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Large-scale density functional theory simulations of defects and hydrogen incorporation in PuO,
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We have examined a range of point defects, Frenkel pairs, Schottky defects, and hydrogen-related defects in
the PuO, system (supercells of 96 and 768 atoms) using the ONETEP linear-scaling density functional theory code.
Vacancy point defects related to oxygen are found to be more stable than those related to plutonium. The oxygen
in the octahedral interstitial is higher in the formation energy than the plutonium in the same octahedral site,
although the difference is less than 1 eV. We were also able to identify a stable peroxide species (1.57-2.67 eV)
with a O-O distance of 1.46 A. Of the Frenkel defects we studied, we found that the oxygen is more stable than the
plutonium, whereas the Schottky stability changes as a function of supercell size. Finally, we examined a number
of likely hydrogen sites in the PuO, lattice: octahedral interstitial, oxygen edge, hydroxyl, oxygen vacancy, and
plutonium vacancy. We report hydrogen which exists as a hydride at oxygen and plutonium vacancies to be
relatively high in energy (2.69-3.81 and 13.71-15.54 eV, respectively). The hydrogen was found to exist as a
radical at the octahedral interstitial site (2.43-3.38 eV) and which is somewhat higher formation energy than
other studies find. We find that the hydrogen at the oxygen edge (as a H" cation) and at the oxygen cube corner
(as a hydroxyl) are both lower in energy (1.14-1.40 and 1.17-1.56 eV, respectively) as opposed to hydrogen in
the octahedral interstitial site but again higher than found by other studies. We discuss the data in the context of

potential hydrogen transport pathways and how that might be modified by radiation damage.

DOI: 10.1103/PhysRevB.109.224102

I. INTRODUCTION

Plutonium is an important material on account of its
ability to fission and generate power. Typically, plutonium
is encountered as the stable plutonium dioxide (PuO,) form,
in civil nuclear fuels [1] on its own and within mixed oxides
(MOX), and is generally also in the PuO, form for long-term
storage [2]. In its metallic form, plutonium, due to its
oxophilic nature, quickly develops an oxide film on the metal
that slows further oxidation [3,4]. The oxide overlayer film
acts as a barrier since reactive species, such as oxygen and
hydrogen, are required to transport across the oxide barrier in
order to react with the metal.

Plutonium is also radioactive with the majority of its
isotopes and daughter products decaying through o radiol-
ysis. Both the emitted « particles (helium nuclei of energy
4.8-5.5 MeV) and the recoil atoms (uranium from plutonium
isotopes of energy 82-94 keV) create defect damage but over
different length scales [5,6]. Considering the «-radiation dam-
age in both bulk and in overlayers of PuQO,, the « particle has
a range of approximately 10 um losing energy by electronic
stopping: defects produced are largely isolated Frenkel pairs
with little annihilation or clustering of the defects [7]. Pre-
dictions suggest up to 66 cation [plutonium Frenkel (PuF)]
and 140 anion [oxygen Frenkel (OF)] displacements due to
an « particle ejected from 2*Pu [5]. The daughter recoil atom
has less energy but loses it by nuclear stopping processes over
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a much shorter distance of 6-20 nm (less than 0.2% of the
distance of the « particle) creating a far more concentrated
defect volume [2]. Calculations suggest up to 140 cation and
1180 anion displacements from the recoil atom. The in-growth
of radiation-induced defects, helium, and daughter products
changes the material over time and with it the material physi-
cal and mechanical properties [7-9].

Molecules, radicals, and ions must traverse any oxide bar-
rier to react with the underlying plutonium metal. Since the
defect density in the oxide changes as a function of time, it
then follows that the barrier properties of the oxide overlayer
may be affected by the in-growth of defects. A particular ex-
ample is that of the reaction of hydrogen with plutonium metal
in storage environments [4,10—14]. This reaction is thought
to be governed exclusively by the barrier diffusion process
[15] in the earliest stages of the reaction, such as during
the “induction phase” [16,17]. The reaction of hydrogen with
plutonium can produce hazardous plutonium hydride [18-22].
Thus, understanding the relationship between PuO, defects
and the transport of hydrogen through this oxide allows for
a better prediction of how much plutonium hydride might be
produced in storage.

Plutonium dioxide adopts the calcium fluoride (CaF,)
crystal structure, with the Fm3m space group [23]. In this
structure, the oxygen anions are in a simple cubic pack-
ing within the unit cell which is bounded by plutonium
cations at the cell corners and the face-centered positions. The
plutonium cations make up the face-centered-cubic (fcc) ar-
rangement and the oxygen anions are located at the tetrahedral
interstices leaving the octahedral sites vacant. Each plutonium
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cation coordinates to eight oxygen anions whereas each oxy-
gen anion coordinates to four plutonium cations. The oxide
is an insulator with a band gap measured at 1.80 eV [24,25]
and 2.80 eV [26] and a wealth of evidence confirming a dia-
magnetic (DM) ground state [27-31]. First-principle methods
generally calculate a ferromagnetic (FM) or antiferromagnetic
(AFM) ground state [32-38].

Computational studies of PuO, are challenging due to the
highly correlated and localized nature of f electrons [39-42].
Standard density functional theory (DFT) [43,44] fails to pro-
duce the correct electronic structure, often underestimating
the band gap of actinide oxide (AnO,) materials, treating them
as metallic instead of insulators [24,45]. The local-density
approximation (LDA) and generalized gradient (GGA) ap-
proximation functionals alone do not capture the localization
arising from the strong electron-electron interactions. Hybrid
functionals more accurately describe the f states [45—48],
however, these are computationally expensive. Alternatively,
DFT+VU is a more feasible method to account for the onsite
Coulomb repulsion of the f electrons by adjusting the U
parameter [49-51].

The unfavorable, cubic scaling of conventional
DFT limits computational studies into PuQO, properties
[32,33,37,38,45,52-54] and defect formation [13,14,55-57]
to small supercells. Smaller simulation cells suffer from
stronger finite-size effects [58,59], such as increased strain
around a defect site [60—62]. Finite-size effects are minimized
with larger system sizes, using linear-scaling DFT methods
which overcome the unfavorable scaling of conventional
DFT with increasing system size. The crossover point, where
linear-scaling DFT methods become more efficient than
conventional DFT, typically lies on the order of hundreds of
atoms [63]. ONETEP(order-N electronic total energy package)
[64] uses a reformulation of DFT, based on the one-particle
density matrix p(r, r'). The locality or nearsightedness of the
density matrix exploited [65,66], by expanding the localized
orbitals as nonorthogonal generalized Wannier functions
(NGWFs) in the basis of periodic sinc (psinc) functions
[67,68]. These NGWFs are self-consistently optimized during
the energy minimization.

In this work, we investigate a range of intrinsic and extrin-
sic defects in bulk PuO,. We expand the simulation cell up to
768 atoms to study point, Frenkel, and Schottky defects using
ONETEP. By increasing the supercell size, we can isolate and
dilute the concentration of point defects to minimize finite-
size effects. We use the larger simulation cells to determine
the energetic ordering of the Frenkel defects and Schottky
defects. The incorporation of the hydrogen into bulk PuO, at
the interstitial and substitutional positions within the material
is also investigated. Hydrogen can exist as a cation (HT),
hydride (H™), or a radical within solid materials, with lim-
ited reports on which species could be present in bulk PuO,
[11-14,69]. Experimentally, it is currently undetermined as to
which hydrogen species could be present in PuO,.

