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Abstract – The oxygen potentials of pyrochlore-type Pu2Zr2O7+y, fluorite-type (Pu0.5Zr0.5)O2-x and AmO2-x  
have been measured by the electromotive force (EMF) method with a zirconia solid-electrolyte. The oxygen 
potentials of these oxides were reviewed. The phase relations, microstructure, equilibrium state of these 
oxides were discussed, referring to the isothermal curve of the oxygen potentials.   

 
 

INTRODUCTION 
The recycle of minor actinides (MA: Np, Am 

and Cm) in nuclear fuels or targets can reduce 
the long-term hazard of the high-level 
radioactive waste. For the development of the 
MA-bearing oxide fuels, it is necessary to make 
a reasonable evaluation of the oxygen potentials 
to predict the fuel-cladding compatibility and the 
thermodynamical behavior during irradiation.   

However, it is difficult to evaluate the oxygen 
potential of the oxide fuels because the oxygen 
potential is affected by several factors, for 
instance, the uptake of fission product (FP) 
elements to the oxide fuels and the oxygen defect 
structure changes of the oxide fuels under 
irradiation. Therefore, it is important to 
investigate the oxygen potentials of transuranium 
oxides with the simple crystal structure and 
composition and elucidate the relation among the 
oxygen potentials, the crystal structure and the 
composition to apply the knowledge to the more 
complicated MA-bearing oxide fuels.  

Zr is one of the main elements of FP. ZrO2 is 
supposed to make the solid solution with PuO2-x 
in the oxide fuels under irradiation. It is 
important to investigate the chemical and 
physical properties of the solid solutions of 
PuO2-x and ZrO2. The oxygen potentials of 
pyrochlore-type Pu2Zr2O7+y and fluorite-type 
(Pu0.5Zr0.5)O2-x, both of which are the equimolar 
solid solutions of PuO2-x and ZrO2 and have the 
cubic-type crystal structure, have been 
investigated in our previous study [1,2]. 

 In our recent study [3], the oxygen potentials 
and the phase relations of AmO2-x have been 
investigated by comparing with those of CeO2-x 
[4].  

The present paper summarizes our studies on 
the oxygen potentials of transuranium oxides, 
where the oxygen potentials data were discussed 
from the viewpoint of the phase relations, 
microstructure, and equilibrium state of these 
oxides. 

Oxygen Potential Measurement 
The oxygen potentials of Pu-Zr-O and Am-O 

systems were measured by the EMF method with 
a zirconia solid-electrolyte as shown in Fig.1 and 
Fig.2, respectively.  

The galvanic cell type used is expressed by 
(Pt-electrode) sample / Zr(Ca)O2-x / air (Pt-
electrode).  

The oxygen potentials of the sample,  g(O2), 
are given by the Nernst equation:  

g(O2)= 4F·E+RT·ln Pair(O2),  
where F is the Faraday constant, E is the 
potential difference between two Pt-electrodes, R 
is the gas constant, T is the temperature, and 
Pair(O2) is the partial pressure of oxygen in air 
(0.206 atm).  

The measurement systems and the procedure 
were checked with CeO2-x. The oxygen potentials 
of CeO2-x agreed with the literature data [4] 
within an error of 2 kJmol-1 for the 
corresponding x value and temperature.  
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Fig. 1. Schematic of the zirconia sensor 
for the measurement of Pu-Zr-O system. 
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The non-stoichiometry (x) of the sample was 
changed by a coulometric titration at 1078 K for 
(Pu,Zr)O2-x and at 1333 K for AmO2-x, where the 
electric current of 0.25 mA typically flowed 
through the sample for 30 minutes. 

The EMF value was continued to be measured 
for several hours after the coulometric titration, 
in order to monitor the effect of oxidation (or 
reduction) to the EMF value by a very small 
amount of contaminant in the purified helium 
gas during the coulometric titration. The EMF 
value was corrected so as to eliminate this effect. 

 
Oxygen potentials of Pu-Zr-O system 

Figure 3 shows the oxygen potentials of 
pyrochlore-type Pu2Zr2O7+y and fluorite-type 
(Pu0.5Zr0.5)O2-x as a function of x at 1078 K 
obtained by the coulometric titration method 
[1,2], together with those of PuO2-x [5] and 
pyrochlore-type Ce2Zr2O7+y  [6].  
 (1) Pyrochlore-type Pu2Zr2O7+y 

The oxygen potentials of pyrochlore-type 
Pu2Zr2O7+y were higher than those of PuO2-x by 
approximately 200 kJmol-1 at the corresponding 
x and temperature. This result suggests that the 
phase transition of an oxide as well as its 
composition brings the significant effect on its 
oxygen potentials.  

