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Radiolytic corrosion of actinide materials represent an issue for the long term storage and disposal of nuclear materials.
Molecular species adsorbed at the surface of the actinides may impact the rate of radiolysis, and as the surfaces corrode,
the soluble toxic and radioactive species leach into groundwater. It is therefore critical to charcterise the surface
composition of actinides. Here, we employ ab initio modelling to determine the surface composition of PuO2 with respect
to adsorbed CO2. We found that CO2 interacts strongly to the surface forming carbonate species. By mapping the energetics
of this interaction, we then calculate the temperature of desorption, finding that surface morphology has a strong impact
on the adsorption of CO2, with the {100} being the most and the {111} the least affected by carbonation. Finally, we predict
the effect of carbonation on the morphology of PuO2 nanoparticles as a function of temperature and pressure, finding that
a truncated octahedral is the preferred morphology. This modelling strategy helps characterise surface compensition and
nanoparticle morphology, and we discuss the implication for radiolytically driven dispersal of material into the environment.

Introduction
Plutonium dioxide, PuO2, enters the nuclear cycle as a byproduct from reprocessing of spent nuclear fuel.1 Plutonium
(Pu) is a long-lived toxic radionuclide2 and requires dedicated
facilities3 to handle. Despite this, the UK has not yet fully
developed a comprehensive strategy for its ~100 tonne
inventory of Pu stored as PuO2,1 which is around 20% of the
world’s total Pu reserves.4,5 The inability to safely treat and
store Pu and other actinides is a significant and challenging
technological and environmental issue, due to concerns over its
toxicity and radioactivity. 5
PuO2 samples have a relatively high surface area and as such
large quantities of contaminants are able to adsorb.6 Surface
speciation and surface chemistry are therefore important
aspects in the broader context of radiolytic corrosion of the
material during long-term storage and reprocessing.7 Radiolysis
can lead to surface actinide species leaching into the
environment.5 Radiolysis of groundwater close to the nuclear
material produces reactive oxygen species (e.g. hydrogen
peroxide, H2O2, and hydroxyl radicals) that go on to react with
the actinide surface.8 Species adsorbed at the surface can
therefore regulate, under some circumstances, the rate of
radiolytically driven dispersal of material into the environment.
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Carbon dioxide (CO2) is such a species, with claims that
adsorbed CO2 can increase9–12 or decrease13,14 the rate of
environmental dispersal in the case of UO2. Although the
mechanism and kinetics of this dispersal is complex, the role of
dissolved CO2 in reacting with hydroxyl radicals is
recognised.12,15 Independent of this, key questions remain on
the role of surface bound CO2 on environmental dispersal.
Currently there is very little information on the interaction of
CO2 and PuO2, either from modelling16 or experiments.6,17–19
The inherent radioactivity and availability of actinide
materials make them attractive to study computationally. While
ab initio molecular modelling remains relatively in its infancy to
model surface radiolytic processes directly, there are
computational strategies that can provide insights on surface
composition and morphology. This is not without its limitations,
as the ab initio modelling needs to describe the heavy-fermion
systems reliably and accurately, which means that exchangecorrelation, relativistic contributions, spin-orbit interactions
and noncollinear magnetism add to the complexity of the
problem.20–23
Here, we present a comprehensive modelling study on the
interaction of CO2 with surfaces of PuO2, which we couple with
a thermodynamic strategy to link molecular level insights to
phase diagrams to map the stability of PuO2 surfaces and the
morphology of PuO2 nanoparticles under varying temperature
and pressure conditions. Finally, we discuss the implications
within the context of radiolysis.

