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Basic Research on Ceramic Materials for Energy
Storage and Conversion Systems
Abstract
The present research program involves utilizing appropriate experimen-

tal probes for»méasuring the movement of ionic and electronic charge carriers
in ceramic materials suitable for solid electrolyte and electrode applications
in high-performance, secondary battery and fuel cell systems. Special emphasis
is placed on developing: (1) a better understanding of the effects of structure,
impurities and cdmposition on charge carrier transport mechanisms in such
materials; and (2) detailed knowledge of'the kinetics and mechanism of reactions
occurring (on a microscopic scale) at the electrode-electrolyte interfacés of

energy storage and conversion systems.

Notice

. This report was prepared as an account of work sponsored by the United

States Government. Neither the United States nor the United States Department

of Energy, nor any of its employees, nor amy of its contractors, subcontractors,
or their employees, makes any warranty, exﬁressed or implied, or aséumes any
legal liability or responsibility for the accuracy, completeness or usefulness
of any information, apparatus, product or process disclosed or represents that

its use would not infringe privately owned rights,




1.1 Sodium Ion Transport Mechanisms in Layered Compounds

A recent X-ray diffuse scattering study of short-range ordering (SRO)
in MgO-stabilized sodium " -alumina (0.9 Na20-8 Mg0-.5.33 A1203)between 77°
and 750°K(1)'revea1ed that the coherence length (a measure of the size of
the ordered domains and estimated from the width of the superstructure
diffuse spots) within the conducting plane saturates at about 704 at a temp-

o . . .
erature of 280 K and decreases with increasing temperature to about 164 at

e

740°K. It has been suggeste that this observation is responsible for {

the non-Arrhenius'behavior of the ionic conduction found by us and
(2-3) in the same temperature range. Assuming that the mid-tempera-
of the ..

ture (428°K)Adomain size vs. temperature plot (Ref. 1, Fig. 6) for

others

Na B"-A1203'represents the temperature at which breakdown from single-ion,
random-hopping behavior occurs on cooliné, it is possible to estimate a
value of the Sato-Kikuchi(a) interaction energy-gubetween a pair of nearest-
neighborANa+ ions. in the‘conducting slab for g"-alumina by using the exacf
value of the transition temperature for a two-dimensional honeycomb lattice

(5 (6)

given by Domb and Rushbrooke and Scions. The nearest-neighbor in;er-

action energy,:é, for a Na ion pair may be derived from the exact relation
‘exp(ée/ch) =2-,/3= 0.267949 ' (1)

when Tc is sét equal to 428°K, the result is that € = - 0.0949.eV (e < 0

. . . + | .. .
implies ion repulsion between neighboring Na ioms). It is interesting to

(7

note that LeClaire found that the variation in the Haven ratio with temp-
+ . : .
erature for Na ion migration in 8" and mixed phase (B + B") samples was con-

+ ot . . . '
sistent with a Na -Na nearest-neighbor interaction energy € ~ - 0.04 eV, as

roughly estimated from the Saéo-Kikuchi theory.




Using our estimated value of € (= - 0.049 eV), it is possible to ob-
tain a rélation for the temperature-dependence of the Sato-Kikuchi product
CVch) for a given composition B"-A1203. Here V is the vacancy availability
factor (probability of finding a vacancy next to a Na+ ion), W the effective
jump frequency factor for a Na+ ion and fc the correlation factor for the
Na+ ion jumpé in the conductionvprocess. Analytic expressions tor V and
W (but not fc)_have been given by Sato and Kikuchi in terms of the inter-
aétion energy,le; and, p, the density of Na+ ions within the conduction
slab. Values of fc were estimated here from fhe Monte Carlo results of
Murch and Thorn(s) for ionic conduction in B"-alumin#.

For our f"-crystal with p = 0.92, € = - 0.049 eV, and an estimated

transition temperature of 428°K, the temperature-dependence of the (Vch)

product is given by

VWE A e#p (E/kT)

¢

7.41 x 1072 exp (0.096 eV/KT). @
Becausé, in the present instance '€ < 0 (repulsive interaction among Na+
ions), the interaction is expected to reduce the "true" activation enthalpy
for conduction, Aﬁg,by the factor E(= 0.096 eV),and to make the preexponen-
tial factor g, smaller by the factor A.(= 7.41 x 16—2).. As Satb(g) has
already emphasized, the effects on the activation energy and the pre-
éxponential‘factor are mainly dué to the factor W which indicates the
effect of'its surroundings on the attempt frequency for the jumping Na+

ion and the entropy factor exp QASm/k). Applying the correction E to the
apparent activation enthalpy’AH;P» observed by our B"-alumina crystal

(p = 0.92), we find that:



app _
AH AHm + E

0.1323 + 0.0957 = 0.2280 eV (high temperatures)

0.2671 + 0.0957

0.3628 eV (low temperatures)

TABLE I
VWE ' VWE [gstimated from Sato-
T* = kT/IGI‘A [cal'd from Eq. (2)] Kikuchi & Murch-Thorn results]
0.3 | 52.78 52.78
0.5 | 3.82 3.75
1.0 0.532 | 0.532

Since, for a PB" crystal with given p, the quantity (quaozlk) which
appears in the expression for o, should be constant (= 3.805 x 10-'8 p), the
expression for co beéomes

o, = (1/4) 3.805 x 107° pAv exp (&S_/k) 3)

Here we have included an entropy factor, exp QﬁSm/k), which had not been in-
cluded in ;he Sato=Kikuchi expression for T, 4 the charge on the mobile
.cation, a the Iattice-parameter for the hexagonal cell, k the Boltzmann
constant, v the attempt frequeﬁqy for the Na+ ion jump and Asm the entropy
change associated with a Na+ ion jumﬁ. Solving Eq. (3) for the product

Vv exp QﬁSm/k) and substituting therein the co values derived from our
experimenﬁal 6bservations, the A value from Eq. (2) and the measured p

value = 0.92, we find that

1.0514 x 10° o_/Ap

1.5367 x 10° o | %)

v exp (4Sm/k)
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For the high-temperature conductivity region exhibited by our B"-

alumina sample, v exp (ASm/k) = 6.252 x 1012 Hz while, for the low-temper-

14 H

ature region, v exp (tSm/k) = 2.055 x 10 z. Assuming that the energy

barrier for Na+ ion jumps is sinusoidal, we can write for the attempt fre-
quency, v,
voa [ 3AH;pP/2a§M 1% (5)

where M is the mass of the mobile ion and AH;pp

the apparent enthalpy of E
motion of the mobile ion. At low temperatures, the v value for Na+ ion '
motion estimated by means of Eq. (53) is 2.31 x 1012Hz, whereas at high

temperatures the value is 1.63 x-1012Hz. A reasonable compariéon can be

made between our high-temperature value (1.63 x lO12 Hz) and the v value

found by Bates et al.(ll) from the Raman peak occurring at 33 cm-1

) ‘ 12 . . |
(~ 1.0 x 107" Hz), despite the crudeness of our estimate of the attempt |
frequency.

