxygen atoms neighboring the alkali
ions, except those in sites 2¢ of space group P63/mmc are bonded by three aluminum atoms
that polarize the O “-ion charge density away from the alkali ion. If the oxygen atoms bond to
only two network cations, polarization « f the O " -ion charge density away from the alkali ions

is reduced, thus increasing the activation ene 'gy for ion transport according to our hypothesis.
Since two-dimensional transport was not of interest in this study, geometry restricts each anion
to bonding with at mnost two network cations. Therefore, it seemed appropriate to build the net-
work with at least one catlon that formed a strongly covalent complex thus utilizing in effect a
complex anion sv~l as SO4 s NO;, BO;-, CO32-, S'O:-, or PO . A tetrahedral complex
secemed a logic.l starting place. The companion cation of the network cap have a tetrahedral -
site preference or an octahedral-site preference. The Carnegieite <cructure of high-temperature
NaAlSiO,, for example, has tetrahedrally coordinated Al3 ions (1). In this work, the Zr A ion
was chosen because it is stable in octahedral coordination and because zirconium oxides are not
reduced by molten sodium.

This paper reports the synthesis and structural characterization of compounds in the sys-
tem NaHer Si P, 120 0€ x < 3, all of which can be reversibly ion-exchanged with Lit,
Ag?t, and K* ions in molten salts. The relationship of this work to a comprehensive investiga-
tion of skeleton structures is discussed in a companion paper (1), where preliminary transport

measurements are also presented.

Experimental Procedure

The starting materials NaZCO3, Zro, and NH4H2PO4 were mixed in the Na-Zr-PO4 ratios
212, 513, 123, 725, 547, and 759. The mixtures were preheated at 170° for 4 hours to decom-
pose the NH4HZPO4, at 900°C for 4 hours to decompose the NaZCO3, and overnight at 1200°C
to transform any metaphosphate to orthophosphate. Normally, a mietaphosphate decomposed to
orthophosphate above about 1000°C (3). With the exception of mixes 513 and 725, the x-ray data
of all products showed a single crystalline phase, as listed in Table 1. Interestingly, the mixes
212, 547, and 759 gave identical x-ray powder patterns having a somewhat smaller unit cell than
that of mix 123. To obtain a single crystal of this dominant phase, a 212 mix was heated for
3 hours at 1600°C before the furnace was turned off. The crystals obtained for x-ray analysis
by this procedurc were typically cube-shaped, about 0.1 mm on a side. From the structure
determination, the chemical composition was found to be NaZ r2P3O“ The structure consisted
of an open network of (PO )3' tetrahedra coordinated octabedrally to Zr ~ ions with Na' ions
filling a unique set o‘ 51tes in a three-dimensionally linked 1nterst1t1a1 space. The substitution
of P5 ions by (S1 t 4 Na ) ions was attempted to introduce Na' ions into other positions of the
interstitial space, an appropriate preparation of S102 being added to the starting mix. Complete
solid solution was found for the system Na1+ Zr2'€1xP3 012, 0 < x < 3. Indeed, the end mem-
ber Na4Zr2S13O has previously been reported (4). X-ray data for compounds in this system
are listed in Table 1. All stiu«tures were rhombohedral R3c except in the range 1.8 < x < 2.2,
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Table 1 |
X-ray Data for Compounds in the System Na, Zr,Si P, O,, i
Space
Starting Composition Group a b e B \%
Na,Zr(PO,), R3c 8.792(5) 22,723(9) 1521,0
NaSZr‘}(PO‘})7 R3c 8.794(5) 22.721(9) 1522.7
Na.’Zr:_’(PO‘})9 R3c 8.795(5) 22.722(9) 152342
. NaZr,(PO,), R3c 8.815(1) 22.746(7) 1530.5
. 1 ]
Nai.‘}Zr2810‘4P2.6O12 R3c 8.840(3) 22,731(9) 1538.3 ‘
| - Nai.BerSiO.BPZ.ZOﬂ Ri3c 8.898(1) 22,774(8) 1561.6
i | Na, ,Zr,Si, ,P, 20,5  Ric 8.940(3) 22.855(9) 1581.9 B
! ' .' = 3
i Na, (Zr,Si, (P, ,0,, Ric 8.980(5) 22.906(9) 1599.6 |
: 2
Naz.82r2811.8P1.2012 C2/c 15.567(9) 9.003(5) 9.217(6) 123,76(5) 1610.8 X 3
; 2 ¢
Na, (Zr,Si,PO,, C2/c 15.586(9)  9.029(4) 9.205(5) 123,70(5) 1616.6 x
: 2
N;a‘.$.221'2812.2P0.8012 C2/c 15.618(9) 9.051(6) 9.210(9) 123.93(6) 1620.6 x—3-
Na3.4ZPZSi2.4P0.6012 R3c 9.079(2) 22,685(9) 1619.3 ” ;
Na3.82‘r28i2.8P0.2012 R3c 9.148(4) 22.239(9) 1611.6 I
. K -
Na‘}Zr2813O12 R3c 9.10 22,07 1583.9
* Ref. 4
Fig. 1
Projection of half the unit cell
along the a -axis of rhombohedral
NaZrzP‘.’O12
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where a distortion to monoclinic C2/c symmetry occurs. The structure of NaZr2P3012 was
refined by single-crystal x-ray analysis. Attemptsto grow single-crystal Na3Zr2512PO12
failed, but the distortion of the network is small enough that the network configuration in mono-
clinic Na Zr‘2512 PO 12 could be deduced from powder data. Without single-crystal data, it is
not possible to say anything definitive about the Na -ion distribution. However, there arc Na2
and Na3 positions in addition to the Na1 positions in the interstitial space that can accommodate
the extra sodium.