II. METHODOLOGY

A. Computational details

Optimizations of stoichiometric and defective PuO, were
performed using the ONETEP linear-scaling DFT package

[64]. Calculations were performed using the Perdew-Burke-
Ernzerhof (PBE) [70] generalized gradient approximation
(GGA) exchange-correlation functional. The valence elec-
trons for hydrogen (1s'), oxygen (2s22p*), and plutonium
(6526p°75%5 f06d") were treated using a plane-wave basis set,
with a kinetic energy cutoff of 900 eV, whereas the core
electrons were frozen in the norm-conserving pseudopotential
(NCP) on-the-fly generated (OTFG) using the CASTEP code
[71]. Initially, the 2x2x2 supercell of the 12-atom unit cell
containing 96 simulation cells was optimized using plane-
wave DFT (CASTEP), with a 4 x4 x4 Monkhorst-Pack k-points
mesh [72] to sample the Brillouin zone. The larger 4 x4 x4
supercells containing 768 atoms were generated from the op-
timized 2x2 x2 supercell.

For all simulations, the system was considered as spin po-
larized, and spin-orbit coupling was not included to minimize
computational cost. Self-consistent electronic minimizations
were performed with ensemble density functional theory
(EDFT) [51,73], where the Fermi-Dirac smearing scheme
with an electronic temperature of 1000 K was applied. The
electronic energies were converged to 1x107> eV, and the
structural relaxations were conducted until the forces acting
on each atom were below 0.05 eV A~! for the 96-atom simu-
lation cell and 0.10 eV A~! for the 768-atom simulation cell.

The onsite Coulomb repulsion was accounted for by ap-
plying the Hubbard parameter U to favor localization of
electronic states. A rotational invariant approach [51] was
used with the U parameter chosen to be 5.0 eV. The choice
of 5.0 eV was made with reference to its effect on calculated
lattice parameter and band gap (Fig. 1 in the Supplemen-
tal Material [74]) and the range used in the computational
literature [33,35,37,38]. Ramping U is less appropriate as
it can affect the orbital orderings [50]. Using a U correc-
tion may give rise to metastable states, which have been
studied with the occupation matrix control (OMC) scheme
[32,75-77]. As we have introduced defects, applying OMC
to the 5f states of plutonium would require sampling all
possible states for mixed valence systems, which would be
computationally unfeasible [77].

Optimization of the simulation cells containing defects was
performed at constant volume using the ONETEP code, where
a localization radius of 10.0 ay was used for the nonorthogo-
nal generalized Wannier functions (NGWFs) of each valence
state. The hydrogen 1s orbital was represented by one NGWF
and four NGWFs were assigned to the oxygen valence states
(one for the 2s orbital, three for the 2p orbitals). The pluto-
nium valence states are represented by 17 NGWFs (one each
for the 65 and 7s orbitals, three for the 6p orbitals, five for the
6d orbitals, and seven for the 5 f orbitals).

The PuO, supercell was optimized with a periodic ar-
rangement of collinear spin moments on the plutonium sites
aligned along the (100) direction in an antiferromagnetic
(AFM) arrangement. The AFM states in a one-dimensional
collinear arrangement are assigned the label “1k.” A lon-
gitudinal arrangement for the spins was chosen to give the
1k-AFM longitudinal magnetic ordering, based upon previ-
ous theoretical investigations [32,33,35,37,38,52,78]. These
studies have found the AFM ground state to be energetically
more favorable than the DM and FM ground states when
OMC is not used [77]. The 1k-AFM longitudinal ordering
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TABLE I. Bulk properties of PuO, calculated with plane-wave DFT and the comparison with experimental and computational literature.

Bulk properties DFT+U Computational literature Experimental literature
Lattice constant a (A) 5.48 5.47%b 5369, 5.45¢, 5.42F, 5.468, 5.39" 5.471, 5.351 5.40%m
Band gap E, (eV) 1.71 1.50°, 2.20¢, 1.67¢, 2.00°, 2.97¢, 1.60¢2, 0.90", 1.70 1.804", 2.80°
Magnetic moment HUimag (ug) 4.34 4.17°, 3.89¢, 3.801, 4.128, 3.72" 0.00P-4xs
Bulk modulus Byry (GPa) 187 197°, 2174, 199¢, 215f, 1982, 184

EOS bulk modulus B (GPa) 183 1942, 199¢, 184! 178", 379
EOS B’ 4.88 4.50¢ 2.40!
Shear modulus Gygry (GPa) 59 530 1269, 88¢, 811

Young’s modulus E (GPa) 160 145°, 2312, 213

Poisson’s ratio v 0.36 0.38%, 0.26¢, 0.31&J

Ci, (GPa) 360 257°, 3489, 375¢, 3692, 367

Ci» (GPa) 101 168°, 180¢, 111¢, 109¢, 92

Cyy (GPa) 33 59°, 1669, 70°, 718, 56/

Ci; — Cy, (GPa) 259 89", 1689, 264°, 2608, 275

Ci1 + 2Cy, (GPa) 562 595°, 708¢, 597¢, 587¢, 551

*Reference [33] (1k-AFM, U = 5.00 eV); °Reference [33] (1k-AFM, U = 4.00 eV); “Reference [32] (1k-AFM, U = 4.00 eV); “Reference [35]
(1k-AFM, U = 4.70 eV); °Reference [78] (1k-AFM, U = 4.00 eV); ‘Reference [38] (Longitudinal 3k-AFM, U = 6.00 eV); Reference [37]
(1k-AFM, U = 4.00 eV); "Reference [77] (1k-AFM, U = 4.50 eV); ‘Reference [52] (1k-AFM, U = 4.00 eV); IReference [82]; *Reference
[23]; 'Reference [24]; ™Reference [83]; "Reference [25]; °Reference [26]; PReference [28]; ‘Reference [29]; "Reference [30]; *Reference [31];

‘Reference [84].

was chosen over the 3k-AFM noncollinear ordering as it is
computationally less demanding to investigate.

B. Defect formation

Point defects were introduced into the stoichiometric struc-
ture of PuO,, from the simulation cell initially optimized
with CASTEP. The simulation cells were kept neutral, with no
addition or removal of electrons. The defective structures were
optimized at constant volume, using the lattice parameters
of the relaxed, perfect cell. Larger supercells were created
from the optimized 2x2x2 supercell of PuO,. Fixed cell
optimizations using ONETEP were performed on these larger
supercells, in addition to the 96-atom supercell. Point defects
were introduced into the resulting, stoichiometric structures
and then optimized [79].

The energy required to form a point defect in perfectly
crystalline PuO, is calculated according to the formula
[80,81]

form
Edefect = Egefect — Estoich — E nE;, (1)
i

where the total energy of the material containing the defect is
denoted as Egcfecy and the total energy for the stoichiometric
material is given by Egoich. To form a defect in the crystal,
n; number of species of type i are either removed to form a
vacancy (n; < 0) or added to an interstitial site (r; > 0). The
energy for the addition or removal of each species is given
E;, where the energy for hydrogen or oxygen is calculated by
optimizing a H, or O, molecule in the gas phase (E = %EH2
or %E02)' The energy for plutonium metal is calculated by
optimizing the 32 atoms of bulk plutonium metal with an
effective U of 5.0 eV applied. In general, the formation energy
is positive, as it costs energy to create a defect.

We introduced Frenkel defects into the simulation cell by
removing an atom from a lattice site and placing it in an in-
terstitial position in the simulation cell. The defect formation

energies of the Frenkel defects are presented per point defect,

Eform _ Edefecl - Estoich )
Frenkel — f (2)

The Schottky defect was created by the removal of a neutral,
formula unit of PuO, from the initial cell. The formation
energy for the Schottky defect is given per point defect,

1 Egoich
Eég;n;nky = 5 <Edefect — Estoich + %) , 3)

where x is the number of formula units in the supercell.

