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Reprocessing spent nuclear fuel creates the conditions for converting nuclear energy to a clean and 

sustainable energy. Thermal conductors in reactors are molten salts, the safe use of which is based on an 

accurate knowledge of their thermophysical properties. Due to the difficulty of experimentally measuring 

these properties, computational methods are coming to the fore. The main component of SNF is uranium 

dioxide, the change in the structure, energy and electronic properties of which when oxygen is removed 

from the system and plutonium is added to it was studied using DFT + U calculations. The influence of noble 

metals present in spent fuel on the process of direct reduction of irradiated nuclear fuel is considered. This 

work also examines the effects of doping thorium with uranium when Th-U fuel is used in a nuclear reactor. 

The paper presents data on the calculation of heat capacity, thermal conductivity, elastic moduli and phase 

transitions occurring in UO2 at high pressures. The thermodynamic stability of actinide oxides is discussed 

in detail. The ways of improving DFT calculations to increase the accuracy of determining the properties of 

these nuclear materials are analyzed. 
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1. Introduction 

Currently, almost all of the energy generated by 

nuclear power plants worldwide is created mostly by 

“slow-neutron” reactors. These reactors use moderating 

materials that, through multiple collisions with the nuclei, 

slow down the fast neutrons emitted by fission. These 

slowed neutrons cause additional fission (Figure 1). The 

energy range over which fissionable nuclei can capture 

neutrons increases significantly at low neutron speeds [1]. 

Uranium-238 (238U), which is typically non-fissile, 

captures most of the slow neutrons and becomes 239Pu. In 

contrast, the fission of 235U, which is two orders of 

magnitude less abundant than 238U, produces new 

neutrons that sustain the chain reaction. 

Currently, the energy resource uranium is used by 

nuclear reactors only in the amount of about 1 percent of 

the total energy value. Combining fast reactors with fuel 

recycling into a single complex creates the conditions for 

almost 100 % combustion of nuclear fuel, including not 

only uranium and actinides, but also long-lived fission 

products. Thus, spent nuclear fuel is no longer considered 

waste, but is perceived as a renewable resource that can be 

reprocessed into new nuclear fuel and valuable isotopes. 

 

Figure 1 A fission chain reaction in a slow-neutron reactor. a:  Institute of High-Temperature Electrochemistry, Ural Branch of Russian 

Academy of Sciences, Yekaterinburg 620990, Russia 
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The creation of a closed fuel cycle solves the problem 

of inefficient use of the energy potential of uranium raw 

materials [2, 3]. In this case, the full use of the potential of 

natural raw materials is achieved by involving 238U in the 

cycle. The deferred problem with waste is also solved, 

since after processing the spent nuclear fuel, the obtained 

nuclear materials can be used again. The potential for 

biological-hazard waste is significantly reduced due to 

transmutation, or "after burning" of minor actinides in 

fast neutron reactors. The problem of non-proliferation 

of nuclear weapons is solved, since a fast reactor does not 

produce plutonium. In addition, it does not require 

enriched uranium at all. 

ThO2 is a good candidate for the pressurized water 

reactors (PWRs), as well as reactors using mixed oxide 

(MOX) fuel. Thorium itself is not a fissile element. 

Therefore, to carry out the nuclear fission reaction, 

external sources of neutrons are required, which can be 

uranium and plutonium. In the case of using thorium fuel, 

radioactive decay ceases as soon as the neutron source 

runs out. The use of thorium as a nuclear fuel prevents 

any reactor meltdowns. Such fuel may contain uranium 

impurities either as a result of deliberate addition of 

uranium to the thorium in MOX fuel or as an impurity. 

Thermal reactors use natural or enriched uranium as 

fuel. Spent nuclear fuel (SNF), i.e. the fuel discharged from 

a nuclear reactor, contains many useful, albeit 

radioactive, products such as uranium, plutonium, and 

fission products such as 137Cs and 90Sr. Until now, SNF 

reprocessing has been carried out using the water method, 

i.e. using the so-called PUREX process (plutonium and 

uranium extraction). However, the pyrochemical method 

of SNF recovery using molten salt electrolysis is currently 

being intensively developed. High-level liquid waste from 

the PUREX process contains lanthanide fission products, 

other fission products and corrosion products of 

structural materials present in 3–4 M nitric acid medium. 

Their radioactivity is mainly caused by minor actinides 

that have a long lifetime, such as 244Am (𝑡1/2 = 433 years) 

and 244Cm (𝑡1/2 = 18.1 years), which generate alpha 

radiation. 

The advantages of the pyrochemical method of SNF 

reprocessing over the aqueous method are expressed in 

the possibility of handling spent fuel with a high degree of 

burnup, the compactness of the equipment used, the 

reduction of the criticality of the accident, the formation 

of minimal aqueous waste for reprocessing. Various 

actinides and fission products have different 

thermodynamic stability in a molten salt medium. The salt 

medium is the eutectic of chloride salts of alkali and 

alkaline earth metals. The composition of the eutectic 

determines the operating temperature of the electrolytic 

method of SNF extraction. Analysis of spent nuclear fuel 

of the high dose-rate turns out to be very demanding, 

labor-intensive and expensive [4]. An alternative 

technique to this is computer modeling. 

In the nuclear fuel cycle, actinides are usually found 

in the form of an oxide (AnO2) [5], which has higher 

thermal and chemical stability than the metal [6]. This 

form of nuclear fuel provides higher operating 

temperatures and protects it from further oxidation. This, 

in turn, limits the risk of rupture of the protective shell 

and thermal emission, improving the stability of the spent 

nuclear material for long-term storage [7]. In some cases, 

further oxidation of the fuel occurs when hyperoxides of 

the form AnO2+x are formed [8]. The lack of precise 

information on the fundamental properties of actinide 

oxides is due not only to radioactivity, but also [9] to their 

low content and isolation. The development of new 

strategies for processing and storage of nuclear material 

requires knowledge of the properties of these materials, 

such as lattice constant, bulk moduli, heat capacity, 

thermal conductivity, electronic conductivity and band 

gap. In the field of studying actinide oxides, the situation 

has now developed where the results of modern quato-

mechanical calculations are better for predicting all the 

properties of these compounds than difficult-to-access and 

expensive experimental studies. 

5f electrons of actinide oxides experience strong 

Coulomb repulsion, i.e. they are excessively delocalized 

due to strong correlation. Both the local density 

approximation (LDA) and the generalized gradient 

approximation (GGA) fail to describe correctly the 

interaction between 5f electrons in actinide oxides. 

However, introducing the Hubbard correction "U" [10, 11], 

i.e. performing calculations in the LDA + U or GGA + U 

approximation, allows us to correctly reproduce the 

electronic structure of UO2 and PuO2 [12–14]. 

