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Abstract: A promising way to recover spent nuclear fuel (SNF) is the method
of extracting transuranium compounds from molten salt, which makes it pos-
sible to obtain a partial separation between transuranium compounds and lanth-
anides. This work is devoted to the quantum mechanical study of changes in
the structure, energy and electronic properties of the main SNF component,
uranium dioxide, upon the removal of oxygen from the system. The influence
of the considered properties on the substitution of uranium by plutonium is also
studied at a ratio, of the number of plutonium atoms to uranium atoms, of 1:7
and 1:3. The removal of oxygen leads to a narrowing of the band gap up to the
transition to a conductive state at a ratio of uranium to oxygen of 2:3. The band
gap narrows and metallization sets in even when uranium is replaced by plut-
onium. A two-stage UO, metallization scheme based on lithium reduction and
direct (electronic) reduction is proposed.

Keywords: geometric and band structures; oxides; plutoniuml; SNF recovery;
spectrum of electronic states; uranium.

INTRODUCTION

The uranium—oxygen system seems to be an extremely complex system, the
literature data on which are very contradictory.! There are reports in the literature
about 14 types of oxides ranging from UO to UO3. A number of uranium oxides
have several crystalline modifications. Data on the physicochemical properties of
these systems are of great importance, since stable compound UQO; is a reactor
fuel. The basis of ceramic nuclear fuel, i.e., UO,, has high corrosion, radiation
and thermal stability. The high density of UO, provides a high concentration of
fissile material. The production of electricity using a nuclear reactor does not
emit greenhouse gases. Nuclear reactors have a very high energy density. Thus,
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when one fuel pellet weighing 10 g is burned in a reactor, energy released is
equivalent to the energy obtained by burning ~1300 kg of coal, ~1 m3 of oil or
~150 m3 of natural gas.?2 However, the low thermal conductivity of UO; leads to
high temperature gradients, which limits the size of the products. In addition, the
thermal conductivity of the fuel during its lifetime in the reactor is greatly red-
uced (up to 70 %).3 Uranium oxides seem to be the most stable compounds of
this element, which makes them suitable for storing uranium. Uranium oxides
can act as intermediates in the production of other uranium compounds, such as
fluorides.

The similar atomic weights and the largely similar atomic structure of uran-
ium and plutonium create prerequisites for considering their effect on the near
atomic environment to be practically identical. As a result, the same interaction
potentials are used in molecular dynamics modeling of U and Pu.#

Electrical conductivity is the physical property that is determined by the
electronic structure, has a feedback with it and affects the formation of a new
phase. A change in electrical conductivity caused by any process can accelerate
or slow down the development of this process. The reduction of uranium dioxide
(UOy) to uranium metal is reduced with the removal of oxygen from the system.
The electrolytic reduction method involves the removal of oxygen from UO; by
displacing uranium from this compound with lithium. The newly formed Li;O
compound enters the salt melt, where it decomposes into Li* and O%~. During the
electrolytic reduction of spent nuclear fuel (SNF), as a rule, U and Pu simultane-
ously deposited on the cathode. The U3* reduction potential to metallic U9 is
only 0.34 eV higher than that of Pu3*.5 The subsequent separation of the alloy,
consisting of U and Pu, requires additional operations.® In the field of pyropro-
cessing of SNF, liquid cadmium is applied to recover transuranics from molten
salt and provide some degree of separations between transuranics and lanthan-
ides. Analytical analysis using experimental data shows that in SNF recovery
using a liquid Cd cathode, when both U and Pu are dissolved in cadmium, the
highest Pu:U ratio is 8:1, and the lowest Pu:U ratio is 1:4.7 Expectedly higher is
the proportion of plutonium in binary (U-Pu) metallic fuel intended for fast
reactors. In such a non-irradiated fuel, the Pu:U ratio approximately corresponds
to a ratio of 1:3, while the proportion of Pu in the irradiated fuel increases sig-
nificantly.® Hubbard corrected density functional theory (DFT+U), than study of
the electronic and thermal properties of stoichiometric and hypostoichiometric
phases of uranium dioxide was carried out by Kaloni et al. It was shown that the
removal of oxygen can affect the electronic and thermal transport properties of
UO,. In addition, such properties of hypostoichiometric UO, as electronic pro-
perties, electronic thermal conductivity, phonon dispersion and lattice thermal
conductivity were calculated. A change in the electronic properties during SNF
recovery can affect the rate of recovery and the completeness of this process.
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Therefore, establishing the degree of electrical conductivity of the intermediate
phases is important for controlling the mode of the SNF recovery process.

