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Ph(II)-8"-alumina, Pbyg:Mgo ¢7Al1033017, is a divalent isomorph of the well-known fast ion conductor,
Na(l)-8"-alumina, and is distinguished by having the highest ionic conductivity of the known divalent
B’-aluminas. The electrical properties of this compound are extremely sensitive to the presence of
water. Pb(II)-g”-alumina reacts readily with water vapor to form a hydrated compound,
Pbyo esMgo 67Al1033017 - (H,0),, in which x varies from 0 to 0.83. Hydration greatly decreases the ionic
conductivity of Pb(II)-8"-alumina, and dehydration of the electrolyte in vacuum results in the chemical
reduction of Pb(II) cations in the conduction layers and an insulator to semiconductor transition. The
composition dependence of the ionic conductivity of anhydrous Na(I)-Pb(II)-8"-alumina has also been
studied. Enhanced charge carrier correlation produces a minimum in the ionic conductivity at the
composition at which 80% of the Na(I) ions are replaced by Pb(Il). This paper describes the results of a
study of ionic and electronic conductivity in Pb(II)- and Na(I)-Pb(I[)-8"-alumina and the influence of

hydration on the properties of the material.

Introduction

Na(I)-g"-alumina is a fast Na({) con-
ductor with the general formula,
Na;..Mg.Al;;-,Oy7, in which x is about
0.67. The material has high ionic and low
electronic conductivities, and its potential
applications in batteries and other electro-
chemical devices have been studied exten-
sively. Perhaps the most interesting prop-
erty of Na(I)-8"-alumina is its ability to
undergo rapid ion exchange reactions. in
which the Na(I) content is replaced by a
wide variety of mono-, di-, and trivalent
cations. Complete or partial exchange oc-
curs with at least 8 monovalent, 11 diva-
lent, and 9 trivalent cations (I, 2). This re-
markable ion exchange chemistry makes it
possible to synthesize a number of quite un-
usual g"-alumina isomorphs, many of which
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are metastable at higher temperatures and
only accessible by ion exchange synthesis.
Some of these new materials have possible
applications as solid electrolytes (3) and
solid state laser hosts (4).

B"-alumina’s exceptional ion transport
properties originate in its unusual structure,
which comprises two parts: the aluminum—
oxygen framework and the conduction lay-
ers within which the mobile cations reside
(see Fig. 1). The framework consists of
~11-A-thick layers in which aluminum ions
are octahedrally and tetrahedrally coordi-
nated by oxygen ions. These so-called
‘““spinel blocks’ are linked by Al-O-Al
bonds parallel to the c-axis. The oxygens of
the Al-O-Al bonds define relatively open
conduction layers in which the mobile cat-
ions are found. With the exception of small
distortions, the framework of Na(I)-8"-alu-
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c-axis

F1G. 1. Schematic illustration showing the structure
of the B"-alumina framework. Close-packed ‘‘spinel’’
blocks are separated by loosely packed conduction
layers.

mina is unaffected as different mobile cat-
ions move into and out of the structure.
B’-alumina isomorphs differ principally
in the arrangement of mobile cations in the
conduction layers. The most frequently oc-
cupied cationic sites are the tetrahedral
Beevers—Ross-type (BR) site, which is co-
ordinated by four oxygen atoms, and the
roughly octahedral mid-Oxygen (mO) site,
which is coordinated by six oxygen atoms.
These sites are arranged on a nearly two-
dimensional honeycomb lattice. The BR
sites are at the three coordinate nodes of
the lattice and the mO sites are at the mid-
points between these nodes. The column
oxygens occupy the centers of hexagons
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formed by the honeycomb lattice. A sche-
matic projection of the sites in the conduc-
tion layer is shown in Fig. 2. In general, the
arrangement of the cations in the conduc-
tion layer depends on the charge, size, and
polarizability of the ions.

The ionic conductivities of the Ca(Il)-,
Sr(II)-, Ba(I)-, Cd(II)-, Eu(II)-, and Pb(II)-
B’-alumina isomorphs have been reported
previously (5-7). All of these compounds
have similar conductivities, except Pb(I)-
B’-alumina, which has a room temperature
conductivity approximately 10* times
higher than that of the others. It is the high-
est conductivity of all of the divalent g’-
alumina isomorphs yet measured. For this
reason, Pb(II)-8"-alumina has received
somewhat more attention than other com-
positions (8-13). We have published two
preliminary reports on conductivity in
Pb(II)-B"-alumina. The present paper ex-
pands considerably upon these previous
findings and describes for the first time the
rather dramatic effects of hydration on the

conduction
path

FIG. 2. Schematic diagram showing relevant sites in
the 8"-alumina conduction layer. The BR and mO sites
are well-defined lattice positions while the 184 (2x, x,
z) is any position along the line that joins the BR and
mO positions. Likewise, the 2x, x, —z is any position
along the line that joins the BR and the OS5 positions.
Because the mobile ions are free to hop among these
sites, the lines connecting the adjacent BR sites are
known as the conduction pathways.
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electrical properties of Pb(II)-8"-alumina.
In fact, many of the unexplained observa-
tions presented in other work have their or-
igins in the curious hydration reactions of
this compound.

