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First principles calculation is performed to study the co-adsorption behaviors of O2 and CO2 on δ -Pu(100) surface by
using a slab model within the framework of density functional theory (DFT). The results demonstrate that the most favorable
co-adsorption configurations are Tv-C4O7 and Tp1-C2O8, with adsorption energy of−17.296 eV and−23.131 eV for CO2-
based and O2-based system, respectively. The C and O atoms mainly interact with the Pu surface atoms. Furthermore, the
chemical bonding between C/O and Pu atom is mainly of ionic state, and the reaction mechanism is that C 2s, C 2p, O
2s, and O 2p orbitals overlap and hybridize with Pu 6p, Pu 6d, and Pu 5f orbital, resulting in the occurrence of new band
structure. The adsorption and dissociation of CO2 molecule are obviously promoted by preferentially occupying adsorbed O
atoms, therefore, a potential CO2 protection mechanism for plutonium-based materials is that in CO2 molecule there occurs
complete dissociation of CO2 →C+O+O, then the dissociated C atom combines with O atom from O2 dissociation and
produces CO, which will inhibit the O2 from further oxidizing Pu surface, and slow down the corrosion rate of plutonium-
based materials.

Keywords: adsorption energy, density functional theory, electron density, reaction mechanism
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1. Introduction
Plutonium, one of the most complex elements in the pe-

riodic table, which is on the boundary between the light ac-
tinide elements (Th to Pu) with itinerant 5f electrons and
heavy actinide elements (Am and later elements) with lo-
calized 5f electrons. Elemental Pu and its alloys and com-
pounds are widely used in the nuclear engineering, e.g., the
nuclear devices, nuclear reactor, and aerospace fields. In
principle, the more localized 5f electrons in Pu-based mate-
rials will produce many anomalous physical properties,[1,2]

such as the three-peak structures in the photoemission spec-
tra (PES), the negative thermal expansion coefficient in Pu–
Ga alloy, and the abnormal magnetic properties, as compared
with its neighboring element (U) in the periodic table. From
the chemist’s viewpoint, additionally, Pu is very active in the
atmosphere environment, and is readily to react with almost
ordinary molecules in the ambient condition during purifica-
tion, storage, and usage of Pu-based materials. Energetically,
PuO, Pu2O3, and PuO2 are the basic products of plutonium
oxidation,[3–6] which poses a great challenge for the long-term
storage and protection of plutonium-based materials. In fact,
adsorption and dissociation behaviors of the ordinary gaseous
molecules, including CO2 and O2 considered in this work, on
plutonium surface are essential processes for hydrogenation
and oxidation corrosion. As a consequence, it is significant
to study the adsorption and dissociation of active gases on the

plutonium surface in order to understand in depth the corro-
sion and anti-corrosion mechanisms of Pu-based materials. As
a matter of fact, scare direct experimental observation is con-
ducted on Pu-based materials due to its strong chemical activ-
ity, radioactivity, and toxicity. For this reason, theoretical work
might be an appropriate candidate for studying the adsorption
and dissociation behaviors of gas molecules on plutonium sur-
face.

In recent years, there have also been some reports on
theoretical researches. Eriksson and Cox[7] calculated the δ -
Pu(100) surface under non-magnetic conditions by the surface
linear muffin-tin orbit (FLMTO) method. The results showed
that the 5f band narrowed, the bonding ability decreased and
the surface lattice constant expanded. Huda and Ray[8–11] suc-
cessively studied the adsorption behaviors of hydrogen, oxy-
gen atoms, and hydrogen and oxygen molecules on the δ -Pu
surface by using density functional theory (DFT) and Dmol3
program, showing that the 5f electron localization intensity of
δ -Pu(111) surface was stronger than that of δ -Pu(100) surface.
On the other hand, Li et al.[12,13] studied the surface geometry
and electronic structure of δ -Pu monolayer by the full poten-
tial linear conjugate plane wave method (FLAPW). The results
indicated the degree of localization of 5f electrons on (100)
surface was stronger than that on (111) surface, which was
exactly opposite to Huda’s result. Atta-Fynn and Ray[14,15]

studied the adsorption of C, N, O atoms on δ -Pu(111) sur-
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face and the effect of surface relaxation on adsorption by the
FLAPW method. Meng et al.[16] investigated the adsorption
and dissociation behavior of CO2 molecule on Pu(100) sur-
face by the modified Perdew–Burke–Emzerh (PBE) method
based on the generalized gradient density functional theory
and Dmol3 program. The calculated dissociation energy bar-
rier of CO2 →CO+O was 0.66 eV and the dissociation ad-
sorption energy was 2.65 eV. Luo et al.[17] studied the adsorp-
tion of CO molecule on Pu(100) surface by DFT and Dmol3
program. The results demonstrated that the dissociation en-
ergy barrier of CO molecule adsorbing on obliquely hollow
was relatively small (0.280 eV). Wang and Ray[18] used GGA-
DFT, DMOL3, and WIEN2k to study the adsorption of CO2

on nano-layer of α-Pu(020) surface. The results revealed that
the completely dissociated configuration (C+O+O) had the
strongest surface binding (7.94 eV), followed by partial dis-
sociated configuration (CO+O) and CO2 molecular config-
uration (5.18 eV and 1.90 eV respectively). Atta-Fynn and
Ray[19] used the ab initio calculation method within the frame-
work of DFT and Dmol3 program to study the adsorption
and dissociation behavior of CO2 molecule on δ -Pu(111) sur-
face. The results indicated that the fully dissociated config-
uration (C+O+O) showed the strongest binding to the sur-
face (7.92 eV), followed by the partially dissociated config-
uration CO+O (5.08 eV), with the lowest binding energy of
CO2 molecule adsorption (2.35 eV). Wei et al.[20] used the
GGA of periodic DFT and DMOL3 program to study the ad-
sorption behavior of O atom on δ -Pu(111) surface. The re-
sults demonstrated that the adsorption of O atom on δ -Pu(111)
surface belonged to strong chemical reaction. Guo et al.[21]

