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Optimization of Sc3* lon Conduction in NASICON Type Solid Electrolytes
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Various types of trivalent Sc3* cation conducting solid
electrolytes of the (Sc,_Al,)1/3Zr,(PO,)5 (0sx<0.6), the
Scya(ZryyHfy)5(PO,)5 (0sy<1) and the (ScygY o2)1sZ2(POs)s
solid solutions were prepared and the Sc3* ion conducting prop-
erties were compared.  The optimum Sc®* ion conductivity in
NASICON type solid electrolytes was successfully obtained for
the (ScqgAlg 2)1/3Zr2(PO,)3 and the Scy3(Zrg gHfg 2)2(PO4)3
solids, holding amost the equivalent NASICON crystal lattice
size, and the optimization of the Sc3* ion conduction in NASI-
CON structure was realized.

For the realization of the trivalent cation migration in
solids, it is necessary to select the suitable structure for ion
migration, which contains higher valent cations than trivalent
state and possesses the large ion conducting pathway. By bond-
ing the higher valency cations to counter oxide anions with a
strong electrostatic interaction, the interaction between the con-
ducting trivalent cation and constituent oxide anions consider-
ably reduces. Recently, we have newly developed the trivalent
Sc3* cation conducting solid electrolyte (Scy/5Zr,(PO,)3)* with
NASICON (Na Super lonic CONductor) type structure. The
Scy3Z2r,(PO,)5 solid contains two kinds of high valency cations
such as tetravalent Zr** and pentavalent P°*, and the lattice
structure holds the three-dimensional network suitable for ion
conduction. We have also clarified a clear relationship between
the trivalent cation conductivity and the lattice size of
RysZr,(PO,); (R: Rare Earths).»? As reducing the R®* radius,
the lattice contracts and the trivalent conductivity enhances.
The Scy32r,(PO,4)5 solid, which contains the smallest trivalent
cation among R3*, shows the highest trivalent cation conductiv-
ity because the suitable conducting R3* size for the lattice vol-
ume (A ratio®) in NASICON type structure is achieved.
However, it is still unclear whether the lattice size obtained for
Scy3Zr,(PO,)5 is an optimum one for the conducting trivalent
Sc3 ion in the NASICON type structure or not. In order to
obtain the corresponding lattice size precisely, one of advanta-
geous methods is to prepare the solid solutions in which the lat-
tice size can be intentionally modified.

In this letter, we prepared various types of solid solution,
(SC1 4 Alx)13Zr2(PO,)3 (0=x<0.6), Scy/5(Zr; yHF\),(PO,)3
(0=y<1), and (ScygY g.2)1/3Z12(PO,)4, in order to clarify the opti-
mum lattice size for Sc3* ion conduction and to maximize the
trivalent Sc3* ion conductivity in the NASICON type structure.

(Sc1xAl)1/3Zr2(PO,)3 and (ScygY 0.5)113Z12(POy)3 solid
solutions were prepared by a sol-gel method from reagent grade
of Sc,05 (99.9%), AI(NO3)5-9H,0 (99.9%), Y,05 (99.9%),
ZrO(NO3),-2H,0 (99%), and (NH,),HPO, (99%). A stoichio-
metric mixture of Al(NO3)5-9H,0 or Y ,05, and Sc,0; was dis-
solved in 3% HNO; solution, then ZrO(NO3),-2H,0 was dis-
solved in nitric acid solution afterwards. By dropping
(NH,),HPO, solution (3%) into the HNO; solution, white pre-

cipitates were obtained. After heating the solution at 75 °C for
24 h, water was vaporized at 130 °C for 6 h and white powder
remained was dried at 300 °C for 6 h. The powder obtained was
pelletized and sintered at 850 °C for 24 h. The Scy5(Zr,.
yHf,)2(PO,); solid was also prepared by the similar sol—gel
method using high purity HfCl, (99.99%). The characterization
of the solid solutions was done by X-ray powder diffraction using
Cu Ka radiation (M18XHF, Mac Science). The data were col-
lected by a step—scanning method for 20 range between 10 and
70° with a step width 0.04° and a scan speed of 10°/min. Pt sput-
tered layer was prepared on both center surface of the sintered
pellet. Electrical conductivity was measured by a complex
impedance method in the frequency range from 20 Hz to 1 MHz
(Precision LCR meter 8284A, Hewllet Packard). In order to
identify the conducting ion species in solids, dc electrolysis was
performed at 800 °C for 200 h by applying a dc voltage of 3 V
between the Pt electrodes.