An interesting feature of Table 1 is that the unit-cell 51ze does not increase monotomcally
with x, as might be anticipated for a Sl radius of 0.40 A vs a P5 radius of only 0.31 A.
Rather, it rezches a maximum near x = 2.2, and the monoclinic C2/c phase is associated with
the compositions having the largest rhombohedral cr-axis, which produces thc largest unit-cell

volume.

Structure of NaZ r'zP:‘;O12 0

A cube-shaped crystal about 0.05 mn on an edge was selected for x -ray-diffraction analysis.

Oscillation and Weissenberg photographs showed diffraction symmetry 3m. The systematic ;
absences were hk!, ~h +k +£ = 3n +1, and hOf with £ = 2n +1, which is consistent with space {
groups R3c and R3c. Three-dimensional intensity data to 20 = 50° were collected with Mo radi-

ation as described elsewhere (5). 1n total, 705 reflections were measured. The heavy-atom -
method was used to solve the structurc.

The true composition of the ci vstal was initially unknown. A strong peak at (0, 0, 0.29) in
the Patterson map was assumed to represent an interaction between the Zr atoms. Therefore,
twelve Zr atoins were assigned to the 12e positions at (0,0,0.145). From a Patterson map peak
at (0,0, 0.145), the Na atoms were assigned to the 6b positions at (0,0,0). A structure-factor
calculation based on these positions gave a difference-function R value of 0.35. With this model
and the assumption of R3c symmetry, it was possibl= to identify from a difference Fourier |
synthesis one P atom and two O atoms. The atom | arameters, scaie factors, and anisotropic
temperature factors were then refined with a full-macrix, least-squares program to give R =0.043
and R = 0.060 for all reflections. The final valucs are listed in Table 2. Subsequently it was
learned that Hagman and Kierkegaard (6) had reported thc structure of NaZr2P3Oiz. With the
same space group, they obtained an R = 0.089. Their atomic parameters arc listed in paren- i
theses in Table 2. Both analyses gave high isotropic temperature factors for the Nat ions, indi- .
cating that these ions are mobile. In the present study, anisotropic temperature factors were |
refined. They show high mobility along the a, axes, which are parallel to the tunncls of the [
interstitial space.