studied the adsorption behavior of O2 molecule on δ -Pu(100)
surface by DMOL3 program, DFT and periodic plate model.
The results showed that O dissociative adsorption was found
to be energetically more favorable than molecular adsorption
and the dissociative oxygen atom preferred adsorption on the
center site. Li et al.[22] calculated the electronic structure of
Pu compounds by using DFT. The results indicated that PuH2

compound has the metallic character, and the Pu–H bonds in
PuH3 compound, Pu–O bond in PuO compound, Pu–N bond
in PuN compound and Pu–S bond compound were essentially
ionic in character. The Pu–C bond in PuC compound, Pu–
O bond in Pu2O3 compound and Pu–O bond in PuO2 com-
pound were covalent in character. One can see that the prede-
cessors mostly used DMOL3 program to study the adsorption
and dissociation of C, N, O, O2, and CO2 on Pu surface and
the results may be controversial, however, the VASP program
has not been reported publicly to perform such researches. In
the VASP program used is PAW pseudopotential, belonging
to density functional method, which has the faster calcula-
tion speed and higher efficiency with the adjustable parame-
ters than the DMOL3 program in which used is DSPP basic,

thus, we select the VASP program to perform calculation in
this paper.

To the best of our knowledge, the previous reports paid
much attention to the adsorption of individual molecules, how-
ever, there have existed few researches on the co-adsorption
process, such as CO2 and O2 co-adsorption addressed in this
work, which might be more important from the viewpoint of
practical applications. On the other hand, mechanically, δ -
phase plutonium is more ductile and readily-processing than
its another allotrope, such as the room-temperature α phase.
Therefore, we plan to perform a first principles calculation for
the co-adsorption of O2 and CO2 on a representative face of δ -
phase plutonium, i.e., δ -Pu(100) surface. Specially, we focus
on the stable adsorption configuration, the change of electronic
structure, the adsorption energy as well as the charge transfer
induced by co-adsorption, which might give a new perspec-
tive of the corrosion and anti-corrosion mechanisms of O2 and
CO2 with δ -Pu(100) surface.

2. Computational details
2.1. Methods

All calculations are implemented within Vienna ab-initio
simulation package (VASP5.4.4)[23] on the basis of density
functional theory (DFT).[24,25] It uses projection augmented
wave (PAW)[26,27] pseudopotential method for first-principles
calculation, which is an efficient plane wave pseudopoten-
tial package and widely used in the calculation of electronic
structures.[28–30] Generalized gradient approximation (GGA)
in the form of Perdew–Burke–Ernzerhof (PBE) exchange–
correlation potential is used to approximate the electron ex-
change correlation interactions.[31,32] There are 16, 4, and 6
valence electrons in the outer shells for Pu ion (6s26p65f67s2),
C ion (2s22p2), and O ion (2s22p4), respectively. Monkhorst–
Pack (MP)[33] scheme is used to sample data inside the irre-
ducible Brillouin-zone. Spin polarization effect is considered
in all calculations.

The ion position, cell shape and cell volume are changed
when the δ -Pu cell is optimized with a 7×7×7 k-point mesh
used. The lower two layers are fixed and the upper two layers
are released for optimization with the shape and volume un-
changed when the δ -Pu(100) 4-layer slab is optimized. The 4
layers of Pu atoms are fixed, and O2 and CO2 molecules[16] on
the optimized surface are released when the O2 and CO2 ad-
sorption system is optimized. The k-point mesh of δ -Pu(100)
surface and adsorption system are both set to be 5×5×1. The
proportional coefficient of acting force is 0.5 and the N-th-
order Methfessel–Paxton method is applied to the optimiza-
tion of the δ -Pu unit cell, its surface and adsorption system.
For all optimization calculations, a plane-wave cut off energy
of 450 eV is adopted to insure that the total energy of all struc-
tures is converged within 0.5 meV/atom, and the conjugate
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gradient (CG)[34] method of Hellman–Feynman force is ap-
plied to the ion optimization. The convergence criterion of
atomic force is 10−2 eV/Å and the energy convergence crite-
rion is 10−4 eV, respectively. The total energy is acquired by
one-step self-consistent calculation on the basis of the opti-
mized model. The wave function, charge density, work func-
tion and charge transfer of O2 molecule, CO2 molecule, δ -
Pu(100) surface and adsorption system are also addressed in
this paper.

The surface energy, Esur, is then obtained from the fol-
lowing equation:

Esur = (Eslab−NEbulk)/2A, (1)

where A is the cross-sectional area of the slab, Eslab is the total
energy of the slab, N is the number of Pu atoms in the slab,
and Ebulk is the energy of a single Pu atom in the bulk.

The co-adsorption energy of O2 and CO2 molecules on
the δ -Pu(100) surface is given by

Eco−ads = E[O2&CO2/Pu(100)]−EO2 −ECO2 −EPu(100), (2)

where E[O2&CO2/Pu(100)] is the total energy of the system after
co-adsorption, EO2 is the energy of the O2 molecule, ECO2 is
the energy of the CO2 molecule, and EPu(100) is the energy of
the δ -Pu(100) surface. The energy of O2 and CO2 molecules
are the ground state energy under the same calculation method.
For negative adsorption energy, the structural stability is in-
creased by adsorption. Moreover, the less the adsorption en-
ergy, the more stable the structure is.

2.2. Models
2.2.1. Surface model

The crystal structure of metallic δ -Pu is facecentered cu-
bic (fcc) with the space group code of Fm-3m. The optimized
Pu crystal lattice is 4.772 Å, which is in good agreement with
the experimental value of 4.637 Å[9] within an error rate of
2.9%. The optimized O–O bond length is 1.235 Å, which
is consistent with an experimental value of 1.208 Å within
an error rate of 2.6%.[35] The optimized C–O bond length is

1.177 Å, which is consistent with the experimental value of
1.162 Å with an error rate of 1.3%.[36] From the test results
of surface energy convergence and references,[16,17] we find
that the Esur difference between p(3× 3) and p(2× 3), and
between p(2× 3) and p(2× 2) slabs are 0.007 eV·Å−2 and
0.043 eV·Å−2, respectively, and that the differences are negli-
gibly small and will not affect the main conclusion. Therefore,
4 layers of Pu atomic layer crystals (slab) of p(2× 2) are es-
tablished within an optimized δ -Pu unit cell to simulate the
δ -Pu(100) surface. A vacuum layer with 15 Å in thickness[37]

is set on the z axis of the δ -Pu(100) surface to ensure that the
interaction between adjacent layers is negligibly small. The
lattice constants of the supercell are a = b = 6.7488 Å and
c = 22.1581 Å, respectively, and the slab model is shown in
Figs. 1(a) and 1(b), in which the z coordinate and layer spac-
ing between two Pu atoms decrease on the surface. Figure 1(c)
shows the adsorption sites on the δ -Pu(100) surface.

