
A tetravalent cation conductor whose ionic conductivity is
extraordinary high and comparable to the conductivity range of
the representative divalent oxide anion conductors, was artifi-
cially designed by strictly choosing the constituent elements
and the structure of the solid.  Promising applications such as
rechargeable batteries and chemical sensors for a global envi-
ronmental monitoring, are greatly expected.

Ionic conduction in solids is commonly well known such
monovalent species as alkali metal cations.  For multivalent ion
species, divalent cations1–4 and divalent oxide anions5,6 and also
trivalent,7–9 tetravalent cations10 have been reported.  However,
the ionic conductivity for the ion species higher than divalent
state, is considerably low from a practical application point of
view.  Here, a tetravalent cation conductor whose ionic conductiv-
ity is extraordinary high and comparable to the conductivity range
of divalent oxide anion conductors, was artificially designed by
strictly choosing the constituent elements and the structure of the
solid.11

The temperature dependencies of the ionic conductivity of
the zirconium niobium phosphate (ZrNb(PO4)3) solid12,13 are
shown with the data of tetravalent ionic (Zr2O(PO4)2) conductor
reported previously10 (Figure 1). (The demonstration of the Zr4+

ionic conduction is described below.)  The first identification of
the tetravalent cation conductor was reported for Zr2O(PO4)2 with
an orthorombic symmetry.  However, the Zr4+ ionic conductivity
is as low as below 10–5 S·cm–1 up to the temperature of 800 °C.
The conductivities of the present ZrNb(PO4)3 solid electrolyte are
more than two orders of magnitude and 30 times as high as that of
Zr2O(PO4)2 at 400 and 800 °C, respectively.  In addition, the
tetravalent Zr site substitution for Nb5+ was found to be effective
enough to considerably reduce the activation energy for the Zr4+

ionic migration from 78.9 to 56.2 kJ/mol by the replacement, sug-
gesting the efficient formation of the Zr4+ cation vacancies. 

The phase transformation in the structure is one of conven-
tional approaches to sharply enhance the ionic conductivity such
ion species as oxide anion as demonstrated by the phase transition
from the monoclinic to the cubic phase in La2Mo2O9.

6 In the
present case, the structure phase was intentionally modified from
the orthorombic Zr2O(PO4)2 phase to the monoclinic ß-Fe2(SO4)3-
type structure by partially substituting the Zr4+ site for higher
valent Nb5+ ions with forming the Zr4+ ionic vacancies simultane-
ously.  The Zr4+ ionic conductivity in ZrNb(PO4)3 is comparable
to divalent oxide anion conductors of stabilized zirconias such as
yttria stabilized zirconia(YSZ),5 calcia stabilized zirconia(CSZ)5

and the above described La2Mo2O9.6 Typical divalent oxide
anion conductivity range is shown as a shaded area (Figure 1).
The results described above explicitly indicate that ZrNb(PO4)3
holding the ß-Fe2(SO4)3 type structure with Zr4+ vacancies, was
artificially designed to show as high ionic conductivity as typical-
ly commercialized conductor series.

The identification of the macroscopic tetravalent Zr4+ ionic
migration is as follows.  From the measurements of the electri-
cal conductivity dependencies on the oxygen pressure for
ZrNb(PO4)3,

14 the conductivity was almost constant in such a
wide pressure range from 10–11 Pa to 105 Pa, indicating that any
hole or electron conduction does not appear in the above men-
tioned oxygen pressure region.  In addition, polarization meas-
urements15 were also carried out by measuring the time depend-
encies of the dc to ac conductivity ratio (σdc/σac) in both nitro-
gen (Po2:50 Pa) and oxygen (Po2:105 Pa) atmospheres.
Because an abrupt reduction in the ratio was observed in both
atmospheres, oxide ionic conduction in the zirconium niobium
phosphate solid is denied as described in References 7 and 8.
The proton (H+) conduction was also excluded by the fact that
the similar polarization phenomenon was recognized for the
σdc/σac ratio in both dry and wet (H2O: 3.1 vol%) air atmos-
pheres.16 Therefore, the mobile ion species in the zirconium
niobium phosphate is limited to the cationic species of Zr4+,
Nb5+ or P5+.

For the purpose of directly identifying the migrating cation
species, a dc electrolysis17 was performed by sandwitching the
zirconium niobium phosphate between two platinum electrodes
as a similar manner as reported in our previous papers.7–9 From
the preliminary electrolysis experiment, the decomposition volt-
age of the sample was identified to be ca. 1.2 V.  The higher
voltage compared with the decomposition voltage was applied

446 Chemistry Letters 2001

Copyright © 2001  The Chemical Society of Japan

Extraordinary High Tetravalent Cation Conducting Behaviors in Solid

Nobuhito Imanaka, Tomohiro Ueda, and Gin-ya Adachi*
Department of Applied Chemistry, Faculty of Engineering, Osaka University, 2-1 Yamadaoka, Suita, Osaka 565-0871

(Received March 1, 2001; CL-010172)



so as to supply the migrating cation species at the anode and the
macroscopic cation migration can proceed continuously.  After
the electrolysis, the deposits were clearly recognized on the
cathodic surface of the  ZrNb(PO4)3 electrolyte by mapping the
surface by the electron probe micro analysis (EPMA).  The Zr/Nb
and Zr/P ratios in the deposits were found to be 4–6.5 and
0.53–0.60 by EPMA, while the ratios for ZrNb(PO4)3 without
electrolysis were 1.2 and 0.30, respectively.  In addition, the Nb/P
ratio decreases from 0.25 to 0.09–0.13 by the electrolysis.  These
results clearly indicate the fact that a predominant element in the
deposits is Zr and not Nb nor P.  Furthermore, the cross-sectional
line analysis of the electrolyzed pellet was also carried out (Figure
2) and a high amount of the Zr segregation was clearly identified
near the cathodic surface as depicted as a shaded area, while any
Nb5+ and P5+ increase in the content was not observed at all,
showing that the predominant migrating cation species is only
Zr4+ cation.  The phenomena mentioned above, explicitly demon-
strate that tetravalent Zr4+ ions migrate in the ZrNb(PO4)3 bulk by
the electrolysis and deposit on the cathodic surface.

The realization of Zr4+ ionic conduction in solids which
shows as high ionic conductivity as the typical O2– ionic conduc-
tor series accelerates the practical application of the high multiva-
lent ionic conductors such as the present Zr4+ ionic conducting
ZrNb(PO4)3 as the component of rechargeable batteries and the
global environmental gas monitoring tool useful in the future.
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17 The dc electrolysis was carried out for the pre-electrolyzed pellet
at 700 °C, 3 V for 21 days in air.  The cathodic surface of the sam-
ples was analyzed by electron probe micro analysis (EPMA-1500,
Shimadzu) after the electrolysis. 
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