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Abstract: The adsorption and dissociation of CO and CO, molecules on UO, (111) slab were investigated by the first-principles
calculations based on density functional theory with the addition of Hubbard term for calculation correction. Different static and
dynamic adsorption mechanisms under different configurations were analyzed, and the adsorption sites included top, hollow, and
bridge sites. In the static calculations, the variation of adsorption parameters, such as adsorption configuration, adsorption energy, and
charge transfer, during adsorption process was investigated. ab-initio molecular dynamics (AIMD) was employed to study the
dissociation process of CO, molecules and the changes in charge density difference. Results show that the adsorption of CO molecules
can be categorized into two types: (1) stable adsorption, including chemical and physical adsorptions; (2) unstable adsorption. The
adsorption types of CO, on UO, (111) slab only include the chemical adsorption of stable adsorption and unstable adsorption. No
physical adsorption exists. The optimal configuration for the adsorption of both CO and CO, molecules is short-bridge vertical
(B-short-Ver) adsorption. Additionally, at 0 K, the CO, molecules at the configurations related to B-short-Ver adsorption and long-
bridge vertical adsorption on UO, (111) slab spontaneously dissociate after adsorption. AIMD simulation results show that both

configurations dissociate at 300 K.
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Uranium dioxide (UO,) is a widely used nuclear fuel in the
nuclear reactors due to its high energy generation through
fission reactions. Thus, the physical, chemical, optical, and
thermodynamic properties of UO, have been extensively
studied by experiments and theoretical techniques"™. The
performance of UO, has been investigated under harsh
environment conditions, including high temperature, high
pressure, and large radiation dose””. Noble gas impurities and
various defects exist in UO,, such as He!"”, Ne!"", A", K",
and Xe"". For example, He is a noble gas produced by the
fission reaction of uranium, which tends to accumulate in the
bubbles, causing fuel swelling, surface bulging, and high-
temperature embrittlement. UO, thin films can be used in
space exploration, such as space telescopes and multilayer
mirrors'”. Their optical properties, such as reflectivity,
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refractive index, and energy-loss spectrum, have also been
widely investigated!®..

Surface corrosion is a fundamental problem in the
application of UO, due to its unique electronic structure and
strong correlation of 5f electrons of uranium!”. Weck et al'®
conducted the corrosion investigation on UO, fuel and
revealed the oxidation from U*" into U*" in water environment
or with other oxidization agents. Uranium-based alloys are
also prone to surface corrosion, including hydrogen corrosion
and oxidation"**". For instance, rapid oxidation occurs on the
uranium surface during the short transfer from vacuum
environment, resulting in the formation of uranium oxide on
the surface of depleted uranium and its alloys. The thickness
of the uranium oxide layer is increased with prolonging the
oxidation time, leading to severe inward corrosion and even
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material failure. The investigation of surface corrosion
mechanism is crucial to improve the corrosion resistance of
UO, and uranium-based alloys. Oxidation rate and oxidation
products of UO, different
(temperature and duration) have been widely researched™ .

under reaction conditions
However, the evolution behavior of each reaction process can
hardly be captured in experiments, not to mention the
microstructure changes at different stages.

Atomic-scale mechanism is essential for the integrated
mechanism of UO, surface corrosion. Theoretical calculations,
particularly density functional theory (DFT), have been
proven to be effective tools to investigate the atomic-scale
mechanisms. The electronic structure of UO, has been
extensively studied by DFT calculations™ **. DFT calculation
results indicate that UO, is a Mott-Hubbard insulator.
However, the early DFT calculations cannot capture the Mott-
Hubbard insulator state due to inadequate descriptions of
exchange >l Subsequent
calculations incorporate the Hubbard U (DFT+U) correction
term to accurately describe UO, as an insulator. The
appropriate Hubbard U value has been discussed to ensure
that the ground state parameters, such as band gap and density
of states (DOS), can closely align with the experiment

Coulomb  and interactions

results"**!. Chen et al"” compiled the band gap values of UO,
from various calculation results and depicted the band gap as
a function of Hubbard value in DFT calculation.

Most researches about the UO, surface properties focus on
the low-index crystal surfaces, such as (111), (110), and (100)
slabs, energy
calculations to determine their relative stabilities™”. Among

which use quantum-mechanical surface
the low-index crystal surfaces, (111) slab is the most stable
one according to DFT calculations and it serves as the primary
surface for the study in adsorption, dissociation, and initial
stage surface corrosion. Extensive investigations have been
conducted on the oxidation, adsorption, dissociation, and
diffusion of O, and H,0 molecules on UO, (111) slab™ .
However, the theoretical research on the adsorption of CO and
CO, molecules on UO, (111) slab is rarely reported, which is
also relevant to UO, oxidation.