In a previous study, we reported that
thermal history affects the ionic conductiv-
ity of Pb(II)-8"-alumina crystals (12). Crys-
tals that had been cooled very slowly had
quite low ionic conductivities, while those
cooled rapidly had high conductivities. In
addition, slowly cooled samples of Pb(II)-
B’-alumina powder exhibited a two-step en-
dothermic transition when heated, while
rapidly cooled powders did not. These
results were interpreted as showing that a
phase transformation may occur in Pb(Il)-
B’-alumina during slow cooling, a transfor-
mation that is inhibited during quenching.
In the previous work, quite rigorous pre-
cautions were taken to maintain anhydrous
conditions. However, we have now found
that Pb(II)-B"-alumina is exceptionally hy-
groscopic, more so than ever expected, and
that what previously seemed an indication
of a structural phase transition is, in fact,
the result of hydration/dehydration.

We have also reported that Pb(I)-8"-alu-
mina undergoes a reversible coloring reac-
tion when heated in an atmosphere with a
low partial pressure of oxygen (/3). Sam-
ples color upon heating either in vacuum,
flowing purified argon, or hydrogen—nitro-
gen mixtures. An insulator-to-semiconduc-
tor transition often accompanies this color-
ation. This effect also occurs in Ag(I)-,
Sn(II)-, and Na(I)-Bi(III)-8"-alumina, and it
now appears that water plays a critical role
in bringing it about.

The suggestion that 8”-alumina is sensi-
tive to moisture is hardly unprecedented. It
has been known for some time that the
properties of various 8"-alumina isomorphs
are water sensitive. Thermal analysis has
shown that many of the monovalent 8"-alu-
minas, including the Na(l), Li(I), and Ag(l)
forms, react with water (I4). In addition,
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NMR (15) and IR (I6) spectroscopy have
been used to determine the arrangement of
the water molecules in the conduction
planes of these monovalent isomorphs.
Somewhat less has been known about the
hydration of the divalent isomorphs. Gar-
barczyk et al. (17) have proposed a simple
dipolar interaction model to predict the ten-
dency for various divalent 8"-aluminas to
hydrate, and a previous investigation from
our laboratory provided the first experi-
mental data on the reactivity of the divalent
B’-aluminas with water (I8). The present
paper is the first of two which describe the
hydration reactions of the divalent 8"-alu-
mina isomorphs in detail.

The present paper also has a second fo-
cus, that of ionic conductivity in mixed-
ion, Na(I)-Pb(II)-8"-alumina compositions.
Generally, the ionic conductivity of a
solid electrolyte containing a mixture of
two mobile ions is lower than that of
the same electrolyte in which either ion is
present alone. This phenomenon, known as
the ““mixed-ion effect,”” is quite common
and well-known with the 8- and g"-alumi-
nas (19, 20). Most previous studies of the
mixed-ion effect have examined mixed
monovalent cation systems. Mixed mono-
valent/divalent systems have an added de-
gree of complexity, since the vacancy con-
centration changes continuously as the
chemical composition is altered.

A previous study of conductivity in
mixed Na(I)-Cd(II)-B-alumina clearly dem-
onstrated that Na(I)-8-alumina conducts by
an interstitialcy mechanism (27). Mixed
monovalent/divalent conduction has also
been studied in the B"-aluminas, both ex-
perimentally (22) and theoretically (23).
The subject of the experimental study was
the Na(I)-Ca(ll) system. However, the data
from that study cover only a narrow range
of composition. The theoretical study em-
ployed a Monte Carlo simulation technique
and focused on the Na(I)-Ba(Il) system.
Unfortunately, little similarity was found
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between the experimental and the simu-
lated results. In this paper, we present
more complete experimental results on the
ionic conductivity of a mixed monovalent/
divalent B"-alumina, Na(I)-Pb(II)-8"-alu-
mina. The experimental results are dis-
cussed in relation to charge carrier
correlation effects in the B"-alumina sys-
tem, as originally discussed by Sato and Ki-
kuchi (24).

Experimental Procedures

Single crystals of Na(I)-8"-alumina were
grown by the flux evaporation method (25).
The crystals were then doped with 22Na, a
radioactive tracer used to determine the ex-
tent of subsequent ion exchange. Most ion
exchange reactions were carried out in mol-
ten PbCl, in air between 500 and 550°C. Ion
exchange was considered complete when a
sample showed the expected weight change
and no residual 2?Na could be detected. Par-
tially exchanged samples were prepared by
two methods. The first, in which a crystal
was briefly immersed in molten PbCl,,
yielded crystals with moderate concentra-
tions of Pb(Il). However, exchange occurs
so rapidly that an alternate method was
necessary to achieve very low levels of
Pb(I1). In this method, crystals were buried
in solid PbCl, and heated to 350°C, below
the melting point of the salt. Because ex-
change occurs more slowly at low tempera-
tures in the vapor phase, this method pro-
vided greater control over the exchange
process. The compositions of partially ex-
changed samples were determined from the
change in the 2Na activity. All of the par-
tially exchanged crystals were annealed in
air at 500°C for at least 8 hr to homogenize
the distribution of Pb(II) and Na(l) ions.

