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Abstract

In order to model correctly the corrosion of spent nuclear fuel under disposal conditions,
it is important to understand its behavior in the presence of oxidants. To advance in this
direction, we consider the oxidation of UO2. We investigate computationally the adsorption
of various species on its three most stable surfaces: (111), (110), and (100), with emphasis
on incorporating a full non-collinear PBE+U approach. Various species, namely O, O2,
H2O and H2O2 are considered due to their relevance for the oxidation of UO2. The disso-
ciation energy and an estimate for the dissociation barrier for O2 were obtained, using the
preferred adsorption configurations of O and O2. The adsorption configurations for H2O
in our study compare well with previous studies that used collinear approximations, both
in terms of relative stability of configurations and bond lengths. Differences in adsorption
energies were found, which may be important for reaction kinetics. Dissociative reactions
in which the water molecule splits in hydrogen and hydroxyl occur only on one of the three
surfaces. The hydrogen further reacts with a surface oxygen to also form a hydroxyl group.
Not surprisingly, we find that H2O2 binds more strongly to the three surfaces than water
(lower formation energy), and similar to H2O adsorption, dissociative reactions may occur.
The dissociated hydrogen reacts with a surface oxygen to form a hydroxyl group and the
hydroperoxyl molecule binds with a surface uranium. Our study, which includes a detailed
study of electron transfer, magnetic structure and the preferred adsorption configurations,
gives insight into the uranium oxidation states and the influence of surface geometry on
adsorption. The findings contribute to a more comprehensive understanding of the early
stages of UO2 oxidation.
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1. Introduction

Alike many countries, Belgium considers the direct disposal of spent nuclear fuel in a
deep geological disposal as a safe long term option. Today’s reference layout involves pack-
ing of SNF assemblies in multilayered steel/concrete containers (“Supercontainer concept”)
which are then loaded in disposal galleries carved in stable geological clay layers [63, 30, 29].
These containers are engineered to withstand ingress of groundwater for several millennia,
but ultimately, engineered barriers will degrade, as will the metallic cladding tubes holding
the nuclear fuel. After several thousand years, the spent fuel will thus come in contact
with water. Fission-generated nuclides (fission products, actinides and activation products)
might then gradually dissolve and may start migrating. The corrosion process of the UO2

matrix itself is the rate-determining factor in the release rate of many nuclides (in particular
the actinides) during this stage.

At its earliest stage, low-temperature oxidation of UO2 in dry air involves the molecular or
dissociative adsorption (chemisorption) of oxygen (O2) gas onto the UO2 surface [51, 38, 35].
The heat of chemisorption has been reported as -230 kJ/mol, declining to -20 kJ/mol in later
stages [20]. During the oxidation process, oxygen ions become incorporated as interstitials
into the fluorite structure of UO2, which can effectively accommodate disorder, creating
hyperstoichiometric UO2+x [31]. The excess oxygen aggregates with intrinsic Frenkel pair
defects prevalent in near-stoichiometric UO2, which can be either isolated or start to form
aggregates, depending on the departure from stoichiometry [1, 2]. Subjected to lower tem-
peratures (below 250 °C), bulk stoichiometry is limited to x = 0.03, because the solubility
of oxygen is reduced with decreasing temperature [7, 35].

Further oxidation then results in formation of higher oxides near the reaction interface
[7, 58]. Below 100 °C, the diffusion of oxygen ions becomes exceedingly slow, as it is no
longer thermally activated, effectively limiting any oxidation to the surface [14]. (Note that
this is for a system with no extrinsic doping, which changes the oxidation [41].) This regime
is called field-assisted oxidation. In this regime oxygen diffusion is facilitated by a potential
difference, due to the chemisorption of oxygen, which leads to the transfer of electrons to
the surface. This electric field enables the transport of oxygen ions through the oxide layer
but only to a certain depth within the material [11, 22].

When exposed to water, the formation of higher-valence uranium compounds, such as
schoepite or metaschoepite, is observed, potentially due to a dissolution-precipitation mech-
anism [12]. The initial stage of UO2 surface oxidation in moist environments involves the
adsorption of water onto the surface. This process begins with a precursor state of physical
adsorption of water molecules (physisorption) and is followed by a combination of partial
dissociation (resulting in H+ and OH−) and complete dissociation (resulting in 2H+ and O−)
to form chemisorbed products [13, 62]. At temperatures below 100 °C, water was found to
be more strongly oxidizing, whereas at higher temperatures, oxygen becomes more effective
in oxidizing UO2 [14]. This oxidation predominantly occurs at the surface of the sample,
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making the microstructure and surface area critical factors in influencing this process [12].

