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Fast Ion Conductors 
LUTGARD C. DE JONGHE** 

Department of Materials Science and Engineering, Cornell University, Ithaca. New York 14853 

The results of transmission electron microscopy and their rela-
ti()n to some practical aspects of Na /3- and 8-alumina solid 
electrolytes are reviewed. Grain and grain-boundary morphol-
ogy, crystallographic defects, nonstoichiometry, and second-
phase lormation are discussed. 

1. Introduction 

FAST ion conductors, especially those in which transport ofoxy-
gen or alkali is anomalously high, have received increasing 

attention since they allow the construction of several novel and 
economical energy-conversion or storage devices. Transmission 
electron microscopy (TEM) in this laboratory has contributed to an 
understanding of the properties of one of these fast ion conductors, 
i.e. the sodium beta aluminas. These observations and insights 
cannot always be translated into useful enginccring information for 
the practicing ceramist but the present examples demonstrate the 
types of questions for which TEM may provide answers. 

Sodium beta aluminas are used as solid electrolytes in sodium/ 
sulfur secondary batteries. 1  Their important properties fr battery 
application include Na ion conductivity, lifetime, fracture and 
electrocheni ical-stress corrosion, and susceptibility to impurities. 
The present observations are concerned with microstructure, defect 
structure. nonstoichiometry, and second phases caused by im-
p unties. 

11.lransmission Microscopy Observations 

(1) Grain Size, Grain /i/Iorp/loIogy, and Grain-Boundary illor-
phology 

The grain-size distribution ofNa/3-alumina depends significantly 
on the sintering conditions 2  and the nature and chemistry of the 
powders used. The useful grain sizes range upward from 3 zm and 
grain-size distributions are therefore better studied by scanning 
electron microscopy (SEM), e.g. after etching in boiling H :r PO 4 , °  

than by TEM. One striking morphological feature of the grains is 
their apparent tendency to develop pronounced facets. The actual 
crystallographic aspects of such faceting, and the possible conse-
quences for intergranular conduction, cannot be studied by SEM; 
however, TEM shows that the extended facets are parallel to the 
basal planes of the 0- or /3-alumina lattice (Fig. I ). The important 
question is the degree to which such grain-boundary geometries 
actually block the intergranular transport of Na when a macroscopic 
electric field is applied. A more detailed examination (Fig. 2) shows 
that such boLindanies are totally blocking to intergranular Na flow, 
since/3-aluminas do not permit Na conduction perpendicularto the 
(00.1) conduction planes. 4  Figures 1 and 2 show that the probability 
of encountering blockipg grain-boundary geometries is quite signif -
icant, i.e. as much as 20 to 30 vol% of the electrolyte may not fully 
participate in de ionic conduction for this reason. 5  This result 
suggests that grain morphology (or grain-boundary geometry) is an 
additional parameter that should be manipulated, by choice of 
powders and sintening schedules, to make maximum use of the solid 
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Fig.!. Transmission electron micrograph of polycrystalline solid elec-
irolyte note preponderance of faceting parallel to basal planes. 

electrolyte and to minimize microinhomogeneities in the Na' cur-
rent distribution. 

Occasionally the highly faceted (00. I ) boundaries show steps that 
are one-spinel-block thick (11.3 A) (Fig. 3), suggesting that the 
mechanism for grain growth in the [00.1] direction is controlled by 
the motion of such a spinel-block ledge. This mechanism provides a 
basis for understanding the tendency to develop highly faceted 
grains with large aspect ratios during the sintering of/3-aluminas. 
The totally blocking grain boundaries are one extreme of the possi-
ble spectrum in grain-boundary resistivities. 

At the other extreme are simple tilt boundaries for which the tilt 
axis is contained in the basal planes and for which the habit plane 

