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Abstract: To deeply understand the adsorption process of oxygen on the surface of a plutonium
gallium system and to reveal the chemical reaction mechanism at the initial stage of oxidative
corrosion on the surface of plutonium gallium alloy at a theoretical level, the adsorption behavior
of oxygen molecules on the surface of a plutonium gallium system was investigated by a first-
principles approach based on density flooding theory. The results show that the molecular bond
length increases and finally breaks when the surface oxygen molecule is adsorbed on the surface of
plutonium gallium system and dissociates into two atomic states. The most likely adsorption position
of oxygen molecules on the surface of plutonium gallium system is hole-site vertical adsorption with
the adsorption energy size of 10.7 eV. The bonding between oxygen atom and surface is mainly due
to the overlapping hybridization of Pu-6s, Pu-7s, Pu-6d, Ga-3d and O-2p orbitals. Oxygen molecules
mainly interact with the atoms of the first layer on the surface of the plutonium gallium system. The
oxygen atoms after stable adsorption are able to diffuse to the subsurface of the plutonium gallium
system after overcoming the energy barrier of 16.7 eV and form a stable structure. The research results
reveal the initial reaction process and adsorption law of oxygen on the surface of plutonium gallium
system from microscopic level, which is helpful to further explore the surface corrosion prevention
technology of plutonium gallium system and improve the reliability and safety of plutonium gallium
alloy components.

Keywords: surface adsorption; first principles; plutonium gallium alloy; the electronic structure

1. Introduction

Plutonium is one of the most complex elements in the periodic table and has many
unique properties [1,2]. Its electronic properties are extremely complex, with exotic f-f elec-
tron interactions and apparent relativistic interactions [3,4]. The doping of gallium element
can increase the temperature stability of δ-plutonium, while significantly improving the
flexibility and ductility of the metal, so most of the practical applications in the nuclear
industry are plutonium gallium alloys. Plutonium-based materials are very chemically
active and can easily react with hydrogen, oxygen and water vapor in the environment
during storage and placement, causing surface corrosion [5,6]. This poses a significant
challenge for the long-term storage and protection of plutonium-based materials. The
adsorption behavior of oxygen molecules on plutonium-based materials is the primary pro-
cess by which oxidative corrosion occurs on the surface. Therefore, studying the adsorption
process of oxygen molecules on plutonium-based surfaces is important for gaining insight
into the corrosion and corrosion prevention mechanisms of plutonium-based materials. In
fact, plutonium-based materials are highly radioactive and toxic, and direct experimental
studies are rarely performed. The density flooding theory (DFT) method is currently the

Materials 2022, 15, 5035. https://doi.org/10.3390/ma15145035 https://www.mdpi.com/journal/materials

https://doi.org/10.3390/ma15145035
https://doi.org/10.3390/ma15145035
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/materials
https://www.mdpi.com
https://doi.org/10.3390/ma15145035
https://www.mdpi.com/journal/materials
https://www.mdpi.com/article/10.3390/ma15145035?type=check_update&version=1


Materials 2022, 15, 5035 2 of 14

dominant computational method in condensed matter physics and a reliable method for
studying the properties of plutonium alloys and their compounds.

