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This study focuses on the diffusion of atomic and molecular oxygen through the uranium mono-nitride

UN (00 1) surface. The adsorption of oxygen at the most favorable sites has been checked on different

surface states namely: clean surface and surfaces containing defects such as inclusion atoms.
Inclusions atoms are positioned at a uranium U atom vacancy or at a nitrogen N atom vacancy location

of the UN (0 0 1) surface. Neptunium, plutonium, protactinium, silver and neodymium which are the

most probable nuclear reactions (n, U) products have been selected as U atom substitute. Some light ele-

Keywords: ments such as carbon, chromium and silicon were used to replace an N atom.

DFT o . . . L

UN The first principle calculation, based on Density Functional Theory (DFT) was used, taking into account

the Generalized Gradient Approximation (GGA) and the Projector-Augmented Wave (PAW) to describe

Adsorption ‘ ¢
Vacancy the exchange-correlation functional.
Inclusion The purpose of this work is to verify the oxygen adsorption energy variations performed across all the

NEB studied surfaces. The most favorable sites of UN (00 1) clean and defective surfaces to oxygen O atom
diffusion were preliminary identified. In the second step, atomic dynamical Potential Energy Surface
(PES) was used to study the interaction between O atom and UN (0 0 1) surfaces at these sites. Finally,
Nudged Elastic Band (NEB) method was used in order to investigate the migration of O atom through
the UN (00 1) surfaces.

The results show that at the bridge site, the adsorption and incorporation energies of oxygen atom on
and in the UN (0 0 1) surfaces respectively, do not substantially vary with the type and position of the
studied impurities. But, at the N vacancy site, the adsorption energy of the O atom decreases practically
when UN (0 0 1) surfaces contain inclusion atoms compared to the clean surface case.

Furthermore, the NEB calculations show discrepancies for the Minimum Energy Path (MEP) during the
migration of the O atom at the bridge site through the studied UN (0 0 1) surfaces and depending on the
type and position of the added impurities. Among the studied MEPs, protactinium is found to be the most
suitable barrier to the diffusion of oxygen through the UN surface as an inclusion on UN (00 1).

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Uranium mono-nitride (UN) is a promising fuel material for
Generation-IV fast breeder nuclear reactors because of some inter-
esting physical properties compared to classical fuels such as UO,.
The UN phase stability, the high thermal conductivity and the high
uranium density in the fuel constitute some of the advantageous
characteristics compared to oxide fuels [1-3]. UN as an actinide
compound suffers from the oxidation process, even for the case
of the low oxygen content in the fuel pin, which deteriorates its
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effectiveness in the nuclear reactors [4-7]. Oxidation mechanism
simulations were studied in various references with several exper-
imental and theoretical works which were carried out to explain
this behavior [8-11].

The most energetically favorable UN (00 1) surface is fre-
quently used for the theoretical studies and analyses: namely the
studies of the spontaneous of the molecule dissociation of oxygen
(0,) or the comprehension of the diffusion mechanism of the oxy-
gen O atom [12,13].

The diffusion phenomenon of oxygen on UN (0 0 1) depends on
the surface quality. Indeed, energy of adsorption of the O atom at
the most favorable interstitial (bridge) site for a clean surface
increases if this surface loses a nitrogen N atom (vacancy of N).
Besides, this last position (N vacancy site) becomes even more
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favorable to an adsorption of atomic oxygen on this same surface
[12-15].

The aim of this work is to bring more details about the way the
oxygen is diffused on UN (00 1) clean surface and other surfaces
containing vacancies or impurities (atomic inclusions) substituted
with the U or N atoms of surface. The migration of the O atom
through UN (0 0 1) surface is also studied at the bridge site for var-
ious surface qualities: clean surface and those containing inclusion
atoms using the concept of the Nudged Elastic Band [16,17].

The selection of the inclusion atoms is performed by using two
categories: the first category consists of heavy atoms resulting
from the most probable nuclear reactions (n, U) such as Pa, Nd
and Pu. Considering that the fuel will undergo these modifications
during its employment in the nuclear reactor operations. These
inclusions replace a U atom of UN (0 0 1) surface.

The second category of inclusion atoms consists of some light
elements which can be encrusted in the fuel during the manufac-
turing process such as C, Cr or silicon. These inclusions replace
an N atom of UN (00 1) surface.

The most favorable positions to O atom diffusion on clean and
defective UN surfaces were identified by using the ionic relaxation
method of density functional theory. Adsorption energies of the O
atom during its diffusion on surfaces were calculated using the
concept of the static and dynamic Potential Energy Surface.

The theory of the NEB makes it possible to identify the MEPs of
atomic oxygen through the various considered surfaces and thus,
determining the inclusion atom UN (00 1) surface which is the
most appropriate effective barrier to oxygen diffusion.