b. Department

Computational Methodology
We use density functional theory (DFT) calculations as coded
within the Vienna Ab-initio Simulation Package (VASP)
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software.24 Our simulations used a plane-wave basis set, which
incorporates relativistic effect core potentials and the projector
augmented wave (PAW) method.25,26 The cut-off energy of the
plane-wave basis set was 500 eV as Pegg et al.21,23 The frozen
core is [Xe] for Pu and [He] for C and O. The exchangecorrelation functional applied was the Perdew-Burke-Ernzerhof
for solids (PBEsol).27
When considering highly correlated f-electron systems, such
as PuO2, difficulties arise due to the hybridisation of the 5f wave
function with 6d or 7s bands, or the overlapping of 5f wave
functions of adjacent Pu atoms.28 Standard DFT incorrectly
captures the electronic structure of PuO2 to be a ferromagnetic
(FM) conductor,29 as opposed to the antiferromagnetic (AFM)
Mott insulator.30 To overcome this, we include the Hubbard U
correction,31 using the Liechtenstein32 methodology, where the
coulombic (U) and exchange (J) parameters are treated as
independent variables. We chose U = 6 eV and J = 0 eV; this
choice makes the Liechtenstein and the Dudarev33 methods
equivalent. Previous work by Pegg et al. has evaluated the effect
of changing the Hubbard U parameter on physical properties of
PuO2, concluding that the Ueff = 6 eV performs best overall.21 All
calculations consider spin-orbit interactions (SOI)34 and
noncollinear magnetic wave vectors.
Bulk PuO2
The bulk structure was minimised using the conjugate gradient
with electronic and ionic iteration thresholds of 1x10-5 eV/atom
and 1x10-3 eV Å-1. The Brillouin zone was sampled using a centred 5 x 5 x 5 k-point grid. A longitudinal 3K AFM model using
noncollinear magnetic wave-vectors and SOI34 were used to
describe the complex electronic and magnetic structures. The
magnetisation is represented in Figure 1. The minimised bulk
full unit cell (4 PuO2 units) resulted in a Fm-3m (No. 225) crystal
symmetry with a lattice constant of 5.417Å (expt value 5.3965.398 Å),35–38 and a total magnetisation per Pu atom of 3.80 µB,
characteristic of Pu4+.21 Further details are provided in
Supporting Information (SI) (section S1).
Bulk Pu2O3
The bulk structure of Pu2O3 was minimised with the same
settings as bulk PuO2 including the use of SOI, but the Brillouin
zone was sampled using a -centred 4 x 4 x 4 k-point grid, which
was deemed to be converged. The initial magnetisation was the
longitudinal 3K AFM as for the PuO2. Further details are in the
SI (section S1). The minimised bulk full unit cell resulted in an Ia3 (No. 206) crystal symmetry with a lattice constant of 11.09 Å
(expt value 10.98 Å),39 and a total magnetisation per Pu atom of
4.81 µB, indicative of Pu3+.
PuO2 Surfaces
Figure 1 shows the Miller indices of the {100}, {110} and {111}
surfaces under investigation mapped onto the bulk unit cell. The
surfaces of PuO2 were generated from the minimised bulk full
unit cell using the METADISE code40. The unit cell was rotated
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Figure 1 - The bulk unit cell of PuO2. Pu atoms in grey and O atoms in red. The
arrows dictate the direction of the magnetic vector for Pu atoms. The yellow, red
and blue planes represent the surfaces with {100}, {110} and {111} Miller indices.

so the Miller index of choice is perpendicular to the x axis and
cuts are made to expose surfaces. The removal of the dipole
perpendicular to the {100} surface occurred by transposing half
the oxygen atoms on the top surface onto the bottom one; we
chose the most stable arrangement according to the
literature.23 By then ensuring that the termination of the
surfaces are mirror planes, this allows the use of the slab
method, where all the atoms in the slabs are allowed to relax
and the top and bottom surfaces are symmetric. The {100},
{110} and {111} surfaces are ( 2 x 2), (2 x 2), and (1 x 1)
expansions of the full unit cell with 7 (28 PuO2 units), 7 (28 PuO2
units), and 5 (20 PuO2 units) Pu atomic layers respectively. A
minimum of 15 Å vacuum gap was introduced to isolate periodic
image interaction. The thickness of the slabs and the number of
atomic layers are converged with respect to surface energy
according to Pegg et al.23 The structures of the slabs are
presented in the SI (section S2). Our oxygen-deficient
(abbreviated as O-deficient) slabs were generated from the
stoichiometric slab by introducing an oxygen vacancy
symmetrically on the top and bottom surfaces of the slab
configuration; this introduces two excess electrons that localise
on Pu sites so that two Pu4+ reduce to two Pu3+. We have not
placed any constraints on the localisation of the excess
electrons. The slabs of PuO2 were minimised including the use
of SOI and using the conjugant gradient method with an
electronic and an ionic convergence criteria of 1x10-5 eV/atom
and 1x10-2 eV Å-1/atom respectively. The Brillouin zone was
sampled using a 2 x 2 x 1 k-point grid, which was deemed to be
converged; selected calculations were performed with the 4 x 4
x 1 k-point grid23 but no energy change was observed. When
realigning the magnetic vectors, the spin quantisation axis was
orientated in the direction perpendicular to the surface.
Molecules
Isolated O2 and CO2 molecules were simulated at the  point
using a 10 Å 3 cubic cell to avoid image interaction and the same
ionic and electronic convergence criteria as the surface
calculations.
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𝐸Redu
Slab ― (𝐸Bulk,PuO2 + 𝐸Bulk,Pu2O3)
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(2)
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2𝐴