Some of the fully exchanged single crys-
tal samples were crushed with an alumina
mortar and pestle to prepare powders for
thermal gravimetry (TG) and differential
scanning calorimetry (DSC) measurements.
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The powders were sieved to select particles
between 40 and 150 pum in size. Samples
used for the TG/evolved gas (EG) analysis
measurements weighed 40 to 90 mg, and
DSC samples weighed 10 to 14 mg. All TG
experiments were made using a DuPont 951
TGA microbalance controlled by a Model
990 thermal analyzer. A V-G Micromass
PC mass spectrometer system equipped
with a silica capillary inlet attachment was
used to analyze the gases evolved from
samples in the TG cell. This mass spec-
trometer system continuously measured
the partial pressures of O,, H,O, CO,, N»,
and Ar over a sample during thermal de-
composition. Calorimetric measurements
were made using a DuPont DSC controlled
by a Model 990 thermal analyzer. Gases for
the TG experiments were flowed at the rate
of 150 cm?/min. “Wet”’ gases were ob-
tained by bubbling gas through distilled wa-
ter, and ‘‘dried’’ gases were obtained by
passing the gas over CaSQ,. All DSC mea-
surements were performed in nitrogen flow-
ing at 10 cm?/min.

Samples were hydrated in the following
way. First, a sample was heated in the TG
cell until the weight became constant at 500
to 550°C. This was considered the ‘“‘dry”’
weight. Next, it was cooled to room tem-
perature at 0.5°C/min in flowing wet gas.
Typical weight gains were 2% of the total
dry weight. Finally, a portion of the sample
was decomposed in the TG cell at 10°C/min
in a flowing inert atmosphere in order to
analyze the evolved gas. Other portions
were decomposed in the DSC cell at 10°C/
min in nitrogen to measure the enthalpy of
dehydration.

AC impedance spectroscopy was used to
measure the ionic conductivity of single
crystals of Pb(II)- and Na(I)-Pb(I1)-g"-alu-
mina. Single crystals were cut into rectan-
gular slabs with dimensions approximately
0.2 X 0.3 x 0.025 cm. Blocking gold elec-
trodes were sputtered onto two opposing
faces of each sample, perpendicular to the
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conduction layers. Silver paint was applied
on top of the gold to ensure good contact
with the platinum electrodes of the spring-
loaded conductivity cell. Pure, dried argon
was passed through the cell during the en-
tire measurement. Impedance data were
collected with an automated impedance
measurement system consisting of a
Hewlett—-Packard 4192A LF impedance
analyzer and a Micristar temperature con-
troller, both of which were controlled by a
Hewlett—Packard 9000 computer. At each
temperature, the impedance was measured
from 100 Hz to 13 MHz.

The conductivity experiments were car-
ried out under a variety of conditions. An-
hydrous measurements were made in a
closed quartz cell through which dry argon
was passed at less than 10 cm?/min. As the
result of the low partial pressure of water
vapor in the gas, the slow flow rate, and the
small surface to bulk ratio of the monocry-
stals, no detectable water was absorbed by
the single crystals during these measure-
ments. Crystals treated in this way are re-
ferred to as “‘anhydrous’ throughout this
paper. Other measurements were carried
out with a cell with one end open through
which dry argon was passed at approxi-
mately 150 cm’/min. Samples in the open
cell configuration were found to hydrate
slowly and are referred to as ‘‘partially hy-
drated’’ in this paper.

Conductivity measurements were made
during a variety of temperature/time pro-
files. The first involved partially hydrated
samples with significant but undetermined
concentrations of intercalated water. Sam-
ples were cooled in 20°C steps from 400° to
100°C and annealed at each temperature for
5 hr or until a constant value for the con-
ductivity was observed.

The second treatment involved measur-
ing the conductivity of samples at selected
temperatures following quenching from a
high temperature. Initially, a sample was
heated at 400°C for 2 hr. Repeated measure-
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ments showed the conductivity to be con-
stant at this temperature. After this high
temperature annealing step, the crystal was
quenched to room temperature by remov-
ing it from the furnace and placing it di-
rectly on a cool surface. Afterwards, it was
reheated to an intermediate temperature.
The conductivity was measured periodi-
cally at the intermediate temperature until a
constant value was observed. This entire
sequence, starting with the high tempera-
ture annealing, was then repeated with a
different intermediate annealing tempera-
ture for the last step.

Measurements were also made while
samples were cooled in a cell under anhy-
drous conditions, typically from 400°C to
room temperature in 25°C steps. Samples
were annealed for 10 min at each tempera-
ture prior to measurement. All measure-
ments of the mixed Na(I)-Pb(I) samples
were carried out using this temperature
profile and anhydrous conditions. Pure
Na(I)-8"-alumina as well as fully exchanged
Pb(II)-B"-alumina were also measured un-
der anhydrous conditions.