Thus, it is reasonable to assume. that, at high temperatures,

g, = 123.32\)(<:m)-1 where v is the attempt frequency, taken to be the 33 cm-1

value given by Bates et al.(ll)

This o, value, it is noted, is about 3 times
larger than the Bafes' random-walk o, value for sodium Bh-alumina. Using
Bates'.attempt frequency value, the value of exp (ASm/k) in the high-
temperature region is estimated to be 6.252 and thus ASm = 1,60 x 10-4éV/deg.
Similar calculations of the factor§ exp QﬁSm/k) and ASm ?n the‘low-tem?era-
ture regime yield 2.055 x 1014 Hz and 3.87.x'10-4eV/deg;, respectively, using
a value for v( = 2.312 x‘1012Hz) estimated from Eq.'(S).

Based on their X-ray diffuse scattering results for.sodium B-alumina,

1. (10

. McWhan et a concluded that an increase in the size of the SRO domains

(as measured by the coherency length) inhibits ionic conductivity and results




in a breakdown of the single-ion, random-hopping behavior, as inferred from
far infrared and tracer diffusion data on this material. Similar inhibitiom
of the ionic conductivity (but even more pronounced because of the larger
oraered domain sizes encountered) should be expected in sodium B'"-alumina
when ordering sets in at temperatures below 500°K. Furthermbre, O'Reefe has
suggested that the pre-exponential factor, g, in thg Arrhenius conductivity
expression should increase relative to the random-hopping value in the pré-
.sence of a cooperative mechanism of diffusion; this is consistent with the
predictions of the Sato-Kikuchi mode1(4) and also accords with our observation
_for'sodium B"-alumina that the low-temperature c; value is appreciably larger
than the high-temperature value.

1.(12) on the

Finally, ;he self-diffusion findings of Lazarus et a
Cs-Clltype B-brass (50 Cu:50Zn) superlattice revealed that the atomic diffu-
"sion coefficients were significantly smaller when the host material was in a
highly long-range ordered state than when long-range was absent. The tempera-
Ature-dependence of the atcmic diffusion coefficient was non-Arrhenius in
nature and resembled the two-slbpe behavior found here for Na+ ion ‘conduction
- in the f'"-alumina. The_atomic diffusion data for the ordered state for this
-Cu-Zn‘alloy can be rationalized oﬁ the basis.of a six~jump vacancy cycle dis-

cussed by Elcock and McCombie(la); thié mechanism allows diffusion to occur
by means of nearest;neighbor vacangf‘jumps and; aftér ccmpletion of the c&cle,
the vacancy has been found to move a given distance while the long-range
order of the syséem is still preserved.

Similarly, a gyclé of vacancy jumps which would leave the degree of

ordering unchanged,‘could be invoked:in the case of Né+ ion jumps in the

ordered (low-temperature) state of f"-alumina. The entropy of migration
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for such a jump cycle in the ordered state would be expected to be larger
than that expected by single-ion, random hopping behavior prevalent at high-
temperatures; indeed, this expectation was realized in our Na+ ion conducti-
vity data as well as that of Farfington and Briant(3) and Cole et a1.(14)
Other inferences possible from a comparison of the present high-temper-
ature conductivity results on sodium $"-alumina crystals (P 22 0.84) in the
~ same temperature regime are: (1) the true enthalpy of migration values AHm
are essentially identical ( =~ 0.228 - 0.230 eV ) for the two different com-

positions; (2) the ratio of the attempt frequencies for the two sets of data

should be proportional to the square root of the AH:pp ratio ( = ,/0.12/0.13 = 0.96)
(3) the ratio of the pre-exponential factors (co) should be proportional to

the ratio of the product (Apv) and this expectation is closely obeyed; and ' |
4) as'might be expected, the factor A in Eq. (2) should scale roughly as

. . + : .
(1-p), the site fraction of Na ion vacancies in the conduction slab.

1.2 Conductivity and Dielectric Constant Measurements on Sodium B'-Alumina

at Microwave Frequencies

During the past year, a modest research effort was étarted in collabora~
tion with Professor M. Brodwin (Department of Electrical Engiﬁeering) which
had -as its goal:thé evaluation of the frequency~dependence of the ionic conduc-
tivity and dielectric constant of some model solid.electrolytes'in the micro-
wavé and the infrared frequency fegimes.'.Our ultimate intention here is to'
prepare samples and characterize the ionic transport behavior of selected
solid electrolytes exhibiting eithef two- or three-dimensional pathways for the
ﬁobile ion by observing the aforementioned propefties overrthe micfowave range
0.1 to 140 GHz and also over the infrared range 200 GHz to- 300 THz. The main
objective for this study is to extend éur basic understanding of the detailed

microscopic and dynamical behavior of the mobile ions in ceramic fast ion

¢




conductors.

Our initial experiments were carried out by H. Kafka, a senior Elec-
trical Engineering student, on ceramic sodium B'"-alumina at a single micro-
wave frequency (24 GHz) over the temperature range 20° to 440°C. The data
was obtained by means of a short-circuited line method with the sample con-
tained in a heated stainless steel, rectangular waveguide.

The real part of the Na+ conductivity at 24 GHz of the f"-alumina

1 a¢ 220%

sample ranged from 9.7 x 1072 (Q em)™! at 25°C to 5.0 x 10
(see Fig. 1). At still higher temperatures, the ionic conductivity appears
to decrease. Over the range of temperature from 25° to ZéOOC the activation
energy for conduction is 0.14 eV, ébmparable to that observed for low;
frequency observations of the bulk conductivity of this material.

