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We have examined a range of point defects, Frenkel pairs, Schottky defects, and hydrogen-related defects in
the PuO2 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 Å. 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 PuO2 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.
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I. INTRODUCTION24

Plutonium is an important material on account of its25

ability to fission and generate power. Typically, plutonium26

is encountered as the stable plutonium dioxide (PuO2) form,27

in civil nuclear fuels [1] on its own and within mixed oxides28

(MOX), and is generally also in the PuO2 form for long-term29

storage [2]. In its metallic form, plutonium, due to its30

oxophilic nature, quickly develops an oxide film on the metal31

that slows further oxidation [3,4]. The oxide overlayer film32

acts as a barrier since reactive species, such as oxygen and33

hydrogen, are required to transport across the oxide barrier in34

order to react with the metal.35

Plutonium is also radioactive with the majority of its36

isotopes and daughter products decaying through α radiol-37

ysis. Both the emitted α particles (helium nuclei of energy38

4.8–5.5 MeV) and the recoil atoms (uranium from plutonium39

isotopes of energy 82–94 keV) create defect damage but over40

different length scales [5,6]. Considering the α-radiation dam-41

age in both bulk and in overlayers of PuO2, the α particle has42

a range of approximately 10 µm losing energy by electronic43

stopping: defects produced are largely isolated Frenkel pairs44

with little annihilation or clustering of the defects [7]. Pre-45

dictions suggest up to 66 cation [plutonium Frenkel (PuF)]46

and 140 anion [oxygen Frenkel (OF)] displacements due to47

an α particle ejected from 238Pu [5]. The daughter recoil atom48

has less energy but loses it by nuclear stopping processes over49

*c.skylaris@soton.ac.uk

a much shorter distance of 6–20 nm (less than 0.2% of the 50

distance of the α particle) creating a far more concentrated 51

defect volume [2]. Calculations suggest up to 140 cation and 52

1180 anion displacements from the recoil atom. The in-growth 53

of radiation-induced defects, helium, and daughter products 54

changes the material over time and with it the material physi- 55

cal and mechanical properties [7–9]. 56

Molecules, radicals, and ions must traverse any oxide bar- 57

rier to react with the underlying plutonium metal. Since the 58

defect density in the oxide changes as a function of time, it 59

then follows that the barrier properties of the oxide overlayer 60

may be affected by the in-growth of defects. A particular ex- 61

ample is that of the reaction of hydrogen with plutonium metal 62

in storage environments [4,10–14]. This reaction is thought 63

to be governed exclusively by the barrier diffusion process 64

[15] in the earliest stages of the reaction, such as during 65

the “induction phase” [16,17]. The reaction of hydrogen with 66

plutonium can produce hazardous plutonium hydride [18–22]. 67

Thus, understanding the relationship between PuO2 defects 68

and the transport of hydrogen through this oxide allows for 69

a better prediction of how much plutonium hydride might be 70

produced in storage. 71

Plutonium dioxide adopts the calcium fluoride (CaF2) 72

crystal structure, with the Fm3̄m space group [23]. In this 73

structure, the oxygen anions are in a simple cubic pack- 74

ing within the unit cell which is bounded by plutonium 75

cations at the cell corners and the face-centered positions. The 76

plutonium cations make up the face-centered-cubic (fcc) ar- 77

rangement and the oxygen anions are located at the tetrahedral 78

interstices leaving the octahedral sites vacant. Each plutonium 79
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cation coordinates to eight oxygen anions whereas each oxy-80