In terms of theoretical calculations of Pu-Ga alloys, Sadigh et al. [7] studied the
structural and thermodynamic properties of δ-phase Pu-Ga alloys using a plane-wave pseu-
dopotential method based on Spin Polarized (SP) density generalized theory (DFT), and
the results showed that the full structural properties and most thermodynamic properties
of low Ga content δ-phase Pu-Ga alloys can be successfully calculated by considering the
spin polarization effect. Luo Wenhua [8] et al. used the full potential line affixation plus
plane wave (FPLAW) method to calculate the equilibrium structure, electronic structure
and heat of formation of alloying elements such as Ga and Pu compounds under the gener-
alized gradient approximation (GGA) + spin-orbit coupling (SOC) + SP conditions, and
the results showed that the Pu and alloying elements The hybridization between atomic
orbitals depends on the competition between 6d and 5f of Pu atoms, p of alloyed atoms
and 6d of Pu atoms, and s and p orbital hybridization of alloyed atoms. Regarding the
adsorption process of oxygen molecules on the plutonium surface, Huda et al. [9] studied
the adsorption of individual oxygen atoms on the δ-Pu (100) and (111) surfaces using the
generalized gradient approximation of DFT using DMol3 software. The central positions
of the δ-Pu (100) and δ-Pu (111) surfaces are the most favorable locations for adsorption
under spin-polarized conditions with chemisorption energies of 7.386 eV and 7.070 eV,
respectively. This author [10] also investigated in detail the adsorption of oxygen molecules
on the δ-Pu (100) surface using the same approach. It was found that oxygen molecules
tend to dissociate for adsorption compared to single-atom adsorption. Among all the
adsorption configurations studied, the parallel direction on the bridge position was the
best adsorption site with the highest energy, with an adsorption energy of 8.787 eV. Wei
Hongyuan et al. [11] The adsorption behavior of oxygen atoms on the δ-Pu (111) surface
was investigated using the DMol3 program using GGA-DET combined with the rPBE func-
tion. The results showed that the type of adsorption was a strong chemisorption, and the
main factor determining the chemisorption was the coordination number of Pu and O. The
chemical bonding became more and more stable with the increase in coordination number,
and the interaction between the plutonium surface and oxygen atoms occurred mainly in
the first layer The interaction between the plutonium surface and oxygen atoms mainly
occurs in the first layer, and the influence of the remaining two layers is very small [12].
The adsorption behavior of oxygen molecules on the surface of δ-Pu (100) was studied by
GGA-DET method. The results showed that after the adsorption of O2 on the surface of
δ-Pu (100), the O-O bond length increased until it broke, and dissociated into two atoms
adsorbed on the surface of δ-Pu (100), and the dissociated O atoms preferentially occupied
the cavity and bridge sites, and the most stable adsorption conformation adsorption energy
was 8.14 eV. Currently, regarding the adsorption of oxygen on the surface of plutonium
gallium alloys Hernandez et al. [13] used the WIEN2k program to calculate the adsorption
of oxygen atoms on the stable δ-Pu (111) surface of gallium using the (FP-L/APW + lo)
method. The results show that the hollow fcc position is the most prone to adsorption with
an adsorption energy of 4.98 eV. The oxygen atoms tend to adsorb on the surface and do
not easily diffuse to the interior. The adsorption of oxygen atoms can cause a small change
in the work function.

In view of the above, a number of theoretical calculations on the interaction between
oxygen and plutonium gallium alloy have been published in recent years, mostly before
2015. It can be seen that most theoretical calculations have focused on the plutonium
gallium alloy properties and the adsorption of oxygen atoms or oxygen molecules on the
pure plutonium surface, and the adsorption on the plutonium gallium alloy surface is
less studied. At present, the adsorption of oxygen molecules on the surface of plutonium
gallium system using VASP procedure has not been reported. Therefore, in this paper, we
establish a doping model of plutonium gallium system for δ-Pu (100) surface doped gallium
atoms and perform first-principles calculations on the adsorption of oxygen molecules
on the surface of plutonium gallium system. We focus on the analysis of the interaction
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of oxygen with the surface of the plutonium gallium system in terms of the adsorption
configuration, adsorption energy, electronic structure change and charge transfer for stable
adsorption, and we apply the transition state search algorithm to calculate the potential
barrier for the diffusion of oxygen atoms to the interior of the surface. Our study provides
a theoretical basis for the corrosion and anti-corrosion mechanism of oxygen on the surface
of plutonium gallium alloy.