In this research, the static and dynamic behavior was
investigated based on the adsorption and dissociation of
CO and CO, molecules on UO, (111) slab. The UO, unit
cell was used to construct the UO, (111) slab. Static
calculations were then performed to analyze the adsorption
configurations, adsorption energies, bonding types, and
charge transfer at five highly symmetrical adsorption
sites. Additionally, crystal orbital Hamiltonian population
(COHP), total density of states (TDOS), and partial density of
states (PDOS) were analyzed in the optimized adsorption
configurations to elucidate the oxidation mechanism on
UO, surface. This research also investigated the structure
evolution and charge density differences in the specific
configurations related to the CO and CO, adsorption on UO,
(111) slab at 300 K using ab-initio molecular dynamics
(AIMD).

1 Methods

Electronic structure calculations were performed by DFT
calculations implemented in the Vienna ab-initio simulation
package (VASP 5.4.4) P71 The exchange and correlation
energies of electrons are treated by generalized gradient
approximation (GGA) based on the Perdew-Burke-Ernzerhof
(PBE)
electron configurations for the U, O, and C atoms are
6s’6p°7s’51°6d", 2s2p*, and 2s°2p’, respectively. To calculate
the electron-electron correlation of UO,, the DFT+U method
was employed. The correlation (U) and exchange (J)
parameters were set independently, and only the difference
(U,) between U and J was required in VASP software. The
value of U, ranged from 3.3 eV to 4.1 eV!'**, leading to the
good consistence between the experiment observations and

exchange-correlation potential® >,  The valence

the ab-initio simulation results. In this research, U ; was set as
3.5 eV, and the spin polarization was also considered in the
calculation.

The unit cell of UO, containing 12 atoms was optimized by
a 11x11x11 Monkhorst-Pack k-point mesh® for Brillouin
zone integration. Specifically, the unit cell represented a
collinear antiferromagnetic (AFM) structure with the initial
magnitude of uranium atom as 2 uB in UO,. The plane wave
cutoff was set as 500 eV. The calculated lattice parameter was
0.5559 nm, which was in good agreement with the experiment
value of 0.5468 nm"”. Additionally, the calculation results
aligned well with the results in Ref.[10,38—39]. Fig.1 shows
the optimized unit cell structure of UO,, which exhibits the
fluorite (CaF,) structure. TDOS and PDOS are shown in Fig.2,
as well as the Fermi level energy E.. It is reported that UO, is
a non-metal material. The calculated band gap of 1.84 eV
closely corresponds to the findings in Ref.[16,38,40], although
it is slightly lower than the experiment result of 2.1 eV™*'l.

The valence band consists of U 6p, U 6d, U 5f, and O 2p
orbitals, whereas the conduction band is formed by U 6d and
U S5f orbitals, as shown in Fig. 2b. The optimized lattice
parameter of the UO, unit cell was used to construct the UO,
(111) slab. In this calculation, the bottom three layers were
fixed to simulate the substrate atoms of UO, (111) slab,
whereas the top two layers were relaxed to simulate the
surface atoms.

Fig. 3 shows side and top views of UO, (111) slab after

Fig.1 Optimized unit cell structure of UO,
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Fig.2 TDOS (a) and DOS (b) of UO, unit cell

Fig.3 Side (a) and top (b) views of UO, (111) slab with five highly

symmetrical adsorption sites after structure optimization

structure  optimization with five highly symmetrical
adsorption sites (top, hollow, and bridge sites). In the
following discussion and schematic diagrams in this research,
blue-gray, brown, and red balls represent the uranium, carbon,
and oxygen atoms, respectively. T represents the top site for
the surface U atom; H represents the center site of a triangle
enclosed by three adjacent surface U atoms; H-down-O
represents the center site of a triangle enclosed by three
adjacent surface U atoms with an oxygen atom at the
subsurface site; B-short represents the bridge site of U atoms
on the adjacent surface; B-long represents the bridge site of U
atoms on the sub-adjacent surface. Additionally, the dipole
correction was applied to eliminate the effect of dipole
moment*”. A vacuum region with 1.5 nm in length along the
z-axis was included to separate the periodic images in this

calculation.
2 Results and Discussion

2.1 Adsorption energy and configuration

Fig.4 illustrates top and side views of CO molecules with
different adsorption configurations on UO, (111) slab before
structure relaxation. There are five highly symmetrical
adsorption sites, and each site involves three situations:
(1) CO molecule positioned horizontally to the UO, (111) slab
(Hor); (2) CO molecule positioned vertically to the UO, (111)
slab with C atom closer to the surface (Ver); (3) CO molecule
positioned vertically to the UO, (111) slab with O atom closer

