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Abstract  

The development of nuclear power brings much attention to the actinides, as they are the 

most important part of nuclear power production. The first generation of nuclear fuel is 

uranium dioxide (UO2), and it remains the most used fuel, so there are many research works 

studying UO2, to gain better understanding and hence safe handling. However, the burning 

of UO2 accumulates considerable amounts of highly-radioactive nuclear wastes, including 

used U and plutonium (Pu). Reprocessing of spent fuel in the UK over the last few decades 

has led to the country having the largest civil stockpile of separated Pu (currently stored as 

plutonium dioxide: PuO2). Minor actinides, include neptunium (Np), americium (Am), and 

curium (Cm), also accumulate during the reprocessing of spent UO2 fuel. There are two 

acknowledged ways to deal with these highly-radioactive nuclear wastes, reusing as mixed 

oxides (MOX) nuclear fuel or deep geological long-term storage. 

A closed fuel cycle is fulfilled by reusing highly-radioactive actinides from spent fuel, to 

decrease highly-radioactive wastes. Therefore, actinide MOX are important for the future 

development of nuclear power. Regarding deep geological disposal of highly-radioactive 

nuclear wastes, what happens in the stockpile, especially chemical processes, are 

important for the safe long-term storage; thus, understanding possible chemical reactions 

on PuO2 surfaces is crucial. 

In this thesis, uranium and other actinides (Np, Pu, Am, and Cm) MOX have been 

extensively studied computationally using periodic boundary condition density functional 

theory, and the influence of other actinides on UO2 has been investigated, mainly focusing 

on surface properties and water adsorption behaviour. However, for a better discussion of 

MOX, sufficient knowledge of pure actinide oxides is essential for the comparison, so the 

study of minor actinide dioxides (NpO2, AmO2, and CmO2) are presented before MOX; bulk 

and surface properties are simulated. Then, turning to civil stockpiles of separated Pu, the 

influence of Am, which has been found in the PuO2 stockpiles, and the residual molecule 

hydrogen chloride (HCl) have been investigated respectively.
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Introduction 

Energy has always played a pivotal role in the development of human beings. Burning wood 

to keep warm, thousands of years ago, was a turning point in human evolution, and since 

then biofuels (produced from biomass, e.g. wood) have continued to be an important 

energy source (particularly in developing countries). However, as shown in Figure 1.1, it 

was the discovery of coal (along with other fossil fuels such as oil and natural gas) that saw 

energy use increase dramatically across the world. Today fossil fuels are still the dominant 

energy source globally, however as they are non-renewable, dependency on them is an 

issue. In fact, one of the most crucial problems we face now, and in the future, is the energy 

crisis. Fossil fuels are overdeveloped and the resource is declining, additionally, the burning 

of fossil fuels has severe negative environmental impacts, e.g. emission of greenhouse 

gases and formation of acid rains. Therefore, new sources of clean energy are urgently 

needed. Renewable energies derived from sunlight, wind, tidal, and geothermal heat, have 

captured increasing attention, as they are abundant, and use of them is environmentally 

friendly. However, the main problem with our current renewable energy sources is they 

are restricted by weather and/or geography. Thus, due to the instability of renewable 

energies and the increasing demand for energy, humans still depend on fossil fuels (Figure 

1.1), and finding a reliable substitute for fossil fuels is the key to resolving the energy crisis 

and climate change. One option is nuclear energy; it can release 1 million times more 

energy per atom than fossil fuels, through fission, and does not generate any greenhouse 

gases directly. For this reason, nuclear power offers a viable substitute for fossil fuels and 

a solution for mitigating climate change.  
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Figure 1.1: Global primary energy consumption.1 

 

1.1 Nuclear energy 

Nuclear energy can be traced back to the discovery of uranium by Martin Klaproth in 1789. 

Ionising radiation was discovered six years later, followed later by the concept of 

‘radioactivity’, proposed by Pierre and Marie Curie in 1896. The neutron (n or n0), a 

subatomic particle with no electric charge and a mass slightly greater than a proton, was 

discovered by James Chadwick in 1932; it is a vital component of nuclear power, used to 

induce nuclear fission. Atomic fission was demonstrated by Otto Hahn and Fritz Strassmann 

at the end of 1938; they found new lighter elements, barium, and other elements with 

about half the mass of uranium after uranium atoms were bombarded by neutrons. The 

first nuclear reactor, Chicago Pile-1, was a research reactor and was created in 1942 after 

the discovery of nuclear chain reaction. Nuclear power was developed to power 

submarines and aircraft carriers with the first nuclear-powered submarine being placed in 

the sea in 1954. Later that decade, the world’s first commercial nuclear power station, 

Calder Hall, was opened in Windscale, England. The initial capacity of Calder Hall was 50 
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MW (million watts) per reactor. As highlighted in Figure 1.2, since 1957 nuclear energy has 

rapidly developed. 

 

 

Figure 1.2: Important time points in nuclear power history. 

 

Nuclear energy is the energy released from nuclear reactions, and it is then transformed 

into electricity, to be stored and transported to where it is needed. Nowadays, about 440 

nuclear reactors are active and provide 10% of the world’s electricity, which makes nuclear 

the world’s second-largest source of low-carbon power. About 50 more reactors, which 

could provide 15% of existing capacity, will open in the near future. The rapid development 

of nuclear energy (Figure 1.3) is due to its compelling advantages. The most obvious 

advantage is that, as mentioned above, nuclear energy possesses a much higher energy 

density per atom than other energy sources. Thus, nuclear reactors require less fuel than 

other power plants, and as a result, can produce electricity at a lower cost than fossil fuels 

and renewables.  Another advantage is that nuclear is a clean energy source; the use of 

nuclear energy over fossil fuels reduces carbon emissions. However, it is key to note that 

the construction of power plants, processing of the fuel, and dealing with radioactive waste 

are costly. This in part is because nuclear wastes, especially highly radioactive waste, are 

very harmful to humans, animals, and the environment, and as such should be handled and 

disposed of carefully. Nuclear accidents have resulted in disasters across the world, such 

as: the three mile island accident (which is the worst nuclear accident in the United States’ 
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commercial reactor history), the distressing Chernobyl disaster in Ukraine on 26 April 1986 

(which is considered as the worst nuclear disaster), and the Fukushima Daiichi nuclear 

disaster in Japan on 11 March 2011. Each accident is a painful lesson; with the harmful 

effects on humans still being witnessed today. The debate on nuclear safety is key to the 

development of the technology.  

 

 

Figure 1.3: The production of nuclear energy worldwide from 1970 to 2018.2 

 

The UK has a long history of nuclear energy use and development. As mentioned above the 

world’s first commercial nuclear station was built in this country, and since then many more 

nuclear plants have been built. At the peak, in 1997, nuclear energy provided 26% of the 

nation's electricity. However, since this date, many reactors have closed, with the UK 

government stating they would slow down the production of nuclear power stations in 

2002. This decision was followed by heated debates between nuclear supporters and 

opponents and was subsequently reversed in 2006 (in an aim to reduce UK greenhouse gas 

emissions). Thus, in the same year as the ‘U’-turn, the design of new nuclear plants started. 

Currently, there are 7 nuclear stations in the UK with 15 active nuclear reactors (Figure 1.4), 

including 14 advanced gas-cooled reactors (AGR) and 1 pressurised water reactor (PWR). 

The government has stated that 95 Gigawatts (GW) of new generating capacity will be 

constructed by 2035, which is equivalent to 90% of the grid’s current capacity. Despite the 
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recent investment, it is clear that nuclear energy is a politically controversial topic in the 

UK, and thus its development has not been consistent in the last 40 years.  

 

 

Figure 1.4: Existing nuclear power stations in the UK. 

 

1.2 Nuclear reactors 

Nuclear reactors convert nuclear energy into electricity, which can be integrated into 

electricity grids. The core of nuclear reactors contains the fuel and control rods. Nuclear 

fuel is compressed into small pellets, which are bundled into a fuel rod. Energy is created 

by bombarding fuel rods with neutrons, to induce fission; however, if left uncontrolled this 

can lead to fierce chain reactions. Thus, control rods, made from neutron-absorbing 

materials, are used in reactors to control fission speed. Control rods can be inserted or 

withdrawn in active reactors, in order to adjust the fission to a suitable speed, moreover, 

if unsafe conditions are detected, reactors use the control rods in their automatic and 

manual systems to shut down the fission reaction. Another important part of nuclear 

reactors is the cooling system. Coolant is transferred to the core of reactors through 
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pressure vessels, to cool down the core and store the heat released from fission reactions, 

then the heated coolant flows to the steam generator, which makes steam from the coolant. 

The steam produced by the coolant can power up the connected turbine and generate 

electricity. Finally, containment protects reactors from outside intrusion, and protects the 

outside from the effects of radiation. Since the 1950s, nuclear reactors have been 

developed and improved, resulting in five generations of reactor today. The generation one 

reactors are precursors; most current reactors are generation two, such as: light water 

graphite-moderated reactor (LWGR), pressurised water reactor (PWR), and boiling water 

reactor (BWR). Generation three reactors have developments in efficiency and safety from 

their generation two reactors, whilst generation four reactors are still under research and 

will not be available before 2030 for commercial construction, generation five reactors are 

still only theoretically possible.  

 

 

Figure 1.5: Schematic diagram of a nuclear reactor. 

 

1.3 Nuclear fuel 

Nuclear fuel is the heart of the reactor and powers the whole system. Heavy fissile actinide 

elements, such as uranium-233 (233U), uranium-235 (235U), and plutonium-239 (239Pu), are 

effective constituents of most nuclear fuels, and the form of the actinide dictates the type 
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of nuclear fuel used. The most popular nuclear fuel is actinide oxides, including traditional 

nuclear fuel, uranium dioxide (UO2), and mixed oxides (MOX) fuel. UO2 (Figure 1.6 (a)) is 

made from uranium hexafluoride (UF6) or uranium trioxide (UO3), then UO2 powder (Figure 

1.6 (b)) may be further processed or conditioned. The last step is then to mould this powder 

into pellets (Figure 1.6 (c)). MOX, as the name suggests, contains more than one oxide of 

fissile elements. The most common MOX fuel is uranium-plutonium mixed dioxide (U-Pu 

MOX). Minor actinides, neptunium, americium, and curium, can also be added to U-Pu 

MOX to obtain a closed fuel cycle (where spent fuel is reprocessed, and partly reused). Non-

oxide ceramic fuels, such as uranium nitride and uranium carbide, have high heat 

conductivities and melting points, but a good understanding of them is still lacking. Metal 

fuels (uranium alloys) also have high heat conductivities, but they cannot survive high 

temperatures. Minor actinides can also be recycled into metal fuels – metal actinide fuel. 

There are also some other kinds of nuclear fuel, like molten salt fuels, and aqueous 

solutions of uranyl salts.  

 

 

Figure 1.6: (a) Cubic structure of UO2; (b) UO2 powder; (c) UO2 pellet.3  

 

Oxide fuel is a typical nuclear fuel, hence oxide fuel will be discussed extensively in the 

following sections. Previous work on pure UO2 will be reviewed firstly (1.3.1). To have a 

good understanding of MOX fuel, knowledge of every oxide in it should be clear, and there 

are numerous studies that have investigated plutonium dioxides (PuO2), neptunium 

dioxides (NpO2), americium dioxides (AmO2), and curium dioxides (CmO2). Pu is the most 

accumulated highly radioactive nuclear wastes, so it is at the core of handling nuclear 
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wastes and will be discussed in the section on nuclear waste (1.4.1). Therefore, the next 

step is reviewing works about minor actinides dioxides (MAnO2) viz., NpO2, AmO2, and 

CmO2 (1.3.2). After works about actinide oxides, uranium and other actinides (Np, Pu, Am, 

or Cm) mixed dioxides (MOX) will be discussed (1.3.3). Uranium and plutonium mixed 

dioxide (U-Pu MOX) is the most studied MOX, as it is the most common MOX fuel. Uranium 

and minor actinide mixed dioxides, including U-Np MOX, U-Am MOX, and U-Cm MOX, are 

simplified forms of minor actinide-containing U-Pu MOX (U-Pu-MAn MOX), and hopefully, 

investigation of U-MAn MOX promotes a better understanding of U-Pu-MAn MOX. Finally, 

a summary of previous works about the most complicated oxides is presented: U-Pu-MAn 

MOX (1.3.4). 

1.3.1 Uranium dioxide (UO2) 

Uranium dioxide (UO2), as a traditional nuclear fuel and the most used one, has attracted 

researchers’ attention. Thermophysical properties,4-5 such as thermodynamic6-13 and 

transport properties14-19, have been widely studied, as they are important parameters for 

fuel performance (regarding its efficiency and safety). Many works on the thermophysical 

properties of UO2 focus on the fuel operational temperature range,6, 13, 18 as it is the most 

important temperature range, although there are some works interested in very high 

temperatures,5-6, 10, 12-15 for example, Ronchi et al. have studied thermal conductivity of UO2 

up to 2900 K,14 as high temperatures are relevant to accident conditions. Furthermore, 

studying a wide range of temperature provides a better understanding of thermophysical 

properties, and can hopefully and potentially provide a mechanism to explain 

thermophysical phenomena, thus, there are also plenty of works investigating low 

temperature thermophysical properties of UO2.6, 9, 16, 19 

Fundamental properties of UO2, such as local structure, oxidation of UO2, and diffusion of 

U, O, and fission gas in UO2, are essential to the investigation of thermophysical properties. 

The geometry20-25, electronic structure26-32, and magnetism33-40 of UO2 have been studied 

with spectroscopy. It is widely acknowledged that UO2 has the face-centered cubic (fcc) 

fluorite structure with tetravalent U; the cubic unit cell contains 4 U atoms and 8 O atoms, 

with the U atoms in fcc lattice sites and the O atoms occupying (±1/4, ±1/4, ±1/4) positions 
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around each cubic corner U atom (Figure 1.6 (a)). It is antiferromagnetic (AFM) at low 

temperature below 30.8 K, which is the first-order phase transition temperature.34  

A UO2 fuel pellet undergoes severe structural changes under irradiation conditions, such as 

defect accumulations, fission gas bubble growth and redistribution, and grain subdivision. 

