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The solid solutions of the Al;(WO,)s—Sc(WO4)3—Lux(WO,)s series which hold the Sc,(WO,)s-
type structure were prepared and their ionic conducting characteristics were investigated.
The maximum electrical conductivity was obtained for the solid solution of (Al,(WOQO4)3)o1—
((ScosLups)2(WO4)3)09. By the measurements of the electrical conductivity dependencies on
oxygen pressure and the polarization analyses, the mobile species in the solid solution was
found to be only ionic and also oxide anion was eliminated from the candidates of the
conducting ion species. Among the cation species in the solid solution, the mobile ion was
demonstrated to be only AI®* ion and the rest of the cations such as Sc®*, Lu®*, and W¢"
functioned as lattice-forming ions with oxide anion from the electrolysis experiments. Here,
the highest AI**" ion conduction was obtained in the Sc,(WQO,)s-type structure and the optimal
lattice size for the AI3T ion migration in the Sc,(WO,)s-type structure was identified.

Introduction

Mono- or divalent ionic motions in solid electrolytes
are commonly known, and some of the solid electrolytes
have already been applied practically in various fields
such as industrial and biomedical areas.! In contrast,
the idea that trivalent ions which possess a stronger
interaction with the framework constituent like oxygen,
are very poor migrant ions in solids has been generally
accepted. Only a few papers have reported some prob-
abilities of the trivalent cation conduction, e.g., Ln3"—
B''-alumina?=® and B-LaNbO3,° LaAl;;08,2 and
LaAl;;05N.1* However, any direct and clear demon-
stration of the trivalent ion conduction in the solids has
not been examined at all.

In these years, the trivalent ion conduction such as
aluminum?2 and rare earth ions314 has been directly
and explicitly demonstrated. The suitable structure for
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the trivalent ion conduction is the Scy(WO,)s-type
structure!®16 which holds a relatively larger ion migrat-
ing void to make the trivalent ion motion smoothly. In
addition to this, one of the constituent elements, tung-
sten, makes a great contribution in obtaining the
appropriate surroundings for the trivalent ions to
conduct in the solid, since the W ion in the Scy(WO4)3-
type structure exists in a hexavalent state and is
strongly fixed to the constituent of divalent oxide anions.
As a result of it, the trivalent ions in the Scy(WOQ,)s-
type structure are left in such a circumstance to readily
migrate in the tungstates. Alx(WO4)s which is one of
the tungstates to hold the Sc,(WQO,)s-type structure was
quantitatively demonstrated to be an AI3* ionic conduc-
tor with the ionic transference number of unity.'?
However, the AI3* ionic conductivity of pure Al,(WQOy)s
with the Scy(WO,)s-type structure is still low and the
conductivity at 600 °C is 3 orders of magnitude lower
compared with the representative oxide ionic conductors
such as stabilized zirconias.l” The Scy(WQOy)s-type
structure is a quasi-two-dimensional structure and the
distance between layers can be changed by doping the
trivalent ions with various ionic radius. We have
already prepared the Scy(WO4)3—Lux(WO,)3!® and the
SCZ(WO4)3—Gdz(WO4)31g solid solutions with the Sco-
(WOy)s-type structure and clarified that the solid solu-
tions are definitely the single phase and the lattice
volume linearly depends on the average ionic size of the
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trivalent ions in the individual solid solution series. In
addition, the trivalent ion conduction in the above-
mentioned two solid solutions are able to enhance the
Sc3t ionic conductivity approximately two and three
times higher than that of pure Sc,(WO,)s, respectively.
In the above two solutions, the larger Lu®* (0.1001 nm)?°
or Gd3* (0.1078 nm)2° ions compared with Sc3* (0.0885
nm)2° function to expand the Scy(WO,)s lattice size and
resulted in the trivalent Sc3* ion conductivity enhance-
ment. By changing intentionally the ionic radius of the
trivalent ions between the layers, an optimum crystal
lattice for the mobile trivalent ion migration is achieved.
Here, for the purpose of constructing the most suitable
lattice for trivalent aluminum ion migration in the
Sca(WO,)s-type structure, larger ions compared with
aluminum (0.0675 nm)2° such as scandium ion and one
of the lanthanide ions, lutetium ion, which possesses
further large ionic size compared with Sc®* were se-
lected as the lattice-forming trivalent ions in the
structure.

In this investigation, the single Sca(WO4)3—Lu(WO4)3
solid solutions phases with various lattice size were
prepared at first. Then, aluminum tungstate was
further mixed to insert AI®T ions between the layers of
the tungstate of the various solid solutions and an
optimal AI3* ionic conductivity with the Scy(WO,)s-type
structure and the optimum lattice size for the AI*" ionic
migration in the structure were quantitatively deter-
mined.