All of the ionic conductivity measure-
ments were obtained with clear, colorless,
crack-free crystals. However, some crys-
tals were deliberately colored by vacuum
heating in order to study their electronic
conductivity. In this process, crystals were
sealed in evacuated quartz ampoules and
heated above 600°C for several hours. The
ampoules were then quenched to room tem-
perature. Other samples were colored in
flowing, purified argon and in forming gas
(15% H,/85% N3;). Some samples were pre-
treated at high temperatures in O, to dry
them carefully and test the importance of
water to the coloring reaction. The conduc-
tivity data discussed in this paper were ob-
tained only from vacuum-heated samples.

Electronic conductivities were deter-
mined from impedance spectra obtained us-
ing either a Solartron 1250 or 1174 fre-
quency response analyzer controlled by a
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Hewlett—Packard Series 9000 computer.
Contacts to the crystals were made in the
same manner as for the ionic conductivity
measurements. Conductivity was measured
from 1 mHz to 65 kHz. Because ionically
blocking electrodes were used, no ionic
conductivity should have been possible at
low frequencies. Therefore, the constant,
low frequency, phaseless component of the
conductivity was taken to be the electronic
component. Although most crystals were
measured above room temperature, one
was measured from 77 to 300 K. The low
temperature measurement was carried out
in an Oxford Instruments liquid nitrogen
cryostat. Measurements above room tem-
perature were made in dried, purified ar-
gon.

Powder diffraction patterns were ob-
tained from finely ground samples using a
sealed tube (Cu,,) Rigaku powder diffrac-
tometer operating at 50 kV and 40 mA. Hy-
drated powders were prepared by slow
cooling in a wet gas. The anhydrous sample
was quenched from 500°C before pulveriz-
ing.
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Results

A thermogram for the hydration of
Pb(11)-B"-alumina is shown in Fig. 3. The
sample increased in weight by 1.9% be-
tween 350 and 150°C to produce a final
COI’IlpOSitiOIl of Pb(II)().s3Mg0,67A110,33017 .
(H,0)¢. 75, comparable to that observed with
many other samples. In each case, anhy-
drous Pb(II)-B"-alumina absorbs nearly one
H,O per Pb(II) cation. Figure 4 shows the
thermogram for the subsequent dehydra-
tion of the sample. A two-step weight loss
occurred between 200 and 400°C. The mass
spectrometer indicated two increases in the
partial pressure of water vapor over the
sample that were simultaneous with the two
weight losses. The partial pressures of the
other four gases monitored during the ex-
periment remained constant. From this we
have concluded that the increase in weight
during cooling in a wet gas and the weight
loss observed during heating in a dry gas
are the result of the intercalation and dein-
tercalation of water, respectively.

Figure 5 shows the DSC trace for the de-
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F1G. 3. Thermogram demonstrates that Pb(II)-3"-alumina hydrates when cooled slowly in a wet gas.
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F1G. 4. This thermogram shows the thermal decomposition of hydrated Pb(II)-8"-alumina. Two
weight loss steps are revealed in the decomposition.

hydration reaction of Pb(II)-8"-alumina
heated at 10°C/min in dry nitrogen. An en-
dothermic transition occurs simultaneously
with each weight loss and increase in water
vapor pressure. The average binding en-
ergy for the water is the lattice was found to
be 0.83 eV per water molecule. The binding
energy for the first peak is 0.79 eV, and that
of the second peak is 0.90 eV. As expected,
the binding energy of the water evolved at

higher temperature is larger than that
evolved at lower temperature.

An Arrhenius-type plot for the ionic con-
ductivity of Pb(I[)-8”-alumina is shown in
Fig. 6. The sample with the lowest conduc-
tivity had been slowly cooled in humid ar-
gon. It was annealed for at least 5 hr at each
temperature before the conductivity was
measured. A second data set was obtained
from the same crystal by making measure-

I 0.2 mcal/sec

Endo +— AQ—Exo

| | ! |

50 100 150 200 250

300 350 400 450 500

Temperature (°C)

F1G. 5. DSC trace of Pb(II)-g"-alumina shows that water is evolved in two steps during the dehydra-

tion.
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FiG. 6. Arrhenius plot for the ionic conductivity of
Pb(Il)-g"-alumina. O, Ionic conductivity of a crystal
rapidly cooled from 400°C before measurement. €,
Ionic conductivity of a crystal cooled in the anhy-
drous configuration. @, Ionic conductivity of the
crystal used for [, cooled very slowly in the hydrous
configuration.

ments at selected temperatures immedi-
ately following quenching from 400°C. A
third data set, which produced conductivity
values only slightly lower than the second,
was obtained from a crystal cooled under
anhydrous conditions. In a separate experi-
ment, a sample was first quenched from
400°C and then held isothermally at 160°C
in a cell in wet gas. The conductivity of the
sample as a function of time is shown in
Fig. 7. The observed decrease in conductiv-
ity can be reversed by reheating the sample
to 400°C.