gen anion coordinates to four plutonium cations. The oxide81

is an insulator with a band gap measured at 1.80 eV [24,25]82

and 2.80 eV [26] and a wealth of evidence confirming a dia-83

magnetic (DM) ground state [27–31]. First-principle methods84

generally calculate a ferromagnetic (FM) or antiferromagnetic85

(AFM) ground state [32–38].86

Computational studies of PuO2 are challenging due to the87

highly correlated and localized nature of f electrons [39–42].88

Standard density functional theory (DFT) [43,44] fails to pro-89

duce the correct electronic structure, often underestimating90

the band gap of actinide oxide (AnO2) materials, treating them91

as metallic instead of insulators [24,45]. The local-density92

approximation (LDA) and generalized gradient (GGA) ap-93

proximation functionals alone do not capture the localization94

arising from the strong electron-electron interactions. Hybrid95

functionals more accurately describe the f states [45–48],96

however, these are computationally expensive. Alternatively,97

DFT+U is a more feasible method to account for the onsite98

Coulomb repulsion of the f electrons by adjusting the U99

parameter [49–51].100

The unfavorable, cubic scaling of conventional101

DFT limits computational studies into PuO2 properties102

[32,33,37,38,45,52–54] and defect formation [13,14,55–57]103

to small supercells. Smaller simulation cells suffer from104

stronger finite-size effects [58,59], such as increased strain105

around a defect site [60–62]. Finite-size effects are minimized106

with larger system sizes, using linear-scaling DFT methods107

which overcome the unfavorable scaling of conventional108

DFT with increasing system size. The crossover point, where109

linear-scaling DFT methods become more efficient than110

conventional DFT, typically lies on the order of hundreds of111

atoms [63]. ONETEP(order-N electronic total energy package)112

[64] uses a reformulation of DFT, based on the one-particle113

density matrix ρ(r, r′). The locality or nearsightedness of the114

density matrix exploited [65,66], by expanding the localized115

orbitals as nonorthogonal generalized Wannier functions116

(NGWFs) in the basis of periodic sinc (psinc) functions117

[67,68]. These NGWFs are self-consistently optimized during118

the energy minimization.119

In this work, we investigate a range of intrinsic and extrin-120

sic defects in bulk PuO2. We expand the simulation cell up to121

768 atoms to study point, Frenkel, and Schottky defects using122

ONETEP. By increasing the supercell size, we can isolate and123

dilute the concentration of point defects to minimize finite-124

size effects. We use the larger simulation cells to determine125

the energetic ordering of the Frenkel defects and Schottky126

defects. The incorporation of the hydrogen into bulk PuO2 at127

the interstitial and substitutional positions within the material128

is also investigated. Hydrogen can exist as a cation (H+),129

hydride (H−), or a radical within solid materials, with lim-130

ited reports on which species could be present in bulk PuO2131

[11–14,69]. Experimentally, it is currently undetermined as to132

which hydrogen species could be present in PuO2.133

II. METHODOLOGY134

A. Computational details135

Optimizations of stoichiometric and defective PuO2 were136

performed using the ONETEP linear-scaling DFT package137

[64]. Calculations were performed using the Perdew-Burke- 138

Ernzerhof (PBE) [70] generalized gradient approximation 139

(GGA) exchange-correlation functional. The valence elec- 140

trons for hydrogen (1s1), oxygen (2s22p4), and plutonium 141

(6s26p67s25 f 66d0) were treated using a plane-wave basis set, 142

with a kinetic energy cutoff of 900 eV, whereas the core 143

electrons were frozen in the norm-conserving pseudopotential 144

(NCP) on-the-fly generated (OTFG) using the CASTEP code 145

[71]. Initially, the 2×2×2 supercell of the 12-atom unit cell 146

containing 96 simulation cells was optimized using plane- 147

wave DFT (CASTEP), with a 4×4×4 Monkhorst-Pack k-points 148

mesh [72] to sample the Brillouin zone. The larger 4×4×4 149

supercells containing 768 atoms were generated from the op- 150

timized 2×2×2 supercell. 151

For all simulations, the system was considered as spin po- 152

larized, and spin-orbit coupling was not included to minimize 153

computational cost. Self-consistent electronic minimizations 154

were performed with ensemble density functional theory 155

(EDFT) [51,73], where the Fermi-Dirac smearing scheme 156

with an electronic temperature of 1000 K was applied. The 157

electronic energies were converged to 1×10−5 eV, and the 158

structural relaxations were conducted until the forces acting 159

on each atom were below 0.05 eV Å−1 for the 96-atom simu- 160

lation cell and 0.10 eV Å−1 for the 768-atom simulation cell. 161

The onsite Coulomb repulsion was accounted for by ap- 162

plying the Hubbard parameter U to favor localization of 163

electronic states. A rotational invariant approach [51] was 164

used with the U parameter chosen to be 5.0 eV. The choice 165

of 5.0 eV was made with reference to its effect on calculated 166

lattice parameter and band gap (Fig. 1 in the Supplemen- 167

tal Material [74]) and the range used in the computational 168

literature [33,35,37,38]. Ramping U is less appropriate as 169

it can affect the orbital orderings [50]. Using a U correc- 170

tion may give rise to metastable states, which have been 171

studied with the occupation matrix control (OMC) scheme 172

[32,75–77]. As we have introduced defects, applying OMC 173

to the 5 f states of plutonium would require sampling all 174

possible states for mixed valence systems, which would be 175

computationally unfeasible [77]. 176

Optimization of the simulation cells containing defects was 177

performed at constant volume using the ONETEP code, where 178

a localization radius of 10.0 a0 was used for the nonorthogo- 179

nal generalized Wannier functions (NGWFs) of each valence 180

state. The hydrogen 1s orbital was represented by one NGWF 181

and four NGWFs were assigned to the oxygen valence states 182

(one for the 2s orbital, three for the 2p orbitals). The pluto- 183

nium valence states are represented by 17 NGWFs (one each 184

for the 6s and 7s orbitals, three for the 6p orbitals, five for the 185

6d orbitals, and seven for the 5 f orbitals). 186

The PuO2 supercell was optimized with a periodic ar- 187

rangement of collinear spin moments on the plutonium sites 188

aligned along the (100) direction in an antiferromagnetic 189

(AFM) arrangement. The AFM states in a one-dimensional 190

collinear arrangement are assigned the label “1k.” A lon- 191

gitudinal arrangement for the spins was chosen to give the 192

1k-AFM longitudinal magnetic ordering, based upon previ- 193

ous theoretical investigations [32,33,35,37,38,52,78]. These 194

studies have found the AFM ground state to be energetically 195

more favorable than the DM and FM ground states when 196

OMC is not used [77]. The 1k-AFM longitudinal ordering 197
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TABLE I. Bulk properties of PuO2 calculated with plane-wave DFT and the comparison with experimental and computational literature.

Bulk properties DFT+U Computational literature Experimental literature

Lattice constant a (Å) 5.48 5.47a,b, 5.36d, 5.45e, 5.42f, 5.46g, 5.39h, 5.47i, 5.35j 5.40k,m

Band gap Eg (eV) 1.71 1.50b, 2.20c, 1.67d, 2.00e, 2.97f, 1.60g, 0.90h, 1.70i 1.80l,n, 2.80o

Magnetic moment µmag (µB) 4.34 4.17b, 3.89c, 3.80f, 4.12g, 3.72h 0.00p,q,r,s

Bulk modulus BVRH (GPa) 187 197b, 217d, 199e, 215f, 198g, 184j

EOS bulk modulus B (GPa) 183 194a, 199c, 184i 178n, 379t

EOS B′ 4.88 4.50a 2.40t

Shear modulus GVRH (GPa) 59 53b, 126d, 88g, 81j

Young’s modulus E (GPa) 160 145b, 231g, 213j

Poisson’s ratio ν 0.36 0.38b, 0.26d, 0.31g,j

C11 (GPa) 360 257b, 348d, 375e, 369g, 367j

C12 (GPa) 101 168b, 180d, 111e, 109g, 92j

C44 (GPa) 33 59b, 166d, 70e, 71g, 56j

C11 − C12 (GPa) 259 89b, 168d, 264e, 260g, 275j

C11 + 2C12 (GPa) 562 595b, 708d, 597e, 587g, 551j

aReference [33] (1k-AFM, U = 5.00 eV); bReference [33] (1k-AFM, U = 4.00 eV); cReference [32] (1k-AFM, U = 4.00 eV); dReference [35]
(1k-AFM, U = 4.70 eV); eReference [78] (1k-AFM, U = 4.00 eV); fReference [38] (Longitudinal 3k-AFM, U = 6.00 eV); gReference [37]
(1k-AFM, U = 4.00 eV); hReference [77] (1k-AFM, U = 4.50 eV); iReference [52] (1k-AFM, U = 4.00 eV); jReference [82]; kReference
[23]; lReference [24]; mReference [83]; nReference [25]; oReference [26]; pReference [28]; qReference [29]; rReference [30]; sReference [31];
tReference [84].

was chosen over the 3k-AFM noncollinear ordering as it is198

computationally less demanding to investigate.199

B. Defect formation200

Point defects were introduced into the stoichiometric struc-201

ture of PuO2, from the simulation cell initially optimized202

with CASTEP. The simulation cells were kept neutral, with no203

addition or removal of electrons. The defective structures were204

optimized at constant volume, using the lattice parameters205

of the relaxed, perfect cell. Larger supercells were created206

from the optimized 2×2×2 supercell of PuO2. Fixed cell207

optimizations using ONETEP were performed on these larger208

supercells, in addition to the 96-atom supercell. Point defects209

were introduced into the resulting, stoichiometric structures210

and then optimized [79].211

The energy required to form a point defect in perfectly212

crystalline PuO2 is calculated according to the formula213

[80,81]214

E form
defect = Edefect − Estoich −

∑
i

niEi, (1)

where the total energy of the material containing the defect is215

denoted as Edefect and the total energy for the stoichiometric216

material is given by Estoich. To form a defect in the crystal,217

ni number of species of type i are either removed to form a218

vacancy (ni < 0) or added to an interstitial site (ni > 0). The219

energy for the addition or removal of each species is given220

Ei, where the energy for hydrogen or oxygen is calculated by221

optimizing a H2 or O2 molecule in the gas phase (E = 1
2 EH2222

or 1
2 EO2 ). The energy for plutonium metal is calculated by223

optimizing the 32 atoms of bulk plutonium metal with an224

effective U of 5.0 eV applied. In general, the formation energy225

is positive, as it costs energy to create a defect.226

We introduced Frenkel defects into the simulation cell by227

removing an atom from a lattice site and placing it in an in-228

terstitial position in the simulation cell. The defect formation229

energies of the Frenkel defects are presented per point defect, 230

E form
Frenkel = Edefect − Estoich

2
. (2)