III. RESULTS AND DISCUSSION

A. Bulk properties of stoichiometric PuO,

We initially used plane-wave DFT to calculate the bulk
properties of stoichiometric PuO, from the 12-atom simu-
lation cell and these properties are summarized in Table I.
Our choice of GGA functional and value of U for the
Hubbard correction both contribute to overestimating the lat-
tice constant by 1.5% compared to experiment. However, our
lattice parameters are broadly in line with the computational
literature. A U correction of 5.0 eV creates a band gap of
1.71 eV, shown in Figs. 1 and 3 of the Supplemental Material
[74]. Our calculated band gap is in good agreement with the
computational studies by Zhang et al. [52] and Yang et al.
[35], and is also close to the experimentally measured values
by McNeilly et al. [24] and Idiri et al. [25]. The 1k-AFM
longitudinal magnetic ordering gives a magnetic moment of
4.34uy on each Pu*t ion, which is comparable to other DFT
studies. Experimental investigations have reported that PuO,
has a DM ordering, however, we have the AFM ordering as
DFT studies have found this to have a more stable ground state
[32,33,35,37,38,52,78].

We determined the unique elastic constants of stoichio-
metric PuO, given in Table I, from which the mechanical
properties are derived using the Voigt-Reuss-Hill (VRH)
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approximation [85]. The mechanical stability of this cubic
crystal was assessed by comparing the elastic constants with
the Born-stability criteria [86] given by

C11 > 0; C44 >0
C1| —C|2 >0 . (4)
Ch+2C,>0

Our calculated elastic constants satisfy the stability criteria
and the C;; and Cj, constants are in reasonable agreement
to the computational literature values. Our value for Cj;
(360 GPa) falls within the range found in the literature (257—
375 GPa) and is within 5% of the mean values reported; our
value for Cj; (101 GPa) is within the literature reported range
(92-180 GPa) and is within 24% of the mean values reported.
Our value for Cy4 (33 GPa) is lower than the literature reported
range (56-166 GPa) by a significant margin (some 60% be-
low the mean of values reported) although a wide range of
values are reported and we are closer to the majority of values
(56-71 GPa). We used the elastic constants to determine the
bulk, shear, and Young’s moduli as well as the Poisson’s ratio.
Our calculated G, E, and v are in good agreement with the
computational literature, falling within the range of reported
values in each case.

The bulk modulus calculated from the Voigt-Reuss-Hill
(VRH) approximation Bygry is 187 GPa, which is lower than
the range reported by the computational literature. We also
calculated the bulk modulus by fitting the third-order Birch-
Murnaghan equation of state (EOS), for different cell volumes
shown in Fig. 2 of the Supplemental Material [74]. Fitting
the cubic polynomial to the free energy-volume plot, the
minimum bulk modulus at minimum volume By is found to
be 183 GPa or 1.14 eV/A3. The first derivative of B, with
respect to pressure at constant temperature is the dimension-
less parameter Bj, with a value of 4.88, which is typical
for such material [9,33]. Comparisons to the experimentally
determined bulk moduli are difficult, as we found only one
report. Idiri et al. report 178 GPa [25] which is derived from
a reevaluation of the data of Dancausse et al. [84]. The dif-
ferences with our computational values are often attributed to
temperature and volume effects [82], which are not accounted
for by the approximations of the exchange-correlation func-
tional in the DFT simulations.

B. Structure and electronic properties of point defects
1. Intrinsic point defects

Forming an oxygen vacancy in PuO; involves two excess
electrons localizing onto two neighboring plutonium sites,
reducing plutonium ions from Pu(IV) to Pu(IIl). This process
is illustrated by the Kroger-Vink notation

0p +2Puj, — V& + 2Pup, + 10:(g), 5

where O and Pup, represent the oxygen and plutonium
ions on their respective lattice sites. V¢’ corresponds to the
doubly positively charged oxygen vacancy and the Pup, cor-
responds to the single negatively charged plutonium Pu(III)
ion. Figure 1(a) shows that the effective positive charge on the
vacancy attracts the first nearest-neighbor oxygen ions, which
move towards the vacant site from their lattice site. Mulliken
population analysis shows that a stable ground state is found

(a)
2
c
]
g
&
0
o]
a 0-
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— O(p) — Puff)
-4 -2 0 2 4
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FIG. 1. Local structure around the (a) oxygen vacancy, (b) inter-
stitial oxygen (octahedral), and (c) peroxide defects in PuO, and their
respective PDOS plots for the 96-atom simulation cell from ONETEP.
The oxygen atoms are given in red, plutonium atoms in gray, and the
oxygen vacancy in black. The DOS plot is decomposed into the O-p
(p), Pu-d (d), and Pu-f (f) states.

where two electrons localize onto one adjacent plutonium
ion each.

The projected density of states (PDOS) plotted with Sumo
[87] in Fig. 1(a) shows that excess electrons occupy the empty
5f states on two neighboring plutonium ions. Additional
peaks corresponding to the 5 f state appear close to the oxygen
2p state dominated valence band and the conduction band
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containing the plutonium 5f states. These peaks indicate the
reduction of the neighboring Pu(IV) to Pu(IIl).

An oxygen was introduced into the octahedral interstitial
site, which led to localized holes on the interstitial ion O and
neighboring oxygen ions Og:

03 + $02(g) — O] + O, ©6)

Figure 1(b) shows that the oxygen atom placed in an octahe-
dral interstitial lattice site produced additional peaks for the
oxygen 2p state close to the valence band. The oxygen anion
(O7) remains in the octahedral interstitial site and we did not
form the peroxide species with a neighboring lattice oxygen
atom. Instead, the oxygen atoms in the lattice forming a cube
around the octahedral site move away from the interstitial ion.
To form the peroxide species (O%’) shown in Fig.ol(c), the
interstitial oxygen was placed approximately 1.0 A from a
lattice oxygen, along the (111) direction,

0y + 10a(g) — (02)3. ™

The lattice oxygen nearest to the interstitial oxygen moves
from its lattice site towards the interstitial oxygen to form the
peroxide species (O%’). An 0-O bond length of 1.46 A was
measured for the peroxide and the lattice O-Pu bond elongates
from 2.38 to 2.62 A. The PDOS for the peroxide species
contains new peaks near the conduction band, belonging to
the oxygen 2p states of the peroxide with no additional peaks
in the band gap. These new oxygen 2p states are due to
the antibonding orbitals generated by the formation of the
peroxide species, as suggested by Keating ef al. in their study
of defects in ceria [88]. This is supported by the Mulliken
charge analysis, where we found no localization of charge on
the neighboring lattice sites.

Creating a plutonium vacancy removes four electrons from
the lattice, which forms holes on the neighboring oxygen
atoms,

Puj, + 405 — Vi + 40 + Pu(s), )

where Fig. 2(a) shows that eight oxygen sites surrounding the
plutonium vacancy move away from the effective negative
charge of the vacant site. The PDOS for the plutonium va-
cancy defect indicates that holes are localized onto the oxygen
2p states, close to the valence band. Analysis of the Mulliken
charge population suggests that four holes are delocalized
across eight oxygen sites which form a cube around the va-
cancy.