The structure consists of a three-dimensional skeletal network of PO4 tetrahedra corner-
sharing with Zr06 octahedra, the Na' ions occupying a large octahedral site in the interstitial
space. Each Zr06 octahedra is connected to six PO4 tetrahedra, while each tetrahedra is
linked to four octahedra. A projection along the cr-axis can be found in Ref.6. The projection
of half the unit cell along the ar-axis, which permits visualization of the empty interstitial space
inside the network, is shown in Fig.1. The rhombohedral cell can also be indexed as a mono-
clinic cell with a_ = 2a, sin60° = 15,268 A, b _ = a_= 8.815 A, c_=c./3cos(f - 90) = 9.130 A,
and g = 123.85°, The basic unit of the network, which is shaded in Fig.1, consists of two octa-
hedra joined by three: tctrahedra, corresponding to (Zr2P301 2)-'. These units are connected so
as to form a ribbon along the [100]m direction, and the ribbons are linked together by P(1)O,
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tetrahedra to form a two-dimensional sheet. The second half of the unit cell is a similar sheet

with Zr atoms at bm 0.75 instead of bm = 0.25 and displaced cm/Z, as indicated in Fig.2. The
Na atoms are located at Na1 sites in NaZr2P3012. A Na1(25) is octahedrally coordinated by
02_ ions of the two neighboring Zr(25)06 octahedra. It is also octahedrally coordinated by
6 Naz(rhomb) =2 Na, (mono) + 4 Na3(mono) sites located in the same rhombohedral basal plane
as the nearest-neighbor oxygen atoms. The bottleneck in the passageway from a Na1 site to a
Na2 or Na3 site is a puckered hexagonal ring having sides that alternate betwein octahedral and
tetrahedral edges. The shortest diameter of the bottleneck is larger than 4.8 A, twice the sum
of Na+-ion and 02_-ion radii. Thus the geometrical {eatures of the skeleton and its interstitial
space satisfy the criteria for fast Na*-ion fransport, provided the site-preference energy for a
Na1 position is not too much greatcr than those for Na2 or Na3 positions.

Proposed Structure of Na3ZrZSi2P012
As indicated in Table 1 the x-ray powder pattern of Na3ZrZSi2P012 can only be indexed

on a monoclinic cell. Inthe aFsence of siugle crystals, the single-crystal intensity data of
NaZrZP3O12 were rcindexed on a monoclinic cell with hm = hr - kr‘ km = h + kr’ and lm =

(o e, — hr + kr)/3' The positions of all atoms of single-crystal NaZr2P3012 were located from
calculation of the Patterson map and, subsequently, of the difference Fourier map. The least
squares refinement based on this new monoclinic space group C2/c gave the final atomic pararn-
eters listed in Table 3. An abnormally large isotropic temperature factor indicative of large
thermal motion was observed along the bm-axis, the only monoclinic axis parallel to a passage-
way between sodium sites (Na1 and Na3).

The proposed structure for Na3ZrZSi2P012 is based on the following three assumptions:
(1) the Si atoms are ordered in the P(2) positions, (2) the cxcess Na atoms are randomly dis-
tributed over positions 4e (0. 50 0. 95 0.25) and 8f (0.83, 0.10, 0.70), the Na2 and Na positions
in Fig.2, but electrostatic Nat-Na? interactions and thermal motion make all the Na 51tes aver-
age positions with a large Debye-Waller factor, and (3) the network, though distorted and enlarged
relative to NaZr,P,0,,, remains intact. The large, polyhedral sites Na, and Na, have Na-O
distances greater than 2.4 A the sum of the Na‘ and O ionic radii. Table 4 llsts the bond
distances calculated from powder data based on this proposed structure. The hexagonal bottle-
necks between Na and Na or Na, positions are formed, as shown in Fig. 3, by three Zr06
octahedral edges alternatmg with three tetrahedral edges, one PO, and two 5104. The shortest
diameter across this hexagon is 4.95 A which is larger than twice the sum of the Na‘ and O2
ionic radii 4.8 A. Each Na2 or Na3 site is connected through a bottleneck to two Na1 sites, but
thcre is no passageway between Na, sites ora Na, and a Na3 site. The six channels through
each Na1 site provide a three-dimensionally linked interstitial space.