(a) (b) (c) bridge

hollow top

Fig. 1. Structure model of δ -Pu(100) slab and top view of three adsorption
sites on surface (Pu atoms on surface and on other three layers are green- and
blue-colored, respectively): (a) before optimization, (b) after optimizations,
and (c) top view; A: bridge site, B: hollow sites, and C: top site.

2.2.2. Co-adsorption models

The adsorption model contains sixteen Pu atoms and one
O2 and one CO2 molecule with a total of 21 atoms. Moreover,
the monolayer adsorption coverage (θ) of O2 and CO2 is 0.25.
According to our previous work,[38,39] the best adsorption con-
figuration of O2 and CO2 on δ -Pu(100) surface is bridge par-
allel 2 and hollow parallel 1, respectively. Consequently, the
co-adsorption behavior of O2 and CO2 on δ -Pu(100) surface
is investigated by studying the co-adsorption configuration of
CO2 and O2 when they occupy the individual best adsorption
configuration, and the following models are established.

(a) (b) (c) (d) (e) (f)

Fig. 2. Top and side views of different models for O2 adsorption on the δ -Pu(100) surface in CO2-based case (Pu on surface, Pu, C, and O atoms on
other three layers are green-, blue-, grey-, and red-colored, respectively): (a) bridge parallel, (b) bridge vertical, (c) hollow parallel, (d) hollow vertical,
(e) top parallels, and (f) top vertical.
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(a) (b) (c) (d) (e) (f) (g) (h) (i) (j)

Fig. 3. Top and side views of different models for CO2 adsorption on δ -Pu(100) surface in O2-based case (Pu on surface, Pu, C, and O atoms on other three
layers are green-, blue-, grey-, and red-colored, respectively): (a) bridge vertical 1, (b) bridge parallel 1, (c) bridge parallel 2, (d) bridge vertical 2, (e) hollow
vertical 1, (f) hollow vertical 2, (g) hollow parallel, (h) top parallel 1, (i) top parallel 2, and (j) top vertical.

(i) O2 molecules are placed at the top, bridge and hollow
sites to establish a co-adsorption model when CO2 is at the
best adsorption configuration (denoted as CO2-based). Fur-
thermore, each site involving with one of two cases: O2 ap-
proaches parallelly or vertically to CO2, for this reason, there
are six co-adsorption models as shown in Fig. 2. (ii) Simi-
larly, CO2 molecules are placed at three sites to establish a
co-adsorption model when O2 molecule is in the best adsorp-
tion configuration (abbreviated as O2-based), and there are 10
adsorption models as shown in Fig. 3.

3. Results and discussion
3.1. Adsorption configurations and energy

Six adsorption models in CO2-based case and ten co-
adsorption models in O2-based case are optimized. We define
configurations in accordance with the adsorption positions oc-

cupied by O2 and the bonding numbers of C and O atoms with
Pu atoms adjacent to the surface layer in CO2-based case in
order to distinguish them. For example, Bp-C4O6 indicates
that the adsorption state of O2 is bridge parallel and C and
O atoms are bonded with 4 and 6 Pu atoms adjacent to the
surface layer, respectively. There are six adsorption configu-
rations as shown in Fig. 4. Similarly, we use the adsorption
sites occupied by CO2 and the bonding numbers of C and O
atoms with Pu atoms adjacent to the surface layer to define the
configuration in the O2-based case. For instance, Hv1-C4O8

means that the adsorption state of CO2 is hollow vertical 1 and
C and O atoms are bonded with 4 and 8 Pu atoms adjacent to
the surface layer, respectively. As a result, ten adsorption con-
figurations are plotted in Fig. 5. The optimized geometrical
and energy parameters of O2 and CO2 co-adsorption on the
δ -Pu(100) surface are listed in Table 1.

(a) (b) (c) (d) (e) (f)

Fig. 4. Top and side views of optimized structures for O2 adsorption on δ -Pu(100) surface in CO2-based case (Pu on surface, Pu, C, and O atoms on other
three layers are green-, blue-, grey-, and red-colored, respectively): (a) Bp-C4O6, (b) Bv-C0O6, (c) Hp-C4O6, (d) Hv-C4O6, (e) Tp-C4O7, and (f) Tv-C4O7;
Bp: bridge parallel, Bv: bridge vertical, Hp: hollow parallel, Hv: hollow vertical, Tp: top parallel, and Tv: top vertical.

According to the data in Fig. 4 and Table 1, in the
CO2-based case, from the viewpoint of CO bond length and
θO−C−O, CO2 molecules are adsorbed at C-terminated config-
urations except the Bv-CO6 configuration, and the CO bond
length is in a range of 1.332 Å–1.422 Å, which is significantly
longer than that of gaseous CO2 molecule (1.177 Å). Obvi-
ously, CO2 molecule presents in-plane bending after adsorp-
tion, and the bond angle of θO−C−O decreases from 180◦ to
114.66◦–119.57◦, among which Tv-C4O7 adsorption config-

uration has the longest C–O bond length (1.422 Å) and the
smallest θO−C−O (114.66◦), showing that Tv–C4O7 configu-
ration is the most stable. Furthermore, from the viewpoint
of atomic position after adsorption, the distances between
two oxygen atoms in six configurations increase to more than
3.0 Å, consequently, the O–O bond is completely broken and
dissociated into two oxygen atoms adsorbed on the δ -Pu(100)
surface, namely, the spontaneous dissociation happens to O2

