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Abstract In the present work, adsorption and diffusion of
oxygen (O) atom on uranium dinitride (UN,) is studied to
map out the preferential UN,(100) surface site. The first
principle method based on density functional theory (DFT)
within the generalized gradient approximation PBE and the
covariant version energy functional PBE + U correction
were used. The supercell approach and a coverage depen-
dence of the adsorption structures and energetic were
studied in detail for several monolayers’ (ML) range.
Potential energy surfaces (PES) corresponding to the
interaction between O atom and UN,(100) on surface and
subsurface for several sites and layers (Top U and Top N
slabs) were calculated and favorable sites were identified
with their maxima energy stable positions, which were then
analyzed. For all positions, the PES show the same system
behavior, when the O atom is sufficiently far from the UN,
surface, and the energy of the system tends to the sum of
free UN, slab and free oxygen atom energies. In return,
when the distances decrease, strong interactions appear
with presence of important potential wells. Calculation
results showed that favored on-surface site for O atom
adsorption were found to be near the bridge one for the UN
(Top U slab) corresponding to five layers, uranium termi-
nated and top one for (Top N slab) corresponding to six
layers nitrogen terminated, the maximum system energy is
situated at a position of about 1.2 and 1.5 A from the
surface for the two layers types calculations respectively.
For subsurface results, only Top N presents a favorable
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incorporation site at the hollow position and the penetration
of O atom is about —0.5 A from the surface. DFT + U
study confirms all the results obtained by DFT calculations;
that is, the maxima site positions for oxygen atom and the
adhesion energy values per atom are of the same order of
magnitudes. The adsorption energy per oxygen atom and
the mean distance from the top surface gradually decrease
with the coverage of O atoms for both on-surface cases, Top
U and Top N slabs, with oxygen occupying the favorable
site. For the Top N slab hollow site, the incorporation of
oxygen through the surface becomes effective from a cov-
erage of 3/8 ML with an encrustation of about —0.3 A.

Keywords Uranium dinitride (UN,) - DFT - DFT + U -
Adsorption - Coverage

Introduction

Nowadays, uranium nitrides constitute an alternative
advanced nuclear fuel that has great prospects to replace
actual oxide fuels. This interest is due to some very
interesting physical properties: high thermal conductivity,
very high melting point, and high density which are very
appropriate for future fast breeder and high-temperature
reactors (small core with high power density...).

Uranium nitride refers to a family of several ceramic
compounds: uranium mononitride (UN), uranium sesqui-
nitride (U,N3), which exists in either an alpha or beta
phase, and uranium dinitride (UN5).

The oxidation of uranium mononitride in an oxygen
atmosphere was systematically studied both experimentally
and theoretically, as mentioned in many references [1-3]. It
was demonstrated that oxygen impurities’ incorporation
even in little quantities into this fuel alters its physical
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properties (thermal conductivity,...); however for dinit-
rides and sesquinitrides, only some efforts have been
devoted to these types of fuel. Some recent experimental
works (powder XRD analysis) have revealed that up to
1.0 wt% uranium oxides (UQO,) were identified in UN, and
U,N; [4].

In this work, adsorption of oxygen adatom on UN,
surface is studied to understand this phenomenon thor-
oughly. First principle study is used to follow how oxygen
atom is adsorbed or incorporated on/into the (001) surface
by calculating relative adsorption energies of oxygen atoms
on different UN,(100) sites and by determining the
potential energy surface (PES) of the system.

Several sites were chosen by considering the symmetry
of the UN,(100) surface system, and two types of slabs
were selected considering surface and work function cal-
culus variation. The first one is the five (5)-layer uranium-
terminated slab (Top U) and the second one consists of the
six-layer-terminated nitrogen (Top N) slab. When the
favorite sites (on/in UN,(100) surface) that are determined,
we used the concept of DFT 4 U exchange correlation
developed by Dudarev et al. [5] to confirm these maxima
positions, since uranium belongs to the strongly correlated
materials family, which is characterized by strong Cou-
lomb correlation among the partially filled 5f electrons that
cause unreasonable ground state properties [6].