Instead of relying solely on experimental approaches, researchers have turned to atomistic
ab initio calculations, which are, however, mainly limited to investigating the very initial
stages of interfacial interactions, specifically the process of adsorption. A significant body of
research has been dedicated to the theoretical study of adsorption onto UO2 surfaces, with
most of these studies utilizing the GGA+U methodology within the DFT framework.
The focus of these investigations has primarily been on the adsorption of water molecules,
and all three primary UO2 surfaces have been subjected to extensive scrutiny. On the (111)
surface, these studies have revealed that both molecular and dissociative adsorption of water
exhibit nearly equivalent energies. However, on the (110) and (100) surfaces, a clear pref-
erence for dissociative adsorption has been observed [65, 66, 9, 60]. This has been studied
as a function of water coverage [8, 50, 37, 59]. Additionally, when examining reduced UO2

surfaces where oxygen vacancies are present, there is a consistent preference for dissociative
water adsorption across all surfaces [61, 66]. Pegg and coworkers [46, 44] furthermore fo-
cused their computational work on adsorption of atomic hydrogen and H2.

With the exception of the more recent research on hydrogen adsorption, the studies men-
tioned previously do not include non-collinear magnetism and spin-orbit coupling (SOC)
into their models. One could argue that the magnetic structure is irrelevant at oxidation
conditions, but non-magnetic calculations are no suitable alternative for modeling the para-
magnetic phase of UO2. The omission of non-collinear magnetism is primarily due to the
computational complexity. Instead, many of these studies have simplified their models by
using collinear 1k anti-ferromagnetic (AFM) magnetism or even assuming a ferromagnetic
arrangement [9, 9, 65, 50]. However, it was indicated that the use of collinear magnetism
does not allow for the reorientation of magnetic moments in the surface layer [45].

In the present study, we focus on modeling adsorption on the three most stable, low-indexed
UO2 surfaces: (111), (110), and (100). Importantly, this investigation incorporates a full
non-collinear approach, accounting for SOC and 3k (transverse) magnetic order. We con-
sider the adsorption behavior of various species, namely atomic oxygen (O), oxygen molecules
(O2), water (H2O), and hydrogen peroxide (H2O2). The study of H2 [44, 46], O2 and H2O2

is motivated by radiolysis of water under repository conditions [36, 55, 40, 49, 23]. By con-
sidering non-collinear magnetism and spin-orbit coupling, this research aims to provide a
more accurate and comprehensive understanding of the adsorption processes on these UO2

surfaces.

2. Computational methodology

2.1. Electronic structure

The electronic structure calculations were performed using the Vienna ab initio simula-
tion package (VASP) code [27], which uses projector-augmented-wave pseudopotentials to
describe core-valence interactions [28]. The valence electrons that are explicitly considered
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are U: 6s26p65f 36d17s2, O: 2s22p4 and H: 1s1, they are expanded in a plane wave basis set
with a cutoff energy of 600 eV. The exchange-correlation functional used is the Perdew-
Burke-Ernzerhof (PBE) generalized gradient approximation (GGA) [48].

For actinides, due to strongly correlated f -electrons, standard GGA’s do not perform well
[10, 16, 33, 52]. They induce an erroneous delocalized state because the self-interaction is
not cancelled out correctly. To account for this, we employed the PBE+U method. Here a
screened on-site Coulomb interaction is introduced to penalize partial filling of the uranium
f -states. The specific formalism used is that of Dudarev [17], as implemented in VASP. The
value for the Hubbard U parameter is the same for all uranium atoms (Ueff = U − J = 4.0
eV), which is the typically accepted value in literature as it has been estimated from ex-
periments [6, 54, 26] and shown to perform well in calculations [8, 47, 17, 21, 5, 57, 68].
Although there have been efforts to calculate these parameters using cRPA, which yields a
considerably higher value of Ueff = 5.7 − 0.4 eV [3], the Hubbard parameter has also been
tuned to produce the correct band gap and lattice parameter, which leads to a lower value
of Ueff = 3.35 eV [43].

Self-consistent calculations are performed until the energy difference reaches 10−6 eV. Forces
are converged within 10 meV/Å. The calculations include spin-orbit coupling and take the
non-collinear 3k (transverse) magnetic ground state [18] into account.

Though DFT+U calculations are known to converge to local minima, no occupation control
method was used in this work. The OMC method was required for the efficient exploration
of the energy of the microstates of the f -manifold [15]. SOC lifts the degeneracy of these
states, reducing the need for occupation control. Moreover, the breaking of symmetry by
non-collinear magnetism, Jahn-Teller distortion, and the presence of an interface are all
contributing factors that diminish the possibility of converging to spurious minima [4, 67].