Placing an interstitial plutonium ion in an octahedral in-
terstitial site adds four extra electrons into the system. These
additional electrons localize onto neighboring plutonium lat-
tice sites, reducing them from Pu(IV) to Pu(Ill),

4Pup, + Pu(s) — 4Pup,, + Puf*®. 9)

This introduction of the Pu(IV) also leads to the neighbor-
ing plutonium lattice sites relaxing away from the interstitial
atom. Mulliken populations support the localization of four
electrons across four adjacent plutonium atoms in the lattice.
The PDOS shown in Fig. 2(b) contains several additional
peaks in the band gap, where the shoulder peak of the valence
band is the oxidized interstitial plutonium ion. The remaining
peaks between the valence and conduction bands correspond

—~
Q
=

— Total DOS
— O(p)

— Pu(d)
— Pu(f)

DOS (arb. units)

Energy (eV)

®) [ tompos — Pu(d)i

— o — Pu(h) |
% //‘W‘f\
2 :
=} 1
-é 1
S
»
(@]
A

-4 2 2 4

Energy (eV)

FIG. 2. Local structure around the (a) plutonium vacancy and
(b) interstitial plutonium (octahedral) defects in PuO, and their re-
spective PDOS plots for the 96-atom simulation cell from ONETEP.
The oxygen atoms are given in red, plutonium atoms in gray, and the
plutonium vacancy in black.

to the reduction of the neighboring plutonium lattice atoms
from Pu(IV) to Pu(Il).

For the oxygen substituted onto a plutonium lattice site, the
holes localize across several oxygen sites,

Puy, + 603 + 102(g) — Op + 608 + Pu(s). (10

Figure 3(a) shows the oxygen ion (O%") substituted onto a
plutonium lattice site (or placed on a vacant plutonium site
pu). The lattice oxygen sites which form a cube around
the defect move away from the substituted plutonium site.
This is akin to the behavior of the lattice when an oxygen
ion is introduced into the octahedral interstitial site. Mulliken
population analysis supports the delocalization of six holes
across eight neighboring oxygen sites surrounding the defect.
This is reflected in the PDOS which bears similar features to
that of oxygen interstitial and plutonium vacancy PDOS. A
peak close to the valence band is similar to that found in the
PDOS for the creation of the plutonium vacancy, where holes
form on the 2p states of the oxygen lattice sites. The other
peak present in the band gap corresponds to the holes present
on oxygen 2p states, as we found for the oxygen atom in the
octahedral interstitial site.
Substitution of a plutonium atom onto an oxygen lattice
site (or placed on a vacant oxygen site, V'), reduces several

224102-5



NABEEL ANWAR et al.

PHYSICAL REVIEW B 109, 224102 (2024)

@) i{— Total DOS
- O (p)

— Pu(d)
— Pu(h

DOS (arb. units)

DOS (arb. units)

a

— Pu(d)
— Pu(f

— Total DOS
— O(p)

-4 -2 0 2 4
Energy (eV)

FIG. 3. Local structure around the defect for (a) oxygen sub-
stituted onto a plutonium site and (b) plutonium substituted onto
oxygen site in PuO, and their respective PDOS plots for the 96-atom
simulation cell from ONETEP. The oxygen atoms are given in red, and
the plutonium atoms in gray.

plutonium lattice sites from Pu(IV) to Pu(IIl),
5Pug, + Of + Pu(s) — Pug*** + 5Pup, + %Oz(g). an

Examining the Mulliken charge on the plutonium sites, we
found a total of five lattice sites which were reduced from
Pu(IV) to Pu(Il). The reduction of plutonium is indicated in
the PDOS by the presence of a 5f peak close to the valence
band. The plutonium substitution on the oxygen lattice site
distorts the PuO, as shown in Fig. 3(b). Oxygen lattice sites
surrounding the defect are attracted and move towards the net
positive charge. In contrast, the neighboring plutonium lattice
sites move away from Pu(IIl) ion on the substituted oxygen
lattice site.

2. Hydrogen point defects

Hydrogen was introduced into the octahedral interstitial
lattice site as a radical,

sHa(2) — H. (12)

The hydrogen radical introduced into the octahdedral site
is shown in Fig. 4(a). The PDOS for this defect does not
exhibit any features consistent with other hydrogen species
and therefore supports the identity as a radical hydrogen
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— Total DOS — Pu(d)
Pu (s) — Pu(f)
— Pu(p) — H{(s)
-4 -2 0 2 4
Energy (eV)
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— Total DOS
Pu (s) — Pu(f)

= Pu(d)

— Pu(p)

-4 -2 0 2 4
Energy (eV)
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— H(s)
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A\ A4

1
— TotalDOS — Pu (d)
Pu (s) — Pu(f)
— Pu(p) — H@)
1 1

-4 -2 0 2 4
Energy (eV)

FIG. 4. Local structure around the interstitial hydrogen defect
(a) in the octahedral site, (b) along the oxygen-edge site, and (c) hy-
droxyl species in PuO, and their respective PDOS plots for the
96-atom simulation cell from ONETEP. The oxygen atoms are given
in red, plutonium atoms in gray, and the interstitial hydrogen atoms
in pink.

atom. Mulliken charge analysis on the neighboring oxy-
gen and plutonium lattice sites also supports the presence
of a hydrogen radical species in this interstitial position.
There is also minimal distortion of the lattice atoms sur-
rounding the radical hydrogen species from their preferred
position.

The hydrogen cation species (H") was formed by placing
the hydrogen atom midway between two oxygen lattice sites
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(oxygen edge),
Puj, + 1Hy(g) — HY + Pup,. (13)

The PDOS in Fig. 4(b) has an additional peak in the 5 f state of
plutonium near the valence band. This peak corresponds to the
reduction of plutonium in the lattice from Pu(IV) to Pu(IIl).
There is also an absence of additional peaks in the PDOS
indicative of a hydrogen radical. The Mulliken charge analysis
indicates that a single plutonium site neighboring the cationic
hydrogen species is reduced from Pu(IV) to Pu(IIl). The H*
ion attracts the adjacent oxygen lattice atoms, which shift off
their respective sites towards it, separated equally from the the
H* ionby 1.2 A.

We were unable to form the hydroxyl (OH) species by
placing the interstitial hydrogen along the center of the oxygen
edge, where the separation between the hydrogen and lattice
oxygen atoms was measured at 1.2 A. This is much greater
than the experimentally determined O-H bond length at
097 A [89]. We did, however, form the OH species with the
same approach to form the peroxide, where the interstitial
hydrogen was placed approximately 1.0 A from the lattice
oxygen, along the (111) direction,

Puj, + Og + 1Hy(g) > (OH)3 +Pup,.  (14)

Figure 4(c) shows the interstitial hydrogen atom bound to
the oxygen atom on the corner of the oxygen lattice forming
a cube. This lattice oxygen moves from its site towards the
interstitial hydrogen to form the hydroxyl species. The bond
length for the O-H bond was measured at 0.97 A (96-atom
cell) and 0.99 A (768-atom cell), and the lattice O-Pu bond
extends from 2.38 to 2.56 A (96-atom cell) and 2.49 A (768-
atom cell) in length. Similar to the hydrogen along the oxygen
edge, the Mulliken charge analysis suggests the reduction
of a neighboring plutonium lattice site. The PDOS includes
additional 5f peaks, which correspond to the reduction of
plutonium in the lattice.

Hydrogen was substituted onto an oxygen lattice site,
which formed a hydride (H™) and reduced a neighboring
plutonium lattice site from Pu(IV) to Pu(IlD),

Puy, + 0% + THa(g) — HY + Pup, + 10,(2).  (15)

Figure 5(a) shows the hydrogen substituted onto an oxygen
lattice site. The hydride remains on the oxygen lattice site
with a small shift from the neighboring lattice oxygen atoms
towards it (it has a net positive charge compared to the orig-
inal oxygen anion). The PDOS shows a plutonium 5f peak
close to the valence band which indicates the reduction of a
plutonium lattice site. This feature is similar to that found for
the reduction of plutonium lattice sites on the creation of the
oxygen vacancy. The Mulliken population analysis supports
the reduction of one neighboring plutonium site from Pu(IV)
to Pu(IIl).