2. Calculation Methods and Models
2.1. Calculation Method

All calculations were performed using the first-principles-based VASP [14,15] (Vienna
ab initio simulation package) software. The valence electron wave function is expanded
with a projector augmented wave (PAW) [16,17], projector augmented wave (PAW) ex-
pansion, and the exchange-correlation generalized gradient approximation (GGA) [18].
The exchange-correlation generalization is handled by the Perdew-Burke-Ernzerhof (PBE)
approximation in the framework of generalized gradient approximation (GGA). The inner
electrons and nuclei are replaced by first-principles pseudopotentials, where the valence
electrons of Pu are described by 6s26p66d25f47s2, Ga by 4s24p1, and O by 2s22p4. The
Monkhorst-Pack [19] (MP) method is used to generate the k-point grid of Brillouin zone
integrals. For the optimization calculations of the adsorption configuration in this paper,
5 × 5 × 1 is used. During the optimization process, the plane wave truncation energy is
set to 520 eV and the electron self-consistency calculation convergence accuracy is set to
1 × 10−5 eV. The optimization is considered to be completed when the residual stress of
the adsorption configuration is less than 1 × 10−2 eV/nm. The spin polarization effect was
considered in all calculations.

The adsorption energy Eads of oxygen molecules on the surface of the plutonium
gallium system is defined by the following equation

Eads = E(sur f ace+O2)
− E(O2)

− E(sur f ace) (1)

where E(sur f ace+O2)
is the energy of the optimized adsorption configuration, E(O2)

is the
energy of the adsorbed molecule optimized separately before adsorption, E(sur f ace) is
the energy of the surface of the plutonium gallium system optimized separately before
adsorption, and each energy on the right side of the equation is the energy optimized in
the same way and with the same precision. According to the definition of Equation (1),
the negative value of the adsorption energy means that the adsorption is an exothermic
reaction, and the larger value indicates stronger adsorption and higher adsorption stability.

2.2. Computational Models

The crystal structure of δ-Pu metal is face-centered cubic (fcc) with space group code
Fm-3m, the experimental values of lattice constants are a = b = c = 4.637 Å [20] and
α = β = γ = 90◦, the optimized lattice constant is calculated as a = b = c = 4.776 Å,
α = β = γ = 90◦, volume V = 108.9489 Å3 and bulk phase energy E = −54.731 eV. The
error between the lattice constant and the experimental value is 2.9%, which indicates good
agreement, and the results of single cell optimization are shown in Figure 1a. The optimized
single cell is faceted, and the surface model is used to establish the crystallographic surface
model of δ-Pu using the (100) surface. The atomic structure of 5 layers is selected, and the
thickness of the vacuum layer is set to 15 Å. The structure of the crystal surface is shown in
Figure 1b. The surface-most atoms have a large influence on the surface properties, and
four different doping models with different gallium atomic contents are established by
substituting different numbers of gallium atoms on the surface-most face of the doped δ-Pu
(100). The doping form with the smallest and most stable surface energy, i.e., gallium atom
doping, replaces the most central plutonium atom on the surface, is obtained by calculation,
as shown in Figure 1c. This surface model contains 20 atoms, of which 19 are plutonium
atoms and 1 is a gallium atom.
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gallium atom with a coverage of 0.25. The bond length of H-H in H2 is 0.7372 Å. The ad-
sorption molecules are placed on the bridge, hollow and top positions of the plutonium 
gallium system. molecules in each adsorption position are considered three adsorption 
directions: adsorption molecules are perpendicular to the surface (ver); adsorption mole-
cules are parallel to the surface and parallel to the crystal axis (hor1); adsorption molecules 
are parallel to the surface and parallel to the diagonal of the crystal axis (hor2). All nine 
initial adsorption configurations of O2 are on the surface of the plutonium gallium system, 
as shown in Figure 2. For example, O in O-h-ver represents the adsorption of hydrogen 
molecules, h indicates that the initial adsorption position is a hole site (hollow), and ver 
indicates that the gas molecules are placed perpendicular to the surface. 