Redu
where 𝐸Stoich
Slab and, 𝐸Slab are the energies of the stoichiometric
and oxygen-deficient slabs, 𝐸𝐵𝑢𝑙𝑘 is the energy of bulk PuO2 and
Pu2O3 chosen to maintain the same number of Pu and O species
in the slab configurations, A is the surface area of one face of
the slab and the factor 2 occurs as the slab configurations
express two identical surfaces.
The heat of reduction was calculated as
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𝐸Redu =

Stoich
𝐸Redu
Slab + 𝐸O2 ― 𝐸Slab

(3)

2

where 𝐸𝑂2 is the energy of an oxygen molecule; dividing by two
accounts for an oxygen vacancy on both sides of the slab.
The energy of adsorption of CO2 on stoichiometric surfaces
was calculated as
𝐸Stoich
Ads =

𝐸Stoich,Ads
― (𝐸Stoich
Slab
Slab + 𝑛𝐸CO2)

(4)

𝑛

and on the oxygen-deficient surfaces:
𝐸Redu
Ads =

Figure 2 - Representation of the associative (A) and molecular (B) adsorption of CO2 on the
surface of PuO2

Surface CO2 Adsorption
The adsorption of CO2 on the {100}, {110} and {111} surfaces
was considered for different starting configurations to sample
the structural (and energy) landscape of the adsorption. The
adsorbed CO2 at the top and bottom of the slab were
symmetrically equivalent. Our model surfaces do not consider
co-adsorption of CO2 and water, adsorbed at the surfaces of
PuO2 either in molecular of distinctive form, in this study. Figure
2 depicts the adsorbed CO2: we refer to “associative
adsorption” (Figure 2A) as a CO2 molecule forming an adsorbed
carbonate species at the surface, whereas “molecular
adsorption” (Figure 2B) as a CO2 molecule remains above the
surface. From all the starting configurations trialled, only a finite
number remained stable after geometry optimization; details of
all trials are presented in the SI (section S4-S6). No vibrational
analysis has been performed in this work, although this should
be the focus for future work as it provides additional
information on the strength of the CO2 adsorption.
Surface Energetics
The surface energy (𝛾(Stoich)) of the stoichiometric surfaces was
calculated as
𝐸Stoich
Slab

𝛾(Stoich) =

― 𝐸Bulk,PuO2
2𝐴

(1)

and the surface energy (𝛾(𝑅𝑒𝑑𝑢)) of oxygen-deficient surfaces as

𝐸Redu,Ads
― (𝐸Redu
Slab
Slab + 𝑛𝐸CO2)

(5)

𝑛

where 𝐸Stoich,Ads
and 𝐸Redu,Ads
are the energies of the
Slab
Slab
stoichiometric and oxygen-deficient slabs with CO2 adsorbed on
the surface; dividing by n accounts for the CO2 adsorption on
both sides of the slab (this work n = 2).
Phase Diagrams
Pressure and temperature effects are introduced according to
the approach of Sun et al.41 and implemented successfully for
oxides including lanthanides and actinides42–45 so that a surface
energy for surfaces with adsorbed species, 𝛾(Ads), is

((

𝛾(Ads) = 𝛾(Bare) + 𝐶 𝐸Ads,(𝑇)
― 𝑅𝑇𝑙𝑛
Slab

( )))
𝑝Ads
𝑝°

(6)

where 𝛾(Bare) is the surface energy of the bare surface,
calculated according to Equation 1 for the stoichiometric
surfaces (i.e. 𝛾(Bare) = 𝛾(Stoich)) and Equation 2 for the oxygendeficient surfaces (i.e. 𝛾(Bare) = 𝛾(Redu)), 𝐶 is the coverage of the
adsorbing species (i.e. CO2 or O2), and
𝐸Ads,(𝑇)
=
Slab

𝐸Ads
Slab ― (𝐸Bare + 𝑛Ads𝐸Ads,(𝑇))
𝑛Ads

(7)

𝐸Ads,(𝑇)
is the energy of the slab with the adsorbed species (i.e.
Slab
𝐸Ads = 𝐸Stoich,Ads
for the stoichiometric surface and 𝐸Ads =
Slab
𝐸Redu,Ads
for the oxygen-deficient surface), 𝐸Bare is the energy
Slab
of the bare surface (i.e. 𝐸Bare = 𝐸Stoich
for stoichiometric
Slab
surfaces (Equation 1) or 𝐸Bare = 𝐸Redu
Slab for oxygen-deficient
surfaces (Equation 2)), 𝑛Ads is the number of adsorbed
molecules and
∘
𝐸Ads,(𝑇) = 𝐸Ads,(𝑔) ―𝑇𝑆(𝑇)

(8)

𝐸Ads,(𝑇)is the energy of the adsorbate as a function of
temperature, 𝐸Ads,(𝑔) is the energy of the gaseous adsorbate
∘
(i.e. CO2 and O2), 𝑆(𝑇)
is the experimental entropy of the gaseous
molecule in the standard state46 and T is the temperature.

