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The zircon-type phases, CeVO4, Ce12xMxVO420.5x

(04x40.41 for M 5 Ca, 04x40.21 for M 5 Sr, and
04x40.1 for M 5 Pb) and Ce12yBiyVO4 (04y40.68), have
been prepared in air by heating the stoichiometric mixture of
CeO2, V2O5, CaCO3, SrCO3, PbO, and Bi2O3. During solid-
state reaction, the spontaneous reduction of Ce(IV) to Ce(III)
begins above 5003C and proceeds rapidly at about 6663C in
conjunction with the melting of V2O5. All of these phases present
high electrical conduction. In particular, the phases
Ce12xMxVO420.5x (M 5 Ca, Sr, and Pb) show excellently high
values. The compound CeVO4 is characterized as a p-type
semiconductor by the Seebeck e4ect. ( 2000 Academic Press
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INTRODUCTION

A series of lanthanide vanadates, ¸n(III)V(V)O
4

(¸n"lanthanide including Y), were extensively investigated
by several researchers (1}18) from the crystal-chemical point
of view. The structural studies under ambient conditions
revealed that only LaVO

4
crystallizes with the monazite-

type structure conforming to space group P2
1
/n

(3, 5, 6, 11, 13, 15) and that the other ¸nVO
4
's have the zir-

con-type structure with I4
1
/amd (1}11, 13}18). The com-

pounds were prepared by either wet chemical methods
(3, 4, 15, 17) or the solid-state reaction between the starting
oxides or salts (1, 2, 5}8, 10, 11, 13, 16, 18). Regarding
CeVO

4
, however, there seems to be confusion in the syn-

thesis using solid-state technique. That is, CeVO
4

was ob-
tained by the reaction between Ce(III) salts or its oxide and
V
2
O

5
under an inert atmosphere (16, 18) because of the

instability of Ce(III) in air at high temperatures. On the
other hand, many researchers (2, 5, 6, 10, 13) reported that
CeVO

4
could be prepared by conventional solid-state reac-

tion of CeO
2

and V
2
O

5
in air. In particular, using TG}DTA
174
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method, Yoshimura and Sata (10) observed an in situ result
of the formation of CeVO

4
by the reduction of Ce(IV)

during the solid-state reaction of CeO
2

and V
2
O

5
in air.

Nevertheless, they did not check on this product further
with respect to its properties.

The purpose of the present study is to reexamine the
solid-state reaction between CeO

2
and V

2
O

5
in air and to

check electrical conductivity of CeVO
4
. Furthermore, we

have prepared highly electrically conductive solid solutions,
(Ce, M)VO

4~d where M"Ca, Sr, and Pb and (Ce, Bi)VO
4
,

which are isomorphous with CeVO
4
.

EXPERIMENTAL PROCEDURES

The starting materials were 99.9% pure CeO
2

(Shin-Etsu
Chemical Co., Ltd., Tokyo), V

2
O

5
and PbO (Kojundo

Chemical Laboratory Co., Ltd., Sakato), Bi
2
O

3
(Iwaki

Chemicals Ltd., Tokyo), and reagent-grade CaCO
3

and
SrCO

3
(Nakarai Chemicals Ltd., Kyoto). To check the

formation of CeVO
4

by solid-state reaction in air, the
stoichiometric mixture (CeO

2
: V

2
O

5
in a molar ratio of 2 : 1)

was heated in a covered platinum crucible at 8003C for 50 h.
In addition, syntheses of sample preparations of composi-
tions Ce

1~x
M

x
VO

4~0.5x
(0(x40.5 for M"Ca,

0(x40.4 for M"Sr, and 0(x40.2 for M"Pb) and
Ce

1~y
Bi

y
VO

4
(0(y40.8) were tried by solid-state reac-

tion in air from the viewpoint of replacing part of Ce(III) in
CeVO

4
by M(II) or Bi(III); the mixture of the desired pro-

portions of the starting materials was heated at 8503C for
50 h or more. At the end of the reactions, the products were
quenched by an air stream to room temperature. All products
were examined by X-ray powder di!raction (XRPD) using
CuKa radiation and a di!racted-beam monochromator.