In [15], using DFT + U calculations, it was found that 

the introduction of Pu atoms into UO2 leads to a 

narrowing of the band gap, and with a Pu content of 

12.5 % in MOX, the band gap decreases from 2.4 eV 

(UO2) to 1.5 eV. In work [16], using the quantum 

molecular dynamics (QMD) method, the melting 

temperatures Tm of MOX fuel were calculated depending 

on the concentration x of Pu in it. A local minimum of Tm 

was found at x = 0.7, where Tm = 3050 K. This value is 

slightly higher than the value Tm = 2975 K obtained using 

the Calphad methodology [17]. The authors of the work 

[16] were unable to explain the nature of this discrepancy.  

The heat exchange between the fuel pellet and the 

cladding and the temperature distribution inside the 

pellet is determined by the thermal conductivity of the 
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nuclear fuel, i.e. UO2 in the case of thermal reactors. The 

thermal conductivity of UO2 of different isotopic 

compositions (by U) was studied using first-principles DFT 

calculations without taking into account the Hubbard 

correction (a correction introduced because of strong 5f 

electron correlations) in [18]. The calculations were 

performed with 235U concentrations of 3 %, 5 %, 7 %, 

and 20 %. It was found that the thermal conductivity of 

the mixed isotopic dioxide decreases with increasing 

impurity level. At a temperature of 300 K, the largest 

contribution to the thermal conductivity is made by 

acoustic transverse (TA) phonons, while the contribution 

of optical branches to the total conductivity is small. 

Elastic constants provide an idea of the mechanical 

properties of a solid and characterize its thermodynamic 

stability. In [19], it was shown that spin orbit coupling 

(SOC) does not significantly affect the values of elastic 

constants of a cubic crystal formed by oxides of heavy 

elements. Each elastic constant characterizes the 

mechanical response to a certain type of deformation. For 

example, in the case of a cubic crystal, C11 determines the 

resistance to compression along the main crystallographic 

axis, while C44 reflects the resistance to shear deformation 

across the (100) plane in the [010] direction. Elastic moduli 

are directly related to macroscopic distortions of the 

crystal structure, as well as to the assessment of elastic 

energies or deformations in materials. 

The small energy gap between the 5f, 6d, and 7s 

orbitals creates the opportunity for variable oxidation 

states of actinides. The maximum oxidation state increases 

from +4 for Th to +7 for Np, but then decreases further 

through the series. UO2 is the most common fuel for 

thermal reactors. The most stable states of uranium in 

combination with oxygen are U4+, U5+ and U6+. However, 

less stable uranium oxides such as U4O9, U3O7, U2O5, 

U3O8, UO3 are also observed, data on which are still 

scarce [20]. In the actinide series of elements, each added 

electron goes into the orbital of the fifth shell, forming an 

orbital designated as 5f. The 5f orbitals in actinides that 

are more distant from the atomic nucleus create more 

variable valences (number of electrons available for 

chemical bonds) than in lanthanides, where the 4f orbitals 

are being filled. 

Quantum mechanical DFT calculations of thermal 

conductivity, heat capacity, elastic moduli, density or 

lattice constant of UO2, PuO2, and actinide oxides allow 

one to extract knowledge that is difficult to obtain 

experimentally. In this review, in addition to these data, 

considerable attention is paid to DFT calculations related 

to electrolytic reprocessing SNF, including determination 

of the electronic properties of actinide oxides. The 

purpose of this review is to initiate DFT calculations to 

obtain new data on the properties of actinide oxides that 

are so necessary for the development and implementation 

of closed nuclear fuel cycle technology on an industrial 

scale. 

2. Materials and methods 

Metals (Ag, Pd, Pt, Rh, Ru, Te, Tc, Sb, Cd, In and Sn) 

with higher oxygen potential than UO2 containing some 

Pu are present in SNF. These metal inclusions affect the 

SNF reprocessing process. DFT + U calculations related to 

the determination of the properties of uranium oxides of 

hypostochiometry and noble metal-containing oxides 

were performed using the SIESTA code package. The 

exchange-correlation relationship was represented using 

the LDA approximation. Systems of two sizes were 

investigated. In one case, the uranium dioxide model was 

represented by a 2 × 2 × 2 face-centered cubic uranium 

lattice (8 uranium atoms), in which two cubic oxygen cells 

(16 oxygen atoms) were inserted [21, 22]. A system with 

full stoichiometry, as well as systems with two and four 

oxygen atoms removed, were investigated. The inclusion 

of plutonium (or noble metal) was carried out by 

replacing one or two U atoms with Pu or one U atom per 

noble metal atom Me (Ag, Au, Pd, Pt) [21, 22]. In the case 

of replacing one U atom, a Pu/U or Pu/Me ratio in the 

considered structures was 1 : 7 and when two U atoms 

were replaced, the Pu/U ratio was 1 : 3. In the second case, 

when studying uranium oxides containing noble metals, 

the size of the system was increased. These systems 

contained 15 uranium atoms, 1 noble metal atom, and 32 

oxygen atoms. The calculations with the expanded system 

allowed us to estimate the influence of noble metal 

concentration on the electronic structure of the oxide 

compounds. Taking into account the strong correlation 

between f electrons in the model was considered in [23]. 

The Hubbard corrections UH and JH for uranium atoms 

used in [21, 22] had values of 4.5 and 0.5 eV, respectively. 

For plutonium atoms, these corrections were 10 and 0 eV, 

respectively. In [21, 22], the Brillouin zone was determined 

using the Monkhorst-Pack method [24], while a 5 × 5 × 5 

grid was used. All geometry was fully optimized based on 

the local density approximation in the form of Ceperley-

Alder (CA) [25]. Control over the calculation of electron 

density was carried out by choosing a cut-off energy of 

550 Ry. Periodic Born-Karman boundary conditions were 

used. 

Thorium oxide has advantages over traditional 

nuclear fuels (UO2 and PuO2) in terms of safety, waste 

generation and availability. Currently, developments in 

the study of the use of thorium as a nuclear fuel continue. 

An example of a DFT study of the properties of thorium 

fuel is the work [26]. To simulate ThO2, which has a 
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fluorite structure, 1 × 1 × 2 and 2 × 2 × 2 supercells 

containing 24 and 96 atoms, respectively, were used [26]. 

Calculations were performed using VASP. The exchange 

correlation interaction was represented by the functional 

of Perdew, Burke, and Ernzerhof (PBE) [27]. The projector 

augmented wave (PAW) method [28, 29] to describe the 

core electrons and the interaction between the atomic 

cores and the electrons in the valence shells were also used. 

The use of ultra-soft or PAW pseudopotentials can 

significantly reduce the energy cutoff when modeling 

with VASP. The plane wave basis set expansion was 

achieved due to a kinetic energy cut-off of 44 Ry. 

Convergence was ensured by using a gamma-centered 

Monkhorst-Pack k-points mesh of 6 × 6 × 6. When using 

the (GGA + U), a decrease in hybridization with oxygen 

atoms and a weakening of the strong Coulomb repulsion 

arising from the presence of f-electrons in actinides is 

achieved using a correction to the Hamiltonian 

determined by the difference in the UH and JH parameters 

[22]. Calculations in [26] were performed using an 

effective correction Ueff = UH – JH equal to 4 eV. Other 

authors, whose works are reflected in this review, used 

models similar to or differing in some known 

approximations from those described above. These 

models are most fully presented in the original works, 

references to which are given in the bibliography for this 

review. 