Therefore, as well as stoichiometric UO2, non-stoichiometric UO2 has also attracted 

attention. Point defects in UO2,41-50 including uranium and oxygen vacancies, interstitials, 

Frenkel pairs, and Schottky defects, have been studied and compared for the formation 

energies. Hyper-stoichiometric UO2+x is also of great interest.51-55 Because UO2 has a large 

number of octahedral holes and U can form oxidation states from U(III) to U(VI), UO2 can 

accommodate large amounts of interstitial oxygen to form the hyper-stoichiometric UO2+x. 

To better understand the stability of UO2, oxidation of hyper-stoichiometric UO2+x, which 

can maintain the fcc structure with x < 0.23, has also attracted much attention.53, 55 Further 

oxidation of UO2 causes phase transition, leading to different structures such as the 

tetragonal U3O7 or orthorhombic U3O8.53, 55-56 

Self-diffusion of U and O in stoichiometric and non-stoichiometric UO2 has been studied 

and compared,57-63 focusing on diffusion pathways and coefficients, as well as activation 

energy, as it is important to the understanding of sintering, creep, and corrosion 

phenomena in nuclear fuel. Extensive research had also been carried out to investigate the 

diffusion characteristics of fission products, mainly the noble gases He, Kr, and Xe.64-65  

Exposed UO2 surfaces are ubiquitous in nuclear reactors, for example in the gap between 

the fuel and cladding, and grain boundaries. Surface properties are also important for the 

storage of spent UO2 fuel. Surface structure and properties have been investigated 

experimentally with X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS), X-ray 

absorption near-edge structure (XANES), extended X-ray absorption fine structure (EXAFS), 

Raman spectra, and atomic force microscopy.66-79 UO2 surfaces are highly oriented along 

the {111} direction,66 and different oxidation states of U have been found (mostly U4+ and 

U5+ ions with some U6+ ions).67 Oxidation of UO2 surfaces is an important interfacial 

process.71-79 Different oxidation conditions have been studied in previously published 

works, including exposed surfaces71, gas medium74, and temperature76. The oxidation is 

universal and prevails regardless of which surface is exposed, and the gas medium 
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influences the oxidation rate, for example, H2O/H2 and CO2/CO mix gas have been studied 

by Dobrov et al. and Carter et al., respectively,71-72 increasing partial pressure of H2 will 

hinder oxidation while increasing partial pressure of CO2 will promote oxidation. Oxidation 

of UO2 was found to have a strong temperature dependence.76 To get a better 

understanding of UO2 surfaces properties, small molecules have been extensively used as 

a probe to investigate adsorptions and interactions on UO2 surfaces.80-89 The most common 

probe is water, as its adsorption and dissociation on the UO2 surfaces are also important 

for the long-term storage of UO2.80, 82, 85-86 

There are also lots of theoretical works on UO2, as simulations can provide a deeper 

understanding of the mechanisms behind the phenomena we are interested in. Atomistic 

simulation, e.g. molecular dynamics (MD), has been widely applied in the simulation of 

thermal properties of UO2, such as thermal conductivity,90-97 diffusion coefficient98-99, and 

thermal expansivity100; previous atomistic results show a good agreement with 

experimental data, as well as providing predictions for untested thermal properties. 

However, first-principles calculations, with density functional theory (DFT) being the most 

widely used method for nuclear fuel modelling, are more relevant to this work. 

Unfortunately, the local density approximation (LDA) and generalized gradient 

approximation (GGA) functionals wrongly describe UO2 as a metal (due to the strong 

correlations of f electrons).101-103 There are several methods proposed to handle this 

problem, such as hybrid density functionals,104-108 self-interaction correction (SIC),109 and 

dynamical mean-field theory (DMFT);110-111 however, they are computationally expensive. 

On the other hand, the Hubbard model-based DFT method (DFT + U) has been widely 

applied to the simulation of UO2, as it has much higher computational efficiency than the 

above-mentioned methods. Many studies, using DFT + U, have simulated UO2 properties, 

such as surface and bulk properties103, 109, 112-114, defect formation45, 49, He diffusion in 

UO2
115-116, and oxidation of UO2

117. The DFT + U simulations give much more reasonable 

results of electronic structure, which fits experimental findings better than pure DFT.  

However, the DFT + U method is not perfect, as it brings the problem of metastable states 

because of the degeneracy of the f orbitals. The DFT + U optimization is easily trapped in a 

metastable state and it can be hard to reach the true ground state. Thus methods, such as 
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occupation matrix control (OMC)118 and U-ramping119, have been developed to help the 

DFT + U optimization reach the true ground state. The DFT + U + OMC method has been 

applied to simulations of UO2 bulk and surfaces,120-121 and it always allows one to reach the 

lowest energy states. But as one should consider all possible initial occupation matrices, 

the DFT + U + OMC method is very time consuming and complicated for a system with an 

enormous number of electronic configurations. U-ramping only works when the U value 

does not change the orbital ordering.119 Besides these simulation methods, there are still 

some other settings that affect the calculated results, such as magnetic ordering and spin-

orbit coupling (SOC).122-123 Table 1.1 summarizes the lattice constant and bandgap of UO2 

calculated with different methods and compares them with experimental data. As we can 

see from the table, the DFT + U simulated results are in agreement with the experiment. 

Therefore, the DFT + U method is currently the most commonly used method to simulate 

UO2, with the collinear 1k AFM state. As mentioned above, hybrid DFT can overcome the 

drawback of LDA and GGA functionals but is time consuming for periodic DFT. Thus 

embedded cluster approaches such as the periodic electrostatic embedded cluster method 

(PEECM) are another good way to reduce computational time and can treat of UO2 with 

hybrid DFT.108, 124 

 

Table 1.1: Lattice parameter and bandgap of UO2 from different theoretical simulation 

methods and experiments. 

Method Lattice parameter (Å) Bandgap (eV) 

DFT101-103 5.289 – 5.445 0.00 

DFT + U60, 118, 123, 125-128 5.440 – 5.520 2.03 – 2.40 

Hybrid DFT106-108 4.05 – 5.454 2.78 – 3.20 

Experiment129-135 5.470 – 5.473 2.00 – 2.50 

 

Defect formation and small molecule adsorption on UO2 surfaces are much more 

complicated than bulk calculations, thus most surface simulations are done with the DFT + 

U method. There are a number of papers published about UO2 surfaces and water 
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adsorption.108, 114, 121, 124, 136-142 Oxygen vacancy formation on the UO2 {111}, {110}, and {100} 

surfaces has been calculated with hybrid DFT (PBE0) and the DFT + U method,124 these two 

methods are basically in agreement with each other and predict similar behaviour for water 

adsorption on stoichiometric and oxygen vacancy UO2 surfaces. Both single and multiple 

water adsorptions on UO2 surfaces have been simulated with DFT + U by Tegner et al.141-

142 Bo et al. studied water dissociation and H2 formation on UO2 surfaces,139-140 and Pegg et 

al. investigated the interaction between H2 and UO2 surfaces.143-144 Overall, UO2 has been 

intensively studied over the last decades, and the study of UO2 not only gives us a better 

understanding of the material itself, but is also a good reference for the study of other 

actinides. 

1.3.2 Minor actinide dioxides (MAnO2) 

Neptunium (Np) is an important actinide accumulated during the UO2 nuclear fuel cycle. 

237Np is one of the important long-lived isotopes; it is formed predominantly from 235U, and 

the alpha decay of 241Am leads to further accumulation of Np in highly radioactive nuclear 

wastes. Np is mainly present as the dioxide, i.e. stoichiometric, substoichiometric, and 

hyperstoichiometric NpO2.145 Similar to UO2, NpO2 has the fcc crystal structure with space 

group Fm-3m,129 but understanding the properties and behaviour of NpO2 has proved to 

be much more difficult, e.g. magnetic ordering.146-156 For example, Foumier et al. observed 

a phase transition at about 25.5 K for NpO2 cooling from room temperature,146 whereas 

Caciuffo et al. did not find any magnetic order by neutron diffraction.152 Numerous studies 

have tried to find the mechanism behind the phase transition of NpO2, and have concluded 

that the phase transition is due to octupole moments of 5 symmetry (Figure 1.7).155 The 

basic chemical and thermal properties of NpO2, such as heat capacity,157-160 bandgap,161-162 

evaporation behaviour,163-164 have also attracted a lot of attention. There are fewer 

theoretical studies (compared to experimental) on NpO2,106, 108, 123, 143-144, 165-179 however, 

there are still some examples such as Wang et al. who have performed systematic DFT + U 

calculations to investigate the electronic structure, mechanical properties, and phonon-

dispersion curves of NpO2;166 their work demonstrated that DFT + U method is able to give 

a good simulation of NpO2. 
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Figure 1.7: Schematic energy spectra of Np (IV) ions in NpO2 from Ref. 151. Left side is the 

paramagnetic phase with a bare crystal-field (CF) gap of 55 meV present between the two 

8 quartets; right side is the ordered phase where the ground CF quartet is split into two 

5 and 6 singlets and a 4 doublet. Ellipsoids and arrows represent the electric 

quadrupole and magnetic triakontadipole, respectively.  

 

There are a few studies that focus on the surfaces of NpO2, such as that by Naegele et al. 

who studied the oxidation of Np on the surface.180 They found that Np2O3 naturally forms 

on the surfaces, but does not exist in the bulk. They demonstrated that with further 

oxidation of the surfaces this Np2O3 species completely disappears to leave just the NpO2; 

however reduction of the surface leads to a stable Np2O3 structure.181 Therefore, Np2O3 

could exist on NpO2 surfaces. Theoretical simulations of NpO2 surfaces are mainly 

interested in surface properties and water adsorptions. Bo et al. simulated NpO2 {111}, 

{110}, and {100} surfaces and further investigated oxygen vacancy formation, as well as 

water adsorption on stoichiometric and defect surfaces.169 Hydrogen adsorption on NpO2 

surfaces has been studied by Pegg and co-workers,143-144 and there is also a simulation work 

studying hydroxyl adsorption.179  

Americium (Am) has high and lasting radiotoxicity and is the second most-produced MAn 

in the UO2 fuel cycle. Beta-decay of 241Pu generates 241Am, which decays to 237Np by alpha 

emission. The 243Am isotope is also present in the spent fuel, but in much smaller 

concentrations. The first Am compound that was thoroughly characterized was AmO2, 

though Am (III) is more stable than Am (IV). AmO2 also has the fcc crystal structure, and is 
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commonly reduced to Am2O3 with a body centered cubic (bcc) structure between 600 and 

800 K, and exists as Am2O3 at higher temperatures but with different crystal structure over 

different temperature ranges.182 However, Am2O3 is not thermodynamically stable in air, 

and is slowly oxidized and transfers to the fcc AmO2.183 Similar to UO2 and NpO2, a low 

temperature phase transition has been discovered in AmO2 (at 8.5 K);184 this has been 

attributed to AFM ordering, but the crystalline electric field ground state of Am (IV) has 

been suggested to be a 7 doublet, which is nondipolar ordering, in AmO2.184-187 Further 

investigations have found that the ground state can be easily converted into 8 quartet, 

due to the competition between SOC and Coulomb interactions.188-190  

Theoretical studies of americium oxides mainly focus on bulk properties.106, 123, 171, 173-174, 

176-177, 191-196 Kovac et al. analysed the electronic structure of AmO2 molecules in the gas 

phase with a accuracy theoretical method (CASPT2),196 and they found that AmO2 with five 

unpaired electrons has the lowest energy. Teterin and co-workers have studied the 

electronic structure of solid-state AmO2 by combining X-Ray spectroscopy and theoretical 

simulation;191, 193 detailed composition of molecular orbitals are plotted, and they conclude 

that Am 5f electrons partially delocalize within the outer valence band and the rest of the 

5f electrons are localized. Many efforts have been made to investigate the structure, 

electronic and thermodynamic properties. The latest work is a DFT + U study of AmO2 by 

Noutack et al.,194 which suggests that transverse 3k AFM is the ground state magnetic order 

of AmO2, but longitudinal 1k AFM order without SOC is a reasonable approximation for DFT 

+ U calculation of AmO2 bulk properties. There is no theoretical work studying AmO2 

surfaces. 

Curium dioxide (CmO2) is still somewhat of a mystery. An expansion of the lattice 

parameter was found at room temperature within a few days after the discovery of CmO2 

as a compound, and the presence of oxygen and its partial pressure have an obvious 

influence on the expansion.197-198 Unsurprisingly, the curium-oxygen phase diagram shows 

a rich variety of compounds, for example, curium sesquioxide has five polymorphic forms. 

The simplest oxide structure is CmO2, and similar to other AnO2 structures it only has the 

fcc crystal structure; neutron powder diffraction measurement shows the lattice constant 

is 0.5364 nm.199 Knowledge of CmO2 electronic structure mainly comes from theoretical 
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simulations. Asprey and co-workers found evidence for tetravalent Cm.198 Gubanov et al. 

calculated the electronic structure of a CmO8
12- cluster;200 their results show that the 

effects of covalent mixing of the 5f orbital with oxygen ligands are larger in CmO2 than in 

UO2. Prodan and co-workers investigated solid-state AnO2, including CmO2, with screened 

hybrid density functional theory.106 From PuO2 to CmO2, they found the f electrons change 

from delocalized to localized, which is the driving force for An(IV) atoms to reduce to An 

(III) (this is especially true for CmO2, where Cm borrows oxygen spin and approaches the 

stable half-filled f7 subshell).  