to the surface (Ver-O). Therefore, fifteen configurations of CO
adsorption are presented in Fig. 4. The abbreviations for
different adsorption configurations are as follows: T-Ver-O
represents the top vertical site with the O atom closer to the
surface; H-Hor represents the hollow horizontal site; B-short-
Ver represents the short bridge vertical site. CO molecule is
optimized in a box with dimension of 1 nmx1 nmx1 nm. The
calculated bond length of 0.1144 nm aligns well with the
experiment value of 0.1129 nm. Fig.5 displays the top and
side views of CO molecules with different adsorption
configurations on UO, (111) slab after structure relaxation. It
can be observed that apart from the T-Ver, T-Ver-O, H-down-
O-Ver, and H-down-O-Ver-O configurations, the C and O
atoms of CO molecule with other configurations can bond to
the surface U atoms. There is no evidence of CO molecule
dissociation after structure optimization in all adsorption
configurations. The bonding adsorption of CO molecule can
only be observed along the horizontal direction in the initial
top and H-down-O configurations. No bonding adsorption can
be observed along the vertical direction, suggesting that CO
adsorption on the surface along vertical direction is difficult.
Table 1 presents the adsorption energy and geometrical
parameters of CO molecule adsorption on the UO, (111) slab
for all configurations. E,, represents the adsorption energy;
d., represents the distance between C and O atoms of CO
molecule; Bond C represents the C atom bonding with the
slab surface atom; Bond O represents the O atom of CO
molecule bonding with the slab surface atom; d,,_, . represents
the bond length between slab surface atom and C atom; dy,
represents the bond length between slab surface atom and O
atom. The adsorption energy E,, can be obtained by Eq.(1), as
follows:
E,=E

where E.

slab+mol

Egw — E (1
represents the total energy for adsorption system
after CO adsorption, £, represents the total energy of UO,
(111) slab, and E_; represents the CO molecule energy. The
negative adsorption energy indicates the stable adsorption

ads slab + mol mol

system. The larger the absolute value of adsorption energy, the
more stable the adsorption system. Conversely, positive
adsorption energy
becomes unstable.

suggests that the adsorption system

It is observed that the distance between the C and O atoms
of the CO molecule (d.. ) increases compared with the bond
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Fig.4 Top and side views of CO molecules with different adsorption configurations on UO, (111) slab before structure relaxation: (a) T-Hor;
(b) T-Ver; (c¢) T-Ver-O; (d) H-Hor; (e) H-Ver; (f) H-Ver-O; (g) H-down-O-Hor; (h) H-down-O-Ver; (i) H-down-O-Ver-O; (j) B-short-Hor;
(k) B-short-Ver; (1) B-short-Ver-O; (m) B-long-Hor; (n) B-long-Ver; (o) B-long-Ver-O

length of the free CO molecule after adsorption. This
phenomenon results in the decrease in the strength of C-O
bonding. Except that of the T-Ver-O and H-down-O-Ver-O
configurations, the adsorption energy of all configurations is
negative, indicating the stable adsorption of the CO molecule
on the UO, (111) slab. Specifically, the T-Ver and H-down-O-
Ver configurations demonstrate the physical adsorption
without bonding to the slab atoms.

Fig.6 and Fig.7 show the configurations of the top and side
views of CO, molecule adsorption on the UO, (111) slab
before and after structure relaxation, respectively. CO,
molecule is optimized before structure optimization. The C=0O
bond length (0.1176 nm) agrees well with the experiment
value (0.1162 nm)™!. Except those in the T-Ver, H-Ver, and
H-down-O-Ver configurations, the O atoms of CO, molecule
bond to the surface U atoms in all other configurations.
However, after structure optimization, the CO, molecule
dissociates in the B-short-Ver and B-long-Ver configurations,
and only C atoms bond to the surface U atoms in these two
configurations. Table 2 presents the adsorption energy and
geometric parameters of the CO, molecule adsorption on the
U0, (111) slab. d_,,/d.,, represents the distance between C

atom and O1 atom/O2 atom of CO molecule; 6, ., represents
the bond angle with the CO, molecule between the C atom
and O1 and O2 atoms. Similar to the CO molecule adsorption,
the d.,, and d.,, values increase, compared with the bond
length of C=O0 at free state after adsorption. The CO, molecule
deviates from its linear structure, resulting in a weakened
C=0 bond interaction due to the CO, adsorption.