We also performed calculations of coverage ordered
structures at the identified preferential adsorption sites,
with (1 x 1), (2 x 1) and (2 x 2) slabs of supercells
corresponding to different mono-layer values depending on
the Top U or Top N slab surface and the preferential site
study. For every coverage we performed a full structure
optimization, including substrate relaxations. Of particular
interest was to determine oxygen atom adsorption, energy
progression and the mean oxygen distance to the top
surface.

Calculation method and definitions

The calculations were performed using the DFT total
energy calculation carried out by Vienna ab initio simu-
lation package [7, 8]. We employed the projector aug-
mented wave method [9] (PAW) and the generalized
gradient approximation (GGA) [10] based on Perdew—
Burke—Ernzrhof (PBE.52) for the exchange correlation
functional. The wave functions are expanded in a plane-
wave basis set with an energy cutoff of 550 eV. The sur-
face is modeled by a Top U five-layer slab and a Top N six-
layer slab, separated by 20 A of vacuum space. Oxygen is
placed on one side of the slab where the induced dipole
moment is taken into account by applying a dipole cor-
rection [11]. We allow atomic relaxation of all atoms in the
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top three layers (Top U) and four layers (Top N) of the
slabs and the oxygen atoms falling down to the surface.
The final forces on the atoms are less than 0.01 eV/A. For
the k-point sampling, a 5 x 5 x 1 mesh of I' centered
points is used for the 001 surface unit cell [12].

The adsorption energy (E,dsorption) 15 always considered
as a measure of the strength of adsorbate—substrate
adsorption. It is defined as [13, 14]:

Eadsorption = _[Eadsorbate_substrate - (Esubstrate + Eudsorbate)]

where Eadsorption is the adsorption energy, Eadsorbate_substrate
the total energy of the adsorbate—substrate system in the
equilibrium state, Egpgrate the total energy of the substrate
alone, and E,gsomate the total energy of the free adsorbate
alone.

With this definition, positive values of E,gsorpion Teflect
strong interaction of the adsorbed species with the surface
atoms. The average adsorption energy per oxygen atom on
the surface, E,q o, is defined as:

1
Ew_o = —— [Eojun, — (Eun, + NoEo)], (1)

No

where Ng is the number of oxygen atoms in the surface unit
cell, and Eouna, Euna, and Eq represent the total energy of
the adsorbate—substrate system, the clean surface, and the
free oxygen atom, respectively. So, a positive number
indicates that the adsorption is exothermic (stable) and a
negative number indicates that it is endothermic.

The adsorption energy per oxygen atom can also be
referenced to the energy which the O atom has in the O,
molecule by subtracting half the binding energy Ey o,,

1

E =Fqg o0— EEb_o2

ad/[10,]

No
—— |E — | E NoE —F
No O/UN, ( UN, + NoEo + > bA02>:|

1 NoEo,
=—— —(E 2) 1.
No { 0/UN, ( UN, ) )]

Atomic oxygen adsorption on UN,(100) surface

(2)

The adsorption of atomic O on UN,(100) surface is cal-
culated with one atomic oxygen in every (1 x 1) surface
unit cell. Several distinct adsorption sites in agreement
with the symmetry slab are examined. These alternative
adsorption sites are mentioned in Fig. 1 as (H): hollow,
(B): bridge, (T): top, (H-B): hollow-bridge, (H-T): hol-
low-top, (T-B): tTop-bridge and (in): site between (H),
(B), and (T) and so on. We adopt these coordinate ref-
erences for the Top N study it is clear that bridge site
(0.5,0) for five slab U terminated correspond in reality to
a top site with the same (0.5,0) coordinate for six slab N
terminated (see Fig. 1).
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Fig. 1 UN, Slab and adsorption
sites

UNz Slab Top U
(5 layers)

Adsorption energies were calculated at different posi-
tions of every site to find out which one of them was the
most favorable for oxygen adsorption in and on the
UN,(100) surface.

By varying oxygen atom positions in the z axis, a curve
representing adhesion energy versus z position (distance
from surface) is determined for every site and then, dif-
ferent maxima are deducted (Top U and Top N separately).

The bulk UN,, UN,(100) surface and oxygen

Bulk calculation was performed without spin polarization
consideration, since free UN; is a nonmagnetic (NM) phase
through PBE52 calculation [15]. The calculated lattice
constant of UN, is 5.276 A (experimental value 5.31 [16])
and the bulk modulus calculated by using the third-order
Birch—-Murnaghan equation of states (EOS) [17] is
250 GPA in the order of other theoretical values (252 [15],

O at (0.25, 0)

Sites position

from 235.8 to 264.6 Gpa [18]). Nevertheless, the lattice
constant was somewhat smaller than the experimental
value.