Substituting hydrogen onto a plutonium lattice site local-
izes holes across several oxygen sites,

Pu, 4+ 50y + $Ha(g) > HpY + 508 +Pu(s).  (16)

The Mulliken population analysis suggests that this substi-
tution leaves five holes localized across eight oxygen lattice
sites. This is demonstrated in Fig. 5(b) with additional peaks
in PDOS for the oxygen 2p state close to the valence band,

(a)
)
c
]
£
L
0
o]
[a]
— Total DOS  —— Pu(d)
Pu (s) — Pu(f)
— Pu(p) — H{(s)
-4 -2 0 2 4
Energy (eV)
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L H(s)
0
c
=
£
L
[70]
()
(m)
4

Energy (eV)

FIG. 5. Local structure around the hydrogen substitution defect
on the (a) oxygen site and (b) plutonium site in PuO, and their
respective PDOS plots for the 96-atom simulation cell from ONETEP.
The oxygen atoms are given in red, plutonium atoms in gray, and the
hydrogen atom in pink.

indicating the localization of holes on oxygen lattice sites.
This feature is comparable to the PDOS for the creation
of plutonium vacancy, where we also found the delocaliza-
tion of holes over eight oxygen lattice sites, which move
away from their lattice sites. The PDOS also contains a peak
for the hydrogen ls state in the band gap, which suggests
the formation of a hydride species on the plutonium lattice
site.

C. Energetics of defects
1. Intrinsic point defect formation

The intrinsic point defect formation energies in PuO,
were determined at different simulation sizes with ONETEP.
Table II lists our intrinsic defect energies, which are presented
alongside the available defect energies from computational
literature. Our defect energies are presented under stoichio-
metric conditions, without considering the dependence of the
chemical potential of plutonium or oxygen on the partial pres-
sure of oxygen.

Creating an oxygen vacancy removes 1.6% of oxygen
atoms (PuO,_, where x = 0.03) in the 96-atom supercell, and
increasing the simulation size to 768 atoms dilutes the concen-
tration to 0.2% (where x = 0.004). Our calculated formation
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TABLE II. Formation energies for the oxygen and plutonium point defects calculated using DFT4U for stoichiometric PuO, and

comparison to the computational literature.

ONETEP (eV)

Computational literature (eV)

Defect 96 atom 768 atom 96 atom 324 atom
Ve 2.35 3.13 5.30*°, 4.89¢, 3.19¢, 3.41¢ 3.40¢
O; (octahedral) 2.07 2.11 0.10*°, 1.989, 0.78° 2.12¢
(02)4 (peroxide) 1.57 2.67

op 14.03 15.01 2.08f, 12.11¢

Voo 12.53 13.16 9.20%°, 5.14¢, 14.009, -1.09f, 8.94¢2 14.034
Puf*** (octahedral) 1.59 1.12 4.90*° 11.18,1.15¢

Puz 422 4.43 22.90f, 12.88¢

aReference [90]; PReference [55]; ‘Reference [56] (1Ik-AFM, U = 3.0 eV); 9Reference [12] (1k-AFM, U = 4.0 eV); *Reference [91] (U =
4.0 eV); 'Reference [91] (Oxygen rich, U = 4.0 eV); 2Reference [91] (Oxygen poor, U = 4.0 eV).

energies for the oxygen vacancy are lower than that found
in previous theoretical studies [12,56,90]. At the 768-atom
simulation cell size, the oxygen vacancy formation energy
is comparable to that of energies reported by Hernandez and
Holby [12]. Consistent with that study, we also find increasing
energies for the oxygen vacancy in the larger simulation cell.
The nearest-neighbor lattice oxygen atoms relax from their
equilibrium positions by up to 0.29 and 0.24 A for 96- and
768-atom simulation cells, respectively.

Creating a plutonium vacancy removes 3.1% of pluto-
nium atoms in the 96-atom supercell, and 0.4% in the
768-simulation cell. A broader range of defect energies has
been reported for the plutonium vacancy. Our plutonium va-
cancy energies are in closest agreement to those calculated by
Hernandez and Holby [12]. A negligible increase in relaxation
of the nearest-neighbor oxygen atoms away from their sites
was measured, from up to 0.22 A in the 96-atom cell to
0.23 A in the 768-atom cell. As with the oxygen vacancy
defect, the oxygen lattice displacement is most pronounced
for the first-nearest neighbors to the plutonium vacancy. The
disruption to the nearest-neighbor plutonium lattice ions from
their equilibrium position is minimal.

We calculated similar defect formation energies for the
interstitial oxygen in the octahedral site, at both 96- and 768-
atom supercell sizes. Our oxygen interstitial defect energies
are comparable to those given by Hernandez and Holby [12].
The interstitial oxygen remains in the octahedral site with the
nearest-neighbor oxygen ions moving away from the defect by
up to 0.14 A from their sites. Placing the interstitial oxygen at
1.0 A from an lattice oxygen site, along the (111) direction we
formed peroxide species. We measured the O-O bond length
for the peroxide at 1.46 A at both supercell sizes, which is
close to the reported 1.45 A bond length [92].

For the plutonium interstitial placed in the octahedral inter-
stitial site, the defect energies we have calculated are larger for
the 96-atom supercell and decrease significantly for the larger
(768-atom) simulation cell size. Our plutonium interstitial
defect energies are considerably lower than those reported by
reported by Freyss et al. [55,90], but close to the energy calcu-
lated by Singh et al. under oxygen-poor conditions [91]. The
nearest-neighbor plutonium sites relax away from the intersti-
tial defect by as much as 0.28 A in the 96-atom simulation
cell, and 0.37 A in the 768-atom cell. A greater distortion of
the lattice around the interstitial plutonium may be responsible

for the lower defect energy in the 768-atom supercell, as a
larger simulation cell can more effectively accommodate the
changes in the lattice around the defect site.

Substituting oxygen on a plutonium lattice site, the oxy-
gen was found to remain on the plutonium lattice site. The
nearest-neighbor lattice oxygen ions move away from their
lattice sites by up to 0.22 A. Oxygen substitution at a
plutonium lattice site is calculated to be the least energeti-
cally favorable intrinsic defect, where our defect formation
energy is closer to that calculated by Singh er al. un-
der oxygen-poor conditions [91]. Our results find that the
plutonium on an oxygen site is more energetically favor-
able (4.2-4.4 eV) than the oxygen on a plutonium site
(1415 eV). In contrast, Singh et al. [91] found that the
plutonium on an oxygen site is less energetically favorable
than the oxygen on a plutonium site (whether for oxygen-
rich or oxygen-poor PuQO;). For plutonium placed on the
oxygen site, the nearest-neighbor oxygen ions to move to-
wards the plutonium placed on the oxygen site by up to
0.51 A in the 96-atom cell and up to 0.48 A in the 768-atom
cell. In this case the separation of plutonium to the lattice
oxygen is measured at 2.40 A (96 atom) and 2.45 A (768
atom).

2. Frenkel defect formation

The oxygen Frenkel (OF) defect was created by creating a
vacancy on an oxygen lattice site and placing an oxygen in an
octahedral interstitial position. Figure 9 in the Supplemental
Material [74] illustrates the position of the interstitial oxygen
atom placed along the (111) direction (purple) from the vacant
site (black). The oxygen Frenkel defect formation process is
represented by the Kroger-Vink notation

0% — V& + 0. (17)

The plutonium Frenkel (PuF) defect was created in a the
same manner as the oxygen Frenkel defect. Figure 10 in
the Supplemental Material [74] shows the plutonium vacancy
(black) in the simulation cell and the interstitial plutonium
atom placed along the (111) direction (purple). The plutonium
Frenkel defect formation process may be represented by

Puy, — Vi + Puf®*. (18)
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TABLE III. O Frenkel (OF) and Pu Frenkel (PuF) defect formation energies at infinite dilution and along the (111) direction and

comparison to the computational literature.