Similar results are observed for CO and CO, molecule
adsorption on the UO, (111) slab. The adsorption stability of
bridge sites, including the short and long bridge
configurations, is better than that of other sites, indicating the
chemical adsorption of CO and CO, molecules on the bridge
sites of the UO, (111) slab. Thus, the initial B-short-Ver
configuration is optimal for both CO and CO, molecule
adsorption on the UQO, (111) slab. In CO molecule adsorption,
the system stability of Hor, Ver, and Ver-O configurations
gradually decreases. In CO, molecule adsorption, the system
stability of Hor and Ver configurations gradually decreases.
The bond lengths between the C atoms and surface U atoms
range from 0.2287 nm to 0.2501 nm in the CO adsorption and
from 0.2282 nm to 0.2520 nm in CO, adsorption on the UO,
(111) slab, as indicated in Table 1 and Table 2. These values
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Fig.5 Top and side views of CO molecules with different adsorption configurations on UO, (111) slab after structure relaxation: (a) T-Hor;
(b) T-Ver; (c) T-Ver-O; (d) H-Hor; (e) H-Ver; (f) H-Ver-O; (g) H-down-O-Hor; (h) H-down-O-Ver; (i) H-down-O-Ver-O; (j) B-short-Hor;
(k) B-short-Ver; (1) B-short-Ver-O; (m) B-long-Hor; (n) B-long-Ver; (o) B-long-Ver-O

are close to the bond length of U-C in UC (0.2480 nm) ™.
Additionally, the bond lengths between the O atoms and
surface U atoms range from 0.2402 nm to 0.2504 nm in CO
adsorption and from 0.2258 nm to 0.2566 nm in CO,
adsorption, which are closer to the bond length of U-O in UO,
(0.2370 nm) ®”. These results demonstrate the formation of
stable chemical bonds between the C or O atoms and the U
atoms on the slab.

However, the adsorption types of CO and CO, molecule
absorption on UO, (111) slab are different. CO adsorption
includes stable adsorption (both chemical and physical
adsorption) as well as unstable adsorption. CO, adsorption
only consists of stable adsorption of chemical adsorption and
unstable adsorption. Chemical adsorption leads to the bonding
between the surface U atoms and the C or O atoms in the CO,
molecule.

2.2 Charge distribution

Table 3 and Table 4 present the net charge distribution
numbers for CO and CO, adsorption on the UO, (111) slab,
respectively. ¢g. and g, are net charge numbers of C and O
atom, respectively; ¢, co 1S the sum net charge number of C
and O atoms of CO molecules; ¢, ¢rp> Taa> G 04 gy, are
the total net charge numbers of the first, second, third, fourth,

and fifth layers on slab, respectively; g, and g, are net
charge numbers of Ol and O2 atoms, respectively; ¢, co, 18
the sum net charge number of O1, O2, and C atoms of CO,
molecules. The UO, (111) slab transfers net charge to the CO
and CO, molecules, and the surface layer is the primary
supplier of electrons compared with other layers of the UO,
(111) slab. This phenomenon can also be observed in the
adsorption process of other small molecules™. Furthermore,
the charge transfer is greater in the dissociated adsorption,
compared with that of the associated adsorption. Notably, the
B-short-Ver exhibits the highest
accumulation in the adsorption of both CO and CO,
molecules. In the stable adsorption of CO and CO, molecules
on the UO, (111) slab, the C atoms gain more charge than the
O atoms do. This is because the energy level of the C atomic
orbital is closer to that of the 2n* molecular orbital which is

configuration charge

composed of the p atomic orbitals of the C and O atoms in the
CO molecule. Consequently, the
primarily concentrate on the C atoms during CO molecule

transferred electrons

adsorption. Since the highest occupied molecular orbital
(HOMO) is related to the lone pair of electrons provided by O
atoms, the presence of surrounding electrons weakens the
electron adsorption ability of O atoms. Therefore, electrons
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Table 1 Adsorption energy and geometrical parameters of CO molecule adsorption on UO, (111) slab

Configuration E /eV d. ,/nm Bond C dy,q/nm Bond O g g o/NM
c-u, 0.2294 0-U, 0.2413
T-Hor -2.038 0.1382 C-U, 0.2478 0-U, 0.2467
C-U, 0.2496 - -
T-Ver ~0.667 0.1171 - - - -
T-Ver-O 0.489 0.1153 - - - -
c-u, 0.2292 0-U, 0.2403
H-Hor -2.333 0.1386 c-U, 0.2471 0-U, 0.2466
C-U, 0.2493 - -
c-u, 0.2492 0-U, 0.2454
H-Ver -2.118 0.1369 C-U, 0.2497 0-U, 0.2460
C-U, 0.2289 - -
c-u, 0.2500 0-U, 0.2458
H-Ver-O ~1.976 0.1365 C-U, 0.2495 0-U, 0.2455
C-U, 0.2287 - -
H-down-O-Hor ~1.771 0.1348 < 0.23%0 ot 02481
- - 0-U, 0.2482
H-down-O-Ver -0.738 0.1196 - - - -
H-down-O-Ver-O 0.458 0.1145 - - - -
c-u, 0.2469 0-U, 0.2406
B-short-Hor -2.437 0.1386 C-U, 0.2493 0-U, 0.2466
C-U, 0.2290 - -
c-U, 0.2490 0-U, 0.2456
B-short-Ver -2.572 0.1369 c-U, 0.2291 0-U, 0.2463
C-U, 0.2497 - -
B-short-Ver-O -1.067 0.1405 U 0.2501 o-U, 0.2304
C-U, 0.2489 0-U, 0.2466
B-long-Hor -1.437 0.1352 b 0237 o-Us 0.2478
- - 0-U, 0.2483
c-U, 0.2483 0-U, 0.2478
B-long-Ver ~1.939 0.1379 c-U, 0.2298 0-U, 0.2402
C-U, 0.2430 - -
c-U, 0.2380 0-U, 0.2452
B-long-Ver-O -0.989 0.1346
- - 0-U 0.2486