The purpose of this work is to study changes in the structural, energy and
electronic properties of uranium dioxide systems, as well as uranium oxides con-
taining plutonium, when the Pu:U ratio is 1:7 and 1:3, when oxygen atoms are
removed from the system.

EXPERIMENTAL

These calculations were performed using the Siesta software package.!? In the work, a
study was made of the reduction of uranium dioxide, as well as the effect of the presence of
plutonium on the structures energy and electronic properties of uranium oxides. Uranium
dioxide was modeled by combining a 2x2x2 uranium FCC supercell (8 uranium atoms) and
two cubic oxygen lattices (16 oxygen atoms). In what follows, we will represent the UgO¢
system as UO,, and the UgO;, system as U,O;3. The structure of uranium dioxide after geo-
metric optimization is shown in Fig. la. To simulate the reduction of uranium dioxide, two
and four oxygen atoms were removed from the supercell; systems containing 14 and 12 oxy-
gen atoms were considered. Fig. 1b shows the structure of U,03, containing 8 uranium atoms
and 12 oxygen atoms after geometric optimization. The introduction of plutonium is repre-
sented by the replacement of one or two U atoms in 2x2x2 uranium FCC supercell by Pu
atoms. Thus, we considered systems with the Pu/U ratio in the uranium dioxide structure 1:7
(1 plutonium atom to 7 uranium atoms) and 1:3 (1 plutonium atom to 3 uranium atoms). The
simulation was carried out using the LDA+U approximation,!! the values of the parameters
U, and Jgr for both uranium and plutonium atoms were taken to be 4.5 and 0.5 eV, respect-
ively. In all systems considered by us, geometric optimization was carried out using the local
density approximation in the CA form.'? The dynamic relaxation of atoms continued until the
change in the total energy of the system became less than 0.001 eV. In the ab initio calcul-
ations, the Born—Karman periodic boundary conditions were used. The density of the three-
-dimensional grid used to calculate the electron density was set using a cutoff energy of 550
Ry. The partial density electronic of states (PDOS) and band structures are often used to char-
acterize the electronic properties of materials. The band structure was calculated in the L-I'-X-
-U-K-T direction. The Brillouin zone was set by the Monkhorst-Pack method!? using 5x5x5
k-points.

The binding energies of a uranium or plutonium atom with the rest of the compound (i.e.,
compound without uranium or plutonium atom) were calculated according to the expression:

Ery—E1—E
1U/1Pu — _ ETot = L1~ £1A
E, bond t=— N (1
where Et,, is the total energy of the system, £, is the total energy calculated for the system in
the absence of a uranium or plutonium atom, £/, is the energy calculated for a single uranium
or plutonium atom, and N is the number of atoms in the system.

The energy of bonds between atoms in a compound:

Etot = NoEio = NyEjy — NpyEipy
N
where Eq, Eqpy, Ejy are the energies calculated for single oxygen, plutonium and uranium

atoms, respectively, and Ng, Np,, Ny are the number of oxygen, plutonium and uranium atoms
in the system, respectively.

2

Epond =—
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(b)

Fig. 1. Geometric structure of: a) UO, and b) U,0O; after geometric optimization.