The magnetic structure of CmO2 is still unclear. As Cm is tetravalent, a nonmagnetic ground 

state should be found for CmO2, but an effective moment of about 3.4 μB has been 

observed from neutron diffraction.199 There are two different explanations for the moment 

found in CmO2; one attributes the moment to Cm (III) impurity, while the other attributes 

it to a low-lying excited state of Cm (IV). Niikura et al. found that the excitation energy 

between the ground and magnetic excited states of AmO2 is small, due to the combined 

effect of Coulomb interactions, SOC, and crystalline electric field potential; the result 

demonstrated the possibility of low-lying excited states contributing to the moment found 

in CmO2.201 Huang and co-workers recently simulated bulk CmO2 and further studied the 

magnetic properties;202 they conclude that the ground state electronic structure of Cm is 

an intermediate configuration between Cm (III) and Cm (IV), which causes the moment 

detected in CmO2.  

Overall, further investigations into MAnO2 are needed. In particular, more work is required 

to understand the AmO2 and CmO2 structures, especially their surface chemistry. Although 

we know more about NpO2, a better understanding of its surfaces is required too.  

1.3.3 Uranium and actinide mixed dioxides (U-An MOX) 

U-Pu MOX fuel has been used in light water reactors around the world for decades, and the 

development of sodium-cooled fast reactors has given new life to the prospect of future U-

Pu MOX fuel usage. The most important characteristic of U-Pu MOX fuel is the Pu to metal 

(Pu/M, M = U and Pu) ratio. MOX with Pu up to 4% is added into thermal reactors as fuel, 

and slightly higher Pu (7%) fuel can be used in light water reactors. MOX fuel for fast 
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reactors is designed to have much higher Pu, ranging from 20% to 40%. For example, U-Pu 

MOX, which contains up to 30% Pu, has been used for a while in conventional fast breeder 

reactors, and sodium bonded MOX test pins that contain up to 40% Pu are commonly used. 

However, due to the temperature gradient in MOX fuel, redistribution of U and Pu occurs 

at the early stage of irradiation, therefore, the Pu content in MOX fuel can increase from 

10-70% compared to the initial fabricated ratio.203-205 Hence, studies of U-Pu MOX have 

considered a wide range of Pu content. For instance, thermal properties, such as burnup, 

thermal conductivity, and so on, have been investigated against the Pu content.206-211 There 

are also works focused on the Pu isotope (238Pu and 239Pu) ratio to all Pu in U-Pu MOX,212-

215 as it is crucial for the use of MOX in reactors. 

Another important quantity in U-Pu MOX is the O to metal (O/M, M = U and Pu) ratio, which 

influences fuel-clad compatibility,216-217 thermal conductivity,218 melting point219 and 

fission product behaviour220. For example, the O/M ratio is not allowed to exceed 2.00 at 

the beginning of the fission process, to reduce fuel cladding chemical interaction.216-217 

Another example of previous work concerns the melting point; the melting temperature of 

MOX decreases with an increase in the O/M ratio.219 The O/M ratio can be adjusted during 

the sintering process, where the MOX is reduced under a mixed atmosphere of hydrogen 

and inert gas. But, during irradiation, due to the generation of fission products and 

redistribution of O, U, and Pu, the O/M ratio of the U-Pu MOX will change. In the centre of 

the pellet, the O/M ratio is lowered to at least 1.92 by O defects and Pu redistribution.221-

222 Therefore, to have an insightful understanding of the O/M ratio of U-Pu MOX, the 

oxidation of MOX has attracted the attention of researchers.223-228 The oxidation of (U, 

Pu)O2 is slowed down by higher Pu/M ratios.226-227 On the other hand, the oxidation of (U, 

Pu)O2-x (x > 0) is diffusion controlled, and is mainly related to anion vacancy migration; the 

presence of anion sublattice defects in samples with higher Pu/M ratio favours the 

oxidation.226-227 Self-irradiation induced defects will also decrease the oxidation kinetics of 

MOX.224 Spontaneous oxidation of biphasic MOX has been observed by Vauchy et al.;223 

this oxidation process is driven by water chemisorption, thus it is influenced by the 

moisture content of the atmosphere rather than its O2 concentration. Some works study 

the diffusion of O, U, Pu, and irradiation products, like He, in MOX, which is also, directly 

and indirectly, related to the O/M ratio of U-Pu MOX. 
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The crystal structure of U-Pu MOX is affected by many factors; the most commonly studied 

factors being the previously mentioned Pu/M and O/M ratio. It is widely acknowledged 

that UO2 and PuO2 have an fcc crystal structure, and it has been revealed that the solid 

solution of (U, Pu)O2 also possesses this same crystal structure.229-232 Also, it is apparent 

that the lattice parameter for (U, Pu)O2 changes linearly with the ratio of Pu/M, from pure 

UO2 to PuO2.206 Whilst it is necessary to take into consideration the O/M ratio, temperature, 

and atmosphere to accurately model a real system, there has been work on these 

compounds. For example, a study by Sari and co-workers which looks at the ternary system 

of U-Pu-O at room temperature for O/M of 2.00, found MOX remains a single phase fcc 

with a Pu/M ratio less than 20%.233 Two phases are found for MOX with Pu/M ratio larger 

than 20%, one phase is fcc, another phase related to Pu/M ratio.233 A later study by Vigier 

et al. also found that substoichiometric (U0.3Pu0.7)O2-x is biphasic and confirmed the 

presence of trivalent Pu in the sample.229 Stable hyperstoichiometric U-Pu MOX has also 

been detected in experiments. A single fcc phase (U0.3Pu0.7)O2.15 was obtained by Sali et al. 

from the oxidation of (U, Pu)C, and they found that the mean valency of U was +5.234 Martin 

and co-workers revealed that (U, Pu)O2+x with Pu/M ratio of 30% or lower has a disordered 

hyperstoichiometric structure.232  

Theoretical simulations of U-Pu MOX can be divided into two groups, one being molecular 

dynamics simulations with a focus on thermal properties,97, 235-241 and the other one is DFT 

simulations with focus on chemical properties. As the core in this thesis is more focused on 

DFT calculations, this will be discussed in detail. Gryaznov et al. simulated (U, Pu)O2 bulk 

with the Pu/M ratio range from 12.5 to 87.5% with the DFT + U method,242 indicating that 

the antiferromagnetic (AFM) state is more stable than the ferromagnetic (FM) state for low 

Pu concentration. The lattice parameters Gryaznov et al. obtain for (U, Pu)O2 also obey 

Vegard’s law.242 The (U, Pu)O2 bulk was also studied by Dorado and co-workers, but with 

12.5-25% Pu.243 They found that the presence of Pu in MOX creates an electronic state 

above the Fermi level and decreases the bandgap of pure UO2. Yang et al. investigated 

electronic properties of (U, Pu)O2 with 25%, 50%, and 75% Pu with the DFT + U method;244 

they found that Pu-O and U-O bonds in MOX are more ionic than in pure PuO2 and UO2. 

Recently, Njifon and co-workers studied U0.5Pu0.5O2 also using the DFT + U method,245 and 

they found that small variation of the U parameter for Pu does not impact significantly the 
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properties of MOX. As with the study by Gryaznov et al., they found a narrow bandgap for 

MOX. The above studies are all focused on stoichiometric MOX, whereas Ma et al. 

systematically simulated U0.5Pu0.5O2.25, U0.5Pu0.5O2, and U0.5Pu0.5O1.75 with hybrid DFT.246 

Their results support the presence of an AFM ground state for all the MOX structures they 

studied, and there was only distortion for O in the hyper and hypo-stoichiometric 

(U0.5Pu0.5O2.25 and U0.5Pu0.5O2, respectively) bulk when compared with the stoichiometric 

one.  

Much less attention has been paid to U-Np MOX than U-Pu MOX. The phase diagram of the 

U-Np-O system has been studied in several works, for example, Paul and co-workers 

studied the phase diagram in an O2 atmosphere between 1373 and 1823 K.247 Martel et al. 

investigated the structure of U1-xNpxO2 (x = 0.01, 0.05, 0.20, 0.50, 0.75, 0.85) using X-ray 

spectroscopy,248 confirming that the lattice parameter of U-Np MOX obeys Vegard’s law, 

and that U and Np remain tetravalent in MOX. Chollet and co-workers compared 

stoichiometric (U0.9Np0.1O2) and hyperstoichiometric (U0.9Np0.1O2+x) MOX,249 and found Np 

remains tetravalent with a coordination number of eight in the fluorite structure (even in 

an oxidizing atmosphere, as any excess charge on the oxygen is supported by U). Martel et 

al. found that the AFM order of U-Np MOX is stable in a large applied magnetic field.250 The 

stability of the AFM order was also confirmed by theoretical simulation, as a negative 

formation enthalpy of AFM U-Np MOX was obtained with DFT + U calculations by Ghosh 

and co-workers.251-252 Among limited works on U-Np MOX, several studies have been 

interested in thermal properties.253  

U-Am MOX has attracted more interest than U-Np MOX, due to the interesting structural 

and electronic properties of this compound.254-268 Prieur et al. found U-Am MOX with 10%, 

15%, and 20% Am content possess Fm-3m crystal structure.265 This structure is also 

maintained for MOX with higher Am content (30%, 40%, and 50%).261 In fact, the fluorite 

structure is still stable under high α self-irradiation of 241Am and is independent of the 

synthesis processes used.262, 266 Lebreton and co-workers confirmed again that no 

significant deviations of the cation sublattice were evidenced for high Am content MOX, 

while the oxygen sublattice presents deviations from the fluorite structure.259  
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The electronic structure of U-Am MOX is much different from U-Pu and U-Np MOX. 

Bartscher et al. found that, under nitrogen atmosphere, U (IV) is oxidised by Am (IV) in a 

phosphoric acid solution.254 Since this study there has been a lot of work undertaken to 

find out the charge state of U and Am in U-Am MOX solid solution. For example, Prieur and 

co-workers investigated the charge state of U and Am in U-Am MOX with low Am content 

(< 20%);264 they found only trivalent Am and a mixed charge state (tetravalent and 

pentavalent) for U. This finding had been further supported by Lebreton’s work, which also 

concludes that the charge states of Am and U are unaffected by sintering atmosphere.260 

Another work of Prieur found that self-irradiation does not affect the charge distribution.266 

For U-Am MOX with high Am content (< 50%), only trivalent Am was found, and only 

pentavalent U was found for U0.5Am0.5O2-x.260 Prieur and co-workers further studied the 

relationship between trivalent Am and pentavalent U in MOX, and found that Am(III) and 

U(V) are present in almost equimolar proportions.264 Once more, Caisso et al. proved the 

existence of trivalent Am in U3O8,256 and Epifano and co-workers confirmed trivalent state 

Am in (U, Am)4O9 and (U, Am)3O8.257  

At the time of writing, there are no published work studied the U-Cm MOX system, while 

there are some works that studied Cm bearing U-Pu MOX. Thus, Cm in UO2 matrix will be 

discussed below (1.3.4). 

Overall, theoretical works on U-Pu MOX are still in their early stages. Fortunately, previous 

DFT + U simulations provide promising results, but further theoretical simulations are 

required to provide a deeper understanding of U-Pu MOX. Am acts differently in UO2 than 

Np and Pu, so the presence of Am in MOX fuel will bring more uncertainty, more work is 

required to safely recycle and burn Am in nuclear fuel. Cm is again more complex to model 

than Am. In the real activated pellet, the situation is very complicated, thus, further 

investigations are needed for U-An MOX. 

1.3.4 Minor actinide bearing uranium and plutonium mixed oxide (MAn-MOX)  

Np-MOX is more suitable for fast reactors than light water commercial reactors. During 

operation the content of 237Np increases slightly in both types of reactors, however, this 

increase does not exceed 0.08wt.% in U-Pu MOX.269-270 Ng and co-workers suggest that Np 
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may pose a proliferation risk to MOX fuel.271 However, recycling Np into U-Pu MOX is still 

attractive. Morimoto et al. studied the thermal conductivities (λ) of Np-MOX,272 and they 

found that the thermal conductivity could be expressed as λ = (A + BT)-1 up to 1400 K (where 

T is temperature, and A and B are material-related constants; the A values increased 

linearly with increasing Np content). This finding is also supported by Prieur and co-

workers;273 they also found that the thermal conductivity of Np-MOX is lower than UO2 and 

the melting temperature of Np-MOX is 3020 K. The oxygen potential increases with 

increasing Np content but this effect is smaller than Pu.272 However, Kato et al. believe that 

addition of a small percentage of Np has a negligibly small effect on MOX properties,274 

such as lattice parameters, melting temperatures, thermal conductivities, and oxygen 

potentials. 

The Am-MOX lattice parameter decreases with increasing Am content (< 15%), whilst Am 

content has little influence on thermal conductivity and heat capacity.275 Morimoto and co-

workers further studied the influence of Am content on the thermal conductivity of Am-

MOX,276 and they found that λ = (A + BT)-1 up to 1400 K (where T is temperature, and A and 

B are material-related constants; the A value increased linearly with increasing Am content, 

while the B-value decreased slightly with increasing Am content). This result is in 

agreement with Prieur’s work.273 Morimoto et al. also found that Am in U-Pu MOX has a 

significant effect on the O/M ratio.276 Hirooka and co-workers believe that Am inclusion, in 

terms of substituting U, significantly increased the O potential at the same O/M ratio. The 

increase in O potential was larger than with the addition of Pu at the same rate, and they 

attribute this to the higher O potential of AmO2-x than that of PuO2-x.277 Am was found to 

be trivalent and embedded in the form of {AmO8}13- or {AmO7}11- in Am-MOX in Degueldre’s 

work.278 Meanwhile, Vanchy and co-workers found that, for U0.54Pu0.45Am0.01O2-x, Am 

exhibits a mixed-valence III/IV charge state when the MOX has U and Pu distribution 

heterogeneities and is only tetravalent when the MOX is homogeneous.279 Their later work 

confirmed that the reduction of Am (IV) to Am (III) is completed before any reduction of Pu 

(IV), and U remains tetravalent.280 Maeda et al. studied the redistribution behaviour after 

irradiation of Am-MOX,281 and they found Am and Pu have similar redistribution tendency, 

as well as an increase in Am and Pu content around the central void. 
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There are a limited number of studies on Cm-MOX.282-285 Osaka and co-workers analysed 

irradiated MOX fuel in an experimental fast reactor,285 and found that Cm content reaches 

equilibrium above burnup of 100 GWd/t, except for 247Cm. Additionally, they found the 

accumulation of 244Cm in the irradiated MOX fuel becomes larger even at a low burnup.284 

Degueldre and co-workers proved that Cm in Cm-MOX is trivalently embedded in the form 

of {CmO8}13- or {CmO7}11- within the fluorite structures of the UO2 matrix. 283 

Overall, knowledge about MAn-MOX is dominated by studies looking at fabrication in 

gloveboxes and behaviour in experimental reactors, with very few theoretical simulations 

available. Some interesting phenomena have been observed for MAn-MOX, but further 

work is needed to explain the underlying mechanisms.  

