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Abstract  [Background] The extraction of uranium (U) and its alternative resources, such as thorium (Th) and
plutonium (Pu), from seawater is essential to address the scarcity of terrestrial U resources. The development of a
separation material with high adsorption properties is the key to solving this problem. [Purpose] This study aims to
reveal the adsorption behavior of actinides (U, Th, and Pu) on the surface of a two-dimensional metal material,

antimonene. [Methods] The Hubbard U values, U, were determined for the on-site Coulomb interactions of 5f
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electrons of U and Pu atoms using the linear response method. Furthermore, the adsorption energy, adsorption
configuration, electronic structures, charge transfer, and highest occupied molecular orbital wavefunction of a U, Th,
or Pu atom adsorbed on the surface of monolayer antimonene were analyzed using the DFT+U approximation. The
variation of the adsorption rate with temperature was further calculated by the equilibrium adsorption rate equation.
[Results] The calculated U, values of U and Pu atoms are 2.24 eV and 2.84 eV, respectively. The Pu atom is
energetically unfavorable to be adsorbed on antimonene (with a negative adsorption energy for each adsorption site),
whereas the U and Th atoms exhibit strong chemical adsorption on its surface. Antimonene also offers abundant
surficial stable adsorption sites for the U and Th adatoms. The most energetically stable sites for the U and Th
adatoms are the B (Bridge)-H (Hollow) site and H (Hollow) site, with adsorption energies of 4.40 eV and 3.62 eV,
respectively. The impurity states are generated in the band gap of antimonene upon the adsorption of the U or Th
atom, and the strong p-d coupling between the U or Th adatom and antimonene in the impurity states contributes to
the strong adsorption of the adatoms. The desorption temperatures of U and Th on the surface of antimonene reach
837 K and 660 K, respectively. [Conclusions] The results indicate that antimonene is an excellent two-dimensional

adsorbent material for U and Th and has potential for several applications such as in the extraction of actinides from

seawater.
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Table 1 Calculated values for an Actinide atom (U, Th, or Pu) adsorbed at different sites of the surface of antimonene: the
adsorption energy (E,,, in eV) the charge transfer between the adatom and antimonene (Ap, in ¢), the smallest bond length of
the adatom and Sb atom (d, ,, in A), and the adsorption height of the adatoms from antimonene (, in A)
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U 440 —-0.88 3.09 1.89 380 -1.03 3.06 1.63 344 —075 3.07 221 3.64 —-092 3.10 195
Th 347 —091 3.03 1.83 3.62 —-1.14 3.02 1.50 243 —0.55 2.99 220 347 —0.88 3.02 1.80
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Fig.3 Top and side views of the adsorption structures of a uranium (a~d) or thorium (e~f) atom adsorbed on the surface of
antimonene at the B (a, ), H (b, f), T (c, g), or V (d, h) sites
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Fig.5 Top and side views of wavefunction isosurfaces of HOMO for a U (a) or Th (b) atom adsorbed on antimonene
(The yellow and cyan patterns denote the electron-rich and electron-depleted regions, respectively, color online)
The isosurface values for (a) and (b) are set by 1.6 x 10°e-A” and 4.0 x 107 e-A~, respectively
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