3. DFT calculations of physical properties of actinide 

oxides 

3.1. The electronic properties of UxPuyOz compounds 

formed during the recovery of spent nuclear fuel 

The displacement of uranium by lithium 

(Equations (1) and (2)) and direct reduction (3) underlie 

the electrochemical reduction of UO2 in the molten salt 

LiCl + (1–3 %) Li2O [30]. Direct reduction (Equation (3)) 

lags behind the reduction described by chemical 

Reactions (1) and (2). Reaction (3) occurs when the 

conducting phase has already been formed by removing 

oxygen from the material placed in the cathode basket 

(Equations (1) and (2)). 

2Li2O + 4𝑒− → 4Li + O2− (cathode) (1) 

4Li + UO2 → 2Li2O (cathode) (2) 

UO2 + 4𝑒− → U (cathode) (3) 

The difficulty in maintaining direct reduction is the 

small difference (70 mV) in the potentials that give 

Reactions (3) and (1). Lithium, which is formed as a result 

of Reaction (1), is used for the reduction of UO2 

(Reaction (2)). 

A wider potential range in which Reactions (1)–(3) 

can occur, including the possibility of a two-electron 

transfer process, is achieved by using a fluidized cathode 

process, enhancing the transport of oxygen ions within 

the electrolyte [31]. In this case, two sequential reactions 

replace the reaction described by Equation (3): 

UO2 + 2𝑒− ↔ UO + O2− 

(a fluidized cathode process cathode) 
(4) 

UO + 2𝑒− ↔ U + O2− 

(a fluidized cathode process cathode) 
(5) 

Uranium forms thermodynamically stable 

compounds with oxygen. The best known of these are 

dioxide UO2, triuranium octoxide U3O8, and trioxide 

UO3. In addition, four more non-stoichiometric 

compounds of uranium with oxygen have been found: 

UO, U2O5, U3O7, and U4O9 [32]. 

The potential energy of interaction between the U 

and O atoms in the UO molecule was determined in the 

harmonic and anharmonic approximation using DFT 

calculations in [33] (Figure 2). The potential energy 

functions calculated in these approximations differ 

slightly, which is due to the smallness of the 

anharmonicity effect for the fundamental of stretching 

UO modes. 

After removing portions of oxygen, as well as 

replacing some U atoms with Pu atoms, and performing 

dynamic optimization, the authors of [22] found that the 

U-U and Pu-U bond lengths in all the compounds 

considered were approximately 3.81 and 3.79 Å, 

respectively. Similar displacements of uranium atoms 

were observed in hypostoichiometric compounds UO2–x 

[34]. 

 
Figure 2 Potential energy functions of the interaction between 

uranium and oxygen atoms in the UO molecule, that calculated 

in harmonic and anharmonic approximations near equilibrium 

[33]. 
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The geometric structures of the UO2 and U2O3 

systems obtained after geometric optimization are shown 

in Figure 3. As can be seen from the figure, the removal 

of 4 oxygen atoms from the UO2 system did not lead to 

significant structural changes in the part of the system 

remaining after this act, which is due to the high stability 

of the framework formed by the U atoms. 

The band structures of the resulting UxPuyOz systems 

are shown in Figure 4 [22]. In the case of uranium dioxide, 

the band gap was 2.23 eV, which slightly exceeds the 

similar     characteristic     (2.19 eV)     obtained     in     [35]. 

 

Figure 3 Geometric structure of (a) UO2 and (b) U2O3 after 

geometric optimization [22]. 

After removing two oxygen atoms, the band gap narrows 

to 0.99 eV, and when 4 O atoms are removed, uranium 

oxide U2O3 becomes conductive. The narrowing of the 

band gap when uranium dioxide loses oxygen atoms and 

the gradual transition to the conducting state with a 

decrease in the oxygen content in the compound is 

consistent with the data from [34]. After replacing one 

and two uranium atoms with plutonium atoms, the 

compounds in question, acquire metallic conductivity, 

with the exception of the U7PuO16 and U7PuO14 systems. 

The partial density of states (PDOS) for some of the 

systems studied in [22] can be observed in Figure 5. The 

Fermi energy is represented in Figure 5 by a vertical 

dashed line that denotes the zero energy value. The 

interactions of the d- and f-orbitals of uranium with the p-

orbitals of oxygen lead to the compound U2O3 becoming 

conductive. The interactions of the 6d-orbitals of uranium 

with the 5f-orbitals of plutonium and the 5f-orbitals of 

uranium and plutonium with the 2p orbitals of oxygen 

lead to conductivity in U7PuO12 and U6Pu2O16, 

respectively. Hybridization, leading to the formation of 

stronger covalent bonds, is carried out under the 

condition that the electron pairs are as far apart as 

possible. 

 

Figure 4 Band structures obtained for compounds U8O16, U8O14, U8O12, U7PuO16, U7PuO14, U7PuO12, U6Pu2O16, U6Pu2O14 and 

U6Pu2O12 [22]. 



Electrochem. Mater. Technol. 3 (2024) 20243044                                                                                                                                                                                                                                     REVIEW 

 

 

 

6 

 

 

Figure 5 Partial density of electronic states obtained for compounds UO2, U2O3, U7PuO12 and U6Pu2O16 [22]. 

The band gap (BG) of the hypostoichiometric 

compounds UxOy can be changed according to the 

amount of oxygen they contain, as shown in Figure 6. The 

location or sequence of oxygen atom removal from the 

system can cause different changes in BG, as has been 

found [22]. In the figure, there are two cases in which BG 

decreases monotonically with a decrease in oxygen in the 

system. Depending on the method of removing oxygen 

from the system, metallic conductivity may appear for 

different compositions, the limits of which are U4O5 and 

U2O3. The direct reduction of UO2 according to 

Equation (3) is possible through the transition to the 

conducting state. Chemical (according to Equations (1) 

and (2)) and direct electrochemical reduction (3) take 

place simultaneously in the oxidized system. It is logical to 

assume that reduction with lithium first creates a 

conductive phase that can be eventually reduced through 

direct reduction. 

The electrochemical method can lead to a UO2 

reduction rate of up to 99 %, which is a result of 

simultaneous chemical and direct reduction pathways 

[36–39]. The spent fuel that is not in contact with the 

electrolyte was analyzed by DFT + U calculations of 

electronic and geometric properties in [22]. Furthermore, 

the presence of Li+ ions in the spent fuel during 

electrochemical reduction was not taken into account. 