A DFT + U formalism developed by Dudarev et al. [5]
which consists of adding a depending functional on the
parameter U to the conventional one to force the on-site
Coulomb repulsion in the uranium atom [19] was used to
correct the lattice parameter. To achieve the experimental
lattice parameter value (5.31 A), the optimal Hubbard
U was found equal to Uqgpim = 2.6 €V which assures a new
bulk modulus of 251 GPA.

Since the triplet state is the ground state of the free O
[13, 20], all our surface DFT calculations were performed
using spin polarization method with DFT and DFT + U
theories.

The variation of the work function and surface energies
remains roughly constant by varying layers number of the
slab (W & 2.9 eV; Esys ~ 5.2 J/m? for Top U slabs: 5
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layers, 7, 9 and 11; similarly, W ~ 7.2 eV; Eqys = 6.2 ]/
m? for Top N slabs: 6 layers, 8, 10 and 12 surface cells);
our study concerns five layers for Top U and six layers for
Top N.

The binding energy of O,, Ey o,, is 6.49 eV from
DFT-PBE52 ion relaxation calculation and the bond
length is do_o = 1.23 A. The experimental values are
E, o, =5.12¢eV and do o = 1.21 A [21]; the binding
energy is therefore overestimated and is well known for
ab initio theoretical results (E, o, = 6.67, 6.24 [10, 22]).
DFT free oxygen calculation is not affected by the
DFT + U method, since no f or d valence electrons belong
to oxygen atom.

Results and discussion

Atomic oxygen adsorption on UN,(100) surface spin
and no spin consideration

We have performed some atomic oxygen adsorption on
UN, surface by considering spin and no spin configura-
tions. Figure 2 shows Top N calculations for two sites
(0.25,0.25) and hollow (0.5,0.5) ones.

From Fig. 2, one can observe the difference between the
spin and no spin calculation, i.e., far from the surface the
total energy is equal to the sum of free oxygen and free
UN, total energy, and when oxygen is close up to the
surface the interaction becomes effective and the deviation
of the two calculations is reduced. Nevertheless in this
work, all minimal total energies were carried by the spin
calculations.

UN, Top U slab results

Results of oxygen atom approaching UN, Top U surface
for several sites are indicated in Fig. 3. All the results show
minima total energy on the top surface at a distance situ-
ated between 1 and 2 A, constituting favorable adsorption
positions; however, the favorable site corresponding to
greater energy adsorption is situated at (0.375,0) near the
bridge site, in which the energy results are of the same
magnitude.

Interface plots in Fig. 4 show PES allure (x, y) at dif-
ferent z positions (height from surface), principal one in the
figure corresponds to the most probable adsorption position
z = 1.17 A, favorable site adsorption is clearly established
around the bridge (0.5,0) site (see red color).

The other slight figures show PES allure at different
distances from the UN,(100) surface. At 5 A height, the
probability of oxygen adsorption is practically the same;
then, at 2 A height, the preference go for the top (0,0) site.

o
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Fig. 2 PES oxygen adatom total energy comparison for hollow site
and (0.25,0.25) one on UN,(001). Top N surface of calculation with
and without spin polarization

At the region of 1 A, the bridge (0.5,0) site constitutes
the more favorable one, then the probability of adsorp-
tion shifts to the hollow (0.5,0.5) site at a height of 0 A
(just on the surface, no material obstacle, no U or N
atoms).

UN, Top N slab results

For the case of UN, Top N surface approached by oxygen
atom at different sites, one can see from Fig. 5 the same
phenomenon of high probability of adsorption at a distance
of about 1 A from the surface for most of the position sites
studied; nevertheless, the top site (0.5,0) is clearly the most
favorable on site at z = 1.2 A (see Table 1). We remark
for this case that the sites next to the hollow one began to
present diffusion through the top surface and became
effective for the hollow site with an incorporation of about
—0.5 A.

Interface plots confirm these results in Fig. 6, where it is
noticeably clear that the on the top surface the favorable
site is situated at the (0.5,0) site, and the favorable incor-
poration site is the hollow (0.5,0.5) one.

