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Abstract 

In this paper, the adsorption behavior of O2 on Ga-dopedδ-Pu(100) surface was 
investigated by first-principles calculation method based on the periodic flat plate model 
in the framework of density functional theory. Studies show that after O2 adsorption, 
molecules are activated, and the O-O bond increases or even breaks. Oxygen adsorption 
includes both physical adsorption and chemical adsorption. In physical adsorption, the 
main interaction between oxygen and surface is van der Waals force and there is very 
weak ionic bond. In chemisorption, O2 molecule dissociates, the distance between the 
two O atoms increases to 3A, the O-O bond breaks, and the dissociated O atom occupies 
the point and bridge preferentially. The order of chemisorption stability is vacancy > 
bridge > top. The parallel adsorption of vacancy is the most stable, and the adsorption 
energy is -10.8797eV. After O2 molecule is dissociated, there is strong bond cooperation 
between O atom and Pu/Ga atom on the surface, and the electrons obtained by O atom 
are mainly provided by the surface atoms of the cell. In the dissociated chemisorption, 
the main mode of interaction between O atom and Pu/Ga is ga-4s, Ga-4P and Ga-3D. An 
ionic bond formed by the hybridization of the 2s electrons of O atom and the pu-6 
electrons. 
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1. Introduction 

Plutonium known there are 6 kinds of solid phase, respectively is: the alpha - simple monoclinic, 
beta phase - body heart monoclinic, gamma phase - face centered orthogonal, the delta facies - 
face-centered cubic, delta 'phase - body heart, epsilon phase - body centered cubic [1]. 
Theδphase plutonium is stable in the range of 583-725K at atmospheric pressure. By adding Al, 
Ga, Am and Ce to Pu,δ-Pu can be stable or metastable at room temperature [2-3]. 

Adding a small amount of Ga to Pu can greatly improve the density and corrosion resistance of 
plutonium.δphase plutonium-gallium alloy is widely used in nuclear industry due to its good 
mechanical properties, and scientists have done a lot of research on it. Baskes M I et al. [4] 
showed that during the phase transition from high temperature to room temperature, the 
phase of the δ phase plutonium-gallium alloy changed continuously with the decrease of 
temperature, and the structure of the alloy was distorted, presenting a disorder state. Schwartz 
A J et al. [5] show thatδ-Pu can exist stably at room temperature when the content of Ga in the 
plutonium-gallium alloy is about 2~9 at.%. Wheeler et al. [6] proved experimentally that 0.61% 
Ga content is not sufficient for the stable existence ofδ-Pu alloy at room temperature, and it 
exists in the form ofα-Pu andδ-Pu mixed states. Valone S M[7] et al. proved from the perspective 



Scientific Journal of Intelligent Systems Research                                                                                        Volume 3 Issue 10, 2021 

ISSN: 2664-9640                

150 

of energy that Ga doping can reduce the internal energy of Pu atoms in the lattice, and the 
plutonium-gallium alloy presents a stable crystal structure. In terms of theoretical research, 
molecular dynamics, kinetic mean field theory and first-principles methods have been widely 
used in the study ofδphase Pu-Ga alloys [8-11]. Because of the special properties, severe toxicity 
and strong radioactivity of plutonium, the experimental study is dangerous to some extent, so 
the theoretical calculation method is one of the important means to study the properties of 
plutonium and plutonium alloy. 

In this paper, the adsorption mechanism of O2 on Pu doped Ga surface was studied by 
constructing a doping model of Ga on δ-Pu(100) surface and using first-principles calculation. 
In view of the disordered structure of Pu-Ga alloy itself, the adsorption mechanism of active gas 
on the surface of pu-Ga alloy can be theoretically analyzed by building a simulated cell doped 
with Ga in Pu. This paper focuses on the stable adsorption configuration, adsorption energy, 
Bader charge transfer and work function during oxygen adsorption, aiming at studying the 
adsorption behavior and corrosion mechanism of active gas on the surface of plutonium 
material, and providing some reference for the corrosion prevention of plutonium material. 