This journal is © The Royal Society of Chemistry 20xx
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Visualisation and Imaging
VESTA48 was used in visualisation and creation of images. The
analysis was performed using the surfinpy code49 and Wulff
constructions generated using pymatgen.50
Figure 3 - The {111} (a), {110} (b) and {110} (c) surfaces of PuO2. O atoms are red
and Pu atoms are grey. (d) shows the relaxation perpendicular to the {100} surface
with the black line representing the original position of the oxygen sublayer.

Results and Discussion
PuO2 Surface Structures
The relaxed {100}, {110} and {111} surfaces are presented in
Figure 3. We find that there is no significant structural
relaxation at the surface of the {110} and {111} surfaces,
however, the surface and subsurface oxygen layers of the {100}
surface undergo large relaxation (Figure 3d). These findings
have been reported previously in PuO251,52 and other fluorite
structures such as UO2,51,53 CeO254 and ThO2.55
PuO2 Surface Energetics
The surface energy (Equation 1 and Equation 2) of the
stoichiometric and oxygen-deficient {100}, {110} and {111}
surfaces is presented in Table 1. The most stable stoichiometric
surface is the {111} followed by the {110} and the {100} surfaces.
This order of stability is comparable to previous DFT studies on
PuO2,23,43,51 and other fluorite structures including UO2,43,51
ThO256,57 and CeO2.42 Analogous to the stoichiometric surfaces,
the surface energies for oxygen-deficient PuO2 surfaces follow
the same order of {111} < {110} < {100}. The value of the surface
energy increases when the surface is oxygen-deficient
compared to the stoichiometric case for the {111} and the {110},
however the opposite occurs for the {100}. Although there is
not much information on oxygen-deficient surfaces of actinide
oxides, Hodkin and Nicholas, using Sessile drop experiments,58
measured values of 0.34 J m-2 and 0.90 J m-2 for the
stoichiometric and oxygen-deficient {111} of UO2, which
appears to support our energy shift for PuO2 surfaces.
The heat of reduction (Equation 3) of the three surfaces was
investigated by removal of an oxygen atom, with two excess
electrons that localise on Pu atoms. According to Table 1, where
a lower energy values means it is easier to form an oxygen
vacancy, it is easier to form an oxygen vacancy on the {100}
followed by the {110} and finally the {111}. This trend compares
well with periodic embedded cluster model (PEECM), but not
with periodic DFT+U (where the {100} and {110} surfaces have
very similar heat of reduction) of Wellington et al.59 perhaps as
the latter used the 1k AFM ordering, which is not representative
of the magnetic structure of PuO2. Although comparison
between the magnitude of the energy values between the
present study and the PEECM calculations is somewhat

it is not straightforward to identify the reasons for the
differences in the results. We use periodic DFT+U with inclusion
of SOI, while the PEECM calculations have been performed with
a hybrid-GGA exchange-correlation functional, and localized
basis sets, with the inclusion of dispersion corrections. The
periodic nature of our simulations means that the interaction of
the charged defect with the surface dipole is fully incorporated.
Furthermore, in contrast to our periodic DFT calculations where
we have treated Pu atoms as coupled with antiferromagnetic
ordering, the PEECM treats Pu atoms as coupled with
ferromagnetic ordering, which is a reasonable approximation
when treating a small molecular cluster of actinide oxides. It has
been noted by Wellington et al.59 that the local magnetic
ordering appears to have little impact on the adsorption of small
molecules (in their case of water molecules), which may indeed
contribute to this effect. It is worth noting that a comprehensive
investigation that decouples the different contributions
included in the two methodologies should be performed to fully
address the difference between the two.
When comparing PuO2 with a similar fluorite structure,
CeO2, the order of the heat of reduction is different, as
formation of an oxygen vacancy is easier on the {110}
compared to the {100} surface.42
Adsorption of CO2 on PuO2 Surfaces
The strength of the CO2 adsorption is dependent on its
interaction with the surface, which is represented by greater
negative values of energy of adsorption (Equation 4 and 5). The
energies of the most stable adsorption configurations are
presented in Table 2, whereas the complete set is reported in
the SI (section S3). CO2 was adsorbed on the surfaces of PuO2 as
molecular or associative species. Associative refers to CO2 that
is bonded to the surface forming a carbonate, referred to here
as CO3 (Figure 2a); the adsorption energies for associative
adsorption are stronger compared to molecular adsorption
(Table 2). Molecular CO2 refers to a CO2 molecule that is
adsorbed to the surface (Figure 2b); all adsorption energies are
no greater than 0.5eV.
Molecular or associative CO2 adsorb in three main