ONETEP (eV)

Computational literature (eV)

Defect 96 atom 768 atom 96 atom

OF,, 2.21 2.62 2.65%° 2.21¢,4.899, 1.74¢, 2.29f, 2.45¢,2.10"
OF(111) 1.60 2.29 2.24f

PuF,, 7.06 7.14 7.05%°,9.89¢, 7.60¢, 5.01, 6.93¢, 5.05"
PuF(111) 4.99 6.65 10.04%

aReference [90]; PReference [55]; “Reference [95] (1k-AFM); 9Reference [56] (1k-AFM, U = 3.0 eV); “Reference [57] (1k-AFM, U =
4.0 eV); 'Reference [96] (U = 4.0 eV); eReference [97] (Longitudinal 3k-AFM, U = 7.0 eV); "Reference [91] (U = 4.0 eV).

The 96-atom supercell limits the separation between vacant
and interstitial sites for the Frenkel defect. Expanding the
optimized simulation cell to 768 atoms in size allowed the
placement of the interstitial atom further from the vacancy.
Increasing the separation between the interstitial atom and the
vacancy serves to reduce the interaction between the two sites
within the cell. To avoid recombination, we find that placing
the interstitial oxygen atom at least one interstitial site away
from the vacancy is sufficient separation [79,93,94].

Table III lists the oxygen and plutonium Frenkel defect
formation energies along the (111) direction in the simulation
cell. The Frenkel defect energies have also been calculated at
infinite dilution and are presented alongside the computational
literature. For the 96-atom cell, the interstitial oxygen and
plutonium atoms were placed at 11.9 and 4.8 A, respectively,
from the vacant site. This separation was increased in the
768-atom supercell to 21.4 A for oxygen and 14.2 A pluto-
nium Frenkel defects to minimize the interaction between the
vacancy and interstitial sites. Our previous investigation of
Frenkel defects in ceria [79] suggests that the increased sep-
aration along the (111) direction in the 768-atom simulation
cell is sufficient.

At infinite dilution, our calculated oxygen Frenkel defect
energies are close to the energies reported by several other
computational studies [55,90,91,96,97]. When the vacancy
and interstitial are introduced along the (111) direction within
the same simulation cell, the defect energies are lower than at
infinite dilution. The lower defect energies are a consequence
of the electrostatic interaction between the oppositely charged
oxygen vacancy and interstitial sites. In the 96-atom supercell,
the oxygen Frenkel energy is lower when compared to the
768-atom cell. This is because the separation between the
interstitial ion oxygen and the vacancy in the periodic image
is reduced to 7.1 A in the 96-atom cell. Whereas, in the 768
simulation cell, the interstitial oxygen is 16.6 A apart from
the vacancy in the periodic image. Placing the interstitial ion
further apart in the larger simulation cell serves to increase
the oxygen Frenkel energy, as stabilizing interaction between
the vacancy and interstitial oxygen are reduced. We found our
oxygen Frenkel energies to be lower than that reported by
Nakamura et al. [96], as they may have placed the vacancy
and interstitial oxygen in different positions.

For the plutonium Frenkel defects at infinite dilution, the
defect energies are close between the 96- and 768-atom simu-
lation cells. We also have good agreement between our defect
energies and several computational studies [55,57,90,97]. As
with the oxygen Frenkel defect, introducing the plutonium

vacancy and interstitial along the (111) direction within the
same simulation cell leads to smaller defect formation en-
ergies. Our defect formation energy is approximately half
that of the only other available calculation by Singh ef al.
along the same direction [91]. In the 96-atom supercell, the
plutonium interstitial is 14.2 A from the nearest periodic im-
age of the vacant site. This separation increases to 23.7 A in
the 768-atom cell, which weakens the stabilizing electrostatic
interaction between the interstitial plutonium and the vacancy.
Hence, a larger plutonium Frenkel defect formation energy
was calculated for the 768-atom simulation cell.

3. Schottky defect formation

The Schottky defects in Fig. 11 of the Supplemental Ma-
terial [74] are introduced by removing one formula unit of
PuO,, which leaves one plutonium and two oxygen vacancies.
Three Schottky defect configurations are possible depending
on the positions of the oxygen vacancies around the plutonium
vacancy. Keeping the position of one oxygen vacancy fixed,
we can create the second oxygen vacancy along the (100),
(110), and (111) directions. The Schottky formation process
is summarized by

Pupy, + 205 — Vi + 2V, (19)
where removing the formula unit of PuO, leaves oppositely
charged vacancies on the plutonium and oxygen lattice sites.

Table IV lists the calculated defect formation energies for
the bound Schottky defects placed along (100), (110), and
(111) directions in the simulation cell. The Schottky defect
energies have also been calculated at infinite dilution and
are presented with the computational literature. At infinite
dilution, our calculated Schottky energy for the 96-atom sim-
ulation cell is closest to the energies reported by Freyss et al.
[55,90] and comparable to several other studies [57,95,97].
For the 768-atom simulation cell size, we found an increase
in the Schottky energy, however, our calculated energy is still
within the range of energies reported for the 96-atom supercell
in the literature.

In the 96-atom supercell, the Schottky defect along the
(110) direction is predicted to be the most favorable. The
(111) direction becomes the most favorable at the 768 simula-
tion size, whereas the (100) direction remains the least stable
Schottky defect for both supercell sizes. We have reported
identical trends for the bound Schottky defects in ceria [79],
where a simulation cell with more than 96 atoms changes the
energetic ordering. The calculations by Singh et al. suggest
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TABLE IV. Schottky (S§) defect formation energies along the (100), (110), and (111) directions and comparison to the computational

literature.
ONETEP (eV) Computational literature (eV)
Defect 96 atom 768 atom 96 atom
Soo 2.89 3.58 3.03%°, 2.37¢,4.97¢, 2.50¢, 2.03, 2.55¢, 1.91", 5.25
S(100) 1.72 2.01 1.38i
S(110) 1.53 1.72 1.21
S(111) 1.61 1.60 1.200

aReference [90]; "Reference [55]; Reference [95] (1k-AFM); 9Reference [56] (1k-AFM, U = 3.0 eV); °Reference [57] (1k-AFM, U =
4.0 eV); Reference [96] (U = 4.0 eV); eReference [97] (Longitudinal 3k-AFM, U = 7.0 eV); "Reference [91] (Oxygen rich, U = 4.0 eV);
iReference [91] (Oxygen poor, U = 4.0 eV); iReference [91] (U = 4.0 eV).

that the S(110) and S(111) energies are much closer in en-
ergy than we have found in the 96-atom simulation cell [91].
Across all three directions for the bound Schottky defect, we
found our energies were lower than at infinite dilution for
both simulation cell sizes. At infinite dilution, the charged
vacancies interact with neighboring periodic images, whereas
in the bound Schottky defect, a charge neutral molecular unit
of PuO, was removed.

The bent geometry of the Schottky defect along the (100)
and (110) directions produces an effective dipole. Where there
is no alignment of the positive charge on the plutonium cation
with that of the negative charge on the each of the oxygen
anions. The linear geometry of the Schottky defect in (111)
direction leads to no dipole moment. In the work by Burr et al.
they conclude that the electrostatic interactions alone cannot
account for the finite-size effects [98]. Artificial restoring
forces from the periodic boundary conditions (PBC) suppress
the atomic relaxation around the defect in the 96-atom cell.
This raises the energy of Schottky defect along the (111)
direction compared to the (110) direction.