The real part of the dielectric constant of sodium 8''-alumina, measured
at 24 GHz, decreased as the Eemperature was increased, passed through zefo
and then became negative (see Fig. 2). The room-temperature value of the
dielectric constant w#s about 21 ana the zero cross-over point, occurring at
about 340°¢, corresponded to the maximum in the &KC/T) vs. T-1 curve. As has
been shown bf the earlier microwave observations on the copper and silver ion
solid electrolytes, in the temperature fange where negative values of €' are
encountered, o' decreases in magnitude and takeé-on increasinglf smaller valﬁes
the more negative~é‘ becomes. While such behavior ié totaliy consistent with
predictions baséd'oh a Drude-like model for the fast ion‘conduction process,
additional microwave observations of o' and €' at several other frequencies
will be~required before a proper théoretical_interpretation of the mechanism

of Na ion motion in the §'"-alumina structure is likely to emerge.

1.3 Effects of Impurities on Tonic Conductivity in Sodium B8'"-Alumina

Calcium is a common impurity present in the starting materials such as




LiNO3, NaZCO3, etc. which are commonly employed in the fabrication of

sodium B"-alumina. Accordingly, a study of the effect of Ca impurities on
the ionic conductivity of sodium B''-alumina is important technologically as
well as representing a very interesting and challenging scientific problem
because there are several possible locations for the Ca2+ ions in the
8"~-alumina lattice and each should have its own effect on the resulting
ionic conductivity. For instance, it is possible that:

(l)ACa2+ méy occupy the vacant Na+ ion sites on the conduction planes

and it may also form a dipolar complex with a near-neighbor sodium

vacancy, both possibilities leading to a deérease in the bulk Na+

ion coﬁductivity; |

(2) Ca2+ may also be segregated, or even precipitated as a Ca-rich

second phase, at/or near the grain boundary and form a nonconductive

layer in such locations, thereby decreasing the grain boundary conduc-

tivity. |

Table I lists some of the physical properties of the Ca0-doped samples.
It is apparehﬁ that the conversion ﬁo the @' phase in this case of the doped
samples is very poor, implying that the presence of Ca2+ ions inhibits or
partially nullifies the effectiveness of LiZO as a stabilizer iﬁ»a"-alpmina.
However, there is no simplé connection between the amount of Ca0 present in

the @'"-alumina sample and its percentage of conversion to the B" phase. It

- should also be noted from the data of Table I that the presence of calcium

ap?éars to enhance the densification process during sintering. Jones and
Miles(la) reported that an addition‘éf Ca to B-alumina enhances sintering
and permits densification below 1750%.

Typical B vs. G plots at different temperatures for a Na B"-alumina

sample, doped with 0.7 wt% CéO, are shown in Figures 3 to 6. Due to the
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change in value of those circuit parameters affected by the presence of
Ca0, the-shape‘ofAthe complex-plane plots shifts towards the low-frequency
end; i.e., in order to see a complete polarization arc, it is necessary to
extend the measurements to higher frequencies than were required for the
undoped samples. The metho& for deriving of circuit parameters from complex-
admittance plots was detailed in earlier Progress Reports.

Figure 7 shows an isothermal conductivity-composition plot'fof bulk

conductivity at 300°C. The dependence of the bulk conductivity, on the

&b
composition of CaO-doped'samples appears to be adequately described in the
form log 9 ; -mx + log cp’ where cp is the bulk conductivity of an undoped
sample, x is‘the wt’% of Ca0 doped and m is a constant. This relation is very
similar to the logarithmic mixing rule used for conductivity when a layered
model for a multiphase system is treated, viz., lpg g =Zi Vi log ci where Vi
is the volume fraction of the ith layer and o, is its partial conductivity.
This relationship implies that Ca2+ ions penetrate onto the conduction planes
and form.regions of lower conductivity. An NMR sﬁudy of the motion of 23Na

in B-alumina doped with Ca was reported by Roth(ls) iﬂ which he found that
Ca2+'ions are incorporated as a solid solution with Na+ ions on the conduction
plane, forming'régions with the magnetoplumbite structure.

(16)

Hsieh and DeJonghe also reported the relation between the bulk con-

ductivity for the SiO

Z-doped Na B-alumina electrolyte and the silica content

of the compqund. Their results also obeyed the logarithmic mixing rule men-
tioned aque. These investigétors concluded that the formation of increasing
amounts éf glassy sodium aluminosilicates and g-alumina in the B-alumina
elegtrolyte was responsible for the observed decrease in bulk conductivity

as the amount of SiO2 was increased. 1In order to explain the degradation of




the bulk conductivity which occurs when the Na B'"-alumina is doped with Ca,
it is important to recognize that Ca2+'ions occupying Na+ ion sites on the:
conduction plane might affect the bulk Na+ ion conductivity in two ways:
(1) a Ca2+ ion, on occupying a near-neighbor cafion vacant site to a jumping
Na+ ion, lowers the probability of a Na+-vacancy exchange occurring for that
ion; and (2) there is a likelihood that dipolar complexes can form between a:
Ca2+ impurity ion and a neighboring vacancy on the conduction plane.

Based on experience with doped'alkali halide systems, it would be
expected that the cation vacancies bound in such complexes would exchange

s . . . + . . .
positions with jumpting Na ions more slowly than would unassociated cation

vacancies. Both of these possibilities will certainly impede the mobility of

Na+ ions in the bulk phase.

_Figure 8 showé log GbT vs. T-1 plots for Na §'"-alumina samples doped
with different amounts of Ca0. From this figure, it is apparent that the
slope for the Arrhenius conductivity-temperature plots becomes larger as the
Ca0 concentration of the sample increases. It is interesting to note that, in
the case of 1’wt% CaO-dopant in a Na B"-alumina sample, the activatioh energy
for bulk Na+ ion conduction reaches about 0.49 eV, thereby rendering this
material no longer very suitable As a superionic conductor. Althbugh the
addition of 1 wt? Ca0 to B'"-alumina does ndt cause the 50- to 100-fold
decrease in qonductivity which was found for B-alumina, nevertheless it does
seriously degrade the performance of B"-alumina as;an electfolyte in a Na-S
cell. While some of the observed decrease in ionic conductivity of the
doped sahples, when compared with "pufe" @"-alumina, may bg attributable to
the incomplete conversion tovB"-pHasg in the doped material, this factor
alone cannot entirely account for a decrease of aboﬁt 10-fold in the bulk

conductivity.




