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stable adsorption site for H, O, and OH adsorption is the uranium bridge site. For a water monomer, the
adsorption energies are —0.90, —3.23, and —4.46 eV for the most stable molecular, partially dissociative,
and completely dissociative adsorption, respectively. The dissociation of water from H,0 to OH and H has
a very small energy barrier, while from OH to O and H has a high energy barrier of 1.63 eV. The coverage
dependence for molecular adsorption is not obvious, while for partially dissociative and completely
First principles dissociative adsorption, the coverage dependence is quite obvious. Besides, we have investigated the
Uranium mononitride adsorption of water under different temperature and pressure conditions by using the “ab initio atom-
Surface adsorption istic thermodynamic” method.

Water © 2017 Elsevier B.V. All rights reserved.
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1. Introduction

With the current global energy crisis, shortage of energy re-
sources greatly hampers the development of global economy. One
important way to solve this problem is to develop nuclear power.

! Uranium mononitride (UN) is considered to be one of the most
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compared to the traditional uranium dioxide fuel, such as greater
thermal conductivity [2,3], higher actinide density, higher melting
point (~2850 °C) [4] and easier reprocessing [5]. However, UN
materials still have some limitations, such as relatively low disso-
ciation temperature [6,7] and incompatibility with oxygen and
water [4,8]. Previous experimental studies [9—11] suggested that
interaction between UN surface and oxygen can result in the oxide
growth and the decease of thermal conductivity. In addition,
experimental studies [4,8,12] also suggested that UN interaction
with water can result in the corrosion of nuclear fuels. Thus, the
reactions of UN with oxygen and water affect a lot of processes in
the nuclear fuel cycle such as fabrication and storage of nuclear
fuels, and permanent disposal in deep geologic repository for spent
fuel [13].

In the past decades, the UN has been widely investigated by
using density function theory (DFT) and DFT + U methods [14—20].
However, only several studies have been performed on the UN
surfaces. Bocharov et al. [21,22] studied the properties of N and U
vacancies on the UN(001) surface and sub-surface and the incor-
poration of O atoms into these vacancies. In another work,
Bocharov et al. [23] investigated the mechanism of UN oxidation by
incorporation of O into N vacancies on the UN(001) and (110) sur-
faces. Zhukovskii et al. [24,25] investigated the properties of oxygen
adsorption and dissociation on the UN(001) surface. Li et al. [26]
investigated the H, C, and O adsorption on the UN(001) and (111)
surfaces by using DFT + U method. They also studied the adsorption
of single O,, CO,, and H,0 on the UN(001) surface in another work
[27]. In our recent studies [28], using the DFT + U method, we have
thoroughly investigated the adsorption and dissociation of H,O on
the UN(001) surface.

Based on the above introduction, the investigation of UN(110)
surface with H,O by using DFT method has been rarely reported. In
order to better understand the microscopic material properties, the
initial stage of UN oxidation, and the fuel performance under
different operating conditions, we plan to investigate the interac-
tion mechanism between UN(110) surface and H,O by using the
DFT + U method in this work. The research contents include: (1) the
adsorption states of H, O, OH, and H,O monomer, (2) the surface
reaction pathways of H, O diffusion and H,O dissociation, (3) the
adsorption states of H,O at high coverages, (4) the water adsorption
stability under different temperature and pressure.

2. Computational methodology

Our DFT calculations were performed using the Vienna ab initio
Simulation Package (VASP) [29—31]. The projector augmented
wave (PAW) approach [32,33] was used to represent the electron
ion interaction. The electron exchange correlation functional was
treated using the generalized gradient approximation (GGA) in the
form proposed by Perdew-Burke-Ernzerhof formalism (PBE) [34].
The crystal structure of UN is face-centered cubic with sodium
chloride type (space group Fm3m, No. 225). The lattice constant is
calculated to be a = 4.931 A, which agrees well with the experi-
mental value of 4.886 A [35]. The periodic p(2 x 2) slab consisting of
six atomic monolayers (MLs) was used to simulate the UN(110)
surface. Brillouin zone integration was calculated using 2 x 2 x 1
Monkhorst-Pack k-point meshes for the surface. A vacuum of 15 A
along the surface normal direction was set. The computations were
performed with the cutoff energy of 550 eV. Spin-polarization was
induced in all the investigated systems and the Gaussian electron
smearing method with ¢ = 0.10 eV was used. The H 1s, N 2s%p>, O
2s%p* and U 5£3652p®d'7s® were treated as valence electrons. We
used antiferromagnetic (AFM) ordering of the magnetic moments
in the overall system. The atomic positions were fully relaxed until
the maximum force on each atom was smaller than 0.02 eV/A.

DFT + U method was applied in our calculations in order to deal
with strong on-site Coulomb repulsion of the 5f electrons for ura-
nium element [1,36]. Lu et al. [36] concluded that the effective
Hubbard parameter Uegs = 2.0 eV achieves good agreement with
experiments for the phonon density of states and phonon disper-
sions. Gryaznov et al. [1] found that the Uqg = 1.85 eV achieves
correctly the UN anti-ferromagnetic ordering, the magnetic mo-
ments and the unit cell volume. In our previous work [28], a value
between the above two (U= 1.90 eV) was used to investigate the
adsorption of water on the UN (001) surface. Thus, in this work, the
value of Uegr = 1.90 eV was used as the effective Hubbard parameter
and the Coulomb U and the exchange energy ] for the uranium
element were set to be 2.40 and 0.50 eV, respectively. In order to
evaluate the effects of van der Waals interaction on the adsorption
of water on the UN(110) surface, the empirical dispersion correc-
tions have been computed by using the DFT-D3 (B]) method [37].

The adsorption energy, E,q, is defined as

E,q = E[adsorbate/UN] — E[UN] — E[adsorbate], (1

where E[adsorbate/UN] is the total energy of a UN(110) slab with
adsorbed adsorbate; E[UN] is the total energy of the UN(110) slab; E
[adsorbate] is the total energy of the free adsorbate. For the
adsorption of H and O atoms, E[H] and E[O] represent half of the
total energy of Hy and O, molecules, respectively. Thus, for the
adsorption of single H and O, the adsorption energy represents half
of the adsorption energy for dissociative adsorption of Hy and O,
respectively. The reaction paths were obtained by using the
climbing image nudge elastic band (CI-NEB) method [38—40]. To
study the interactions of water molecules with the UN(110) surface
referring to real reaction conditions, it is significant to take into
account water partial pressure and temperature. The “ab initio
atomic thermodynamics” approach [41—43] was adopted to study
the water adsorption properties. The detailed description of this
method is given in the supporting information.

3. Results and discussion
3.1. Adsorption sites

Fig. 1 illustrates the schematic side and top views of the UN (110)

Fig. 1. Side and top views of the surface structure of UN (110) as well as possible
adsorption sites (t for top, b for bridge). The uranium and nitrogen atoms are plotted in
blue and yellow, respectively. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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