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Ion-exchange reactions are described for a range of mixed oxides, including the layered a-NaCrO,
structure, the Rb,Ti¢Q; tunnel structure, and a spinel phase. The rates of the ion-exchange reactions
are consistent with the kinetic theory derived for classical ion-exchange materials and are compatible
with the low ionic conductivities observed. lon-exchange reactions, particularly with molten salts, are
shown to be a general feature of many inorganic solids; they offer a preparative route to new, com-

monly metastable, materials.

1. Introduction

Ion-exchange reactions, carried out in an
aqueous exchange medium, have been ex-
tensively studied for ‘‘classical’’ ion ex-
changers such as zeolites, micas, acid phos-
phates, hydrous oxides and sulfonic acid
resins. The ease of ion exchange in these
materials may be understood in terms of the
presence of interconnected cages, chan-
nels, or layers of sufficient dimensions to
allow ion transport. Easily expandable ma-
terials, such as the hydrous oxides and
poorly crosslinked sulfonic acid resins, can
accommodate hydrated cations and are
fast, but relatively unselective, exchangers.
Ionic mobility within the solid may be simi-
lar in mechanism and magnitude to that of a
free aqueous solution. Crosslinked zeolites
may necessitate ‘‘anhydrous’ ion ex-
change and are, as a consequence, usually
slower, but more selective. Cation trans-
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port in these materials should have a mech-
anism more typical of solids where an acti-
vated cation hopping to vacant sites occurs
through well defined anion-bounded *‘bot-
tlenecks.”’

So-called “‘fast ion conductors,’” such as
the B-aluminas (/), represent a new series
of ion exchangers with accentuated zeolitic
properties. The partially occupied, inter-
connected channels permit rapid, anhy-
drous ion exchange; and exchange may be
carried out in both aqueous and molten salt
conditions. However, most studies have
concentrated on the ionic transport proper-
ties of these materials. The purpose of this
paper is to examine further the relationship
between these two large disciplines. Two
questions are of particular interest. What
range of diffusion coefficients and ionic
conductivities are shown by compounds
exhibiting ion exchange? Which structures
are likely to show ion-exchange reactions?
The exchange process has two separate as-
pects. The thermodynamics of exchange
will favor exchange with ions of compara-
ble size, unless the material is readily ex-
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pandable. Identical charges, however, may
not be necessary. Substitution with an ion
of higher charge can be achieved by crea-
tion of ion vacancies. Conversely, if ion va-
cancies are already present, a degree of ex-
change with an ion of smaller charge is
possible. The equilibrium extent of ex-
change is then determined by the appropri-
ate equilibrium selectivity coefficient and
the concentration ratio of in-going and out-
going ions. Certain ion-exchange reactions
should be thermodynamically feasible for
many solid state structures.

The kinetic aspect of an ion-exchange re-
action is a much more stringent criterion.
The ion-exchange kinetic theory of Boyd et
al. (2), first presented in 1947, and ex-
tended by Reichenberg in 1953 (3), pro-
vides much assistance. The rate determin-
ing step was shown to be diffusion within
the solid provided an excess of well-stirred,
concentrated exchange liquid was used.
For spherical particles of radius r and a
fixed fraction of exchange f = F(¢)/F(), the
theory predicts a relationship between the
exchange time 7 and the chemical interdiffu-
sion coefficient D; for the in-coming and
out-going ions:

f=1-—(6/7?) i [exp(—n?Br)}/n?

n=1

where B = wDj/rt.

