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To investigate the anisotropy of Ca?* conduction, the b-axis-aligned CaAl,O; (space group C2/c) polycrystal was
prepared by colloidal processing under high magnetic field of 12 T followed by sintering at 1773 K for 2 h. The
textured polycrystal was characterized by X-ray diffractometry and impedance spectroscopy with respect to the
grain alignment direction, which was parallel to the applied magnetic field. The texture fraction of {0k0},
expressed as the Lotgering factor fy,9, was 0.63. The (101) directions of individual crystal grains were randomly
distributed around the grain-alignment direction of the polycrystal. The conductivities perpendicular (0,) and
parallel (o)) to the grain alignment direction were compared with the conductivity (0yandom) 0f random grain
oriented polycrystal between 773 and 1073 K. The o, ranging from 3.09 x 10~ to 1.80 x 10~5S em™~!, showed
the highest value at each temperature, followed by 0,apdom and o) in that order. The results have confirmed for
the first time the anisotropy of Ca’** conduction and strongly supported the preferential conduction in the (101)
direction predicted in the literature by the bond valence method.
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1. Introduction

Solid electrolytes with fast conduction of multivalent
cations are expected to be used in high performance elec-
trochemical devices such as high capacity rechargeable
batteries due to their ability to achieve high density charge
transfer.)™> The solid electrolytes are broadly divided into
solid polymer electrolytes and inorganic (ceramic) electro-
lytes. Since polymer electrolytes have relatively low oper-
ating temperatures, their application in rechargeable bat-
teries operating at room temperature has been actively
investigated.®»” For ceramic electrolytes, one of the condi-
tions limiting their practical application is their relatively
high operating temperatures. They could therefore be used
as high-performance energy storage batteries to replace
sodium-sulfur batteries in practical use,® which currently
operate at 573 K. However, it is generally very difficult for
multivalent cations in inorganic crystals to conduct rapidly
through the crystal structures due to strong electrostatic
interactions with neighboring anions. In view of this situa-
tion, Fukuda et al. speculated that in crystals with rigid
framework structures and strong structural anisotropy,
multivalent cations may conduct relatively easily in spe-
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cific crystallographic one-dimensional directions.” Using
the bond valence (BV) method,'?'® they explored candi-
date materials based on this hypothesis and found that
compounds of the grossite (CaAl4O7, space group C2/c)
type may exhibit relatively high Ca?* conductivity in the
(101) one-dimensional direction.” The Ca®* conductivity
of the random grain oriented CaAl;O; polycrystal was
superior to that of the NASICON-type CaZr4(POy)s poly-
crystal, in which Ca?* conducts three-dimensionally in the
crystal structure.” The transference number of Ca>* con-
duction in CaAl,0; was close to 1 at 0.973, indicating
almost no electronic or oxide-ion conductivity.”) Since
calcium is abundant on earth (Clarke number 3.39 %) and
has a standard electrode potential value (Ca’>*/Ca —2.87 V)
comparable to that of Li (Li*/Li —3.05 V), fast Ca’* con-
ductors have attracted attention as promising electrolytes
for calcium ion-based batteries.!

The crystal grains of ceramics produced by conven-
tional methods tend to have a random orientation. There-
fore, even if each individual grain has anisotropic physical
and/or mechanical properties, these are cancelled out as a
whole and the sintered body exhibits isotropic properties.
On the other hand, if the individual grains can be aligned
in a particular crystallographic orientation, a significant
improvement in properties can be achieved. Conversely, if
the intrinsic properties of polycrystals become apparent
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when the constituent grains are aligned in one direction,
this is evidence that they have anisotropic properties.
Various methods such as templated grain growth,'®"!”) hot
forging,'® and reactive diffusion'” have been used to
orient the constituent crystal grains in ceramics. Recently,
it has been reported that single crystal particles of feeble-
magnetic materials with very low magnetic susceptibility,
such as diamagnetic and paramagnetic materials, can rotate
in a strong magnetic field generated by superconducting
magnets due to the magnetic torque caused by the mag-
netic anisotropy of the crystal.??2? Taking advantage of
this phenomenon, Suzuki et al. have successfully pro-
duced textured feeble magnetic ceramics by colloidal proc-
essing under a strong magnetic field followed by sinter-
ing.2D2? In general, this method has the advantage that the
orientation direction of the particles relative to the sample
geometry can be controlled by the direction of the static
magnetic field.