 
Figure 2. Different initial adsorption configurations of O2 on the surface of plutonium gallium sys-
tem: (a) O-t-hor1, (b) O-h-hor1, (c) O-b-hor1, (d) O-t-hor2, (e) O-h-hor2, (f) O-b-hor2, (g) O-t-ver, (h) 
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Figure 1. (a) Single cell structure. (b) Surface model. (c) Plutonium gallium system model (The blue
spheres represent plutonium atoms, and the green spheres represent gallium atoms).

In the construction of the adsorption model, a hydrogen molecule is placed on the
surface of an optimized plutonium gallium system containing 19 plutonium atoms and
1 gallium atom with a coverage of 0.25. The bond length of H-H in H2 is 0.7372 Å. The
adsorption molecules are placed on the bridge, hollow and top positions of the plutonium
gallium system. molecules in each adsorption position are considered three adsorption di-
rections: adsorption molecules are perpendicular to the surface (ver); adsorption molecules
are parallel to the surface and parallel to the crystal axis (hor1); adsorption molecules
are parallel to the surface and parallel to the diagonal of the crystal axis (hor2). All nine
initial adsorption configurations of O2 are on the surface of the plutonium gallium system,
as shown in Figure 2. For example, O in O-h-ver represents the adsorption of hydrogen
molecules, h indicates that the initial adsorption position is a hole site (hollow), and ver
indicates that the gas molecules are placed perpendicular to the surface.
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Figure 2. Different initial adsorption configurations of O2 on the surface of plutonium gallium
system: (a) O-t-hor1, (b) O-h-hor1, (c) O-b-hor1, (d) O-t-hor2, (e) O-h-hor2, (f) O-b-hor2, (g) O-t-ver,
(h) O-h-ver, (i) O-b-ver. (O: oxygen molecule; t: top position; h: heart position; b: bridge position.
The red sphere is oxygen).
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3. Results and Discussion
3.1. Adsorption Conformation and Adsorption Energy

The nine adsorption configurations of O2 on the surface of plutonium gallium system
are optimized, and the structural parameters and energy data of oxygen adsorption on the
surface of plutonium gallium system are given in Table 1, and Figure 3 shows the stable
adsorption configurations of O2 on the surface of plutonium gallium system after structural
optimization. From the data in Table 1, it can be analyzed that the adsorption energies of
the nine initial adsorption configurations of oxygen at the core, bridge and top positions
are all negative, and all of them can undergo stable adsorption, and the adsorption energies
of their various adsorption configurations are between −5 and −10 eV, which give off
a large amount of heat. From the spacing between oxygen atoms after adsorption, the
bond length of oxygen molecules before adsorption is 1.23 Å, and the spacing between
two oxygen atoms after adsorption is much larger than the initial bond length, which
indicates that oxygen molecules are dissociated during the process of adsorption, and the
distance between oxygen atoms and the surface after adsorption is within 1 Å. The O-O
bond is broken to form two oxygen atoms adsorbed on the surface of plutonium gallium
system, and new chemical bonds are formed with the surface plutonium and gallium atoms.
From the adsorption position, the oxygen molecule corresponds to a larger adsorption
energy at the hole position, followed by the bridge position, and at the top position is the
smallest adsorption energy, and the three forms of oxygen itself have less influence on
the adsorption energy. The adsorption stability of oxygen on the surface of plutonium
gallium system is in the order of hollow position > bridge position > top position. By
observing the optimized stable adsorption configuration, it can be seen that the process of
oxygen adsorption, the surface of plutonium gallium system undergoes a greater degree of
structural changes, indicating that there is a greater degree of interaction between oxygen
and plutonium gallium surface.
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Table 1. Structural parameters and energy data of the adsorption configuration of O2 on the surface
of the plutonium gallium system.