The oxygen potentials of Pu oxides became 
higher as Pu oxides made the solid solutions 
with ZrO2 [1]. It should be attribute to the fact 
that Pu3+,4+ ionic radii were relatively larger than 
that of Zr4+ [7]. The significant difference of the 
composite cation radii should bring the 
localization of oxygen vacancy in the oxygen 
sublattice structure of  (Pu0.5Zr0.5)O2-x, whereas 
oxygen vacancy should be universally located in 
the oxygen sublattice structure of  PuO2-x, 
without the significant difference of the 
composite cation radii. 

(2) Fluorite-type (Pu0.5Zr0.5)O2-x 
   The oxygen potentials of fluorite-type 
(Pu0.5Zr0.5)O2-x were higher than those of 
pyrochlore-type Pu2Zr2O7+y by approximately 60 
kJmol-1 at the corresponding x and temperature.     
The result suggests that the microstructure of an 

oxide as well as its composition brings the 
significant effect on its oxygen potentials. The 
detailed study of the microstructure of an oxide 
is important to expand and deepen the 
knowledge of the oxygen potentials. 
 The oxygen potentials of pyrochlore-type 

Ce2Zr2O7+y were higher than those of pyrochlore-
type Pu2Zr2O7+y by approximately 200 kJmol-1 
at the corresponding x and temperature. This 
value was almost equal to the difference between 
the oxygen potentials of CeO2-x [4] and those of 
PuO2-x [5]. The result suggests that the phase 
transitions and compositional changes bring the 
equal effects on the oxygen potentials of Pu and 
Ce oxides. The phase study of Ce oxides is 
instructive to the phase study on Pu oxides, and 
other transuranium oxides.  

 
Oxygen potentials of Am-O system 

Figure 4 shows the oxygen potentials of 
AmO2-x as a function of x at 1333 K obtained by 
the coulometric titration method [3], together 
with those of CeO2-x [4] in literature.  

As shown in Fig.4, the relation between the 
oxygen potential and x of AmO2-x at 1333 K is 
similar to that of CeO2-x [4] at 988 or 1353 K, 
although the oxygen potentials of AmO2-x are 
higher than those of CeO2-x [4] by approximately 
200 kJmol-1. Therefore, the phase relations of 
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 Fig. 3. Oxygen potentials of (Pu,Zr)O2-x 
at 1078 K as a function of x. 

(1) pyrochlore-type Pu2Zr2O7+y [1],  
(2) fluorite-type (Pu0.5Zr0.5)O2-x [2], 
(3) PuO2-x [5], 
(4) pyrochlore-type Ce2Zr2O7+y [6]. 

 
Pt-electrode with thermocouple

Pt shielding

zirconia tube

alumina tubesample
dry air

purified He

Pt-electrode with thermocouple

Pt-electrode with thermocouple

Pt shielding

zirconia tube

alumina tubesample
dry air

purified He

Pt-electrode with thermocouple

 
Fig. 2. Schematic of the zirconia sensor  
   for the measurement of Am-O system. 
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AmO2-x can be associated with those of CeO2-x 
[4]. 

The following explanation would be proposed: 
(1) the oxygen potentials decreased smoothly 
from -19.83 to -204.7 kJmol-1 with increasing x 
from 0.019 to 0.22. This result suggests that the 
sample was composed of the single fluorite-type 
phase in this x range at 1333 K. 
(2) For 0.22<x <0.23, the oxygen potentials 
remained constant at -204.7 kJmol-1. This result 
should be due to the formation of the two–phase 
region with the fluorite-type phase and the 
intermediate stable Am9O16 phase. It should be 
noted that the existence of intermediate stable 
phase of Ce9O16 have been reported in the phase 
diagram [4] and the intermediate phase study of 
Ce-O system [8]. 
(3) For 0.23< x< 0.29, the oxygen potentials 
decreased with increasing x, suggesting that the 
single fluorite-type phase dominated.  
(4) Around x = 0.29, the oxygen potential 
exhibited the abnormal change around -232 
kJmol-1 with changing x. The result could be 
explained by the phase diagrams of Ce-O [4] and 
Cm-O [9] systems. In these phase diagrams [4,9], 
the intermediate stable phases of Ce7O12 and 
Cm7O12, which have rhombohedral structure 
resulting from the distortion of the fluorite-type 

structure, were reported, respectively. This 
means the presence of the intermediate stable 
phase of Am7O12 as like Ce7O12 and Cm7O12. 

The abnormal change around x = 0.29 
suggests that the oxygen potential measurement 
was applied to not only the equilibrium phase but 
also the metastable (non-equilibrium) phase. The 
single fluorite-type AmO2-x phase around x = 
0.27 was the non-equilibrium phase. The non-
equilibrium phase should ideally decompose to 
the Am7O12 and the fluorite-type AmO2-x phase.  