2. Calculation Details 

2.1. Methods 

All calculations in this paper are based on Density Functional Theory,Vienna ab-initio 
simulation package (DFT)[12]VASP5.4.4)[13], which uses the projection augmented wave 
(PAW)[14] pseudopotential method to perform first-principle calculations. Ar, C, O, and Pu all 
use the GGA-PBE pseudopotentials. In Brillouin-zone (BZ) sampling, the Monkhorst-
Pack(MP)[15] scheme was used to automatically generate irreducible K points, and the spin 
polarization effect was taken into account in all calculations. 

When theδ-PU cell structure was optimized, the ion position, cell shape and cell volume were 
changed, and the grid parameters of k point were set as 7×7×7. When slab of δ-pu (100) layer 
is optimized, its shape and volume are not changed, the lower two layers are fixed, and the 
upper two layers are optimized. A gallium-doped crystal cell model was established, and a Ga 
atom was used to replace a Pu atom in the surface layer. Then, the structure of Ga doped slab 
model was optimized without changing its shape and volume, the lower two layers were fixed, 
and the upper two layers were optimized. Finally, when the structure of (O2)/Pu-Ga adsorption 
system is optimized, the bottom two Pu atoms are fixed, and the top two atoms and O2 
molecules on the surface are optimized without changing their shape and volume. The δ-Pu 
(100) surface, The k point grid parameters of Ga doped surface and (O2)/Pu-Ga adsorption 
system were set as 5×5×1. The MethfessSL-Paxton method is adopted, and when the total 
energy difference is less than 0.5 meV/ Atom, The plane wave cut-off energy was 450 eV, and 
the Conjugate Gradient (CG)[16] method of Hellman-Feynman force was adopted to search for 
the atomic equilibrium position. When the interatomic interaction force was less than 0.02 eV/ 
A, the system was considered to have reached the convergence standard criterion of force. 
When the energy is less than 10-4 eV, the convergence condition is achieved. Always energy is 
a self-consistent calculation on the basis of optimization. The wave function, charge density, 
work function and charge transfer of the whole adsorption system were calculated. 

Surface energy is defined as: 

sur slab bulk( ) / 2E E NE A                                                                    (1) 

Where, A is the upper and lower surface area of slab crystal cells, Eslab is the total energy of slab, 
N is the number of Pu atoms in slab, and Ebulk is the energy of Pu atoms in bulk phase. 
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Adsorption energy Eads is defined as the change of the total energy of each material before and 
after adsorption, and its symbol and size can indicate the possibility of adsorption and 
adsorption intensity. 

  22
ads O Pu(100)+GaO /Pu(100)+Ga

E E E E  
                                                    (2) 

Where, adsE is the adsorption energy of O2 on the surface of plutonium gallium;  2O /Pu(100)+Ga
E is 

the total energy of the system after O2 adsorption;
2OE is the energy of O2 molecule, and is the 

basal energy before adsorption. The energy before and after adsorption is obtained under the 
same calculation accuracy and conditions.  

2.2. Model 

2.2.1. Surface model 

The crystal structure of δ-Pu metal is face-centric cubic (FCC) structure, the space group code 
is Fm-3m, and the experimental lattice constants are A = B = C = 4.637 Å, α=β=γ=90°[17]. The 
optimized lattice constants are A = B = C = 4.772 Å, with an error of 2.9% from the experimental 
values, indicating a good coincidence. 

In order to give consideration to calculation accuracy and efficiency, A four-layer δ -Pu (100) 
surface model is established. The Ga-doped cell model before and after optimization is shown 
in Figure 1(a) and (b). (c) shows the adsorption sites of oxygen molecules. 

 
Figure 1 Ga-doped δ -Pu (100)slab model before and after optimization and top view of each 
adsorption site :(a) before optimization (b) after optimization (c) A, top site 1 B, top site 2 C, 

bridge site D, hole site 

2.2.2. Adsorption system model 

An O2 molecule is placed on the surface of the optimized slab model, and there are 15 Pu atoms, 
1 Ga atom and 1 O2 molecule in the whole adsorption system. The adsorption coverage of O2 is 
0.25ML(Monolayer). In this paper, eight oxygen adsorption models at four adsorption sites 
were studied. The adsorption model of O2 is shown in Figure 2. 