Ton Exchange of NaZrZP3O12 and Na3ZrZSiZPO12

Characteristically, three-dimensicnal ionic conductors exchange alkali ions with a molten
salt bath, the chemicel concentration gradient acting as the driving force. Accordingly, pow-
ders of NaZr2P3012 and Na3ZrZSi2P012 were held for four hours in molten LiNO3, AgNO3,
and KI\O3, respectively. The powder:salt weight ratio was 1:20. The products were washed
with water to remove the nitrates, dried, and analyzed by x-ray powder diffraction. The ion-
exchanged cell parameters are listed in Table 5.
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Table 4
Bond Distances (10\) in Proposed Structure of Na3ZrZSi2PO12

Polyhedron around Na(1) Polyhedron around Na(2) Polyhedron around Na(3) |
Na(1)-0(1) 2 X 2,620 Na(2)-0(1) 2 X 2,413 Na(3)-0(1) 3.019
Na(1)-0(3) 2 %X 2,599 Na(2)-0(4) 2 X 2,600 Na(3)-0(2) 3,031
Na(1)-0O(6) 2 X 2.608 Na(2)-\O{5) 2 X 2,808 Na(3)-0{2) 2.441
Na(1)-Na(2) 2% 3,713 Na(2)-0(5) 2 X 2,974 Na(3)-0(3) 3,031 {
Na(1)-Na(3) 2 % 3,519 Na(2)-0(6) 2 % 3,081 Na(3)-0(3) 2,449 '
Na(1)-Na(3) 2 X 3,852 Na(2)-Na(1) 2 X 3,713 Na(3)-0(4) 2.621
Octahedron around Zr Tetrahedron around P H3(3)=C4) 264§ '
Na(3)-0(5) 2,772
Zr-0O(1) 2,104 PO-0(2) 2 %X 1.542 Na(3)-0(6) 2.478 )
Zr-0(2) 2,077 PO-0(6) 2 X 1,546 Na(3)-Na(1) 3,519
ZH=Ci8) - Tetrahedron around Si Na(3)-Na(1) 3.852
Zi_g;:; ;:g:z 50 . Na(3)-Na(3) 4.114
Zr-0(6) 2.137 Si-0(3) 1.545
/ 51-0(4) 1.543
Si-0O(5) 1,546

Fig. 2 s
Projection along the o,-axis of the proposed '
monoclinic cell of Nax&,rzSizPO;z. Each |
Na(1) site is channeled three-dimensionally I
to two Na(2) sites and four Na(3) sites, and
each Na(2) site or Na(3) site is linked to two
Na(1) sites,




Replacement of the Na' ions by Li" ions in NaZr2P3O12 tests the rigidity of the (ZrZP O1 2)-
network. Because the Li* ion is considcrably smaller than the Nat ion, the network would be
expected to eollapse were it bonded tightly to the alkali ion. 1n fact, the network does not eol-
lapse. There is only a decrease in the unit-cell volume. Interestingly, the systematic increase
in cell volume for MZr2P3012 on going from M = Li to Na to Ag to K in Table 5 is dve to an
increase in ¢ the parameter a, artualiv decreasing slightlv. From Fig.1, the alkali ion oe-
cupies an M1 position, which has as neare st neighbors twc ocizhedral-site faces on opposite
sides parallel to the basal plane. Clearly the spacing betw+¢n these octahedral-site faces, and
hence the size of c, will vary sensitively with the size of the M, ¥ cation. A tensile streteh
along the c. -axis is accompamed by a contraction m the basal plane In NaZr2P301 2 the
Na -0 dlstance is 2.6 A smaller than the sum of K* and O ionic radii (2.75 A), so an expan-
sion of C. must occur in KZr2P3O12