Adsorption
Conformation

Adsorption
Energy Eads (eV)

Oxygen Atomic
Spacing RO-O (Å)

Oxygen Atom to Surface Nearest
Atom Distance hO-Pu/Ga (Å)

Nearest Distance between Oxygen Atom
and Surface hO-Surface (Å)

O-t
hor1 −6.0406 4.1317 2.1900 3.2502 0.6085 0.2281
hor2 −8.5106 3.8721 2.1365 2.0500 0.4880 0.8873
ver −7.3165 2.7324 2.0540 2.2354 0.5599 0.1831

O-h
hor1 −9.6203 6.8671 2.1552 2.0726 0.9253 0.2106
hor2 −9.4771 2.7048 2.1309 2.0189 0.1997 0.6141
ver −10.7000 4.0031 2.1887 2.1961 0.1108 0.2480

O-b
hor1 −10.3804 4.1748 2.3221 2.2002 1.0132 0.3981
hor2 −6.9156 3.6822 2.0930 2.2135 0.0400 0.5042
ver −9.5051 3.3041 2.0941 2.1112 0.5968 0.4603

These phenomena show that oxygen is easily adsorbed onto the surface of the plu-
tonium gallium system, and all oxygen molecules are able to dissociate into two oxygen
atoms adsorbed on the surface and form new chemical bonds with the surface, which is
chemisorption.

3.2. Bader Charge Analysis

The adsorption reaction of oxygen on the surface of the plutonium gallium system is
necessarily accompanied by the transfer of charge between the active gas molecules and
the surface atoms of the plutonium gallium system. The Bader charge analysis can be used
to quantitatively represent the amount of charge transfer and analyze the surface charge
transfer. Table 2 shows the amount of transferred charges for each layer of atoms and the
adsorbed gas atoms for each stable configuration.

Table 2. Net charge distribution after optimization of each adsorption configuration.

Configuration
Adsorption of Atoms in Molecules Total Number of Charges in Each Layer

Q1 Q2 Qtotal Q1st Q2nd Q3rd Q4th Q5th

O2 0.0091 −0.0091 0.0000 – – – – –
Surface – – – −0.0050 −0.0377 0.1573 0.1915 −0.3062

H-t
hor1 1.2222 1.2258 2.4480 −2.4791 −0.0787 0.4194 0.0237 −0.3332
hor2 1.1506 1.2245 2.3752 −2.4181 −0.3527 0.7470 0.0853 −0.4366
ver 1.1762 1.2392 2.4154 −2.5363 −0.0398 0.4997 −0.0729 −0.2661

H-h
hor1 1.1303 1.2193 2.3496 −2.4283 −0.0315 0.4687 −0.0445 −0.3141
hor2 1.2252 1.1877 2.4129 −2.3895 −0.1105 0.2109 0.1688 −0.2926
ver 1.2271 1.2152 2.4424 −2.5452 −0.2250 0.8239 −0.0852 −0.4108

H-b
hor1 1.2509 1.2108 2.4617 −2.4698 −0.1225 0.5288 −0.1380 −0.2602
hor2 1.2156 1.2373 2.4529 −2.1872 −0.3107 0.1202 0.1613 −0.2364
ver 1.1336 1.1281 2.2618 −2.3769 0.1120 0.2726 −0.1081 −0.1614

Analysis of the data in the table shows that the oxygen molecules all get charge during
the adsorption process, and the amount of charge transferred is above 2e, which indicates
that the oxygen has a large charge transfer with the surface atoms and a large interaction,
which also indicates that the oxygen is chemisorbed on the surface. Among the various
stable configurations of oxygen, the charge transfer amounts do not differ much, indicating
that the adsorption position has a small effect on the charge transfer. Among all the stable
adsorption configurations, the atoms of each layer of the plutonium gallium system surface
generally show that the atoms of the first, second and fifth layers lose charge and the atoms
of the third layer gain charge. In terms of numerical magnitude, the charge transfer of the
first layer is the largest, all above 2e, and the charge transfer of the atoms of the remaining
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layers is below 1e, indicating that the gas molecules mainly interact with the atoms of the
first layer of the surface.