Figure 8 shows the low temperature vari-
ation in the electronic conductivity of a
sample that had been vacuum annealed for
8 hr at 650°C in a quartz tube with an air
pressure of 8 um Hg. The conductivity in-
creases with increasing temperature, but
the Arrhenius-type plot is not linear. The
activation energy for conduction is very
small, but increases continuously with tem-
perature. The electronic component of the
conductivity of the colored samples varied
greatly from sample to sample, the upper
limit being approximately 5 x 1073 (Q-
cm)~!. However, the form of the tempera-
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ture dependence was similar from sample
to sample. Figure 9 is an Arrhenius-type
plot showing both the electronic and ionic
conductivities of Pb(II)-B8"-alumina above
room temperature. The electronic compo-
nent of the conductivity clearly is much
lower than the ionic conductivity and has a
lower activation energy.

Figure 10 shows the ionic conductivity as
a function of composition for several mixed
Na(I)-Pb(II)-8"-alumina samples at three
temperatures. The experimental composi-
tion versus conductivity curve is nonlinear
and changes in character somewhat at dif-
ferent temperatures. A rapid drop in con-
ductivity occurs when only a small amount
of Pb(Il) is added to the crystal, and the
conductivity passes through a minimum
around the composition at which 80% of the
Na(l) has been replaced by Pb(II).

Discussion

This section first discusses the results of
the thermal analysis experiments and then
their relationship with the ionic and elec-
tronic conductivity of Pb(II)-8"-alumina.
Finally, the implications of the variation of
the ionic conductivity with composition are
considered.
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Fi1G. 7. Ionic conductivity as a function of time for a
crystal of Pb(II)-8"-alumina rapidly cooled and then
annealed at 160°C in the hydrous configuration.
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F1G. 9. Comparison of the electronic and ionic conductivity of Pb(II)-8"-alumina.
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Fi1G. 10. Ionic conductivity as a function of composition for Na(I)-Pb(II)-8"-alumina at three differ-

ent temperatures. [, 350°C; €, 250°C; A, 150°C.
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Thermal Analysis

The thermal analysis experiments clearly
demonstrate that water reacts with Pb(ID)-
B’-alumina to form a hydrated compound
with a well-defined composition. Hydration
occurs by the intercalation of water into the
conduction planes. The result is an expan-
sion of the B"-alumina unit cell in the c-
direction, as shown by a refinement of peak
positions in the X-ray powder patterns of
hydrated and anhydrous Pb(I1I)-3"-alumina
which indicate c-axis dimensions of
34.05(0) A (hydrated) and 33.82(6) A (anhy-
drous). Because the addition of water in-
creases the scattering power of the conduc-
tion planes, the intensities of the (00 1)
peaks increase uniformly as the compound
hydrates. Similar water intercalation reac-
tions have been observed with other mono-
valent and divalent 8’-alumina isomorphs
(26).

The process of dehydration is quite inter-
esting because it occurs in two distinct
steps, which are apparent in both thermo-
gravimetric and calorimetric analyses.
Evolved gas analysis has verified that these
steps result from the loss of water. It should
be pointed out that, while the amount of
water evolved in the first step was always
greater than the second, the ratio between
the two was not the same in every TG ex-
periment. The calculated binding energy for
the water evolved in the low temperature
step is 0.79 eV, while that evolved from the
high temperature step is 0.90 eV. One pos-
sible explanation for this behavior is that
there are two separate conduction layer
sites or two separate binding mechanisms
with different stabilities with respect to de-
hydration. For example, it is possible that
the water evolved in the first step is due to
molecular water while that evolved in the
second step is due to water bound as (OH)~
groups.

The results of additional thermal analysis
experiments also show that Pb(Il)-3"-alu-
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mina is remarkably hygroscopic. A powder
of Pb(II)-B"-alumina heated at 150°C in air,
dried over CaSO, and P,Os and flowing at
150 cm3/min hydrates to the composition
Pby $sMgg 67Al10.33015(H20)0.20 within 16 hr.
As aresult, our preliminary suggestion (/2)
that the conductivity of Pb(1l)-3"-alumina is
strongly influenced by thermal history of
the material appears to be wrong. The con-
ductivity measurements in the previous
work were made under precisely the condi-
tions just described, and the samples were
mistakenly considered to be anhydrous. It
now is obvious that Pb(Il)-#"-alumina hy-
drates under these conditions, and also hy-
drates in air at room temperature. This was
shown by exposing an anhydrous powder
of Pb(II)-8"-alumina (40 to 150 um particle
size) to laboratory air at room temperature
for 7 days. At the end of this period, ther-
mogravimetric analysis found the composi-
tion to be Pbg g3Mgg ¢7AlL19.33017(H20)0.27.