preferentially transfer through the C atoms of CO, molecules.
Fig. 8 illustrates the change in the absolute value of
adsorption energy E,, with the charge gain in the adsorption
of CO and CO, molecules on the UO, (111) slab. The absolute
value of E , is increased with increasing the charge gain for
both CO and CO, molecules,
correlation between adsorption stability and charge gain.

indicating the positive

Additionally, the absolute value of E , is larger for CO,
adsorption, compared with that of CO adsorption at the same
charge gain situation. This result suggests that CO adsorption
exhibits better stability than CO, adsorption does at the same
charge gain situation.

2.3 Distribution of Bader charge

COHP™ was investigated in the optimized configurations
of CO and CO, molecules, and the results are obtained by

LOBSTER program™*”, shown in Fig. 9. The positive and
negative COHP values correspond to the bonding and
antibonding interactions, respectively. According to Fig.9, the
— COHP values which are positive with corresponding ener-
gies below the Fermi level indicate the bonding interactions
between the CO/CO, molecules and the UO, (111) slab. The
integral result of COHP value below the Fermi level is
ICOHP, which
corresponding atom interactions. Table 5 presents ICOHP

denoted as reflects the strength of
values for the C and O atoms with the surface bonding atoms.
ICOHP-C represents the ICOHP value for C atom with
surface atom, and ICOHP-O represents the ICOHP value for
O atom with surface atom. The total ICOHP value in the CO,
adsorption with B-short-Ver configuration is larger than that in

the CO adsorption with B-short-Ver configuration, suggesting
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Fig.6 Top and side views of CO, molecules with different adsorption configurations on UO, (111) slab before structure relaxation: (a) T-Hor;
(b) T-Ver; (c) H-Hor; (d) H-Ver; (¢) H-down-O-Hor; (f) H-down-O-Ver; (g) B-short-Hor; (h) B-short-Ver; (i) B-long-Hor; (j) B-long-Ver

Fig.7 Top and side views of CO, molecules with different adsorption configurations on UO, (111) slab after structure relaxation: (a) T-Hor;
(b) T-Ver; (c) H-Hor; (d) H-Ver; (¢) H-down-O-Hor; (f) H-down-O-Ver; (g) B-short-Hor; (h) B-short-Ver; (i) B-long-Hor; (j) B-long-Ver

that CO, adsorption is more stable than CO adsorption on the
U0, (111) slab.
2.4 DOS

Fig. 10 presents TDOS and PDOS of UO, (111) slab before
and after CO and CO, molecule adsorption with the optimal
B-short-Ver configuration. Notably, PDOS of the 5f orbital
exhibits a sharper profile, compared with that of other orbitals,
indicating the strong correlation of uranium 5f electrons.
PDOS of U atoms shows hybridization with that of the O
atoms whether the adsorption occurs or not. For instance,
hybridization exists between the U 6p and O 2s orbitals within

the energy range from -25 eV to —15 eV. Similar phenomenon
can also be observed between the U 6d/U 5f orbitals and O 2p
orbitals within the energy range from —10 eV to 0 eV. This
result illustrates the formation of stable chemical bonds
between the U and O atoms in the UO, (111) slab. However, a
new peak emerges at —10 eV due to the adsorption of CO and
CO, molecules, as indicated by the black dotted rectangles in
Fig.10e and 10f, respectively.