4. Hydrogen point defect formation

The hydrogen point defect formation energies in PuO,
under stoichiometric conditions were calculated at different
simulation sizes with ONETEP. Table V lists our hydrogen
defect energies along with the defect energies from computa-

TABLE V. Formation energies for the hydrogen point defects
calculated using DFT+U for stoichiometric PuO, and comparison
to the computational literature.

ONETEP (eV)  Computational literature (eV)

Defect 96 atom 768 atom 96 atom

H;* (octahedral) 243 3.38
H? (oxygenedge) 1.14 1.40
(OH)y, (hydroxyl) 1.17 1.56
HY) 2.69 3.81
Hg 13.71 15.54

2.328,2.24%,2.30°, 1.494
0.54°,1.01¢
0.35%, 0.97°, 0.64%¢

2Reference [11] (1k-AFM, U = 4.0 eV).
bReference [12] (1k-AFM, U = 4.0 eV).
‘Reference [13] (1k-AFM, U = 4.0eV).
dReference [14] (Longitudinal 3k-AFM, U = 6.0 eV).
°Reference [14] (Longitudinal 1k-AFM).

tional literature. Figure 12 in the Supplemental Material [74]
shows the positions of each hydrogen point defect.

Interstitial hydrogen was initially introduced in the octa-
hedral interstitial site, where we found an increase in defect
energy between the 96- and 768-atom simulation cells. At the
96-atom supercell, our calculated defect energies are compa-
rable to those reported in the studies by Ao ef al. [11] and
Hernandez and Holby [12]. Minimal changes to the structure
of the PuO, lattice were found around the interstitial hydrogen
radical defect at both supercell sizes. Inserting the hydrogen
into the middle of the oxygen edge, the cationic hydrogen
species (H™) attracts the neighboring oxygen lattice ions
towards it. Displacement of the nearest lattice oxygen ions to-
wards the hydrogen defect were measured up to 0.16 and 0.20
A in the 96- and 768-atom simulation cell, respectively. The
separation between the hydrogen and the lattice oxygen ions
was measured as 1.22 A (96 atom) and 1.16 A (768 atom),
which is greater than the 0.97 A bond length for hydroxyl
species [89].

The hydroxyl species was formed in a similar way to the
peroxide species, where the hydrogen was placed approxi-
mately 1.0 A from a lattice oxygen, along the (111) direction.
The oxygen is displaced of its lattice site towards the inter-
stitial hydrogen to form the O-H bond, which we measured
at 0.97 and 0.99 A in the 96- and 768-atom simulation cell,
respectively. Our calculated defect energy is closer to that
reported in the study of Zhang et al. [13], where they also
measure an O-H bond length of 0.99 A. A range of formation
energies at increasing O-H bond lengths are reported in the
study by Ao et al. [11], where they show that the longer
O-H bond lengths (and hence a weaker bond) contribute to
higher defect formation energies. A minimum for the defect
formation energy in their study was found in the region of
distances 0.90 to 1.0 A at 0.35 eV.

On the oxygen lattice site, the hydrogen exists as a
hydride (H™) ion. We measured a displacement of the nearest-
neighbor oxygen sites towards the hydride of 0.09 and
0.06 A in the 96- and 768-atom cell, respectively. Our cal-
culation suggests that substitution of oxygen ion by hydrogen
is more favorable than substituting a plutonium ion with hy-
drogen. The substitution of a lattice oxygen with hydrogen
has comparable formation energies to placing a hydrogen in
the octahedral site. On the plutonium lattice site the hydro-
gen also exists as a hydride (H™) ion. Substituting hydrogen
onto a plutonium lattice site was found to be the least stable
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TABLE VI. Comparison of the hydrogen substitution formation
energies which are recalculated according to the methodology de-
tailed by Hernandez and Holby [12] in Eq. (20).

ONETEP (eV) Computational literature (eV)

Defect 96 atom 768 atom 96 atom
Hy 0.34 0.69 0.14*
Hp! 1.18 2.38 —2.62%

2Reference [12] (1k-AFM, U = 4.0eV).
“Formation of the hydroxyl (OH) species.

extrinsic defect, becoming more unfavorable in the 768-atom
cell. The hydride remains in the substituted plutonium lattice
site, with the nearest-neighbor oxygen ions moving off their
lattice sites by 0.14 and 0.10 A in the 96- and 768-atom cell,
respectively.

The work of Hernandez and Holby includes the substitu-
tion of hydrogen onto the oxygen and plutonium lattice sites
[12]. In their study, the hydrogen substitution energies which
are summarized in Table VI are calculated from a substo-
ichiometric reference. For validation of our results against
Hernandez and Holby, we have recalculated our hydrogen
substitution energies, using their methodology detailed by
Hernandez and Holby [12],

form
Edefect = Edefect — Esubstoich — Ei, (20)

where Egefece 1S the energy of the relaxed system with the
impurity substituted onto an oxygen or plutonium site. The
energy of the relaxed system containing an oxygen or a pluto-
nium vacancy is given by Egypsioich, and E; is the energy of the
introduced hydrogen.

Our recalculated substitution energies maintain the same
energetic ordering as found using the stoichiometric refer-
ence. We found the defect energies for the substitution of H™
ion onto the oxygen site to be larger than the literature for
the 96-atom simulation cell. The formation energies for both
substitution mechanisms approximately double at the more
dilute concentration in the 768-atom cell between the two
methodologies. The simulation performed by Hernandez and
Holby for the hydrogen substitution onto the plutonium lattice
site is reported to lead to the formation of the hydroxyl species
[12]. They report that the hydrogen moves from the plutonium
site towards an oxygen lattice site by 1.23 A, to form the O-H
bond with length of 0.98 A. We were only able to form this
hydroxyl species by displacing the hydrogen approximately
1.3 A from the plutonium vacancy, before performing the
geometry relaxation.

5. Hydrogen transport

The long-term goal of our studies of the defect chemistry
of PuO; is to understand the influence of radiation damage
and defects on the hydrogen permeability through the PuO,
system. In this regard, it is worthwhile comparing our data
with the computational literature, particularly focusing on hy-
drogen transport mechanisms in PuO,, to see to what extent
our results support other work.

Ao et al. [11] calculated the formation energy of a hydro-
gen moving from the site we label as hydroxyl towards the

octahedral interstitial site. The authors do not propose this as
a hydrogen diffusion pathway but with reference to their data
we can calculate an activation energy of 1.97 eV for this path-
way [from a simple difference between 0.35 eV (hydroxyl)
to 2.32 eV (octahedral)]. Zhang et al. [13] subsequently ex-
amined an alternative pathway using the NEB method: that
of the hydroxyl in one position of the oxygen cube (pointing
to the octahedral interstitial) moving to a neighboring oxygen
in the same oxygen cube pointing to the same interstitial, and
then subsequently rotating around the oxygen to point to an
adjacent octahedral interstitial. Zhang et al. report that this
complete route has an activation energy of only 0.13 eV. The
authors do not report NEB results for the hydroxyl to octahe-
dral interstitial pathway but if we assume it can be calculated
from the difference in energy between the two states, then it
would, from their calculations, range 1.17-1.33 eV. The work
of Zhang et al. would therefore suggest that the hydroxyl to
hydroxyl pathway is more likely than the hydroxyl to octahe-
dral pathway.