Experimental Section

Sample Preparation. At first, solid solutions of the (1-
X)SC2(WO4)s—xLux(WO4); system were prepared by a conven-
tional solid state reaction. An appropriate amount of reagent
grade Sc,O3 (purity 99.9%), Lu,O3 (purity 99.9%), and WOs;
(purity 99.9%) was mixed in an agate mortar and calcined at
1000 °C for 12 h in air and then heat treated at 1200 °C for
12 h in the same atmosphere. The sample characterization
was done by X-ray powder diffraction using Cu Ka radiation
(M18XHF, Mac Science). The XRD data were collected by a
step-scanning method for the 26 range between 10° and 120°
with a step width of 0.02° and a scan time of 4 s. The X-ray
patterns obtained were analyzed by the Rietveld refinement
program, RIETAN-94,%! and the cell parameters of the solid
solutions were precisely determined. Al,(WQO,); was prepared
by firing the mixture of AI(OH); and WOg3 at 1000 °C until the
color of the powder became white. The resulting powder of
the (Sc, Lu)2(WO,);3 solid solution was further mixed with the
Alx(WO,); powder and made into pellets (10 mm in diameter
and ca. 0.8 mm in thickness). The pellets were heated at 1100
°C for 12 h and then sintered at 1200 °C for 12 h in air.

Measurements. The electrical conductivity of the samples
was measured by a complex impedance method at the fre-
guency range from 20 Hz to 1 MHz (Precision LCR meter
8284A, Hewlett Packard) in the temperature range from 200
to 600 °C, using the sintered pellet with a Pt sputtered
electrode on both surface. The constant current of 0.1 A was
passed between the two Pt electrodes sandwiching the sample,
and the voltage was monitored as a function of time. The DC
conductivity was obtained by the calculation from the voltage,
the applied current, the surface area, and the thickness of the
sample.

For the purpose of determining the charge carrier in the
solid solutions, the DC electrolysis was performed with two
platinum plates as the electrode by applying a voltage of 1 V
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Figure 1. Relationship between the electrical conductivities
in the log o expression and the compositions of the Aly(WQO,)3—
SCz(WO4)3—LU2(WO4)3 system at 600 °C.
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Figure 2. Al content dependencies of the conductivities for
(AIZ(WO4)3)X_((SC0,5LUo,s)z(WO4)3)17x at 600 °C.

for 250 h at 900 °C in air. After the electrolysis, scanning
electron microscope (SEM, S-800, HITACHI) measurements
and electron probe microanalysis (EPMA-1500, Shimadzu)
were carried out for the cathodic bulk surface and the inside
of the bulk.

Results and Discussion

The lattice parameters of a, b, and c increased
monotonically by substituting the scandium site in
Sca(WOy)z with the larger lutetium ion.18 With the
increase of the lattice size, the electrical conductivity
was linearly enhanced with the Lu replacement until x
=0.5in (Sc1—xLux)2(WO,)3. On the other hand, the ionic
conductivity was reduced when the Lu site in Lux(WO,)3
was substituted with Sc3*, up to 40 mol %. A discon-
tinuity appeared in the relationship between the ionic
conductivity and the composition of the solid solution
approximately 50—60 Lu mol % replacement of the Sc
site in the Scy(WO4)s-type structure. The solid solution
was found to be a Sc3* and Lu3* mixed ionic conductor,
and the predominant conducting species were clarified
to be Sc3* and Lu3* below and above the 50—60 Lu mol
% substitution. There is a close relationship between
the lattice volume and the ionic conductivity of the
individual mobile trivalent ion, Sc®* and Lu3*.

The target in this research is to obtain a superior AlI3*+
ion conducting solid electrolyte with the Sc,(WO,)s-type
solid solution by adjusting the lattice size optimal with
the several different size of trivalent cations. For this
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Figure 3. Oxygen pressure dependencies of the electrical
CondUCtiVity for (Al2(WO4)3)0,1—((SColsLUols)z(WO4)3)0,9 at 700 °C.
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Figure 4. Polarization behavior (opc/oac) for (Ala(WO4)s)o.1—
((ScosLUo5)2(W0Q4)3)o.e in 0Xygen (10° Pa) (@) , nitrogen (102 Pa)
(0), and helium (1 Pa) (») atmospheres at 700 °C.

purpose, AI** ions are further inserted between the
layers of (Sc, Lu),(WO,)3 solid solutions.

Figure 1 presents the triangular diagram of the
electrical conductivity for the Alx(WO4)3—Sc2(WO4)3—
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Lux(WQ,)3 system at 600 °C. The complete single phase
of the Sc,(WO,)s-type solid solution was obtained except
for the shadow region of the two-phase mixture of the
Alx(WOQO,);3 single phase and the (Sc, Lu)2(WO,)s solid
solution. The values indicated in the figure are the
logarithm of the measured electrical conductivity. Among
the solutions investigated, the (Al2(WO4)3)o.1—((Scos-
Luos)2(WO4)3)0.9 solid solution shows the highest electri-
cal conductivity of —4.06 in the log o expression.

Figure 2 shows the AI3* content dependencies of the
electrical conductivity of the line which contains the
highest value of —4.06 and the value of —5.47 for pure
Aly(WOQ,)s in log o as indicated in a break line in Figure
1. From the figure, it can be easily recognized that the
maximum electrical conductivity was attained for the
A|2(WO4)3 and (SCo_sLUO.S)(WO4)3 ratio of 1:9 in the (A',
Sc, Lu)2(WO4); solid solution series and the conductivity
is approximately 25 times higher than that of pure
Alx(WOs)s.