2.2. Surface model

The three most stable UO2 ((111), (110) and (100)) surfaces are modeled using the sym-
metric slab model. This ensures that there is no net dipole present [56]. The surface slab
is created by cleaving from bulk, with a vacuum layer of at least 18 Å to avoid interactions
along the surface normal (chosen as the z-direction) and slab thickness of minimum 15 Å,
so that the middle layer is bulk-like. For the UO2 (111)-surface this entails 7 O-U-O layers
(28 formula units), with a cell size of 53.4 Å2 × 41 Å, for the (110)-surface this is 13 UO2

layers (26 formula units), with a cell size of 43.5 Å2 × 44 Å and the (100)-surface has 7
U-O2 layers (28 formula units), with a cell size of 61.6 Å2 × 41 Å. This last surface would
give rise to a net electric dipole due to the alternately charged O2 and U layers. In order
to avoid this, the surface was stabilized by using an O-terminated surface instead of the full
O2 monolayer and then the slab was symmetrized. This is as if half of the oxygen atoms
were transferred from the top O2 layer to the bottom U layer. It is described by [17] and
supported experimentally [42].
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(a) (111) (b) (110) (c) (100)

Figure 1: The investigated UO2 surface models ((111), (110) and (100) respectively) with relaxed atomic
positions. The width of the vacuum is at least 18 Å.

All three surface slab models use a Monkhorst-Pack k-point grid of 3x3x1 k-points. Van der
Waals interactions are included in the adsorption calculations, using the method of Grimme,
as implemented in the VASP code [24]. The starting magnetic moments are those of bulk
UO2. The modulus of the initialized moments is 1.7 µB, projected along four directions
and rotated to match the new relative orientations of the UO2 lattice with respect to each
Cartesian coordinate frame. They are given in Table S2 in the supporting information.

Adsorption is simulated by performing a full atomic relaxation of both the adsorbate and
the slab, with the exception of the middle layer. For each adsorbate and surface 4 different
initial adsorption sites at a distance of 1 Å from the surface are used as initial configuration.
These adsorption sites are shown in Fig. 2 and can be referred to as U (a), O (b), bridge
(c) or hollow (d) sites. The adsorption energy is defined as follows:

Eads(X) = Eslab(X)− (Eslab −NXµX) (1)

Where Eslab(X) and Eslab are the total DFT energies of the slab model, including relaxation,
with and without adsorbed molecule X, NX the number of these molecules adsorbed (always
even using the symmetric slab model) and µX the chemical potential of the molecule. The
latter is approximated by the total energy of the isolated molecule.

The surface energy is a formation energy per surface area (the factor 2 is due to the sym-
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Figure 2: Investigated adsorption sites on the UO2 (111)-surface (only the topmost layer is shown). U (a),
O (b), bridge (c) and hollow (d) sites.

metric slab model as two surfaces are present):

Esurf =
1

2A
(Eslab −NEbulk) (2)

Bader charge analysis is used to derive atomic charges of the individual atoms from the
quantum mechanical charge density. The partitions over which is integrated are defined by
zero-flux surfaces in the charge density [25].

3. Results

3.1. Bulk UO2

As a reference, calculations on bulk UO2 are discussed first. These calculations were per-
formed in the same way as described above, using PBE+U, magnetic order and spin-orbit
coupling and with an MP k-point grid of 6×6×6 k-points. Table 1 gives an overview of the
different magnetic orders 1k to 3k both transverse and longitudinal. These configurations
are defined in [47].

Computationally, the experimental 3k transverse magnetic order is not found as the ground
state (1k transverse has the lowest energy by 11 meV/unit cell, Table 1); a shortcoming of
the functional approximation. However, only the 3k transverse order is compatible with the
experimentally observed Pa3 symmetry where the oxygen atoms are displaced in the (111)
directions and furthermore, collinear anti-ferromagnetism breaks the cubic symmetry. The
calculated oxygen displacement is 0.0043 Å, factor 3 smaller than measured with neutron
diffraction (0.014 Å) [19].

The calculated lattice constant is 5.546 Å, 1.37 % larger than experiment [34] (x-ray
diffraction), but within range of other ab initio studies. U-O bond lengths are due to the
oxygen displacement between 2.395 and 2.403 Å. The calculated band gap is 2.71 eV and the
total magnetic moment at a U site is 1.68 µB, compared to experimental values of 2-2.5 eV
[53, 39] and 1.74 µB [18], respectively. The density-of-states (DOS) is given in Fig. 3a. For
consistency, the surface models that are used in this work are based on the DFT-optimized
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magnetic order ∆E (eV/unit cell) spacegroup O displacement (Å)
1k long. 0.013 I4/mmm /
1k transv. 0 I4/mmm /

2k long. 0.010 Fm3m /
2k transv. 0.009 Cmce 0.0055

3k long. 0.007 Fm3m /

3k transv. 0.011 Pa3 0.0043

3k transv. experimental Pa3 0.014

Table 1: PBE+U [48, 17] with SOC - Relative stability of antiferromagnetic orders in UO2 with respect to
the 1k transverse order.

magnetic order ∆E (eV/unit cell) spacegroup O displacement (Å)
1k 0 I4/mmm /
2k 3.156 I4/mmm /

3k 3.926 Fm3m /

Table 2: PBE+U [48, 17] without SOC - Relative stability of antiferromagnetic orders in UO2 with respect
to the 1k transverse order. Transverse and longitudinal configurations are degenerate without SOC.

bulk structure.