1.4 Nuclear waste 

Nuclear waste can be divided into three types according to their radioactivity: low-level, 

intermediate-level, and high-level waste (Figure 1.8). About 90% of nuclear waste is low-

level, such as tools and work clothing. Used filters, and components of reactors are classed 

as intermediate-level waste, which accounts for 7% of nuclear waste. Spent nuclear fuel is 

classed as high-level waste; despite only accounting for 3% of total nuclear waste, it is the 

most concerning category. 96% of spent nuclear fuel is the remaining U, including 238U, 235U, 

and 236U, and the rest of the nuclear fuel is composed of 1% Pu, 3% fission products of U 

and Pu, and very small amounts of minor actinides. U can be reused as UO2 fuel, but one 

disadvantage to reprocessing spent fuel, is that Pu can accumulate. As a consequence of 

this, reprocessing has led to the largest civil stockpile of separated Pu (stored as PuO2) in 

the UK over the last few decades. To develop either a long-term storage plan for Pu or reuse 

it as U-Pu MOX fuel, a sufficient understanding of PuO2 is required. What is more, up to 

about 6% Am is found in the oldest PuO2 stockpiles in the UK, thus for safe storage of PuO2, 

an understanding of aged PuO2 and how its structure may change over time is important. 

Therefore, in this section, works that focused on pure PuO2 (1.4.1) and the simplified aged 

PuO2 system: Pu-Am MOX (1.4.2) will be discussed.  
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Figure 1.8: Composition of spent UO2 nuclear fuel. 

 

1.4.1 Plutonium dioxide (PuO2) 

Plutonium dioxide (PuO2) has the fcc fluorite like structure, belonging to the Fm-3m space 

group.286-287 In PuO2, the Pu 5f electrons directly participate in chemical bond formation, 

whilst the 6p electrons contribute noticeably to the formation of the occupied part of the 

valence bands.288 The ground-state magnetic structure of PuO2 remains debatable, with 

experimental studies supporting the presence of a diamagnetic (DM) ground state,289-291 

whilst theoretical methods indicate either a collinear ferromagnetic (FM) or 

antiferromagnetic (AFM) ground state.292-297 Pu is extracted from spent nuclear fuel and 

has the potential to be reused as U-Pu MOX fuel, thus there is a lot of work involved in 

investigating the performance of PuO2 as nuclear fuel (mainly focused on thermal 

properties, such as heat capacity, thermal conduction, and so on).298-310 To better predict 

PuO2 performance as a nuclear fuel, the influence of fission products and irradiation 

generation defects has also been investigated in previous studies.311-314 

Additionally, as it is important to safely store PuO2 long-term, there has been a lot of 

attention paid to the corrosion of PuO2 over time. In these studies, the properties and 

adsorption of small molecules on PuO2 surfaces have been intensively examined. For 

example, experimental results show that PuO2 is active under an atmosphere containing 

hydrogen, oxygen, and water.315 Formation of PuO2+x at temperatures below 200 °C has 

been detected after dissociative water adsorption, and this structure shows evidence of 

extensive hydroxylation and spectroscopic features that are consistent with higher Pu 
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oxidation states (such as Pu(V)).315 Gouder and co-workers also support the idea that 

PuO2+x contains additional OH- rather than O2-.316  Stakebake et al. found that the reaction 

of dry oxygen with the PuO2 surfaces is slow and the extent is limited after a few hours.317-

318 Therefore, water adsorption on PuO2 surfaces is important. Stakebake and co-workers 

studied the surface interaction between water and PuO2,319-320 dividing the adsorption of 

water into three steps: the first step was chemisorption which involves adsorption and 

dissociation of water; the second step was quasi-chemisorption with molecularly adsorbed 

water; the last step was physisorption. Haschke et al. further divided ten molecular layers 

of water on the PuO2 surface into five distinctly different types, ranging from strong 

dissociative chemisorption to molecular condensation.321 

Theoretical simulations of PuO2 have focused on bulk and surface properties, as well as 

water adsorption. The lattice parameter, bandgap, and the electronic state of PuO2 from 

DFT + U simulation are in agreement with experimental results, thus suggesting that the 

DFT + U method can provide reasonable predictions for PuO2.322-330 Surface properties, 

such as surface stability, oxidation, and defect formation, have been compared for different 

PuO2 surfaces.331-334 Both molecular and dissociative forms of water adsorption have been 

widely studied on a range of different PuO2 surfaces (such as the {111}, {110} and {100} 

surfaces.124, 141-142, 335-337 The relative stability of both forms of water adsorption is 

dependent on which surface type is being studied. Tegner and co-workers simulated a full 

water adsorption layer on PuO2 {111}, {110} and {100} surfaces, and found a mix of 

molecular and dissociative adsorption on the {111} surface, but fully dissociative adsorption 

on the {110} and {100} surfaces.142 They further studied multiple water layers on PuO2 

surfaces, and found significant variation in the per-layer adsorption energies.141 

Other small molecules (such as HCl, NOx, and CO2) also exist in PuO2 stockpiles. Thus, the 

interactions between these small molecules and the PuO2 surface are also important to 

understand the true nature of long-term corrosion. Experiments on HCl desorption from 

chloride-contaminated PuO2 suggest HCl is adsorbed to the surface in a range of different 

forms, including strong evidence for co-adsorption of HCl and water on PuO2 surfaces.338 

Sims et al. found that hydrogen production from PuO2 is affected not only by monolayers 

of water but also by the presence of other adsorbates, such as NOx and CO2.339 Few 
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theoretical works studied HCl and CO2 adsorption on PuO2 surfaces.340-342 For example, 

Collard and co-workers systematically investigated HCl adsorption on stoichiometric and 

oxygen vacancy PuO2 surfaces.341 However, the understanding of the behaviour of other 

small molecules on PuO2 surfaces is still lacking, along with knowledge on the co-adsorption 

of water and other small molecules. As the behaviour of small molecules on the PuO2 

surfaces is important for its long-term storage, further studies are required.  

1.4.2 Plutonium and americium mixed oxide (Pu-Am MOX) 

Separation of Am from aged PuO2 is important for the reuse of Pu in U-Pu MOX fuel, thus 

several studies have been devoted to understanding this process.343-344 Additionally, the 

influence of Am contamination in PuO2 is also very important for the long-term storage of 

nuclear waste. Solid solutions of (Pu0.91Am0.09)O2-x possess a single-phase fluorite structure, 

with an O/M ratio ranging between 1.90 - 2.00 and a phase transition temperature of 

around 950°C (which is slightly lower than that of AmO2-x),345 Higher Am contents (20%, 

50%, and 80%) were studied by Jankowiak and co-workers,346 and they observed a fast 

lattice parameter expansion rate (which increases with Am content), followed by 

stabilisation at a maximum value (which increases with Pu content). Vauchy et al. 

compared lattice expansion of Pu-Am MOX with a wide range of Am contents (from 1.8% 

to 100%),347 they confirmed the presence of a single fcc phase for all MOX samples and a 

linear lattice thermal expansion behaviour below 1100 K. Ellinger et al. found that the 

lattice parameter of Pu-Am MOX has a positive deviation from Vegard’s law.348  

Several studies have investigated the valence states of Pu and Am in MOX, and concluded 

that Am is reduced from a tetravalent to a trivalent state when the O/M ratio of Pu-Am 

MOX deviates from the stoichiometric value.349-351 For example Prieur et al. confirm the 

presence of Am in (Pu0.8Am0.2)O2-x as well as finding that Pu remains tetravalent.351 The 

same valence state relationship of Pu and Am in MOX is also found in (Pu1-yAmy)O2-x (y = 

0.018, 0.077, 0.21, 0.49, 0.80, and 1.00).347 So far experimental study of Pu-Am MOX’s 

magnetic properties has been restricted to one paper by Tokunaga et al.,352 who found that 

the effective moment of the Am ions in MOX is comparable with Am in AmO2. A theoretical 

simulation of Pu0.5Am0.5O2 suggests that the ground state is AFM.353 Overall, limited work 
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has been published on Pu-Am MOX, thus we know little about the true chemistry of Pu-Am 

MOX, and hence much more investigation into this system is required. 

1.5 Conclusions, aims and objectives 

In conclusion, due to the importance of actinide oxides and actinide mixed oxides in the 

development of nuclear power, a lot of studies have investigated both actinide and mixed 

oxides. However, there is still not enough of understanding of these materials to support 

further development of nuclear fuel and long-term disposal of nuclear waste. This is 

primarily due to the fact that most previous work on these systems has been mainly 

focused on uranium dioxide (UO2), plutonium dioxides (PuO2), and uranium and plutonium 

mixed oxides (U-Pu MOX), along with a little work on minor actinide dioxides (MAnO2), 

uranium and minor actinide mixed oxides (U-MAn MOX), and plutonium and americium 

mixed oxides (Pu-Am MOX). What is more, previous work on PuO2 surfaces has been mainly 

interested in water adsorption, thus the behaviour of other small molecules on PuO2 

surfaces is unclear.  

This thesis, firstly, aims to have a comprehensive understanding of all actinides in nuclear 

cycles. Theoretical works Extended from UO2 and PuO2 to minor and later actinides, 

providing a systematic comparison of the bulk and surface properties of AnO2 from UO2 to 

CmO2. Secondly, exploring the behaviour of recycled actinides (from Np to Cm) in UO2 is 

essential knowledge, to provide essential knowledge for recycling all high radioactive 

actinides from spent fuel and fulfilling a close nuclear fuel cycle. Finally, moving on to the 

issue of the UK PuO2 stockpile. Am build-up and HCl molecule have been considered in PuO2 

stockpile, in order to find out the influence of Am and HCl on long-term storage of PuO2. 

Four works are presented in this thesis (after a review of the background to the theoretical 

methods). Firstly, the DFT + U simulation of MAnO2 bulk and surface, as well as water 

adsorption on the MAnO2 surface, which will provide a systematic comparison of the bulk 

and surface properties of AnO2 from UO2 to CmO2.  Secondly, the surface properties of U-

An MOX (An = Np, Pu, Am, or Cm) are investigated with the DFT + U method. This study will 

discuss the results of a range of different types of substitution positions in the UO2 matrix, 

along with a comparison of a range of An to U ratios. Thirdly, the DFT + U method was used 
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once more to simulate Pu-Am MOX - with Am in a range of positions in the PuO2 matrix. In 

this work, surface O vacancies and water adsorption behaviour on Pu-Am MOX and PuO2 

and AmO2 surfaces are compared. Finally, the co-adsorption of HCl and H2O on the PuO2 

surfaces will investigated with the use of hybrid DFT within the PEECM. In this study, HCl 

adsorption on PuO2 surfaces with single, multiple, and one molecular layer of H2O have 

been considered. 

The four works presented in this thesis are all published or accepted. The first one is 

‘Computational Study of the Bulk and Surface Properties of the Minor Actinide Dioxides 

MAnO2 (MAn = Np, Am, Cm); Water Adsorption on Stoichiometric and Reduced {111}, {110} 

and {100} Surfaces’ (Jia-Li Chen and Nikolas Kaltsoyannis, J. Phys. Chem. C 2019, 123, 25, 

15540–15550, https://doi.org/10.1021/acs.jpcc.9b02324). The second one is ‘DFT + U 

study of U1-yAnyO2-x (An = Np, Pu, Am and Cm) {111}, {110} and {100} surfaces’ (Jia-Li Chen 

and Nikolas Kaltsoyannis, Appl. Surf. Sci. 2021, 537, 147972, 

https://doi.org/10.1016/j.apsusc.2020.147972). The third one is ‘Computational Study of 

Plutonium-Americium Mixed Oxides (Pu0.92Am0.08O2-x); Water Adsorption on {111}, {110} 

and {100} Surfaces’ (Jia-Li Chen and Nikolas Kaltsoyannis, J. Phys. Chem. C 2020, 124, 12, 

6646–6658, https://doi.org/10.1021/acs.jpcc.9b11601). I am the first author for the first 

three works, and my supervisor is the only co-author, I responsible for all investigation, 

methodology, formal analysis, software, writing (review and editing). The fourth one is 

‘Embedded Cluster and Periodic Boundary Condition Study of the Co-Adsorption of HCl and 

H2O on PuO2 Surfaces’ (Jonathan Collard, Jia-Li Chen, Helen Steele and Nikolas Kaltsoyannis, 

J. Nucl. Mater. accepted). I am the second author for the fourth work, Jonathan Collard did 

most of the simulations in this work and wrote the most part of the paper, I responsible for 

the gas phase and periodic boundary simulation in this work. The appendices are the 

supporting information for the 4 published papers. 
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Theoretical background 

Quantum chemistry is a subject that investigates and solves chemical problems with the 

method of quantum mechanics; the essence is to solve the Schrödinger equation. However, 

it is hard to get analytical solutions for multi-electron systems. Hartree-Fock (HF) and 

density functional theory (DFT) are well known approximate theories for solving the many-

body Hamiltonian. 