 
Figure 2 Top view and side view of O2 adsorption model on Ga doped plutonium surface 

(before optimization) (a) top vertical 1 (b) top vertical 2 (c) top parallel 1 (d) Top parallel 2 
(e) vacancy vertical (F) vacancy parallel (G) bridge vertical (H) bridge parallel 
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3. Results and discussion 

3.1. Adsorption configuration and adsorption energy 

The eight established adsorption configurations were optimized to obtain the stable adsorption 
configurations as shown in FIG. 3. To facilitate differentiation, we defined each adsorption 
configuration, such as t-Ver for top vertical adsorption and H-hor for vacancy parallel 
adsorption, which were labeled with English abbreviations. The adsorption energy and related 
parameters of each configuration after optimization are shown in Table 1. 

 
Figure 3 Top view and side view of O2 adsorption model on Ga doped plutonium surface (after 

optimization) (a) top vertical 1 (b) top vertical 2 (c) top parallel 1 (d) Top parallel 2 (e) 
vacancy vertical (F) vacancy parallel (G) bridge vertical (H) bridge parallel 

 

Table 1 Optimization results of O2 surface adsorption geometric parameters and adsorption 
energy 

Configuration 
Eadsa/ 

eV 
dO-ob/ 

Å 
Bond1c 

dbondd/ 
Å 

hO-Se/ 
Å 

Bond2f 
dbondg/ 

Å 
hO-Sh/ 

Å 

T-ver1 -0.7531 1.332 O1-Ga 2.057 2.057 - - - 

T-ver2 -0.5771 2.588 O1-Pu15 1.774 1.774 - - - 

T-hor1 -6.9958 3.069 O1-Ga 1.964 1.102 O2-Ga 1.964 1.102 

T-hor2 -3.3630 1.536 O1-Pu15 2.173 1.826 O2-Pu15 2.173 1.826 

H-ver -9.9716 2.673 
O1-Pu10 2.279 

- 
O2-Pu14 2.09 

- 
O1-Pu14 2.3 O2-Pu13 2.09 

H-hor 
-

10.8797 
3.956 O1-Pu14 2.056 1.215 O2-Pu13 2.141 0.985 

B-ver -6.8314 3.643 
O1-Ga 1.915 

0.93 O2-Pu14 1.920 1.719 
O1-Pu14 2.292 

B-hor -6.2174 2.794 O1-Pu15 2.190 - O2-Pu15 2.190 - 
aadsorption energy, bO-O bond distance, cO1 bond to U atoms on the adjacent surface, dO1 bond 
length between U atoms on the adjacent surface, eO1 average adsorption height relative to the 
first layer, fO2 bond to U atoms on the adjacent surface, gO2 bond length between U atoms on the 
adjacent surface, The average adsorption height of the O2 atom relative to the first layer. 

It can be seen from the data in Figure 3 and Table 1 that the distance between two oxygen atoms 
is in the range of (1.332-3.956 Å), which is significantly larger than the O-O bond length, 
indicating that after O2 adsorption, the molecular bond grows, and some oxygen molecules even 
dissociate. Among the three configurations of T-hor1, H-hor and B-ver, The distance between 
two oxygen atoms is greater than 3 A, indicating that the oxygen molecule is completely 
dissociated, and the oxygen atom after dissociation occupies the hole position of the crystal cell 
preferentially. From the perspective of adsorption energy, the adsorption energy ranges from -
10.8797 to -0.5771 Å. 
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This configuration has the lowest adsorption energy, and this configuration is the most stable. 
The bond length between O atom and Pu or Ga atom on the surface is 1.774~2.3 Å, which is 
close to the bond length of O-Pu (1.81 A) in the crystal oxide of Pu, indicating that there is strong 
bond cooperation between O atom and Pu atom on the surface, thus stable adsorption on the 
surface. By comprehensive comparison of various data, it can be found that in T-hor1, H-hor 
and B-ver, O2 takes place dissociated chemisorption on the surface, while T-ver1, T-ver2 and T-
hor2 may take place physical adsorption.  

3.2. Bader charge distribution 

In this paper, the Bader charge distribution of (O2)/ δ -Pu (100)+Ga adsorption system was 
calculated, as shown in Table 2, by which O2 molecules and Pu and Ga atoms could be analyzed, 
in theory, when an atom loses electrons, its net charge is calculated to be negative, the 
corresponding valence is positive; When the atom gains electrons, the calculated net charge is 
positive, corresponding to a negative valence. 

