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Abstract

Lithium zirconium phosphates with various compositions were prepared by sintering ZrLiXH2ÿXP2O8
.nH2O with 0.5<�X<�2.0 at

1000�C, and microstructure, crystal phases and electrical properties were examined on the sintered products. Lithium ion con-

ductive Li2ZrP2O8 and insulative ZrP2O7 were the predominant phases in the sintered products with X>�1.0 and X<�0.8, respec-
tively. Electrical properties varied with changes in the ratio of the phases present and the microstructure forms which depend on the
lithium ion content. The highest conductivity (6.6�10ÿ4 S cmÿ1) at 200�C was achieved for the sintered product with X=1.6.
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1. Introduction

Studies of the superionic conductors have been widely
undertaken for the development of solid state batteries
and chemical sensors [1,2]. Sintered products in the
system ZrMXH2ÿXP2O3

.nH2O, where M=H, Li, Na,
K, Rb, Cs or Ag and X=1.0 or 2.0, is one group of
the well-studied materials [3±5]. A product of ZrLi2-
P2O8

.nH2O sintered at 1000�C for 3 h was found to
show the highest ionic conductivity (1.5�10ÿ4 S cmÿ1

at 200�C) among these materials [3]. However, the
electrical properties of the family of lithium zirco-
nium phosphate have not been systematically inves-
tigated.

In this work, lithium zirconium phosphates with var-
ious composition (abbreviated as ZrP±LiX) were pre-
pared by sintering the crystalline powders of
ZrLiXH2ÿXP2O8

.nH2O, where X is 0.5, 0.8, 1.0, 1.5, 1.6,
1.7 or 2.0. Based on the measured electrical properties,
the e�ect of lithium content on the electrical properties
were studied.

2. Experimental

a-Zirconium bis(monohydrogen phosphate) mono-
hydrate, a-ZrH2P2O8H2O, was prepared by the re¯ux
of amorphous zirconium phosphate with an excess
of phosphoric acid for 100 h. The product was
washed with distilled and deionized water, and
dried at 60�C. Various compositions of crystalline
lithium±substituted zirconium hydrogen phosphates,
ZrLiXH2ÿXP2O8

.nH2O, were obtained with dropwise
addition of a lithium hydroxide solution to a suspension
of a-ZrH2P2O8

.H2O in distilled and deionized water
under stirring. All of the products were washed with
puri®ed water and then dried at 60�C. The compositions
of ZrLiXH2ÿXP2O8

.nH2O prepared were determined by
the elemental analysis (Table 1). It was con®rmed that
all ZrLiXH2ÿXP2O8

.nH2O retained a layered structure
observed in a-ZrH2P2O8

.H2O by the standard X-ray
di�raction technique (XRD). After these products were
pulverized using a ball-mill, the powder obtained was
pressed at 100MPa and sintered at 1000�C for 3 h. The
prepared discs were 9mm in diameter and 3mm thick-
ness. Next, platinum electrodes were applied to opposite
faces by ®red platinum paste at 900�C. Measurements

Ceramics International 25 (1999) 197±200

0272-8842/99/$Ðsee front matter # 1999 Elsevier Science Limited and Techna S.r.l. All rights reserved.

PII: S0272-8842(98)00008-X

* Corresponding author.



Fig. 1. Scanning electron micrographs of the sintered products of ZrLixH2ÿxP2O8
.nH2O (bar+1mm).
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were carried out using an impedancemeter, YHP 4192A,
in the frequency range of 100Hz to 10MHz. The crys-
talline phases were identi®ed at room temperature by
XRD. The microstructure of fractured face was exam-
ined using scanning electron microscopy (SEM).

3. Results and discussion

Fig. 1 shows the microstructure of ZrP±LiX, the
sintered products of ZrLiXH2ÿXP2O8

.nH2O. In all cases,
the layered morphologies observed in
ZrLiXH2ÿXP2O8

.nH2O were disappeared after sintering.

The particle sizes are 5 mm or more in diameter for ZrP±
Li0.5, ZrP±Li0.8, ZrP±Li1.6 and ZrP±Li1.7, and 2-4 mm
diameter for ZrP±Li1.5 and ZrP±Li2.0. The micro-
structure of ZrP±Li1.0 is very di�erent from those of
others. It consists of round particles of 2-6 mm diameter
and the densi®cation seems to have not proceeded well.

