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Structural Study of Zan4(PO4)6 Solid Electrolyte
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The crystal structure of Zan4(PO4)6, a member of B -Fe2(804)3-
type solid electrolyte, has been determined by X-ray diffraction meth-
od. There are two disordered zinc ions in zirconium phosphate frame-
work, which are characterized by distorted polyhedra of Zn(1)Og and
Zn(2)Og with the occupation ratio of about 2 : 1. The ionic conduction
behavior of this solid electrolyte is compared with that of NASICON-

type one.

In the last few decades, many kinds of B—Fe2(804)3-type compounds have been investi-

gated,l'S) some of which show relatively high ionic conductivity by the location of inter-

2,3) These mobile cations have mostly been focused on Li* ion;2)

3)

stitial (mobile) cations.
divalent cations, e.g. Mg2+, Zn2+, etc.,”’ are rarely paid attention to. In our research
on a series of zirconium phosphate solid electrolytes, MZrZ(PO4)3 M = M* (MIZP), or 0.5
M2+ (MHZP)), we have found that the Li, Mg, Mn, Co, Ni, and Zn compounds crystallize in

3,4) Ionic radii of these mobile cations were all smaller

the B -Feo(SOy)3-type structure.
than 0.97 A .5) Furthermore, their ionic conductivities were less dependent on the size of
the mobile cation as compared with those of NASICON-type compounds for MUZP. In the
present study, we made the single-crystal X-ray structure analysis of ZnZry(POy)g (ZnZP)
solid electrolyte in order to elucidate this unique conduction behavior of MUIZP with
B -Fe2(504)3—type structure.

Single crystals suitable for X-ray diffraction measurement were prepared in the fol-
lowing way:G) A homogeneous mixture of ZnO (0.488 g, reagent grade), ZrOo (2.464 g,
99.9%), P9Os (2.129 g, reagent grade), and ByOg (4.176 g, reagent grade) was placed in a
platinum crucible (25 ml), was heated to 1200 °C at the rate of 20 °C min‘l, and then was
kept at this temperature for 24 h. The reaction mixture was subsequently cooled to 800 °C
at the rate of 3 °C h™! and was allowed to stand to room temperature. The crystals were
isolated from the solid mass by dissolving the soluble substances in boiling water and
then washing the residue with a hot diluted HCI solution.

A colorless, transparent crystal (0.1 x 0.1 x 0.1 mm3) was chosen for the single
crystal structure study. Diffraction intensities were measured using an Enraf-Nonius CAD-

4 automated four-circle diffractometer with graphite-monochromatized Mo-K ¢ radiation (A
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= 0.71073 ;\) at 23 °C. The unit-cell parameters were determined from the setting angles

(20°

corrected for Lorentz and polarization effects.

firstly by using psi-
scan profiles and sub-
sequently by the appli-
cation of the DIFABS

7) Based on

procedure.
952 wunique reflections
with | T o> 30l IO), the
structure was solved by
the heavy-atom method
and the subsequent Fou-
rier procedure and re-
fined by the full-ma-
trix least-squares meth-
od assuming anisotropic
thermal parameters to R
= 0.092.

As shown in Fig.
1, the X-ray structure
analysis has revealed
that the zirconium phos-
phate framework (Zr2P3-
Oy9)” consists of cor-
ner-linked ZrOg octa-
hedra and PO, tetra-
hedra in such a way
that each oxygen atom
bonds to one Zr atom
and one P atom, i.e.,
each ZrOg octahedron is
connected to six POy
tetrahedra, while each
PO, tetrahedron is link-
ed to four ZrOg octa-
hedra.

constituted of

The basic unit

is two

< 26 = 30°) of 25 reflections.
2n+ 1 and 0k O for k= 2n + 1, the space group was determined to be P21/n .
Zngy 5Zr9(POy)g, F.W. = 1000.88, monoclinic, a= 8.8435(2), b = 8.9598(1),
A, B=90.310(2)°, vV =98213 A3, Z=4, Dy = 3.384 g cm™>.
The data were corrected for absorption

Based on the systematic absences of

h01 for h+1 =
Crystal data:

c= 12.3974(2)
reflections were
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Fig. 1. The ORTEP drawing of Zan4(P04)6 viewed

along a-axis

( B -Fey(S04)3-type

structure).

The partly filled circles are zinc atoms.

