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# 1 PuO, KMRE (FPLH J/m?)

Table 1.  PuQ, surface energies in units of J/m?.

Refs. Methods v (111) 7 (110)
Sun et al.>! LDA/GGA+U (U= 4eV) 0.72—1.04 1.20—1.44
Rék et al.l'! DFT GGA+U (U=4¢eV) 0.74 1.15

This work GGA+U (U= 4eV) 0.72 1.27
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Fig. 1. Stoichiometric models and reduction of PuO, crys-
tals on the (111) and (110) surfaces: (a) The stoichiometric
surface; (b) the reduced surface with first-layer oxygen va-
cancies; (c) the reduced surface with second-layer oxygen
vacancies. Plutonium atoms and oxygen atoms are repres-
ented in cyan and yellow, respectively. The white boxes in-

dicate oxygen vacancies.
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Table 2. Formation energies of top-surface and subsur-

face oxygen vacancy in PnO, (111) and (110) surfaces (in
units of eV).

Refs. Methods Surface Top Sub
v(111) 281 243
Wang et al.l3]
v (110) — —
DFT+U
v (111) 2.66 2.58
This work
v (110) 1.17 1.39
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Fig. 2. Projected density of states (PDOS) of stoichiometric (111) surface (a) and (110) surface (b), first-layer oxygen vacancy re-

duced (110) surface (c) and (111) surface (d). The Fermi energy is set to zero.
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Fig. 3. Top views of the (a) (111) surface and (b) (110) surface on the stoichiometric model of the PuO, crystal and corresponding

adsorption sites of water molecules. The color codes are as shown in Fig.1.
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R BB A, B ES S A 1 AR

Fig. 4. The most stable structures of water molecule adsorp-
tion on stoichiometric (a), (¢) and reduced (b), (d) PuO,
(111) and (110) surfaces. The white box indicates oxygen
vacancy. Distances are in A. The color coding is the same
as in Fig. 1.
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Fig. 5. The most stable structures of partially dissociative
and fully dissociative adsorption of water molecules on
PuO, (a), (b), (e), (f) stoichiometric and (c), (d) reduced
(111) and (110) surfaces. The white box indicates oxygen
vacancy, and the black box indicates the hydroxyl radical
from water dissociation. The color coding is the same as in
Fig. 1.
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FEAE, WA 6 7R, AL SR A S DA S R W ff 4544
A X RER. | 6(a), (c) KA THE PuOy(111)
F1(110) AR A 25 O A2, RIAR E5H Th—A~
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RRE LK PR R A AT iR 5 i,
HHIK 431 2 T W B RS e MEARAIR, AR 25 5 #r 2% T fit
BN — AR TR A f 3L B 6(b), (d) K
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Fig. 6. Dissociation energy profiles of a single water molecule on stoichiometric (a), (b) (111) and (c), (d) (110) surfaces: (a), (¢) The
first dehydrogenation on the surface; (b), (d) the second dehydrogenation. The insets correspond to the optimized structures of the ini-
tial state (left), transition state (middle), and final state (right). Distances are measured in A. Color codes are as shown in Fig. 1.
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Fig. 7. Calculated dissociation pathways of water molecules and the energies of two types of Hy formation on the reduced PuO,(111)

surface. The white box indicates an oxygen vacancy, and TS represents the transition state energy relative to the previous state

Distances are in A, and energies are in eV. The color coding is shown in Fig. 1.
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First-principles study of adsorption behavior of single water
molecule on (111) and (110) surfaces of PuO,
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Abstract

Plutonium dioxide, as one of the primary materials for nuclear fuel, serves as a critical component in fast
neutron reactor fuel and mixed oxide (MOX) fuel due to its distinctive physical and chemical properties. It can
significantly enhance the utilization efficiency of uranium and diminish the demand for natural uranium
resources. Moreover, plutonium dioxide constitutes an essential component of spent nuclear fuel. However,
during long-term storage, oxygen vacancies on its surface can facilitate hydrogen release under the influence of
water molecules, thereby posing potential risks to nuclear safety. Therefore, it is crucial to have a deep
understanding of the interaction mechanism between water molecules and the plutonium dioxide surface. Such
insights provide valuable theoretical guidance for ensuring the safe storage of spent nuclear fuel., The
adsorption behavior of HyO molecules on the PuO, (111) and (110) surfaces, as well as the effects of oxygen
vacancies and excess electrons on these surfaces, is investigated numerically based on the first-principles
calculations in this work. The simulation results show that the PuO, (111) surface is very stable compared with
the PuO, (110) surface, indicating that PuO, (110) is more prone to oxygen vacancies. For the adsorption of
water molecules on PuO, (111) and (110) surfaces, the plutonium atom vertex site is identified as the only
stable adsorption site, with one hydrogen atom of the water molecule preferentially bonding to a surface oxygen
atom. Due to the higher reactivity of the PuO, (110) surface than that of the stoichiometric PuO, (111) surface,
water molecules exhibit molecular adsorption configurations on the latter, while dissociative adsorption
configurations are favored on the former. Using the CI-NEB method, the energy barriers for the dissociation of
the first hydrogen atom on stoichiometric surfaces of PuO, (111) and (110) are determined to be 0.11 eV and
0.008 eV, respectively. In contrast, the energy barriers for complete dissociation are 0.85 eV and 1.02 eV,
respectively, which are significantly higher. For reduced PuO, (111) surfaces containing surface oxygen
vacancies, the energy barrier for Hy production via water decomposition is calculated to be 3.31 eV. On the
over-hydrogenated PuQ, (111) surface, the energy barrier for H, production decreases markedly to 1.92 eV,
providing theoretical insights into the mechanism of hydrogen release during nuclear fuel storage.

Keywords: plutonium dioxide, first-principles method, water molecular, oxygen vacancy, adsorption behavior
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