The Schottky defect was created by the removal of a neutral, 231

formula unit of PuO2 from the initial cell. The formation 232

energy for the Schottky defect is given per point defect, 233

E form
Schottky = 1

3

(
Edefect − Estoich + Estoich

x

)
, (3)

where x is the number of formula units in the supercell. 234

III. RESULTS AND DISCUSSION 235

A. Bulk properties of stoichiometric PuO2 236

We initially used plane-wave DFT to calculate the bulk 237

properties of stoichiometric PuO2 from the 12-atom simu- 238

lation cell and these properties are summarized in Table I. 239

Our choice of GGA functional and value of U for the 240

Hubbard correction both contribute to overestimating the lat- 241

tice constant by 1.5% compared to experiment. However, our 242

lattice parameters are broadly in line with the computational 243

literature. A U correction of 5.0 eV creates a band gap of 244

1.71 eV, shown in Figs. 1 and 3 of the Supplemental Material 245

[74]. Our calculated band gap is in good agreement with the 246

computational studies by Zhang et al. [52] and Yang et al. 247

[35], and is also close to the experimentally measured values 248

by McNeilly et al. [24] and Idiri et al. [25]. The 1k-AFM 249

longitudinal magnetic ordering gives a magnetic moment of 250

4.34µB on each Pu4+ ion, which is comparable to other DFT 251

studies. Experimental investigations have reported that PuO2 252

has a DM ordering, however, we have the AFM ordering as 253

DFT studies have found this to have a more stable ground state 254

[32,33,35,37,38,52,78]. 255

We determined the unique elastic constants of stoichio- 256

metric PuO2 given in Table I, from which the mechanical 257

properties are derived using the Voigt-Reuss-Hill (VRH) 258
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approximation [85]. The mechanical stability of this cubic259

crystal was assessed by comparing the elastic constants with260

the Born-stability criteria [86] given by261 ⎧⎨
⎩

C11 > 0; C44 > 0
C11 − C12 > 0

C11 + 2C12 > 0

⎫⎬
⎭. (4)

Our calculated elastic constants satisfy the stability criteria262

and the C11 and C12 constants are in reasonable agreement263

to the computational literature values. Our value for C11264

(360 GPa) falls within the range found in the literature (257–265

375 GPa) and is within 5% of the mean values reported; our266

value for C12 (101 GPa) is within the literature reported range267

(92–180 GPa) and is within 24% of the mean values reported.268

Our value for C44 (33 GPa) is lower than the literature reported269

range (56–166 GPa) by a significant margin (some 60% be-270

low the mean of values reported) although a wide range of271

values are reported and we are closer to the majority of values272

(56–71 GPa). We used the elastic constants to determine the273

bulk, shear, and Young’s moduli as well as the Poisson’s ratio.274

Our calculated G, E, and ν are in good agreement with the275

computational literature, falling within the range of reported276

values in each case.277

The bulk modulus calculated from the Voigt-Reuss-Hill278

(VRH) approximation BVRH is 187 GPa, which is lower than279

the range reported by the computational literature. We also280

calculated the bulk modulus by fitting the third-order Birch-281

Murnaghan equation of state (EOS), for different cell volumes282

shown in Fig. 2 of the Supplemental Material [74]. Fitting283

the cubic polynomial to the free energy-volume plot, the284

minimum bulk modulus at minimum volume B0 is found to285

be 183 GPa or 1.14 eV/Å3. The first derivative of B0 with286

respect to pressure at constant temperature is the dimension-287

less parameter B′
0, with a value of 4.88, which is typical288

for such material [9,33]. Comparisons to the experimentally289

determined bulk moduli are difficult, as we found only one290

report. Idiri et al. report 178 GPa [25] which is derived from291

a reevaluation of the data of Dancausse et al. [84]. The dif-292

ferences with our computational values are often attributed to293

temperature and volume effects [82], which are not accounted294

for by the approximations of the exchange-correlation func-295

tional in the DFT simulations.296

B. Structure and electronic properties of point defects297

1. Intrinsic point defects298

Forming an oxygen vacancy in PuO2 involves two excess299

electrons localizing onto two neighboring plutonium sites,300

reducing plutonium ions from Pu(IV) to Pu(III). This process301

is illustrated by the Kröger-Vink notation302

O×
O + 2Pu×

Pu → V••
O + 2Pu′

Pu + 1
2 O2(g), (5)

where O×
O and Pu×

Pu represent the oxygen and plutonium303

ions on their respective lattice sites. V••
O corresponds to the304

doubly positively charged oxygen vacancy and the Pu′
Pu cor-305

responds to the single negatively charged plutonium Pu(III)306

ion. Figure 1(a) shows that the effective positive charge on the307

vacancy attracts the first nearest-neighbor oxygen ions, which308

move towards the vacant site from their lattice site. Mulliken309

population analysis shows that a stable ground state is found310

FIG. 1. Local structure around the (a) oxygen vacancy, (b) inter-
stitial oxygen (octahedral), and (c) peroxide defects in PuO2 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 311

ion each. 312

The projected density of states (PDOS) plotted with Sumo 313

[87] in Fig. 1(a) shows that excess electrons occupy the empty 314

5 f states on two neighboring plutonium ions. Additional 315

peaks corresponding to the 5 f state appear close to the oxygen 316

2p state dominated valence band and the conduction band 317
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containing the plutonium 5 f states. These peaks indicate the318

reduction of the neighboring Pu(IV) to Pu(III).319

An oxygen was introduced into the octahedral interstitial320

site, which led to localized holes on the interstitial ion O′
i and321

neighboring oxygen ions O•
O:322

Ox
O + 1

2 O2(g) → O′
i + O•

O. (6)

Figure 1(b) shows that the oxygen atom placed in an octahe-323

dral interstitial lattice site produced additional peaks for the324

oxygen 2p state close to the valence band. The oxygen anion325

(O−) remains in the octahedral interstitial site and we did not326

form the peroxide species with a neighboring lattice oxygen327

atom. Instead, the oxygen atoms in the lattice forming a cube328

around the octahedral site move away from the interstitial ion.329

To form the peroxide species (O2−
2 ) shown in Fig. 1(c), the330

interstitial oxygen was placed approximately 1.0 Å from a331

lattice oxygen, along the 〈111〉 direction,332

Ox
O + 1

2 O2(g) → (O2)x
O. (7)

The lattice oxygen nearest to the interstitial oxygen moves333

from its lattice site towards the interstitial oxygen to form the334

peroxide species (O2−
2 ). An O-O bond length of 1.46 Å was335

measured for the peroxide and the lattice O-Pu bond elongates336

from 2.38 to 2.62 Å. The PDOS for the peroxide species337

contains new peaks near the conduction band, belonging to338

the oxygen 2p states of the peroxide with no additional peaks339

in the band gap. These new oxygen 2p states are due to340

the antibonding orbitals generated by the formation of the341

peroxide species, as suggested by Keating et al. in their study342

of defects in ceria [88]. This is supported by the Mulliken343

charge analysis, where we found no localization of charge on344

the neighboring lattice sites.345

Creating a plutonium vacancy removes four electrons from346

the lattice, which forms holes on the neighboring oxygen347

atoms,348

Pux
Pu + 4Ox

O → V′′′′
Pu + 4O•

O + Pu(s), (8)

where Fig. 2(a) shows that eight oxygen sites surrounding the349

plutonium vacancy move away from the effective negative350

charge of the vacant site. The PDOS for the plutonium va-351

cancy defect indicates that holes are localized onto the oxygen352

2p states, close to the valence band. Analysis of the Mulliken353

charge population suggests that four holes are delocalized354

across eight oxygen sites which form a cube around the va-355

cancy.356

Placing an interstitial plutonium ion in an octahedral in-357

terstitial site adds four extra electrons into the system. These358

additional electrons localize onto neighboring plutonium lat-359

tice sites, reducing them from Pu(IV) to Pu(III),360

4Pux
Pu + Pu(s) → 4Pu′

Pu + Pu••••
i . (9)