In general, the adsorption of oxygen on the surface of the plutonium gallium system is
accompanied by a large degree of charge transfer in the direction of charge transfer from the
surface of the plutonium gallium system to the oxygen molecules, and the charge transfer
occurs mainly in the first layer of atoms on the surface.

3.3. Electronic Structure Analysis
3.3.1. Differential Charge Density Analysis

The differential charge density is the difference between the charge density after bond-
ing and the atomic charge density at the corresponding point. By calculating and analyzing
the differential charge density, the properties of charge movement during bonding and
bonding electron coupling as well as the direction of bonding polarization can be clearly
obtained, which helps to understand the process of adsorption.

Differential charge density.

∆ρ = ρA+B − ρA − ρB (2)

where ∆ρ is the differential charge density value, ρA+B is the charge density value of the
adsorbed configuration, ρA is the charge density value of the adsorbed molecules after
adsorption, and ρB is the charge density on the surface of the plutonium gallium system
after adsorption.

The hole-site vertical adsorption with higher adsorption energy and the bridge-site
parallel adsorption with lower adsorption energy were selected to demonstrate the differ-
ential charge density, using the same electron density equivalent surface. The differential
charge density diagram of O-b-hor2 and O-h-ver configurations is shown in Figure 4. In
both adsorption configurations, the oxygen atom is shown in yellow around the oxygen
atom, indicating an increase in charge density near the oxygen atom and a decrease in
charge density around the neighboring plutonium atom near the oxygen atom into blue.
The charge transfer is the greatest in the first layer among the atoms on the surface of the
plutonium gallium system, and it can be observed from the differential charge density
diagram that the oxygen atom mainly interacts with the atoms in the first layer on the
surface, which is consistent with the Bader charge calculation. Comparing the differences
between the two configurations, it can be seen that the O-h-ver configuration with a larger
adsorption energy has a larger degree of charge transfer, while the O-b-hor2 configuration
with a smaller adsorption energy has a smaller degree of charge transfer, which indicates
that a larger degree of charge transfer and a larger degree of interatomic interaction tend to
give off more heat and form a more stable adsorption configuration.
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3.3.2. Electron Density of States Analysis

To further investigate the microscopic interactions between oxygen atoms and surface
atoms of the plutonium gallium system, the most stable configuration for oxygen adsorption
(O-h-ver) was selected, and the density of states was calculated and analyzed. The density
of states is shown in Figures 5 and 6, where an oxygen atom and the nearest plutonium
and gallium atoms are selected.

As can be seen in Figure 5, the density of states of the stable adsorption configuration
is mainly distributed in three regions, with Pu-5f, Pu-6d and Ga-4p orbitals near the Fermi
energy level, O-2p and Ga-4s orbitals near −5 eV, and O-2s and Pu-6p orbitals occupying
mainly near −23 eV–15 eV.

The microscopic mechanism of chemisorption between adsorbed atoms and the surface
can be analyzed by comparing and analyzing the changes of surface state density before
and after adsorption in Figure 6. Firstly, considering the interaction between oxygen and
plutonium atoms, near −5 eV, the electronic states of the 6s, 7s and 6d orbitals of the
plutonium atoms are cleaved, and new obvious spikes with larger peaks appear, indicating
that hybridization between O-2p and Pu-6s, Pu-7s and Pu-6d orbitals occurs, forming a
stable bonding interaction. Near −24 eV to −16 eV, the peak of Pu-6p orbital decreases,
and the spreading increases, and is basically the same as the spreading of O 2s orbital, and
the other orbital electronic states of Pu atoms do not change to a larger extent near this
energy. Secondly, considering the interaction between oxygen atom and gallium atom,
a spike of smaller intensity appears in the 4s orbital of gallium atom near −5 eV, and
the spreading of 3d orbital of gallium atom also increases to some extent near −24 eV to
−16 eV, but it is not significant. During the adsorption of oxygen molecules on the surface
of plutonium gallium system, electron transfer occurs in the atomic orbitals of both oxygen
molecules and plutonium gallium system. The interaction between plutonium atoms
and oxygens atom is stronger, and the interaction between plutonium atoms and oxygen
atoms is mainly due to the overlapping hybridization of Pu-6s, Pu-7S, Pu-6d, Ga-3d and
O-2p orbitals.
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3.4. Surface Power Function Analysis