Fig. 2 shows the relationship between the X-values
and the XRD peak intensities of Li2ZrP2O8 and ZrP2O7

present in the ZrP±LiX. For ZrP±Li1.5, ZrP±Li1.6,
ZrP±Li1.7 and ZrP±Li2.0, the main peaks were assigned
to Li2ZrP2O8 and other minor peaks were assigned to
LiZr2P3O12 and Li3PO4. For ZrP±Li1.0, peaks assign-
able to ZrP2O7 were observed, though the peaks
assigned to Li2ZrP2O8 are still predominant. On the
other hand, the peaks of ZrP2O7 were predominant for
ZrP±Li0.5 and ZrP±Li0.8, though those of Li2ZrP2O8

Table 1

Parameters of electrical properties

Starting material E (kJ.molÿ1) Conductivity (S.cmÿ1)

200�C 300�C 400�C

ZrLi0.5H1.5(PO4)2.H2O 88 1.75�10ÿ7 7.52�10ÿ6 9.71�10ÿ5
ZrLi0.8H1.2(PO4)2.2H2O 93 1.09�10ÿ6 6.03�10ÿ5 6.33�10ÿ4
ZrLi1.0H1.0(PO4)2.5H2O 102a (64b) 2.71�10ÿ6 2.27�10ÿ4 2.38�10ÿ3
ZrLi1.5H0.5(PO4)2.2H2O 69c (50d) 3.94�10ÿ4 4.42�10ÿ3 1.44�10ÿ2
ZrLi1.6H0.4(PO4)2.2H2O 68c (41d) 6.62�10ÿ4 7.35�10ÿ3 2.00�10ÿ2
ZrLi1.7H0.3(PO4)2.6H2O 64c (48d) 4.98�10ÿ4 4.33�10ÿ3 1.39�10ÿ3
ZrLi2.0(PO4)2.2H2O 62c (50d) 1.31�10ÿ4 1.31�10ÿ3 4.33�10ÿ3

a <350�C; b>350�C; c<250�C, d>250�C.

Fig. 2. XRD peak intensities of Li2ZrP2O8 (peak assigned to that of

d=4.42 in JCPDS no. 38-278) and ZrP2O8 (peak assigned to that of

d=4.12 (hkl=600) in JCPDS no. 24-1490) present in the sintered

products of ZrLixH2ÿxP2O8
.nH2O.

Fig. 3. Relationship between the substituted lithium amount and elec-

trical properties for the sintered products of ZrLixH2ÿxP2O8
.nH2O.
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were also observed. As a result, it may be concluded
that the main phase is Li2ZrP2O8 for the ZrP±Li1.0,
ZrP±Li1.5, ZrP±Li1.6, ZrP±Li1.7 and ZrP±Li2.0, and
ZrP2O7 for ZrP±Li0.5 and ZrP±Li0.8.

In order to determine the electrical conductivity,
complex-plane impedance analysis was applied at various
temperatures in the range of 100 to 500�C. The results fall
on an arc which passes through the origin of the complex-
plane impedance plot (i.e., Cole±Cole plot : x-axis,
real ; y-axis, imaginary part). From these observed
results, the total conductivity (the sum of the grain
boundary and the grain) was determined by an
extrapolation to zero reactance of the complex
impedance plot in the low-frequency region. The con-
ductivity data were parameterized by the Arrhenius
equation

�T � �0 exp ÿE=kT� �

where�, �0 E, k and T stand for the conductivity, the
pre-exponential factor, the activation energy, the Boltz-
mann constant and the absolute temperature, respec-
tively. The electrical properties obtained are
summarized in Table 1, and the relationships between
the X-values of ZrP±LiX and the activation energies at
200�C or conductivities are shown in Fig. 3. The con-
ductivity increased with increasing X-value from 0.5 to
1.6 and then decreased with increasing X-value from 1.6
to 2.0. Here, it should be noted that the conductivity
(1.3�10ÿ4 S cmÿ1) of ZrP±Li2.0 at 200�C is in good
agreement with that (1.5�10ÿ4 S cmÿ1) of a product of
ZrLi2P2O8

.nH2O sintered at 1000�C for 3 h reported by
Sadaoka and Sakai [3]. The highest conductivity at
200�C is 6.6�10ÿ4 S cmÿ1 for ZrP±Li1.6. The ZrP±LiXs
are classi®ed into two groups in terms of the activation
energies. One is the group of ZrP±LiX with 1.5<�X<�2.0.
The activation energies of the this group are in the range
of 62 to 69 kJmolÿ1, which are lower than those (88 to
102 kJmolÿ1) of another group of ZrP±LiX with X<�1.0.
Low activation energies and high conductivities of for-
mer group may be due to the formation of a large
amount of Li2ZrP2O8 which is well known as a crystal
phase exhibiting high conduction of lithium ions

(3.2�10ÿ4 S cmÿ1 at 200�C) [6]. On the other hand, high
activation energies and low conductivities for ZrP±Li0.5
and ZrP±Li0.8 may be due to the formation of a large
amount of ZrP2O7 known as a insulative material
(3.6�10ÿ7 S cmÿ1 at 300�C) [7]. The ZrP±Li1.0 com-
position exhibits high activation energy and low con-
ductivity, despite that Li2ZrP2O8 is a predominant
phase. This may be explained by the following rea-
sons: ®rst, ZrP2O7 is partially formed, as can be seen
from Fig. 2; second, the sintering of ZrP±Li1.0 is
poorer, compared with those of other samples (Fig. 1).

Thus, the conductivity of the sintered products of
ZrLiXH2±XP2O8

.nH2O was found to be a�ected by the
ratio of the phases present and the microstructure forms
which depend on the lithium ion content.
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