RESULTS AND DISCUSSION

Table I represents the following system characteristics: the average binding
energy between atoms in the entire system (£p); the binding energy between the
uranium atom and the rest of the system (E ! ); binding energy between a plut-
onium atom and the rest of the system (Eb ); bond lengths between atoms of
uranium and oxygen (L(y-0)) and that of plutonium and oxygen (L(py-0)). It can
be seen that the replacement of uranium atoms in the UO; compound by plut-
onium atoms up to get ratios of plutonium to uranium (Npy/Ny) of 1:7 and 1:3
leads to a decrease in the binding energy Ey, by 1.9 and 4.8 %, respectively. The
removal of oxygen in the absence of a plutonium in the system leads to a gradual
decrease in the binding energy £y, to 2.2 %. However, E}, behaves differently in
the presence of plutonium. An increase in the number of oxygen vacancies sim-
ilarly have affect on the values of £}, in systems with the ratio (Npy/Ny) of 1:7
and 1:3. In the hypothetical compound U7PuO14 and UgPuyO14, the energy Ey
increases by 0.3 and 2.5 %, respectively. However, after further withdrawal of
oxygen, i.e., in the U7PuO1; and U?Puzolz compounds, the energy E}, decreases.
The calculatlon of the energies Eb and Ey PV was carried out for 4 different
uranium atoms; the table shows the average values of the calculated bond
energies. In all considered cases, the energy EbU decreases on removal of oxy-
gen from the system. The largest drop in energy Eb equal to 25.5 % is obs-
erved when 4 oxygen atoms are removed from the U7PuO;¢ compound. At the
same time, the bond energy Eb increases when oxygen is withdrawn from
plutonium containing systems. Thus, when 4 oxygen atorns were removed from
the U7PuO14 and UgPuyO1¢4 systems, the energy of Eb increased by 34.0 and
13.3 %, respectively.

The lengths of the U-U and Pu—U bonds in all the considered compounds
are practically unchanged and are approximately equal to 3.81 and 3.79 A, res-
pectively. This agrees with the data of a small displacement of uranium atoms in
hypostoichiometric UO;_, compounds.? The U-O lengths upon replacement of
one or two U atoms by Pu atoms in UgO,, compounds decrease from 1.5 to 2.2 %
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depending on the composition of the hypothetical compound. In all cases a slight
decrease, from 0.1 to 1 % in the lengths, of the U-O bonds was found when 4
oxygen atoms were removed from the systems (UOj, U7PuO1¢ and UgPuyO1).
While the Pu—O bond lengths during the transition from the U7PuO;g and
UgPuyO14 to U7PuO1o and UgPuyO1; hypothetical compounds increase by 2.1
and 3.3 %, respectively.

TABLE 1. Characteristics of systems Ug_Pu,O,, (x and y is the number of plutonium and oxy-
gen atoms in the system, respectively); £, — bond energy of atoms in the system, EJY, EPY
— energy of bonds between 1 atom of uranium/plutonium with the rest of the system, Ly_g),
Lpy.0) — average bond lengths between uranium/plutonium and oxygen atoms

NPu NO Eb / eV EéU /eV Etl)Pu / eV L(U—O) / A L(Pu—O) / A

0 16 11.527 2.159 - 2.321 -
14 11.406 2.113 - 2.314 -
12 11.273 2.106 - 2.313 -

1 16 11.306 3.015 2.499 2.279 2.388
14 11.345 2.515 3.240 2.279 2.426
12 11.126 2.244 3.349 2.276 2.439

2 16 10.971 2.603 2.081 2.286 2.329
14 11.248 2.492 2.280 2.278 2.369
12 11.047 2.429 2.358 2.263 2.406

Fig. 2 shows the band structures of the considered systems, and Table II pre-
sents the electronic properties of the systems containing plutonium. The band gap
obtained for uranium dioxide is 2.23 eV, which is slightly larger than the value of
2.19 eV obtained earlier.!4 The removal of two oxygen atoms from the UO; sys-
tem leads to a narrowing of the band gap to 0.99 eV. If we continue to remove
oxygen from the system in the same amount (i.e., remove 2 more O atoms), then
the system becomes conductive. The narrowing of the band gap and the transition
to a conducting phase in hypostoichiometric uranium compounds are consistent
with the data previously obtained.® Substitution of uranium by plutonium at
ratios of Npy/Ny = 1:7 and 1:3 leads to metallization of the U7PuQO13, UgPusO1s,
UgPurO14 and UgPuy01; systems, while the U7PuO;¢ and U7PuQq4 systems
have semiconductor properties.