The situation is more complex for th: series M3ZrZSiZP012, where M = Li, Ag, and K.
In the first place, only if M = Na is the space group monoclinic C2/c. Inthe second place, the
c. -axis for M = Li* is anomalously large, even though the eell volume is small, which indicates
that the L1 ions occupy different positions in the interstitial space. The most probable position
would be at a bottlenecik, since t!‘s would allow the shortest Li-O distances. Sueh a conjecture
is supported by the 2acmalous variation with x of the lattice parameters for the system
Nay 1,251, P304

atibl - with electrostatic repulsions between Na' 10ns forcing displacement toward the bottle-
p g p m

given in Table 1. The faet that "cr" is a mavimum near x = 2.2 is com-

neek positions, thus contributing to the large Debye-Waller factor. Hybridization of the 4d
eore orbitals with empty 5s and 5p orbitals at a Ag+ ion would permit it to aceommodate to a
bottleneck position (7), and it appears from Table 5 that the Ag+ -ion distribution is similar to
the Na+-ion distributi-... The larger Kt ions, on the other hand, would not be so easily accom-
modated i1 the bottleneck positions, and smaller K+-ion displacements are compatible with
Table 5.

Because the energy of hybridization at a Ag  ion is comparable to the increased covalent-
bond energy made possible in oxides by hybridizstion, the Ag-O brnd length may vary over
quite a range from compound to compound. Ghorter bond lengths signal hybridization and a
stronger covalent component, which results in turn in a darkening of the crystal (7). If a silver
oxide is white, the Ag-O distance is longer than 2.4 A and the bond is largely ionie. As the Ag-O
distanee shortens, the color of the silver oxide changes from white to yellow to orange to brown
to blaek. Therefore, if ion-exchange with Ag"L ions produces a dark product, two inferences
can be made: (1) the intranetwork bonding is not strong enough to inhibit hybridization at the
Ag+ ion with formation of a strong covalent contribution to the Ag-O bord and (2) it may not be
possible to reverse ion-exchange from Ag+ to Na® because of the tight Ag-O bond. In such a
case, the Na-O bonding is expected to be strong enough to make the activation energy for Na+-ion
transport relatively larger. The Ang2 3 12 obtained from ion-exchanged NaZr'?_P:,,O12
molten AgNO3 is white, indicating ionic Ag-O bonding and strong intranetwork bonding. This
observation is eonsistent with the lattice-parameter variations of Table 5. The color of
Ag3ZrZSi2P012,
ions have an appreciable covalent contribution to some Ag-O bonds. Such would be the case

on the other rand, is light yellow, indicating that at least some of the Ag+

were some Ag+ ions displayed toward the bottleneck positions. The fact that the Ag eompound
ean be reversc ion-exchanged indicates that the covalent eontribution to the Ag-O bond is not

too strong.
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and Na3‘ZrZSi2PO12

B(%) via)?
1518.8
1530.5
1539.8
1566.5
1477.4

123.70(5) 1616 x2/3

1638.5

1641.8

Table 5
X-ray Data for lon-exchanged NaZx-2P3O12
Compound Space Group a(lgx) b(lgx) c(lgx)
Lizr,P,0,, R3c 8.817(5) 22.561(9)
NaZr,P;0,, R3c 8.815(1) 22.746(7)
AgzZr,P,0,, R3c 8.814(1) 22.889(7)
KZr,P,0,, R3c 8.710(i) 23.841(9)
LizZr,5i,V0,, R3c 8.%54(5) 23.314(9)
Na,Zr,Si; PO, Cc2/c 15.586(9)  9.029(4) 9.205(5)
(9.029) (22.974)
Ag,Zr,Si,PO,, R3c 9.058(3) 23.059(9)
K4Zr,Si, PO, , R3c 8.940(3) 23.721(9)
hool ,
Fig. 3