In order to con"rm Ce(III) in CeVO
4

prepared above,
a qualitative analysis was made with an oxidation method
using persulfate (19) that is based on the fact that tetravalent
cerium ion is yellow. At the same time, another qualitative
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analysis of Ce(IV) was also made using the o-phenanthroline
ferrous sulfate indicator (20).

The oxygen contents of CeVO
4

and some solid solutions
were checked by means of a Nitrogen/Oxygen Deter-
minator (LECO TC-436AR). The sample weight was about
10 mg, and the oxygen content accuracy was $2%.

To examine the solid solubility extension by a parametric
method (21), the precise lattice parameters were calculated
by the least-squares method (22) on the observed XRPD
data measured with a continuous scanning method at
a scanning rate of 0.43 (2h) min~1 over the angular range
15}1353 (2h). The 2h values were corrected using the ex-
ternal standard of a Si powder.

The thermally in situ observations of the solid state reac-
tion of the above reactant systems were carried out using
a simultaneous thermogravimetry}di!erential thermal anal-
ysis (TG}DTA) apparatus (Rigaku TG-8120). About 50 mg
of the starting powder mixture put in a platinum sample
holder underwent heating}cooling cycles in air to the max-
imum temperature of 9503C. The heating}cooling rates em-
ployed were 2, 3, 5, and 103C min~1. The reference material
was a-Al

2
O

3
, and the temperature accuracy was $33C.

The DC conductivity measurement was carried out on
a sintered circular pellet (14 mm in diameter and about
2.5 mm thick) in the same way as described before (23). The
platinum paste was used as electrodes.

RESULTS AND DISCUSSION

The product from the reaction [2CeO
2
#V

2
O

5
] was

blackish brown, and the XRPD pattern of it was un-
doubtedly connected to the typical zircon-type structure as
shown in Fig. 1. The measured tetragonal lattice parameters
were a"7.4016(1) A_ and c"6.4980(1) A_ . The existence of
FIG. 1. XRPD pattern of CeVO
4

equilibrated at 8003C in air
(j"CuKa).

FIG. 2. TG}DTA curves of the reaction [2CeO
2
#V

2
O

5
] for a heating

and cooling cycle. The solid lines indicate TG, and the broken lines indicate
DTA.
Ce(III) in this product was clearly recognized by the quali-
tative analysis; in contrast, Ce(IV) was not con"rmed. In
other words, polycrystalline CeVO

4
was readily prepared

by solid-state reaction in air according to the following
reaction formula as reported by Yoshimura and Sata (10):

2CeO
2
#V

2
O

5
P 2CeVO

4
#0.5O

2
. [1]

The TG}DTA results of this reaction are shown in Fig. 2.
Although the solid-state reaction starts at a temperature
above 5003C depending on a heating rate, a sharp endother-
mic e!ect was always observed at about 6663C, at which the
solid-state reaction proceeds rapidly and tends to the end of
the reaction. This endothermic peak may be due to the
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melting of V
2
O

5
(mp"6903C (24)). Furthermore, reaction

formula [1] yields the calculated weight loss of 3.04% which
agrees well with the observed results (Fig. 2a and 2b). The
value of 2.84% in Fig. 2c is attributable to a relatively faster
heating rate which brings about the incomplete solid-state
reaction; in fact, after TG}DTA measurement, the XRPD
showed that the sample contains a very small amount of
CeO

2
. Thus, we can conclude that the reaction formula [1]

is completed quantitatively in air in its equilibrium state,
such as the present conditions at 8003C for 50 h.

In the three-component systems Ce
1~x

M
x
VO

4~0.5x
(M"Ca, Sr, and Pb) and Ce

1~y
Bi

y
VO

4
, since the XRPD of

some products prepared at 8503C showed such a simple,
clear pattern as Fig. 1, there exists a form of solid solution
series with the zircon-type structure. Figures 3 and 4 show
the variations of lattice parameters with composition. From
these results, the solid solubility regions are determined as
FIG. 3. Variation of lattice parameters (a and c) of Ce
1~x

M
x
VO

4~0.5x
(M"Ca, Sr, and Pb) with composition x.