Fig. 3 shows the partial density of the electronic states for the UO;, U>O3,
U7PuO1; and UgPuyO1¢ systems. It can be seen that the conductive properties in
hypothetical compound U,O3 appear due to the interaction of the d and f orbitals
of uranium with the p orbitals of oxygen. The Fermi level turns out to be slightly
shifted into the conduction band of U>0O3, and the width of the a band gap is ~0.1
eV. At the same time, in the PDOS spectra of U7PuO;, and UgPuy01, the val-
ence band continuously passes into the conduction band. Moreover, conductivity
appears in these compounds due to the interaction of 6d uranium orbitals with 5f
plutonium orbitals and 5f uranium and plutonium orbitals with 2p oxygen orb-
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itals, respectively. In the PDOS of the U7PuO;, compound, a high bimodal peak
related to the 5f electrons of uranium is in the valence band, while in the PDOS
of the UgPuy01¢ compound, a similarly shaped peak also related to the 5f elec-
trons of uranium appears in the conduction band. For the three connections (UO»,
Uy03, UgPuy0O1¢) shown in the figure in the PDOS spectrum, there are adjacent
bands not wide enough to span the full range of electron energy levels. In the
PDOS spectrum of U7PuO¢, there are no such adjacent allowed bands. In other
words, in this case the part of the spectrum that belongs to the valence band is
continuous.

Energy (eV)

Energy (eV)

Energy (eV)

L I XUK rr r XUuUK rr r XU K T

Fig. 2. Band structures obtained for compounds UgO4, UgO14, UgO15, U;PuO ¢, U7PuOy 4,
U7Pu012, U6Pu20169 U6PUZ014 and U6PLI2012.

TABLE II. Conductivity characteristics of uranium oxide systems containing plutonium

Compound Electropic Band gap, Compound Electropic Band gap,
properties eV properties eV
U;PuOq4 Semiconductor 0.07 UgPuyO44 Metal -
U,PuOqy Semiconductor 0.21 UgPuyO14 Metal —
U7PuO 12 Metal — UGPU.ZO 12 Metal —

The presence of many different phases of non-stoichiometric actinide oxides
(AOx), complex structures and their tendency to form solid solutions make it ext-
remely difficult to understand not only the structure, but also chemical compo-
sition. Nevertheless, the DFT+U calculations reflect the correct trend of the band
gap depending on the oxidation state of the actinides.!5
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Energy (V) Energy (eV)

Fig. 3. Partial density of electronic states obtained for compounds UO,, U,03, U;PuO;, and
U6PUQ016.

The reduction of UO, to uranium metal in the molten salt of LiCl with the
addition of Li;O takes place in close contact with the cathode and is an electro-
chemical process. We now represent the process of reduction of UO, by chem-
ical reactions. The presence of the electrical conductivity in the U,O3 phase
allows us to understand more deeply the process of electrochemical pyrolysis that
we consider. A small (~ 3 %) initial addition of Li»O to the LiCl electrolyte leads
to an imbalance between Lit and CI~ in the salt melt and the creation of the nec-
essary double charged layer near the surface of the UO, pellet after creating a
certain electrical voltage (3.0-3.3 V) between the electrodes. In general, the
decay of Li»O can be represented as:

Li,O — 2Li* + 02~ 3)

02 formed after the decay of LioO can quickly reach the anode, because
02~ are 2.2 times lighter than CI~. In addition, their electric charge is 2 times
greater than that of CI-. Each O2~ gives out 2 electrons at the anode. The formed
O atoms combine into O molecules which form bubbles that rise and remove
oxygen from the system.

To simplify, let us consider the SNF recovery process using pure UO; as an
example. The first stage of the process mainly involves the external part (that is
directly in contact with the electrolyte) of the UO, pellet. After the formation of a
double electric layer between the surface of a highly polarized semiconductor
(UO») and the near-surface part of an electrolyte (LiCl) strongly enriched with
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Li*, a strong local electric field arises and “pulls” oxygen ions from the surface
of the semiconductor:

2U0; — (U203)2Jr + 0% 4)

In the near-surface region of the electrolyte, O~ combines with two Li* to
form an electrically neutral molecule LiO:

2Li* + 02~ — Liy0 5)

The second stage of recovery begins with the electronically conductive met-
allized (U03)2" and with an excess of positive charge takes the missing elec-
trons thus becomes electrically neutral, but the conducting substance:

(U203)%" +2¢~ — U03 (6)

The continuation of the second stage of reduction is associated exclusively
with the electrical conductivity of the intermediate U,O3 phase. The electrically
conductive surface layer continues to receive electrons and U,O3 is reduced to
the metallic uranium:

U,03 + 66~ — 2U + 302~ (7)

The mechanism for the reduction of UO; to metallic U presented here is sup-
ported by experimental facts, among which are the movement of the metalliz-
ation front from the surface to the center of the pellet and the absence of lithium
inside the pellet with a 98 % reduced metal U.5-8 In addition, the reduction
process actively occurs in a high-quality sintered UO, powder granule, but
quickly fades if the spent fuel used for recovery is taken in the form of a con-
ventional powder.