Figure 9 shows an isothermal conductivity-composition plot for grain

boundary conductivity for the CaO-doped Na $''-alumina samples at 106°c.
Determination of the grain boundary conductivity really depends upon the
microstructure of each sample. Rigorous comparisons among samples doped

with different levels of Ca0are difficult, even though the sintering and

annealing procedures are presumably the same. Nevertheless, it was observed

that the relation between the conductivity of doped and undoped samples again

approximately obeys the logarithmic‘mixing rule. Error bars were used in
Figure 9 to indicate the experimental uncertainties that are expected to
arise because of variations in the microstructure as well as in other
factors. The grain boundary conductivity of doped samples shows a much
more pronounced dependence on the concentration of CaO than it does the bulk
conductivity.

It is noteworthy that the activation energy for grain boundary conduc-
tion in CaO-doped samples increasesbslightly with the concentration of CaO,
changing from 0.32 to 0.43 eV for a variation in AOping level from 0.05 to
1 wt% Ca0. The grain=-boundary capacitance results on Caé-doped samples

should provide further insight into the effects of Ca-doping of Na 8'"-alumina.

As shown in Figure 10, the grain boundary capacitance decreases substantially

with increasihg Ca0 content but does not follow a linear relationship. Since

the capacitance of a nonconductive layer is a linear function of the thick-

‘ness of that layer, the observed non-linear relationship between grain boun-

dary capacitance and the CaO-doping level indicates that segregation of Ca2+

to the grain boundary regions is more likely than is a uniform distribution
of Ca within - the polycrystalline sample.

Direct observation of a possible segregation of calcium to the grain
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boundaries was accomplished with the aid of a scanning Auger spectrometer.
Figure 11 shows an Auger map for the element Ca of a Na 8'"-alumina sample
doped with 1 wt7 Ca0. Auger mapping is a_technique which records the dis-
tribution of a selected element by employing the intensity of the collected
Auger electrons as a function of the concentration of an element in a finite
area.

The calcium Auger mapping was performed on an as-cut sample, and the
result shown in Figure 11 indicates segregation of Ca along the grain bound-
aries. Use of an as-cut sample in,this study allowed direct obsérﬁation of
this segregation with the Auger-mapping technique. In contrast, if a frac-.
ture-surface was examined, the Auger mapping of calcium would yield nearly
" uniform intensity over the enﬁire area examined since, with an intergranular
fracture, all of the grain boundaries are exposed to the Auger probe on the
fra;tured surface. A ﬁypical Auger spectrum is shown in Figure 12. Surpri-
singly, no majo? peaks attributable to impurities were detected on the as-cut
surface,:except for that due to carbon. The characteristic peaks used for
identification and analysis purposes are: 0(504. eV), Ca(291 eV), Li(58 eV),
A1(68'eV), C(272 eV). TFigure 12 shows that all of these peaks shift to
lower energies dué to the "surface-charging effect’" of the specimen even
thoﬁgh-the{saﬁples were sputtered-coated with very thin layers of gold
(~ 58 thick). A discoloration‘of the specimens was observed and that can
likewise be attributed to surface-charging effect.

A cﬁemical analysis method was eméloyed to estimate the approximate

concentration of Ca existing at the grain boundaries and this result could

then be compared with that assuming Ca is uniformly distributed throughout
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the specimen. Such a comparison should enable one to decide whether Ca ié
segregated to the grain boundary regions. The relative peak-to-peak heights
of the Auger peaks shown iﬁ Figure 12 for 0, Al, and Ca are in the ratio

0 : Al : Ca=78.6 : 14 : 9. The atomic concentration for element X, Cx )

can be calculated by ﬁsing the following equation:(17)

c = —X X _ < (6)

where Ix is the peak-to-peak aﬁplitude of the element X in the Auger spec-
trum from the test specimen, dx the scale factor, SX the relative sensiti-
vity between any element, X, and silver. By using the tabulated data(17)

for Al, 0, and Ca [sA1 =0.24, 5, = 0.5, 5, =0.45 and d,, =d; = d,, = 1],

0 Ca 1 0 CA
the atomic ratios, calculated with the aid of Eq. (6) are: [
0 : Al : Ca = 100 : 37(* 11) : 12.7(% 2)
This result may how be compared with the ratio expected on the basis of
known sample composition and the assumption of a uniform Ca distributionm;
vis., the normalized atomic ratio 0 : Ai : Ca =100 : 62 O.63lcan be cal-
~culated from the étarting'compositién: 1 wt? CaO, 8.85 wt% NéZO, 0.75 wt%

Li, 0, and 89.4Awt% A1203; The ratio, estimated using Eq. (6),may be some-

2
what uncértain as a result of : (a) the slightly different operating con-
ditions bétween our experimenté and those used in obtaining the daﬁa'tabu-
lated in the Auger handbook; (b) the éharacteristics_of instruments used
(principally, the detectors and lock-in amélifier); and (c¢) the roughness

" of the sémple sﬁrface. In spite of these sources of uncertainty, the ratio

calculated from the present observations is believed to constitute a strong

- indication that the concentration: of calcium at the grain boundaries is at
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least 10 times iarger than that within the grains.

An estimation of the thickness of the Ca-enriched layer was undertaken
using ion-milling. The point analysis of the Auger spectrum on a 0.7 wt?%
Ca0O-doped Na f''-alumina sample is shown in Figure 13 where it is clearly
evident that the height of argon (215 eV) peak increases as the sputtering
time increases, impiying that there may be some argon.atoms embeddgd in éhe
sample surface. On the other hand, the height of Ca (291 eV) peak and
carbon (272 eV) peak dimiﬁished after sputtering fér 15 min. The removal
faté of sample surface with the electron gun of the ins;rument operated at
2 kV and 25 mA was estimated to be 20 to 30 i/min. On the basis of these
results, the thickﬁess.of the Ca-enriched layer was estimated to be 300 to
450 A.