by forming ionic bond with Pu surface atoms, which can
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be seen from the charge-density difference in Figs. 8(a) and
9(a). The adsorbed O atoms are located at bridge position
in the three configurations of Bp-C4O6, Hp-C4O6, and Hv-
C4O6, and O atoms occupy the hollow sites in Bv-CO6, Tp-
C4O7, and Tv-C4O7 configurations after O2 has dissociated,
showing that the O atoms preferentially occupy the hollow
and bridge sites after co-adsorption has taken place. The co-
adsorption energy of the six CO2-based adsorption configu-

rations are −1.773 eV, −11.544 eV, −8.558 eV, −5.149 eV,
−7.143 eV, and −17.296 eV, respectively, indicating that the
co-adsorption stability is order as Tv-C4O7 >Bv-CO6 >Hp-
C4O6 >Tp-C4O7>Hv-C4O6 >Bp-C4O6, the absolute value of
six co-adsorption sites are obviously larger than 40 kJ/mol, re-
vealing that the co-adsorptions belong to strong chemical ad-
sorption, Tv-C4O7 configuration has the smallest adsorption
energy, i.e., the most stable chemisorption site.

(a) (b) (c) (d) (e)

(f) (g) (h) (i) (j)

Fig. 5. Top and side views of optimized structures for CO2 adsorption on δ -Pu(100) surface in O2-based case (Pu on surface, Pu, C, and O atoms on other
three layers are green-, blue-, grey-, and red-colored, respectively): (a) Bv1-C2O8, (b) Bp1-C1O9, (c) Bp2-C2O8, (d) Bv2-C1O9, (e) Hv1-C4O8, (f) Hv2-C2O7,
(g) Hp-C2O6, (h) Tp1-C2O8, (i) Tp2-C1O9, and (j) Tv-C0O7; Bv1: bridge vertical 1, Bp1: bridge parallel 1, Bp2: bridge parallel 2, Bv2: bridge vertical 2, Hv1:
hollow vertical 1, Hv2: hollow vertical 2, Hp: hollow parallel, Tp1: top parallel 1, Tp2: top parallel 2, and Tv: top vertical.

Combination of the data in Fig. 5 and Table 1 shows that
for O2-based co-adsorption, from the viewpoint of CO bond
length and adsorption configuration, only in Bv1-C2O8 con-
figuration (Fig. 5(a)), CO2 molecule is bent and not dissoci-
ated, and at this time θO−C−O is 131.62◦ and C-O bond length
is 1.270 Å. However, CO2 is partially or completely disso-
ciated in the other nine configurations. The CO2 molecule
presents the partial dissociation of CO2 →CO+O and O2 is
also dissociated into Hv1-C4O8 configuration, the dissociated
O1 atom (Fig. 5(e)) combines with CO and produce a bent
CO2 molecule adsorbed on the δ -Pu(100) surface, in which

the θO−C−O is 114.63◦ and C–O bond length is 1.399 Å. In
the Bp2-C2O8 and Tv-CO7 configurations, for partial dissocia-
tion of CO2 molecules (CO2→CO+O), the C–O bond lengths
are 1.419 Å and 1.144 Å, respectively. However, the dissoci-
ated CO is far away from the δ -Pu(100) surface in Tv-CO7

configuration (Fig. 5(j)). In sharp contrast, in Bp1-C1O9, Bv2-
C1O9, Hv2-C2O7, Hp-C2O6, Tp1-C2O8, and Tp1-C1O9 config-
urations, CO2 molecules completely dissociate into C+O+O,
and C atom combines with the O2 atom dissociated (Fig. 5(f))
from O2 and thus producing CO with a C–O bond length of
1.393 Å in Hv2-C2O7 configuration. In the other five configu-
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rations, O2 and CO2 molecules are dissociated completely into
C and O atoms stably adsorbed on the δ -Pu(100) surface. The
distance between two O atoms in O2 increases from 1.235 Å
to more than 3.0 Å and the O–O bond is completely broken.
Besides, the dissociated O atoms and the dissociated O3 atom
from CO2 molecule are all preferentially adsorbed on the hol-
low site. Obviously, it is should be noted that the preferentially
occupying adsorption of O atoms can promote the adsorption
and dissociation of CO2 molecules. The co-adsorption energy

of ten O2-based adsorption configurations are in a range of
−23.131 eV to −3.213 eV, demonstrating that the adsorption
stability is in the order of Tp1-C2O8 >Bv2-C1O9>Tv-CO7 >

Bp2-C2O8>Tp2-C1O9 >Bp1-C1O9>Bv1-C2O8 >Hp-C2O6 >

Hv1-C4O8 >Hv2-C2O7, the absolute values of sixteen co-
adsorption sites are all obviously larger than 40 kJ/mol, reveal-
ing that the co-adsorptions belong to strong chemical adsorp-
tion. Moreover, the Tp1-C2O8 configuration has the smallest
adsorption energy, i.e., the most stable chemisorption site.

Table 1. Optimized geometrical and energy parameters of O2 and CO2 co-adsorption on δ -Pu(100) surface. d denotes bond length between C and O
atoms, dC−Pu or dO−Pu is average bond distance between the adsorbed C or O atoms and neighbor surface Pu atoms, θO−C−O is OCO bond angle, hC−S
or hO−S is average adsorption height of C or O atoms with respect to the first layer, and Eco−ads is co-adsorption energy.