Thus, an idealized system was used to investigate the 

dependence of SNF's geometric and electronic properties 

 

Figure 6 Band gap of “hypostoichiometric UyOx phases" [22]. 

on the concentration of oxygen vacancies. Quantitative 

information about the fuel properties obtained using 

DFT + U calculations improves the reliability and 

accuracy of the calculated material properties and also 

contributes to a better understanding of the 

microstructure of nuclear fuel. Improvements to existing 

DFT methods include the need to scale to a larger number 

of atoms, which will increase the accuracy of the 

prediction. Moreover, ab initio DFT calculations should 

be used to generate finite temperature predictions of 

material behavior. 
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3.2. The influence of noble metals on the process of 

reduction of uranium oxides 

The noble metal phase formed in the irradiated 

nuclear fuel affects the process of spent fuel recovery. In 

[40], noble metals (Rh, Pd, Ir, Au) were used as O2– 

releasing anodes during the electrolytic reduction of UO2 

in the molten salt LiCl-Li2O. To some extent, this serves as 

experimental confirmation of the participation of noble 

metals in the process of UO2 reduction. Au as an anode 

has been shown to have better electrochemical stability 

compared to Pt. Over time, an oxide layer appears on the 

platinum electrode in the form of Li2PtO3. However, local 

dissolution was still present in the newly used anodes. 

Inclusions of noble metals in spent fuel subject to recovery 

can act as catalytic electrodes [41]. 

It was experimentally shown that during 

electrochemical reduction in LiCl-Li2O melts at 650 °C, 

uranium oxide is completely reduced to metal, while the 

lanthanide oxides La2O3, Nd2O3 and CeO2 are not 

reduced [42]. However, when during electrochemical 

reduction palladium is added to the Nd2O3-CeO2 oxide 

mixture, neodymium and cerium are almost completely 

reduced to the metallic state [43]. In [21], using DFT + U 

calculations, the recovery of defect-free (UO2 compound) 

and defective (UO2 compound with oxygen vacancies) 

uranium dioxide in the presence of substituting metal 

dopants (silver, gold, platinum, or palladium) was studied. 

The geometric structures of uranium oxides having 

16, 14 and 12 oxygen atoms when replacing one uranium 

atom with an Ag atom, obtained after geometric 

optimization, are shown in Figure 7 [21]. All the resulting 

structures appear as compact formations. The loss of 

oxygen atoms did not lead to the breaking of other U-O 

bonds, and the Ag atom replaced the U atom without 

significant lattice distortions. 

The formation of electronic conductivity of a 

semiconductor is facilitated not only by the removal of 

oxygen but also by its doping with such noble metals as 

Ag and Au. This is reflected in the partial spectra of the 

electronic states of the compounds U7AgOx and U7AuOx, 

where x = 12, 14, 16 (Figure 8). Electronic conductivity 

occurs due to the interaction of the 2p orbitals of oxygen 

with the 5f orbitals of uranium. As a rule, atomic orbitals 

whose energies do not differ very much take part in 

hybridization. 

 

Figure 7 Structure of chemical compounds: (a) U7AgO16, (b) 

U7AgO14 and (c) U7AgO12 after geometric optimization [21]. 

 

Figure 8 Partial spectra of electronic states obtained for uranium and oxygen with silver and gold [21]. 



Electrochem. Mater. Technol. 3 (2024) 20243044                                                                                                                                                                                                                                     REVIEW 

 

 

 

8 

 

 

Figure 9 Partial spectra of electronic states obtained for compounds of uranium and oxygen with palladium and platinum [21]. 

 

Figure 10 Recognizing the bonding situations in U7AgOx by the COHP method [30]. The zero energy value, corresponding to the 

Fermi level, is shown by the horizontal dashed line. 

However, doping with not all noble metals can cause 

electronic conductivity in uranium oxides. Similarly to 

those discussed above, the replacement of a U atom with 

a Pd or Pt atom in uranium oxides allows one only to vary 

the band gap of the semiconductor without leading to 

metallic conductivity (Figure 9). Moreover, the greatest 

narrowing of the band gap is observed for the compounds 

U7PdO12 and U7PtO12, which is expressed in the values of 

its width: 0.044 and 0.028 eV, respectively. 

In the case of a 1 : 15 ratio between the amount of 

noble metal and uranium in the oxide compound, the 

partial spectrum of the electron states indicates the 

presence of conductivity in the studied systems [30]. 

Conductivity in uranium oxides with an admixture of 

noble metals (Ag, Au, Pd, Pt) occurs due to the interaction 

of 2p electrons of oxygen with 5f electrons of uranium. 

Figure 10 shows the results of the bond analysis performed 

using the crystal orbital Hamilton population (COHP) 
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method for uranium oxides containing Ag. The method 

allows separating the energies of the band structure, 

leading to the densities of states. In other words, the 

matrix equation for the density of states is weighted by 

the elements of the Hamiltonian matrix [44]. Bonding and 

antibonding interactions are represented in Figure 10 by 

negative and positive COHP values, respectively. Zero 

COHP values indicate no binding in the interactions. The 

analysis for systems containing palladium, platinum and 

gold gives a result close to that given for the U7AgOx 

systems. The bonding and antibonding peaks correspond 

to the peaks obtained in the partial spectrum of the 

electronic states of the U7AgOx systems. For the U7AgO12 

system, the emerging bonding between silver electrons 

and uranium electrons, which exists in the valence band, 

is discovered. This atypical bonding leads to the 

convergence of Ag atom with the uranium atom. At 

certain oxygen concentrations, the same bonds appear 

between uranium and other noble metals (Au, Pt and Pd). 

In all of these cases, the noble metal (Me) atoms turn out 

to be negatively charged. A U-Me bond can be formed by 

reducing oxygen atoms in these oxide systems [30]. 

The small size of the system did not allow the authors 

of [21, 30] to create a lower concentration of noble metals 

in UO2, which would better correspond to reality. 

Nevertheless, this information is useful and consistent. 

According to work [45], being in a solid dielectric medium 

(in this case, SNF), Ag atoms form clusters and are capable 

of creating an effect based on the migration of metallic 

inclusions controlled by an electric field. The recovered 

SNF may also contain lithium clusters, found as a 

suspension in the LiCl melt [46]. In an electric field, closely 

spaced Ag and Li clusters create a bipolar electrode, i.e. an 

electrode that is not mechanically connected to the power 

supply but has anode and cathode parts. Drifting Li+ ions 

falling into the interval between such electrode clusters is 

displaced along the electric field. Li+ ions, reaching the 

cluster cathode in a porous medium at high temperature, 

are reduced. Thus, chains of Li atoms are formed, which 

fill the pores and are detected after the reduction process 

is completed. This process occurs in a medium (tablet) 

with connected pores. The effect under consideration 

accelerates the chemical reduction process described by 

Equations (1) and (2). 

Thus, the presence of noble metals in SNF makes it 

possible to accelerate the process of their electrochemical 

reduction. The results of work [21] can serve the 

development and improvement of technology for the 

electrochemical recovery of spent nuclear fuel. In the 

future, DFT studies of SNF recovery should be expanded. 