FIG. 4. Variation of lattice parameters (a and c) of Ce
1~y

Bi
y
VO

4
with

composition y.
follows: 04x40.41 for M"Ca, 04x40.21 for M"Sr,
and 04x40.1 for M"Pb in Ce

1~x
M

x
VO

4~0.5x
, and

04y40.68 in Ce
1~y

Bi
y
VO

4
at 8503C. Except for M"Pb,

all the results obey Vegard's rule well; both a and c axes
decrease linearly with concentration of oxide additives.
However, only the c axis length of Ce

1~x
Pb

x
VO

4~0.5x
va-

ries abnormally and increases with x as shown in the inset of
Fig. 3. Using ionic radii of M(II) in eight-coordination with
which Ce(III) are present in the zircon-type structure, the
above solid solubility regions are qualitatively explained.
That is, the e!ective ionic radii (25) of Ce(III), Ca(II), Sr(II),
and Pb(II) are respectively 1.14, 1.12, 1.26, and 1.29 A_ . Since
Ce(III) and Ca(II) have a similar size, the substitution of
Ca(II) for Ce(III) yields the most extensive solubility region
of three oxide additives. On the contrary, in the case
of Pb(II), the relatively large size di!erence brings the
narrowest solubility range and the deviation from the
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Vegard's rule. In fact, we were unsuccessful in replacing
Ce(III) by Ba(II) with an ionic radius of 1.42 A_ . However,
the extensive solid solubility range in Ce

1~y
Bi

y
VO

4
may be

explained on the basis of the presence of the zircon-type
BiVO

4
(26, 27) as well as an ionic radius of Bi(III), 1.17 A_ ;

namely, although BiVO
4

crystallizes in the monoclinic form
(28) by a conventional solid-state reaction, the zircon-type
tetragonal form can be prepared by a precipitation method
from an aqueous solution (26) or by aqueous processes (27).
Therefore, the incorporation of Bi(III) into Ce(III)VO

4
leads

to less distortion of the zircon-type lattice.
Figure 5 exhibits the TG}DTA results of the following

solid-state reactions for the representative compositions
within the solid solution of the above three-component
FIG. 5. TG}DTA curves of the following reactions: (a) [1.
[1.9CeO

2
#0.1PbO#V

2
O

5
], and (d) [1.8CeO

2
#0.1Bi

2
O

3
#V

2
O

5
]. The s
systems:

1.8CeO
2
#0.2CaCO

3
#V

2
O

5

P 2Ce
0.9

Ca
0.1

VO
3.95

#0.45O
2
#0.2CO

2
, [2]

1.8CeO
2
#0.2SrCO

3
#V

2
O

5

P 2Ce
0.9

Sr
0.1

VO
3.95

#0.45O
2
#0.2CO

2
, [3]

1.9CeO
2
#0.1PbO#V

2
O

5

P 2Ce
0.95

Pb
0.05

VO
3.975

#0.475O
2
, [4]

1.8CeO
2
#0.1Bi

2
O

3
#V

2
O

5

P 2Ce
0.9

Bi
0.1

VO
4
#0.45O

2
. [5]
8CeO
2
#0.2CaCO

3
#V

2
O

5
], (b) [1.8CeO

2
#0.2SrCO

3
#V

2
O

5
], (c)

olid lines denote TG, and the broken lines denote DTA.
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In reaction formulae from [2] to [5], the calculated weight
loss is respectively 4.53%, 4.45%, 2.86%, and 2.67%. In
contrast to the reaction formula [1], each measured weight
loss shown in Fig. 5 is smaller than the calculated value.
After TG}DTA measurement, a very small amount of CeO

2
in all the specimens was identi"ed by the XRPD; at the same
time, the re#ections from the zircon-type structure were
fairly broad. That is, the solid state reaction is more sluggish
in the three-component systems than the two-component
system under the present TG}DTA kinetic heating condi-
tions. On the other hand, the pure zircon-type phase was
easily obtained in the equilibrium state by isothermal heat-
ing at 8503C for 50 h or more as mentioned in the Experi-
mental Procedures. Accordingly, the weight loss di!erence
between the calculated and the measured is ascribed to the
sluggishness of the solid state reactions of the above for-
mulae.