Base Configuration Bond d (Å) dC−Pu (Å) dO−Pu (Å) θO−C−O (◦) hC−S (Å) hO−S (Å) Eco−ads (eV)

CO2

Bp-C4O6 C–O1/2 1.391 2.498 2.190 117.64 0.738 1.306 –1.773
Bv-CO6 C–O4 1.144 2.172 – 4.637 1.699 –11.544
Hp-C4O6 C–O1/2 1.398 2.495 2.162 117.60 0.728 1.302 –8.558
Hv-C4O6 C–O1/2 1.332 2.651 2.264 119.57 1.106 1.254 –5.149
Tp-C4O7 C–O1/2 1.420 2.478 2.293 114.87 0.667 0.872 –7.143
Tv-C4O7 C–O1/2 1.422 2.474 2.307 114.66 0.653 0.873 –17.296

O2

Bv1-C2O8 C–O3/4 1.270 2.506 2.359 131.62 1.853 1.278 –9.756
Bp1-C1O9 2.376 2.377 – 0.488 0.549 –13.512
Bp2-C2O8 C–O4 1.419 2.482 2.370 – 0.692 0.869 –15.768
Bv2-C1O9 2.383 2.378 – 0.409 0.551 –19.868
Hv1-C4O8 C–O1/4 1.399 2.491 2.344 114.63 0.714 0.805 –5.825
Hv2-C2O7 C–O2 1.393 2.485 2.363 – 0.712 0.804 –3.213
Hp-C2O6 2.478 2.360 – 0.680 0.871 –6.845
Tp1-C2O8 2.414 2.383 – 0.372 0.544 –23.131
Tp2-C1O9 2.362 2.394 – 0.524 0.565 –13.705
Tv-CO7 C–O4 1.144 – 2.371 – 4.614 1.437 –19.144

From the viewpoint of bonds binding, the average CPu
bond lengths between C atoms and Pu surface atoms are in
a range of 2.474 Å–2.651 Å for CO2-based systems, and
the average C-Pu bond lengths are in a range of 2.362 Å–
2.506 Å for O2-based systems, which are close to the bond
lengths between C atoms and Pu atoms in carbide crystals
(PuC: 2.4620 Å; PuC2: 2.2819 Å).[40] The average O–Pu bond
lengths between O atom and neighboring Pu atom are in a
range of 2.162 Å–2.307 Å for CO2-based systems, and the
average O–Pu bond lengths are in a range of 2.359 Å–2.394 Å
for O2-based systems, which is slightly larger than that in Pu
oxide crystal (PuO: 1.830 Å; PuO2: 1.810 Å),[41,42] indicating
that O2 and CO2 molecules are stably co-adsorbed on δ -Pu
(100) surface by strong chemical bonding between C/O atoms
and Pu atoms. To this end, the C atoms dissociated from CO2

combine with O atoms dissociated from O2 to produce CO in
O2-based case, which will inhibit the O atoms from further
oxidizing Pu surface,[43] and slow down the corrosion rate of
plutonium-based materials and protect them, which is the anti-
corrosion mechanism of CO2 for plutonium surface.

3.2. Bader charge distribution

In principle, the atom loses electrons and the valence
is positive when the corresponding net charge is negative,

on the contrary, the atom gains electrons and the valence
is negative when the corresponding net charge is positive.
Charge transfer occurs among C, O, and Pu atoms originat-
ing from O2 and CO2 co-adsorption on the δ -Pu(100) surface.
In order to clearly elucidate the interaction among O2, CO2

molecules and Pu surface atoms, Bader charge distribution[44]

of (O2&CO2)/δ -Pu(100) co-adsorption system are calculated
as listed in Table 2. The qsubstance in Table 2 is defined as fol-
lows:

qatom = qBader−qvalence, (3)

where qatom, qBader, and qvalence are the net charge, Bader
charge, and valence electron of atom, respectively. Figures 6
and 7 show the charge distribution of ions in CO2-based and
O2-based co-adsorption system, respectively.

As shown in Table 2, from the perspective of charge
transfer, CO2 molecule and two O atoms are in different
charge states (in a range of 3.4654e–4.7718e) in the CO2-
based case, and the q1st changes obviously from −0.4220e to
−4.4978e–3.6621e, while q2nd changes little from 0.5124e to
−0.4217e–0.6702e. The q3rd changes slightly from 0.2700e to
−0.5124e–−0.4823e, the least change appears in the q4th case
(from −0.3604e to −0.4627e–−0.2643e).
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Table 2. Net charge distribution of (O2 & CO2)/δ -Pu(100) co-adsorption system. qtotal is total net charge number of the C, O1, O2, O3, and O4 ions,
q1st, q2nd, q3rd, and q4th represent total net charge numbers of the first layer to the fourth layer on the δ -Pu(100) surface, respectively. All q’s values
are in units of e.

Base Configuration
Atoms

qtotal
Layers

qC qO1 qO2 qO3 qO4 q1st q2nd q3rd q4th

CO2

free CO2&O2 –1.7496 0.8690 0.8806 –0.0430 0.0430 0 – – – –
free surface – – – – – – –0.4220 0.5124 0.2700 –0.3604
Bp-C4O6 –0.2583 1.0435 1.0576 1.0551 1.0322 3.9301 –4.2218 0.6251 –0.0224 –0.3109
Bv-CO6 –1.1068 1.0937 1.0765 1.2873 1.1147 3.4654 –3.6621 0.4848 0.0135 –0.3016
Hp-C4O6 –0.2264 1.0542 1.0530 1.0351 1.0361 3.9520 –4.2590 0.6702 –0.0386 –0.3246
Hv-C4O6 –0.6599 1.0921 1.0908 1.0088 1.0473 3.5791 –3.8869 0.5905 –0.0185 –0.2643
Tp-C4O7 –0.1746 1.0749 1.0801 1.3021 1.2666 4.5491 –4.4978 –0.0855 0.3372 –0.3028
Tv-C4O7 0.0123 1.0523 1.0173 1.3137 1.3762 4.7718 –4.3698 –0.4217 0.4823 –0.4627