When modeling this process, it is important to study not 

only the physicochemical properties of the recovered 

material, but also its microstructure. If porosity is 

insufficient and pore connectivity is reduced, difficulties 

may arise with the release of O2– ions from spent fuel 

(UO2) immersed in the cathode basket. This can lead to 

the cessation of the electrochemical reduction of UO2 to 

U. 

3.3. Study of the replacement of thorium with uranium 

and the adsorption of U atoms on the main surfaces of 

thorium 

Thorium has no naturally occurring fissile isotopes. 

The breeding and combustion mode of thorium fuel is 

triggered by an external source of initiating neutrons, 

which initially generates 233U from thorium. The initial 

neutron multiplication is created by either a spallation 

source, in an accelerator-driven system (ADS), or a fusion 

source, in a fusion-fission hybrid system (FFH). Moreover, 

FFH, as a rule, has an advantage over ADS with respect to 

energy production. This is due to the fact that the fusion 

driver can be energy self-sufficient. It sends electricity 

from the fission blanket entirely to the grid. In turn, 

accelerator drivers will always require some fraction of 

the electricity generated by the fission blanket. In other 

words, ADS constantly requires received energy to be 

used for internal power consumption. The thorium-

uranium fuel cycle can be reproduced in fast breeder 

reactors. Further development is required to make the Th-

U cycle practical. Along with the scanning tunneling 

microscope (STM) method, the DFT + U method can be 

used to investigate the surface properties of thorium oxide 

[47]. 

Figure 11 shows examples of doped Th32–xUxO64 

systems obtained after relaxation [26]. As can be seen in 

the figure, only a slight distortion of the cell geometry is 

observed when Th atoms are replaced by U atoms. The 

U4+ cation is smaller in size than the Th4+ cation by 

0.005 nm. The introduction of smaller uranium cations 

into the lattice instead of thorium cations creates stress in 

the lattice. Calculation of the density of state (DOS) 

spectrum of pure ThO2 revealed the band gap (4.36 eV) 

[48] of this insulator, which turned out to be significantly 

less than the experimental value (6–7 eV) [49]. The main 

charge carriers in the conduction band are Th 5f 

electrons, while O 2p states dominate in the valence band. 

The changes in the DOS spectrum caused by the 

introduction of U atoms are not associated with a change 

in the band gap but indicate a weakening of the cationic 

interaction compared to that of the pure compound. 

The change in Barder charges for doped systems with 

an increase in dopant atoms from 1 to 7 is shown in 

Figure 12 [26]. Already the first doping leads to a decrease 

in   the   charge   on   Th   atoms.  With  subsequent  doping, 
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Figure 11 Th32–xUxO64 supercells containing (a) one, (b) two, and 

(c) three uranium atoms after geometric optimization. 

Thorium, uranium, and oxygen atoms are represented in red, 

green, and blue, respectively [26]. 

 

Figure 12 Average charges on the Th, U, and O ions in 

Th(8–x)UxO16 [26]. 

the charge on Th atoms changes slightly and in a wave-like 

manner. At the same time, the charge on U atoms 

increases nonmonotonically as their number in the system 

increases. Simultaneously, after the introduction of the 

first U atom, an almost monotonic decrease in the 

absolute value of the charge on the O atoms occurs. Thus, 

the total charge of the system is maintained at 

approximately the same level, and this occurs mainly due 

to the redistribution of charges between the U and O 

atoms. This means that doping with uranium weakens the 

bonds between the Th and O atoms, i.e. makes thorium 

oxide fuel more capable of reduction. 

The ThO2 particles studied were confined to three 

surfaces: (100), (110) and (111). The (111) face has the lowest 

energy among them. The preferred site for the deposition 

of the U atom is the (100) surface, which has the lowest 

adsorption energy (–4.17 eV). The adsorption energy of 

the U atom on the (110) and (111) surfaces is –4.05 and 

–1.89 eV, respectively. 

The calculated adsorption energies indicate that U 

adatoms will be adsorbed on all three surfaces, with 

particularly strong adsorption on the (100) and (110) 

surfaces. At the same time, the Wulff morphology for a 

ThO2 particle equilibrium is a particle completely limited 

to the (111) surface orientation. Since the thorium fuel cycle 

has not yet been fully developed, the possibilities and 

challenges of using thorium in the nuclear fuel cycle are 

still being studied. There is now a need to properly assess 

the potential role of thorium in nuclear power in both the 

short and long term. To implement thorium fuel cycles, a 

variety of options must be considered, potential drivers 

explored, and ways to overcome current obstacles needed. 

3.4. Thermophysical and mechanical properties of 

actinide dioxides 

The development of fuels for nuclear reactors based 

on uranium, thorium, or plutonium, as well as the search 

for effective methods of reprocessing spent fuel, required 

fundamental data on the thermophysical properties of 

actinide oxides. In addition, understanding the 

consequences of the accumulation of fission products in 

fuel, a significant part of which belongs to the lanthanide 

group, has also become an urgent task [50]. Due to the 

complexity associated with the radioactivity of actinides, 

most of the new results have been obtained using 

computational methods such as molecular dynamics, DFT, 

or CALculation of PHAse Diagrams (CALPHAD) [51]. 

The isochoric heat capacity of UO2 was calculated 

from the density of phonon states using the LDA + U 
DFT approach [52]. The heat capacity can be expressed as: 
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𝐶𝑉 = ∑ 𝑘𝐵𝑞 [
ℏ𝜔𝑞(𝑉)

2𝑘𝐵𝑇
]

2

𝑐𝑜𝑠ℎ2 [
ℏ𝜔𝑞(𝑉)

𝑘𝐵𝑇
]

2

, (6) 

where 𝑘𝐵 is the Boltzmann constant, ℏ is the reduced 

Planck constant and 𝜔𝑞(𝑉) is the frequency of the phonon 

with the wave vector 𝑞 at constant volume 𝑉 [53]. 

The Cv(T) calculated dependence is compared with 

the experiment of Sanati et al. [54] in Figure 13. The heat 

capacity Cv of UO2 with fluorite structure is in good 

agreement with experimental data up to room 

temperature. A significant deviation from the 

experimental dependence at higher temperatures is 

associated with the manifestation of anharmonicity. 

Early actinides have a wider range of oxidation states 

and a more covalent type of interatomic bonds. 

Plutonium is the element from which the type of bonds 

becomes more ionic, and the range of oxidation states 

noticeably decreases. In addition, the ground states for 

UO2 and NpO2 are antiferromagnetic (AFM) [55, 56], 

while for PuO2 the ground state is assumed to be either 

non-magnetic (NM) [57] or AFM [56]. 

Thermal conductivity is an important parameter for 

new technologies for SNF reprocessing. Increasing the 

thermal conductivity of a material promotes faster heat 

dissipation, which helps to avoid significant overheating 

and quickly regulate the temperature regime. The current 

understanding of lattice thermal conductivity at the 

atomic level remains incomplete. It is based on kinetic 

theory and relies on unit cell data. 