The XRD patterns of al samples prepared were the same
profile as those of pure Scy;3Zr,(PO,);, and the peak angle of
(Se1xAL)13Z12(PO,)3 (0sx<1) and Scy/5(Zry_ Hf)2(POy)3
(0<y<1) in which the Sc3* (ionic radius: 0.0885 nm)* or Zr**
(0.086 nm)* were substituted for smaller AI3* (0.0675 nm)* or
Hf4* (0.085 nm)*, respectively, shifted to higher angle. In con-
trast, the peaks of (ScygY g2)13Zr(PO,); Where Sc siteis partially
replaced by Y3* (0.104 nm)* was shifted to lower. These results
clearly indicate that all samples obtained were the solid solutions
and the lattice size of (Scy_Aly)q3Zr,(PO,); and
Scy3(Zry yHfy)2(PO,); reduces and that of (ScygY o2)1/3Zr2(PO4)3
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Figure 1. The A ratio dependencies of the electrical

conductivity for the Scy3Zr,(POy); (%), the (Scy.
xAlx)1/3Zr2(PO4)3 (.), the SC1/3(Zr1_nyy)2(PO4)3 (.), and the
(Scp g Y.2)1/3Z1,(PO,); (O)solid solutions at 600 °C.
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increases.

Figure 1 shows the A ratio dependencies of the trivalent
ion conductivities for the (Sc;_Al,)1,3Zr,(PO,);, the
Scya(Zr,yHf,),(PO,)3 and the (ScygY o2)1/3212(POy)5 solid
solutions. While the conductivity increased with the A ratio up
t0 1.98 x 1073, the conductivity reduced with further increase of
the A ratio. The maximum conductivity of 2.18 x 10 S.cm™
was obtained for Scy5(ZrogHfo2)2(PO4)3 (A ratio: 1.98 x 1079)
which was about two times as high as that (1.07 x 10° Scm™)
of pure Sc,/5Zr,(PO,)5 (A ratio: 1.97 x 10°9).1

In order to identify the conducting ion species in the solid
solutions, the dc electrolysis of Scy5(ZrygHfg2)2(PO,)5 Was per-
formed by applying a dc voltage of 3 V for 200 h. The ball
shape deposits were recognized at the cathodic surface after the
electrolysis and the amount of elementsin the deposit were tab-
ulated in Table 1. The Sc amount in the deposits was found to
increase ca. 9.6 times as high as in the bulk before the dc elec-
trolysis. The result explicitly means that the predominant con-
ducting species in the solid solution is trivalent Sc3* ions nei-
ther electron nor oxide anion similar to the case for pure
SCy5Zr5(POy)3.°

Table 1. The EPMA results for the bulk before electrolysis and
for the deposit at the cathodic surface after the dc electrolysis of
Scq3(Zrg gHfp 2)2(POy)s

Amount (atomic %)

Element before electrolysis after electyrolysis
S 6.6 63.7
7r 35.6 154
Hf . 8.3 3.3
p 49.5 17.6
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In conclusion, the enhancement of the trivalent cationic
conductivity in the NASICON type structure was achieved by
adjusting the lattice size with forming solid solutions. The Sc3*
ion conductivity was successfully improved ca. 2 times as high
as that of pure Scy;5Zr,(PO,); and the optimization of the Sc3*
ion conduction in NASICON type structure is successfully real-
ized for both the (ScygAlgy,)q13Zr,(PO,); and the
SCy5(Zrg gHfp 2)2(PO.)4 Solid solutions.
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