In this work we do account for noncollinear magnetism and spin-orbit interactions, for
two reasons. The first was highlighted by Pegg and coworkers [45]: collinear approximations
cannot reorient the magnetic moments relative to both the surface plane and the bulk-like
layers. Therefore, simulations would compare different magnetic structures along the differ-
ent surfaces. Secondly, though it does not affect surface energies, it does affect the electronic
structure (which can be seen in Fig. 3a for the bands around -20 to -15 eV) and thus could
affect bonding and adsorption, which is the main interest of this study.

3.2. Pristine surface

Surface energies calculated for the (111), (110) and (100) are 0.72 J/m2, 1.08 J/m2

and 1.52 J/m2, respectively. Comparing this to values reported in the literature review of
Wang et al. [64] (an overview can be found in Table S1 in the supporting information),
surface energies are, as mentioned, unaffected by the inclusion of spin-orbit interactions and
noncollinear magnetism.

3.2.1. (111) surface

The relaxation of the (111) surface leads to a slight contraction of the interlayer distance
of the outer two successive uranium layers of 0.04 Å. The U-O bond length decreases by
0.05 Å for the top U and O monolayer. Uranium atoms of the first layer have a coordination
of 7 (8 in bulk UO2), while the oxygen of the first monolayer has 3 (4 in bulk UO2). The
magnitude of the spin moments shows a small deviation for the outer layer of U atoms (1.61
µB, compared to 1.56 µB for the inner layers, 1.54 µB in bulk), yet there is no significant
difference in Bader charges between the uranium atoms.

7



(a) bulk UO2 (b) (111) surface

(c) (110) surface (d) (100) surface

Figure 3: DOS for UO2. a) bulk UO2: shows the difference between collinear AFM (blue) calculation and
non-collinear 3k transverse AFM with SOC (green). b), c) and d) are the DOS for the (111), (110) and
(100) respectively, for which only the partial contributions of the surface atoms are shown: uranium in grey
and oxygen in red.

3.2.2. (110) surface

More noticeably in the (110) surface, a contraction of interlayer distance of 0.3 Å between
the first two layers, with an increase of 0.1 Å in the next layer, has been found. There is a
decrease of 0.04 Å for the U-O bond lengths within the first monolayer, of 0.15 Å for Ulayer1-
Olayer2 and of 0.07 Å for Ulayer2-Olayer1, due to the interlayer distances. The coordination of
U and O of the outer layer is 6 and 3, respectively. The U atoms of the outer layer have a
spin moment of 1.67 µB, while the other U atoms carry 1.56 µB (1.54 µB in bulk). Bader
analysis indicates electron transfer from O to U, within the outer layer, of 0.08 per U atom.

3.2.3. (100) surface

Unlike the other surfaces, the relaxation of the (100) surface leads to an increase of 0.03
Å for the interlayer distance of the outer 2 uranium layers. The U-O distances of the outer
two monolayers decreased by 0.20 Å, while the oxygen in the second oxygen layer shifts up
and down according to the pattern of the vacancies in the topmost O layer, thus there is
both an increase and decrease (by 0.15 Å) for these U-O bond lengths. The outer uranium
layers have a coordination of 6 and the oxygen of the outer monolayer has a coordination of
2. Similar to the (110) surface, the U atoms in the first layer have a spin moment of 1.67 µB

(1.56 µB in bulk layers and 1.54 µB in bulk) and Bader charge transfer of 0.07 electrons to U.

For all three surfaces we see that the magnitude of the spin moment is the same as the
bulk value for all uranium atoms that are not in the surface layer. The small deviation of
spin moment at the surface of the order of 0.10 µB (and small electron transfer to these

8



(a) (111) (b) (111) (c) (110) (d) (110)

(e) (100) (f) (100)

Figure 4: Converged magnetic moments (sum of spin and orbital part) for the three UO2 surface models.
a), c) and e) give a view perpendicular to the surface, b), d) and f) offer a side view along the a or b axis.
The yellow arrows in e) and f) have been scaled up for visibility.

atoms) is explained by the decrease in coordination and U-O bond lengths at the surface.
The orbital contribution to the magnetic moment is always larger than the spin part, consis-
tent with previous calculations on uranium compounds. It is in the same direction, but with
a different sign than the spin contribution, with a small angular deviation for some atoms
at the surface of less than 3°, 1.5° and 5° for the (111), (110) and (100) surface respectively.
Though the magnitude of the orbital part of the magnetic moments varies for different atoms
in the slab model, bulk values are recovered in the middle layers. This is shown in Fig. S1
in the supporting information.

The DOS of only the surface layer has been given in Fig. 3. The magnetic configura-
tion at the surface has been analysed. In the topmost surface layer, the total magnetic
moments (sum of spin and orbital contribution) are realigned towards the plane of the sur-
face, as demonstrated in Fig. 4 and similar to [45]. The values are given in Tables S4, S5
and S6 in the supporting information.

