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The high alpha-activity of plutonium dioxide (PuO,) results in significant ingrowth of radiogenic helium
(He) in the aged material. To safely store/dispose PuO, or use in applications such as space exploration,
the impact of He accumulation needs to be understood. In this work, defect energies obtained using a
density functional theory (DFT) + U + D3 scheme are used in a point defect model constructed for
PuO, to predict the method of He incorporation within the PuO, lattice. The simulations predict that
the preferred incorporation site for He in PuO; is a plutonium vacancy, however, the point defect model
indicates that helium will be accommodated as an interstitial irrespective of He concentration and
across a wide stoichiometric range. By considering the charge imbalance that arises due to
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incorporation of Am®* ions it is shown that He accommodation in oxygen vacancy sites will dominate in
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1 Introduction

The long-term management of PuO, stockpiles necessitates an
understanding of the ageing process, particularly the impact of
incorporation of decay products on the material properties.
Such knowledge is also pertinent for proposed applications of
PuO,; for example, use as a component of mixed oxide fuel
(MOX) or as a heat source in radioisotope thermoelectric
generators. He is produced in significant quantities over
storage time periods due to o-decay of Pu and a portion
accumulates over time in the head space of sealed PuO, storage
canisters." The release of He from the oxide lattice has been
shown to be affected by the microstructure and the presence of
defects.” Studies have demonstrated that at temperatures typi-
cal of storage, PuO, pellets are able to accommodate significant
amounts of radiogenic He with only small fractions released
from the lattice.” ™ Mulford et al.> studied an inventory of PuO,
storage containers aged between 23 and 34 years, finding
approximately 75% of the He produced had been retained in
the oxide lattice. Similarly, Ronchi et al.* found that a 25 year
old **°Pu0, sample trapped 80-90% of its generated helium
inventory. In contrast, powders in storage have exhibited much
weaker retention of He, showing up to 80% of the He generated
is released to the head space.

“ Engineering Department, Lancaster University, Bailrigg, Lancaster, LA1 4YW, UK.
E-mail: samuel. murphy@Ilancaster.ac.uk

b Sellafield Ltd., Sellafield, Cumbria, CA20 1PG, UK

¢ Department of Chemistry, The University of Manchester, Oxford Road, Manchester,
M13 9PL, UK

This journal is © the Owner Societies 2022

Previous theoretical investigations have employed density
functional theory (DFT) to study He incorporation in PuO,,.
Freyss et al®’ report that He is accommodated on oxygen
vacancies under conditions of hypo-stoichiometry, with the
interstitial site favoured for PuO, and PuO,,,. It should be
noted that this study used very small (12 atom) PuO, simulation
supercells, which typically results in poor convergence of defect
formation energies. Tian et al.® introduced He into 96 atom
supercells and predict that the favourable site for He is O
vacancies, interstitial sites and Pu vacancies for hypo-, perfect
and hyper-stoichiometry, respectively. This result relied on a
point defect model (PDM) constructed for UO,. Higher oxida-
tion states in UO, allow for large hyper-stoichiometry provided
by clusters of oxygen interstitials;’ a different PDM is required
to correctly describe the defect chemistry of PuO,,,. PuO, is
known to be reluctant to exist as PuO,., with small values of
x predicted to be accommodated by O interstitials with Pu
vacancies at concentrations several magnitudes lower.'*"
Therefore, while helium may be easily accommodated by
plutonium vacancy defects, these are likely to be rare. This
work will construct a PDM for PuO, to investigate the mode
of He incorporation within PuO, under a range of external
conditions (oxygen partial pressure and temperature) and
concentrations of He.