2.1 Hartree–Fock theory (HF) 

The many-body wavefunction is given by an antisymmetrised product of single-particle 

orbitals in the Hartree-Fock theory.1-4 The Schrödinger equation for a system, such as 

isolated atom, molecule, nanoparticle, or extended system, is given by: 

�̂�(𝑅, 𝑟)Ψ(𝑅, 𝑟) = 𝐸Ψ(𝑅, 𝑟) (2.1) 

Where R, r, and E are the coordinates of the nucleus and electrons in the system and total 

energy of the system, respectively. The Hamiltonian operator �̂�(𝑅, 𝑟) for a system without 

any external fields is given by: 

�̂�(𝑅, 𝑟) = �̂�𝑛 + �̂�𝑒 + �̂�𝑛,𝑒 + �̂�𝑒,𝑒 + �̂�𝑛,𝑛 (2.2) 

Where n and e represent nucleus and electrons, respectively, T and V are kinetic energy 

and Coulomb potential, respectively. According to the Born-Oppenheimer approximation,5 

which was proposed by Born and Oppenheimer in 1927, the total wavefunction Ψ(𝑅, 𝑟) 

can be described as the following: 

Ψ(𝑅, 𝑟) = Φ𝑒(𝑟, 𝑅) ∙ 𝜒𝑛(𝑅) (2.3) 

Where Φ𝑒(𝑟, 𝑅) is the electronic wavefunction and 𝜒𝑛(𝑅) is the nuclear wavefunction. 

Therefore, the total Schrödinger equation can be divided into electronic and nuclear 

Schrödinger equations. 

�̂�𝑒Φ𝑒(𝑟, 𝑅) = 𝐸𝑒(𝑅)Φ𝑒(𝑟, 𝑅) (2.4) 

�̂�𝑛𝜒𝑛(𝑅) = 𝐸𝜒𝑛(𝑅) (2.5) 
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Where, 

�̂�𝑒 = �̂�𝑒 + �̂�𝑛,𝑒 + �̂�𝑒,𝑒 + �̂�𝑛,𝑛 (2.6) 

�̂�𝑛 = �̂�𝑛 + 𝐸𝑒(𝑅) (2.7) 

The electronic Hamiltonian operator is much more complicated than the nuclear one, 

containing the no-electron term, �̂�𝑛,𝑛, the one-electron terms, �̂�𝑒  and �̂�𝑛,𝑒 , and the two-

electron term, �̂�𝑒,𝑒. If we ignore the two-electron term, the electronic Schrödinger equation 

will be a product of single-electron orbitals. In order to take the electron-electron repulsion 

effect (two-electron term) into the one-electron Schrödinger equation, the Fock operator 

was introduced: 

�̂� = −
1

2
∇2 − ∑

𝑍𝐼

𝑟𝑖𝐼

𝑁

𝐼

+ ∑(2𝐽𝑗

𝑜𝑐𝑐

𝑗

− �̂�𝑗) (2.8) 

The first term is the kinetic energy of the electrons. The second term is the Coulomb 

potential between the electron and nuclei, the N and Z mark the total number of nuclei in 

the system and the charge of nuclei I, respectively. 𝐽𝑗 and �̂�𝑗 are the Coulomb and exchange 

operators. The Fock operator acts on orbitals 𝜙𝑖  and gives the Hartree-Fock equation: 

�̂�𝜙𝑖 = 𝜖𝑖𝜙𝑖 (2.9) 

Where, 𝜖𝑖 is the orbital energy. 

𝐽𝑗𝜙𝑖 = ∫
1

𝑟𝑖𝑗
𝜙𝑗

∗ 𝜙𝑗𝑑𝑟𝑗 ∙ 𝜙𝑖 (2.10) 

�̂�𝑗𝜙𝑖 = ∫
1

𝑟𝑖𝑗
𝜙𝑗

∗ 𝜙𝑖𝑑𝑟𝑗 ∙ 𝜙𝑗 (2.11) 

A Hartree-Fock simulation starts with guess 𝜙𝑖 , then the  𝐽𝑗 , �̂�𝑗 , and �̂�  operators are 

constructed. By solving the Hartree-Fock equation, new orbitals and orbital energies are 

obtained, then the Hartree-Fock equation is solved again with a newly constructed �̂� 

operator, and this procedure is repeated until self-consistency is reached. 
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2.2 Density functional theory (DFT) 

In 1927, Thomas and Fermi proposed a method that describes a system with a given 

electronic density; it is the Thomas-Fermi model and the prototype of density functional 

theory (DFT).6-7 Exchange correlation energy was introduced to the Thomas-Fermi model 

by Dirac in 1929, then the Thomas-Fermi-Dirac theory was born.8 Like Hartree-Fock theory,  

DFT belongs to ab initio methods, so it is also called a first-principles method. It has been 

widely used in physics and chemistry, due to the following advantage over wavefunction 

methods such as HF theory; DFT converts the multi-dimensional problem of the electronic 

wavefunction to the three-dimensional problem of electron density, consequently, 

convergence speed is increased, while the computation time is decreased. 

The Hohenberg-Kohn theorem provides a stable mathematical basis for the DFT. It was 

proposed in 1964 and contains two parts.9 Theorem 1: The external potential Vext(r), and 

hence the total energy, is a unique function of the electron density. Therefore, the energy 

E[𝜌(𝑟)] is a functional of electron density ρ: 

𝐸[𝜌(𝑟)] = 𝑇[𝜌(𝑟)] + 𝑉𝑒𝑒[𝜌(𝑟)] + ∫ 𝜌(𝑟)𝑉𝑒𝑥𝑡(𝑟)𝑑𝑟 (2.12) 

= 𝐹[𝜌(𝑟)] + ∫ 𝜌(𝑟)𝑉𝑒𝑥𝑡(𝑟)𝑑𝑟 (2.13) 

Where, 

𝐹[𝜌(𝑟)] = 𝑇[𝜌(𝑟)] + 𝑉𝑒𝑒[𝜌(𝑟)] (2.14) 

Theorem 2: The ground state energy can be obtained variationally: the density that 

minimises the total energy is the exact ground state density. It means that when 𝜌′(𝑟) ≥ 0 

and ∫ 𝜌′(𝑟)𝑑𝑟 = 𝑁, 𝐸[𝜌′(𝑟)] ≥ 𝐸0, where N represents the total number of electrons, and 

𝐸0 is the energy of the ground state. 

After the existence of 𝐸[𝜌(𝑟)] was proved by the Hohenberg-Kohn theorem, Kohn and 

Sham proposed the equation of 𝐸[𝜌(𝑟)] in 1965:10 

𝐹[𝜌(𝑟)] = 𝑇𝑠[𝜌(𝑟)] + 𝐸𝐻[𝜌(𝑟)] + 𝐸𝑥𝑐[𝜌(𝑟)] (2.15) 
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Where, 

𝐹𝑠[𝜌(𝑟)] = ∑ ∫ 𝜑𝑖
∗

𝑁

𝑖=1

(−
ℎ

2𝑚
𝛻2) 𝜑𝑖𝑑𝑟 (2.16) 

𝐸𝐻[𝜌(𝑟)] =
1

2
∫

𝜌(𝑟)𝜌(𝑟′)

|𝑟 − 𝑟′|
𝑑𝑟𝑑𝑟′ (2.17) 

𝐸𝑥𝑐[𝜌(𝑟)] = 𝐹[𝜌(𝑟)] − 𝑇𝑠[𝜌(𝑟)] − 𝐸𝐻[𝜌(𝑟)] (2.18) 

Where 𝑇𝑠  is kinetic energy of electrons which do not interact with each other,  𝜑𝑖  is 

wavefunction, 𝐸𝐻 is the Coulomb energy, and 𝐸𝑥𝑐 is the exchange correlation. Obviously, 

this is a fictitious system, as the influence of other electrons in the system on the 

considered electrons cannot be ignored. However, by introducing this 𝑇𝑠, the kinetic energy 

can be calculated exactly, and the only term that cannot be calculated exactly is 𝐸𝑥𝑐[𝜌(𝑟)]; 

this is where approximations come into DFT. 

For a system containing N electrons: 

𝑁 = ∫ 𝜌(𝑟)𝑑𝑟 (2.19) 

𝜌(𝑟) = ∫ 𝜑𝑖
∗𝜑𝑖𝑑𝑟 (2.20) 

According to the Hohenberg and Kohn theorem, the minimum energy is the unique 

functional of the ground state density. 

𝐹[𝜌(𝑟)] + ∫ 𝑉𝑒𝑥𝑡 𝜌(𝑟)𝑑𝑟 ≥ 𝐸0 (2.21) 

Where 𝑉ext(𝑟) is the external potential, and 𝐸0 is the energy of the ground state. Kohn and 

Sham further introduce a Lagrange multiplier 𝜇 that constrains the number of electrons to 

N: 

𝛿

𝛿𝜌(𝑟)
[𝐹𝜌(𝑟) + ∫ 𝑉𝑒𝑥𝑡 𝜌(𝑟)𝑑𝑟 + 𝜇 (𝑁 − ∫ 𝜌(𝑟)𝑑𝑟)] = 0 (2.22) 

So we can get: 
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𝛿𝑇𝑠[𝜌(𝑟)]

𝛿𝜌(𝑟)
= −

ℎ2𝛻2

2𝑚
(2.23) 

𝛿

𝛿𝜌(r)
[∫ 𝑉𝑒𝑥𝑡 𝜌(r)𝑑𝑟] = 𝑉𝑒𝑥𝑡(𝑟) (2.24) 

𝛿

𝛿𝜌(𝑟)
𝐸𝐻[𝜌(𝑟)] = ∫

𝜌(𝑟)

|𝑟 − 𝑟′|
𝑑𝑟 = 𝑉𝐻(𝑟) (2.25) 

𝛿

𝛿𝜌(𝑟)
𝐸𝑥𝑐[𝜌(𝑟)] = 𝑉𝑥𝑐(𝑟) (2.26) 

Where 𝑉ext(𝑟) is the external potential, 𝑉𝐻(𝑟) is the Hartree potential, 𝑉𝑥𝑐(𝑟)  is the 

exchange correlation potential.  

The ground state can be found by solving the one-electron Schrödinger equations: 

[−
ℎ2𝛻2

2𝑚
+ 𝑉𝑒𝑥𝑡(𝑟) + 𝑉𝐻𝑎𝑟(𝑟) + 𝑉𝑥𝑐(𝑟)] 𝜑𝑖 = 휀𝑖𝜑𝑖 (2.27) 

Or 

[−
ℎ2𝛻2

2𝑚
+ 𝑉𝐾𝑆(𝑟)] 𝜑𝑖 = 휀𝑖𝜑𝑖 (2.28) 

Where 𝑉𝐾𝑆(𝑟) is the Kohn-Sham potential. It is related to the electron density, which is 

itself obtained by solving the Kohn-Sham equation, thus we must solve the Kohn-Sham 

equation through self-consistent loops. The Kohn-Sham equation converts a multi-electron 

system to a single-electron problems. Though it is similar to the Hartree-Fock method, DFT 

is much simpler.  

The key point in solving the Kohn-Sham equation is knowledge of the exchange correlation 

parts (𝑉𝑥𝑐(𝑟) or Exc[𝜌(𝑟)]). Approximations, such as the local density approximation (LDA), 

the generalized gradient approximation (GGA), the Meta-GGA, the generalized random 

phase approximation (RPA), and so on, are made to solve the equation. Perdew proposed 

the Jacob’s ladder (Figure 2.1) in 2001.11 He divides the different approximations by the 

number and kind of their local iterm and gives some outlook for the DFT method.  
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Figure 2.1: The ‘Jacob’s ladder’ of functional approximations, in the Hartree world, there is 

no electron correlation.11 

 

The Local density approximation (LDA) is the simplest approximation for Exc[𝜌(𝑟)] and is 

the lowest rung of Jacob’s ladder.10 It supposes that the electron density is averaged at all 

points, so the Exc[𝜌(𝑟)] only depends on electron density and can be expressed as: 

𝐸𝑥𝑐
𝐿𝐷𝐴[𝜌(𝑟)] = ∫ 𝑑3𝑟 휀𝑥𝑐

𝐿𝐷𝐴𝜌(𝑟) (2.29) 

This kind of approximation can deal with some systems,12 such as metals, but LDA has some 

unavoidable disadvantages. For example, the LDA method overestimates the interaction 

between atoms and leads to an underestimate in the length of bonds. Also, the LDA method 

overestimates binding energy. Furthermore, the LDA method is unable to describe some 

magnetic systems correctly. LDA is also not good at dealing with systems that contain weak 

interactions, such as Van der Waals forces, hydrogen bonding, and so on. 

The Generalized gradient approximation (GGA) is on the second rung of Jacob’s ladder.13-

16 It improves the LDA method by introducing a new parameter, the gradient of the electron 

density (∇ρ(r)) 
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𝐸𝑥𝑐
𝐺𝐺𝐴(𝜌𝛼,𝜌𝛽) = ∫ 𝑑3𝑟  𝜌(𝑟)휀𝑥𝑐

GGA[ 𝜌(𝑟), ∇ρ(r)] (2.30) 

Because of this improvement, GGA corrects the overestimate of bonding in the LDA, and 

GGA can predict the correct ground state for transition metals, such as Fe and Cr, where 

LDA fails.17-18 However, the GGA method is still not good enough to get accurate band gaps 

for pure transition metals as well as their compounds. PBE, PW91, and BLYP are popular 

GGA methods. 

Meta-GGA, such as TPSS, and hybrid functionals are in the third and fourth stages of Jacob’s 

ladder, respectively.19 Meta-GGA contains the second derivative of electron density. Hybrid 

functionals have a mixed exchange of HF and DFT and are one of the most popular types of 

functionals.  