Fig. 2. Lattice imaging reveals in detail extreme blocking nature of 
grain boundaries faceted along (00.1) planes. 
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tends to he normal to the basal planes. Examples are given in Figs. 
4(4) and 4(B) for such 6 °  and 19°  tilt boundaries (the rotations 
around [00.1] were not determined). It appears that the lattices tend 
to match across the boundaries, even ifa terminating fringe charac-
teristic of an inclined dislocation is present (Fig. 4(4)), suggesting 
that high-energy faults in the spinel blocks are avoided at grain 
boundaries by bringing the blocks into registry. The conduction 
planes are then matched and, at least geometrically, such bound-
aries should have a high intergranular-transport coefficient.° The 
same tendency to preserve the spinel blocks of the 0 and " lattice 
can be deduced from the observation of edge dislocations with a 
Burgers vector of d m 2 [00. I] for -aluina 7  or c/3 [00. I] for n" 
alumina. i.e. 11.3 A (Fig. 5). The general boundary should have 
intergranular transport coefficients between the two extremes, with 
this coefficient probably correlated with the details of the grain-
boundary structure which in turn is related to the DSC lattice. 8  Other 
factors that can affect the intergranular conductivities are 
nonstoichiometry in the conduction planes near grain boundaries, 
impurity atmospheres, intergranular phases, and coulombic interac-
tions between the Na in the conduction planes and spinel-block 
defect chemistry near the grain boundaries. Much work remains to 
be done in this important areaof solid electrolytes: atomic resolution 
in more advanced high-resolution electron microscopes may pro-
vide direct information about all the aspects of grain-boundary 
structure and chemistry. 

(2) Defects and Nonstoic/ziometry 

As any other crystalline material, Na n-alumina contains many 
lattice defects that to some degree determine its useful properties. 
Generally, these defects will lower the ionic condLictivities, cause 
inhomogeneous current distributions, and accommodate 
nonstoichiometries. Dislocations have been observed with Burgers 
vectors in the conduction planes 9  or in the [00. 11 direction. 7  Tilt 
boundaries with the tilt axis in the basal plane (Fig. 5) can poten-
tially increase local current densities. t°  This increase is especially 
undesirable at the electrolyte/Na interface, where initiation of 
breakdown by electrochemical-mechanical corrosion may be de-
termined by the integrated specific local current density (i.e. A' h/ 
cm 2 ). 

Other imperfections in the or " lattices involve disorder in the 
[00.1] stacking and appear as planar faults in the TEM. Such faults 

p° 

Fig. 4. (/1) A 6 iili boundary in "-a!umina, showing spinet block 
matching. Framed area contains a dislocation: spinel blocks maich 
before and after this dislocation, regardless of their detailed structure. 
(B) A 19° symmetrical tilt boundary continues, showing spinel block 
matching. 

Fig. 5. Lattice image of 00.2 reflections with fringe spacing of 11.3 A, 
This inicrgranular iranspori coelñcicni is defined as the dillirence in eosduciis ity 	showing edge dislocation with Burgers vecior=c/2[00. I] (I spinet block). 

per cm °  of boUndary of a livpoiheiical hierysial with zero resisiis iiy houndam and that 	Magnitude of Burgers vector can also be Ibund from dislocation density in 
of the same bicrysial with the neural boundary in the same position, 	 low-angle tilt boundaries. 
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Fig. 6. Lattice images of(A) perfect and (B) microtwinned Nag-alumina. Microtwins, or sequence faults in spinel block stackings, 
are on basal planes (Ref. 14. Used by permission.) Two spinel blocks, s, and i,, make tip the a-alumina unit cell. 

were reported by Bevan eta! )2  Further observations by Stevens and 
Miles 13  and detailed fault analysis with high-resolution lattice Imag-
ing by Dc Jonghe' 4  revealed that reflection microtwinning is com-
mon in /3-alumina (Fig. 6). Such microtw ins can also be interpreted 
as growth faults in the stacking sequence of the spinel blocks. Some 
more complex basal-plane faults that occur through combinations of 
other defects were discUssed by Stevens and Miles 13  and Dc 
Jonghe.' 1  Other complex faults (Fig. 7) have fault vectors of the 
type a 516 <1210 . They produce close oxygen pairs where they 
intersect the conduction planes' 5  and can be expected to increase the 
electrolyte ionic resistivity. The general decrease in the ionic resis-
tivity on postannealing of polycrystalline Na /3-alumina 2°' may 
probably be partially attributed to the accompanying decrease in the 
density of these faults. Note also that the faults described so far do 
not involve nonstoichiometry since they are produced by either 
simple shear or reflection twinning. 