O2

free O2&CO2 –1.7496 –0.0430 0.0430 0.8690 0.8806 0 – – – –
Bv1-C2O8 –1.2599 1.1971 1.2125 1.1107 1.1256 3.3860 –3.4615 0.1320 0.2923 –0.3488
Bp1-C1O9 0.6743 1.3622 1.3351 1.3464 1.0781 5.7961 –5.0361 –0.8202 0.5668 –0.5067
Bp2-C2O8 –0.1444 1.2857 1.2843 1.0568 1.0685 4.5509 –4.1757 –0.3510 0.4514 –0.4756
Bv2-C1O9 0.6012 1.2949 1.2315 1.2655 1.1018 5.4948 –5.1051 –0.4285 0.3759 –0.3371
Hv1-C4O8 –0.2439 1.0610 1.2823 1.3115 1.0633 4.4743 –4.3396 –0.1380 0.2653 –0.2621
Hv2-C2O7 –0.2558 1.2809 1.0620 1.2490 1.0692 4.4053 –4.3099 0.1326 0.0776 –0.3056
Hp-C2O6 –0.1471 1.2717 1.3199 1.0696 1.0691 4.5833 –4.5798 –0.0191 0.3766 –0.3611
Tp1-C2O8 0.6385 1.2843 1.3111 1.2706 1.0820 5.5865 –5.1518 –0.4444 0.3459 –0.3363
Tp2-C1O9 0.5583 1.3027 1.2877 1.2571 1.0917 5.4974 –5.0792 –0.4905 0.3987 –0.3265
Tv-CO7 –1.0762 1.2899 1.2910 1.1665 1.0913 3.7624 –3.8115 0.1396 0.2169 –0.3075

(a) (b) (c) (d) (e) (f)

Fig. 6. Charged state of each atom in CO2-based co-adsorption system, with red- and blue-colored spheres denoting positively and negatively
charged atoms, respectively, charge ranging from−0.20e to +0.20e. (a) Bp-C4O6, (b) Bv-C0O6, (c) Hp-C4O6, (d) Hv-C4O6, (e) Tp-C4O7, and
(f) Tv-C4O7.

(a) (b) (c) (d) (e)

(f) (g) (h) (i) (j)

Fig. 7. Charged state of each atom in O2-based co-adsorption system, with red- and blue-colored spheres denoting positively and negatively
charged atoms, respectively, and charge ranging from −0.20e to +0.20e. (a) Bv1-C2O8, (b) Bp1-C1O9, (c) Bp2-C2O8, (d) Bv2-C1O9, (e)
Hv1-C4O8, (f) Hv2-C2O7, (g) Hp-C2O6, (h) Tp1-C2O8, (i) Tp2-C1O9, and (j) Tv-C0O7.

Similarly, in the O2-based case, the adsorbed C atoms
and four O atoms are charged with 3.3860e–5.7961e, and
qtotal value of Bp1-C1O9, Bv2-C1O9, Tp1-C2O8, and Tp2-C1O9

sites are 5.7961e, 5.4948e, 5.5865e, and 5.4974e, respectively,
in which the adsorbed C atoms are charged with 0.6743e,
0.6012e, 0.6385e, and 0.5583e, respectively, indicating that

the valences of C atoms are negative, however, in the other
six configurations, the net charges of C atoms are negative and
the valence are positive, demonstrating that these four sites
react strongly with Pu surface atoms, and the adsorption en-
ergy values are −15.768 eV, −19.868 eV, −23.131 eV, and
−13.705 eV, respectively, which also establish the strong re-
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action in these configurations. The q1st changes remarkably
from−0.4220e to−5.1518e–−3.4615e, the q2nd changes little
from 0.5124e to −0.8202e–0.1396e, the q3rd changes slightly
from 0.2700e to 0.0776e–0.5668e, the least change appears
for the q4th case (from −0.3604e to 0.5067e–−0.2621e). All
the above-mentioned results demonstrate that charge mainly
transfer from surface Pu atoms to C and O atoms, namely, C
and O atoms mainly interact with Pu surface atoms, while the
interaction with other three layers of Pu atoms is weak.

The transfer charge is 4.7718e for the Tv-C4O7 site,
which is less than that (5.5865e) for Tp1-C2O8 configuration,
revealing that the charge transfer and reaction intensity of the
latter are stronger than those for the Tp1-C2O8 configuration.
In the CO2-based case, the qtotal values of two top sites (Tp-
C4O7 and Tv-C4O7) are 4.5491e and 4.7718e, respectively,
which are larger than those of bridge and hollow sites. There-
fore, as compared with the hollow and bridge sites, top site is
very favorable for charge transfer.

Figures 6 and 7 reflect the charge state of each atom af-
ter co-adsorption, one can see that O atoms always gain elec-
trons and are negatively charged, which also hold the C atoms
in Tv-C4O7, Bp1-C1O9, Bv2-C1O9, Tp1-C2O8, and Tp2-C1O9

configurations, however, C atoms and Pu surface atoms lose
electrons and are positively charged in the other 11 configura-
tions, which are consistent with the results of Table 2.

3.3. Electronic structure analysis

From the viewpoint of the microscopic mechanism, co-
adsorption will result in the change of the electronic struc-
ture. For exploring the reaction mechanism among O2, CO2

molecules, and Pu surface atoms, binding character among
the O2, CO2 molecules, and Pu surface has been examined
by the charge–density difference. For the fully relaxed, min-
imum total-energy Tv-C4O7 and Tp1-C2O8 configurations in
the CO2-based and O2-based case, respectively, the charge-
density difference is given by

ρ = ρ[(O2 & CO2)/δ−Pu(100)]−ρ(O2)−ρ(CO2)−ρ[δ−Pu(100)], (4)

where ρ[(O2 & CO2)/δ−Pu(100)], ρ(O2), ρ(CO2), and ρ[δ−Pu(100)]

are charge density of (O2 & CO2)/δ -Pu(100) adsorption sys-
tem, O2 molecules, CO2 molecules, and δ -Pu(100) surface,
respectively. The electronic density of states (DOS) of Tv-
C4O7 and Tp1-C2O8 sites are calculated. The isosurfaces of
charge–density difference between these two configurations
are also addressed as shown in Fig. 8. The spatial distribu-
tion of charge accumulation and loss are represented by con-
tour lines in the charge-density difference, which can directly
determine the bonding condition of ions in the co-adsorption
system. Figure 8 clearly shows that the O atoms gain electrons
and the charge density increases obviously, while Pu atoms

in the surface layer lose electrons and the charge density de-
creases, which also confirms that the chemical bonding be-
tween Pu and O atoms is mainly in ionic state, and the charge
accumulation and loss intensity of Tp1-C2O8 configuration are
stronger than those of Tv-C4O7 configuration.