3.3. Adsorption

Inequivalent final configurations have been identified, based on the geometry of the re-
laxed calculations, and grouped together with equivalent configurations on other surfaces.
They will be categorized under chemi- or physisorption, based on following properties: Bader
analysis, atomic distances and DOS.

3.3.1. O radical adsorption

In all adsorption calculations the oxygen atom (or radical) creates an ionic bond with the
surface, either to a uranium or an oxygen atom after relaxation. A summary is given in Table
3. In the lowest energy configuration the chemisorbed atom will increase the coordination of
the U atom to resemble more that of bulk UO2 (Fig. 5a, 5c and 5e). For the (100) surface
this is a bond to two surface U atoms (Fig. 5e). Depending on the surface geometry the U
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configuration |OU1| (Å) |OO1| (Å) Eads (eV) e− transfer
(111) surface
U-site chemisorption (5a) 1.82 / -0.19 0.87
O-site chemisorption (5b) 2.49 1.48 0.34 0.60
(110) surface
U-site chemisorption (5c) 1.81 / -1.06 0.86
O-site chemisorption (5d) 2.27 1.48 0.24 0.62
(100) surface
U-site chemisorption (5e) 1.95, 2.33 / -1.80 1.06
O-site chemisorption (5f) 2.42 1.51 -0.24 0.64

Table 3: Summary of the adsorption of the oxygen radical. In the first column the final configurations is
described, followed by the relevant bond lengths, adsorption energies and Bader charge transfer from the
surface to the adsorbate. U1 and O1 are labeled in Figure 5.

coordination will increase from 7 to 8 for the (111) or from 6 to 7 for both (110) and (100).
The spin moment of the surface U atom decreases from 1.61 and 1.67 to 0 µB for the (111)
and (110) surfaces respectively (Table. S6 in SI), indicating oxidation state +VI, while the
two U atoms of the (100) surface have a decreased spin moment of 0.8 µB compared to 1.67
µB in the pristine surface, leading to oxidation state +V [33]. The U-O bond length is 1.8
Å, which is 25% shorter than in bulk UO2. Adsorption to the U site is the lowest energy
configuration and is exothermic on all 3 surfaces. In the DOS (Fig. 5a, 5c and 5e) clear
hybridization between the oxygen atom and the surface uranium is visible as a broadening
of the oxygen states at -4 eV and -18 eV. The oxygen contribution of the DOS behaves
similarly to the DOS of oxygen in bulk UO2.
In the case of atomic oxygen binding to a surface oxygen atom, peroxide (O2−

2 ) is formed
on the surface (Fig. 5b, 5d and 5f). This is indicated by the O-O bond length of 1.5 Å and
electron transfer from the surface to the adsorbed atom (Table S7 in SI). This is exothermic
only on the least-stable (100)-surface. In the DOS (Fig. 5b, 5d and 5f) one can again see
hybridization in the form of broadening of the peaks. They now overlap with states of the
oxygen atom of the surface indicating their bond.

3.3.2. O2 molecule adsorption

Two cases are found for the O2 molecule: physisorption and chemisorption, see Fig. 6.
On all three surfaces a physisorbed case is found. Its adsorption energy lies between -0.05
and -0.24 eV, as indicated in Table 4. No charge transfer is found and the O-O bond length
has not changed. The distance to the nearest surface atom is larger than the sum of the
covalent radii. The molecule has a high spin state (1.5 µB, Table S8 in SI). In the DOS,
states belonging to the O2 adsorbate are sharp and narrow i.e. molecule-like and there is no
hybridization with states of the surface, as seen in Fig. 6a, 6b and 6d.
On the two higher energy surfaces ((110) and (100)) chemisorption of O2 is also found
(Fig. 6c and 6e). Compared to physisorption, it is characterized by a stronger bonding
and a shorter bond length. For this case we find a more negative adsorption energy and
electron transfer to the molecule. The O2 bond length has increased from 1.24 Å to 1.33 Å,
indicative of superoxide (O−

2 ) due to the transferred electron from the surface uranium atom
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(a) (111) U-site chemisorption (b) (111) O-site chemisorption

(c) (110) U-site chemisorption (d) (110) O-site chemisorption

(e) (100) U-site chemisorption (f) (100) O-site chemisorption

Figure 5: Final atomic configurations and DOS for adsorption of the oxygen radical on three UO2 surface
models. The DOS shows only the contributions of the surface atoms: uranium in grey, oxygen in red and
adsorbed oxygen in blue.
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configuration |OO| (Å) |O2surface| (Å) |OU1| (Å) Eads (eV) e− transfer
(111) surface
physisorption (6a) 1.25 2.06 2.77 -0.24 /
(110) surface
chemisorption (6c) 1.33 2.25 2.35 -1.05 0.57
physisorption (6b) 1.24 2.29 3.60 -0.19 /
(100) surface
chemisorption (6e) 1.33 0.57 2.38, 2.44, 2.48 -0.52 0.64
physisorption (6d) 1.23 2.57 3.60 -0.05 /