2 Methodology

The model adopted for the underlying PuO, is the longitudinal 3k
anti-ferromagnetic (AFM) PuO, phase described by Pegg et al.'?
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This model employs the Perdew-Burke-Ernzerhof exchange cor-
relation functional revised for solids with a Hubbard correction
(PBEsol + U) and spin orbit interaction (SOI) in the Vienna ab
initio Simulation Package (VASP).">™® The effective on-site Cou-
lomb (U) and exchange () parameters'” were set to 7.0 eV and 0.0
eV, respectively; selected to best reproduce the ground state
properties predicted by the hybrid Heyd-Scuseria-Ernzerhof
(HSE06) functional.'®?" Specifically, it was chosen to reproduce
the HSEO06 bandgap as the experimental data shows a large
variation®*> and this functional has been proven to replicate
experimental bandgaps.>® The model predicts a lattice parameter
of 5.415 A in excellent agreement with the experimental value of
5.399 A%

Defect simulations were performed in a simulation supercell
constructed from 2 x 2 x 2 repetitions of the unit cell using
projector augmented wave (PAW)**?° pseudopotentials with a
planewave cut-off of 500 eV, and a 2 x 2 x 2 Monkhurst-Pack
k-point mesh.*® The DFT-D3 method is used to describe the van
der Waals dispersion interactions.*" Four intrinsic defects are
considered: oxygen vacancies (Vo), oxygen interstitials (O;),
plutonium vacancies (Vp,) and plutonium interstitials (Pu;).
Relevant charge states for each defect are studied, modelled by
adding or removing electrons from the supercell. The consid-
ered sites for He incorporation are the octahedral interstitial
site (He;) or accommodation at Pu and O vacancies (Hep, and
Heo, respectively) of every conceivable charge state. A visual
representation of the supercell with He positioned at an
octahedral interstitial site is shown in Fig. 1. The energy
required to incorporate He at a interstitial site or pre-existing
vacancy defect is defined as the incorporation energy:

Einc (Hey x) :EHe,x - Ex - EHe (1)

where, Ey., and E, are the DFT energies of He at site x and an
empty site x, respectively. Ey. is the energy of an isolated
He atom. The incorporation energy is insufficient to discuss

Fig.1 The simulation supercell used for PuO, with a helium atom
incorporated at an octahedral interstitial site. Plutonium, oxygen and
helium are represented with grey, red and blue spheres, respectively.
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the actual likelihood of incorporation of He at a given site. We
therefore construct a PDM, implemented in the Defect Analysis
Package (DefAP),*> which describes a defect’s concentration depen-
dence in PuO, on temperature, oxygen partial pressure and quan-
tity of He. We begin by defining a defect’s formation energy:

AGlf = Eger — Eperf + Znuﬂa + qilt, + Ecor (2)
o

Eger and Eper are the DFT total energies of the defective and perfect
supercells, n, is the number of atoms of species, o, added or
removed from the system to make defect i, u, is the chemical
potential of species o and g, is the electron chemical potential.
Chemical potentials for Pu and O are determined according to the
method described in previous work where the O chemical potential
dependence on temperature is found using real gas relations."® A
different approach is used to calculate the chemical potential of He:
The total He concentration is specified and DefAP calculates tiye
and the blend of He defects that delivers the specified concen-
tration of He. This is a very useful method, as the concentration of
He in PuO, can approximated from experimental findings and/or
decay equations and the information coveted is how this concen-
tration is accommodated within the host lattice. E.,, is an energy
correction to mitigate for finite-size effects arising due to the use of
relatively small simulation supercells; the correction scheme of
Kumagai et al.* is applied. In previous work on the intrinsic defect
chemistry of non-stoichiometric PuO,.,," the contribution of
vibrational entropy was also included in eqn (2). However, as there
is no reliable empirical potential to describe the Pu-He interaction,
which is required for the calculation of vibrational entropies, this is
neglected here. Fortunately, aside from increasing the temperature
at which perfect stoichiometry occurs, inclusion of vibrational
entropy into the defect formation energy calculation was not found
to alter which defects accommodate non-stoichiometry in PuO,..,,
in contrast to in UO,.”>*
vibrational entropy contribution is most significant: high tempera-
tures. The primary influence of the vibrational entropy contribution
is to decrease the favourability of the cation defects. However, in
PuO,, Pu interstitials and vacancies are found to be unfavourable,

This was true even at conditions where the

even when vibrational entropy is omitted. The vibrational entropy
contribution therefore acts only to further suppress formation of
these defects; omitting its contribution is, therefore, deemed
acceptable.