(a) (b)

Fig. 8. Isosurfaces of charge–density difference for (a) Tv-C4O7 and (b)
Tp1-C2O8 configurations, with yellow and blue colors denoting increase and
decrease in charge density, respectively (Isosurfaces level: 0.005 e/Å3).

In order to clearly demonstrate the chemical state in
Tv-C4O7 configuration and Tp1-C2O8 configuration, we plot
the two-dimensional (2D) contour isosurfaces of the charge-
density difference for C1, O1, O2 atoms and O1, O2, O3 atoms
along the best planes of (−1 153.66 11.37) and (1 2.14 266.76)
in Figs. 9(a) and 9(b), respectively. One can see that C and O
atoms are surrounded by electrons, and there is no unpaired
electrons between C/O and Pu atoms, demonstrating the ionic
chemical bond, which is in good agreement with the three-
dimensional (3D) isosurfaces of the charge–density difference
in Fig. 8.
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Fig. 9. 2D charge–density difference for (a) Tv-C4O7 and (b) Tp1-C2O8
configurations.

Figure 10 shows the total density of states (TDOS) and
partial density of states (PDOS) of the clean δ -Pu(100) sur-
face, and TDOS and PDOS of the most stable adsorption
configuration (Tv-C4O7) in CO2-based co-adsorption system.
Figure 12(a) shows the corresponding PDOS of Tv-C4O7 con-
figuration. From Figs. 10(a) and 10(b) one can see that the
peak intensity, position and shape of TDOS change remark-
ably due to the co-adsorption. The intensity of the first peak
increases and turns narrower, while the intensity of the sec-
ond peak decreases and the peak shape broadens in a range
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of −50 eV–42.5 eV. The number of peaks increases, the peak
shape broadens and the area increases from−25 eV to−15 eV.
In addition, the number and intensity of peaks increase in a
range of −12.5 eV–−2.5 eV. However, the peak intensity de-
creases and the peak shape broadens from −2.5 eV to 2.5 eV.
Secondly, as shown in Figs. 10(c), 10(d), and 12(a), the hy-
bridization behavior occurs among C 2s, C 2p, O 2s orbitals,
and Pu 6p orbital in a low energy range of −25 eV–−15 eV,
moreover, hybridization also occurs among C 2s, C 2p, O 2p
orbitals, and Pu 6d, Pu 5f orbitals in a high energy range of
−10 eV–−2.5 eV. The intensity of Pu 5f and Pu 6d peaks de-
creases evidently, and the peak shape broadens in the vicinity
of Fermi level (EF), which indicates that the delocalization of
Pu 5f and Pu 6d electrons become stronger, and a small num-
ber of Pu 6d and Pu 5f electrons participate in bonding as well.
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Fig. 10. (a) TDOS of clean δ -Pu (100) surface, (b) TDOS of the most sta-
ble configuration (Tv-C4O7) in CO2-based co-adsorption system, (c) PDOS
of clean δ -Pu (100) surface, and (d) PDOS of the most stable configuration
(Tv-C4O7) in CO2-based co-adsorption system.

Figure 11 displays the TDOS and PDOS of the clean δ -
Pu(100) surface, and TDOS and PDOS of the most stable ad-
sorption configuration (Tp1-C2O8) in O2-based co-adsorption
system. Figure 12(b) shows the corresponding PDOS of Tp1-
C2O8 configuration. From Figs. 11(a) and 11(b), one can see
that the peak intensity, position and shape of TDOS change
obviously after co-adsorption. The intensity of the first peak
increases and the peak shape narrows, while the intensity of
the second peak decreases and the peak shape broadens from
−50 eV to −42.5 eV. The peak intensity increases, the num-
ber of peaks increases, the peak shape broadens and the area
increases in a range of −25 eV–−15 eV. Moreover, the num-
ber, intensity and area of peaks increase from −12.5 eV to
−2.5 eV. The peak intensity decreases, the number of peaks
increases, and the peak shape broadens remarkably in a range
of −2.5 eV–2.5 eV. As shown in Figs. 11(c), 11(d), and 12(b),
the C 2s, C 2p, and O 2s orbitals overlap and hybridize with
Pu 6p orbital in a low energy range of −25 eV–−15 eV, fur-
thermore, the C 2s, C 2p, O 2s, and O 2p orbitals overlap and

hybridize with Pu 6d and Pu 5f orbitals in a high energy range
of −10 eV–2.5 eV. In the vicinity of EF, the intensity of Pu 5f
peak decreases obviously, while the peak intensity decreases
slightly and the Pu 6d peak shape broadens, demonstrating
that the delocalization of Pu 5f and Pu 6d electrons becomes
stronger, and Pu 6d and Pu 5f electrons also take part in bond-
ing, in addition, the Pu 5f electrons make a main contribution.

T
D

O
S
 (

st
a
te

sS
eV

-
1
)

P
D

O
S
 (

st
a
te

sS
eV

-
1
) -40 -20 0

0

20

40

60

-40 -20 0

0

20

40

60

(a) (b) 

(c) Pu 7s
Pu 6p
Pu 6d
Pu 5f

(d)  C 2s
 C 2p
 O 2s
 O 2p
 Pu 7s
 Pu 6p
 Pu 6d
 Pu 5f

-40 -20 0 -40 -20 0

Energy (eV)

EF EF

Fig. 11. (a) TDOS of clean δ -Pu (100) surface, (b) TDOS of the most sta-
ble configuration (Tp1-C2O8) in O2-based co-adsorption system, (c) PDOS
of clean δ -Pu (100) surface and (d) PDOS of the most stable configuration
(Tp1-C2O8) in O2-based co-adsorption system.
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Fig. 12. PDOS of the most stable configuration: (a) Tv-C4O7 for CO2-based
system and (b) Tp1-C2O8 for O2-based system.