Larger single crystals also hydrate,
though more slowly. A 74-mg single crystal
of Pb(II)-3"-alumina hydrated to a composi-
tion of Pbyg:Mgoe7Al10.33017(H20)0.27 upon
heating for 14 days at 150°C in wet oxygen.
In addition, thermogravimetric analysis on
this sample showed that it took 90 min to
dehydrate at 550°C. Because the surface to
bulk ratio is small in large single crystals, the
dehydration kinetics are rather slow. The
important conclusion from these experi-
ments is that crystals of Pb(II)-B8"-alumina
exposed to gases containing even very
small concentrations of water vapor hy-
drate readily and that water may remain in
the bulk of the crystal for over an hour even
in a sample heated to well above the dehy-
dration temperature.

Effect of Hydration on the
Ionic Conductivity

The conductivity of a single crystal of
Pb(11)-8"-alumina cooled slowly in an atmo-
sphere containing water vapor is much
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lower than one cooled rapidly or one cooled
in an anhydrous atmosphere. Furthermore,
the ionic conductivity of the a crystal that
has been rapidly quenched from 400°C to
room temperature in a humid atmosphere is
comparable to that observed for same crys-
tal cooled slowly in an anhydrous atmo-
sphere. The thermal analysis data clearly
show that Pb(II)-8"-alumina dehydrates at
400°C and that crystals rapidly cooled from
this temperature are at least temporarily an-
hydrous. The close agreement between the
data from quenched samples and from crys-
tals cooled under anhydrous conditions
demonstrates that it is possible to keep a
single crystal dry even during a slow cool-
ing cycle so long as the atmosphere is suffi-
ciently water-free. This provides confi-
dence that it is possible to determine the
true ionic conductivities of 8"-alumina crys-
tals containing Pb(II) without the interfer-
ence of intercalated water.

Previous reports attributed the decrease
in ionic conductivity observed for Pb(I1)-3"-
alumina after long annealing or during very
slow cooling to a slow process of ion/va-
cancy ordering. It now appears they were
incorrect. The effect can be rather simply
explained by a hydration reaction, albeit a
particularly enthusiastic reaction that oc-
curs under even nominally anhydrous con-
ditions. The occurrence of a slow ordering
process seemed quite reasonable previ-
ously, more so because investigations of
other B"-compositions had claimed to see
evidence of similar ordering processes
(27-29). Now it seems likely that
those results were also produced by hydra-
tion.

However, it is gratifying to note that the
original measurements of the conductivity
of Pb(Il)-B"-alumina (6), published 6 years
ago, have again been confirmed by the ex-
periments described in this paper. They for-
tuitously were made under conditions as
close to anhydrous as achieved in this
work.
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Electronic Conductivity in Colored
Pb(ID)-B"-Alumina

It has previously been reported that sin-
gle crystals of Pb(II)-g"-alumina, when
heated in argon or vacuum at 650°C, be-
come colored and undergo an insulator to
semiconductor transition. Since Pb(II)-g8"-
alumina is extremely hygroscopic, even at
room temperature, it was suggested that
water might play a role in this reaction. To
test this possibility, a single crystal of
Pb(1l)-B"-alumina was heated in flowing
dried oxygen at 650°C for 3.5 hr. Since ther-
mal analysis data indicate that the hydrated
form of the crystal is not stable under these
conditions, the sample was most certainly
anhydrous. Then the gas supply was
switched to argon that had been passed
over copper turnings at 485°C to remove
any residual oxygen. The crystal remained
colorless. It was then partially hydrated by
cooling slowly in humid oxygen from 300 to
100°C, and then reheated to 650°C in puri-
fied argon. This time the crystal colored.
This reaction could be easily repeated and
demonstrates that well-dried crystals do
not color in purified argon, though partially
hydrated crystals do. It was also observed
that all crystals, regardless of their pretreat-
ment, color at 650°C in a mixture of 15%
H,/85% N, (forming gas).

On the basis of these observations, we
propose that during dehydration, water dif-
fusing out of the bulk of a crystal of par-
tially hydrated Pb(1I)-8"-alumina reduces
Pb(II) ions at the crystal-vacuum interface.
The protons produced presumably bond to
structural oxygens forming hydroxyl-like
groups to maintain charge neutrality. The
reduced conduction layer cations absorb
light in the visible range and color the sam-
ple. Spectroscopic data are consistent with
the presence of Pb, centers (30). Similarly,
when samples are heated in forming gas,
gaseous hydrogen can reduce conduction
layer cations directly, so water is not essen-
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tial for the reaction to proceed. Coloration
during dehydration takes approximately the
same time as dehydration. It is important to
note that coloration reactions of this type
are quite common among transition metal
zeolites and occur by a mechanism similar
to that proposed here (31, 32).

An alternate explanation for the color-
ation reaction is that it results from oxygen
loss from the B”-alumina structure, presum-
ably oxygen ions in or nearby the conduc-
tion layers. If this were the case, the colora-
tion should occur when the partial pressure
of oxygen in the surrounding atmosphere is
sufficiently low, regardless of whether or
not water is present. The partial pressure of
oxygen in the experiment above was fixed
and the crystal colored only when partially
hydrated, which indicates that water-split-
ting is the key to the reaction, not structural
oxygen loss.