Unlike the incorporation energy, the solution energy takes into
account the population of the different accommodation sites for
He and is, therefore, dependent on temperature, oxygen partial
pressure and the quantity of He. The solution energy is defined as:

Eso\(He, x) = Eine (He, x) + AGF (3)

Using Boltzmann statistics, the concentration of defect i, c¢;,
can be calculated using the formation energy of defect i and its
multiplicity, m;:

¢; = m; exp <_]€Agf> (4)
B

where, kg is the Boltzmann constant and T is the temperature.
The electron chemical potential, u. = Evpym + €5, is expressed as
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the sum of the energy of the valence band maximum (VBM),
Eyem, and the electron chemical potential above the VBM, &g
(the Fermi level). DefAP employs linear bisection to find the
value of ¢ that results in the system being charge neutral,
thereby, satisfying eqn (5):*

Evem dE
Zqici'f"[ gv(E)ﬁ
i - 1 +exp (—];C T )
B
N iE ()
7[ g(E)——— =0
Ecgm

E—¢
1+exp( 2 ;:F)
B

The first term in and eqn (5) is the sum of the charges of the
ionic defects. The second and third terms are determined by
applying Fermi-Dirac statistics to the electronic density of
states (DOS) to obtain the concentrations of electrons (e”) in
the conduction band and holes (p') in the valence band,
respectively. Eqn (5) is appropriate for a DOS that positions
the VBM at 0.0 eV. Within these two integrals are g, (E) and g.
(E), the density of electronic states in the valence band and
conduction band per formula unit of PuO,, respectively. For
calculation of the electron population, Ecpy is the energy of the
conduction band minimum. The calculated defect concentra-
tions are used to calculate the deviation in stoichiometry. Using
the concentration of a defect summed over all charge states,
x in PuO,,, or —x in PuO,_, is defined as:

_ 2+ [Oi] — [Vo] — [Heo] .
1+ [Puj] — [Vpy] — [Hepy]

3 Results and discussion

In Table 1 we show the predicted incorporation and solution
energies for He at different sites within PuO,. The solution
energies are dependent on environmental variables; we select a
temperature of 1000 K, an oxygen partial pressure of 10~ '* atm
and a fixed He concentration of 0.001 atoms per PuO,,

Table 1 The incorporation and solution energies for He at different sites
within PuO,. Comparison to the incorporation energy calculated in past
studies is presented (Note these studies do not describe the charge state
of the incorporation site). The solution energies are calculated at a
temperature of 1000 K, oxygen partial pressure of 10~ atm and a fixed
He concentration of 0.001 atoms per PuO,, conditions where PuO, is
predicted to have perfect stoichiometry

Incorporation energy (eV)  Solution energy (eV)

Site Charge This work Other studies This work
Oxygen 2+ 0.38 0.34% —0.5° 3.00
vacancy 1+ 0.66 3.62

0 0.79 3.78
Plutonium 4— 0.16 0.36° 0.7° 5.05
vacancy 3— 0.16 5.78

2— 0.16 6.80

1- 0.16 8.01

0 0.17 9.41
Interstitial 0 0.89 2.73% 0.4° 1.02°° 0.89
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Fig. 2 Defect formation energies for Hep,, Heg and He; defects in PuO,
as a function of the Fermi energy. Calculated at 1000 K and an oxygen
partial pressure of 1071° atm. Only the charge state with the lowest
formation energy for a given Fermi level is shown for each defect,
represented with a numeric label.

conditions where PuO, is predicted to have perfect stoichiometry.
Table 1 shows that the plutonium vacancy site is predicted to have
the lowest incorporation energy for He, but the highest solution
energy due to the low availability of this site at equilibrium
conditions. The interstitial site has the lowest solution energy
(note that the solution energy is the same as the incorporation
energy as no other atoms must be displaced). In Fig. 2, the
formation energies (AG}) of the He extrinsic defects are plotted
as a function of the Fermi level, at the same conditions described
above for the solution energies in Table 1. The width of the x-axis
corresponds the width of the band gap calculated for PuO, by the
HSE06 and PBEsol + U (U = 7 eV) functionals, which both predict a
band gap of 3.04 eV. Fig. 2 only displays the charge state of each
defect that corresponds to the lowest formation energy at a given
position in the bandgap. A similar plot for the intrinsic defects is
given in previous work.™ It is seen that the interstitial site is the
accommodation site with the lowest formation energy across the
majority of the bandgap. Only at the extremities of the bandgap,
where the Fermi level is very close to the valence band or
conduction band do the oxygen and plutonium vacancies have
the lowest formation energy. This result suggests that it will be the
interstitial site that is the preferred accommodation site for He
under a wide range of conditions.