Goldman et al. [14] consider these same mechanistic path-
ways using NEB methods and find that the hydroxyl to
hydroxyl pathway was in the range 0.15-1.17 eV for the
first part (hydroxyl to oxygen edge to hydroxyl in the same
oxygen cube) and 0.06-0.36 eV for the second part (hydroxyl
in one oxygen cube rotating to hydroxyl in an adjacent oxygen
cube). For the hydroxyl to octahedral pathway Goldman ez al.
report an activation energy of 0.27-0.36 eV, i.e., possibly
lower than the hydroxyl to hydroxyl pathway and in contrast
to Zhang et al. We have not yet progressed to NEB meth-
ods but if we take the gross assumption that the activation
energies for these pathways are determined by the relative en-
ergies of the hydroxyl, octahedral, and oxygen-edge positions,
then our ONETEP calculations suggest an activation energy of
1.26-1.82 eV for the hydroxyl to octahedral interstitial path-
way, and 0.03-0.16 eV for the hydroxyl to hydroxyl pathway.
Thus, our results are more in line with those of Zhang et al.,
although this may be modified in light of future NEB cal-
culations. One final point of note is that, in our work, the
oxygen-edge position was always lower in energy than the
hydroxyl position. This is in contrast to the work of Zhang
et al. [13], although the magnitude of the difference was
similar. This perhaps demonstrates that these positions are
fairly close in energy with the difference perhaps being of
lower magnitude than the accuracy of the calculations. These
results are compiled in Table VII.

The energetics of such pathways might be modified by ra-
diation damage in complex ways. First, the radiation damage
can introduce defects that can act as stable sites for hydrogen
(so stable that the defect may act as a sink and not release
the hydrogen) our results so far do not identify this for simple
point defects. Second, the radiation damage may introduce or
remove atoms that are critical to the transport pathway. For
example, we know that the majority of introduced defects are
anionic Frenkel pairs where an oxygen will be moved from an
oxygen cube and inserted into an interstitial (quite possibly an
octahedral interstitial site). This may influence any potential
pathways for hydrogen migration.

In the case of the hydroxyl-hydroxyl pathway the loss of
an oxygen on the cube would appear to make the route more
difficult as we show that the hydrogen on the oxygen vacancy
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TABLE VII. Hydrogen migration pathway energy calculated for the hydroxyl to hydroxyl species and the hydroxyl species to the interstitial

(octahedral) site.

ONETEP (eV)

Computational literature (eV)

Pathway 96 atom 768 atom 96 atom
Hydroxyl to hydroxyl 0.03* 0.16* 0.13%, 0.15-1.17 followed by 0.06-0.36°
Hydroxyl to interstitial (octahedral) 1.26* 1.82% 1.97¢, 1.17-1.33%2,0.27-0.36"

2Reference [13] (1k-AFM, U = 4.0 eV).
YReference [14] (DFT and DFTB).
‘Reference [11] (1Ik-AFM, U = 4.0eV).

“Calculated with only the difference between hydroxyl, oxygen-edge, and octahedral interstitial positions.

is of higher energy (we calculate 2.69 and 3.81 eV). We have
not yet calculated the energetics of hydroxyl to octahedral
interstitial pathway where the interstitial is occupied by oxy-
gen; one might assume this would be a more complicated
pathway. Cationic Frenkel pairs where a plutonium atom is
displaced to an octahedral interstitial site would perhaps have
less of an effect on the hydroxyl to hydroxyl pathway, but
may have a more dramatic effect on the hydroxyl to octahedral
interstitial pathway.

The introduction of defects may also have complicated
influences on “nearby” transport routes, and these are the
subject of future studies. For example, one could imagine that
removal of an oxygen from an oxygen cube would alter the en-
ergetics of how hydrogen could migrate across the remainder
of the cube. Similarly, we have shown here that inserting an
oxygen into the octahedral interstitial influences the oxygens
in the surrounding cube to move further away. The presence
of the interstitial and the new positions of the oxygen cube
anions would probably influence the formation energy of any
hydroxyl pointing towards an interstitial oxygen.

IV. CONCLUSIONS

Using large-scale DFT as implemented in the ONETEP code,
we have examined a range of point defects, Frenkel pairs,
Schottky defects, and hydrogen-related defects in the PuO,
system in supercells containing 96 and 768 atoms.

For the point defects we have examined, note the follow-
ing: 1. insertion of plutonium and oxygen into the octahedral
interstitial; 2. vacancies of both oxygen and plutonium; 3.
insertion of plutonium and oxygen into vacancies of oxy-
gen and plutonium; 4. generation of a peroxide species. We
find that the oxygen octahedral interstitial is, in general,
the lowest formation energy point defect related to oxygen
(2.07-2.11 eV), closely followed by the oxygen vacancy
defect (2.35-3.13 eV). This is in agreement with the litera-
ture. We were also able to identify a stable peroxide species
(1.57-2.67 eV) by placing an interstitial oxygen at 1.0 A
from a lattice oxygen site on the (111) direction. This defect
has an O-O distance of 1.46 A and has not been reported
before. Both the plutonium vacancy and the oxygen inserted
into the plutonium vacancy are found to be high in energy
(12-15 eV). Finally, of note, we calculate the energy of a
plutonium inserted into the octahedral interstitial site to be
in the range of 1.12-1.59 eV and lower than reported in the
literature (4.90 eV) [55,90].

Our calculations of Frenkel pair formation energies com-
pare well with the literature, both at infinite dilution (OF
at 2.21-2.62 eV, PuF, at 7.06-7.14 eV) and along the (111)
direction when placed in the same supercell (OF(111) at 1.60—
2.29 eV, PuF(111) at 4.99-6.65 eV). We have also calculated
the plutonium Frenkel pair along the (111) direction and we
believe this is the first calculation of this type of defect in
PuO;: we report that the plutonium Frenkel pair defect has
a formation energy of 4.99 eV in the 96-atom supercell and
6.65 eV in the 768-atom supercell.

Similarly, our Schottky defect formation energies at infinite
dilution (2.89-3.58 eV) compare well to literature values.
In addition to this, we examined Schottky defects in (100},
(110), and (111) directions, where we find in each case the
Schottky defect formation energies simulated in a single su-
percell (1.53-2.01 eV) are lower than those calculated at
infinite dilution. In general, these energies were lower for
the 96-atom supercell as compared to the 768-atom supercell.
We find that the energetic ordering trends of these Schottky
defects are identical to our results from the isostructural CeO,
system and vary with supercell size [79].

Finally, we examined a number of likely hydrogen sites
in the PuQO, lattice: octahedral interstitial, oxygen edge,
hydroxyl, oxygen vacancy, and plutonium vacancy. The hy-
drogen at the oxygen and plutonium vacancies is relatively
high in energy (2.69-3.81 eV and 13.71-15.54 eV, respec-
tively); these have not been reported before. We also find
that the hydrogen exists as a radical at the octahedral inter-
stitial site (2.43-3.38 eV) and that this is somewhat higher
formation energy than other studies find [11-14]. Hydrogen
at the oxygen edge (as a H* cation) and at the oxygen cube
corner (as a hydroxyl) are both lower in energy (1.14-1.40 eV
and 1.17-1.56 eV, respectively) as composed to hydrogen
in the octahedral interstitial site (2.43-3.38 eV), but again
higher than found by other studies [11-14]. It is noteworthy
that our finding of a formation energy difference between the
octahedral interstitial hydrogen and the hydrogen at oxygen
edge/hydroxyl of 1.3-2.0 eV compares well to a similar value
from the literature of 1.3—1.4 eV (calculated from a mean
of literature values). This may indicate that the hydrogen is
more likely to be found at the oxygen cube positions (at the
corners or edge). We discuss the literature data in the context
of potential hydrogen transport pathways and how that might
be modified by radiation damage, which should be the topic of
future investigations. The effect of magnetic ordering on the
defect chemistry should also be the focus of future studies.
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