It should be emphasized that this expres-
sion represents the rate of attainment of a
specific fraction of the equilibrium extent of
exchange represented by F(«). The latter
will be a large or small proportion of the
total possible exchange capacity of the ma-
terial and will be dependent on the thermo-
dynamic factors described earlier. The
above relationship implies that there is a
characteristic time = = r2/D; taken to
achieve a given fraction of exchange. A
large interdiffusion coefficient and small
solid particles favor a rapid exchange pro-
cess. The effective value of » may be much
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less than the geometrical value in the case
of cracked or irregular particles. In prac-
tice, ion exchange often causes fragmenta-
tion of solids due to lattice parameter
changes; such fragmentation accelerates
ion exchange. Values of 1 are calculated for
various values of D; in Table I for the case
of spherical particles of radius 100 xm and f
= 0.95. Some typical diffusion coefficients
and activation energies are also shown. It
should be noted, of course, that D; is
strictly a mixed chemical diffusion coeffi-
cient with D; = Dyexp (—AH/kT), where
A H,, is the enthalpy change for a mixed ion
jump.

The implications from Table I are clear.
First, ion exchange is a necessary, but not
sufficient, condition for fast ion conduc-
tion. Only if ion exchange is extremely
rapid, as may occur in practical exchang-
ers, are diffusion coefficients typical of fast
ion conductors necessitated (=107 cm?
sec™!). This relationship has been exploited
in finding new fast proton conductors (4).
Secondly, with exchange times of a few
days, ion exchange of small particles may
be observed for diffusion coefficients at the
exchange temperature as low as =10~'2 cm?
sec™!. The values quoted for the Na* ion
diffusion coefficient in NaCl at various tem-
peratures (5) indicate that ion-exchange re-
actions may be quite a widespread phenom-
ena of inorganic solids at temperatures well
below sintering temperatures; they also em-
phasize that substantial concentrations of
mobile-ion vacancies (introduced by non-
stoichiometry or doping) may not be neces-
sary.

This paper reports some preliminary in-
vestigations to test these prediciions. We
have chosen nominally stoichiometric,
mixed metal oxides of different structural
characteristics as the more stringent test.
Since one objective of this study is the
preparation of phases not accessible by
high temperature reactions, it is important
to recognize that ion-exchange reactions
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TABLE 1

TiME f TO ACHIEVE F(1)/F() = 0.95 FOR SPHERICAL PARTICLES OF
Rabpius r = 100 um

D (cm? sec™) 10-3 1077 107 1010 10-1 10-12
t 2.5 sec 4.2 min 6.9 hr 69 hr 29 days 290 days
D AH,
(cm® sec™") (kJ mole-Y)
Na* in molten NaCl (1300 K) 2.1 x 1073 30
Li* in 1 M LiCl(aq)(300 K) 1.3 x 1073 —
Na+*/Li* in Amberlite IR1 (300 K) 3.0 x 10-¢ —
Na* in Na B-alumina (300 K) 4.0 x 107 16
Na* in Na B-alumina (600 K) 1.8 x 10-¢ 16
NH;:/NEt; in phenolsulfonic acid (300 K) 5.0 x 10-° 21
Na* in NaCl (intrinsic region, 900 K) 1.0 x 10°t0 173
Na* in NaCl (extrinsic region, 650 K) 1.0 x 10-12 74
Na*/TI* in analcite (373 K) 4.5 x 10-13 62

that result in metastable phases must be
carried out at temperatures that are too low
for the ions of the framework structure to
reconstruct themselves into their stable
configuration. In other words, the exchange
must be accomplished at temperatures well
below sintering temperatures.

2. Structures Investigated

A. Layered A'BMO, Structures

The layered A!BUQ, structures contain
infinite sheets of edge shared BOg octahe-
dra (Fig. 1) interleaved with layers contain-
ing exclusively A atoms. Different layer
stacking sequences produce different coor-
dinations of the A atoms and give rise to
various ABQO; structures. In the a-NaCrO,
structure (6), the A atoms are octahedrally
coordinated with an (ABC . . .) oxygen
packing sequence (Fig. 2). This may be re-

e e

FiG. 1. Infinite BO, sheet.

garded as an ordered NaCl structure with A
and B atoms occupying alternate (111)
planes.