This introduction of the Pu(IV) also leads to the neighbor-361

ing plutonium lattice sites relaxing away from the interstitial362

atom. Mulliken populations support the localization of four363

electrons across four adjacent plutonium atoms in the lattice.364

The PDOS shown in Fig. 2(b) contains several additional365

peaks in the band gap, where the shoulder peak of the valence366

band is the oxidized interstitial plutonium ion. The remaining367

peaks between the valence and conduction bands correspond368

FIG. 2. Local structure around the (a) plutonium vacancy and
(b) interstitial plutonium (octahedral) defects in PuO2 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 369

from Pu(IV) to Pu(III). 370

For the oxygen substituted onto a plutonium lattice site, the 371

holes localize across several oxygen sites, 372

Pux
Pu + 6Ox

O + 1
2 O2(g) → O′′′′′′

Pu + 6O•
O + Pu(s). (10)

Figure 3(a) shows the oxygen ion (O2−) substituted onto a 373

plutonium lattice site (or placed on a vacant plutonium site 374

V′′′′
Pu). The lattice oxygen sites which form a cube around 375

the defect move away from the substituted plutonium site. 376

This is akin to the behavior of the lattice when an oxygen 377

ion is introduced into the octahedral interstitial site. Mulliken 378

population analysis supports the delocalization of six holes 379

across eight neighboring oxygen sites surrounding the defect. 380

This is reflected in the PDOS which bears similar features to 381

that of oxygen interstitial and plutonium vacancy PDOS. A 382

peak close to the valence band is similar to that found in the 383

PDOS for the creation of the plutonium vacancy, where holes 384

form on the 2p states of the oxygen lattice sites. The other 385

peak present in the band gap corresponds to the holes present 386

on oxygen 2p states, as we found for the oxygen atom in the 387

octahedral interstitial site. 388
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FIG. 3. Local structure around the defect for (a) oxygen sub-
stituted onto a plutonium site and (b) plutonium substituted onto
oxygen site in PuO2 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.

Substitution of a plutonium atom onto an oxygen lattice389

site (or placed on a vacant oxygen site, V••
O ), reduces several390

plutonium lattice sites from Pu(IV) to Pu(III),391

5Pux
Pu + Ox

O + Pu(s) → Pu•••••
O + 5Pu′

Pu + 1
2 O2(g). (11)

Examining the Mulliken charge on the plutonium sites, we392

found a total of five lattice sites which were reduced from393

Pu(IV) to Pu(III). The reduction of plutonium is indicated in394

the PDOS by the presence of a 5 f peak close to the valence395

bad. The plutonium substitution on the oxygen lattice site396

distorts the PuO2 as shown in Fig. 3(b). Oxygen lattice sites397

surrounding the defect are attracted and move towards the net398

positive charge. In contrast, the neighboring plutonium lattice399

sites move away from Pu(III) ion on the substituted oxygen400

lattice site.401

2. Hydrogen point defects402

Hydrogen was introduced into the octahedral interstitial403

lattice site as a radical,404

1
2 H2(g) → H×

i . (12)

The hydrogen radical introduced into the octahdedral site405

is shown in Fig. 4(a). The PDOS for this defect does not406

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 PuO2 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.

exhibit any features consistent with other hydrogen species 407

and therefore supports the identity as a radical hydrogen 408

atom. Mulliken charge analysis on the neighboring oxy- 409

gen and plutonium lattice sites also supports the presence 410

of a hydrogen radical species in this interstitial position. 411

There is also minimal distortion of the lattice atoms sur- 412

rounding the radical hydrogen species from their preferred 413

position. 414
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The hydrogen cation species (H+) was formed by placing415

the hydrogen atom midway between two oxygen lattice sites416

(oxygen edge),417

Pu×
Pu + 1

2 H2(g) → H•
i + Pu′

Pu. (13)

The PDOS in Fig. 4(b) has an additional peak in the 5 f state of418

plutonium near the valence band. This peak corresponds to the419

reduction of plutonium in the lattice from Pu(IV) to Pu(III).420

There is also an absence of additional peaks in the PDOS421

indicative of a hydrogen radical. The Mulliken charge analysis422

indicates that a single plutonium site neighboring the cationic423

hydrogen species is reduced from Pu(IV) to Pu(III). The H+
424

ion attracts the adjacent oxygen lattice atoms, which shift off425

their respective sites towards it, separated equally from the the426

H+ ion by 1.2 Å.427

We were unable to form the hydroxyl (OH) species by428

placing the interstitial hydrogen along the center of the oxygen429

edge, where the separation between the hydrogen and lattice430

oxygen atoms was measured at 1.2 Å. This is much greater431

than the experimentally determined O-H bond length at432

0.97 Å [89]. We did, however, form the OH species with the433

same approach to form the peroxide, where the interstitial434

hydrogen was placed approximately 1.0 Å from the lattice435

oxygen, along the 〈111〉 direction,436

Pu×
Pu + Ox

O + 1
2 H2(g) → (OH)•O + Pu′

Pu. (14)

Figure 4(c) shows the interstitial hydrogen atom bound to437

the oxygen atom on the corner of the oxygen lattice forming438

a cube. This lattice oxygen moves from its site towards the439

interstitial hydrogen to form the hydroxyl species. The bond440

length for the O-H bond was measured at 0.97 Å (96-atom441

cell) and 0.99 Å (768-atom cell), and the lattice O-Pu bond442

extends from 2.38 to 2.56 Å (96-atom cell) and 2.49 Å (768-443

atom cell) in length. Similar to the hydrogen along the oxygen444

edge, the Mulliken charge analysis suggests the reduction445

of a neighboring plutonium lattice site. The PDOS includes446

additional 5 f peaks, which correspond to the reduction of447

plutonium in the lattice.448

Hydrogen was substituted onto an oxygen lattice site,449

which formed a hydride (H−) and reduced a neighboring450

plutonium lattice site from Pu(IV) to Pu(III),451

Pu×
Pu + Ox

O + 1
2 H2(g) → H•

O + Pu′
Pu + 1

2 O2(g). (15)

Figure 5(a) shows the hydrogen substituted onto an oxygen452

lattice site. The hydride remains on the oxygen lattice site453

with a small shift from the neighboring lattice oxygen atoms454

towards it (it has a net positive charge compared to the orig-455

inal oxygen anion). The PDOS shows a plutonium 5 f peak456

close to the valence band which indicates the reduction of a457

plutonium lattice site. This feature is similar to that found for458

the reduction of plutonium lattice sites on the creation of the459

oxygen vacancy. The Mulliken population analysis supports460

the reduction of one neighboring plutonium site from Pu(IV)461

to Pu(III).462

Substituting hydrogen onto a plutonium lattice site local-463

izes holes across several oxygen sites,464

Pu×
Pu + 5Ox

O + 1
2 H2(g) → H′′′′′

Pu + 5O•
O + Pu(s). (16)

The Mulliken population analysis suggests that this substi-465

tution leaves five holes localized across eight oxygen lattice466

FIG. 5. Local structure around the hydrogen substitution defect
on the (a) oxygen site and (b) plutonium site in PuO2 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.

sites. This is demonstrated in Fig. 5(b) with additional peaks 467

in PDOS for the oxygen 2p state close to the valence band, 468

indicating the localization of holes on oxygen lattice sites. 469

This feature is comparable to the PDOS for the creation 470

of plutonium vacancy, where we also found the delocaliza- 471

tion of holes over eight oxygen lattice sites, which move 472

away from their lattice sites. The PDOS also contains a peak 473

for the hydrogen 1s state in the band gap, which suggests 474

the formation of a hydride species on the plutonium lattice 475

site. 476

C. Energetics of defects 477

1. Intrinsic point defect formation 478

The intrinsic point defect formation energies in PuO2 479

were determined at different simulation sizes with ONETEP. 480

Table II lists our intrinsic defect energies, which are presented 481

alongside the available defect energies from computational 482

literature. Our defect energies are presented under stoichio- 483

metric conditions, without considering the dependence of the 484

chemical potential of plutonium or oxygen on the partial pres- 485

sure of oxygen. 486

Creating an oxygen vacancy removes 1.6% of oxygen 487

atoms (PuO2−x where x = 0.03) in the 96-atom supercell, and 488
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TABLE II. Formation energies for the oxygen and plutonium point defects calculated using DFT+U for stoichiometric PuO2 and
comparison to the computational literature.