In summary, then,the presence of Ca2+ ions iﬁ the Na f'"-alumina samples,
even at low éoncentration (£ 1 wt% Ca0), was found to have a detfimental
effect on both the bulk conductivity and the grain'boundafy conductivity,
with the effectvbeing more severe in the case of the grain boundary conduc-
;iVity:' Moreover, the grain bouﬁdary caéacitance decreased substantially as
the CaO-content‘incrgased. Ségregation of Ca near or at the grain boundaries
of the sample forming a Ca-rich,'ﬁonconductiﬁe layer was invoked to explain
the behavior of these properties with,CaO-ddping. Scénnihg Auger microscopy
confirmed that, indeed, segregation of'Cé di& occur at the grain'b§undariés
of g'"-alumina.

2. Alkali Ion Transport in Three-Dimensional Fast Ion Conductors

To date, the most promlslng solid electrolytes for the Na -S cell have

been ﬁ and B"-alumina; however, because of their layered nature these com-




pounds exhibit highly anisotropic thermal expansion coefficients(ls) which

often cause several internal stresses in sintered membranes during thérmal
cycling which may lead to membrane failure. Moreover, the confinement of
the.mobile sodium ions to widely separated layers sharply reduces the
fraction of membrane volume that contributes to ionic conductiom.

Recently, there has been much'inﬁerest in a new class of compounds
known as skeleton structures. Sodium antimonate and NASICON (Na3ZrZSiZP012)
are.such skeletal comp0und§ and they consist of a rigid sdbarray with inter-
secting tunnéls in which the élkali ions can move in three diménsions, thereby
alleviating the pfoblems associated with the two-dimensional, layeréd com-

pounds. While sodium antimonate has not yet been employed as the electrolyte

in any practical cell, it is scientifically interesting because it displays

both chemical and structural variability and is the only compound of its

class that has been studied in both the single and polycrystalline form.

2.1 Sodium Ion Transport in the Cubic AntimonateANaSb03'% Naf

Sodium antimonate (NaSbOB) exists in two forms: ilmenite and body-

4vcentered cubic. Only the cubic form exhibits rapid ionic transport and is

synthesized from cubic pofassium‘antimonate via ion exchange.
The ‘compound KSbO, can be synthesized in both a primitive cubic and body-
centered cubic form. Both structures have the same framework consisting of

edge-shared SbO6 octahedra, forming Sb20 clusters, that are connected by

10 A
shared corners.  Tunnels consisting of face-shared octahedral sites of two
distinct types (Ml and M2) traverse the skeleton in (111) directioms, inter--

secting at body-centered positions. Potassium ions occupy M1 and M2 sites

only; this occurs in an ordered manner in the primitive cubic form and in

-
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a disordered fashion in the b.c.c. form. (19 20)

A schematic representatioﬁ
of the arrangement of M1, M2, and body-centered (BC) sites is shown in
Figure 14. There are twenty-four M1, MZ sites (half of which are occupied by
K+) and two body-centered sites per unit cell.

The only known method of synthesizing "pure" KSbO3 in the cubic forms
is by means of high préssure(ZI) (greater than 20 kb) applied at high temp-
erature (~ 700°C). However, Brower et.al.(22-24) have discovered a means of
fabricating b.c.c. and primitive cubic KSbO3 at ambient pressure by inserting
a monovalent anion'into the body-centered position. Insertion of the OH ion
stabilized fhe primitive cubic form, whereés; insertion of the F_ ion stébi-

lizes the body-centered.cubiq form.

The structural formula for the anion-stabilized potassium antimonate is

12 12-
C Dz 14%2 ] +tSb12 36 3

where.E] denotes a vacant cation site and X represents a hydroxyl anion or
a fluoride ion. The common chemical representation for the fluorine-stabi-
lized antimonate corresponding to the above structural formula is KSb03-%(KF)'
which has a b.c.g. étructure. The structural formula indicates that the anion
: stabiiiied antimonate is non-stoiéﬁioﬁetric.

Brower et.al.(ZB’?a) have aiso reported that monovalent anions (OH ,F )
can substitute for oxygen on thé'octahedral framework. Such a substitution
requires charge-compensation which occurs by removal of cations. The struc-

tural formula then becomes:

(12-y)+ X 1(12 y)-

[5P15036- %y

[ DzﬁKlﬁ-sz]

where y has been reported to be as large as three.
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The potassium ion in KSbO3'%(KF) can be ion exchanged for Li, Na, Rb,

(21,22) There has been only one reported investigation of sodium

(22)

and Ag.
ion exchange of hydroxyl-stabilized potassium antimonate. Curiously,
while hydroxyl-stabiiized potassium antimonate is primitive cubic (i.e.
ordered K+ ions), the sodium analog has a b.c.¢. structure (i.e. disordered
‘Na+ ions). Table II sumharizes the various methods of synthesis of b.c.c.
and primitive cubic antimonates. | |

Goodenough et.al.(lg’zo)

reported that fine NaSbO3-%(NaF) Powder can

be hot-pressed to greater than 95% of theoretical density at 30,000 psi

and a temperature of 600°C in a vacuum if two weight perceﬁt NaNH2 is

added to the powder. A similar method will be used to obtain dense samples.
Single crystals have been grown in our laboratories by suspending

pressed pellets of NaSbO3-%(NaF) over molten NaF at 1275°C for four hours as

shown in Figure 15. The crystals are embedded in a fine grained matrix usual-

ly consisting of a compound with a pyrochlore structure and can be easily
separated from the matfix material. The largest crystals (~ 1 mm) are
found in the center of the compact and are weil-formed, truncated cubes.
'Microgfaphs.l and.2 show typical crystéls.