It is clear that Pb(II)-8"-alumina can de-
velop considerable electronic conductivity
under the right (arguably the wrong) condi-
tions and easily become, in ionic terms, a
“leaky”’ electrolyte. It is also clear that
seemingly well-intentioned methods of pro-
ducing Pb(II)-B’-alumina in a standard
state, such as heating at high temperature
to remove water, are almost as likely to in-
troduce an entirely new population of elec-
tronic and ionic defects as to yield well-
standardized samples.

Ionic Conductivity in
Na(I)-Pb(II)-B"-Alumina

The effects of order/disorder transforma-
tions and ion-vacancy correlations on the
conductivity of various B"-alumina iso-
morphs have been discussed by a number
of authors (24, 33, 34). As the degree of
ion-vacancy order increases, the movement
of the diffusing cations is more and more
correlated. Simply stated, increased order
in the conduction plane of B"-alumina in-
creases the probability that a vacancy will
be surrounded by ions rather than other va-
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cancies. If one of the ions jumps into the
vacancy, its more probable next jump will
be right back where it came from, the va-
cancy it left behind. Thus, two jumps will
have taken place without any net ion trans-
port having occurred. The so-called ‘‘corre-
lation factor’ is a measure of the relative
efficiency with which jumps produce net
ion diffusion. As the degree of order on the
mobile ion sublattice increases, the ten-
dency to form ordered configurations and
the correlation factor increase, and the
ionic conductivity can be expected to de-
crease.

A Monte Carlo computer simulation
technique has already been used to study
the effect of vacancy concentration on the
charge carrier correlation factor and the
ionic conductivity in the 8”-alumina system
(35). What is particularly intriguing is that
the mixed Na(I)-Pb(II)-8"-alumina system
can be used to study the effect experimen-
tally. To make this comparison of model
and experiment, we have had to make cer-
tain assumptions about the structure of
mixed Na(I)-Pb(II)-8"-alumina, specifically
that only the BR and the nearby 2x, x, =z
sites are available for occupation by Na(l)
and Pb(Il) cations. Some structural studies
support the assumption (36, 8), while
others have found that there is also partial
mO occupation (37). Because of the prox-
imity of the BR sites and the 2x x, =z sites
which surround them, simultaneous occu-
pation of adjacent sites is not possible. To-
gether, these sites form a group. Since only
one site of each group can be occupied at
one time, they are simply referred to here
as a BR site. In Na(I)-8"-alumina, the con-
centration of vacant BR sites is 17%, while
in pure Pb(II)-B"-alumina, the vacancy con-
centration is 58%. The vacancy concentra-
tion can be experimentally adjusted to any
intermediate value by preparing a sample
with the appropriate Na(I)/Pb(Il) ratio.

As Pb(Il) is added to Na(I)-8"-alumina, at
least four characteristics of the material are
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affected. First, the dimension of the unit
cell increases in the c-direction as the con-
centration of Pb(II) increases. The precise
variation of the size of the c-axis with com-
position has not been determined. Even if it
were known, its effect on the local struc-
ture of the conduction layer and the activa-
tion energies for hopping of the individual
ions is not known. The second factor is an
increase in the vacancy concentration. One
new vacancy is created for each Pb(II) cat-
ion added to crystal. An increase in the va-
cancy concentration, in the absence of
other factors, should increase the ionic con-
ductivity. Third, the average mobility of the
charge carriers decreases, since Pb(II) cat-
ions of lower mobility are replacing Na(I)
cations with higher mobility. This effect
should decrease the ionic conductivity. The
assumption of the lower mobility of the di-
valent cation is justified by the lower con-
ductivity of the fully exchanged material.
Lastly, the charge carrier correlation factor
changes. Increased charge carrier correla-
tion decreases ionic conductivity. This ef-
fect is not expected to be a linear function
of composition.

The experimental results demonstrate
that the gradual substitution of Pb(II) for
Na(I) lowers the conductivity of Na(I)-8"-
alumina. The overall decrease in conductiv-
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ity across the composition range is most
reasonably the result of the increased popu-
lation of lower mobility Pb(II) ions. If all
the ions acted independently and formed an
ideal solid solution in the conduction layer,
a linear decrease across the composition
range would be expected. However, the
overall decrease in conductivity observed
experimentally is not linear. The most
likely explanation for the nonlinear behav-
ior is the variation of the charge carrier cor-
relation factor with composition. Monte
Carlo studies by Pechenik ez al. (35) of the
charge carrier correlation factor for equiva-
lent ions on a planar honeycomb lattice
support this suggestion. The results they
calculated for the composition range ex-
plored in our study are shown in Fig. 11.
The simulated values were calculated at a
relative temperature defined in the original
reference. It is therefore somewhat compli-
cated to compare their results to measure-
ments made at an absolute temperature.
However, our experimental data follow the
predicted characteristic shape over the
temperature range investigated, and the
qualitative comparison between the two
curves is quite good.