Based on the data on the group velocity 𝑣𝜆
𝛼 and the 

phonon distribution function 𝐹𝜆
𝛽

, the lattice conductivity 

𝜅𝑙
𝛼𝛽

 of the crystal can be represented by the expression 

[58]: 

𝜅𝑙
𝛼𝛽

=
1

𝑘𝐵𝑇2𝛺𝑁
∑ 𝑓0𝜆 (𝑓0 + 1)(ℏ𝜔𝜆)2𝑣𝜆

𝛼𝐹𝜆
𝛽

, (7) 

where 𝑘𝐵, 𝑇, 𝛺, 𝑁 and  𝑓0 are the Boltzmann constant, 

temperature, unit cell volume, 𝑞-point grid, and the Bose-

Einstein statistics, respectively. 

By calculating the interatomic force constants by the 

DFT + U method and solving the Boltzmann transport 

equation for phonons, the lattice contribution to the 

thermal conductivity of UO2 was determined [59]. Since 

UO2 has a very low electrical conductivity, the electronic 

contribution to 𝜅𝑙
𝛼𝛽

 was not taken into account. The 𝜅𝑙
𝛼𝛽

 

values for UO2 differ greatly at high and low 

temperatures. So, at T = 3000 K 𝜅𝑙
𝛼𝛽

 ~ 0.96 W · m–1 · K–1, 

and at T = 100 K 𝜅𝑙
𝛼𝛽

 ~ 34  W · m–1 · K–1 (Figure 14). The 

calculated [59] and experimental [60] values of 𝜅𝑙
𝛼𝛽

 are in 

 

Figure 13 Temperature dependence of the isochoric heat 

capacity of UO2, obtained experimentally [40] and calculated 

using the LDA + U approximation [52]. 

 

Figure 14 Temperature dependence of the lattice thermal 

conductivity of UO2, determined using DFT + U calculations 

[58], along with the experimentally obtained value of the 

thermal conductivity [60]. 

good agreement. The lower calculated 𝜅𝑙
𝛼𝛽

 values are 

explained by low group velocity, strong anharmonicity 

and phonon–phonon coupling of acoustic and low-

frequency optical branches [59]. The latter circumstance 

leads to larger scattering, smaller mean free path, and 

shorter lifetime of phonons. However, the correct 

temperature 𝜅𝑙
𝛼𝛽

 trend indicates that DFT + U 

calculations can play an important role in developing 

concepts of nuclear fuel thermal properties. 

The mechanical properties of nuclear fuel are 

determined by many related mechanisms occurring at 

different scales. The temperature dependence of the bulk 
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modulus 𝐵 = −
1

𝑉

𝜕𝑉

𝜕𝑃
 for PuO2, obtained using DFT 

calculation in the framework of GGA and quasi-harmonic 

approximation is shown in Figure 15 [61]. We have not 

found experimental data for the temperature dependence 

of B of plutonium dioxide. However, comparisons can be 

made between the B values calculated at room 

temperature for PuO2 (266 GPa), NpO2 (200 GPa), UO2 

(211 GPa), and ThO2 (198 GPa) [62]. 

In [63], a model of MOX fuel was constructed by 

laying layers of UO2 and PuO2 along the same tetragonal 

axis. At the same time, in the LDA + U model, different 

relationships between these components were used, and 

spin-orbit coupling was neglected. Elastic moduli, which 

are proportionality coefficients between stresses and their 

corresponding deformations, were calculated. They are 

specified using the generalized Hooke's law: 

𝜎𝑖𝑗 = 𝐶𝑖𝑗𝑘𝑙𝜀𝑘𝑙, (8) 

where 𝜎𝑖𝑗 is the stress arising in the system deformed by 

the 𝜀𝑘𝑙 value. The elastic moduli are reduced to a matrix 

symmetrical with respect to the main diagonal. The 

conditions of mechanical stability are expressed through 

the elastic moduli of the crystal. In particular, for a crystal 

with a tetragonal structure, these conditions are [64]: 

𝐶11 > 0;  𝐶33 > 0;  𝐶44 > 0;  𝐶66 > 0; 

(9) 𝐶11 − 𝐶12 > 0;   𝐶11 + 𝐶33 − 2𝐶13 > 0; 

2(𝐶11 + 𝐶12) + 𝐶33 + 4𝐶13 > 0. 

All stability criteria for the crystalline oxide mixture 

PuxU1–xO2 calculated in the LDA + U model at various 

values of Pu concentration are presented in Figure 16 [63]. 

The condition for each criterion to be positive is met. 

Consequently, all mixed crystals with a tetragonal 

structure considered are stable at a temperature of 0 K. 

Bulk moduli can be expressed in terms of elastic moduli 

corresponding to a given crystal symmetry. It turned out 

that the calculated bulk modulus for PuO2 based on the 

tetragonal lattice is close (within 1 GPa) to the above 

presented DFT + GGA results based on the fluorite 

lattice. 

Currently, quantum chemical calculation methods 

are the main source of physicochemical data for the main 

actinide oxides. The data obtained by these methods are 

reliable enough to predict trends among different 

actinides. A detailed study of thermophysical properties 

will make it possible to predict the transition of the fuel to 

a higher burn-up, as well as a more efficient use of the 

fissile composition of the fuel. Optimization based on 

these studies will lead to increased power generation and 

the corresponding economic benefits. 

 

Figure 15 Temperature dependence of the bulk modulus of 

PuO2 obtained using DFT calculations [61]. 

 

 

Figure 16 Calculated (a) elastic constants and (b) those 

combinations in units of GPa, for the PuxU1–xO2 compounds 

[63]. 
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3.5. Lattice parameter, structural phase transition and 

melting temperatures of PuxU1–xO2 and UxOy compounds 

According to Vegard's law, the lattice parameter 

depends linearly on the concentration of one component 

[65]. The lattice parameter 𝑎0 calculated in [63] for the FM 

and AFM states of the PuxU1–xO2 compounds obeys 

Vegard's law with good accuracy (Figure 17a). It can also 

be noted that the lattice constant for all ordered 

compounds under consideration is always greater in AFM 

states, represented by a structure with layer-by-layer 

alternation of UO2 and PuO2 compounds, than in the 

ferromagnetic state (FM). The AFM* bicollinear structure 

for Pu0.5U0.5O2, built by alternating UO2 and PuO2 layers, 

when two adjacent uranium layers are interrupted by two 

adjacent plutonium layers, is energetically unfavorable. In 

addition, the lattice constant for this structure has a very 

low value, falling outside the dependence of the AFM 

state. The results show that the energies of AFM states 

have lower values than the energies of FM states 

(Figure 17b). Thus, direct and reverse transitions between 

the FM and AFM states of both UO2 and PuO2 require a 

change in the crystal lattice parameter. 

There is reason to believe that radioactive decay of U 

occurs in the deep mantle of the Earth. This decay is one 

of the main sources of heat on the Planet [66]. It has been 

experimentally shown that at high temperatures UO2 has 

a fluorite-type structure up to pressures of ~ 18 GPa [67]. 