ONETEP (eV) Computational literature (eV)

Defect 96 atom 768 atom 96 atom 324 atom

V••
O 2.35 3.13 5.30a,b, 4.89c, 3.19d, 3.41e 3.40d

O′
i (octahedral) 2.07 2.11 0.10a,b, 1.98d, 0.78e 2.12d

(O2)×O (peroxide) 1.57 2.67
O′′′′′′

Pu 14.03 15.01 2.08f, 12.11g

V′′′′
Pu 12.53 13.16 9.20a,b, 5.14c, 14.00d, -1.09f, 8.94g 14.03d

Pu••••
i (octahedral) 1.59 1.12 4.90a,b, 11.18f, 1.15g

Pu•••••
O 4.22 4.43 22.90f, 12.88g

aReference [90]; bReference [55]; cReference [56] (1k-AFM, U = 3.0 eV); dReference [12] (1k-AFM, U = 4.0 eV); eReference [91] (U =
4.0 eV); fReference [91] (Oxygen rich, U = 4.0 eV); gReference [91] (Oxygen poor, U = 4.0 eV).

increasing the simulation size to 768 atoms dilutes the concen-489

tration to 0.2% (where x = 0.004). Our calculated formation490

energies for the oxygen vacancy are lower than that found491

in previous theoretical studies [12,56,90]. At the 768-atom492

simulation cell size, the oxygen vacancy formation energy is493

comparable to that of energies reported by Holby et al. [12].494

Consistent with that study, we also find increasing energies for495

the oxygen vacancy in the larger simulation cell. The nearest-496

neighbor lattice oxygen atoms relax from their equilibrium497

positions by up to 0.29 and 0.24 Å for 96- and 768-atom498

simulation cells, respectively.499

Creating a plutonium vacancy removes 3.1% of pluto-500

nium atoms in the 96-atom supercell, and 0.4% in the501

768-simulation cell. A broader range of defect energies has502

been reported for the plutonium vacancy. Our plutonium va-503

cancy energies are in closest agreement to those calculated504

by Holby et al. [12]. A negligible increase in relaxation of505

the nearest-neighbor oxygen atoms away from their sites was506

measured, from up to 0.22 Å in the 96-atom cell to 0.23 Å507

in the 768-atom cell. As with the oxygen vacancy defect,508

the oxygen lattice displacement is most pronounced for the509

first-nearest neighbors to the plutonium vacancy. The disrup-510

tion to the nearest-neighbor plutonium lattice ions from their511

equilibrium position is minimal.512

We calculated similar defect formation energies for the513

interstitial oxygen in the octahedral site, at both 96- and514

768-atom supercell sizes. Our oxygen interstitial defect en-515

ergies are comparable to those given by Holby et al. [12].516

The interstitial oxygen remains in the octahedral site with the517

nearest-neighbor oxygen ions moving away from the defect by518

up to 0.14 Å from their sites. Placing the interstitial oxygen at519

1.0 Å from an lattice oxygen site, along the 〈111〉 direction we520

formed peroxide species. We measured the O-O bond length521

for the peroxide at 1.46 Å at both supercell sizes, which is522

close to the reported 1.45 Å bond length [92].523

For the plutonium interstitial placed in the octahedral inter-524

stitial site, the defect energies we have calculated are larger for525

the 96-atom supercell and decrease significantly for the larger526

(768-atom) simulation cell size. Our plutonium interstitial527

defect energies are considerably lower than those reported by528

reported by Freyss et al. [55,90], but close to the energy calcu-529

lated by Singh et al. under oxygen-poor conditions [91]. The530

nearest-neighbor plutonium sites relax away from the intersti-531

tial defect by as much as 0.28 Å in the 96-atom simulation532

cell, and 0.37 Å in the 768-atom cell. A greater distortion of 533

the lattice around the interstitial plutonium may be responsible 534

for the lower defect energy in the 768-atom supercell, as a 535

larger simulation cell can more effectively accommodate the 536

changes in the lattice around the defect site. 537

Substituting oxygen on a plutonium lattice site, the oxy- 538

gen was found to remain on the plutonium lattice site. The 539

nearest-neighbor lattice oxygen ions move away from their 540

lattice sites by up to 0.22 Å. Oxygen substitution at a 541

plutonium lattice site is calculated to be the least energeti- 542

cally favorable intrinsic defect, where our defect formation 543

energy is closer to that calculated by Singh et al. un- 544

der oxygen-poor conditions [91]. Our results find that the 545

plutonium on an oxygen site is more energetically favor- 546

able (4.2–4.4 eV) than the oxygen on a plutonium site 547

(14–15 eV). In contrast, Singh et al. [91] found that the 548

plutonium on an oxygen site is less energetically favorable 549

than the oxygen on a plutonium site (whether for oxygen- 550

rich or oxygen-poor PuO2). For plutonium placed on the 551

oxygen site, the nearest-neighbor oxygen ions to move to- 552

wards the plutonium placed on the oxygen site by up to 553

0.51 Å in the 96-atom cell and up to 0.48 Å in the 768-atom 554

cell. In this case the separation of plutonium to the lattice 555

oxygen is measured at 2.40 Å (96 atom) and 2.45 Å (768 556

atom). 557

2. Frenkel defect formation 558

The oxygen Frenkel (OF) defect was created by creating a 559

vacancy on an oxygen lattice site and placing an oxygen in an 560

octahedral interstitial position. Figure 9 in the Supplemental 561

Material [74] illustrates the position of the interstitial oxygen 562

atom placed along the 〈111〉 direction (purple) from the vacant 563

site (black). The oxygen Frenkel defect formation process is 564

represented by the Kröger-Vink notation 565

Ox
O → V••

O + O′′
i . (17)

The plutonium Frenkel (PuF) defect was created in a the 566

same manner as the oxygen Frenkel defect. Figure 10 in 567

the Supplemental Material [74] shows the plutonium vacancy 568

(black) in the simulation cell and the interstitial plutonium 569

atom placed along the 〈111〉 direction (purple). The plutonium 570

Frenkel defect formation process may be represented by 571

Pux
Pu → V′′′′

Pu + Pu••••
i . (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 2.65a,b, 2.21c, 4.89d, 1.74e, 2.29f, 2.45g, 2.10h

OF〈111〉 1.60 2.29 2.24f

PuF∞ 7.06 7.14 7.05a,b, 9.89d, 7.60e, 5.01f, 6.93g, 5.05h

PuF〈111〉 4.99 6.65 10.04h

aReference [90]; bReference [55]; cReference [95] (1k-AFM); dReference [56] (1k-AFM, U = 3.0 eV); eReference [57] (1k-AFM, U =
4.0 eV); fReference [96] (U = 4.0 eV); gReference [97] (Longitudinal 3k-AFM, U = 7.0 eV); hReference [91] (U = 4.0 eV).