The oxygen pressure dependencies of the electrical
COﬂdUCtiVity for the (Alz(WO4)3)o_1—((SCQ_5LU0_5)2(WO4)3)0_9
solid solution at 700 °C is depicted in Figure 3. In the
whole oxygen pressure region measured (10° Pa to 1018
Pa), the conductivity was constant in the log o—log Po,
relation. The solid solution was found to be stable in
such a wide oxygen pressure range. This phenomenon
clearly indicates that any hole or electron conduction
does not appear in the (Alz2(WO4)3)o.1—((SCosLUgs)2-
(WOu4)3)0.9 solid solution, and the solution was clarified
to show predominantly ionic conducting characteristics.

The polarization measurements were carried out in
helium (1 Pa), nitrogen (102 Pa), and oxygen (10° Pa)
at 700 °C, and the results are presented in Figure 4.
The DC to AC conductivity ratio, opcloac, abruptly
decreased and held a steady state after 5 min. A clear
polarization was similarly observed in the three differ-

(b)

Figure 5. (a) SEM photograph and (b) the Al distribution in the photo at the cathodic surface of (Alx(WO4)3)o.1—(SCo.5LUo.s5)2-

(WO,)3)0e after the electrolysis.
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Figure 6. EPMA point analysis of the clusters of ball shape
deposits in Figure 5a.

ent gas atmospheres, and the opc/oac value decreased
more than 3 orders of magnitude. This high polariza-
tion behavior tells us that the ionic transference number
is over 0.999. In the solid solutions, ionic species
contained are trivalent aluminum and rare earth ions,
hexavalent tungsten ion, and divalent oxide anion.
However, even in the oxygen atmosphere, an abrupt
decrease in opcl/oac was also similarly observed. If the
solid solution is an oxide ion conductor, no polarization
is observed in the oxygen atmosphere, while a clear
polarization behavior appears in helium as described
in our previous paper.’?2 The phenomena observed in
Figure 4 definitely indicate that the oxide ion is not a
mobile ion species in the solid solution.

The SEM photograph and the Al distribution in the
photo obtained by the EPMA measurements are shown
in Figures 5a and 5b. A lot of clusters of ball shape
deposits were observed, and the element detected by
EPMA is only aluminum in the clusters without any
Sc, Lu, and W existence as presented in Figure 6.

The cross-sectional EPMA line analysis for the
(Al2(WO4)3)0,1—((SCO_5LUO_5)2(WO4)3)0.9 solid solution is
presented in Figure 7. Since the DC electrolysis was
conducted for about 250 h, the mobile cationic species
was in such a circumstance as to be forced to migrate
from the anodic to the cathodic direction. The Sc, Lu,
and W elements were found to be equally distributed
from the cross-sectional line analysis of the pellet. On
the contrary, a considerable AI3* segregation appeared
on the cathodic surface. These results mean that the
AIRT ion migration is much smoother than the ionic
migrations of Sc3*, Lud*, and also W in the Sc,(WOQOyg)s-
type structure. The above-mentioned SEM and EPMA
results explicitly indicate that the predominant mobile
ionic species was demonstrated to be only AI*T in the
four mobile ion candidates such as AI3*, Sc3t, Lu3™, and
WS¢ in the solid solution.

Figure 8 depicts the temperature dependencies of the
AIRT ionic conductivity for the (Alx(WO4)3)o1—((SCos-
Luos)2(WO4)3)09 solid solution with the data of pure
Alx(WO,)3 solid electrolyte previously reported.’? The
AIRT jonic conductivity increased about 25 times higher
than that of pure Al(WO,)s. In addition, the activation
energy for the solid solution and pure Aly(WQO,); are 61.8
kJ/mol and 93.6 kJ/mol, respectively. By expanding the
lattice size in an optimum volume for the AI3* ion
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Figure 7. Cross-sectional EPMA line analysis for

(Alz(WO4)3)o_1—((SCO_5LUO_5)2(WO4)3)0_9 solid solution after the
electrolysis.
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Figure 8. Temperature dependencies of the AI®* ionic con-
ductivity for (Alo(WO4)z)o.1—((SCosLUo5)2(WO4)3)0.9 Solid solution
(O) and for pure Alx(WOQO,); (®).

migration in the Scy(WO,)s-type solid solution, the
activation energy (E,) for the AI3T ionic conduction
becomes lower than that of pure Al,(WQO,)s and the E,
is exactly the lowest value for the AI®T ion conduction
in the Scy(WO,)s-type structure. Figure 8 clearly gives
us the fact that by choosing the most suitable lattice
size for the AI®T ion migration in the Scy(WO,)s-type
structure, the AI®* ionic conduction in the tungstate
structure is intentionally enhanced and optimized com-
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pared with the nominal solid electrolyte of pure Al,-
(WO4)s.
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