In the K7Co00, structure (7), the A at-
oms occupy trigonal prismatic sites with an
oxygen packing sequence (AB, BA. . .). In
K, sCoO, the sequence is (AB, BC, CA
oD

In the delafossite (CuFeQ,) structure (8),
the A atoms are in linearly coordinated sites
between the BO, layers (Fig. 3). For A =
Cu, Pd, Ag, the O-A-O bond is symmetri-
cal, and for A = H the delafossite structure
corresponds to the strongly hydrogen-
bonded HCrO, structure (9).

B. Tunnel Structures
We have taken the A,TigO,; structure (A

FiG. 2. a-NaCrOQ, structure; top and bottom sheets,
CrO;; Na* ions in octahedral interlayer sites.
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Fi1G. 3. CuFeO, (delafossite) structure; top and bot-
tom sheets, FeO5; unfilled circles, Cu* ions.

= Na, K, Rb, Cs) (10) as representative of
this class. The structure is illustrated in Fig.
4; it contains one-dimensional tunnels en-
closed by triple V,0;5 chains sharing com-
mon corners (/1).

C. Close Packed Anion Framework
Structures

The B-NaAlO, and spinel structures were
chosen as representative of framework
phases containing a close packed anion ar-
ray. In B8-NaAlO, (12) the Na* and APP*
ions occupy alternate tetrahedral sites of
the hexagonal close packed wurtzite struc-
ture (Fig. 5). In the A[B,JO, spinel phase
there is an ordered arrangement of the
metal atoms among the octahedral and tet-
rahedral interstices of a cubic close packed
oxygen lattice.
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3. Experimental

A. a-NaCrO;

This compound was prepared by heating
Analar Na,CO; and Cr,0; in the stoi-
chiometric properties at 750°C for 12 hr un-
der argon. The X-ray powder pattern
(CuKa) measured on a Philips PW 1051 dif-
fractometer with focussing monochroma-
tor, agreed with the published data (6). No
other phase was detected, and the refined
hexagonal parameters a = 2.971(1) A, ¢ =
15.96(1) A were determined.

To attempt Li* ion exchange, a-NaCrO,
was treated with an excess of Analar mol-
ten LiNO; for 24 hr at 300°C. The product
was separated by treatment with deionized
water and centrifuging. The collected wash-
ings were analyzed by atomic absorption
spectroscopy for the sodium liberated; the
analysis showed that =90% of the Na* had
been exchanged by Li*. However, the pres-
ence of an excess of Li* ions in the solution
is known to interfere with the Na* ion anal-
ysis. Nevertheless, the result is consistent
with substantial exchange having taken
place. The Debye—Scherrer photographs of
the product gave the d values shown in Ta-
ble II, and the refined lattice parameters a
= 2.902(1) A, ¢ = 14.44(1) A for the ex-
changed product are in excellent agreement

F1G. 4. K,TisO,; structure; filled circles K* ions.
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F1G. 5. Fragment of the 8-NaAlO;, structure; empty
circles, O; small filled circles, Al; large filled circles,
Na.

with the literature values (6) for a-LiCrO,
(a = 2.905 A, ¢ = 14.44 A). This experi-
ment illustrates that rapid ion exchange is
possible in the layered a-NaCrO, structure
even in the absence of extensive cation va-
cancies.

Aqueous acid exchange was also investi-
gated by treating a-NaCrO, with a 300-fold
excess of 25% HNO; at room temperature
for 12 hr. The extent of the exchange reac-
tion.

NaCrO; + nH,0 + xH*(aq)
= H,Na,_,Cr0O, - nH,O + xNa*(aq)

was followed by Na* atomic absorption
analysis; 92% exchange was observed, and
this did not appreciably alter with a second
treatment. X-Ray diffraction of the H*-ex-