Brower et.al.(za) have been able to produce one millimeter size
_NaSb03-éNaF crygtals by'heating‘a NaF-SbZO4 mixture (molar ratip 93:7) at
11250%C for 35 minutes. . | |

Characterization of polycrystalline samples will includg qﬁantitative
stereology, SEM, X-ray diffraction,. and density determination via an immer-
sion technique based on Archimedes' princiéle._

The only réported'ionic conductivity studies have been performed on
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the body-centered cubic NaSbO3 fabricated at high pressure(zo) and the

(20,25) Goodenough,

fluorine-stabilized sodium antimonate, NaSb03'%(NaF).
Hong and Kafalas(zo) have found that placement of fluorine atoms at tunnel
intersection sites (BC sites) does not hinder sodium ion transport, suggest-
ing that sodium ions can jump from one M1 sites to another withoﬁt passing
through the BC site. They note that this observation agrees with the anoma-
lously large temperature coefficient for sodium ions in Ml sites which
indicates that thermal ﬁotion along (100) directions is about six times
larger than that along (111) directions.

There are some aifferences between the ioni; conductivity data of

Goodenough'et.al.(20>, Singer et.alL(zs)

and the results obtained in our
laboratory. Goodenough and coworkers(zo) have reported an activation
energy of about 0.35 eV for ionic conductivity measurements made on poly-

crystalline_NaSb03°%(NaF) using graphite eiect;odes and a frequency of

'1000Hz. Singer et.al.(zs)have reported an activation energy of about

0.45 eV for dc measurements on polycrystalline NaSbO3 and NaSbOB-%(NaF)

using reversible electrodes (NaNO3 or NaPF6 in propylene carbonate). A.C.

conductivity studies performed in our laboratory on single crystal

NngOB-%(NéF) &ith graphite electrodes yielded a low-temperature (less than
300°C) activation ehergy of between 0.46 eV and 0.49 eV and a high-tempera-

ture activation energy of between 0.34 eV and 0.38 eV (see Figure 16).

1. (25)

While the data of Singer et.a agrees with our results between

25°C and 300°C,/Goodenough's results are significantly different. The dis-

1.(20)

crepancy may lie in the fact that Goodenough et.a used single fre-

quency 1 kHz data which 'can easily lead to error. A replot of Goodenough's

'original data is given in Figure 17 and clearly shows a two-slope behavior.
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. The high-temperature slope in this replot yields an activation energy of

about 0.46 eV, in good agreement with the present results and those of

Singer et.al. However, the low-temperature slope indicates an activation
energy of about 0.29 eV, which may be an artifact of their measuring tech-
nique. Specifically, measurements like Goodenough et.al's are reliable only
so long as the process of interest, in this case bulk conduction, is the pri-
mary cause of the overall impedance. Ionicltransport through the bulk usually
dominates‘the overall impedance at high temperature, sut at low temperatures
other processes such as double-layer polariéation, grain-boundary polariz&tion
and transport, and geometric capaﬁitance are more likely to contribute to the
overall impedance.' In summary,.then, if the low-temperature data of
Goodenough et.al. is disregardeq, then the activation energies and magnitudes
of the observed ionic'conductivity found by the three gfoups afe in good agree-
ment (sge Figure 18).

Our ac conductivity measurements indicate that a process with’an activa-
tion energy of about'0.34 eV was rate-determining at high temperatures,
suggesting that this process occurs in series with ion transport through the
bulk. An understanding of the nature of this high-temperature activated pro-
cess requi;es‘an understanding of ac conductivity. The complex admittance
Y (w) can be expressed és thé sum of the conductance G(w) and éusceptance B(w):

¥(w) = G) + iB(w)
Similgrly,bthe complex impedance is the sum of the resistance R(w) and
reactance X(w); viz.:
Z(w) = §z%; = R(w) + iX(w)
A plot of the imaginafy vs., real part of the admittance or impedanbe has dis-
- tinctive features, characteristic qf certain comBinations of circuit elements.

Analysis of B(w) vs. G(®) and R(w) vs. X(w) plots, in combination with some

knowledge of the physical processes occurring in the system, allows one to
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construct a so-called equivalent ciréuit.(26) Each element of the equiva-
lent circuit (usually resistors and capacitors) can be associated with a
particular physical process such as double-layer capacitance, grain-boundary
resistance and capacitence, bulk resistance, or an interfacial reaction polar-
ization. -

Another powerful tool used in the construction of equivalent circuits

is the Bode diagram which plots log impedance Z vs. log frequency w.

Figure 19 is a typical Bode plot for a NaSbO3~%(NaF) single crystal with graph- .

ite electrodes. Note how the overall impedance is determined by different
physical processes at different.fiequencies and temperature. The plateau
regions are typical of purely resistive processes whereas, regions of unit
-slope are characteristic of polarization within the electrode-electrolyte
system.

Based on admittance (impedaﬁce) and Bode piots, the following equivalenfl
circuit can be constructed for NaSbO 6(NaF) 31ng1e crystals with graphite

electrodes.: : ,' ' Cg

—l‘ ot
e

Z:

: FIGURE 20 Equlvalent circuit for NaSbO3 6(NaF) with
~graphite electrodes.
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Here Cg and Cd1 are the geometric and double capacitances, respectively, Rb
is the bulk resistance and Zi<is a complex interfacial impedance likely
involving a charge transfer reaction and diffusion of sodium into the graphite
electrodes. The gxperimentaliy-determined values for each element are given
in Table III. The solid cufves in Figure 19 represent calculations based on
the equivalen; circuit shown in Figure 20.

The equivalent ciréuit seems to indicate that the high-temperature acti-
vated process shown in Figure 16 occurs at the electrode-electrolyte inter-
face, probably involving a charge-transfer reaction.

2.2 Sodium Ion Transport in NASICON (Na3ZrZSizP012)

It has been demonstrated recently that materials with the general com-

x012 (0.4 < x:S‘Z.S) are among the best fast Na+
(27-29)

position Na.,, K  Zr SixP

I+x 2 3-

ion conductors currently available. A maximum in the ionic conduc-

tivity is found for x = 2, i.e., at the NASICON composition, Na3erSiZPOiZ’

At 300°C, this compound exﬁibits a Na+ ion conductivity comparable with that

found in sodium B-alumina. Moreover, NASICON has been shown to be stable when
. in contact with liquid sodium and sulfur at 350°C. Accordingly, it has con-

siderable promiselas the solid electrolyte in the Na/S batteries.