In this study, the Ca’>* conduction anisotropy of CaAl,O
has been experimentally demonstrated for the first time
for the b-axis-aligned polycrystal, where the direction of
grain alignment was perpendicular to the (101) conduction
direction predicted by the BV method. If the polycrystals
with highly oriented grains in the (101) direction can be
produced, a further improvement in conductivity would be
expected.

2. Experimental

2.1 Materials

A well-mixed powder with a [Ca:Al] molar ratio of [1:4]
was prepared from the reagent grade chemicals CaCOj3
(99.5 %, Kishida Kasei, Osaka, Japan) and Al,0O3 (99.0 %,
Kishida Kasei, Japan). It was heated at 1673 K for 5h and
then quenched in air. The heating process was repeated
twice with intermediate grinding. The reaction product
was a lightly sintered polycrystalline material consisting of
CaAl40;. The polycrystal was ground in a planetary ball
mill (200 rpm, 6h) to obtain the fine powder, which was
dispersed by mutual electrostatic repulsion in distilled
water with an appropriate amount of polymeric dispersant.
A magnetic field of 12 T was statically applied to the well
dispersed suspension during slip casting in the field di-
rection parallel to the casting direction. As it is difficult
to rotate diamagnetic particles even in a strong magnetic
field, the colloidal processing was used to facilitate the
rotation of the particles. Details of the high magnetic field
apparatus and the preparation procedure of the suspension
are described in the literature.?!) The crystal particles of
CaAl,O; were indeed oriented, suggesting that CaAl;O7 is
not non-magnetic but, like Al,Os;, diamagnetic.?? The
resulting green body was then heated at 1773 K for 2h in
the absence of the magnetic field to prepare the cylindrical
sintered polycrystal (¢11.7mm and 3.7mm thick), with
the table plane perpendicular to the direction of the applied
magnetic field [Fig. S1(a)].

2.2 X-ray diffractometry and thermal etching

The resulting sintered polycrystal was cut perpendicular
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to the table plane using a diamond saw to make two pieces
[Fig. S1(b)]. The CuKc; beam was incident on the table
plane as well as the cross-sectional surface to obtain the
X-ray diffraction (XRD) patterns in the Bragg-Brentano
geometry using a diffractometer (X’Pert PRO Alpha-1,
PANalytical B.V., Almelo, The Netherlands). The inte-
grated reflection intensities were extracted by the Le Bail
method®® using a computer program RIETAN-FP.2% This
program was used to generate simulated XRD patterns of
polycrystals with random grain orientation and a highly
oriented b-axis, based on the structural parameters of
CaAl,O; as determined by Goodwin and Lindop.? The
Lotgering factor (fy),”® corresponding to the texture
fraction of the {0k0} planes, was determined from the Akl
reflection intensities of the textured polycrystal and those
simulated for the randomly grain oriented one.

The cross-sectional surface of one of the cut samples
was polished with diamond paste and thermally etched
by heating at 1473 K for 0.5h followed by cooling in air.
The thermally etched microtexture was observed using a
reflected light microscope.