Table 4: Summary of the adsorption of the oxygen molecule. In the first column the final configurations is
described, followed by the relevant bond lengths, adsorption energies and Bader charge transfer from the
surface to the adsorbate. O2 and U1 are labeled in Figure 6.

now occupying the anti-bonding orbital which facilitates dissociation. The O-U distance
is similar to the O-U bond length in bulk UO2. Again the U coordination is increased
from 6 to 8. The molecule has a low spin state of 0.8 µB (Table S8 in SI). The U atom
spin is decreased from 1.67 to 0.88 and 0.75 µB for the (110) and (100) respectively, which
indicates an oxidation state of +V for the U atom. Unlike in the physisorbed case, in the
DOS hybridization of adsorbates’ states (s-states at -15 eV and p-states at -2 eV) with
surface states is visible, as shown in Fig. 6c and 6e.
We also estimated the dissociation barrier of O2 when chemisorbed to the surface. Starting
from the case where oxygen is chemisorbed to the (110) surface (Fig. 6c), the bond length
was increased by moving one of the oxygen atoms along the b direction (illustrated in Fig.
S2 in the supporting information), until it was bound to the other uranium atom, like the
case of adsorption of a single oxygen atom, Fig. 5c. This dissociation barrier is 2.88 eV
for O2 bound to the surface, compared to 6.04 eV for the isolated molecule. It is, however,
very important to note that this result is only an upper bound to the dissociation energy of
oxygen adsorbed to the surface, because a full Nudged Elastic Band (NEB) calculation was
not feasible.

3.3.3. H2O adsorption

On the two most stable surfaces ((111) and (110)) the only configuration for water
adsorption is found to be chemisorption, with an adsorption energy of -0.73 eV and -0.94
eV, respectively, see Table 5. The O-U distance is 2.6 Å, the sum of the covalent radii for U
and O. Bader analysis shows no charge transfer (Table S9 in SI), but hybridization of some
oxygen states with the surface is seen in the DOS (Fig. 7a and 7b) around -4 eV between
the oxygen p-states of the adsorbate and the surface.
On the (100)-surface two chemisorbed cases are found (Table 5). The energetically favored
one is the dissociation molecule, Fig. 7c. Here two hydroxyl groups are formed on the surface:
one of the hydrogen atoms is split from the molecule and binds with a surface oxygen atom.
The remaining OH then binds to a uranium atom, increasing its coordination from 6 to
7, with a U-O bond length of 2.35 Å, which is similar to UO2 bulk. The first hydroxyl
gives rise to a sharp peak in the DOS (Fig. 7c) at -6.5 eV, consisting of contributions from
the hydrogen atom and the oxygen of the surface, while the second one has a sharp peak
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(a) (111) physisorption

(b) (110) physisorption (c) (110) chemisorption

(d) (100) physisorption (e) (100) chemisorption

Figure 6: Final atomic configurations and DOS for adsorption of the oxygen molecule on three UO2 surface
models. The DOS shows only the contributions of the surface atoms: uranium in grey, oxygen in red and
adsorbed oxygen in blue.
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configuration |OH| (Å) |O1H| (Å) |OU1| (Å) Eads (eV) Eads literature e− transfer
(111) surface
chemisorption (7a) 0.97, 1.01 1.69 2.60 -0.73 -0.61a -0.52b -0.53c /
(110) surface
chemisorption (7b) 0.99 2.16 2.66 -0.94 -0.62a -1.06b -0.93c /
(100) surface
dissociated (7c) 2.63, 0.97 0.97 2.35, 2.39 -1.90 -1.71a -1.55c -0.34

chemisorption (7d) 0.98 2.63 2.65 -1.52 -1.02a -0.97c /

Table 5: Summary of the adsorption of the water molecule. In the first column the final configurations is
described, followed by the relevant bond lengths, adsorption energies and Bader charge transfer from the
surface to the adsorbate. O1 and U1 are labeled in Figure 7. The literature values are by: a Bo et al. [8], b

Wellington et al. [65], c Tegner et al. [60]

at -6 eV. Broadening of the oxygen states of the adsorbate at -19 eV (s-states) and -2 eV
(p-states) is due to hybridization with the surface.
The other chemisorbed case on the (100)-surface is molecular adsorption (Fig. 7d), which is
equivalent to the one found on the other two surfaces. No significant change in spin moment
in any of these H2O adsorption cases was observed, so the oxidation state of the U atoms
remains +IV.