A significant increase in the electronic contribution for certain compositions
of oxide nuclear fuel contributes to an increase in thermal conductivity.® We
have shown that this conclusion is also valid in the presence of Pu in the fuel.
Thus, the use of hypostoichiometric phases seems to be favorable for obtaining a
fuel that is resistant to accidents.

CONCLUSION

In this work, based on quantum mechanical calculations, the partial reduct-
ion of uranium and uranium—plutonium oxides is studied. The change in the
structure, energy, and electronic properties of these oxides was studied when
uranium atoms were replaced by plutonium atoms up to the ratio of the number
of atoms in the system Np,/Ny = 1:7 and 1:3. A decrease in the total bond energy
in the UO; compound is shown when uranium is replaced by plutonium in the
ratios Npy/Ny = 1:7 and 1:3. An increase in the bond energy between plutonium
and the rest of the compound was revealed upon the removal of oxygen from the
U7Pu0O1¢ and UgPuy01¢ systems. It is shown that the band gap narrows up to
complete metallization of the compound when oxygen is removed from the UO,
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compound to the ratio Ny/Ng = 2:3. A transition to the conducting state of the
UO, compound was revealed when uranium was replaced by plutonium in the
ratios Npy/Ny = 1:3. A two-stage process of uranium metallization during its
reduction in LiCl-Li;O melt is proposed. We hope that this study will improve
understanding of the SNF electrolytic reduction process and serve as a stimulus
for its optimization.
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U3BOJ

KBAHTHO-MEXAHWYKA CTYOUJA EJIEKTPOHCKHX OCOBUHA UxPuyOz JETUILEBA
®OPMHUPAHHUX TOKOM OBHABJbAILA HCTPOIIEHOT HYKJIEAPHOI TOPUBA

ALEXANDER Y. GALASHEV, ALEXEY S. VOROB’EV u YURI P. ZAIKOV

Institute of High Temperature Electrochemistry, Ural Branch, Russian Academy of Sciences, Yekaterinburg,
Russia

Obehasajyhu HauuH 3a o0HaB/pame HCTpOLIEHOT HykineapHor ropusa (SNF) je meron
€KCTpaKl¥je TPaHCYpaHCKUX jelMiema U3 CTOIUEHE COJM, WTo omoryhaBsa ja ce noduje
IeIMMUYHO pa3fBajame TPAaHCYPAaHCKUX jelerna W JlaHTaHuAa. OBaj pax je mocBeheH KBaH-
THO M€XaHUYKOj CTYAHjHU IPOMEHA y CTPYKTYypPH, €HEPTHjH U €JIEKTPOHCKUM O0COOMHAMa I71aB-
He SNF KoMIOHEHTe, ypaHUjyM JUOKCHJA, TIPH YKIamamy KMCEOHHMKa U3 cucTeMa. Takohe je
CTYAUpaH yTHLaj IpoyYyaBaHUX 0cOOMHA Ha 0fHOC Dpoja IIIyTOHUjyMOBUX aToMa IIpemMa ypa-
HUjyMoBUM aToMuma 1:7 u 1:3. Yiiamame KHCEOHHKAa JOBOIH IO Cy)KaBamwa ja3a usmehy
Tpaka O INpenacka y IPOBOJHO CTame NMPHU OJHOCY YpaHWjyMa M KHCeOHMKa of 2:3. Jas
H3Mehy Tpaka ce cy)kaBa U [0JIa3H O MeTajih3allkje Yak U kajia ce YpaHHjyM 3aMeHH ca IITy-
ToHUjymMOoM. IIpennoxeHa je gBocreneHa uiemMa mMetanusauuje UO; 3acHOBaHa Ha penyKUUjH
JIUTUjYMOM U TUPEKTHO] (eIeKTPOHCKOj) penyKLUju.

(TTpumsseno 13. dhebpyapa, pepunupano 22. mapra, npuxsaheno 8. jyna 2023)
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