2.3 Impedance spectroscopy

The remaining cut sample was divided into two pieces
using the diamond saw. One piece was mechanically pol-
ished perpendicular to the original table plane using SiC
abrasive paper to prepare the thin plate electrolyte with a
thickness (L) of 0.241 cm and a surface area (S) of 0.302
cm?, giving a shape factor (L/S) of 7.98 x 10~ cm~!. The
resulting electrolyte was designated 1. The other piece was
polished parallel to the original table plane to make the
thin plate electrolyte (designated 2) with L/S=5.29 x
10~'em™ (L =0.110cm and S = 0.208 cm?). Plate elec-
trodes were prepared by applying platinum paste to both
sides of electrolytes 1 and 2, and then heating at 1273 K to
decompose the paste and harden the platinum residue. The
platinum electrodes fabricated with the present platinum
paste were the same as those used in a previous study,”
which did not react with the CaAl;O; electrolyte at
1073 K. Complex impedance data were collected using an
impedance analyzer (IM3570, HIOKI E. E. Co., Nagano,
Japan) at temperatures from 773 to 1073 K over the fre-
quency range of 4 to 5 MHz in air. The impedance spectra
were analyzed by a distribution of relaxation times (DRT)
analysis method using Z-ASSIST software,?” followed by
a non-linear least squares fitting method using ZView
software.”® In the adopted equivalent circuit, the elements
corresponding to bulk and grain boundary (gb) are con-
nected in series as (RyuQoulk)(RepOgb), Where R is the
resistance in parallel with the constant phase element Q. In
general, the geometric capacitance (C) values and their
possible interpretations are 107'>~10""" Fem™" for Cpun,
and 107"-10*Fem™' for Cg.*”3" The anisotropy of
Ca’* conduction in the polycrystal with respect to the
direction of grain alignment was explained by the differ-
ence in conductivity between electrolyte 1 and electrolyte
2, taking also into account the conductivity of random
grain oriented polycrystal in the literature.”
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2.4 Bond valence energy landscape method

The potential conductivity of Ca*>" in the crystal struc-
ture of CaAl,O; was investigated by the bond valence
energy landscape (BVEL) method,?»*3) which links the
BV method to the absolute energy scale and allows the
activation energy of conduction to be estimated. The con-
duction paths of ions are generally consistent with the
spatial distributions of relatively low BV energies. The BV
energy of Ca’>" was calculated with a resolution of 0.01
nm/voxel using a computer program PyAbstantia.’¥ The
energy isosurfaces were superimposed on the structural
model, and both were drawn using VESTA software.>>

3. Results and discussion
3.1 Orientation degree of polycrystal

The thermal etching process effectively produced
grooves along the grain boundaries, allowing for easy
observation of the external shape of each crystal grain with
the optical microscope (Fig. 1). The crystal grains of all
sizes were randomly distributed, and there was no posi-
tional bias in the size of the particles, with a maximum
grain diameter of approximately 16.5 wm. Therefore, there
was no definite correlation between the grain assembly
structure and the direction of the magnetic field applied.

The XRD pattern taken from the table plane of the
cylindrical sintered polycrystal showed a significant in-
crease in 0k0 (k= 2, 4, and 6) reflections [Fig. 2(a)]. The
foro value of 0.63 indicates that, during the slip casting of
the dispersed particle suspension, the b-axis of each crystal
grain tended to align along the statically applied magnetic
field parallel to the direction of particle settling. The result-
ing sintered polycrystal was found to be the polycrystalline
material with the majority of the constituent crystal grains
oriented almost in the b-axis direction. On the other hand,
the XRD pattern obtained from the cross-sectional surface
of the sintered polycrystal showed that the 0k0 reflection
had completely disappeared [Fig. 2(b)]. This is consistent
with the simulated XRD pattern of the polycrystal with a
highly oriented b-axis (Fig. S2). It is worth noting that the
a- and c-axes are randomly oriented around the oriented b-
axis for these XRD patterns.

These results confirmed that the ¢- and a-directions of
individual crystal grains were randomly distributed around

f Ro eml ‘
Fig. 1. Thermally etched microtexture produced on the surface

parallel to the applied magnetic field as indicated by the white
arrow. Reflected light micrograph.

the grain alignment direction, which is parallel to the
direction of applied magnetic field. It should be noted that
the (101) direction lies in the plane formed by the c- and a-
axes and intersects the b axis perpendicularly. As a result,
we confirmed that the b-axes of the individual crystal
grains in the sintered polycrystal were highly oriented
perpendicular to the table plane, while the (101) directions
of the grains were randomly distributed around the grain
alignment direction.