To further investigate the PDOS of specific atoms and
orbitals, Fig. 11 displays PDOS of U and O atoms before and
after CO and CO, molecule adsorption with optimal B-short-
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Table 2 Adsorption energy and geometrical parameters of CO, molecule adsorption on UO, (111) slab

Configuration E ,/eV d. o,/nm d o,/nm Oo.c.o/(®) Bond C dy,q/nm Bond O g g o/NM
T-Hor -2.368 0.1327 0.1317 115.433 ) ) Ol 02354
- - 0,-U, 0.2566
T-Ver 0.285 0.1171 0.1182 178.988 - - - -
H-Hor -1.986 0.1301 0.1290 124.797 - - 0,-U, 0.2463
H-Ver 0.040 0.1166 0.1193 179.695 - -
H-down-O-Hor -2.054 0.1320 0.1318 115.685 ) ) 0 02345
- - 0,-U, 02555
H-down-O-Ver 0.600 0.1171 0.1184 178.650 - - - -
B-short-Hor 2452 0.1331 0.1329 115.460 ) ) Y, 0.2297
- - 0,-U, 0.2295
C-U, 0.2447 0,-U, 0.2395
c-U, 0.2464 0,-U, 0.2452
B-short-Ver -3.824 0.1383 0.3787 - C-U, 0.2282 0,-U, 0.2391
- - 0,-U, 0.2343
- - 0,-U, 0.2258
B-long-Hor -2.862 0.1342 0.1341 115.412 ' ) O, 02452
- - 0,-U, 0.2482
C-U, 0.2520 0,-U, 0.2332
B-long-Ver -3.383 0.1184 0.3506 - - - 0,-U, 0.2336
- - 0,-U, 0.2313
Table 3 Net charge distribution number of CO molecule adsorption on UO, (111) slab (e)
Configuration qc q0 ol co qiy Gy - Qo A5,
Atom -1.0568 1.0568 0 - - - - -
Free surface - - - -5.7809 5.5286 5.2625 -10.2094 5.1515
T-Hor 0.6600 1.1792 1.8392 -7.4524 5.4363 5.1804 -10.1723 5.1327
T-Ver -0.5031 1.0317 0.5286 -6.4080 5.4877 5.2873 -10.0925 5.1531
T-Ver-O -1.0984 1.2239 0.1255 -5.8113 5.4604 5.2472 -10.2047 5.1356
H-Hor 0.6848 1.1701 1.8549 -7.4156 5.3976 5.1754 -10.1940 5.1345
H-Ver 0.6048 1.1899 1.7947 -7.3581 5.3940 5.1879 -10.1974 5.1367
H-Ver-O 0.5882 1.1856 1.7738 -7.3089 5.4052 5.1866 -10.2364 5.1356
H-down-O-Hor 0.2962 1.2592 1.5554 -7.4138 5.4520 5.2718 -10.0572 5.1461
H-down-O-Ver -0.2209 1.0279 0.8070 -6.5216 5.4497 5.2343 -10.1576 5.1454
H-down-O-Ver-O -1.1313 1.1653 0.0340 -5.6998 5.4218 5.2419 -10.1829 5.1351
B-short-Hor 0.6705 1.1672 1.8377 =7.3390 5.3827 5.1680 -10.2278 5.1340
B-short-Ver 0.5944 1.1835 1.7779 =7.4065 5.3999 5.1929 -10.1535 5.1450
B-short-Ver-O 0.3524 1.2325 1.5849 =7.1995 5.4297 5.2231 -10.2161 5.1326
B-long-Hor 0.3012 1.2582 1.5594 —7.4980 5.4542 5.2414 -9.9395 5.1373
B-long-Ver 0.6344 1.1601 1.7945 -7.2402 5.3587 5.1764 -10.2695 5.1362
B-long-Ver-O 0.3460 1.2108 1.5568 -7.1631 5.4145 5.2120 -10.2028 5.1379

Ver configuration. According to Fig. 11, PDOS of U and O
atoms represent that of surface atoms of UO, (111) slab and
CO or CO, molecule, respectively. The adsorption of CO and
CO, molecules results in three hybridization peaks: at =10 eV,
within the energy range from —7.5 eV to —2.5 eV, and within
the energy range from - 2.5 eV to 0 eV. The first peak
primarily involves the hybridization of U 6d, O 2p, and C 2p

orbitals, contributing to the newly formed peaks in Fig. 10e
and 10f. The peak value of the O 2p orbital is higher than that
of the C 2p orbital. The second peak is hybridized by U 6d, O
2p, and C 2p orbitals, and the participation of the O 2p orbital
is more obvious than that of the C 2p orbital, as determined by
the area enclosed by PDOS of atomic orbitals and coordinate

axis. The third peak primarily results from the hybridization of
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Table 4 Net charge distribution number of CO, molecule adsorption on UO, (111) slab (e)

Configuration 9o 9o 4c 91otal co, 91 Dong D34 Gam s
Atom 1.0452 1.0452 -2.0904 0 - - - - -