4 | J. Name., 2012, 00, 1-3
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configurations: perpendicular ( ⊥ ), parallel ( ∥ ) and tilted (∠)
with respect to the surface (Figure 2).
γRedu / J m-2

Heat of Reduction / eV

Surface

This Study

3k AFM DFT23

This Study

This study

1k AFM DFT59

PEECM59

1k AFM DFT 52

{100}
{110}
{111}

1.98
1.36
0.95

1.96
1.35
0.92

1.90
1.38
1.22

1.99
2.39
3.16

2.50
2.49
3.35

2.29
2.38
3.63

1.96
2.85

Table 1 - The surface energy (J m-2) of the stoichiometric and oxygen-deficient {100}, {110} and {111} PuO2 surfaces and their corresponding heat of reduction (eV)
compared to the literature.

Structure

CO3 ∥
CO3 ∠
CO3 ⊥
CO2 ∥
CO2 ∠
CO2 ⊥

Stoichiometric / eV

{100}
-2.69
-

{110}
-1.67
-0.35
-

Oxygen-deficient / eV

{111}
-0.82
-0.45
-0.15
-

{100}
-3.17
-1.17
-0.43

{110}
-1.99
-1.93
-0.32
-

{111}
-1.35
-0.46
-

Table 2 - Adsorption energy of CO2 on the stoichiometric and oxygen-deficient
{100}, {110} and {111} PuO2 surfaces. Molecular and associative adsorption are
referred to as CO2 and CO3 respectively, while ∥, ⊥ and ∠ represent configurations
with the adsorbate adsorbed parallel, perpendicular or tilted with respect to the
surface. A dash represents no stable configuration with that geometry was found.

Whether adsorbed molecularly or associatively, the most
stable configurations were found to be parallel to the surface,
followed by tilted, followed by perpendicular. This is due to an
increased coordination of the surface species parallel to the
surface compared to tilted and perpendicular species during the
adsorption process.
Adsorption of CO2, whether molecular or associative, is
typically stronger on the oxygen-deficient surfaces compared to
the adsorption on the stoichiometric surfaces, suggesting that
Pu3+ stabilises CO2 adsorption. The exception is molecular CO2
adsorbed on the {110} surface, where adsorption of CO2 is very
similar for both the oxygen-deficient (-0.32 eV) and
stoichiometric (-0.35 eV) surfaces.
The {100} exhibits stronger adsorption of CO2 compared to
the {110}, followed by the {111} when it comes to associatively
adsorbed CO2. The molecular adsorption of CO2 on oxygendeficient surfaces is predicted with a similar energy for the {111}
(-0.46 eV) and the {100} (-0.43 eV), with the {110} having the
least favourable adsorption (-0.32 eV).
We find that upon adsorption of CO2 onto the {111} and
{110}, there is little surface relaxation. However, this is not the
case for the {100}, where the surface oxygen layer has
rearranged to accommodate the adsorbed CO2. This behaviour
has been observed previously when phosphate60 and
carbonate61 ions adsorb on the {100} of CeO2, which is
attributed to the small energy differences between the surface
arrangements of oxygen species.62 This suggests that the {100}
is the most flexible and can be stabilised by manipulation of the

oxygen surface layer to accommodate adsorbed species.63,64 For
CeO2, the {100} has been observed to have a very mobile
surface layer of oxygen.65
Adsorption processes at PuO2 surfaces are generally studied
with respect to water adsorption.43,51,59,66–69 Surface adsorption
of CO2 on the {110} of PuO2 has been studied by Yu et al.,16 who
found strongly and weakly adsorbed CO2, governed by covalent
bonding and electrostatic interactions respectively. These are
structurally equivalent to our configurations; tilted associative
CO3 and the perpendicular molecular CO2 (CO3 ∠ and CO2 ∥ )
both on the stoichiometric {110} surface. They also reported
that perpendicular adsorption of CO2 on the {110} was stable,
although any of our attempts to stabilise it failed. This is likely
due to Yu et al.16 only using 4 Pu layers, which Pegg et al.23 have
shown is not sufficient to converge the surface energy. It is also
unclear whether Yu et al.16 include spin-orbit interaction in their
calculations. Limited experimental data by early workers
suggests a CO2 physisorption (0.12 and 0.28 eV) at -80 and 30°C
and at least a component of chemisorption (0.52 eV) at 90°C.6,17
It should be noted that these are average heats of adsorption
over an unknown mixture of surfaces (PuO2 formed by
decomposition of plutonium oxalate at 550°C).
Thermodynamic strategy to link the molecular to the macroscopic
scale
In order to build surface phase diagrams capable of describing
the interaction of CO2 on PuO2 surfaces as a function of
temperature and CO2 pressure, we need to consider external
conditions via a thermodynamic strategy (Equation 6 to
Equation 8). The next sections report the detailed results.
Reduction of PuO2 surface - By plotting the surface energy of PuO2
bare stoichiometric and oxygen-deficient surfaces as a function
of partial pressure of O2 and temperature (Equation 6 to
Equation 8), phase diagrams mapping the reduction of PuO2
surfaces can be drawn (Figure 4A-C). At lower temperatures the
surfaces of PuO2 are all stoichiometric, whereas high
temperatures facilitate the formation of oxygen vacancies,
reducing the surfaces. Figure 4D summarises the predicted
temperatures required to reduce the stoichiometric surfaces,
i.e. the lowest temperature needed at specific conditions of
pressure of O2, for the surface to become oxygen-deficient.