The oxygen contents were measured on the following
samples: CeVO

4
, Ce

0.925
Pb

0.075
VO

3.9625
, Ce

0.9
Ca

0.1
VO

3.95
, Ce

0.9
Sr

0.1
VO

3.95
, and Ce

0.9
Bi

0.1
VO

4
. The results

in wt% were 25.1 (calculated value, 25.1) for CeVO
4
, 24.6

(24.4) for M"Pb, 26.0 (25.9) for M"Ca, 25.6 (25.4) for
FIG. 7. Arrhenius plots of electrical conductivity p of CeVO
4
,

Ce
1~x

Pb
x
VO

4~0.5x
, and Ce

1~y
Bi

y
VO

4
measured in air.

FIG. 6. Arrhenius plots of electrical conductivity p of CeVO
4
, Ce

1~x
M

x
VO

4~0.5x
(M"Ca and Sr) measured in air.
M"Sr, and 24.4 (24.4) for Ce
0.9

Bi
0.1

VO
4
. The result of

Ce
0.925

Pb
0.075

VO
3.9625

does not show the remarkable de-
viation from the calculated content in the same manner as
those of M"Ca and Sr; consequently, the oxidation state
of the incorporated Pb may be kept in #II. Furthermore,
since the measured values of all samples agree well with the
calculated ones, and since no perceptible ignition loss except
oxygen release was recognized as a result of solid state
reaction at 8503C for 50 h or more, the compositional
change may be negligibly small.

Figures 6 and 7 represent the electrical conduction of
CeVO

4
and some compositions in four kinds of solid solu-

tions in the form of Arrhenius plots. While CeVO
4

shows
relatively high conduction with the activation energy,
E
!
+0.37 eV, the solid solutions Ce

1~x
M

x
VO

4~0.5x
(M"Ca, Sr, and Pb) give far higher conduction with
E
!
+0.30 eV. On one hand, the conduction of Ce

1~y
Bi

y
VO

4
is slightly higher than that of CeVO

4
with y(0.5

(E
!
+0.31 eV), and lower with y50.5 (E

!
+0.30 eV). It

is noteworthy that incorporated divalent cations induce
the higher electical conduction as well as the oxygen va-
cancies. Thus, we have checked the oxide-ion conduction by



HIGHLY CONDUCTIVE OXIDES 179
measuring the electromotive force (EMF) using an oxygen
concentration cell. As a result, not only Ce

1~x
M

x
VO

4~0.5x
but also CeVO

4
yielded no EMF up to 8003C. This result

pointed out that the present oxides are n-type or p-type
semiconductors. Therefore, we plan next to measure the
Seebeck e!ect to decide which type of semiconductor is
present. The result of CeVO

4
indicated a p-type one which

present 0.5 mVK~1 at 2003C. Further analyses of the solid
solutions are under way.

CONCLUSION

The zircon-type phases, CeVO
4
, Ce

1~x
M

x
VO

4~0.5x
(M"Ca, Sr, and Pb), and Ce

1~y
Bi

y
VO

4
, can be prepared in

air by heating the stoichiometric mixture of CeO
2
, V

2
O

5
,

CaCO
3
, SrCO

3
, PbO, and Bi

2
O

3
. That is, the spontaneous

reduction of Ce(IV) to Ce(III) occurs during solid-state
reaction. All of these phases present high electrical conduc-
tion. In particular, the phases Ce

1~x
M

x
VO

4~0.5x
(M"Ca,

Sr, and Pb) show excellently high values. The compound
CeVO

4
is characterized as a p-type semiconductor by the

Seebeck e!ect.
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