𝐸𝑥𝑐 = α𝐸𝑥
𝐻𝐹 + (1 − α)𝐸𝑥

𝑎𝑝𝑝𝑟𝑜𝑥 + 𝐸𝑐
𝑎𝑝𝑝𝑟𝑜𝑥 (2.31) 

Where α is a independent parameter, 𝐸𝑥
𝐻𝐹  is the HF exchange energy, 𝐸𝑥

𝑎𝑝𝑝𝑟𝑜𝑥
 is the 

exchange energy of one of the approximations of DFT, 𝐸𝑐
𝑎𝑝𝑝𝑟𝑜𝑥 is the correlation energy of 

one of the approximations of DFT. B3LYP, B3P86, MPW1K, O3LYP, X3LYP, PBE0, and so on 

are typical hybrid functionals.20-26 Lately, a series of highly accurate functions were 

developed by introducing a kinetic energy correction, such as BMK, M05, M06, M05-2X, 

M06-2X, M06-HF, and so on.27-31 

2.3 Relativistic effects  

Relativistic effects in quantum chemistry are the discrepancies between results calculated 

with and without the consideration of Einstein’s relativity. Relativistic effects do not 

normally need to be taken into account for calculations on light elements, but may count 

for the heavier elements, such as lanthanides and actinides, which are the focus of this 

thesis. Relativistic effects in chemistry can be described with perturbations or small 

corrections to the Schrödinger equation. By using the Dirac one-electron Hamiltonian,32 the 

difference between the Hamiltonian with and without relativistic effects can be written as: 

�̂�𝑅 = �̂�𝑈𝑅 −
𝑝4

8𝑐2
+

∆𝜈

8𝑐2
+

1

2𝑐2

1

𝑟

𝑑𝜈

𝑑𝑟
𝑙 ∙ �̂� (2.32) 
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Where �̂�𝑅  is the Hamiltonian with relativistic effects, �̂�𝑈𝑅  is the Hamiltonian without 

relativistic effects, c is the speed of light, p and 𝜈  are momentum and velocity of the 

electron, respectively, and �̂� and �̂� are angular and spin momentum operators. According 

to this equation, relativistic effects can be divided into three parts: mass-velocity (
𝑝4

8𝑐2), 

Darwin (
∆𝜈

8𝑐2) and spin-orbit coupling (
1

2𝑐2

1

𝑟

𝑑𝜈

𝑑𝑟
𝑙 ∙ �̂�). Mass-velocity accounts for the variation 

of the mass with the velocity; it leads to contraction and stabilization of s and p orbitals, 

and expansion and destabilization of d and f orbitals, where Hubbard U is introduced to 

stabilized d and f orbitals. The Darwin effect is the non-local interaction between electrons 

and the Coulomb field. Spin-orbit coupling is the interaction between electron spin 

magnetic moment and the magnetic field which comes from the motion of the electron in 

the electrostatic field of the nucleus. 

2.4 Modified DFT 

Traditional DFT methods, such as LDA, GGA, and meta-GGA, sometimes fail to describe 

correctly systems containing actinides. For example, UO2 is predicted to be a ferromagnetic 

metal with the LDA calculation, but it is known exprimentally to be an antiferromagnetic 

semiconductor.33 Actinides are strongly correlated atoms with partially occupied f-states. 

The self-interaction error is severe for actinide systems considered with traditional DFT, 

which does not consider self-coulomb repulsion and just approximates it with the exchange 

correlation energy (𝐸𝑥𝑐). However, 𝐸𝑥𝑐 at point r only depends on the density, derivatives 

of the density, and the kinetic energy at that point. The cancellation of self-coulomb 

repulsion in 𝐸𝑥𝑐 is incomplete. What is more, above mentioned relativistic effect, especially 

on 5f orbitals of actinides, also leads to the failure of traditional DFT. Several methods are 

developed to overcome this self-interaction error; three popular ways are discussed here, 

they are DFT + U,34-38 self-interaction correction (SIC),39 and hybrid DFT.20-31 

2.4.1 DFT + U 

The first method is by applying the Hubbard U parameter. After the Hubbard U parameter 

was proposed by Anisimov and co-workers,34-36 two kinds of approaches were developed 

for the DFT + U method by Liechtenstein et al. and Dudarev et al. in 1995 and 1998, 

respectively.37-38 Dudarev approach is simpler than the Liechtenstein approach and can give 
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a reasonably good description, so the Dudarev’s approach is used in this thesis and will be 

discussed in the following. The DFT + U method divides electrons into two parts, delocalized 

electrons, and localized electrons. For delocalized electrons, which are s and p electrons, 

the traditional DFT is able to gain accurate results. For localized electrons, which are d and 

f electrons, an additional term is added to describe the self-coulomb interaction. 

𝐸𝐷𝐹𝑇+𝑈 = 𝐸𝐷𝐹𝑇 +
𝑈 − 𝐽

2
∑ [𝑇𝑟𝜌𝜎 − 𝑇𝑟(𝜌𝜎𝜌𝜎)]

𝜎
(2.33) 

U and J averaged screened Coulomb and exchange energy, respectively. The DFT + U 

method shifts a selected orbital space in energy, and adjusts their occupation, and 

introduces a bandgap, so the U and J parameters must be chosen carefully. The DFT + U 

method can describe actinide oxides accurately with a suitable effective U (Ueff = U – J) 

parameter, and it is the most popular method for calculations of actinide oxides.  

2.4.2 Self-interaction correction (SIC) 

The second method is the self-interaction correction (SIC),39 which is the simplest method 

and explicitly eliminates the self-interaction error. 

𝐸𝑥𝑐
𝑆𝐼𝐶 = 𝐸𝑥𝑐

𝑎𝑝𝑝𝑟𝑜𝑥 − ∑(
1

2
∫

𝜌𝑖(r)𝜌𝑖(𝑟′)

|𝑟 − 𝑟′|
+ 𝐸𝑥𝑐

𝑎𝑝𝑝𝑟𝑜𝑥(𝜌𝑖))

𝑖

(2.34) 

The SIC approximation can describe strongly correlated systems, successfully. But it is quite 

complicated to apply in metal oxide systems, as one should single out orbitals that need 

special treatment.  

2.4.3 Hybrid DFT 

The third method is hybrid DFT, discussed above. Hybrid DFT shows significant 

improvement in the calculation of d and f states but is unable to address all the problems 

of open-shell systems and is very expensive for periodic calculation. Heyd, Scuseria, and 

Enzerhof developed a screened hybrid method HSE.40 The HSE does not consider HF 

exchange energy in the long-range, but takes PBEh hybrid for short-range and PBE for long-

range. 

𝐸𝑥𝑐
𝐻𝑆𝐸 = 𝑎𝐸𝑥

𝐻𝐹,𝑆𝑅 + (1 − 𝑎)𝐸𝑥
𝑃𝐵𝐸,𝑆𝑅 + 𝐸𝑥

𝑃𝐵𝐸,𝐿𝑅 + 𝐸𝑐
𝑃𝐵𝐸 (2.35) 
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Where a = 0.25. HSE is good at treating solid state systems and studying semiconductors 

and insulators. 

2.5 Pseudopotentials 

The popularity of DFT is due to its low cost and reliable accuracy. Another way to reduce 

computational costs, but keep the accuracy, is to use pseudopotentials, what is more, 

pseudopotential method also accounts for the most important relativistic effects (mass-

velocity and Darwin terms) in heavy elements calculation. The general idea of a 

pseudopotential is to replace the core electrons and nucleus of an atom with an effective 

pseudopotential, calculating valence electrons with normal explicit methods. A successful 

pseudopotential will predict the same energies above a certain cutoff radius rc as an all-

electron calculation (Figure 2.2), so rc is an important parameter, pseudopotentials with 

larger rc have more rapid convergence and less accuracy. There are three common 

pseudopotentials: norm-conserving pseudopotentials (NCPP), ultra-soft pseudopotentials 

(USPP), and the projector-augmented-wave method (PAW). 

 

 

Figure 2.2: A sketch of pseudopotential, blue lines are the potential of the nucleus 

calculated with all-electron basis, red lines are the potential calculated with the 

pseudopotential method, rc is the cutoff radius.41 



72 

 

Norm-conserving pseudopotentials (NCPP) were introduced by Haman et al. in 1979,42 and 

can be written as: 

𝑉𝑙
𝑝𝑠 = [1 − 𝑓 (

𝑟

𝑟𝑐
)] 𝑉(𝑟) + 𝑐𝑓 (

𝑟

𝑟𝑐
) (2.36) 

Where 𝑙 is angular momentum. For each 𝑙, a cutoff radius 𝑟𝑐 is chosen, typically from 0.5 to 

1.0 × the radius of the outermost peak of the valence wave function. 𝑓(𝑥)  is a cutoff 

function which approaches 0 as 𝑥 → ∞, and approaches 1 as 𝑥 → 0. The NCPP has paved 

the way for accurate calculations of solid-state properties within the LDA using plane-wave 

functions, but is not good at dealing with highly localized valence orbitals. 

Ultra-soft pseudopotential (USPP) is introduced by Vanderbilt et al. in 1990.43 They 

constructed a pseudo-wave function and the pseudopotential is: 

𝑉𝑢𝑠 = 𝑉𝑙𝑜𝑐 + ∑ 𝐷𝑙𝑚|𝛽𝑙⟩⟨𝛽𝑚|

𝑙𝑚

(2.37) 

Where 𝑉𝑙𝑜𝑐 is local pseudopotential operator, 𝛽 is a projector, 𝑙𝑚 angular momentum. 

𝐷𝑙𝑚 = 𝐵𝑙𝑚 + 휀𝑚𝑄𝑙𝑚 (2.38) 

𝐵𝑙𝑚 = ∫ 𝑑𝑟𝑢𝑙
∗(𝑟) [휀𝑚 +

1

2

𝑑2

𝑑𝑟2
−

𝑙(𝑙 + 1)

2𝑟2
− 𝑉𝑙𝑜𝑐] 𝑢𝑚(𝑟)

𝑅

0

(2.39) 

𝑄𝑙𝑚 = 〈𝜓𝑙|𝜓𝑚〉𝑅 − 〈𝜙𝑙|𝜙𝑚〉𝑅 (2.40) 

Where 휀𝑚 is orbital energy, 𝑢(𝑟) is radial wave function, 𝜓 is all-electron wave function, 

and 𝜙 is pseudo-wave function. USPP has been widely used for the 3d transition metals, as 

it saves computational time and improves accuracy, but there are lots of parameters, so 

extensive tests are needed to obtain suitable parameters. 

The projector-augmented-wave method (PAW) was introduced by Blöchl et al. in 1994.44 

They combined pseudopotential and linear augmented plane-wave methods. The 

pseudopotential wavefunction (Φ) can be transferred to the all-electron wavefunction (Ψ) 

with the linear transformation (Γ): 
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Γ = 1 + ∑(|𝜓𝑖⟩ − |𝜙𝑖⟩)⟨𝑝𝑖|

𝑖

(2.41) 

Where 𝜓𝑖  is an all-electron partial wave, and 𝜙𝑖  is a pseudopotential partial wave and 

obeys the following equations within some augmentation region (Ω𝑅) enclosing the atom: 

|𝜓𝑖⟩ = Γ|𝜙𝑖⟩ (2.42) 

Ψ = ∑|𝜓𝑖⟩𝑐𝑖

𝑖

(2.43) 

Φ = ∑|𝜙𝑖⟩𝑐𝑖

𝑖

(2.44) 

𝑝𝑖  are projector functions, and there is exactly one projector function for each 

pseudopotential partial wave. 𝑐𝑖 are expansion coefficients, which are scalar products: 

𝑐𝑖 = ⟨𝑝𝑖|Φ⟩ (2.45) 

Overall, the PAW orbitals (𝜑𝑛) can be written as: 

𝜑𝑛 = Φ𝑛 + ∑(|𝜓𝑖⟩ − |𝜙𝑖⟩)⟨𝑝𝑖|Φ𝑛⟩

𝑖

(2.46) 

The PAW method avoids the disadvantages of USPP, and the construction of PAW datasets 

is easier.  

2.6 Periodic boundary conditions (PBCs) and VASP 

For solids, the infinite number of electrons within the solid should be taken into 

consideration for theoretical simulation. The Bloch theorem simplifies infinite systems 

according to the translational symmetry of the solid. Bloch theorem states that, in a 

periodic system, the solution of the one-electron Schrödinger equation can be written as: 

𝜑(𝑟 + 𝜏) = 𝜑(𝑟)𝑒𝑖𝑘𝜏 (2.47) 

Where k is a vector in reciprocal space, τ is a translational vector leaving the Hamiltonian 

invariant. Therefore, wave vectors with different k are equivalent, in other words, they 
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represent the same set of Bloch states. By restricting a set of k, every Bloch state in the first 

Brillouin zone has a unique k. Thus, the first Brillouin zone can describe all of the Bloch 

states without redundancy. 

The Vienna Ab initio Simulation Package (VASP) is a powerful computer program for 

materials modelling at the atomic scale; it is good at electronic structure calculations, 

quantum-mechanical molecular dynamics, and so on.45-48 Several popular methods are 

implemented in VASP to gain an approximate solution to the many-body Schrödinger 

equation. DFT is available in VASP, solving the Kohn-Sham equations with LDA, GGA, and 

meta-GGA functionals and so on. VASP can deal with magnetic systems, collinear and non-

collinear, and considers spin-orbit coupling, so it is a good choice for the simulation of 

actinide systems. 

In VASP, the electronic charge density and the local potential are expressed in plane-wave 

basis sets. The Bloch theorem can be expressed as follows: 

𝜑𝑛,𝑘(𝑟 + 𝜏) = 𝜑𝑛,𝑘(𝑟)𝑒𝑖𝑘𝜏 (2.48) 

Where k is a vector in reciprocal space, integer number n is the band index, τ is a 

translational vector leaving the Hamiltonian invariant. Introducing the cell periodic part 

𝜇𝑛,𝑘(𝑟) of the wavefunctions 

𝜑𝑛,𝑘(𝑟) = 𝜇𝑛,𝑘(𝑟)𝑒𝑖𝑘𝑟 (2.49) 

Using Fourier transformation, all functions are expanded in plane waves: 

𝜇𝑛,𝑘(𝑟) =
1

Ω
1
2

∑ 𝐶𝐺𝑛𝑘

𝐺

𝑒𝑖𝐺𝑟 (2.50) 

   𝜑𝑛,𝑘(𝑟) =
1

Ω
1
2

∑ 𝐶𝐺𝑛𝑘

𝐺

𝑒𝑖(𝐺+𝑘)𝑟 (2.51) 

Where C is the expansion coefficient, and G represents the first Brillouin zone 

Ω = 𝑎𝑦 ∙ 𝑎𝑥 × 𝑎𝑧 (2.52) 
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Where ax, ay, and az is the lattice parameter along x, y, and z directions in real space, 

respectively. 