Presented in Fig. 3 is a Brouwer diagram showing the defect
concentrations and value of x in PuO as a function of oxygen
partial pressure at a temperature of 1000 K and fixed He
concentration of 0.001 atoms per PuO,. Multiple defects were
predicted to have a concentrations of less than 10~ " defects
per PuO, in the oxygen partial pressure range used, so are
omitted from the plot. Fig. 3 shows that for a wide range of
oxygen partial pressures encompassing both hypo- and hyper-
stoichiometric conditions, the interstitial site is preferred for
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Fig. 3 Brouwer diagram showing the defect concentrations and value of
x in PuO,.4, as a function of oxygen partial pressure at a temperature of
1000 K and fixed He concentration of 0.001 atoms per PuO,. To the left
and right of the minima of the black line, the diagram records the
calculated value of logyglx] in PuO,_, and PuO,,,, respectively.

accommodation of He. The PuO, PDM predicts that hyper-
stoichiometry is very unfavourable; even at extremely high
oxygen partial pressures, x in PuO,., never exceeds 10~ °. What
hyper-stoichiometry there is, is accommodated by oxygen inter-
stitials, not plutonium vacancies. Therefore, under conditions
of thermal equilibrium, plutonium vacancies are an unviable
accommodation site for He in PuO,. Hypo-stoichiometry is
much more favourable in PuO, and the predictions made by
the PDM conform to this expectation.

Fig. 4 shows the predicted defect chemistry in PuO,_, as a
function of x at a temperature of 1000 K and fixed He concen-
tration of 0.001 atoms per PuO,. It is predicted that even at
relatively large values of x in PuO,_,, the interstitial site
remains the preferred accommodation site for He. The amount
of He accommodated on O vacancies increases with increasing
hypo-stoichiometry, and the Heg defect approaches concentra-
tions of similar magnitude to concentrations of He;*, but only
at significant hypo-stoichiometry.

At the VBM, of all the He extrinsic defects tested,Heo>" is
predicted to have the lowest formation energy at all hypo-
stoichiometric conditions. The formation energy of positively
charged defects increases as the Fermi level rises, whereas
charge neutral defects have a formation energy that is inde-
pendent of the Fermi level. In this system, the PDM predicts
that the Fermi level is sufficiently high that is the He defect
with the lowest formation energy for the wide range in stoi-
chiometry tested.

The incorporation site for He is found to be independent of
the total He concentration. As discussed, He is incorporated
into PuO, as He;{", or under certain conditions a proportion is
Heg. Both these defects are neutrally charged. Consequently,
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Fig. 4 The concentration of defects in PuO,_, as a function of x at a
temperature of 1000 K and fixed He concentration of 0.001 atoms per
PUOz.

the intrinsic defect chemistry is not affected by the presence of
He; the system does not need to adjust to fulfil electrical charge
neutrality due to the presence of He. For the point defects
investigated in this study, temperature is found not to directly
affect the accommodation site for He in PuO,, but does so
indirectly by impacting the stoichiometry. Increasing temperature
promotes hypo-stoichiometry, therefore the concentration of Heo
defects increases with temperature, as seen in seen in Fig. 4.
The heating of PuO, will also promote the migration and release
of He from the lattice.”

Investigation of the ageing process of PuO, is incomplete
without consideration of other decay products, especially amer-
iclum. Aged PuO, contains significant ingrowth of Am pro-
duced by **'Pu decaying into **’Am with a half-life of 14.4
years. Am is predicted to act as a p-type dopant in PuO,,
accepting electrons and causing the Fermi level to shift towards
the valence band. This could impact upon the incorporation
method of He in PuO,. In particular, a lower Fermi level could
promote charged oxygen vacancies becoming the incorporation site.