TABLE II

X-RAaY PowDER DATA FOR a-LiCrO, OBTAINED BY
IoN EXCHANGE OF a-NaCrO,

h k { dobs dcalc I
003 4.828 4.814 s
101 2.475 2.476 s
102 2.368 2.374 m
104 2.064 2.063 s
105 1.894 1.896 m
107 1.593 1.595 m
108 1.466 1.466 m
110 1.451 1.451 S
113 1.389 1.389 m
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changed product showed the presence of a
poorly crystalline phase with peaks of =~2°
halfwidth. The new phase could be indexed
on a hexagonal cell similar to that of a-Na
CrO,, but with altered lattice parameters (a
=2.96 A, ¢ = 14.2 A). The c lattice parame-
ter is significantly greater than that found in
HCrO, (a = 2.98 A, ¢ = 13.40 A), and TGA
analysis to 800°C indicates a composition
HCrO; - 0.92H,0. Heating the exchange
product at 400°C yields HCrO,. As the lat-
tice expansion is not as large as expected
for forming exclusively interlayer H,O*
ions, it is likely that a significant proportion
of the water occupies interparticle regions.
This is consistent with the X-ray evidence
of small crystallite sizes, which normally
results in substantial water sorption (4).

B. Related ABO, Structures

There are several experiments and mea-
surements in the literature that are related
to the above findings. The reaction

LiCOOz = Li|_xC002 + xLi

has been carried out electrochemically
(13), and appreciable Li* ion mobility has
been observed (Dypx = 5 X 107° c¢cm?
sec™!).

The related Kg 72[SconHf 3]0, phase
with the K;,Co0O, structure, has been
shown to be a poor ionic conductor at room
temperature with o3 x = 4 X 1072 ohm™!
cm™! and an activation energy for conduc-
tion E5 = 57.8 kJ mole~! (14). An estimate
of Dy xk = 1071° cm? sec™! can be made
(vide infra) which is compatible with ion
exchange at room temperature over several
days.

Table III shows the reactions used by
Shannon and co-workers (8) to prepare
phases with the delafossite structure. Di-
rect synthesis of the products was not pos-
sible, and the moderate temperatures used
suggest that the reaction mechanisms in-
volve ion exchange of the A ions and,
where necessary, only an associated
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TABLE III
IoN-EXCHANGE REACTIONS OF LAYERED a-NaCrQ, TYPE STRUCTURES (FROM (8))

Substrate Structure Reagent Product Structure
a-LiMO, (M = Co, Cr, Rh) © a-NaCrO, Pd + PdCl, PdMO, Delafossite
a-LiFeO, a-NaCrO, CuCl() CuFeO, Delafossite
a-LiMO, (M = Co, Cr, Rh) a-NaCrO, AgNOs(]) AgMO, Delafossite

change in the layer stacking sequence
which can be accommodated by a small
shear perpendicular to the ¢ axis.

C. A TigOy;

K,TisO13 was prepared by a method simi-
lar to that of Wadsley (/0). The X-ray pow-
der pattern could be indexed on a mono-
clinic cell with lattice parameters (a =
15.61(4) A, b = 3.796(2) A, c = 9.12(2) A B
= 99.0(1)), close to the literature values.

Na* ion exchange was carried out at
850°C using an excess of molten Analar
NaCl for a 12-hr period. The solid material
was separated by treatment with H,O and
centrifuging. The observed and calculated d
values of the product, which could be in-
dexed with a monoclinic unit cell similar to
that of K,;TigO,; are shown in Table IV. Re-
fined monoclinic lattice_parameters (a =
15.12(3) A, b = 3.738(6) A, ¢ = 9.16(3) A B

= 99.3(1)°) were in close agreement with
those of directly synthesnzed Na2T160|3 (a

=15.13A,b=3.745A,c=9.16 A, B =
99.3° (10)) indicating complete exchange.

Li* ion exchange was first attempted by
treating Na,TigO; with molten Li,SO,4 at
900°C for 12 hr. The diffractometer trace
showed the presence of TiO, and the cubic
spinel LisTisOy;, although the decomposi-
tion was probably preceded by ion ex-
change.