Furthermore, the change of the DOS in Tp1-C2O8 config-
uration is greater than that in Tv-C4O7 configuration, which in-
dicates that the reaction intensity for Tp1-C2O8 site is stronger
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than that for Tv-C4O7 site, and the reaction mechanism among
O2, CO2 molecules and surface Pu atoms is that the C 2s, C
2p, O 2s, and O 2p orbitals overlap and hybrid with Pu 6p, Pu
6d, and Pu 5f orbitals, the delocalization of Pu 5f and Pu 6d
electrons becomes stronger, resulting in a new chemical bond-
ing state, and the O 2s, O 2p, and Pu 5f orbitals make a major
contribution.

3.4. Surface work function analysis

Chemically, work function refers to the minimum energy
that is required by an electron to escape from a solid surface
immediately. It is the energy difference between the vacuum
electrostatic potential and the Fermi level at infinity outside
the metal, showing the ability of electrons to escape from the
metal surface, which reads

Φ = Evacuum−EFermi, (5)

where Φ , Evacuum, and EFermi are the work function, vacuum
level, and Fermi level, respectively. The surface work function
before and after co-adsorption are listed in Table 3.

Table 3. Surface work function changes (∆Φ) of different adsorption
configurations. All values are in units of eV.

Configuration Evacuum EFermi Φ ∆Φ

Free surface 6.252 3.299 2.953 –
Bp-C4O6 8.054 2.865 5.189 2.236
Bv-CO6 7.377 3.211 4.166 1.213
Hp-C4O6 8.061 2.864 5.198 2.245
Hv-C4O6 7.962 2.970 4.992 2.039
Tp-C4O7 7.083 3.436 3.647 0.694
Tv-C4O7 7.035 3.396 3.639 0.686
Bv1-C2O8 7.839 3.164 4.674 1.721
Bp1-C1O9 6.744 3.569 3.175 0.222
Bp2-C2O8 7.072 3.447 3.625 0.672
Bv2-C1O9 6.694 3.548 3.146 0.193
Hv1-C4O8 7.177 3.320 3.857 0.903
Hv2-C2O7 7.193 3.345 3.848 0.894
Hp-C2O6 7.117 3.419 3.698 0.745
Tp1-C2O8 6.674 3.550 3.125 0.172
Tp2-C1O9 6.735 3.538 3.197 0.244
Tv-CO7 6.910 3.545 3.365 0.412

At present, there are no data of experimental work func-
tion for δ -Pu. The work function of its neighboring element
(uranium) is in a range of 3.63 eV–3.90 eV.[45] The work func-
tion of δ -Pu(100) exposed surface, calculated by Wei et al., is
4.365 eV,[46] the work function of δ -Pu(111) slab, calculated
by Atta-Fynn et al., is 3.39 eV,[19] and the work function of δ -
Pu(020) surface, calculated under non-spin polarization con-
dition, is 3.53 eV.[18] In this work, the calculated work func-
tion of δ -Pu(100) surface is 2.9531 eV, and the surface work
functions are in a range of 0.686 eV–2.245 eV of the six ad-
sorption states for CO2-based co-adsorption. What is more, at
Tv-C4O7 site, the work function increases the least (0.686 eV)

with an adsorption energy of −17.296 eV, demonstrating that
the energy is lowest and the site is most stable, for this reason,
other electrons readily escape from the metal surface and the
required energy is least.

The surface work functions of ten adsorption configura-
tions increase from 0.146 eV to 1.721 eV for O2-based co-
adsorption. In addition, the work function of Tp1-C2O8 con-
figuration is smallest (3.125 eV), and the adsorption energy
is also smallest (−23.131 eV), indicating that the energy is
lowest and the structure is most stable, so that other electrons
readily escape from the metal surface and the required energy
is smallest. The increase of surface work function for Tv-C4O7

configuration is 0.686 eV, which is larger than that (0.172 eV)
for Tp1-C2O8 site, revealing that the latter is more stable and
the energy is lower, thus, the energy needed for electrons to
escape from the solid surface is smaller.

4. Conclusions
In this paper, the co-adsorption behaviors of O2 and

CO2 on the δ -Pu(100) surface are studied by first-principles
method. The results show that the O2 and CO2 molecules are
stably co-adsorbed on δ -Pu(100) surface by C–Pu and O–Pu
multi-bondings. Furthermore, the most stable adsorption con-
figurations are Tv-C4O7 and Tp1-C2O8 in CO2-based and O2-
based cases with the adsorption energy of −17.296 eV and
−23.131 eV, respectively, indicating that the structure is more
stable for O2-based adsorption. The O atoms preferentially
occupy the hollow and bridge sites after co-adsorption. Bader
charge distribution shows that C and O atoms mainly inter-
act with the surface Pu atoms, while the interactions with Pu
atoms in the other three low-lying surfaces are weak. The 2D
and 3D displays of the charge–density difference show that
the chemical binding between C/O and Pu atoms is in ionic
state, moreover, the reaction mechanism among O2 and CO2

molecules and surface Pu atoms is that the C 2s, C 2p, O 2s,
and O 2p orbitals overlap and hybrid with Pu 6p, Pu 6d, and
Pu 5f orbitals to produce new chemical bond structure. Impor-
tantly, the preferential occupying adsorption of O atoms can
promote the adsorption and dissociation of CO2 molecules ob-
viously. As a result, CO2 molecules completely dissociate into
C+O+O, and the dissociated C atom combine with O atom
from O2 dissociation to produce CO in the O2-based case,
which will inhibit the O2 from further oxidizing the Pu surface,
thereby slowing down the corrosion rate of plutonium-based
materials. The finding in this work might shed new light on
other relevant actinide-based systems including uranium and
americium materials, which have wide applications in nuclear
industry. In analogy to the resistance of uranium metal to fur-
ther oxidation in the atmosphere of CO, indicated by x-ray
photoelectron spectroscopy (XPS) method in experiment,[47]

the reaction mechanism between CO2 and “clean” U surface
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is that the adsorption of CO2 on “clean” U metal promotes
complete dissociation into uranium dioxide, uranium carbides
and free carbon, while CO2 transforms into carbon, oxygen
species, CO2−

2 and CO2−
3 species.[48]
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