UN2 Top U and Top N slabs’ energy adsorption

We report in Table 1 maxima energies results taken from
Figs. 3 and 5, with positions, energy and distances from
surface obtained by PES method. To confirm these loca-
tions data, an ion relaxation calculation is necessary (see
below).

Adsorption energies were then calculated for the most
favorable site obtained by DFT calculation; DFT + U
method was also used for a comparison study.
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Fig. 3 PES oxygen adatom for several sites along the z axis for Top U UN, surface
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Fig. 4 Variation of interface energy at different levels from UN, Top
U surface (z = 1.17 A = principal) as a function of lateral displace-

ment of oxygen atom

We remark from Fig. 7 that the shape of the on-surface
curve results are similar for the two calculation types, DFT
and DFT + U, in that on-surface energy oxygen adsorption
are at the same order of magnitude for the Top U and Top
N cases and maxima positions are practically at the same
distance from the surfaces. For the maxima positions,
adsorption is exothermic (stable).

The dotted line in the curve indicates the limit of O
adsorption stability if the adsorption energy is con-
sidered with respect to half the binding energy (see
Eq. 2) of theoretical O, molecule (green dot line) and
experimental O, molecule (black dot line). For the
maxima positions, adsorption remains exothermic
(stable).

From Fig. 8 one can see the same remarks for the hol-
low site where the O energies are the same order of mag-
nitude for DFT and DFT + U calculations and the oxygen
incorporation is practically at the same distance. It is
noticed from Fig. 8 that incorporation from the hollow site
Top U surface is not allowed.
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Fig. 5 PES oxygen adatom for several sites along the z axis for Top N UN, surface

Table 1 Maxima position for Top U and Top N layers (DFT, no
relaxation calculation)

Site PES O atom Pgsition/surface
(position) V) (A)
Top U on (0.375,0) —7.86 1.17
surface
Top U on (0.5,0) bridge —7.65 1.17
surface
Top N on (0.5,0) —4.65 1.21
surface
Top U None - -
subsurface
Top N (0.5,0.5) —-2.32 —0.38
subsurface hollow

As mentioned above, maxima positions were recalcu-
lated using DFT and DFT + U technique with the ion
relaxation calculation. The positions are situated on (0.5,0)

ﬁ @ Springer

site for oxygen on-surface adhesion (Top U and Top N
slabs) and in-surface Top N slab hollow (0.5,0.5) site O
incorporation.

From Table 2, the on-surface Top U preferential bridge
oxygen adsorption is confirmed at around 1.13 A for DFT
and DFT + U results; the oxygen energy adsorption is at
the same order of magnitude, 7.795, for DFT and 7.283 for
DFT + U results. The magnetizations are practically the
same.

For on-surface Top N slab, all the results are at the same
magnitude for the DFT and DFT 4 U methods. It is
noticed that the mean bridge position of oxygen is passed
to 1.53 A from the surface and the two nitrogen atoms of
the top surface (supercell 1 x 1) show a little deviation in
the z axis (about 0.7 A).

For in-surface Top N slab UN, (100) surface, the hollow
site is confirmed and the preferential position is at ~—0.5 A
through the top surface with a binding energy of around
3.6 eV (both DFT and DFT + U method).
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Fig. 7 Comparison of DFT and DFT + U calculation for oxygen
energy adsorption on UN,(100) surface through the (0.5,0) site

Coverage study

Adsorption of atomic oxygen at different coverages on the
UN,(100) surface is examined using density functional
theory (DFT) and the Hubbard correction DFT + U for-
malism to investigate the variation of monolayer (ML)
effects on the surface properties, in particular the adhesion
energy per O atom and the oxygen mean distance to the
surface.

