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First principles simulations on surface properties and oxidation of uranium mononitride

We have performed detailed study of UN surfaces and their reactivity using slab model 
[1-5].To simplify modeling of the oxygen interaction with UN surface, we study mainly the 
(001) surface since according to Tasker analysis [6] it has the lowest surface energy. 
Nevertheless, synthesized specimens of polycrystalline UN contains particles with 
differently oriented crystallographic facets [7]. Therefore, to increase validity of our 
results, we have additionally performed (110) surface calculations. We chose (110) 
surface orientation for additional calculations since alternative low-indiced (111) surface 
contains charged planes and its calculation requires artificial approaches. We simulated 
reconstruction of perfect and defective UN(110) surface as well as atomic oxygen 
adsorption, formation of N vacancies and oxygen incorporation into them. 
For calculations we employ the DFT plane-wave computational package VASP 4.6 [8], 
using ultra-soft pseudopotentials combined with the PAW method. We use the Perdew-
Wang-91 GGA non-local exchange-correlation functional [9] and the scalar relativistic 
PAW pseudopotentials representing the core electrons of U (with 6s26p66d25f27s2

valence shell), N (2s22p3) and O (2s22p4) atoms (containing 14, 5 and 6 valence 
electrons, respectively). The cut-off energy is chosen to be 520 eV. We use the 
Monkhorst-Pack scheme [10] for 4х4х1 and 8х8х1 k-point meshes in the Brillouin zone 
(BZ).
For the UN(001) and (110) substrates, we use 3D slab model consisting of 5-11 atomic 
layers with primitive cell as well as 2x2 and 3x3 supercels (Fig. 1). The 2D atomic slabs 
are separated by a vacuum gaps of ~40 Å (Fig. 2). 
The lattice constant of UN slabs is fixed at 4.87 Å, taken from the lattice relaxation of UN 
bulk [5]. In all the calculations, we perform the structural optimization within the supercell
of fixed linear dimensions. The total spin magnetic moment is also relaxed in all the 
calculations on the ferromagnetic spin distributions within the uranium sub-lattice. 

Computational method Computational method andand modelmodel

Fig. 2. Cross-section of 3D UN slabs.

q The PAW method is used to analyze basic UN bulk and surface properties, point
defects behavior on UN surface as well as oxygen interaction with UN surface.
q Comparison of UN (001) and UN (110) surfaces shows that the former is
energetically more favorable. This fact allow us to perform both calculations on defectless
UN surface and oxygen adsorbtion upon the (001) surface mainly. 
q The formation energies for U and N vacancies indicate a clear trend for segregation 
of vacancies towards the surface (and probably, grain boundaries).
q Results obtained for interaction of O atoms and O2 molecules with UN surfaces 
demonstrate a strong chemisorption, typical for metallic adsorbents. The possibility for 
spontaneous dissociation of the adsorbed oxygen molecules upon the perfect UN (001) 
surface, analogously to the O2 dissociation on metallic surfaces, has been demonstrated. 
q In the case of defective substrate, presence of the surface nitrogen vacancy closest 
to the surface U atom (Usurf) results in a low-barrier incorporation of migrating O adatom
from position atop Usurf towards this vacancy, which can be considered as a trap. 
q The following stages for reactivity of oxygen positioned atop the UN surface could be 
suggested: (i) chemisorption of molecular oxygen, (ii) spontaneous breaking of the O2
chemical bond after molecular adsorption, (iii) location of the two newly formed O adatoms
atop the adjacent surface U atoms, (iv) high mobility of Oads atoms along the surface, (v) 
low-barrier incorporation of oxygen adatoms from the positions atop Usurf atoms into the 
nearest N vacancies, (vi) stabilization of Oads atom inside Nsurf vacancy, (vii) incorporation of 
O atoms in existing subsurface N vacancies as a result of inter-lattice diffusion. 
q This can explain an easy UN oxidation observed in air. 

SummarySummary

Fig. 8. 2-layer models of N 
vacancy on UN (001) (a) and 
(110) (b) surface
Table 5. Nitrogen vacancy 
formation energies (in eV) as 
well as averaged magnetic 
moment µav of U atom evaluated 
for UN (001) and (110) surfaces.

Table 2. Incorporation (EI) and solution (ES) energies, average 
spin magnetic moments of U atoms and effective charge on O 

atoms for oxygen incorporated into N vacancy on UN (001) [7] and 
(110) surfaces. The reference states for calculations on the 

incorporation and solution energies are the chemical potentials of O 
and N calculated for O2 and N2 molecules, respectively (2×2 and 3×3 

supercells). 

Table 3. Surface energies Esurf
(J·m-2) and averaged magnetic 
moments (in µB) of U atom for the 
defectless UN (001) [5, 6] and 
UN(110) surfaces. In spin-frozen 
calculations, µ was chosen to be 1
µB.