However, in the pressure range from 33 to 82 GPa it 

acquires orthorhombic structure. 

Experiments using diamond anvil cells have shown 

that the transition from the cubic structure of UO2 and 

ThO2 to the orthorhombic structure occurs slowly and 

continues with increasing pressure [68]. For uranium 

dioxide, the initial value of the transition pressure is 

determined to be 42 GPa. However, the cubic phase of 

UO2 was still present even at 69 GPa. 

DFT calculations obtained by the GGA + U method 

showed that the pressure for the structural transition 

between stable phases of UO2 (fluorite and cotunnite 

(orthorhombic structure)) was 20.6 GPa [69]. It was found 

that the Hubbard corrections (UH and JH) depend on the 

type of crystal structure. For cubic and orthorhombic 

structures, a correction UH of 4.5 eV and 6.0 eV was used, 

respectively. Although the JH correction (= 0.51 eV) was 

unchanged for both structures. Modeling of the structural 

phase transition in UO2 using the VASP software package 

and the PAW was performed in [70]. The Hubbard 

parameters used to take into account the localization 

effect of the 5f orbital were identical to the data in [69]. 

The structural phase transition in this work was 

studied by creating hydrostatic pressure in a cell of 

constant shape. In Figure 18 the dependences of energy on 

the volume of the system E(V) and the enthalpy difference 

as a function of pressure H(P) are shown. The value of 

H was determined as the difference between the 

enthalpies of the orthorhombic and cubic phases obtained 

under the same thermodynamic parameters. The found 

pressure at which the phase transition from the fluorite 

structure to the orthorhombic structure occurred is 

46.8 GPa, which is in satisfactory agreement with the data 

of [68]. 

When studying the behavior of the cubic and 

orthorhombic phases of UO2 over the entire range of 

positive pressures under consideration, it was found that 

the equilibrium collapse in volume is 6.4 % [70]. This is 

somewhat less than the similar characteristic (7.3 %) 

established in [71]. However, the change in volume for 

these phases at the phase transition pressure turned out to 

be ~ 5.3 % (Figure 19) [70]. Thus, the structural phase 

transition between the cubic and orthorhombic phases of 

UO2 that occurs at high pressure is a first-order transition 

with a rather significant change in volume. 

 

Figure 17 (a) the lattice parameter and (b) the total energy for 

different PuxU1–xO2 compound [63]. 
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Figure 18 The variation of energy with respect to volume for UO2. Here, volume at 0 GPa has been shown with arrows, and the 

common tangent has been shown by the dash-dotted line; (b) the variation of enthalpy differences with respect to pressure for 

UO2, the arrow indicates phase transition pressure [70]. 

 

Figure 19 Dependence of relative volume on pressure obtained 

by compression of cubic and orthorhombic phases of UO2; the 

arrow indicates the relative change in volume during a 

structural phase transition [70]. 

The data obtained above, related to the structural 

phase transition in UO2, cannot be fully applied in 

practice because they refer to the temperature of absolute 

zero. For example, it is quite difficult to use them to 

characterize the processes occurring in the fuel element of 

a nuclear reactor. Indeed, at linear power generation 

levels 590 W/cm axial temperature in fuel element of the 

Pressurized Water Reactor (PWR) is 2550 K while the 

melting point of the ceramic UO2 fuel is approximately 

3130 K [72]. 

When combined with oxygen, uranium exhibits 

valences U4+, U5+, and U6+. So, the lowest valence is in the 

compound UO2, and the highest valence is in UO3. Using 

the VASP software package based on ab initio quantum 

molecular dynamics simulations, melting temperatures 

for six stable uranium oxides were obtained, which are 

presented in Table 1 along with the corresponding melting 

densities [20]. 

These data provide guidance for future experiments, 

since experimental melting densities for most uranium 

oxides are not available in the literature. The calculated 

melting temperature for the four oxides U4O9, U3O7, 

U2O5, and U3O8 can be given as 2465 ± 65 K. The 

experimental melting temperatures of UO2, NpO2, PuO2, 

and AmO2 are 3140, 3070, 2663, and 2448 K, 

respectively [73]. 

The wave function of the 5f shell characteristic of 

actinides extends far from the core. As a consequence, 5f 

electrons can either adopt band states or exhibit localized 

behavior. This uncertainty in the status of 5f electrons 

leads to instability of the actinide crystal lattice. In 

particular, plutonium, when heated to its melting point, 

Table 1 – The ambient melting points of the six uranium oxides, along with the corresponding melting densities 𝜌𝑚 obtained from 

the ab initio method implemented with VASP [20]. 

Oxide UO2 U4O9 U3O7 U2O5 U3O8 UO3 

𝜌𝑚, g/cm3 9.685 10.2 10.3 7.57 7.55 5.81 

𝑇𝑚, (K) 3100 2490 2530 2460 2380 1790 
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forms six allotropic forms. Experimental data on the 

thermodynamic properties of single crystals of actinide 

oxides are extremely scarce and subject to large 

uncertainties. This is due to the fact that growing such 

single crystals is difficult. An additional layer of 

complexity to this comes from the preparation and 

handling of radioactive material. For example, working 

with reactive, radioactive and toxic elements requires 

them to be sealed during crystal growth (usually in a 

quartz tube). The melting point and thermal conductivity 

determine the safety margins and behavior of the fuel in 

the reactor. Therefore, they are considered key 

parameters. The oxygen stoichiometry of the fuel 

significantly affects these properties. In this regard, the 

prediction of possible changes in the composition and its 

effect on thermophysical properties is of decisive 

importance. 

4. Acceptable accuracy and increased speed of DFT 

calculations for actinide oxides 

The result of the study [74] was the confirmation of 

experimental and theoretical data that the ground states 

for UO2 and PuO2 are AFM and NM, respectively. The 

best Ueff value for fitting the lattice parameter, magnetic 

moment and band gap in the case of UO2 is 4.0 eV, and 

the recommended values for PuO2 are defined as 4.0 eV 

and 4.5 eV. However, if the adjustment is made using the 

bandgap value, then Ueff = 10 eV should be taken for 

PuO2. 

In [75] a DFT study of the U0.92An0.08O2 MOX 

surfaces (An = Np, Pu, Am and Cm) {1 1 1}, {1 1 0} and 

{1 0 0} was conducted. Various positions of An 

substitution (surface or subsurface) and increasing the 

ratio of An to U are considered. Substitution of U atoms 

by An lengthens the surface An-O bonds and shortens the 

U-O bonds. The elongation of An-O bonds stops as the 

An to U ratio increases.  

The synthesized PuO2 and NpO2 films were studied 

using both X-ray absorption near edge structure (XANES) 

and extended X-ray absorption fine structure (EXAFS) 

measurements [76]. Calculation of DOS for actinide 

dioxides (NpO2, PuO2, AmO2, and CmO2) was carried 

out for various values of Ueff corrections with a step of 

1 eV [77]. In Figure 20, as an example, the change in the 

band gap of NpO2 depending on the value of Ueff is shown. 