4Li* + 2Na,TigO3 = 4Na* + 2Li;TigO13

metastable
= 4Nat + Li4Ti5012 + 7T102

Li* ion exchange of Na,TigO; at the

lower temperature of 280°C (using molten
lithium nitrate) yielded a product whose X-
ray pattern could be indexed on a mono-
clinic cell similar to that of K,TicOys,
though with changed lattice parameters.
The observed and calculated d values are
shown in Table V. The corresponding re-
fined lattice parameters are a = 15.45(2) A,
b =3757Q2) A, ¢ = 9.112) A, B = 99.8°.
The cell volume of the Li analog is anoma-
lous in that it is slightly larger than that of
Na,TicO,s. Since Na, K, and Rb are eight-
coordinate in these phases, and eightfold
coordination of Li* is unknown, the anom-
alous lattice parameters may be due to a
coordination change for Li*, possibly to a
four-coordinate site. Also, the removal of
Na* ions may not be complete. The possi-

TABLE IV

X-RAY PowDER DATA FOR Na,TigO; OBTAINED BY
IoN ExcHANGE oF K;TigO3

hkl dobs dcalc 1
200 7.468 7.463 s
201 6.292 6.275 m
110 3.629 3.617 m
310 2.981 2.989 m
311 2.931 2.923 m
402 2.671 2.674 m
403 2.546 2.555 vw
600 2.496 2.488 vw
512 2.185 2.1%0 w
404 2.085 2.089 m
602 2.043 2.045 m
314 1.899 1.894 w
020 1.868 1.869 m
221 1.774 1.772 vw
514 1.732 1.733 m
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TABLE V

X-RAaY PowDER DATA FOR THE PrODUCT OF Li*
Ion EXCHANGE OF Na,TigOp3

hkl dobs dearc 1
200 7.596 7.612 vs
201 6.394 6.366 m
202 4.191 4.192 w
400 3.786 3.805 w
110 3.648 3.648 s
111 3.480 3.428 w
111 3.339 3.332 vw
310 3.018 3.019 m
311 2.950 2.954 ms
311 2.780 2.778 w
402 2.683 2.686 m
601 2.557 2.558 m
602 2.386 2.390 w
113 2.359 2.362 w
113 2.276 2.268 w
404 2.096 2.096 m
602 2.065 2.064 m
020 1.879 1.878 m
220 1.821 1.824 w
405 1.743 1.742 w
712 1.650 1.651 m

bility of hydration of Li;TigO; was elimi-
nated by a TGA study.

A 91% dense pellet of Na,Ti¢O,; was pre-
pared by sintering a pressed pellet at
1200°C. The pellet was polished with 6 um
diamond paste, and gold blocking elec-
trodes were applied. The AC impedance
plots showed no evidence of ionic conduc-
tivity and no low frequency semicircular re-
gion. It was possible to set an upper limit of
~=10"% ohm~! cm™~! for the room tempera-
ture conductivity of this compound.

D. Spinel Phases

Joubert and Durif (15, 16) have reported
the following ion-exchange reaction in an
oxide spinel

(LiysZn; shelGes sLij s]ocOr2
= (Zn3)e[Gess01.51012

The reaction conditions used were mol-
ten ZnSO, at 500°C for 3 weeks. The ex-
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change was facilitated by the similar ionic
radii of Li* (0.59 A) and Zn?* (0.60 &) (17)
in tetrahedral sites. It was of interest to at-
tempt to reproduce this ion exchange with
another spinel system, and we investigated
the spinel LisTisO;, corresponding to
(Li3),e( [LiTis]octolz. A Sample of Li4Ti50|2
was supplied by M. R. Harrison of this lab-
oratory. Its X-ray diffraction pattern could
be indexed on the basis of a face-centered
cubic unit cell with a = 8.357 A. Ion ex-
change was carried out by treatment with
molten ZnCl; at 500°C for 4 days. The prod-
uct was separated by washing with dilute
HCI and centrifuging. The washings were
collected quantitatively for atomic absorp-
tion analysis of the Li* removed by ion ex-
change, the Li* standard solutions being
prepared with an equivalent ZnCl, back-
ground present. This analysis showed that
68% of the Li originally present in LisTi50;;
had been removed. The X-ray Debye-
Scherrer photograph of the product showed
the absence of any reflections due to Liy
TisO,,; all but three reflections could be
indexed on a primitive cubic cell with a =
8.405(5) A. The corresponding d values are
shown in Table VI together with the three
unidentified reflections.