Free surface - - - - =5.7809 5.5286 5.2625 -10.2094 5.1515
T-Hor 1.2217 1.2465 -0.9422 1.5260 =7.4997 5.4123 5.2619 -9.8849 5.1410
T-Ver 1.0061 1.1935 -2.1003 0.0993 -5.7858 5.4470 5.2493 -10.1981 5.1389
H-Hor 1.1986 1.1639 -0.9309 1.4316 =7.2936 5.4152 5.2306 -9.9683 5.1410
H-Ver 0.9567 1.2330 -2.0554 0.1343 -6.0756 5.4895 5.2746 -10.0244 5.1538

H-down-O-Hor 1.2113 1.2083 -0.9111 1.5085 -7.5495 5.4512 5.3020 -9.9160 5.1607
H-down-O-Ver 1.0491 1.1961 -2.1205 0.1247 -5.8550 5.4517 5.2520 -10.1608 5.1401

B-short-Hor 1.1926 1.1950 -0.7854 1.6022 -7.5898 5.3988 5.2619 -9.8580 5.1438

B-short-Ver 1.1460 1.2675 0.6408 3.0543 -8.4446 5.2653 5.1609 -10.2081 5.1306

B-long-Hor 1.1885 1.1861 -0.6193 1.7553 -7.4667 5.3945 5.2263 -10.0992 5.1472

B-long-Ver 1.1045 1.3106 -0.4477 1.9674 =7.7005 5.4568 5.2142 -10.1260 5.1421

4 between the O2 and C atoms after CO adsorption with
Em Igg a:;:git‘;:n B-short-Ver configuration.
el : 2.5 AIMD simulation
E The abovementioned adsorption calculations were
= 2F conducted at the circumstance temperature of 0 K. However, it
Z is impossible to approach 0 K in practical experiments.
”; 1t Therefore, the adsorption evolution was investigated based on
< CO and CO, molecule adsorption with typical configurations
(()).0 015 110 1j5 2j0 2:5 310 on UO, (111) slab at the room temperature (300 K). The
Charge Gain/e typical configurations include B-short-Ver configuration for

Fig.8 Relationship between absolute value of adsorption energy
E,, and charge gain in CO and CO, molecule adsorption on
Uo, (111) slab

U 6d, U 5f, O 2p or Ol 2p, and C 2p orbitals. The
participation order of this peak formation is as follows: U 5f,
U 6d, C 2p, and O 2p/O1 2p, which indicates that the peak is
predominantly formed by the bonding between C and surface
U atoms. Notably, the participation of the O2 2p orbital is
significantly less obvious than that of other orbitals in the
formation of the hybridized peak at — 10 eV and within the

CO adsorption as well as B-short-Ver and B-long-Ver
configurations for CO, adsorption. B-short-Ver configuration
is the optimal configuration for CO molecule adsorption,
whereas the B-short-Ver and B-long-Ver configurations are
dissociated after CO, molecule adsorption. Fig. 12 —Fig. 14
show the structure evolution and charge density difference in
the CO adsorption with B-short-Ver configuration and CO,
adsorption with B-short-Ver and B-long-Ver configurations
on UO, (111) slab at 300 K by AIMD simulation. Yellow
area indicates the increase in charge density (isosurface level:
10 e/nm’), and blue area indicates the decrease in charge
density (isosurface level: 4 e/nm’). Blue-gray, brown, and red
balls represent the uranium, carbon, and oxygen atoms,

energy range from —2.5 eV to 0 eV, owing to the dissociation respectively.
10 m—TA 10
— C-Ug
S5r —CUs 5k
B —0-U,
2 —ou
> 8 Ep
%D 0 L B % L 0 L
=]
: <
-5t %— -5t
—
-10 . . L . -10
-2 -1 0 1 2 -3
-COHP/eV™! -COHP/eV"!

Fig.9

COHP values of C and O atoms with surface atoms in CO (a) and CO, (b) molecule adsorption with optimal B-short-Ver configuration
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Table S ICOHP values for C and O with surface atoms in CO and CO, molecule adsorption with optimal B-short-Ver configuration on

U0, (111) slab

Configuration Bond C ICOHP-C/eV Bond O ICOHP-O/eV
C-U, 2.8509 0-U, 2.5309
B-short-Ver/CO C-U, 5.8475 O-Ui 2.4953
C-Ug 2.8348 - -
C-U, 3.0719 0,-U, 2.9757
C-U, 3.1276 0,-U, 2.6981
B-short-Ver/CO, C-U, 6.1249 0,-U, 3.7216
- - 0,-U, 4.1059
- - 0,-U, 4.9308
40 Z ; 40 A | 5 40
I I
30 : 30 : 30
% | I
220 I\ [ 20 I f 20
A I
= _ I
10 10 a | {10 "
I I [}
A ! _A 1
0 . 0 s 0 T
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1 1
—— U 6st7s B ——U6s+7s Er| e ——U 6s+7s
—U 6p | —U6p | ——U6p
' —ve L |20 —ued 1|20 —vued
—Usf | —Usf | —Usf
L15p——02s Iy |15p—02 1] |15p—02s
i) ——02p | —02p | —O02p
2 —cC2s | —C2s
A 10 10f——cC2p | 10 C2p
[ I
i
5 h 5 | : S
I
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Fig.10 TDOS (a—c) and PDOS (d-f) of UO, (111) slab before (a, d) and after CO (b, ¢) and CO, (c, f) molecule adsorption with optimal B-short-