Surfaces studied are (1 x 1), (2 x 1) and (2 x 2)
supercells, where oxygen atoms occupy bridge sites for

Distance to Surface (A°)

Fig. 8 Comparison of DFT and DFT + U calculation for PES in
surface oxygen incorporation

Table 2 Maxima position (DFT and DFT + U ion relaxation
calculation)

UN,(100) Calculation Adhesion Mean Magnetization
surface site method energy of distance (uB)

oxygen of oxygen

atom atom to

eV) sgrface

(A)
Top U-bridge (0.5,0) DFT 7.795 1.134 3.849
Top U-bridge DFT +U  7.283 1.139 3.842
Top N (0.5,0) DFT 6.139 1.539 3.762
Top N (0.5,0) DFT +U  6.257 1.537 3.934
Top N-hollow DFT 3.573 —0.481 2.246
(0.5,0.5)

Top N-hollow DFT +U  3.618 —0.492 2.087

on-surface Top U, which corresponds to coverage from 1/4
to 2 monolayer, and Top N, which corresponds to coverage
from 1/8 to 1 monolayer.

For the in-surface Top N surface case, oxygen atoms
occupy hollow sites and the coverage values go from 1/8 to
1/2 monolayer.

For on-surface oxygen atom adhesion, both Top U and
Top N cases show an oxygen adsorption energy per atom
and the mean distance from the surface decrease as the
coverage increases. Both DFT and DFT + U calculations
give the same profile of data and results are at the same
order of magnitude (see Figs. 9, 10, 11, 12). Nevertheless,
Top U study shows more deviation results (Iess 10 %) on
comparing DFT and DFT + U calculations. It is also
noticed that Top U free supercell calculations (DFT or
DFT + U) provide magnetization results more superior
than the Top N ones (~5.7 uB for Top U and ~2 uB for
Top N).
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Fig. 10 Mean oxygen distance from surface vs coverage monolayer
for UN,(100) Top U surface slab

The dotted lines in the curve (Figs. 9 and 11) specify the
limit of O adsorption stability if the adsorption energy is
considered with respect to half the binding energy of the-
oretical O, molecule and experimental one. Calculations
predict that for all coverage studied (both Top U and Top N
with DFT and DFT + U) the O adsorption is stable.

For the encrustation of oxygen through the Top N slab at
the hollow site versus O coverage, we found that below 3/8
ML, oxygen atom is ejected out of the surface (for
ML = 1/8 and 1/4 the oxygen is at near +0.2 A on the
surface) with an adhesion energy per O atom of 1.8 and
2.9 eV, respectively. By increasing O atom number, the
incorporation becomes effective (for ML = 3/8, 1/2, the
mean distance oxygen—surface is equal to —0.3 and
—0.5 A, respectively, with an incorporation energy of
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about 3.5 and 3.6 eV, respectively) for both DFT and
DFT + U studies.

Conclusion

Atomic oxygen adsorption on uranium dinitride, UN,(001),
surface was studied by performing ab initio total energy
and electronic structure calculations based on the density
functional theory (DFT) and the covariant version of the
DFT + U energy functional proposed by Dudarev et al.
Several sites of UN,(100) surface and two kinds of surface
slabs (5-layer Top U and 6-layer Top N) were considered
in this study.
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Calculation results (DFT and DFT + U) showed that the
oxygen atom preferentially adsorbs on the bridge sites for
the Top U and top site (0.5,0) in Top N slabs surfaces;
nevertheless, only Top N slab permits incorporation of
oxygen atom in the hollow (0.5,0.5) site.

The favored positions of oxygen atoms at the (0.5,0) site
for Top U and Top N slabs in relation to top surface layers
are at ~1.13 and ~1.53 A, respectively, with an adhesion
energy per atom of ~7.8 and ~7.2 eV, respectively, for
DFT and DFT + U methods of calculation. The more
favorable position in the hollow site for the Top N slab is
situated at —0.48 A (confirmed by DFT + U —0.49 A)
with 3.6 eV of oxygen atom incorporation energy for both
calculations.

For coverage study of both DFT and DFT + U, the
adsorption energy per oxygen atom and the mean distance
from the top surface gradually decreased with the coverage
of O atom for both on-surface cases, Top U and Top N,
with oxygen-occupying bridge site. The calculations pre-
dict that for all coverage studied (both Top U and Top N
with DFT and DFT + U) O adsorption is stable. Diffusion
through the surface at the hollow site for the Top N slab
becomes effective from the coverage of 3/8 ML.

All favorable sites remained stable with the adsorption
energies diminished by a value of half the binding energy
of oxygen, Ey, o,.

Open Access This article is distributed under the terms of the
Creative Commons Attribution License which permits any use, dis-
tribution, and reproduction in any medium, provided the original
author(s) and the source are credited.
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