TABLE VI

X-RAY DATA FOR THE PRODUCT OF EXCHANGE OF
LiTisO; wiTH MOLTEN ZnCl,

hkl dobs dcalc 1
110 5.965 5915 m
200 4.157 4,188 w
210 3.740 3.749 m
211 3.414 3.422 mw
022 2.962 2.965 s
311 2.530 2.529
400 2.102 2.098 vw
422 1.714 1.714 m
333 1.615 1.616 ms
440 1.484 1.484 ms
Unindexed 3.531 m
Lines 3.246 mw

1.685 w
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Although the product was not single
phase, there is clear evidence for an ion-
exchange reaction having taken place.
Primitive spinels, associated with cation or-
dering, have been observed by other work-
ers. An example is Li>,Zn[Ti,Zn;]O,3, which
has a similar lattice parameter (8.397 A) to
that observed here (/8). It would seem
most likely that exchange proceeds initially
as

Liy[LiTis]Op = Li,Zn[OTis]O,

where 50% of the lithium is released. The
proportion of octahedral site vacancies is
similar to that in Zn:[(J; 5Ges5]O2 (17, 21)
and to y-Fe,O; which is approximately for-
mulated as Fes{(OFes]O,, (19). Further ex-
change necessitates the creation of tetrahe-
dral vacancies, which has not been
observed in spinel systems. This may
slowly occur, resulting in an extra release
of lithium ions, but with the creation of an
exchange-induced secondary phase.

The transport properties of spinels are
compatible with these findings. Electro-
chemical insertion of Li into Li;[TiyLi
[0;]0,, has been shown (20) to produce a
solid solution spinel phase for which the
chemical diffusion coefficient D = 10-7—
1078 cm? sec™'. After the limit to the spinel
structure is reached, Lis[TiyLig)O;,, a de-
fect rocksalt structure is ultimately formed,
producing a limiting composition LisTi;0,.
In a study of Fe;[Fe, sLi; 5]0;,, Dudley and
Steele (21) found evidence for Li* ion mo-
bility. The ionic component of the conduc-
tivity was =6 X 1075 ohm~! cm~" at 295°C.

E. Close Packed Anion Framework
Structures

It has not been generally appreciated that
reactions in the literature may be inter-
preted as exchange reactions. Geissner and
co-workers (22, 23) reported several such
reactions, summarized in Table VII, in
which various aluminates were treated with
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TABLE VIL

IoN-EXCHANGE REACTIONS PRODUCING
ORDERED-WURTZITE PHASES (FROM (22, 23))

Substrate Structure Reagent Product  Structure
KAIO, Cristobalite AgNOs(l) B-AgAlO, Wuntzite
SrAlLO, Cristobalite AgNOi(l) B-AgAlO. Wurtzite
CaAl,04 Cristobalite AgNOx(l) B-AgAlO: Waurtzite
v-LiAlIO, BeO AgNOs(l) B-AgAlO. Wuntzite
B-NaAlO, Waurtzite AgNOs(l) B-AgAlO; Wurtzite
B-NaAlO, Waurtzite CuCK(I) B-CuAlO,  Wurtzite
B-NaAlO, Wurtzite TINOs(l) B-TIAIO;  Wuntzite

melts containing Ag*, Tl*, or Cu* ions. The
moderate reaction temperatures, below
those normally necessary for reconstruc-
tive rearrangements, suggest an ion-ex-
change mechanism. In the reactions with
ordered-wurtzite substrates and products,
ion exchange involves the replacement of
Na* or Li* ions with Cu*, TI*, or Ag* ions
on one set of sites in the structure. An inter-
esting reaction is

Ag* + KAIO, = B-AgAlO, + K*

where the stuffed cristobalite starting mate-
rial is transformed to an ordered wurtzite
phase. This is probably an exchange-in-
duced reaction, the linear Al-O-Al bonds
in stuffed cristobalite bending in a coopera-
tive manner to trap the smaller Ag* ions in
tetrahedral coordination.