The 96-atom supercell limits the separation between vacant572

and interstitial sites for the Frenkel defect. Expanding the573

optimized simulation cell to 768 atoms in size allowed the574

placement of the interstitial atom further from the vacancy.575

Increasing the separation between the interstitial atom and the576

vacancy serves to reduce the interaction between the two sites577

within the cell. To avoid recombination, we find that placing578

the interstitial oxygen atom at least one interstitial site away579

from the vacancy is sufficient separation [79,93,94].580

Table III lists the oxygen and plutonium Frenkel defect581

formation energies along the 〈111〉 direction in the simulation582

cell. The Frenkel defect energies have also been calculated at583

infinite dilution and are presented alongside the computational584

literature. For the 96-atom cell, the interstitial oxygen and585

plutonium atoms were placed at 11.9 and 4.8 Å, respectively,586

from the vacant site. This separation was increased in the587

768-atom supercell to 21.4 Å for oxygen and 14.2 Å pluto-588

nium Frenkel defects to minimize the interaction between the589

vacancy and interstitial sites. Our previous investigation of590

Frenkel defects in ceria [79] suggests that the increased sep-591

aration along the 〈111〉 direction in the 768-atom simulation592

cell is sufficient.593

At infinite dilution, our calculated oxygen Frenkel defect594

energies are close to the energies reported by several other595

computational studies [55,90,91,96,97]. When the vacancy596

and interstitial are introduced along the 〈111〉 direction within597

the same simulation cell, the defect energies are lower than at598

infinite dilution. The lower defect energies are a consequence599

of the electrostatic interaction between the oppositely charged600

oxygen vacancy and interstitial sites. In the 96-atom supercell,601

the oxygen Frenkel energy is lower when compared to the602

768-atom cell. This is because the separation between the603

interstitial ion oxygen and the vacancy in the periodic image604

is reduced to 7.1 Å in the 96-atom cell. Whereas, in the 768605

simulation cell, the interstitial oxygen is 16.6 Å apart from606

the vacancy in the periodic image. Placing the interstitial ion607

further apart in the larger simulation cell serves to increase608

the oxygen Frenkel energy, as stabilizing interaction between609

the vacancy and interstitial oxygen are reduced. We found our610

oxygen Frenkel energies to be lower than that reported by611

Nakamura et al. [96], as they may have placed the vacancy612

and interstitial oxygen in different positions.613

For the plutonium Frenkel defects at infinite dilution, the614

defect energies are close between the 96- and 768-atom simu-615

lation cells. We also have good agreement between our defect616

energies and several computational studies [55,57,90,97]. As617

with the oxygen Frenkel defect, introducing the plutonium618

vacancy and interstitial along the 〈111〉 direction within the 619

same simulation cell leads to smaller defect formation en- 620

ergies. Our defect formation energy is approximately half 621

that of the only other available calculation by Singh et al. 622

along the same direction [91]. In the 96-atom supercell, the 623

plutonium interstitial is 14.2 Å from the nearest periodic im- 624

age of the vacant site. This separation increases to 23.7 Å in 625

the 768-atom cell, which weakens the stabilizing electrostatic 626

interaction between the interstitial plutonium and the vacancy. 627

Hence, a larger plutonium Frenkel defect formation energy 628

was calculated for the 768-atom simulation cell. 629

3. Schottky defect formation 630

The Schottky defects in Fig. 11 of the Supplemental Ma- 631

terial [74] are introduced by removing one formula unit of 632

PuO2, which leaves one plutonium and two oxygen vacancies. 633

Three Schottky defect configurations are possible depending 634

on the positions of the oxygen vacancies around the plutonium 635

vacancy. Keeping the position of one oxygen vacancy fixed, 636

we can create the second oxygen vacancy along the 〈100〉, 637

〈110〉, and 〈111〉 directions. The Schottky formation process 638

is summarized by 639

Pux
Pu + 2Ox

O → V′′′′
Pu + 2V••

O , (19)

where removing the formula unit of PuO2 leaves oppositely 640

charged vacancies on the plutonium and oxygen lattice sites. 641

Table IV lists the calculated defect formation energies for 642

the bound Schottky defects placed along 〈100〉, 〈110〉, and 643

〈111〉 directions in the simulation cell. The Schottky defect 644

energies have also been calculated at infinite dilution and 645

are presented with the computational literature. At infinite 646

dilution, our calculated Schottky energy for the 96-atom sim- 647

ulation cell is closest to the energies reported by Freyss et al. 648

[55,90] and comparable to several other studies [57,95,97]. 649

For the 768-atom simulation cell size, we found an increase 650

in the Schottky energy, however, our calculated energy is still 651

within the range of energies reported for the 96-atom supercell 652

in the literature. 653

In the 96-atom supercell, the Schottky defect along the 654

〈110〉 direction is predicted to be the most favorable. The 655

〈111〉 direction becomes the most favorable at the 768 simula- 656

tion size, whereas the 〈100〉 direction remains the least stable 657

Schottky defect for both supercell sizes. We have reported 658

identical trends for the bound Schottky defects in ceria [79], 659

where a simulation cell with more than 96 atoms changes the 660

energetic ordering. The calculations by Singh et al. suggest 661
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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

S∞ 2.89 3.58 3.03a,b, 2.37c, 4.97d, 2.50e, 2.03f, 2.55g, 1.91h, 5.25i

S〈100〉 1.72 2.01 1.38j

S〈110〉 1.53 1.72 1.21j

S〈111〉 1.61 1.60 1.20j

aReference [90]; bReference [55]; cReference [95] (1k-AFM); dReference [56] (1k-AFM, U = 3.0 eV); eReference [57] (1k-AFM, U =
4.0 eV); fReference [96] (U = 4.0 eV); gReference [97] (Longitudinal 3k-AFM, U = 7.0 eV); hReference [91] (Oxygen rich, U = 4.0 eV);
iReference [91] (Oxygen poor, U = 4.0 eV); jReference [91] (U = 4.0 eV).

that the S〈110〉 and S〈111〉 energies are much closer in en-662

ergy than we have found in the 96-atom simulation cell [91].663

Across all three directions for the bound Schottky defect, we664

found our energies were lower than at infinite dilution for665

both simulation cell sizes. At infinite dilution, the charged666

vacancies interact with neighboring periodic images, whereas667

in the bound Schottky defect, a charge neutral molecular unit668

of PuO2 was removed.669

The bent geometry of the Schottky defect along the 〈100〉670

and 〈110〉 directions produces an effective dipole. Where there671

is no alignment of the positive charge on the plutonium cation672

with that of the negative charge on the each of the oxygen673

anions. The linear geometry of the Schottky defect in 〈111〉674

direction leads to no dipole moment. In the work by Burr et al.675

they conclude that the electrostatic interactions alone cannot676

account for the finite-size effects [98]. Artificial restoring677

forces from the periodic boundary conditions (PBC) suppress678

the atomic relaxation around the defect in the 96-atom cell.679

This raises the energy of Schottky defect along the 〈111〉680

direction compared to the 〈110〉 direction.681

4. Hydrogen point defect formation682

The hydrogen point defect formation energies in PuO2683

under stoichiometric conditions were calculated at different684

simulation sizes with ONETEP. Table V lists our hydrogen685

defect energies along with the defect energies from computa-686

TABLE V. Formation energies for the hydrogen point defects
calculated using DFT+U for stoichiometric PuO2 and comparison
to the computational literature.