Net charge is defined as: Qatom = qBader - qvalence                                    (3) 

In the formula, Qatom, qBader and qvalence represent net charge, Bader charge and valence electron 
number respectively. 

Table 2 Bader charge distribution in O2/δ-Pu(100)+Ga adsorption system 

Configuration 
Atoms 

qtotal 
Layers    qtotal 

qO1 qO2 q1st q2nd q3rd q4th  

free O2 0.1414 -0.1414 0      

free surface - - - -0.4696 0.4750 0.8052 -0.8106 0 

T-ver1 0.5364 0.2486 0.7850 -1.3389 0.4662 0.9668 -0.8790 -0.7850 

T-ver2 0.7851 0.1489 0.9340 0.6400 -1.0769 -0.4409 -0.0563 -0.9340 

T-hor1 1.0864 1.0864 2.1728 -2.3876 0.0136 0.9124 -0.7113 -2.1728 

T-hor2 0.5604 0.7206 1.2810 -1.6599 0.2446 0.7442 -0.6099 -1.2810 

H-ver 1.2881 1.1430 2.4311 -2.0786 -0.4080 0.5279 -0.4725 -2.4311 

H-hor 1.1253 1.1805 2.3058 -2.4375 0.2439 0.4287 -0.5409 -2.3058 

B-ver 1.0864 1.0168 2.1032 -1.7755 -0.0698 0.2338 -0.4917 -2.1032 

B- hor 1.2510 1.2510 2.5020 -2.5428 -0.1347 0.5947 -0.4192 -2.5020 

Qtotal is the total net charge; Q1st, q2nd, q3rd and q4th represent the total net charge from the first 
layer to the fourth layer on the surface of δ-Pu(100)+Ga, and the unit is e. 

Due to the strong electronegativity of O atoms, it is easy to obtain electrons from the surface 
metal atoms. According to the data in Table 3, from the point of view of charge transfer, in T-
ver1, T-ver2 and T-hor2 configurations, O atoms get less charge from the surface of crystal cells. 
The net charge of oxygen atom in these three configurations is 0.785e, 0.934e and 1.281e 
respectively, which is far lower than the other five configurations. Among the five 
configurations of T-hor1, H-ver, H-hor, B-ver and B-hor, Redistribute the net charge around the 
O atom number greater than 2 e oxygen molecules originally, O at this time and has the strong 
ionic bond between the surface of metal atoms, while the other three kinds of charge transfer 
in configuration is less (about 1e), weak ionic bonds, suggesting that O the main means and the 
role of surface atoms to van der Waals force, characterized by physical adsorption. In addition, 
it can also be seen from the table that in the five configurations of T-hor1, H-ver, H-hor, B-ver 
and B-hor, the surface atom of slab model changes greatly before and after adsorption (the atom 
loses 1.33e at least and nearly 2e at most), while the change of the second, third and fourth 
layers is small. Almost all the electrons obtained by O are provided by the surface atoms, so O 
mainly interacts with the surface atoms. 
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3.3. Electronic structure analysis 

After O2 molecule is adsorbed, electrons in the system will be redistributed and the shape of 
electron cloud will change. Through charge-density difference, the aggregation of electrons 
outside each nucleus in the system can be intuitively reflected, so as to judge the bonding 
characteristics of O2, Pu and Ga atoms. The interaction mechanism between atoms is analyzed.  

The differential charge density diagram of H-hor configuration is obtained, as shown in FIG. 4. 
It can be clearly seen that a large amount of charge gathers around O atom and the charge 
density increases significantly, while Pu atom loses electrons and the charge density decreases, 
indicating that the bonding mode between O and Pu/Ga atoms is dominated by ionic bonds. In 
order to further clarify the overlap of O and Pu/Ga electron orbitals, we give the Density of 
States (DOS) of H-HOR configuration. FIG. 5 (a) and (c) show the Total density of States (TDOS) 
and Partial density of States (PDOS) of pure δ -Pu (100) surface with Ga doping. (b) and (d) 
TDOS and PDOS of the most stable adsorption states. 