MotivationMotivation
The uranium mononitride (UN), which possesses a rock-salt (NaCl) structure and metallic nature, is an advanced material for
the non-oxide nuclear fuel considered as a promising candidate to be used in Generation-IV nuclear reactors. However, UN 
samples synthesized for reactors contain considerable amount of O impurities, which greatly affect fuel properties. Therefore, it 
is necessary to understand the mechanism of both oxygen adsorption and further oxidation of uranium mononitride. 

Fig. 1. Atop views of primitive cell 
(a) as well as 2×2 (b) and 3×3 (c) 
supercells upon UN (001) surface. 

Table 4. Atomic 
Bader charges for 
the defectless
spin-relaxed UN 
(001) and (110) 
surfaces.

Depending on slab thickness, the surface energies are ~0.5-0.7 J·m-2 larger for UN(110) 
surface (Table 3). It means that the UN(001) surface is energetically more favorable.
It is also interesting to analyze qeff values for atoms across the slab as a function of the 
number of layers in a slab (Table 4). First, these qeff show considerable covalent bonding 
both on the surface (e.g., sub-surface) and on the central plane since the values. Second, 
due to different reconstruction mechanisms of UN(001) and UN(110) surfaces, the atomic 
charges are different too: ionicity of bonds at (001) surface is higher, thus leading to certain 
difference in surface properties. 

Basic tendencies remain similar for 
vacancies on (001) and (110) 
surface (Table 5). Averaged 
magnetic moment µav decreases 
as a function of a number of layers 
in the slab for both surfaces. 

Table 1. The
calculated binding 

energies (Ebind, eV) 
for oxygen 

adsorption atop UN 
(001) and (110) 

surfaces.

Fig. 4. 2-layer models of oxygen adsorption atop surface U 
atom on UN (001) (a) and (110) (b) surface

For both surfaces, oxygen binding energy with U atom is 
larger as compared to that with N atom (~1.9 eV for 
(001) and ~2.1-2.2 eV for (110) surface, Table 1).
Oxygen binding energies on (110) surface are ~0.1-0.4 
eV larger as compared to (001) surface. 
Higher Ebind values for (110) surface can be explained 
by larger distances between surface adatoms upon 
(110) surface resulting in decreased interactions 
between adsorbed oxygen and all other atoms, 
excluding underlying U or N atom. AAcknowledgementscknowledgements
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Fig. 6. 2-layer models of oxygen incorporation into 
surface N vacancy on UN (001) (a) and (110) (b) surface
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Fig. 7. 2-layer models of UN 
(001) (a) and UN (110) (b) 
surfaces.
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O adatom forms a strong chemical bond with the Usurf atom beneath which can be 
considered as one-center surface complex. In the case of O adatom positioned atop 
the Nsurf atom, this complex is rather multi-center which involves 4 adjacent Usurf
atoms. 

Fig. 5. The 2D sections of the electron charge density re-
distributions Δρ(r) for O atoms adsorbed atop (i) Nsurf atom for 
2×2 (a)  and 3×3 (b) supercells as well as (ii) Usurf atom for 2×2 
(c) and 3×3 (d) supercells upon the seven-layer UN(001) slab. 
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Fig. 3. Schematic view of five different horizontal configurations for the O2 molecule 
adsorption on UN surface: 1) atop the hollow site oriented towards the nearest Usurf
atoms, 2) atop the hollow site oriented towards the nearest Nsurf atoms, 3) atop the 
Usurf atoms oriented towards the next-nearest surface Usurf atoms, 4) atop the Usurf
atoms oriented towards the nearest Nsurf atoms, 5) atop the Nsurf atoms oriented 
towards the nearest Usurf atoms. 

According to our calculations, O atom adsorbed atop the Usurf
atom in the proximity of the surface N vacancy can be captured 
by the latter when overcoming a low energy barrier (~0.5-1 eV).

On the other hand, vacancy formation energies are by 
~0.7 eV smaller for UN(110) surface. This distinction is 
easy explainable due to a larger friability of the (110) 
surface as compared to the (001) surface.

We show that spontaneous dissociation of molecule can 
occur when O2 is located either atop the hollow site (1) or 
atop the Nsurf atom (5) (Fig. 3). 

The calculated O adatom incorporation into 
the N vacancy (Fig. 6) at the UN(001) surface 
has been found to be energetically favorable 
since both values of EI and ES are strictly 
negative (Table 2). This is in favor of both 
creation of the N vacancy and adsorption of 
the O atom from air. (In contrary, in the case 
of U vacancies, the values of EI calculated for 
the surface and central layers have been 
found to be close to zero).
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