ONETEP (eV) Computational literature (eV)

Defect 96 atom 768 atom 96 atom

H×
i (octahedral) 2.43 3.38 2.32a, 2.24b, 2.30c, 1.49d

H•
i (oxygen edge) 1.14 1.40 0.54b, 1.01c

(OH)•O (hydroxyl) 1.17 1.56 0.35a, 0.97c, 0.64d,e

H•
O 2.69 3.81

H′′′′′
Pu 13.71 15.54

aReference [11] (1k-AFM, U = 4.0 eV).
bReference [12] (1k-AFM, U = 4.0 eV).
cReference [13] (1k-AFM, U = 4.0 eV).
dReference [14] (Longitudinal 3k-AFM, U = 6.0 eV).
eReference [14] (Longitudinal 1k-AFM).

tional literature. Figure 12 in the Supplemental Material [74] 687

shows the positions of each hydrogen point defect. 688

Interstitial hydrogen was initially introduced in the octa- 689

hedral interstitial site, where we found an increase in defect 690

energy between the 96- and 768-atom simulation cells. At the 691

96-atom supercell, our calculated defect energies are com- 692

parable to those reported in the studies by Ao et al. [11] 693

and Holby et al. [13]. Minimal changes to the structure of 694

the PuO2 lattice were found around the interstitial hydrogen 695

radical defect at both supercell sizes. Inserting the hydrogen 696

into the middle of the oxygen edge, the cationic hydrogen 697

species (H+) attracts the neighboring oxygen lattice ions 698

towards it. Displacement of the nearest lattice oxygen ions to- 699

wards the hydrogen defect were measured up to 0.16 and 0.20 700

Å in the 96- and 768-atom simulation cell, respectively. The 701

separation between the hydrogen and the lattice oxygen ions 702

was measured as 1.22 Å (96 atom) and 1.16 Å (768 atom), 703

which is greater than the 0.97 Å bond length for hydroxyl 704

species [89]. 705

The hydroxyl species was formed in a similar way to the 706

peroxide species, where the hydrogen was placed approxi- 707

mately 1.0 Å from a lattice oxygen, along the 〈111〉 direction. 708

The oxygen is displaced of its lattice site towards the inter- 709

stitial hydrogen to form the O-H bond, which we measured 710

at 0.97 and 0.99 Å in the 96- and 768-atom simulation cell, 711

respectively. Our calculated defect energy is closer to that 712

reported in the study of Zhang et al. [13], where they also 713

measure an O-H bond length of 0.99 Å. A range of formation 714

energies at increasing O-H bond lengths are reported in the 715

study by Ao et al. [11], where they show that the longer 716

O-H bond lengths (and hence a weaker bond) contribute to 717

higher defect formation energies. A minimum for the defect 718

formation energy in their study was found in the region of 719

distances 0.90 to 1.0 Å at 0.35 eV. 720

On the oxygen lattice site, the hydrogen exists as a 721

hydride (H−) ion. We measured a displacement of the nearest- 722

neighbor oxygen sites towards the hydride of 0.09 and 723

0.06 Å in the 96- and 768-atom cell, respectively. Our cal- 724

culation suggests that substitution of oxygen ion by hydrogen 725

is more favorable than substituting a plutonium ion with hy- 726

drogen. The substitution of a lattice oxygen with hydrogen 727

has comparable formation energies to placing a hydrogen in 728

the octahedral site. On the plutonium lattice site the hydro- 729

gen also exists as a hydride (H−) ion. Substituting hydrogen 730

onto a plutonium lattice site was found to be the least stable 731
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TABLE VI. Comparison of the hydrogen substitution formation
energies which are recalculated according to the methodology de-
tailed by Holby et al. [12] in Eq. (20).

ONETEP (eV) Computational literature (eV)

Defect 96 atom 768 atom 96 atom

H•
O 0.34 0.69 0.14a

H′′′′′
Pu 1.18 2.38 −2.62*a

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

extrinsic defect, becoming more unfavorable in the 768-atom732

cell. The hydride remains in the substituted plutonium lattice733

site, with the nearest-neighbor oxygen ions moving off their734

lattice sites by 0.14 and 0.10 Å in the 96- and 768-atom cell,735

respectively.736

The work of Holby et al. includes the substitution of hy-737

drogen onto the oxygen and plutonium lattice sites [12]. In738

their study, the hydrogen substitution energies which are sum-739

marized in Table VI are calculated from a substoichiometric740

reference. For validation of our results against Holby et al., we741

have recalculated our hydrogen substitution energies, using742

their methodology detailed by Holby et al. [12],743

E form
defect = Edefect − Esubstoich − Ei, (20)