3.3.4. H2O2 adsorption

On all three surfaces a molecular adsorption has been found for H2O2, see Table 6, Fig.
8b, 8c and 8d. One of the oxygen atoms is bonded to a uranium atom, with a bond length of
2.6 Å (8 % larger than bulk UO2). The OH bond lengths are unchanged (1 Å). The hydrogen
atoms are oriented towards the surface and form hydrogen bridges with the surface oxygen
atoms (O-H = 1.7 Å). The DOS shows again hybridization of s-states of the adsorbate at
-18 eV and p-states in the valence band around -3 eV with the surface states, Fig 8b, 8c and
8d. No significant change in spin moment in any of the H2O2 adsorption cases was observed,
so the oxidation state of the U atoms remains +IV.
On the (111)-surface a dissociated configuration (H + HO2) is also found, see Table 6, Fig.
8a. Its adsorption energy is similar to the molecular case (-0.90 eV). The O-U distance is
2.35 Å, similar to bulk UO2. One of the hydrogen atoms is split from the molecule and forms
hydroxyl with a surface oxygen (1.0 Å), while it forms a hydrogen bond with the adsorbate.
The hydrogen on the remaining adsorbate is directed away from the surface now. Electrons
are transferred from the adsorbate to the surface (Table S10 in SI). The DOS offers a similar
insight (Fig. 8a) as the molecular adsorption with the broadening of the adsorbates’ states
at -1, -4 and -17 eV. Of the sharp peaks between -5 and -10 eV one (at -7.5 eV) consists solely
of states of the adsorbate, while the one at -6.5 eV indicates the hydroxyl bond between one
hydrogen of the adsorbate and the surface oxygen.
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(a) (111) (b) (110)

(c) (100) dissociated (d) (100) molecular

Figure 7: Final atomic configurations and DOS for adsorption of the water molecule on three UO2 surface
models. The DOS shows only the contributions of the surface atoms: uranium in grey, oxygen in red,
adsorbed oxygen in blue and hydrogen in green.

configuration |OH| (Å) |O1H| (Å) |OO| (Å) |OU1| (Å) Eads (eV) e− transfer
(111) surface
molecular (8b) 0.99, 1.01 1.68, 1.95 1.47 2.61 -0.95 /
dissociated (8a) 0.98, 1.65 1.01 1.49 2.37 -0.90 -0.37

(110) surface
chemisorption (8c) 1.02 1.61, 1.73 1.48 2.74 -1.38 /
(100) surface
chemisorption (8d) 1.02 1.68, 1.77 1.47 2.64, 2.66 -1.34 /

Table 6: Summary of the adsorption of the hydrogen peroxide molecule. In the first column the final
configurations is described, followed by the relevant bond lengths, adsorption energies and Bader charge
transfer from the surface to the adsorbate. O1 and U1 are labeled in Figure 8.
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(a) (111) dissociated (b) (111) molecular

(c) (110) (d) (100)

Figure 8: Final atomic configurations and DOS for adsorption of the hydrogen peroxide molecule on three
UO2 surface models. The DOS shows only the contributions of the surface atoms: uranium in grey, oxygen
in red, adsorbed oxygen in blue and hydrogen in green.
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4. Discussion

4.1. Bulk and pristine surface

Results on UO2 bulk and surface were presented in order to validate the computational
approach. Though two comments can be made regarding these results. Firstly, the cal-
culated oxygen displacement in bulk is 0.0043 Å, a factor 3 smaller than measured with
neutron diffraction (0.014 Å) [19], while other ab initio studies using the 3k transverse order
consistently find larger values: 0.034 Å (HSE06 with SOC) [47], 0.09 Å (PBE+U without
SOC) [21] and 0.075 Å (LDA+U with SOC, all electron) [32]. This deviation on the small
oxygen displacement does not affect the results presented in this work. The most important
aspect is the use of non-collinear 3k transverse magnetism to retain the cubic structure of
UO2 (collinear AFM leads to tetragonal symmetry) and inclusion of SOC to qualitatively
reproduce the Jahn-Teller distortion.

Secondly, in all surface models, the direction of the magnetic moments in the center layers
does not converge to bulk order. This discrepancy could be attributed to several factors: the
near-degeneracy of the magnetic orders, the possibility that the surface model slab size is not
large enough compared to the magnetic correlation length, or it may result from frustration
of the magnetic moments due to the symmetry of the slab model. However, other properties
such as the magnitude of the magnetic moments and Bader charge (both can be found in
Fig. S1 in the supporting information), as well as the electronic structure, do converge to
bulk values. Since the focus of the study is on investigating surface properties, this is not
expected to significantly influence the results.

4.2. Adsorption

For each adsorbate studied, the adsorption on the (111) surface is least favored, because
of the higher adsorption energy. Adsorption to the (110) surface is favored for adsorbates
that feature an O-O bond (O2 and H2O2), while (100) is favored for O and H2O. This is due
to the geometry of the surface, because in the (100) surface model two uranium atoms are
involved in the adsorption.