In practice only those plane waves are included which satisfy 

ℎ2

8𝜋2𝑚𝑒
|𝐺 + 𝑘|2 < 𝐸𝑐𝑢𝑡𝑜𝑓𝑓 (2.53) 

Excepting H and Li, the number of plane waves would exceed any practical limit, so instead 

of using the exact potential, the interactions between the electrons and ions are described 

using pseudopotentials. Three kinds of potential are implemented in VASP, norm-

conserving, and ultra-soft pseudopotentials, and the projector-augmented-wave method 

(PAW). 

2.7 Periodic electrostatic embedded cluster method (PEECM) 

It is too expensive to use hybrid DFT in VASP for periodic bulk and surfaces. The 

TURBOMOLE program can do so with the periodic electrostatic embedded cluster method 

(PEECM).49 The periodic system is divided into three parts with the PEECM (Figure 2.3). The 

most important part is the inner part that contains the defect or active site and which is 

described by a quantum mechanical (QM) method, usually DFT. Surrounding the QM 

cluster is the intermediate region. In the intermediate region, all cations are replaced by 

all-electron effective core potentials (ECPs), and all anions are represented by point charges. 

In the outer part, all ions are set as corresponding point charges. The intermediate region 

connects the QM cluster and point charge region, and avoids over-polarisation of the 

electron density in the QM cluster by positive charges in the point charge region. Hybrid 

DFT methods are available in TURBOMOLE for the QM cluster. Theoretical simulation of 

the AnO2 system with PEECM has proved to be successful;50-51 the structural and electronic 

properties for AnO2 (U, Np, and Pu) are similar to experimental results, and give the correct 

pattern of water adsorption on AnO2 (U and Pu) surfaces. 

 



76 

 

 

Figure 2.3: Schematic diagram of the periodic electrostatic embedded cluster method 

(PEECM) 

 

2.8 Temperature effects 

To investigate the desorption of molecules from surfaces, molecular thermodynamics was 

employed to predict the relationship between desorption temperature and the partial 

pressure of the molecules concerned. 

𝛾𝑠,𝑚𝑜𝑙 = 𝛾𝑠,𝑐𝑙𝑒𝑎𝑛 + 𝐶 (𝐸𝑎𝑑𝑠(𝑇) − 𝑅𝑇𝑙𝑛
𝑝

𝑝0
) (2.54) 

Where, 𝛾𝑠,𝑐𝑙𝑒𝑎𝑛  is energy of clean surfaces; 𝛾𝑠,𝑚𝑜𝑙  is the energy of molecule adsorbed 

surfaces; C is the coverage; p is the partial pressure of molecules; p0 is the partial pressure 

of the molecule in its standard state (298.1K, 101.3 KPa); R is the gas constant; T is 

temperatures; 𝐸𝑎𝑑𝑠(𝑇) is the temperature-dependent adsorption energy. 

𝐸𝑎𝑑𝑠(𝑇) =  𝐸𝑎𝑑𝑠
𝐷𝐹𝑇 + 𝑇𝑆(𝑇) (2.55) 

Where, 𝐸𝑎𝑑𝑠
𝐷𝐹𝑇  is the adsorption energy calculated from the DFT simulation, S(T) is the 

temperature-dependent entropy of the molecule. The entropies of molecules of interest 

can be found in the NIST-JANAF Thermochemical Tables.52 For example, figure 2.4 gives the 

entropy of H2O from those tables. Ignoring the influence of pressure, the S(T) of water can 

be expressed as follows: 

𝑆(𝑇) = 65.086𝑇0.1852 (2.56) 

Therefore, for water molecule: 
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𝐸𝑎𝑑𝑠(𝑇) =  𝐸𝑎𝑑𝑠
𝐷𝐹𝑇 + 65.086𝑇1.1852 (2.57) 

 

 

Figure 2.4: Plot of the entropy of water under standard pressure against temperature. 

 

The adsorption and desorption preference of a molecule can be inspected by compare 

𝛾𝑠,𝑐𝑙𝑒𝑎𝑛 and 𝛾𝑠,𝑚𝑜𝑙, if  𝛾𝑠,𝑚𝑜𝑙 ≥  𝛾𝑠,𝑐𝑙𝑒𝑎𝑛, the molecule will desorb, while prefer to adsorb, if 

𝛾𝑠,𝑚𝑜𝑙 <  𝛾𝑠,𝑐𝑙𝑒𝑎𝑛. In other words, thermal desorption of a molecule will occur when: 

𝑙𝑛
𝑝

𝑝0
≤

1

𝑅
(

𝐸𝑎𝑑𝑠
𝐷𝐹𝑇

𝑇
− 𝑆(𝑇)) (2.58) 
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Computational Study of the Bulk and Surface Properties of the 

Minor Actinide Dioxides MAnO2 (MAn = Np, Am, Cm); Water 

Adsorption on Stoichiometric and Reduced {111}, {110} and {100} 

Surfaces. 

Jia-Li Chen and Nikolas Kaltsoyannis 

Abstract 

Hubbard U-corrected generalised gradient approximation density functional theory is used 

to study bulk and surface properties of the minor actinide dioxides NpO2, AmO2 and CmO2. 

Comparison of lattice parameters, band gaps and densities of states with experimental data 

indicates that PBE + U (U = 4.50 eV, J = 0.50 eV) is the best approach of those considered. 

Stoichiometric and oxygen vacancy defect {111}, {110} and {100} surfaces are investigated, 

including the molecular and dissociative adsorptions of water. Comparison with previous 

work from our group on UO2 and PuO2 leads to the conclusion that oxygen defect 

generation energy is essentially linearly correlated with An(IV)/(III) redox potential across 

the AnO2 series from U to Cm. The geometries of water adsorption are similar across the 

series, while adsorption energies generally decrease, with the exception of certain PuO2 

surfaces, in agreement with very hygroscopic nature of PuO2. Surface defects promote 

dissociative water adsorption. 

3.1 Introduction 

Nuclear fuel is typically formed of uranium dioxide, UO2. Over the fuel’s lifetime, plutonium 

is generated from the uranium by neutron capture and  decay nuclear reactions. During 

reprocessing of the spent fuel, the plutonium is separated from the remaining uranium, 

which can then be reused in new fuel. Several decades of spent fuel reprocessing in the UK 

has led to the accumulation of more than 100 tonnes of Pu, which is currently stored as 

PuO2 powders in multi-layer steel canisters. There is evidence for the generation of gas 

within some of these canisters, and possible causes include the reaction of water with PuO2 
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surfaces. Given the difficulties associated with studying such chemistry experimentally we, 

and others, have been using computational methods to probe the interactions between 

water and the surfaces of both PuO2 and UO2.1-9 In this contribution we extend this work 

to the dioxides of the elements neighbour U and Pu in the actinide series, the so-called 

minor actinides (MAn) Np, Am and Cm. Not only is this work of fundamental interest, but 

as 241Pu decays to 241Am, so Am concentrations of up to 8 atom% may arise in older PuO2 

samples. Although the dioxides are not the only stable oxides of these elements, e.g. Pu, 

Am and Cm sesquioxides are known, the dioxides are the most relevant for the nuclear fuel 

cycle.10 

Experimental study of MAnO2 is limited by the intense radioactivity of Np, Am and Cm. 

Experimental studies of bulk MAnO2, which have the calcium fluorite (CaF2) structure with 

Fm-3m symmetry,11-13 have focused on heat capacity, thermal expansion, and vaporisation 

behaviour,14-18  as well as the band structure.19-24 The actinide 5f and 6d orbitals, and the O 

2p orbitals, contribute to the valence and conduction bands of both dioxides, and the 

valence band of NpO2 has more actinide character than that in AmO2.19, 22 Theoretical 

studies of bulk MAnO2 have employed modified density functional theory (DFT) methods, 

such as DFT + U and screened hybrid DFT, to give reasonable results.25-27 For example, the 

lattice constants of MAnO2 calculated with the PBE + U method are close to experimental 

data,13, 28-29 and calculations correctly predict the band structure and insulating 

behaviour.27, 30 

There are even fewer reports of the surface properties of MAnO2. Decades ago, Naegele 

and co-workers investigated the oxidation process of the surface of Np metal,31 concluding 

that NpO2 is formed, with a thin surface layer of Np2O3. More recently, Cakir et al. studied 

the photo-catalysis reaction between water ice and NpO2 surfaces,32 and found that under 

certain conditions Np4+ can be reduced to Np3+ on the top of the NpO2 surface. 

Computationally, Bo and co-workers have studied water adsorption on stoichiometric and 

reduced NpO2 surfaces, as well as the surface properties of NpO2.33 Other previous 

theoretical simulation concluded that adsorption of hydroxyls stabilises NpO2 surfaces.34 

To the best of our knowledge, the surface properties of AmO2 and CmO2 have not been 

reported experimentally or theoretically. Thus, in the present paper, we study 
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computationally three low index surfaces of MAnO2 (MAn = Np, Am, Cm), including the 

adsorption of water on stoichiometric and oxygen vacancy surfaces. We organize the paper 

as follows: we begin with a brief description of the DFT + U computational methodology 

used, followed by some results for the bulk dioxides. We then discuss the structures and 

energies of stoichiometric and reduced {111}, {110}, and {100} surfaces, and present 

molecular and dissociative water adsorption geometries and energies on those surfaces. 

We make extensive comparison between the PBE and PBESol functionals, and explore the 

effects of the Hubbard U parameter on the properties of AmO2. Throughout, we compare 

our data to our previous results on UO2 and PuO2,6-7, 9 and establish trends in bulk and 

surface properties, and water adsorptions, on all AnO2 from U to Cm. 

3.2 Computational details 

All calculations were performed using density functional theory (DFT), as implemented in 

the Vienna Ab-initio Simulation Package (VASP), version 5.4.1.35-38 Two exchange-

correlation functionals have been employed, the generalized gradient approximation 

functional of Perdew, Burke, and Ernzerhof (PBE), and PBE revised for solids (PBESol).39-40 

A Hubbard U correction was employed for the 5f electrons;41 values of U are discussed in 

the main text. Plane wave basis sets and projector-augmented wave pseudopotentials 

were used to describe the ions.42 A plane wave cutoff of 650 eV was adopted for all 

calculations. Monkhorst-Pack (MP) grids were employed for the k-space integration;43 a 

minimum MP grid of 5 × 5 × 1 k points for the Brillouin zone sampling for the surface 

simulations and 11 × 11 × 11 for the bulk calculations. Electronic and ionic self-consistency 

thresholds were 0.0001 eV/Å and 0.001 eV/Å, respectively. A 1k colinear magnetic ordering 

with a net magnetic moment of zero was used; this allows the total system to be treated 

as antiferromagnetic and hence to reach the correct ground state.44-46 Spin−orbit coupling 

has been neglected; earlier results by Rák and co-workers indicate that spin−orbit coupling 

has only a very small effect on surface stability,34 and we have not included spin-orbit 

effects in our previous studies of water adsorption onto UO2 and PuO2 surfaces.7-8 

The bulk model employed is MAnO2 contains 4 MAn and 8 O. The MAnO2 surfaces are 

constructed using repeating slabs of 24 MAnO2 units arranged in six layers, each with 18 Å 
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of vacuum between each slab. Each surface is 2 × 2, and the defect and water coverage is 

one-quarter monolayer. Defects and adsorbates are introduced on both sides of the slab 

to minimize dipole effects. All the periodic images were made using VESTA.47 

Surface energies Esurf are calculated according to equation (3.1): 

𝐸surf =
1

2𝑆
(𝐸slab − 𝑁𝐸bulk) (3.1) 

where S is the surface area of the slab, Eslab is the energy of the relaxed stoichiometric slab 

that contains N MAnO2 formula units, so N = 6, and Ebulk is the bulk energy. 

Ereduce, the surface oxygen defect generation energy, was calculated using equation (3.2): 

𝐸reduce =
1

2
(𝐸red,slab + 𝐸O2

− 𝐸slab) (3.2) 

where Ered,slab is the energy of the relaxed reduced slab of the same surface as the 

stoichiometric slabs, and EO2 is the energy of a single oxygen molecule in a box with a 20 Å 

side. The factor of 1/2 is due to the reduced slab having one vacancy on each side. 

The adsorption energy of water on stoichiometric and reduced slabs is given by equations 

(3.3) and (3.4) respectively: 

𝐸ads =
1

2
[𝐸slab+H2O − (𝐸slab + 2𝐸H2O)] (3.3) 

𝐸ads =
1

2
[𝐸red,slab+H2O − (𝐸red,slab + 2𝐸H2O)] (3.4) 

where Eslab+mol and Ered,slab+mol are the energies of the stoichiometric and reduced slab with 

an adsorbed water molecule, respectively, and EH2O is the energy of a water molecule in 

the gas phase, calculated as single water molecule in a periodic box with a 20 Å side. The 

factor of 1/2 is due to adsorbing water on both sides of every slab. 
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3.3 Results and discussion 

3.3.1 Bulk properties of MAnO2 

We begin by establishing key computational parameters through comparison with 

experimental results for the bulk properties of MAnO2. Previous studies within our group 

on UO2 and PuO2 showed the PBE functional to give reliable results.6-7, 9 However, it has 

been recently shown that PBESol can give more accurate lattice constants and band gaps 

than PBE for AnO2 bulk.25 Thus, PBESol was compared with PBE for calculations of NpO2 

(NpO2 is the most studied system of the three minor actinides, with sufficient data to allow 

meaningful comparison.) 