To test this, we look to artificially replicate the impact Am
would have in this system. We introduce a controlled concen-
tration of charge, with a charge magnitude of —1, which
replicates the accumulation of Am(ur). We denote this artificial
charge as A'". In a previous study, Am(m) was found to be
accommodated in PuO, as substitutions on Pu sites, with a net
charge of —1 (Amp,'").>” The ratio of Am(v): Am(m) in
(Pu,Am)0O,.., was found to vary with external conditions and
total Am concentrations. However, in conditions where Am(iv)
is the dominant oxidation state, Am(m) concentrations remain
high, and Am(m) is dominant in hypo-stoichiometric PuO,_,
due to reduction of Am(v).***° In Fig. 5, the impact of
increasing the concentration of '~ on the defect chemistry of
PuO, is plotted, at a fixed temperature of 1000 K and oxygen
partial pressure of 107°° atm. We see that increasing the
concentration of 2!~ promotes the accommodation of He on
oxygen vacancies and that at a concentration of ~ 0.01 A'~ per

This journal is © the Owner Societies 2022


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1cp05570d

Open Access Article. Published on 18 March 2022. Downloaded on 3/9/2026 10:47:46 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

PCCP

logyolci] (per PuO,)

-10 : : : \
-8 =7 -6 -5 -4 -3 -2 -1
4=
Vé+ logo[A~] (per PuO,) He(z)+
1+ -
Voo — — € HeX He(lf' —
Ry ==r=e P’ ' Heg -~~~

Fig. 5 The concentration of defects in PuO; as a function of the concen-
tration of an artificially added charge (417) at a temperature of 1000 K,
oxygen partial pressure of 103C atm and a fixed He concentration of 0.001
atoms per PuO,.

PuO,, oxygen vacancies overtake the interstitial as the site to
accommodate He. Am is, therefore, likely to alter the defect
chemistry of He in PuO, by promoting the formation of oxygen
vacancies that can act as the accommodation site for He.

The final Brouwer diagram, Fig. 6, aims to predict what this
all means for the interim storage of PuO,. Fig. 6 models the
defect chemistry at 500 K and a fixed concentration of 0.05 A"~
per PuO,, which simulates ~5% Am(um) in PuO,. It is now
predicted that He is accommodated on oxygen vacancies under
conditions of hypo-stoichiometry, with the interstitial site
favoured for PuO, and PuO,,,.

logylc;] (per PuO,)
>

-15
-20 : :
-50 -40 -30 -20 -10 0 10
log4oPo, /atm
Heé* Vg+ Oil__ s p+
He[ Votr— — 0o ------ xin PuO,,, — —

Fig. 6 Brouwer diagram showing the defect concentrations and value of
x in PuO,.4, as a function of oxygen partial pressure at a temperature of
500 K, and a fixed He concentration of 0.001 atoms per PuO,. Additionally,
a concentration of 5% Am(n) in PuO, is simulated by adding a fixed
concentration of 0.05 charges (with a charge magnitude of —1) per
PuO,. To the left and right of the minima of the black line, the diagram
records the calculated value of logg[x] in PUO,_, and PuO,.,, respectively.

This journal is © the Owner Societies 2022

View Article Online

Paper

Our results can add to the discourse on He migration. The
activation barrier for He migration via interstitial sites in PuO,
will have a different activation barrier to that of migration
between oxygen vacancy defect sites. Our work has predicted
that the accumulation of Am promotes the formation of oxygen
vacancies; we would therefore anticipate seeing a change in the
barrier for He release as the material ages. We cannot quantify
how it will change without calculating the barriers themselves
which we leave to future work.

4 Summary

In summary, it has been shown that the preferred incorporation
site for He in PuO, is on a plutonium vacancy. However, by
considering the availability of such defects it is found using a
PDM constructed for PuO, that accommodation of He under
equilibrium conditions will be as an interstitial. This remains
the preferential site regardless of the concentration of He and for
values of x in PuO,., greater than —0.2. The neutrally charged
Heg defect is the favoured oxygen vacancy for He incorporation,
but its concentration in PuO, is found to be below that of He;*
throughout the hypo-stoichiometric region. We consider the
impact the decay product Am may have on the method of He
incorporation by simulating the presence of its charge in PuO,.
We predict that increasing concentrations of Am will promote
the accommodation of He on an oxygen vacancy site in hypo-
stoichiometric PuO,.
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