Investigation of the uranium spin magnetic moment at the surface, allows us to catego-
rize the uranium oxidation state [33]. The surface uranium atoms are oxidized to a +V
or +VI state because of the adsorption of the oxygen radical to a uranium atom and the
chemisorption of the O2 molecule. Dissociative water and hydrogen peroxide adsorption do
not lead to a change of oxidation state, despite the increase in uranium coordination. The
electron transfer to the surface is localized on the surface oxygen.

Adsorption of molecular O2 to the (111) surface only results in a physisorbed state, in
contrast with the other two surfaces. This despite the initial distance to the surface of only
1 Å to stimulate the system into formation of a bond. It is unlikely that the stoichiometric
(111) surface will play a role in dissociation of O2.
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Upon comparing the final positions and bond lengths of water adsorption with previous
work [8, 65, 60] (Table 5), we note their similarity, indicating no discernible influence of
spin-orbit coupling and non-collinear effects. The present study calculated lower adsorption
energies for the (100) and (111) surfaces compared to earlier work. For (111) surfaces, a
broad range of adsorption energies was reported, and our calculations are within the earlier
reported range. Interestingly, the dissociation reaction (H2O → H + OH) was in our study
only found for (100) surfaces, but not for (111) and (110). Other studies [8, 60] reported that
the dissociated configuration has a lower energy on all three surfaces. Wellington et al. [65]
only studied (111) and (110), and also found lower energies for the dissociated configuration.
Although the energy barrier of the dissociation reaction was not explicitly calculated in our
study, it likely prohibits formation of of the dissociated state on the (111) and (110) surfaces
starting from an intact molecule.

In [44], hydrogen adsorption on the (111) UO2 surface is studied. When a hydroxyl group
is formed, reduction of a uranium atom away from the OH group and a U-f defect state in
the band gap were found. It was argued that this was most likely a limitation of the size of
the supercell. In the present study, we did, however, not observe the reduction of U away
from the hydroxyl group when it is formed after adsorption of H2O2 on the (111) surface,
nor after adsorption of H2O on the (100) surface. This is probably due to the adsorption of
the residual molecule over which the charge can be distributed.

In future work, it is recommended to explore co-adsorption of the molecules studied here,
specifically examining the influence of hydroxyl groups to O2 adsorption, as the hydroxyl
groups potentially lead to increased reactivity due to the reduction of the surface. Fur-
ther extending to reduced surfaces with oxygen vacancies, to study dissociation pathways
and the penetration of oxygen into different layers. It’s important to note that performing
non-collinear NEB calculations remain practically impossible due to the computational cost.

5. Conclusions

In the context of oxidation of uranium dioxide, adsorption on UO2 surfaces has been
studied in order to model the initial phase of the oxidation where oxygen or water molecules
are first chemisorbed to the surface. The models include SOC and non-collinear 3k AFM
magnetization in order to calculate accurate structures and energies. The interactions of
atomic O, O2, H2O and H2O2 with the UO2 surfaces ((111), (110) and (100)) have been
investigated. Due to the inclusion of spin orbit coupling, the model of uranium dioxide is
more accurate than previous studies. This work establishes the results of previous studies on
water adsorption with higher confidence. The adsorption energies for water were previously
underestimated, but the adsorption configurations, including bond lengths and their relative
stability, are confirmed. The magnetic moments at the surface layer are realigned towards
the surface plane, in contrast with the situation in bulk.

Generally, adsorption to the (111) surface, which is the most stable free surface, is less
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preferred due to the higher adsorption energy. At low temperature (where water was found
to be more strongly oxidizing [14]), the oxygen molecule will be stuck in a physisorbed state,
which does not oxidize the surface. The chemisorption energies of water compared to oxygen
is lower for the (100), but not for the (110) surface. The most favoured adsorption posi-
tion for each case always features a bond of an oxygen atom with a surface uranium atom.
Whether adsorption is favoured on the (110) or (100) surface depends on the presence of
an O-O bond in the adsorbate; it tries to attain the ideal uranium coordination, which is
affected by the geometry of the surface.

On the (110) and (100) chemisorption is found for O2, where the oxidation state of the
involved uranium atom is increased to +V, indicated by a decrease of the U spin. Super-
oxide is formed according to the O-O bond length and confirmed by Bader charges, which
lowers the oxygen dissociation energy. The dissociation barrier is estimated to be 2.88 eV,
compared to 6.04 eV for isolated O2. For H2O, dissociation is found on the (100) surface,
leading to the formation of two hydroxyl groups and a reduction of the surface, though the
oxidation state of the surface U atoms remains +IV. The adsorption energy of H2O2 on
the (111) and (110) is lower than that of water. Moreover, on the (111) surface, the H2O2

molecule may dissociate into a hydrogen radical and a hydroperoxyl radical. The hydrogen
radical reacts with a surface oxygen to form a hydroxyl group, leading to the reduction of
that surface oxygen atom.
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