This journal is © The Royal Society of Chemistry 20xx
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Figure 4 - Pressure of O2 (bar) vs temperature (K) phase diagrams for the reduction of PuO2 {100} (A), {110} (B), {111} (C). For clarity, the grey region denotes the
stoichiometric surface and the red region denotes the oxygen-deficient surface. (D) Temperature of desorption of O2 from the stoichiometric to the oxygen-deficient
surface. The {111}, {110} and the {100} surfaces are shown in blue, green and red. The temperature of desorption at pressures ranging from -12.5 log10(P(O2)) (bar) to
5 log10(P(O2)) (bar) in increments of 1 are marked at the corresponding locations on the plots.
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Figure 5 - Pressure of CO2 (bar) vs Temperature (K) phase diagrams for the adsorption of CO2 on the stoichiometric {100} (A), {110} (B), {100} (C) and the oxygen-deficient
{100} (D), {110} (E) and {111} (F) surfaces. The red region no CO2 is adsorbed while and the grey region has adsorbed CO2. The temperature of desorption of CO2 for the
stoichiometric (G) and the oxygen-deficient (H) surfaces. The temperature of desorption at pressures ranging from -12.5 log10(P(O2)) (bar) to 5 log10(P(O2)) (bar) in
increments of 1 are marked at the corresponding locations on the plots. (I) represents the difference between the stoichiometric and the oxygen-deficient case. The
{111}, {110} and the {100} surfaces are shown in blue, green and red.
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Figure 6 – Phase diagrams demonstrating the percentage surface area for the
{100} (A), {110} (B), {111} (C) as a function of pressure (bar) and temperature (K).
Phase diagrams refer to oxygen-deficient surfaces

According to this analysis, vacancies can be introduced on the
{100} surface at temperatures as low as 475 K (202 °C) under
UHV conditions (10-10 bar). Stakebake18 observed O2 as a
desorption product of PuO2 exposed to water vapour at 300 and
700 °C, although this may be related to the reaction of PuO2-x
with H2O. Higher temperatures are required for the reduction
of the {111}, followed by the {110} and the {100} surfaces. This
follows the same trend as the heat of reduction (Table 1) over
the entire range of temperature and pressure considered.
Carbonation of PuO2 Surfaces - By plotting the surface energy of
PuO2 stoichiometric and oxygen-deficient surfaces (both bare
and carbonated) as a function of temperature and partial
pressure of CO2 (Equation 6 to Equation 8), phase diagrams
mapping the carbonation of PuO2 surfaces can be drawn (Figure
5A-F). At a lower temperature, the surfaces of PuO2 are all
carbonated, whereas CO2 desorbs at high temperature leaving
the bare surfaces exposed. Figures 5G-H summarises the
temperature of desorption of CO2 from the surfaces, i.e. the