The equilibrium oxygen potentials around x = 
0.29 in Am-O system were deduced from the 
non-equilibrium data of this study as done by 
Bevan et al. [4]. The deduced equilibrium 
oxygen potential lines are shown as the dotted 
lines around x = 0.29 in Fig.4. These lines can be 
used to propose the phase diagram of Am-O 
system.  (5) For 0.30≤ x< 0.31, the oxygen 
potential remained constant at -244.2 kJmol-1 
with increasing x, suggesting that the sample was 
composed of the mixed phase of fluorite-type 
and Am7O12.  
(6) For 0.31≤ x≤ 0.33, the oxygen potentials 
decreased with increasing x. In this region, the 
single C-type phase was dominant.  
(7) For 0.33< x< 0.5, the oxygen potential 
remained almost constant at about -319 kJmol-1. 
The result suggests that the sample was 
composed of the mixed phase of hexagonal (A-
type) and C-type phases..  
(8) Around x=0.5, the oxygen potential steeply 
dropped with increasing x. The result suggests 
that the sample was composed of the single 
hexagonal (A-type) phase.  
 
 Comparison with other transuranium oxides 

Figure 5 shows the oxygen potentials of 
AmO2-x as a function of the x at 1333 K, together 
with those at 1333 K of PuO2-x [5], (U0.6Pu0.4)O2-x 
[5] and (Am0.5U0.5)O2-x [10] in literature. Those 
of (Am0.5U0.5)O2-x at 1333 K were deduced from 
the interpolation of the oxygen potentials 
reported by Bartscher et al. [10]. 

The oxygen potentials of (Am0.5U0.5)O2-x were 
higher than those of AmO2-x by approximately 
300 kJmol-1 at the corresponding x and 
temperature. This suggests that (Am0.5U0.5)O2-x is 
more easily oxidized than AmO2-x. It leads to the 
fact that U4+ are more easily oxidized to be U5+ 
in (Am0.5U0.5)O2-x than Am3+ in AmO2-x, if the 
microstructure around Am3+,4+ in  (Am0.5U0.5)O2-x 
is similar to that in AmO2-x. 

The difference of the oxygen potentials 
between (Am0.5U0.5)O2-x and AmO2-x is 
significantly larger than that between PuO2-x and 
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Fig. 4. Oxygen potentials of AmO2-x and 

CeO2-x as a function of x. 
(1) AmO2-x at 1333 K [3], (2) CeO2-x at 
1353 K [4], (3) CeO2-x at 988 K [4].  
(----) the equilibrium line deduced from 
the experimental data in this study.  
The upper-left column: the magnified x 
range of 0.20≤x≤0.26. 
(F) the fluorite-type phase region. 
(Am9O16) the Am9O16 phase region.  
(C) the C-type phase region.  
(Am7O12) the Am7O12 phase region. 
(A) the A-type phase region. 
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(Pu0.4U0.6)O2-x. This suggests that the 
microstructure of (Am0.5U0.5)O2-x should be 
different from that of (Pu0.4U0.6)O2-x.  

The oxygen potential range of AmO2-x 
approximately from -20 to -320 kJmol-1 overlaps 
the range of the uranium oxide solid solution 
containing lanthanide [11,12] and actinide 
elements [13]. The oxygen potentials of 
(Am,U)O2-x are supposed to depend on the mixed 
and complicated valences of Am and U. It is 
difficult to predict the oxygen potentials of 
(Am,U)O2-x and (Am,U,Pu)O2-x. It is the first 
thing to do to check whether the microstructure 
around Am in (Am,U)O2-x and (Am,U,Pu)O2-x is 
the same as that in AmO2-x. 

 
CONCLUSIONS 
 

The oxygen potentials are sensitive to the 
phase transitions. Moreover, the study on the 
microstructure around an element incorporated 
in oxide fuels as well as its phase is necessary to 
predict the effect of the element on the oxygen 
potentials of oxide fuels.  

The coulometric titration method is the 
powerful tool to investigate the oxygen 
potentials and phases of an oxide in non-
equilibrium as well as in equilibrium. 
 The present paper contains the oxygen 

potentials of the non-equilibrium phase. Either of 
pyrochlore-type Pu2Zr2O7+-y or fluorite-type 
(Pu0.5Zr0.5)O2-x  is the non-equilibrium phase.  It 
is interesting to compare the oxygen potentials of 
the equilibrium phase with those of the non-
equilibrium phase having the same composition 

to clarify the relation between the crystal 
structure and the oxygen potentials. If the more 
detailed study on the oxygen potentials of 
fluorite-type AmO2-x in non-equilibrium and that 
of the mixed phases in equilibrium around x = 
0.27 is made, it should bring the valuable 
knowledge of the oxygen potentials. 
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Fig. 5. Oxygen potentials of AmO2-x and 
other transuranium oxides at 1333 K 

 as a function of x. 
(1) AmO2-x [3], (2) PuO2-x [5], (3) 
(Pu0.4U0.6)O2-x [5], (4) (Am0.5U0.5)O2-x [10]. 