Table 1.

o
Interatomic distances (A) and angles

(degree) around zinc atoms

Type Value Type Value
Zn(1)-0(1) 2.20(3) Zn(2)-0(3) 2.30(4)
Zn(1)-0(5) 2.08(3) Zn(2)-0(6) 2.07(4)
Zn(1)-0(5a) 2.97(3) Zn(2)-0(9) 2.89(4)
Zn(1)-0(8) 2.25(3) Zn(2)-0(9a) 2.17(4)
Zn(1l)-0(11) 2.15(3) Zn(2)-0(12) 2.24(3)
0(1)-Zn(1)-0(5) 143.(1) 0(3)-Zn(2)-0(6) 84.(1)
0(1)-Zn(1)-0(5a) 62.6(1) 0(3)-Zn(2)-0(9) 66.(1)
0(1)-zn(1)-0(8) 97.(1) 0(3)-Zn(2)-0(9a) 137.(2)
0(1)-Zn(1)-0(11) 81.(1) 0(3)-zZn(2)-0(12) 97.(1)
0(5)-Zn(1)-0(5a) 136.5(9) 0(6)-Zn(2)-0(9) 69.(1)
0(5)-Zn(1)-0(8) 82.(L1) 0(6)-Zn(2)-0(9a) 135.(2)
0(5)-Zn(1)-0(11) 134.(1) 0(6)-Zn(2)-0(12) 118.(2)
0(5a)-Zn(1)-0(8) 56.(1) 0(9)-Zn(2)-0(9a) 137.(1)
0(5a)-Zn(1l)-0(11) 63.9(9) 0(9)-Zn(2)-0(12) 57.(1)
0(8)-Zn(1)-0(11) 112.(1) 0(9a)-Zn(2)-0(1) 81.(1)
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Fig. 2. The ORTEP drawing around Fig. 3. The ORTEP drawing around
Zn(1)0g and Zn(2)0g polyhedra M(1)-site in MZP with NASICON-
(B -Fey(S04)3-type structure). type structure.’)

Zr06 octahedra joined with three PO4 tetrahedra; these Zr2P3018 (lantern) unit is linked
with adjacent units via the vertices in such a fashion that the a-b layers including
their units are related to each other by a crystallographical screw axis (Fig. 1).

2+ jons were found in two greatly distorted poly-

Interestingly, the interstitial Zn
hedra, Zn(l)05 and Zn(2)05 (Fig. 2), in which the two zinc positions are disordered. The
interatomic distances and angles around these Zn atoms are listed in Table 1. The Zn-O
distances range from 2.08 to 2.97 A and 2.07 to 2.89 A for Zn(1) and Zn(2), respectively
(four Zn-O distances are short and one Zn-O distance long for both cases); they are all
longer than the sum of tetrahedrally coordinated Shannon crystal radii, i.e., 1.98 A .4)
These data indicate that the Zn(1) and Zn(2) cations are less tightly bound to the zirco-
nium phosphate framework and may therefore be related to a high conductivity.

The occupations of these two zinc sites were refined to 0.37 and 0.15 for Zn(l) and

2+ jons are

Zn(2), respectively. This fractional occupation means that the interstitial Zn
randomly located over these Zn(1) and Zn(2) sites. This "average structure" can contrib-
ute to the high ionic conductivity of ZnZP.S)

In ZnZP with B—Fe2(804)3-t‘ype structure, the Zn2* ions are loosely bonded to frame-
work oxygens as mentioned above. The bottle-neck of the conduction pathway is expected to
be near the center of a triangle formed by three oxygen atoms of Zn(1)Og or Zn(2)Og on the
basis of the interatomic distances and angles. Furthermore, it is presumed that the
bottle-neck is extended according to the size of mobile cation, because the lattice param-
eters become larger in all directions with an increase in the size of the cation in mllzp

with B-Fey(SOy)3-type structure.3)

Such a unique structure of interstitial sites will
accompany ionic conductivity less dependent on the size of the cation for different mllzp
solid electrolytes with B -Feq(SO4)3-type structure.

On the other hand, the mobile cation occupies six coordination site, M(1), which is
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situated in the octahedra formed by the two triangular faces of two ZrOg octahedra (Fig.
3) in MIZP (or MHZP) with NASICON-type structure.3’9’10) The distances between the mo-
bile cation and the framework oxygens are almost equal to the sum of octahedrally coordi-
nated Shannon crystal radii, e.g. 2.538(12) A 9 and 2.810(16) A 10) for NaZP and KZP, re-
spectively, suggesting a tightly bonded M(1) in the framework. In addition, the bottle-
neck of the conduction pathway is located near the center of a distorted triangular face
of the M(1)06 octahedra;“’lz) the distortion of the triangular face increases with in-

13)

creasing the ionic radius of the mobile cation. Consequently, the ionic conductivity

of the NASICON-type compounds is more depehdent on the size of mobile cation.
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