Ver configuration
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Fig.11  PDOS of specific atoms and orbitals before (a) after CO (b) and CO, (c) molecule adsorption with optimal B-short-Ver configuration

Verlet algorithm was performed in AIMD calculations based was applied for AIMD simulation, suggesting that the

on NVT ensemble. Then, the total calculation time was 1000 temperature can be maintained by modifying the Newton

fs with time scale of 1 fs. Besides, Langevin thermostat™*>" equations of motion™, as follows:
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0fs 196 fs

Fig.12 Side and top views of structure evolution (a—c) and charge density difference (d—f) in CO adsorption with B-short-Ver configuration on
U0, (111) slab at 300 K

Fig.13  Side and top views of structure evolution (a—c) and charge density difference (d—f) in CO, adsorption with B-short-Ver configuration on
UO, (111) slab at 300 K

P, =p./m, ) where p, is the atom momenta; F, is the force acting on atom i

p.=F. —vyp.+f 3) owing to the interaction potential; y, is friction coefficient; f is
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Fig.14 Side and top views of structure evolution (a—c) and charge density difference (d—f) in CO, adsorption with B-long-Ver configuration on

UO, (111) slab at 300 K

the random force with the dispersion ¢, The dispersion g,

1 and it can be

corresponds to the friction coefficient y/
expressed by Eq.(4), as follows:

ol = 2mykyTIAt “4)
where £ is the Boltzmann constant; At is the time-step used in
molecular dynamics to integrate the equations of motion; 7 is
temperature. Structure differences can be observed in the
adsorption configurations between the stable configurations at
300 K and the selected configurations at 0 K. However, at 300
or 0 K, CO, molecules undergo dissociation in the B-short-Ver
and B-long-Ver configurations. According to Fig. 12—Fig. 14,
the C and O atoms are located in the yellow areas, whereas the
U atoms of the UO, (111) slab are in the blue areas. The size
of these surrounding areas is increasesd with prolonging the
reaction time, indicating the increase in charge transfer.
Ultimately, stable chemical bonds are formed between the CO/
CO, molecules and the UO, (111) slab, as inferred by the
evolution of the charge density difference”" in Fig.12—Fig.14.
A conformation similar to the final adsorption result of CO
molecule adsorption on the UO, (111) slab can be observed at
196 fs. Therefore, for the B-short-Ver and B-long-Ver
configurations, CO, molecules undergo dissociation at 160
and 131 fs, respectively. The primary reaction of CO and CO,
adsorption on the UO, (111) slab at 300 K occurs within 200
fs in the whole process.

3 Conclusions

1) UO, is treated as a non-metallic material with calculated

band gap of 1.84 eV, which is slightly smaller than the
experiment value of 2.1 eV.

2) The adsorption stability of the bridge site is better than
that of the top and hollow sites in the CO and CO, molecule
adsorption on UO, (111) slab. Considering the charge transfer,
CO adsorption exhibits better stability than CO, adsorption
does. The adsorption types include stable (chemical and
physical) and unstable adsorption for CO molecules. The
stability of CO, adsorption with optimal configuration is
better than that of CO adsorption.

3) B-short-Ver configuration is the optimal adsorption
configuration for both CO and CO, molecule adsorption on
the UO, (111) slab. CO, molecules are dissociated in the
B-short-Ver and B-long-Ver configurations.

4) The antibonding orbitals of CO and CO, molecules are
filled by transferred electrons from the surface U atoms
through C atoms.

5) U atoms hybridize with the C and O atoms of CO and
CO, molecules, resulting in three hybridization peaks: the
peak at —10 eV, which is caused by the hybridization of U 6d,
O 2p, and C 2p orbitals; within the energy range from -7.5 eV
to —2.5 eV, which is caused by the hybridization of U 6d, O
2p, and C 2p orbitals; within the energy range from -2.5 eV to
0 eV, which is caused by the hybridization of U 6d, U 5f, O 2p
or O1 2p, and C 2p orbitals.

6) CO, molecules are dissociated in the B-short-Ver and
B-long-Ver configurations, which is consistent with the
dissociation at 0 K. The adsorption of CO and CO, molecules
on the UO, (111) slab primarily occurs within 200 fs.
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