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Introduction:  Neutron emission rates (NER) are a 

significant concern for worker safety and potential rad-
iation damage to the spacecraft employing 238PuO2 
based Radioisotope Power Systems.  The primary 
cause of NER in 238PuO2 is a secondary (ɑ,n) reaction 
caused by the interaction of the naturally occurring 17O 
and 18O isotopes with the 238Pu ɑ-decay.  NER is mini-
mized through the use of an 16O isotopic exchange 
reaction, which eliminates nearly all of the detrimental 
17O and 18O from the system.  Currently, our under-
standing of the kinetics and thermodynamics of the 
oxygen exchange process is very limited.  Improving 
our understanding of the oxygen exchange process will 
help improve our ability to respond to changes in 
238PuO2 processing and safely produce an RPS.  Since 
experiments with Pu are costly and difficult to perform, 
initial studies on CeO2, a PuO2 surrogate material, 
have been performed to help us better understand the 
chemistry of the oxygen exchange process. 

Oxygen exchange reactions on CeO2 date back to 
almost 50 years ago [1,2], but very high temperature (> 
700 oC) oxygen exchange reactions have not been dis-
cussed previously.  This is most likely due to previous 
researchers having difficulty obtaining consistent and 
reproducible results [1,2].  Our work here will not only 
show that very high temperature oxygen exchange 
reactions are possible, but provide an explanation for 
why previous studies had difficulty obtaining reporta-
ble results. 

Previous reports from our group discuss the instru-
mentation used and some of the basic kinetic results 
obtained from preliminary oxygen exchange experi-
ments on CeO2 [3,4].  Here we will discuss some of the 
mechanistic information obtained during our oxygen 
exchange experiments.  Since CeO2 shares the same 
atomic space grouping as all of the known actinide 
dioxides (fluorite structure; #225), it is very likely that 
these results are representative of the behavior on all of 
the actinide dioxides. 

Results:  Figure 1 presents an Arrhenius plot of the 
oxygen exchange reactions performed on three differ-
ent sets of materials.  Above 1000 oC, it is possible to 
see that the exchange reaction is dominated by a me-
chanism with a very low activation energy (Ea = 0.114 
eV).  This mechanism is independent of all particle 
characteristics and atmospheric compositions studied, 
which include: particle size, specific surface area 
(SSA), oxygen isotope, sample size, oxygen partial 
pressure, and total atmospheric pressure [4]. 

Since this mechanism appears to be independent of 
nearly all particle characteristics, it is possible to con-
clude that this reaction is dominated by a reaction that 
is not occurring at the surface of the solid material, 
suggesting that the reaction is occurring within the bulk 
of the material.  Equation 1 presents the commonly 
accepted process by which oxygen exchange occurs, 
and it is easy to see that the entire process essentially 
occurs at the material surface [4]. 
 

O2(g)  ↔  O2(ads)  ↔  O¯
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This suggests that the reaction being observed in the 
very high temperature case of Figure 1 is not a part of 
the exchange reaction proper, but is instead a part of 
the redistribution of oxygen isotopes in the bulk of the 
material.  Conductivity is a process that describes the 
motion of charged species through a solid material, so 
the reaction observed here is most likely related to the 
conductivity of CeO2. 
 

 
 
Figure 1.  Arrhenius plots of the oxygen isotope exchange reactions 
with CeO2 showing three distinct rate limiting mechanisms.  (■) 
70–100 nm material.  (□) 70–100 nm material after thermal treat-
ment. (X) -325 mesh material. 
 