3.2 Anisotropy of Ca?* conduction in

CaAI4O7

The Nyquist plot for electrolyte 1 at 773 K showed an
incomplete semicircle of bulk contribution, while all other
plots for both electrolytes 1 and 2 showed two semicircles
with bulk at high frequencies and gb at low frequencies
(Figs. S3 and S4). The fitting results and the deconvolu-
tion of the two contributions were displayed as blue solid
curves and red dashed semicircles, respectively. These
two semicircles were well identified as the bulk and gb
contributions, since the values of Cypu/Fem™! and Capv/
Fem™! were in good agreement with those determined for
ceramic materials.>”" They were 4.31 x 107! (873 K)—
5.51 x 1072 (1073 K) for Cpu/Fem™" and 4.34 x 107!
(1073K)-7.78 x 107! (873 K) for Cg/Fem™! with elec-
trolyte 1, and 4.10 x 107'2 (873 K)-2.75 x 107! (773K)
for Cpyi/F cm~!and 7.56 x 107! (1073 K)-3.77 x 10710
(873 K) for Cg/F cm™! with electrolyte 2. The bulk con-
ductivity (o) was determined by 1/Rpux X L/S.

As the plate electrodes of electrolyte 1 were parallel to
the direction of grain alignment, the conductivity deter-
mined (o) was in the direction perpendicular to it. The
value of 0, increased steadily from 3.09 x 1077 to 1.80 x
1073Scm™! with increasing temperature from 773 to
1073 K (Fig. 3). The activation energy of conduction (E,)
was 1.060(15)eV. On the other hand, since the plate elec-
trodes of electrolyte 2 were perpendicular to the direction
of grain alignment, the obtained conductivity (o) was in
the direction parallel to it. The o value also showed the
steady increase with increasing temperature from 1.49 x
1078 to 1.99 x 107°Scm™" over the same temperature
range, and the E, value was 1.22(2) eV (Fig. 3). The ionic
conductivity of the random grain oriented polycrystal
(Orandom) showed the intermediate value, together with the
intermediate activation energy of 1.14(2)eV.” When com-
pared at the same temperatures, the o, value was 9.1
(1073K) to 20.8 (773 K) times larger than the o} value.
However, when comparing the 0, and Opdom values, the
former was only 1.6 (1073 K) to 2.3 (773 K) times larger
than the latter, and the difference was not as pronounced. A
significant difference was observed between the o} and
Orandom Values, the latter being 5.6 (1073 K) to 9.2 (773 K)
times larger than the former. The direction of Ca’* con-
duction was predicted by the BV method to be parallel to
(101),” which intersects perpendicular to the b-axis direc-
tion in the crystal structure. Accordingly, the conductivity
of the b-axis-aligned polycrystal is expected to be relatively
high for o, and low for oy, and this was indeed the case.
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Fig. 2. Fitting results of the observed X-ray diffraction patterns (red symbol: +) of the sintered polycrystal. The
irradiated surface areas are perpendicular to the grain alignment direction in (a) and parallel to it in (b). In each
diagram, the calculated pattern and the positions of the possible Bragg reflections are indicated by the upper solid
line and the lower vertical bars, respectively, and the difference curve is displayed in the lower part of the
diagram. Inset in (a): Simulated X-ray diffraction pattern of the random grain oriented CaAl;O; polycrystal.

The reason for the larger value of o, than that of G,an40m 1S
due to the larger fraction of (101) aligned crystal grains in
the direction in which the ionic conductivity was measured.

Since the semicircles of grain boundary were clearly
recognizable in the Nyquist plots at temperatures between
873 and 1073K for electrolyte 1 (Fig. S3), the grain
boundary conductivity was plotted together with the total
conductivity in Fig. S5 with an activation energy of 0.70(3)
eV for the former conduction. As the grain boundary vol-
ume fraction and grain size distribution of polycrystals are
expected to influence the grain boundary conductivity,
clarification of this relationship is an important subject
when considering the practical application of the elec-
trolyte, as it may contribute to improving the overall
conductivity.