The work function is the minimum energy required to move an electron from the
interior of a solid to the surface. It is the energy difference between the vacuum electrostatic
potential and the Fermi energy level at an infinite distance from the outside of the metal,
and represents the ability of electrons to escape to the surface of the metal, calculated
as follows.

Φ = Evacuum − Efermi (3)

where Φ, Evacuum and Efermi denote the work function, vacuum level and Fermi level,
respectively, in eV.

We analyzed the changes of the surface work function of the pure Pu-Ga system and
the surface work function before and after the adsorption of oxygen molecules, and the
calculated results are shown in Table 3. There are no experimental data available on the
surface function of Pu, and the work function of its neighboring element uranium is in the
range of 3.63 eV–3.90 eV [21]. Wei Hongyuan et al. [22] calculated the work function for the
bare surface of δ-Pu (100) as 4.365 eV, and Atta-Fynn et al. [23] calculated the work function
of δ-Pu (111) slab as 3.39 eV, and the surface work function of the plutonium gallium system
calculated in this paper is 2.9895 eV based on the substitution of δ-Pu surface doped with
certain Ga atoms, which is reasonable considering the difference of calculation methods
and calculation models.
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Table 3. Variation of surface work function for different adsorption configurations (∆Φ).

Adsorption
Conformation

Vacuum Energy
Level/eV

Fermi Energy
Level/eV Power Letter/eV ∆Φ/eV

O-t-hor1 6.7774 3.8633 2.9141 −0.0755
O-t-hor2 6.9854 3.6591 3.3263 0.3368
O-t-ver 6.8152 3.8026 3.0126 0.0230

O-h-hor1 6.9134 3.6899 3.2235 0.2340
O-h-hor2 6.8247 3.8810 2.9437 −0.0458
O-h-ver 6.7524 3.7953 2.9571 −0.0325

O-b-hor1 6.7025 3.8454 2.8571 −0.1325
O-b-hor2 6.8617 3.9103 2.9514 −0.0381
O-b-ver 7.0312 3.5598 3.4714 0.4819
Surface 6.7817 3.7921 2.9896 –

After oxygen adsorption, the surface work function appears to change to some extent;
most of the stable conformation work function changes are small. The work function of
each configuration after adsorption is shown in Figure 7. There are two conformations
O-b-ver and O-t-hor2, and the conformation work function increased by 0.4819 eV and
0.3368 eV, respectively. A stable adsorption conformation can be observed, and it was
found that most of the surface atoms had a certain degree of displacement, causing surface
undulation. When analyzing the reason for the change of surface work function, due to
the adsorption of oxygen on the surface of plutonium gallium system, a surface dipole
moment from the surface to the oxygen molecule is formed on the surface, and the work
function appears to vary to different degrees due to the different factors such as adsorption
distance and transferred charge. The corresponding work function changes are also larger
for large changes in surface atomic configuration.
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3.5. Diffusion of Oxygen into the Interior of the Plutonium Gallium System

The analysis above shows that oxygen spontaneously dissociates during surface
adsorption, and the O-O bond breaks to form two oxygen atoms chemically adsorbed on
the surface. Oxygen is capable of oxygen etching on the surface of the plutonium gallium
system, which is inevitably accompanied by the diffusion of oxygen atoms to the interior of
the surface, and we next studied the diffusion of oxygen atoms to the interior of the surface
after adsorption on the surface.