highest temperature needed at specific conditions
of Online
CO2
View Article
pressure for the CO2 to leave the surface.DOI:
CO10.1039/D0CP00021C
2 desorbs at lower
temperatures on the {111}, followed by the {110} and the {100}.
On all surfaces the CO2 desorbs at lower temperature on the
stoichiometric (Figure 5G) compared to the oxygen-deficient
(Figure 5H) surfaces, with differences in temperature between
the two as low as 60 K and as high as 225 K (Figure 5I).
Adsorption experiments of CO2 on PuO2.00 powder have
been conducted by Colmenares and Terada17 and Stakebake6
who both demonstrated that the oxide powder absorbed
greater amounts of CO2 at lower temperatures. The former
study derived average heats of adsorption of 0.28 to 0.52 eV (30
to 90 °C) whereas the latter reported a heat of adsorption of
0.12 eV at -80 °C. The studies agree that physisorption
dominates at low temperatures and that the higher
temperature range values are indicative of some component of
the gas chemisorbing. Stakebake and Dringman18 studied the
desorption of various gases from PuO2 exposed to air and found
the majority of mass loss (~90-95%) was below 700 °C with CO2
being released up to 1000 °C but predominantly over the range
100-600 °C. Interestingly, this work identifies two maxima in the
release data with two different samples: the first at 200 °C and
500 °C, and the second at 250-300 °C and 400 °C. This variation
in the detection of CO2 with temperature is indicative a range of
desorbing species. Whether this detected CO2 is the result of
desorbing molecular CO2 or the decomposition of carbonate or
hydrogen carbonate species cannot be determined from the
experimental data available at this time.
The trend in desorption temperatures in Figure 5G-H shows
that CO2 will desorb at lower temperatures from the {111}
surface (the most stable surface and thus most likely the one
expressed the most in experimental samples), although we
predict that CO2 is retained on the {100} surface at higher
temperature. Although our models do not account for coadsorption of CO2 and H2O, it is worth mentioning that previous
study of Stakebake66 (experimental) and of Tegner et al.43
(computational) have measured and predicted water
desorption temperatures on PuO2 surfaces to be in the range of
373K-623 K depending on surface morphology. These water
desorption temperatures are in the same range of our predicted
CO2 desorption temperatures, suggesting that residual water
may be adsorbed to the surface when CO2 is present. Some of
the data shown by Stakebake and Dringman18 shows that there
may be a relationship between the desorption of H2O and CO2
over the 300-500 °C temperature range. The influence of water
adsorption on the desorption of CO2 will require further study
and should constitute further work.
Morphology of PuO2 nanoparticle - By calculating the Wulff
construction as a function of temperature and pressure, the
total surface area for all of the exposed surfaces of a
construction can be derived. By taking the surface area of a
particular surface and comparing that to the total exposed
surface area, the percentage area for that surface can be
derived for a particular temperature and pressure of CO2. This
is presented in Figure 6A-C. The phase diagrams refer to oxygendeficient surfaces (either carbonated or bare) as for the
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stoichiometric surfaces, the {111} surface dominates the phase
diagrams at all conditions of temperature and pressure and
therefore there is no need to visually depict this. On the oxygendeficient surfaces (Figure 6) the {111} surface is still the most
dominant (Figure 6A), the {110} and the {100} surfaces are both
predicted to be present (Figure 6B and 6C respectively). This can
be usefully compared to Lavalley’s70 analysis of surfaces on
ThO2 nanopowder where {111} and {110} (but also {211})
account for the majority of the surface whereas the {100} is
seen in much lower proportions.
The percentage area phase diagram in Figure 6 can also be
used to distinguish whether the surfaces are carbonated or bare
by overlaying the temperatures of desorption of CO2 in Figure
5H as a dotted line. At all conditions on the left of the dotted
line in Figure 6, the surfaces are carbonated, but as T and P(CO2)
increases above the temperature of desorption of CO2, the
surfaces are bare. This allows the reader to quickly ascertain
whether the nanoparticles are carbonated or not. For example,
in Figure 6C, the {111} at low pressure and high temperature
(the bottom right corner of the phase diagram) the surface is
bare, but at high temperature and high pressure (the top left of
the phase diagram) the surface is carbonated. So in both regions
of the diagram the nanoparticle will be an octahedron, but in
the former example, the surface will be bare, whereas it will be
carbonated in the latter. By combining the percentage area of
the different surfaces of PuO2 in Figure 6, we can retrieve the
nanoparticle morphology of PuO2 using the Wulff
construction.47 Figure 7 displays the most relevant PuO2
nanoparticle morphologies within the interval of pressure of
CO2 and temperature studied. Again, we added the
temperature of desorption of CO2 (Figure 5H) to mark the
boundary between carbonated and bare surfaces. As
temperature and pressure of CO2 increase, there is a gradual
loss of the {100} from the nanoparticle that changes from a
truncated octahedral to an octahedral morphology. In this
region, the {110} surface also appears in the morphology of the
nanoparticle. This is due to the bare {111} becoming
increasingly less stable compared to the carbonated {110}
surface.
The literature around radiolytically driven corrosion
acknowledges morphology effects, but remains more
concerned with sample composition.11 Here, we discuss our
findings considering the morphology of actinide oxides within
the literature. Castell71 derived a truncated octahedral shape at
high pressure and temperature for UO2 voids using low voltage
scanning electron microscopy. An octahedral morphology is
generally predicted in computational studies too. Jomard and
Bottin72 using DFT + U (1k AFM ordering and no SOI), predicted
an octahedral morphology for PuO2 at atmospheric pressure
and room temperature, which suggests that at low temperature
the {111} surface dominates the morphology. This is consistent
with modelling studies of other actinide oxides including UO2
(interatomic potential67 and DFT23) and ThO2 (DFT + U55). It is
clear that these computational analyses corroborate our
findings where the {111} surface is the dominant one due to a
lower surface energy, both with and without CO2.