 
Figure 4 Differential charge density isosurface of the most stable adsorption configuration, 

yellow represents positive charge, blue represents negative charge (isosurface: 0.05E/Bohr 3) 

By comparing (a) and (b) in Figure 5, it can be found that after O2 adsorption, the total state 
density peak of Ga/δ-Pu(100) surface changes significantly, and the peak intensity increases 
significantly in the range of -47.5eV ~-42 eV. The peak intensity decreases sharply in the range 
of -22.5~-15 eV and -5 ~2.5 eV. By comparing (c) and (d) in FIG. 5 and in combination with FIG. 
9, it can be seen that the 6s orbital electrons of Pu are in a lower energy level, relatively deep 
into the core, and almost do not participate in the action. In the high energy level range of -5 eV 
~2.5 eV, namely Fermi level, the electron orbitals of Pu, Ga and O atoms overlap obviously, and 
the charge density change is mainly caused by the electrons in these orbitals. The intensity of 
Pu/ 6d and 5f peaks decreases obviously, indicating that the 6d and 5f electrons become more 
delocalization and participate in the bonding with O. Combining Bade charge distribution 
differential charge density diagram and state density diagram, it can be concluded that the 
mode of interaction between O and Pu/Ga is the ionic bond formed by the hybridization of O2p 
and Pu/ 6d, Pu/ 5f, Ga/ 4p and Ga/ 3d orbitals. 
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Figure 6. Density of the most stable configuration (H-hor) in the (O2)/δ-pu (100)+Ga system 

3.4. Surface work function analysis 

The Work function reflects the minimum energy required for electrons to move from the 
interior of a solid to the surface. It's the energy difference between the vacuum electrostatic 
potential at infinity outside the metal and the Fermi level, representing the electron's ability to 
escape.The capacity of the metal surface is calculated by the following formula: 

Φ = Evacuum - EFermi                                                                                              (5) 

Variations of electrostatic potential along the Z-axis distance in various configurations in this 
paper are shown in Table 3. 
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Table 3 Change of surface work function of different adsorption configurations (△ φ), unit is 
eV 

Configuration EVacuum /eV EFermi /eV Φ/eV △Φ/eV 

Free surface 5.88986 2.88352 3.00634 - 

T-ver1 7.16599 2.6331 4.53289 1.52655 

T-ver2 8.45842 1.8885 6.56992 3.56358 

T-hor1 6.72785 2.69916 4.02869 1.02235 

T-hor2 6.76776 2.70502 4.06274 1.0564 

H-ver 6.42635 2.97267 3.45368 0.44734 

H-hor 6.61384 2.71264 3.9012 0.89486 

B-ver 6.76776 2.60298 4.16478 1.15844 

B-hor 6.03238 3.100856 2.93152 -0.07482 

There is no experimental data for the work function of δ-Pu(100) surface after Ga doping, and 
the work function of exposed surface calculated in this paper is 3.006 eV. After O2 adsorption, 
the work function of 8 configurations increases on the whole (except B-hor). Considering the 
adsorption energy, bader charge distribution and charge transfer, it can be seen that the smaller 
the adsorption energy, the more charge transfer. The smaller the increase in the work function, 
the more stable the structure. 

4. Conclusion 

In this paper, the adsorption behavior of O2 doped Ga on Pu surface was studied based on first-
principles method. The results show that the adsorption of O2 on ga-doped Pu surface has both 
physical adsorption and chemical adsorption. In the chemical adsorption, the O-O bond breaks, 
and the dissociated O atoms preferentially occupy the points and bridges. Among the eight 
adsorption configurations in this paper, vacancy parallel adsorption is the most stable, with 
adsorption energy of -10.8797eV, and the order of adsorption stability is vacancy > bridge > 
top. After the dissociation of O2, O atoms have strong bond cooperation with Pu/Ga atoms on 
the surface, and the more O atoms bond with surface metal atoms, the more stable the structure 
is. Bader charge distribution shows that the electrons obtained by O atoms are mainly provided 
by surface atoms of crystal cells. According to the comprehensive state density analysis, the 
main mode of interaction between O and Pu/Ga is the ionic bond formed by the hybridization 
of O2p and Pu/ 6d, Pu/ 5f, Ga/ 4p and Ga/ 3d orbitals. The main force of physical adsorption is 
van der Waals force. 
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