A "bottleneck" of NazZrySi; POyp
formed by three ZrOg-octahedral
edges and three (two SiO4 and one
PO,) tetrahedral edges with a

Q
shortest diameter of 4.95 A,
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The fact that the compounds can be reverse ion-exchanged with K* ions shows that the
bottlenecks are large enough to pcrmit the largce k' ions to pass. Therefore, we anticipate fast

Na+-ion conduction in the system Na Sl P3 x012

Discussion

The system NaH Zr'281xP3 x012 has a skeleton structurc consisting of a rigid, three-
dimensional network stabilized by electrons from mobile alkali ions in a three-dimensionally
linked interstitial space. As such, it is one of a class of compounds showing promise for fast
ion conduction (1). In general, such structures are plagued by the fact that the interstitial
space may accept, in addition to the alkali ions of interest, small molecules like H,0 or Na,0
that block alkali-ion transport (1). lndeed, this problem is also common to -alumina (8). The
system under study here docs not bccome hydrated, but there is some evidence that excess
NaZO may be incorporated. The cell parameters obtained from the original 212, 547, and 759
mixes, which contained an excess of NaZO, werc different (see Table 1) from those of the single
crystal, which was grown from a 212 mix fired for a few hours at a hig.. enough temperature
{(1600°C) to drive off excess NaZO The single-crystal data gave no evidence of excess Na O.

In NaZrzP 012,
site-preference energies for the two positions are not equal, the activation energy for Na‘*-ion

the T\Ja1 positions are filled and the Na2 positions are cmpty. Since the

conduction may be large. In the system Na, Zr Sle3 012, on the other hand, the introduc-

* interactions that can lower the activa-

tion of excess Na' ions introduces elcctrostatlc Na "=Na
tion encrgy even though transport must be via a Na1 site. The structural evidence for displace-
ment of Na'ions toward bottleneck positions in Na3Zr'ZSi2 PO12 indicates that this is the case,

ard indeed the transport properties at 300°C are comparable to thosc of the best " -alumina (1).

In closing, it is interesting to compare the properties of Na3Zr'ZSiZPO12 investigated here
with those of f-alumina.

(1) In both compounds, the Na+ ions can be exchanged reversibly in molten salts with Li+,
Ag+, and K" ions.

(2) 1 ooth compounds, the lattice parameters of the Li+-exchangad pruducts indicate that
the Lit ions occupy different lattice positions than the Na ' jons.

(3) 1n both compounds, available alkali-ion positions are crystallographically inequivalent,
and the total number of positions is only partially occupied.

(4) In Na3ngSi PO the bottleneck to M+-ion transport is a hexagon with a shortest Na-O
contact of 2.475 A; in - alumma it is a rectangle between sites 2b and 2d of P6 /mmc w1th a
shortest Na-O contact of 2.71 A and the 2b position itself is a midpoint between two O ions
separated by 4.84 A.

(5) In g-alumina, the Ne' ions are constrained to two-dimensional motion; in Na3Zr'ZSi2PO12
they move in three dimensions and the Na-site density is twice as large: 11.13 vs 5.57 X
1021cm-3.

(6) Whereas fB-~alumina has an ¢ nisotropic thermal expansion, pseudocubic Na3Zr'ZSiZPO12
may have a nearly isotropic thermal expansion, thus minimizing thermally induced stresses at
grain boundaries of a ceramic membrane.

{7) Both compounds are stable in molten sodium.

{8) Ceramic processing of Na3Zr'ZSiZPO12 can be achieved at around 1200°C, substantially
below the 1500°C nceded for -alumina.
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