Also. TEM is useful in clarifying the nature of the Na/Al 
nonstoichiornetry in Na /3-aluminas. Several mechanisms for ac-
commodating nonstoichiometry have been proposed, e.g. forma-
tion of oxygen interstitials in the conduction planes, 17  the coexis-
tence of j3- and 0-alumina either as syntactic intcrgrowths or as 
normal two-phase mixtures, and the formation of a set of polytype 
structures analogous to the barium ferrites.is  Present observations 
indit.atc that the intergrowth defects are not dense enough to account 
for the deviations of the Na/Al stoichiometry in otherwise stngle-
phase electrolyte. In mixed/3-/3" alumina with 7.7 wtY Na 20 the 
dominant mechanism for accommodation of nonstoichiometry was 
normal /3 second phase or intergrowth of massive 0 segments in 13" 
(Fig. 8). The polytypes described by Sato and Hi ro tsu iS were not 
observed; rather, electron irradiation induced profuse formation of 
spinel-type lamellas in /3".  When the [00.1] direction is not perpen-
dicular to the electron beam, the many overlapping irradiation- 

1ig. 7. Comples planar faults in Nag-alumina. Fault vector is of the type 
a ,I6 1210> lault plans are { 1210) type. Only cation faults occur in spinet 
block; anion faults also occur in conduction planes (Ref. 15. Used by 
permission.) 
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Fig. 8. Ordinary 2-phase structures consisting of 	and " observed in 
-alunsina containing 	7.7 wt'% Na 20 (Ref. 19. Used by permission.) 
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Fig. 9. Many overlapping electron radiation faults producing 
woodgrain-like images in /3"-alumina (Ref. 19. Used by permission.) 

1. 

induced faults produce a woodgrain-like image (Fig. 9), leading to 
the casual TEM observation that MgO- or Li20-stabilized /3"-
aluminas have a more densely faulted microstructure than pure 
/3-alumina. These lamellas result from the collapse of the lattice 
when a complete conduction plane in /3"-alumina is lost. A detailed 
lattice image clarifies this transformation (Fig. 10). Such images 
show that high-resolution lattice imaging can help elucidate the 
nature ofNaJAl nonstoichiometry in/3- or/3"-aluminas. However, it 
appears that low-temperature observation (at liquid N 2  or liquid He 
temperatures) will be necessary to minimize the complications 
introduced by electron-radiation damage. 

(3) Inpurities and Second Phases 
Polycrystallinc /3-aluminas containing impurities will usually 

have a reduced lifetime. 20  How such impurities are accommodated 
can be important. They are either in solid solution in the /3-alumina 
or form intergranular second phases. High apparent intergranular 
resistivities will be observed with dispersive measurements of the 
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Fig. 11. lntergranular silicates (arrow) in Si0 2-containing /3-alumina. 

impedance or admittance of the electrolytes if impurities accumu-
late in solid solution near grain boundaries 21  or when intergranular 
phases form. 22  TEM is most useful in observing the intergranular 
second phases that may be more difficult to detect by X-ray 
analysis. The micromorphology of the second phases depends on 
whether they are liquid at sintering temperatures and on how readily 
they crystallize. Silica-containtng electrolytes 22  will contain glassy 
intergranular phases that preferentially accumulate at triple grain 
junctions (Fig. II). Occasionally a thin glassy layer is detected 
between grains (Fig. 12) but the rarity of this type of configuration 
suggests that it may be a nonequilibrium situation. Generally, the 
formation of second phases leads to rather inhomogeneous micro-
structures for which dispersive conductivity data are not readily 
interpretable. 2223  Construction of a physically meaningful equiva-
lent electrical circuit representing the ac behaviorofpolyciystalline 
solid electrolytes must include extensive TEM work to characterize 
the dominant microstructural features sue Ii as grain-boundary and 
second-phase morphologies. 

- 	
---- 

 

 

Fig. 12. (.4 ) Thin silicate layer (arrow) penetrating low-angle boundary in 
Fig. JO. Lattice image of /3-alumina containing radiation-induced spinel- 	0-alumina. Few boundaries, however, exhibit such morphologies. indicat- 
type lamellas which result from Na 20 loss from conduction planes, produc- 	ing that this might not be an equilibrium situation. Lattice-fringe spacing is 
ing shearand collapse of lattice (as indicated in drawing). Shearis necessary 	11.3 A(00.2 reflections). (B) 'Clean" low-angle boundary exhibiting usual 
to avoid local electroneutrality problems (Ref. 19. Used by permission.) 	dislocation Strain contrast (shown for comparison). 
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III. Conclusion 

Transmission electron microscopy can be used to clarify the 
microstructural aspects of properties that relate to the performance 
of polycrystalline Na /3-alumina solid electrolytes. 
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