The most striking similarity between the
calculated charge correlation factor and the
observed conductivity data is the minimum
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that occurs at approximately 80% Pb(II) ex-
change. ‘This composition is the point at
which 50% of the BR sites are occupied.
Coulombic repulsions would favor the for-
mation of ion-vacancy pairs at this compo-
sition. This would naturally lead to in-
creased correlation and  decreased
conductivity. Another similarity is the gen-
tle downward slope in the region between
10 and 45% Pb(1I) exchange. In this region,
the conductivity is only weakly affected by
composition. One difference between the
simulation and experiment is the rapid ini-
tial decrease in the actual conductivity at
very low Pb(II) concentrations. This drop is
not observed in the calculated charge corre-
lation factor. One may speculate that Pb(II)
ions surround themselves with vacancies in
this compositional region and effectively
lower the number of vacancies available to
the more mobile Na(I) ions. This may cause
a decrease in the conductivity. It is also
possible that the mobility of the Pb(Il) cat-
ions at low Pb(II) concentrations is limited
by the dimensions of the lattice, which in
this compositional region are presumably
closer to those of the pure Na(I) material
than the fully exchanged Pb(II) material.

Our results support the conclusion that
the two most important factors which de-
termine the compositional dependence of
the ionic conductivity in mixed Na(l)-
Pb(II)-B"-alumina are the lower mobility of
the divalent ions and the correlated charge
carrier motion that results from short range
order between the cations and vacancies.
Although without a doubt other factors play
a role, it appears that the two mentioned
here are of principal importance. It should
also be pointed out that the results of a re-
cent and more detailed experimental study
of ionic conductivity in the Na(I)-Ba(II)-8"-
alumina system by C. A. Lane et al. agree
qualitatively with our results (38).

We should also mention that our data
bear no similarity to the results of a theoret-
ical study of the Na(I)-Ba(II)-8” alumina
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system or an experimental study of the
Na()-Ca(Il)-B"-alumina system reported in
two other papers (22, 23). In one, the con-
ductivities of Na()-Ba(II) compositions at
200°C were modeled using Monte Carlo
techniques. This model predicted that the
conductivities of Na(l)-rich compositions
(<20% Ba(Il) exchanged) would be higher
than the conductivity of pure Na(I)-8"-alu-
mina. After reaching a conductivity maxi-
mum at 20% Ba(II) exchange, the conduc-
tivities of the mixed compositions were
predicted to decrease as more Na(l) is ex-
changed for Ba(Il), until a conductivity
minimum is reached at 1009% Ba(l) ex-
change (23). These predictions bear no re-
semblance to our observations. The second
paper reported results of an experimental
study of the Na()-Ca(ll)-8"-alumina sys-
tem showing that the conductivity at 300°C
drops by two orders of magnitude between
0 and 10% replacement of Na(I) by Ca(II)
(22). However, no data were reported past
30% sodium replacement. Although we ob-
served an initial drop in the ionic conduc-
tivity of the Na(I)-Pb(II) system, it was by
only a factor of about two at the same tem-
perature. However, the composition of the
Na(I)-8"-alumina crystals used as the start-
ing material in the previous study was dif-
ferent from ours, and the Na(I) ions were
exchanged with Ca(lIl), which is known to
be much less mobile in B"-alumina than
Pb(II). In addition, the Ca(Il) ions in the
Na(I)-Ca(Il) material were not uniformly
distributed throughout the crystal (23).

Conclusions

The electrical properties of Pb(II)-8"-alu-
mina are dramatically affected by the inter-
calation of water. Thermal analysis data in-
dicate that there are two different sites or
binding mechanisms for water in the con-
duction layer. Because the material is ex-
tremely hygroscopic, it is difficult to keep it
from at least partially hydrating, particu-
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larly at temperatures between 100 and
250°C.

Hydration decreases the normally high
ionic conductivity of Pb(Il)-g"-alumina. It
appears that previous reports attributing
the decrease in ionic conductivity observed
for Pb(II)-B"-alumina after long annealing
or during very slow cooling to a slow pro-
cess of ion/vacancy ordering were incor-
rect. The effect can be rather simply ex-
plained by hydration as can reports that
other B"-compositions exhibit ion/vacancy
ordering upon slow cooling (27-29).

Vacuum dehydration of Pb(II)-8"-alu-
mina results in a coloration reaction and an
insulator to semiconductor transition. The
electronic conductivity produced is at least
one order of magnitude lower than the ionic
conductivity at room temperature.

The work discussed in this paper has also
shown that the composition dependence of
the conductivity of mixed Na(I)-Pb(II)-8"-
alumina is governed by the lower mobility
of the Pb(II) ions and by the charge carrier
correlations of the mobile cations. These
results support the findings of previous
Monte Carlo simulations of the variation of
the correlation factor in B"-alumina with
ion/vacancy population in the conduction
planes.
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