View Article Online

DOI: 10.1039/D0CP00021C

Figure 7 – A phase diagram to demonstrate the most stable Wulff constructions
at particular regions of pressure and temperatures. The dotted lines denote the
CO2 desorption.

Although the {110} surface has not been reported on PuO2
nanoparticles as we do, the work of Castell71 predicts the
formation of the {110} surface as ridges of the {111} surface in
UO2 voids. These ridges disappear by transforming into {111}
surfaces as the additional surface area created by the
transformation compensates for the much lower surface energy
of the {111} compare to the {110} surface. In our study, as we
consider the adsorption of CO2, we see that at the mid-range of
partial pressure of CO2 and temperature, there is a region
where the {110} remains a stable surface stabilised by the
adsorption of CO2. This indicates that adsorbed CO2, if present
may deny the transformation of the {110} ridges into the most
stable {111} surfaces.
Implications for Radiolytically Driven Dispersal
Radiolysis occurs at the interface of radioactive actinides and
water. Whereas, the aim of this work is not to directly inform
the reactions involved in radiolytic processes, we provide
details on the surface composition of PuO2. Any adsorbed
species at the surface of the material inherently affects surface
processes by increasing the availability of these species while
reactive species are generated by radiolysis.5 There is no
general consensus on whether the presence of dissolved CO2
either increases9–12 or decreases13,14 the rate of radiolytically
driven environmental dispersal. It would seem logical, however,
that since the rate of environmental dispersal is influenced by
dissolved CO2, then this might also be influenced by the
adsorption/release of CO2 from PuO2 surfaces. Our data
suggests that adsorbed CO2 interacts strongly with the surfaces
of PuO2 (Table 2) and that relatively high temperatures are
needed to fully desorb CO2 from PuO2 surfaces (Figure 5). The
presence of adsorbed CO2 has been suggested to aid the release
of oxidised actinide species in the form of stable carbonate
complexes.73,74
For radiation induced dissolution of UO2, and thus
presumably for PuO2, it is suggested that the type of oxide and
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surface morphology affect rate of dissolution.11 To date,
however, the effect of different surface morphologies on the
rate of radiolysis is currently unexplored. We show that the
strength of CO2 adsorption strongly depends on surface
morphology, which ultimately will affect the release of
adsorbed CO2 in solution. This, in turn may affect the extent of
radiolytically driven dispersal depending if the presence of CO2
increases9–12 or decreases13,14 the effect (in the case the PuO2
acts as UO2 does). We show that the strongest interaction
between CO2 and PuO2 occurs on the {100} surface, followed by
the {110} and {111} surfaces (Table 2). Therefore, control of the
synthesis of PuO2 nanoparticles will determine the availability
of surface adsorbed CO2.
Finally, we aid the prediction of the morphology of PuO2
nanoparticles as a function of temperature and pressure (Figure
7). Although the Wulff construction only accounts for
thermodynamic data, it is clear that there will be a
thermodynamic driving force that may drive morphological
changes during long term storage and this might change the
rate of environmental dispersal under some conditions.

Conclusions
We have shown that it is possible to correlate the ab initio data
at the molecular level with concepts of desorption
temperatures, surface phase diagrams and nanoparticle
morphology for PuO2. We found that the oxygen-deficient
surfaces of PuO2 generally exhibit stronger adsorption of CO2
compared to the stoichiometric surfaces. Morphologies of PuO2
can differ over the range of temperatures and CO2 pressure but
remain of truncated octahedral shape. We have discussed our
findings in the context of radiolytically driven reactions with
groundwater and the presence of CO2 (experimentally, it is
uncertain whether and how dissolved CO2 affects these
reactions). In this study, we show that CO2 adsorbed at the
surfaces of PuO2 will need to be taken into account as this CO2
will be readily available to interfere with the radioactive soluble
species. While we have focussed on the interaction of CO2 with
dry surfaces of PuO2, there is room here for investigating other
aspects of this work, notably the impact of water on CO2
adsorption, and the extension of the modelling procedure to
account for a greater complexity of molecular species. Finally,
correlating our ab initio data to experimental data, such as
those related to surface vibrational responses will provide
essential insight into adsorbed species behaviour and
conformation, and should constitute the object of further work.
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