 At > 1000 oC, the conductivity of CeO2 is known to 
operate under a p-type mechanism [5], which is the 
motion of oxygen ions and vacancies through the lat-
tice of the material (aka ionic conductivity).  Tradition-
al conductivity operates under an n-type mechanism, 
which is observed as the motion of electrons, or small 
polarons, through the material.  Since we did not per-
form conductivity experiments on this material, we 



cannot completely rule out the possibility of n-type 
conduction.  However, as previously stated, the results 
from previous reports suggest p-type conductivity.  
Additionally, ab initio calculations of Ea for small po-
laron motion in CeO2 produce 0.32 eV [6], which is 
significantly larger than the 0.114 eV measured here.  
Thus, we conclude that the apparent rate limiting me-
chanism observed here is the ionic conductivity of 
CeO2. 
 Superionic conductivity is a special case where the 
motion of ions through a solid is extremely rapid and 
typical Ea values are ~0.1 eV, and both criteria are 
observed in these experiments.  This suggests that at 
high temperatures the actinide dioxides will also expe-
rience superionic conductivity as the high temperature 
rate limiting mechanism driving the oxygen exchange 
reaction. 
 As the temperature decreases below 1000 oC, the 
exchange behavior becomes significantly more com-
plex.  For the -325 mesh CeO2 material (Materion, 
Milwaukee, WI), the mechanism changed twice as the 
temperature decreased, while the 70-100 nm material 
(Alfa Aesar, Ward Hill, MA) was dominated by supe-
rionic conductivity over the entire temperature range 
studied (1100–600 oC).  Previously, Winter studied the 
oxygen exchange behavior on metal oxides and ob-
served that the exchange rate is dominated by the mo-
bility of surface oxygen species and/or defects at high-
er temperatures, and as temperature decreases, the rate 
becomes dominated by the actual exchange of ad-
sorbed oxygen with lattice oxygen [7,8].  These two 
reactions, which will be referred to as surface mobility 
and surface exchange, match the qualitative and quan-
titative results observed in Figure 1.  This suggests that 
as the temperature decreases, the oxygen exchange rate 
on CeO2 will transition from superionic conductivity to 
surface mobility to surface exchange. 
 Both the surface mobility and surface exchange 
reactions have a very strong dependence on the SSA of 
the material [7,8].  The -325 mesh material has a fairly 
low SSA of 4.23 m2 * g-1, explaining why it transi-
tioned into a surface mobility dominated regime long 
before the 70-100 nm material, which had a SSA = 
26.94 m2 * g-1. 
 Interestingly, the SSA of the materials studied ap-
peared to be influenced by exposure to high tempera-
tures.  Sequential oxygen exchange experiments were 
performed on a single sample of the 70–100 nm ma-
terial at 1000, 900, 800, 700, 650, and 600 oC, in des-
cending order.  As can be seen in Figure 1, the mechan-
ism governing the exchange rate for this material 
changed at 700 oC (open squares).  This new mechan-
ism has an Ea that is nearly identical to the surface mo-
bility Ea measured on the -325 mesh material.  Howev-

er, when a fresh sample of 70–100 nm material that 
was never exposed to high temperatures was tested at 
700, 650, 625, and 600, the results continued to follow 
the superionic conductivity trend (full squares).   
 This suggests that the thermal exposure from the 
high temperature exchange experiments caused a de-
crease in the SSA, which impacted the mechanism go-
verning the exchange reaction.  This result is somewhat 
surprising since the phenomenon of SSA reduction is 
not generally expected until the temperature is ~half 
the melting point (i.e. 1200 oC).  It does explain, how-
ever, why other researchers have had such difficulty 
obtaining stable and reliable results for exchange reac-
tions that occurred at temperatures above 700 oC.  
These researchers were probably operating in the range 
where the exchange was dominated by the surface mo-
bility or surface exchange reactions.  Exposure to the 
exchange temperatures would then cause a dynamic 
change in the SSA and the reaction rate during the ex-
periment.  This would produce confusing results that 
would be very difficult to interpret correctly.   
 Though the data on the oxygen exchange process on 
PuO2 is very limited, the results presented here are 
very similar to the data that has been previously pub-
lished on PuO2 [9].  This suggests that the chemical 
and kinetic behaviors observed on CeO2 here are in-
dicative of the behavior of PuO2, and since all of the 
known actinide dioxides form the fluorite atomic space 
grouping, it is likely that the results obtained here will 
be representative of the behavior in all actinide dio-
xides.   
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