4. Discussion

The kinetic and thermodynamic aspects
of the exchange process are clarified by the
schematic energy profile shown in Fig. 6. In
step 1, partial exchange of component A
with component A’ is assumed to be ther-
modynamically favorable and to proceed by
arelatively low activation energy. The tem-
perature required to achieve a satisfactory
rate of exchange is determined by the value
of the relevant interdiffusion coefficient of
the exchanging ions. At higher tempera-
tures, either sintering or framework recon-
struction occurs. Reconstruction will lead
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Energy

(A A; Bon)l

Reaction Coordinate

FIG. 6. Schematic energy profile of a low tempera-
ture ion-exchange reaction followed by a high temper-
ature framework reconstruction.

to a new single or multiphase product and is
represented by step 2 in Fig. 6.

The diffusion coefficient for single-ion
diffusion has the form

D = n,N~'yuyl? exp(—AGn/kT)

where AG,, is the free energy change for
ionic migration to an energetically equiva-
lent (normally crystallographically equiva-
lent) site; n, is the number of vacancies per
unit volume on these sites of total concen-
tration N; v is a geometrical term that may
include any correlation factor; v, is a mean
optical-mode vibration frequency associ-
ated with the mobile ions; and [ is the jump
distance.

For a grossly nonstoichiometric phase n,
is a constant (extrinsic region) and

D = Dy exp(—AH/kT)

where Dy = n N~ \yiol? exp(ASa/k).
For a ‘‘stoichiometric’’ phase

n, = N exp(—AAG/kT)

where AG; is the free energy change for
vacancy formation and $ = A\ = 1.
Therefore, D = Dy exp{—(AH,, + NAH})/
kT} where Dy = yvol? exp{(A S, + XASp/k}.
The conductivity o is related to D
(strictly when the diffusion coefficient cor-
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responds to charge transport) by the rela-
tion

o = ng*DIkT

where n is the number of charge carriers
per unit volume (approximately equal to N
for a *‘stoichiometric’’ material and equal
to N — n, for a nonstoichiometric com-
pound), and g is the mobile ion charge.

Therefore, for a grossly nonstoichiomet-
ric material (extrinsic region) o = (A/T) exp
(-AH/kT), where A = k™ '{n,(1 — n,/
N)G*yvol? exp(AS,/k)}. For a *‘stoichiomet-
ric’’ phase ¢ = (A/T) exp{—(AH, +
MH)Y/KT}, where A = k7' [Ng*ywl?
exp{(ASn + MNAS)/k}].

For a monovalent-ion conductor substi-
tution of a typical value for » in the expres-
sion above indicates that o = 103D for tem-
peratures in the range 300-600 K.
Therefore, from our earlier considerations,
ion exchange is expected even for com-
pounds with very low ionic conductivities
(=10"° ohm~! cm™!).

In the case of interdiffusion, where two
different ions exchange places, the activa-
tion enthalpy for ion exchange may be as
low as the larger A H,, for the two processes
if extrinsic conduction is possible; it may be
smaller than AH, + MAH; for a ‘‘stoi-
chiometric’’ material supporting only in-
trinsic conduction if a ring diffusion process
occurs. The latter is a feasible alternative
for an ion-exchange process and would re-
quire a markedly lower activation enthalpy,
for stoichiometric materials, than creation
of vacancies; it is a mechanism whereby ion
exchange can occur at an even faster rate
than described by our previous equations.