2. Computational details

Density functional theory which is an abinitio method was used
to carry out for this study. The well-known Vienna Simulation
Package (VASP 5.3) code was used to perform all the structural
and diffusion calculations [18-21]. The Projector Augmented Wave
method was used, in which the Uranium 6s%6p®6d25f27s? and
nitrogen 2s?2p> electrons are considered as valence electrons.
The standard Generalized Gradient Approximation (GGA) as an
exchange correlation functional is taken into account [22,23]. A
ferromagnetic configuration of UN is considered in all this simula-
tion since, it has been demonstrated that it is energetically more
favorable than other magnetic phases [14].

The UN supercell 2 x 2 x 1 is used in all our calculation with a
slab of 5 layers and a space vacuum of 20 A. The first two layers of
the UN slab are kept fixed (see Fig. 1). The asymmetric model of
surface is applied and the induced dipole moment is taken into
account by applying a dipole correction [24].

The wave functions are expanded in a plane wave basis set with
an energy cutoff of 550 eV. A 3 x 3 x 1 Monkhorst-Pack special k-
point grid in the Brillouin zone (BZ) is used for surface calculation
[25].

The adsorption energy (Eadsorption) iS considered as a measure of
strength of the adsorbate-substrate adsorption. It is then defined
as [26,27]:

Eadsorpn‘on = _[Eadsorbatejubstmte - (Esubstrate + Endsorbate)] (1)

Eqdsorption: Adsorption energy.

E qasorbate_substrate: TOtal energy of adsorbate-substrate system in
the equilibrium state.

Egupstrate: Total energy of substrate alone.

Eaasorvate: TOtal energy of free adsorbate alone.

With this definition, positive values of Eggsorptioneflect a strong
interaction of adsorbed species with atoms of the surface. The

average adsorption energy per oxygen atom on the UN surface,
E.d o, is defined as:

Egao0=- Nio [EO/UN — (Eun + NoEy)) (2)
where Ng is the number of oxygen atoms in the surface unit cell,
and Eopun, Eun, and Eop represent the total energy of the adsorbate-
substrate system, the clean surface, and the free oxygen atom
energy, respectively. So, the positive number indicates that the
adsorption is exothermic (stable) and the negative number indi-
cates endothermic process.

3. Results and discussion
3.1. Bulk and surface calculations

UN belongs to the space group fm3m (No. 225), with fcc NaCl
type ionic structure [28]. Our calculated UN cell parameter is
4.86 A in the same order of magnitude of the experimental value
(4.886A) [29] and some theoretical results (4.83A, 4.95A
[30,31]. Our calculated cohesive energy is 13.64 eV analogous to
the experimental (13.6eV) [29] and other theoretical values
(14.7 eV, 13.4eV) [30-32]. The bulk modulus which was derived
from the fitting of the energy-volume data using the third-order
Birch-Murnaghan equation of states (EOS) [33] is 201.9 GPa and
this value shows good agreement with some theoretical data
(182 GPa, 277 GPa) [30-32] and the experimental result
(194 GPa) [29]. The shear modulus G =85.4 GPa, Poisson’s ratio
v=0.33 and anisotropic factor A=0.41 which were calculated
using the Voight-Reuss-Hill (VRH) method [34,35] show close
agreement with the theoretical values (G = 79.0 GPa, v =0.33 and
A=0.41) [36] and have the same order of magnitude of the
experimental values (G = 104 GPa and v = 0.26) [37].

The most favorable position for O diffusion through UN (00 1)
clean surface was established to be the bridge (interstitial) site
for both on and in surface. Considering this site, it has been demon-
strated that the dissociation of oxygen molecule O, is occurring
when it is approaching UN (00 1) surface for several state of
surface: clean and U or N vacancies surfaces. The UN (001)
N-vacancy surface shows the most probabilistic surface to the
dissociation of O, molecule with more ability to the adsorption
of both molecule atoms compared to the UN (00 1) clean or the
U vacancy surfaces. It has been also found, that the N vacancy site
becomes the most favorable UN (0 0 1) on-surface atomic adsorp-
tion of oxygen [38,39,12,15].

3.2. Oxygen diffusion on UN (0 0 1) surface containing inclusion atoms

3.2.1. Methodology

Some of the most probable (n,U) nuclear reactions products
were selected as an atomic inclusion at the uranium U-vacancy
atom position of the UN (00 1) surface, whereas some light ele-
ments were selected as inclusion atom at an N-vacancy emplace-
ment (see Fig. 2).

The binding energy of the atomic inclusion is initially calculated
to ensure the stability of the system i.e. assuring that incorporation
of the inclusion atom in surface is energetically favorable.

The energy of adsorption (see Eqs. (1) and (2)) of the oxygen
atom on various surfaces is then calculated at two most favorable
UN (0 0 1) surface positions: the interstitial site (bridge) and the N
vacancy site.

3.2.2. Binding energy of inclusion atom on UN (0 0 1) surface
The atoms studied as inclusions at a U vacancy position of UN
(001) surface are listed in Table 1. The binding energy of the
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