" The observed high mobility of Na+ ions in this compoundvoccurs by Na+

ion transport'thfough tunnels in a.rigid network ﬁade up to SiO4 and PO4

tetrahedra sharing corners‘with ZrO6 octahedra. At room temperature,

Na3Zr28122012-crys;allizes with monoclinic symmetry (space group Cz/c); but

this transforms on heating at about 152°¢ (425°K) to a phase with rhombo-

hedral symmetry (space group KSc),(30’31)

Thus, at the operating temperature
 of the Na/$ cell (~ 350°C), the rhombohedral form of NASICON is the stable

one and its prope:tieS‘and an understanding thereof are of primary interest

|
|
|
i
\
) B
' in this study.
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NAS¥CON specimens were prepared by taking weighed amounts of Na2C03,
NH4H2P04, ZrO2 and SiOz, apportioned in the ratio 0.2842 : 0.1795 : 0.3847 :
0.1876 (respectively) mixing these for 2h in a vibratory mill using stabilized
zirconia balls and a heptane solvent. The mixed powder was dried, calcined
in a zirconia crucible at 1150°C for 16h, then ball milled again for 1.5h,
followed by drying. Cylindrical pellets were prepared by first pressing |
the gfound powder in a die at ~ 2kbar and then isostatically pressing the
resulting pellet at ~ 4kbar. The pellet was subsequently sintered in air at
1250°C for 8h. |

All sintered specimens were polished with diamond paste to a 1 um finish
and a density determination was then made by weighing before and after immers-
ion in heptane (Arqhimedesi metﬁod). The densities resulting from the fore-
going preparatory method were 97 to 98% of the theoretical value (estimated to
be 3.27 ¢ cm"3 from Hong's X-ray data on the monoclinic strﬁctﬁre (27>).Open
porosity was found to be negligible in these highly dense samplés. X-ray
diffraction patterns were routinely made on each batch of specimens, using
CuKy radiation and Philips diffractometer operated at a scanning rate of one
degree in 20 per min{ The resulting powder pattern was compare& with the cal-
éulated pattern‘(qbtainedvusing the LAZY-PULVERIX computer program) from Hong's
data. All major peaks in theAZG rangé between 13° and'35° were identified and
indexed (both with respect to beak pésitionAand relative inéensity) before
proceeding with a conductivity measurement.

Three kinds of electrodes were used on conductivity specimens: sputtered
gold, sputtered platinum or graphite. The first two of these are ion-blocking,

(19) The

. X . . , + .
whereas graphite may be quasi-reversible with respect to Na ions.
- specimen was heated in vacuum at 300o C for 2h and conductivity measurements

N ) o o . . .
were made under a dry-argon atmosphere at 20  to 30  intervals during cooling

down to room temperature. The automatic frequency response analyzer, which
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was designed and built in our laboratories, was employed to obtain the com-
plek admittance (or impedance) data.

Conductivity values were obtained from the intercept of the high fre-
quency polarization arc with the real (G) axis of the admittance plot.
Figure 21 is a typical Arrhenius plot of /n oT vs. T-l'for one of our NASICON
specimens and shows two distinct conductivity regions: one below about 410%
(monoclinic phase) with an activation energy of 0.331 eV and the other above
approximately 450°K (rhombohedral phase) with an activation energy of 0.182

' eV. The conductivity. region between 410° and 450% represenfs a transition
region in‘which'the phasevtraﬁsformation from the monoclinic form of NASICON
to the rhombohedral form is occurring.

These low-frequency (up to 700 kHz) conductivity will soon be extended
to frequencies of the ordg; of 100 MHz as a prelude to extending our con;
ductivity fesults to'stili higher frequencies (in;o the microwave and opti-
cal frequency ranges).

3. . Enhancement of Ionic Transport in Solid Electrolytes Arising from the

Presence of Inert, Second-Phase Particles.

About-six years ago Liang (Mallory Battery Co.) made the interesting
discovery that the inéorporation of fineiy-divided, seemingly inert aluminum
oxide particles'into LiTI greatly enhanced ion conductivity (10-5 « <:rn)-1 at
298°K). ALiang observed that a classical doping mechanism could not be respon-
A sible for this enhancement since the maximum effect occurred for-additions of
50 tq 60 mole percent.A1203'which is well above the solubility limit

(< 2 mole %), and he'suggested that the creation of Li+ ion vacancies by

the dissolution of surface aluminum oxide molecules into the LiI near the

‘interfaces might be résponsible for the enhancement observed. Since Liang's -
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discovery, space-charge models, models involving formation Qf highly conduc;
tive 1ayers-arbund each inert particle or postulates that water plays a role
in the enhancement have been put forth. None of these ideas is completely
satisfactory and we now believe that a dislocation model, which is detailed
in this year's renewal proposal, is a more realistic way of accounting for
Liang's obsefvations. Thé results of the early phase of our program to test
the validity of our model.are described 5elow and future experiments along
these lines are outlined in thisvyéar's proposal.

The study of the Lil + Si02 (inert éhase) system requires strict coﬁtrol
of impurity'conteht (both Anion and cation), water content, grain size and
8102 particlg size. Ihe p#st few months have been spént setting up the con-
trolled atmosphere abparatus and chafacterization of the LiI and SiOz.

Initial studies of rather impure Lil indicated that a sharp jump in
.the ionic conductivity of neérly two orders of magnitude océurred'negrb
185°C. The intrinsic and extrinsic activation energies of 0.96 eV and 0.44
eV, respectively, compare well with those reported in thé literature, but
there have been no reports of a large increase in conductivity at 185°¢.

(32)

Careful examination of the data of Ginnings and Phipps , however, shows a

small "bump" in the éoﬁductivity at about 185°C.

(33) note that the trihydrate of LiIl cannot be dehy;

Jackson and Young
drated'aboﬁe,its melting point‘of 63°C without decomposition. This state-~
ment led to the speculation that a significant amount of LiOH could be present
in the dehydrated LiI, depending on the amount of trihydrate initi#lly present
and the dehydration procedures.