The factors that influence A H, include
electrostatic, elastic, and geometric terms.
The geometric term is defined by the ‘‘bot-
tlenecks” through which an ion must pass
to get from one site to another. If the dis-
tance of closest cation—anion approach is
less than the sum of the ionic radii, then
energy is required to open the bottleneck
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wide enough for the mobile ion to pass
through. The greater the required displace-
ments of framework ions, the larger is
A H,,. This simple consideration provides a
useful criterion for identifying where A H,,
must be too large for room-temperature ex-
change. In close packed structures, for ex-
ample, the distance of closest cation—anion
approach is =1.9 A, defined by a common
triangular face between intersticies of a
close packed array. Whereas expansion of
the separation between layers is possible in
layered compounds such as NaCrO,, the
spinels and the K,TicO,; structure are
three-dimensional frameworks where the
geometric constraints are not easily re-
lieved. It is therefore not surprising that the
activation energy for Li* ion mobility in the
oxide spinels is too large for fast ion ex-
change at room temperature. However, at
500°C the Li* ion mobility in a close packed
oxygen array appears to be significant; it is
certainly large enough for practical ion ex-
change. Even more interesting is the Zn?*
ion mobility. In the systems chosen, the
Zn?* ion diffusion is facilitated by the ex-
change-induced cation vacancies; never-
theless, the rate of ion exchange of Zn?* for
Li* suggests a wider applicability of ion-
exchange preparations than might have
been anticipated. Also, with a relatively
large activation energy, the rate of reaction
increases markedly with increasing temper-
ature. Thus, although large activation en-
thalpies produce extremely low room tem-
perature values of D, the rapid increase in
D with temperature may make practical
ion-exchange reactions at temperatures
near 500°C (see Table I).

Similar temperature dependent expres-
sions for the diffusion coefficient may be
derived for the case of solvated ion-ex-
change reactions in more liquid-like chan-
nels of expandable materials (24). In a
hydrodynamic model, the exponential
variation arises from the temperature de-
pendence of the electrolyte viscosity; in a
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hole model, it arises from an activated hop-
ping to a solvated cavity. Low enthalpies
for ionic motion, and hence relatively large
diffusion coefficients, are expected for this
class of compound.

The experimental work in this paper has
been concerned with ternary oxide phases
containing small, highly charged cations
(B) which, together with the anions, define
the BO, framework in which larger, less
charged ions (A) are in interstitial postions.
Substantial motion of the A ions is expected
before that of the B ions particularly if the
rigidity of the BO, framework produces a
high melting compound. The sintering/re-
construction temperature is then much
higher than the temperatures used for mol-
ten salt reactions. Ion exchange in such ma-
terials may be anticipated even if they are
nominally stoichiometric and have small
bottlenecks to ion migration. The possibil-
ity of ion exchange is more suspect when
the A and B atoms are comparable, in terms
of size and charge and the material is rela-
tively low melting.

In conclusion, fast ion conductors and
practical ion-exchange resins, may undergo
rapid ion-exchange reactions even at room
temperature where aqueous, or nonaque-
ous exchange media can be used. Poorer
ionic conductors may undergo ion-ex-
change reactions at higher temperatures
where molten salts are applicable. Only ex-
tremely poor ionic conductors require reac-
tion temperatures for ion exchange that
compete with sintering temperatures for the
host matrix. At these temperatures the en-
ergy barrier to reconstruction of an ex-
changed material may be overcome, assum-
ing that such a phase change is
thermodynamically viable (step 2 of Fig. 6).
Our experimental findings corroborate the-
oretical considerations and confirm that the
constraints applicable to fast ion conduc-
tors are much less stringent for ion ex-
change. Also, practical ion exchange has
been demonstrated in stoichiometric mate-
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rials having relatively small bottlenecks.
lon-exchange reactions thus appear to offer
important, largely unexplored routes, for
preparative solid state chemistry; they also
appear to play an unrecognized mechanistic
role in some solid state reactions. While the
exchange reaction is conceptually simple,
factors such as the extent of exchange,
F(x), and the possibility of concurrent wa-
ter sorption are not easy to predict in ad-
vance. Therefore, the products of ion ex-
change require a thorough analysis and
characterization.
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