where Edefect is the energy of the relaxed system with the744

impurity substituted onto an oxygen or plutonium site. The745

energy of the relaxed system containing an oxygen or a pluto-746

nium vacancy is given by Esubstoich, and Ei is the energy of the747

introduced hydrogen.748

Our recalculated substitution energies maintain the same749

energetic ordering as found using the stoichiometric refer-750

ence. We found the defect energies for the substitution of751

H− ion onto the oxygen site to be larger than the literature752

for the 96-atom simulation cell. The formation energies for753

both substitution mechanisms approximately double at the754

more dilute concentration in the 768-atom cell between the755

two methodologies. The simulation performed by Holby et al.756

for the hydrogen substitution onto the plutonium lattice site is757

reported to lead to the formation of the hydroxyl species [12].758

They report that the hydrogen moves from the plutonium site759

towards an oxygen lattice site by 1.23 Å, to form the O-H760

bond with length of 0.98 Å. We were only able to form this761

hydroxyl species by displacing the hydrogen approximately762

1.3 Å from the plutonium vacancy, before performing the763

geometry relaxation.764

5. Hydrogen transport765

The long-term goal of our studies of the defect chemistry766

of PuO2 is to understand the influence of radiation damage767

and defects on the hydrogen permeability through the PuO2768

system. In this regard, it is worthwhile comparing our data769

with the computational literature, particularly focusing on hy-770

drogen transport mechanisms in PuO2, to see to what extent771

our results support other work.772

Ao et al. [11] calculated the formation energy of a hydro-773

gen moving from the site we label as hydroxyl towards the774

octahedral interstitial site. The authors do not propose this as775

a hydrogen diffusion pathway but with reference to their data 776

we can calculate an activation energy of 1.97 eV for this path- 777

way [from a simple difference between 0.35 eV (hydroxyl) 778

to 2.32 eV (octahedral)]. Zhang et al. [13] subsequently ex- 779

amined an alternative pathway using the NEB method: that 780

of the hydroxyl in one position of the oxygen cube (pointing 781

to the octahedral interstitial) moving to a neighboring oxygen 782

in the same oxygen cube pointing to the same interstitial, and 783

then subsequently rotating around the oxygen to point to an 784

adjacent octahedral interstitial. Zhang et al. report that this 785

complete route has an activation energy of only 0.13 eV. The 786

authors do not report NEB results for the hydroxyl to octahe- 787

dral interstitial pathway but if we assume it can be calculated 788

from the difference in energy between the two states, then it 789

would, from their calculations, range 1.17–1.33 eV. The work 790

of Zhang et al. would therefore suggest that the hydroxyl to 791

hydroxyl pathway is more likely than the hydroxyl to octahe- 792

dral pathway. 793

Goldman et al. [14] consider these same mechanistic path- 794

ways using NEB methods and find that the hydroxyl to 795

hydroxyl pathway was in the range 0.15–1.17 eV for the 796

first part (hydroxyl to oxygen edge to hydroxyl in the same 797

oxygen cube) and 0.06–0.36 eV for the second part (hydroxyl 798

in one oxygen cube rotating to hydroxyl in an adjacent oxygen 799

cube). For the hydroxyl to octahedral pathway Goldman et al. 800

report an activation energy of 0.27–0.36 eV, i.e., possibly 801

lower than the hydroxyl to hydroxyl pathway and in contrast 802

to Zhang et al. We have not yet progressed to NEB meth- 803

ods but if we take the gross assumption that the activation 804

energies for these pathways are determined by the relative en- 805

ergies of the hydroxyl, octahedral, and oxygen-edge positions, 806

then our ONETEP calculations suggest an activation energy of 807

1.26–1.82 eV for the hydroxyl to octahedral interstitial path- 808

way, and 0.03–0.16 eV for the hydroxyl to hydroxyl pathway. 809

Thus, our results are more in line with those of Zhang et al., 810

although this may be modified in light of future NEB cal- 811

culations. One final point of note is that, in our work, the 812

oxygen-edge position was always lower in energy than the 813

hydroxyl position. This is in contrast to the work of Zhang 814

et al. [13], although the magnitude of the difference was 815

similar. This perhaps demonstrates that these positions are 816

fairly close in energy with the difference perhaps being of 817

lower magnitude than the accuracy of the calculations. These 818

results are compiled in Table VII. 819

The energetics of such pathways might be modified by ra- 820

diation damage in complex ways. First, the radiation damage 821

can introduce defects that can act as stable sites for hydrogen 822

(so stable that the defect may act as a sink and not release 823

the hydrogen) our results so far do not identify this for simple 824

point defects. Second, the radiation damage may introduce or 825

remove atoms that are critical to the transport pathway. For 826

example, we know that the majority of introduced defects are 827

anionic Frenkel pairs where an oxygen will be moved from an 828

oxygen cube and inserted into an interstitial (quite possibly an 829

octahedral interstitial site). This may influence any potential 830

pathways for hydrogen migration. 831

In the case of the hydroxyl-hydroxyl pathway the loss of 832

an oxygen on the cube would appear to make the route more 833

difficult as we show that the hydrogen on the oxygen vacancy 834

is of higher energy (we calculate 2.69 and 3.81 eV). We have 835
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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* 0.13a, 0.15–1.17 followed by 0.06–0.36b

Hydroxyl to interstitial (octahedral) 1.26* 1.82* 1.97c, 1.17–1.33*a, 0.27–0.36b

aReference [13] (1k-AFM, U = 4.0 eV).
bReference [14] (DFT and DFTB).
cReference [11] (1k-AFM, U = 4.0 eV).
*Calculated with only the difference between hydroxyl, oxygen-edge, and octahedral interstitial positions.

not yet calculated the energetics of hydroxyl to octahedral836

interstitial pathway where the interstitial is occupied by oxy-837

gen; one might assume this would be a more complicated838

pathway. Cationic Frenkel pairs where a plutonium atom is839

displaced to an octahedral interstitial site would perhaps have840

less of an effect on the hydroxyl to hydroxyl pathway, but841

may have a more dramatic effect on the hydroxyl to octahedral842

interstitial pathway.843

The introduction of defects may also have complicated844

influences on “nearby” transport routes, and these are the845

subject of future studies. For example, one could imagine that846

removal of an oxygen from an oxygen cube would alter the en-847

ergetics of how hydrogen could migrate across the remainder848

of the cube. Similarly, we have shown here that inserting an849

oxygen into the octahedral interstitial influences the oxygens850

in the surrounding cube to move further away. The presence851

of the interstitial and the new positions of the oxygen cube852

anions would probably influence the formation energy of any853

hydroxyl pointing towards an interstitial oxygen.854

IV. CONCLUSIONS855

Using large-scale DFT as implemented in the ONETEP code,856

we have examined a range of point defects, Frenkel pairs,857

Schottky defects, and hydrogen-related defects in the PuO2858

system in supercells containing 96 and 768 atoms.859

For the point defects we have examined, note the follow-860

ing: 1. insertion of plutonium and oxygen into the octahedral861

interstitial; 2. vacancies of both oxygen and plutonium; 3.862

insertion of plutonium and oxygen into vacancies of oxy-863

gen and plutonium; 4. generation of a peroxide species. We864

find that the oxygen octahedral interstitial is, in general,865

the lowest formation energy point defect related to oxygen866

(2.07–2.11 eV), closely followed by the oxygen vacancy867

defect (2.35–3.13 eV). This is in agreement with the litera-868

ture. We were also able to identify a stable peroxide species869

(1.57–2.67 eV) by placing an interstitial oxygen at 1.0 Å870

from a lattice oxygen site on the 〈111〉 direction. This defect871

has an O-O distance of 1.46 Å and has not been reported872

before. Both the plutonium vacancy and the oxygen inserted873

into the plutonium vacancy are found to be high in energy874

(12–15 eV). Finally, of note, we calculate the energy of a875

plutonium inserted into the octahedral interstitial site to be876

in the range of 1.12–1.59 eV and lower than reported in the877

literature (4.90 eV) [55,90].878

Our calculations of Frenkel pair formation energies com- 879

pare well with the literature, both at infinite dilution (OF∞ 880

at 2.21–2.62 eV, PuF∞ at 7.06–7.14 eV) and along the 〈111〉 881

direction when placed in the same supercell (OF〈111〉 at 1.60– 882

2.29 eV, PuF〈111〉 at 4.99–6.65 eV). We have also calculated 883

the plutonium Frenkel pair along the 〈111〉 direction and we 884

believe this is the first calculation of this type of defect in 885

PuO2: we report that the plutonium Frenkel pair defect has 886

a formation energy of 4.99 eV in the 96-atom supercell and 887

6.65 eV in the 768-atom supercell. 888

Similarly, our Schottky defect formation energies at infinite 889

dilution (2.89–3.58 eV) compare well to literature values. 890

In addition to this, we examined Schottky defects in 〈100〉, 891

〈110〉, and 〈111〉 directions, where we find in each case the 892

Schottky defect formation energies simulated in a single su- 893

percell (1.53–2.01 eV) are lower than those calculated at 894

infinite dilution. In general, these energies were lower for 895

the 96-atom supercell as compared to the 768-atom supercell. 896

We find that the energetic ordering trends of these Schottky 897

defects are identical to our results from the isostructural CeO2 898

system and vary with supercell size [79]. 899

Finally, we examined a number of likely hydrogen sites 900

in the PuO2 lattice: octahedral interstitial, oxygen edge, 901

hydroxyl, oxygen vacancy, and plutonium vacancy. The hy- 902

drogen at the oxygen and plutonium vacancies is relatively 903

high in energy (2.69–3.81 eV and 13.71–15.54 eV, respec- 904

tively); these have not been reported before. We also find 905

that the hydrogen exists as a radical at the octahedral inter- 906

stitial site (2.43–3.38 eV) and that this is somewhat higher 907

formation energy than other studies find [11–14]. Hydrogen 908

at the oxygen edge (as a H+ cation) and at the oxygen cube 909

corner (as a hydroxyl) are both lower in energy (1.14–1.40 eV 910

and 1.17–1.56 eV, respectively) as composed to hydrogen 911

in the octahedral interstitial site (2.43–3.38 eV), but again 912

higher than found by other studies [11–14]. It is noteworthy 913

that our finding of a formation energy difference between the 914

octahedral interstitial hydrogen and the hydrogen at oxygen 915

edge/hydroxyl of 1.3–2.0 eV compares well to a similar value 916

from the literature of 1.3–1.4 eV (calculated from a mean 917

of literature values). This may indicate that the hydrogen is 918

more likely to be found at the oxygen cube positions (at the 919

corners or edge). We discuss the literature data in the context 920

of potential hydrogen transport pathways and how that might 921

be modified by radiation damage, which should be the topic of 922

future investigations. The effect of magnetic ordering on the 923

defect chemistry should also be the focus of future studies. 924
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