The LiI-LiOH system has a eutectic temperéture of about 180°C. To

helpbconfirm the presence of LiOH in dehydrated LiI, the conductivity of a

. mixture of about 50 m/o LiI and 50 m/o LiOH was measured over the temperature

|
|
|
s
|
!
x
’
|
!
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range 20°%¢ to.500°C. Figure 22 compares the conductivity éf the LiI-LiOH
mixture to that of dehydrated LiI. It is readily seen that the mixture has
an Arrhenius blot which is similar in many respects to that for the dehydrated
LiI. |

The "excess'" conductivity, then, is most likely due to the formation of
liquid phase at 185°C which provides a short-circuiting path through the
sample. A series of LiI-LiOH mixtures have been prepared and await further
study.

It should be noted that Liang's original patent on the LiI + A1203

system states that LiI-LiOH mixtu;es are suitable.for the matrix phase.' In
addition,ﬁBiefeld and,Johnson(34) have found a sharp increase in conducti-
vity for LiZSQa-LiOH migtures at 350°C which is the eutectic temperature for
the system.

The equivalent circuit for the circuit for pure LiI is coﬁplex. It
involves a diffusional impedance (Warburg) which is detectable at high temp-
eratures, a geometric and a double layer capacitance, a bulk resistance and

ka second resistive element possible involving charge transfer. To.date, we
have notlfbrmulated the arrangément of thevelements of the equivalent circuit.

The Warburg impedance,may be due to the diffusion of a neutral species
(12) thfouéh Lil, perhaps along grain bogndaries.- This hypothesis is consis-
tent withvobservations by Armstrong et.al.(35) of the‘Pt/AgaRbI5 system and |
with the slight éinkish color of the salt after their measureménts had been
made. The charge transfer may involve the following reactions

I"+1I = IZ‘% e

as discussed by Armstrong et.al. 3%
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TABLE I Some physical properties of CaO-doped 8'"-alumina samples

i Densifg B"»pha§e Bulk registivity .

wt% of Ca0 (g cm~>) conversion at 300°Cc(Q-cm) Remarks
0.05 3.15 837% 4.35 | *
0.2 " 3.23 80% , 6.453 , ®
0.5 3.22  69.5% 12.5 *
0.7 o321 78.9% 17.5 *

1.0 ' 3.21 85.3% T 33.3 : S %

Remarks:
# All the samples were sintered at 1585°C for 7 min. and post-

- 'sinter.annealed at 1400°C for 4h.

* All showed duplex structure.




TABLE II Various methods of fabricating primitive cubic and
body-centered. cubic metal antimonates.

STARTING MATERIAL

KSb03(ilmenite) .......

KSbO3(bcc) ........ PR

K2C03+Sb2

K.CO,+5b.0, .0vuunn...

277377274

K,CO0,+5b,0,...........

2773 274
(slightly K20
deficient)

KSbO, (ilmenite)...... L

+ excess KF

KSbO3'%(KF) (bee)

K-l. 17-x$b03_x(0H) 2+x- ..

' (prim.cubic)

Opevvnnnnn

PROCESS ING

RESULTS

..20kb, 700%C............. KSbO, (bee)
..Fired at 1200°C, ..... ;..KSbO3(Prim.cubic)

16 hrs.
..Fired at 1200°C........ ,KSbO,(ilmenite)
..Doped with two.......... K1 17-be03- (OH)2+x

mole % B,0,, : : G

. 273 (prim. cubic) :

-fired at 1200°C

. o .
..Fired at 1200%......... Ry 17-2503. 5 (OH)
(prim. cubic)
..Fired at 1000°%C......... KSbO3-%(KF) (bee)

ION EXCHANGE

. .Aqueous or molten....... MSbOB-%(MF) (bee)

MNO, (M=Li,Na,Rb,T1,Ag)

exchange reversible
except for Ag.

.Aqueous NaNO 100°¢c

32100°C. - Nay 45 SP05  (OW) ot



TABLE II1 Experimentally determined values for the equivalent
circuit elements of Figure 20

Geometric Capé.citance,,cg 2 x 10-10 F/cm2

- . -6 2
Double Layer Capacitance, Ca1 4 %10 " F/cm
Bulk Resistance,. R, ' R, =RT exp(Ea/kT)

where R° =1x 10-50hms
E_ = 0.49 ev
a

Interfacial Impedance, Zi £(T)

‘(undetermined function
of temperature which may
include an activated
process, Ea = 0.36 eV)
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Figure 1. Arrhenius'plot of the real part of the ionic conduc-

* tivity, measured at 24 GHz, for polycrystalline
sodium B"-alumina.
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Figure 2. Plot of real part of the dielectric constant versus
the reciprocal of the absolute temperature for
sodium g'"-alumina measured at 24 GHz. .
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Figure 3, Typical B vs. G plot at 65.5°C for Na @"-alumina sample doped with 0.7 wt’ CaO.




SUSCEPTANCE (mQ™)
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Figure 11. An Auger mapping for the element Ca of a Na §"-

alumina sample doped with 1 wt7% CaO.
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Figure 12, Auger spectrum for a Na f'"-alumina sawmple doped with 1 gat“/n' Za0.
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Figure 13, Auger spectra for a Na f"-alumina sawple doped with 0.7 wt% CaO : (a) as-cut surface
(t) after 5 min. argon ion-milling at 2 kV and 25 wA (c) after 15 min. argon ion-milling
at. 2 kV and 25 mA.’ ' ’




FIGURE 14. Schematic representation of 111 +tunnels in
sodium (potassium) antimonate. Cations reside at
sites labled Ml and M2. Tunnel intersection sites
are labled BC. ~Fruorine or hydroxyl ions.reside
at BC sites in the stabilized antimonates.
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FIGURE-IS.Sample arrangement for single crystal
growth.
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FIGURE 16, Axrhenius plot of data collected on a single crystal of
Na.Sb03°1/6(Na.F). Complex plane analysis was used.
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FIGURE 17. Replot of Goodenough et. al. data for NaSv0, + 1/6 (NaF)
polycrystaiiine sample with graphite electrgdes at 1kHz.
Insert is original data.
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Time Devoted to Project by Principal Investigator

The principal investigator, Donald H. Whitmore, has devoted 127 of
his time during the academic year (April 1, 1979 - June 14, 1979 and
September 15, 1979 to December 31, 1979) and nearly 2 full-time summer
months'(summer of 1979) to this project. He will continue to devote 127
of his time to this project during the remaining period of the present

contract January 1; 1980 to March 31, 1981.
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