To simplify the problem, an oxygen atom and plutonium gallium system surface is
selected as the study object, the structure optimization of the initial and final states is
carried out, the intermediate state model is constructed, and the transition state search is
based on [24,25]. The calculation is based on the transition state search algorithm. The
stable configuration of the oxygen atom after adsorption on the surface is chosen for
the initial state, as shown in Figure 8a. For the end-state structure, the oxygen atom is
chosen to be placed in the second layer of the surface, and the initial state is placed in the
middle position of the two plutonium atoms in the second layer. During the structure
optimization, the oxygen atom is spontaneously displaced to the four atomic centers, i.e., the
octahedral center, which represents that the oxygen atom has a more stable structure in the
octahedral center.
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The minimum energy path for the diffusion of hydrogen atoms to the interior of
the surface of the plutonium gallium system is calculated as shown in Figure 9. As the
oxygen atoms spread inward, they continue to move closer to the surface, overcoming
an energy barrier of 16.7 eV, as shown at point (A) in Figure 9. After crossing the energy
potential barrier, the oxygen atoms continue to approach the surface until the oxygen atom
is embedded in the first layer of atoms on the surface, located between four adjacent atoms,
at which point the point of minimal energy value is reached, indicating that the oxygen
atom can be stably embedded in the hole position of the first layer of atoms. If the oxygen
atom continues to diffuse to the second layer of atoms, it needs to overcome the energy
potential barrier of 3.6 eV at this point, cross the point (C), and finally enter the center of the
four atoms in the second layer to complete the diffusion process. The intermediate states of
the diffusion process are shown in Figure 10. Figure 10a represents the state of the oxygen
atom when it is close to the first layer of the surface, Figure 10b represents the very small
value of energy in the diffusion path where the oxygen atom is exactly embedded in the
first layer of atoms, and Figure 10c represents the state of the oxygen atom when it is close
to the second layer of atoms on the surface.
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4. Conclusions

At present, most theoretical calculations of plutonium surface adsorption do not
consider the doping of gallium atoms, which is different from the actual situation. The
adsorption behavior of oxygen molecules on the surface of plutonium gallium system was
calculated and analyzed using a first-principles method. The main findings of the paper
are as follows:

(1) Oxygen molecules dissociate and adsorb on the surface of the plutonium gallium
system without overcoming the energy barrier. The O-O bond in the oxygen molecule
breaks and dissociates into two oxygen atoms attached to the surface. The best
adsorption position was vertical adsorption in the hole, and the adsorption energy
was 10.7 eV. The order of oxygen adsorption stability on the surface of plutonium
gallium system is hole position > bridge position > top position.

(2) Bader charge calculation results show that oxygen molecules gain charge
(2.2618 e–2.4617 e) during the adsorption process, mainly by interacting with the
first layer of atoms on the surface. Electron structure analysis shows that the reaction
mechanism between oxygen molecules and surface atoms of plutonium gallium sys-
tem is that new chemical bonds are generated by hybridization of 2p orbital of oxygen
atom with 6s, 7s, 6d orbital of plutonium atom and 3d orbital of gallium atom.

(3) After oxygen molecules are dissociated and chemically adsorbed on the surface, they
can diffuse to the sub-surface atomic layer on the surface of the plutonium gallium
system after surmounting the energy barrier of 16.7 eV, and form a stable structure.
This indicates that after oxygen molecules are dissociated and adsorbed, they can
continue to diffuse inward under certain energy, which changes the surface structure.
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The adsorption behavior of oxygen molecules on the surface of plutonium gallium
system is systematically described in this paper. However, due to modeling size, the
diffusion of oxygen atoms on the surface is not considered in this paper. In addition, in
the future, we can also try to calculate the adsorption process without understanding the
calculation method. Systematically compare the differences between different methods.
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