If the direction of Ca®t conduction were restricted to
the (101) one-dimensional direction, the perfectly b-axis-
aligned CaAl;O7 polycrystal with foz0 = 1 should show no
conduction at all in the grain alignment direction. In fact,
the conduction was observed in the grain-alignment direc-
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tion of the textured polycrystal obtained and the o, value
was determined by the complex impedance method. There
are two possible reasons for this. First, the conduction
paths in the CaAl;O; crystal exist not only in the (101)
direction but also in other directions. Second, although the
degree of orientation ( foz0) of the grain-aligned polycrystal
was as high as 0.63, it was not completely b-axis oriented.
Thus, within the grain-aligned polycrystal, there would be
locations where (101) conduction paths are connected
between adjacent grains, forming conduction paths in the
direction of grain alignment. We used the BVEL method to
verify the first possibility and found new conduction paths
along the (001) direction (Fig. S6). The E, values were
derived from the spatial distribution of the BV energy to
be 1.59¢V in the (101) direction and 4.36 eV in the (001)
direction. It is well known that theoretical E, values de-
rived from the BVEL method tend to be higher than
experimental values, partly because they do not take into
account the effects of lattice relaxation associated with ion
conduction.>® Assuming that the E, value of the former
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Fig. 3. Anisotropy of Ca’* conduction in b-axis-aligned
CaAl;07 polycrystals. Conductivity o, perpendicular to the
direction of grain alignment and conductivity oy parallel to it.
Conductivity Oyangem for random grain oriented polycrystal.”)

was the same as that of o, (= 1.06 V), the latter corrected
by the scaling factor of 0.667 (= 1.06/1.59) is 2.91eV.
Thus, the E, value of Ca’>* conduction in the (001) direc-
tion would be approximately 2.7 times larger than that in
the (101) direction. Whether or not conduction in the (001)
direction actually occurs would be verified by, for exam-
ple, molecular dynamics simulation methods and/or ex-
perimental measurements of anisotropic conduction for the
single crystals. Since the conduction paths in the (101) and
(001) directions are both perpendicular to the b-axis, they
do not contribute to the conduction in the b-axis direction.
It is therefore possible that the second reason is the cause.

The possibility of Ca?* conduction in CaAl;0; was first
demonstrated by the BV method, and subsequently con-
firmed experimentally for the random grain oriented poly-
crystal.” However, it was unclear whether the predicted
conduction in the (101) direction actually occurs in the
crystal structure. In this study, the anisotropy of Ca** con-
duction has been experimentally confirmed for the first
time, strongly supporting that the conduction direction is
mainly along (101). If polycrystals with a higher degree
of orientation, preferably in the (101) direction, could be
obtained, the Ca>* conductivity would be expected to be
higher than that of the present polycrystal.

The elucidation of the Ca’** conduction mechanism
would provide another guideline for conductivity enhance-
ment. Whether there are defects in the Ca sites in the crys-
tal structure of CaAlsO- and, if so, how their concentra-
tions affect the Ca’* conductivity are important issues
closely related to the Ca®* conduction mechanism. The
stoichiometric composition of the sample must be accu-
rately determined and its relationship to Ca>* conductivity
clarified.

4. Conclusion

The polycrystalline CaAl,O; (space group C2/c) was
prepared by colloidal processing under the high magnetic
field of 12 T followed by heating at 1773 K for 2 h. During
the former process of slip casting the dispersed particle
suspension, the b-axis of each crystal grain tended to align
along the statically applied magnetic field parallel to the
direction of particle settling. Thus, after sintering in the
absence of the magnetic field, the resulting polycrystal
exhibited a high b-axis orientation with the Lotgering
factor foro of 0.63, and the (101) directions of individual
crystal grains were randomly distributed around the grain
alignment direction. The conductivities perpendicular (o)
and parallel (o) to this direction were compared between
773 and 1073 K, together with the conductivity (Gpndom) of
random grain oriented polycrystal. The value of o, in-
creased steadily from 3.09 x 1077 to 1.80 x 107> Scm™
with increasing temperature. When compared at the same
temperature, 0, had the highest value, followed by Grangom
and then oy in that order. In this study, the anisotropy of
Ca?* conduction in CaAl,0; was confirmed for the first
time, and the results obtained were consistent with pref-
erential conduction in the (101) direction as predicted by
the BV method. If the polycrystals with highly oriented
grains in the (101) direction can be produced, a further
improvement in conductivity would be expected.

Appendix A. Supporting information Supplementary
data associated with this article can be found in the on line
version.
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