The band gap continuously increases with increasing Ueff 

and reaches experimental values (2.85 ± 0.1 eV) in the 

vicinity of Ueff = 4.5–5.0 eV. Similar calculations for 

AmO2 show that the correct value Ueff should be 4 eV. 

The lack of experimental data on the band gap for CmO2 

did not allow us to determine the value of the Ueff 

correction for this oxide. 

Despite the fact that the values of Ueff are often 

selected empirically, this quantity has a precise physical 

meaning and can be determined in several ways. The 

linear response approach is based on the calculation of the 

second derivative of the total energy of the ground state 

with respect to the occupation number, which is 

considered as the Hubbard correction [78]. The correction 

Ueff established in this way has a strong dependence on the 

distance between the nearest neighbors and on the 

chemical element. The corrections Ueff calculated by this 

method for uranium and plutonium have a significantly 

lower value (more than 2 times) [79] than the 

corresponding corrections used to reproduce adequately 

the width of the band gap [26]. Calculations of the Ueff 

correction using constrained random-phase 

approximation (cRPA) [80], [81] or constrained density-

functional theory (DFT) [82], [83] give highly divergent 

results themselves. The frequency-dependent Ueff in the 

random phase model inevitably depends on the choice of 

the one-particle basis. The calculations use only one of 

many possible sets of single-particle orbitals. The decrease 

in Ueff values in DFT calculations may be due to the lack 

of consideration of the relaxation of other (non-

transition) orbitals. In addition, the shielding effect should 

be included more correctly in the calculation of Ueff. 

DFT calculations are only part of ab initio methods. 

These methods are used to solve the electronic 

Schrödinger equation in order to yield the necessary 

quantum chemistry parameters. Earlier ab initio 

calculations were used to study the distinctive features of 

 

Figure 20 The band gap of NpO2 [77]. 
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actinide isotopes, as well as to study the nature of binding 

in "bare" molecules and clusters containing actinides [84]. 

The first-principles methods that do not use the DFT 

approximation are the DCHF method [85], where the four-

component Dirac-Coulomb Hamiltonian (DC) is used 

together with the Hartree-Fock wave function (HF), and 

the Moller-Plesset second-order perturbation theory 

(MP2) [86, 87]. The same type of methods includes three 

different relativistic methods (all-electron scalar four 

component Dyall RESC method (AE), relativistic small-

core ECPs, and zeroth order regular approximation 

ZORA) and several other methods [84, 88]. 

However, the most common method for first-

principles study of the physicochemical properties of 

actinide oxides is DFT calculations using a periodic model 

within the framework of the GGA [89, 90]. An alternative 

to these calculations is calculations using configuration 

wave functions that also take into account the spin-orbit 

interaction. In [91], a detailed study of the geometry, 

electronic structure and vibration frequencies of two 

isoelectronic compounds PuO2
2+ and PuN2 was carried out 

using both DFT and multi-configurational ab initio levels 

of theory, taking into account spin-orbital interaction. 

Moreover, in the latter case, dynamic correlation was 

taken into account using second-order perturbation 

theory and the variational difference-dedicated 

configuration interaction method. A comparison of these 

methods shows that DFTs provide a reasonable description 

of the electronic properties of the ground states of the 

open-shell systems under consideration. The consequence 

of this is a completely good description of the structural 

and vibrational properties. DFT calculations using the 

GGA approximation are also more successful than hybrid 

versions in calculating rotational properties. Spin-orbit 

effects have a weak effect on the geometry and vibrational 

frequencies in the ground states, but completely 

transform the distribution of electronic excited states. 

In [92], a systematic study of the structural, electronic 

and magnetic properties of actinide oxides, nitrides and 

carbides (AnxXy, An = U, Pu, Np; X = O, N, C) was 

carried out using the Heyd-Scuseria-Ernzerhof (HSE) 

hybrid functional, as well as the DFT method in the PBE 

and PBE + U approximation. HSE calculations for actinide 

oxides showed good agreement with experiments on the 

structural, electronic and magnetic properties. However, 

in the case of nitrides and carbides, this approximation 

does not produce sufficiently correct results. At the same 

time, the density of states calculated for nitrides and 

carbides can be better described using DFT calculations 

and the PBE approximation. 

When experimental work is supplemented with 

computational methods, the true causes of the occurring 

processes can be identified, and their deep understanding 

can be ensured. The value of DFT calculations increases 

greatly as the size of the system increases. However, 

performing DFT calculations with a large number of 

atoms is unlikely because the computational effort 

required for these calculations increases rapidly as the size 

of the system increases. The time spent on the "standard" 

simulation is t ~ N3, where N is the number of particles in 

the system. The development of so-called linear scaling 

methods, where t ~ N, will allow us to overcome this 

difficulty to a certain extent [93]. The transition to an 

algorithm with linear scaling DFT calculations is possible 

if we abandon the concept of extended Kohn-Sham 

orbitals, using other quantities that are strictly localized 

[94]. However, for now, linear scaling methods begin to 

work when the system contains on the order of several 

hundred atoms. In addition, the implementation of the 

DFT algorithm with linear scaling often introduces some, 

usually small errors. 

5. Conclusions 

DFT calculations have shown the ability of uranium 

to form short, strong bonds with oxygen and with a 

deficiency of oxygen in UO2 and the presence of noble 

metals in it to create bonds with these metals. To date, 

computational chemistry of actinide oxides has not yet 

reached the necessary level where calculations performed 

using modern high-performance computing resources 

could effectively replace dangerous and difficult-to-

perform physical experiments that provide new data on 

the properties of spent nuclear fuel. There are still no 

comprehensive data on the changes in the unit cell 

associated with corrosion and internal stresses, as well as 

the dissolution of metals in the oxide fuel. The corrosion 

effects observed in the uranium dioxide and zirconium 

alloys, from which the cladding is made, have not been 

studied, as well as the interaction of this system with boric 

acid, which is formed at Pressurized Water Reactor 

operations. Despite the difficulty in performing 

experiments on oxide nuclear fuels, it seems necessary to 

study oxidation reactions by cyclic voltammetry to obtain 

data on chemisorption and other types of reactions. More 

accurate data on oxygen diffusion in actinide oxides can 

be obtained by neutron diffraction. These and other 

physical experiments are a valuable method for guiding 

and determining the accuracy of DFT and ab initio 

molecular dynamics calculations. From the point of view 

of pyroreprocessing, the studies of the microkinetics of 

SNF dissolution in molten salt are of interest. For now, the 

main chemistry of reduction-oxidation is presented at the 

thermodynamic level. These data can also be used to guide 

numerical calculations. In connection with the upcoming 
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expansion of the use of fast reactors, a more detailed study 

of the properties of the α phase of metallic uranium and 

MOX fuel is of considerable interest. The use of more 

powerful computers and more complex algorithms will 

significantly expand the areas of research, providing a 

much more complete picture of the reactions occurring 

during the electrolytic reduction of SNF. 
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