In our previous work, we used the PBE + U method to obtain reliable bulk and surface 

properties of UO2 and PuO2, with Ueff equal to 4.00 eV (U = 4.50 eV, J = 0.5 eV). This includes 

the energies of water adsorption, which we showed to be only very minorly (< 0.05 eV) 

affected on changing U by up to 3 eV.7 Here, we also employ the Hubbard U correction, and 

have optimised the bulk properties of MAnO2 with different Ueff from 0.00 to 7.00 eV 

(Appendix 1, Figures A3.1- A3.3). Using Ueff = 4.00 eV, we obtain reasonable lattice 

constants and band gaps for NpO2 and AmO2 (Table 3.1). The same value for Ueff leads to a 

rather larger overestimation of the lattice parameter for CmO2 (no experimental data exist 

for the band gap of CmO2), but we employ this value throughout as it facilitates direct 

comparison of our results for the bulk and surface properties of AnO2 from U to Cm. Table 

3.1: Lattice constants and band gaps for bulk MAnO2. 

As well as the band gap, the density of states (DOS) is an important electronic property of 

bulk MAnO2. Thus, the DOS of bulk MAnO2 were calculated, and are presented in Figure 

3.1. Clear trends can be found. Comparing (a), (b) and (c) in Figure 3.1, we find that the 

contribution of the MAn states (5f and 6d) to the valence band decreases from Np to Cm, 

while the contribution of O 2p increases, such that the valence band of CmO2 is formed 

only of O 2p. The conduction band is constructed mainly from An 5f states for all MAnO2. 

Hence, across the series there is a change from Mott-Hubbard insulator to charge transfer 

insulator, in agreement with previous conclusions.25, 27 There is a small intermediate band 
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in the DOS of AmO2 (between +1.3 and +2.0 eV), which is constructed mainly from Am 5f 

states, in agreement with previous studies.25, 27 

Table 3.1 Shows that both PBE and PBESol give reasonable predictions for the NpO2 bulk 

with Ueff = 4.00 eV; a better band gap is predicted by PBE and a better lattice constant is 

predicted by PBESol. For AmO2, we tested two values of Ueff (4.00 and 6.15 eV (U = 6.50 eV, 

J = 0.35 eV)) for reasons which will be explained below. The larger Ueff produces a 

significantly larger lattice constant and band gap vs experiment, once again illustrating that 

Ueff can have a significant influence on theoretical simulation of the bulk properties of 

actinide solids. 

 

Table 3.1: Lattice constants and band gaps for bulk MAnO2 

MAnO2 Method 

Ueff 

(eV) 

Lattice constant (Å) Band gap (eV) 

Calculation Expt. Calculation Expt. 

NpO2 PBE 4.00 5.498 5.43448 2.57 2.85-3.1020, 

30 
PBESol 5.436 2.47 

AmO2 PBE 4.00 5.427 5.372-5.37912, 49-

50 

1.34 1.330 

6.15 5.536 3.17 

CmO2 PBE 4.00 5.507 5.35923, 51 3.11 - 
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Figure 3.1: The density of states for MAnO2 with different functionals and U values: (a) 

NpO2 with PBE and Ueff = 4.00 eV; (b) AmO2 with PBE and Ueff = 4.00 eV; (c) CmO2 with PBE 

and Ueff = 4.00 eV; (d) NpO2 with PBESol and Ueff = 4.00 eV; (e) AmO2 with PBE and Ueff = 

6.15 eV. 

 

The DOS of NpO2 calculated with PBESol is presented in Figure 3.1 (d); it is very similar to 

the PBE data. The valence band is composed of Np 5f, 6d and O 2p states, while the 

(d) 

(e) 
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conduction band is made up predominantly of Np 5f states. In AmO2, the valence band is 

formed by the overlap of Am 5f and 6d states with O 2p, and the contribution of O 2p is 

slightly larger with Ueff = 6.15 eV. The conduction band is similar for both Ueff values and is 

mainly comprised of Am 5f states, but the composition of the higher unoccupied states 

differs substantially between the two Ueff values (compare Figure 3.1(b) and (e)). When Ueff 

= 4.00 eV, Am 5f states make up the unoccupied states between 4 eV and 6 eV, whereas 

when Ueff = 6.15 eV, O 2p states contribute most to the unoccupied states, which now lie 

between 6 eV and 8 eV. Therefore, the Ueff value has a significant effect on the energy and 

distribution of the unoccupied states of AmO2. 

3.3.2 Surface properties of MAnO2 

Three low Miller index surfaces, {111}, {110}, {100} have been studied. We choose these 

for a variety of reasons, not least because they have been investigated in previous work by 

us,6-9 and others.1, 5, 33, 52 For dioxides with the fluorite structure, such as the present targets 

and CeO2, the {111} surface is the most stable, while {100} has a high surface energy; the 

stability of the {110} lies in between {111} and {100}.53 Furthermore, the morphologies of 

the three surfaces are different. While both {111} and {100} are flat, {111} is terminated by 

actinides and oxygen but {100} is terminated only by oxygen. The {110} surface is 

terminated by actinide and oxygen, but the actinides in both the first and second layers are 

exposed, i.e. the {110} surface is ridged. Side views of these three surfaces are presented 

in Figure 3.2 (for NpO2 calculated at the PBE+U level) and top views in Figure 3.3 (a) – (c), 

equivalent images for AmO2 and CmO2 are given in Figure A3.4 and A3.5.  
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Figure 3.2: Side views of (a) {111}, (b) {110} and (c) {100} NpO2 surfaces. Dark grey and red 

spheres represent neptunium and oxygen atoms, respectively. 

 

 

Figure 3.3: Top view of stoichiometric (a) {111}, (b) {110}, (c) {100} and reduced (d) {111}, 

(e) {110}, (f) {100} NpO2 surfaces calculated at the PBE+U level (the corresponding PBESol 

images, not shown, are very similar). Dark grey and red spheres represent neptunium and 

oxygen atoms, respectively, black squares mark the position of oxygen vacancy defects, 

and the labelled Np atoms were bonded to the removed oxygen. 
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Table 3.2: Surface energies (J·m-2) and oxygen defect generation energy (eV) for MAnO2 

{111}, {110} and {100} surfaces. 

MAnO2 Method Ueff Surface energy, Esurf Oxygen defect generation energy, 

Ereduce 

{111} {110} {100} {111} {110} {100} 

NpO2 PBE 4.00 0.68 1.14 1.57 4.65 3.83 3.76 

PBESol 1.13 1.66 1.83 4.20 2.90 4.46 

AmO2 PBE 4.00 -0.37 0.43 0.53 1.04 0.50 0.31 

6.15 0.29 0.88 1.10 -0.52 -2.50 -2.07 

CmO2 PBE 4.00 0.35 0.78 0.90 -0.28 -0.49 -0.53 

 

The energies of the {111}, {110} and {100} surfaces of NpO2, AmO2 and CmO2 are listed in 

Table 3.2. For NpO2, both the PBE and PBESol methods predict the correct sequence of 

surface energies, {111} < {110} < {100}; noticeably higher surface energies are obtained 

with PBESol. PBE predicts surfaces energies in good agreement with Bo et al.’s work (0.81, 

1.14, and 1.67 J·m-2 for the {111}, {110} and {100} surfaces respectively33). PBE with Ueff = 

4.00 eV give an unphysical prediction of the surface energy for AmO2 {111} (-0.37 J·m-2); a 

negative surface energy implies that the surface is more stable than the bulk, and hence 

that a bulk solid would disintegrate.54 This energy becomes gradually less negative on 

increasing Ueff, becoming positive (0.29 J·m-2) when Ueff = 6.15 eV (U = 6.50 eV, J = 0.35 eV). 

Hence calculations on AmO2 were carried out with two values of Ueff, as noted in the section 

above on bulk properties. However, the higher Ueff yields bulk data which are further away 

from experiment than Ueff = 4.00 (Table 3.1) especially for the band gap, suggesting that 

different U values are required for the correct prediction of bulk properties and surface 

energies using the DFT + U method. We note that, for AmO2, both Ueff yield very similar 
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surface geometries, and the same sequence of surface energies. Predictions for the CmO2 

surfaces are reasonable at the PBE+U (Ueff = 4.00 eV) level, with the correct energy 

sequence for the three low Miller index surfaces and surface energies (Table 3.2) in a 

reasonable range when compared with the surface energies of UO2, NpO2 and PuO2. 

There has been a number of periodic DFT studies of oxygen vacancies in UO2 and PuO2,5, 9, 

55-57 whereas MAnO2 have not been studied, and so we have calculated oxygen vacancy 

defects on MAnO2 surfaces. Representative examples of oxygen vacancy surface 

geometries are shown for NpO2 in Figure 3.3 (d) – (f), and the geometries for reduced AmO2 

and CmO2 surfaces are presented in Figure A3.4 and A3.5. The creation of the vacancy 

distorts all the surfaces in a similar way, i.e. the surrounding minor actinide atoms move 

away from the defect, while surrounding oxygen atoms move towards it. This is as found 

for reduced UO2 and PuO2 surfaces in our previous work.9 Given the relative stability of the 

three target surfaces, it should be hardest to create an oxygen vacancy in the most stable 

{111} surface, and easiest in the {100}. This is indeed found for NpO2 at the PBE+U level 

(Table 3.2), but PBESol predicts the highest oxygen vacancy formation energy for the {100} 

surface. This, coupled with the observation that the surface energies of NpO2 are more 

similar to those of UO2 (0.65, 1.05, and 1.33 J·m-2) and PuO2 (0.66, 1.13, and 1.59 J·m-2) at 

the PBE+U level, lead us to recommend this approach for the calculation of the surface 

properties. 

Although more reasonable surface energies are obtained for AmO2 with Ueff = 6.15 eV than 

with Ueff = 4.00 eV, the oxygen defect generation energies predicted with Ueff = 6.15 eV are 

all negative, and their order is incorrect. By contrast, Ueff = 4.00 eV yields positive defect 

generation energies and the correct energy sequence for reduced AmO2 surfaces. Ueff = 

4.00 eV is clearly more suitable than the larger value for reduced AmO2 surfaces. Ueff = 4.00 

eV predicts the correct energy sequence for oxygen vacancy formation in CmO2 surfaces 

(Table 3.2), although all energies are negative. Note that the oxygen defect generation 

energy for bulk CmO2 has been previously reported to be much lower than the other AnO2 

(An = U, Np, Pu, Am, Bk, Cf),10 less than 1 eV, so our Ueff = 4.00 eV trend from NpO2 to CmO2 

is likely to be at least qualitatively correct. 
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We have previously suggested that the oxygen defect generation energy for AnO2 surfaces 

is related to the redox potential of An(IV).9 We here combine our new data on MAnO2 with 

those we previously acquired on UO2 and PuO2 to produce Figure 3.4, which plots the 

oxygen vacancy formation energy (at the PBE+U level with Ueff = 4.00 eV) against the 

An(IV)/An(III) couple. There is clearly a very strong linear relationship between these 

quantities; R2 values for the {111}, {110} and {100} surfaces are 0.986, 0.981 and 0.976, 

respectively, supporting our previous suggestion. 

 

 

Figure 3.4: The relation between the oxygen vacancy formation energy for AnO2 (An = U, 

Np, Pu, Am, and Cm) surfaces and the redox potential of An(IV)/(III). The oxygen vacancy 

formation energies are calculated at the PBE + U (Ueff = 4.00 eV) level. 

 

The creation of a neutral oxygen vacancy leaves behind two electrons, and it is important 

to establish their localisation properties; we do this by analysing the difference between 

the spin density in the stoichiometric and reduced slabs, and the data are collected in Table 

3.3. For NpO2, the two electrons mainly locate on two surface Np are adjacent to the defect, 

labelled ‘1’ and ‘2’ in Figure 3.3, and the spin density of the rest of the Np in the three slabs 

is not much altered from the stoichiometric case. For the AmO2 surfaces, more than half of 

the two electrons are located on the same two surface atoms as see enhanced spin density 
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in NpO2, and there are slightly larger changes in the spin densities of the other Am in the 

slab than in the Np case. In contrast, the distribution of electrons on the reduced CmO2 

surfaces is very different from NpO2 and AmO2, as the two additional electrons are spread 

throughout the slabs, with no clear localisation. We have previously studied electron 

localisation on reduced UO2 and PuO2 surfaces, using the PBE0 functional within an 

embedded cluster approach.9 In general, the results are similar to those reported here for 

NpO2, with large spin density increases on two (or, in the case of UO2 {111} and {110}, three) 

metal atoms neighbour the oxygen vacancy. There is thus a trend across the AnO2 series 

towards increasingly delocalised behaviour on oxygen vacancy formation. This may well 

reflect the increasing preference of the metal atoms to exist in the +III oxidation state, such 

that by CmO2 all the metal centres participate in accommodating the two electrons left 

behind on oxygen vacancy formation. 

 

Table 3.3: Difference in the spin density (au) of the actinides between stoichiometric and 

reduced MAnO2 surfaces. The atom labelling refers to Figure 3.3. All data are calculated at 

the PBE + U (Ueff = 4.00 eV) level. 

MAnO2 Label of An Difference in An spin density 

{111} {110} {100} 

NpO2 1 0.880 0.834 0.874 

2 0.953 0.860 0.878 

Rest Np 0.001-0.036 0.000-0.036 0.000-0.018 

AmO2 1 0.568 0.519 0.570 

2 0.569 0.703 0.628 

Rest Am 0.003-0.132 0.006-0.077 0.000-0.066 

CmO2 All Cm 0.003-0.119 0.003-0.155 0.000-0.208 
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3.3.3 Water adsorption on stoichiometric surfaces 

We now move on to consider water adsorption on MAnO2 surfaces with a coverage of 1/4 

of a monolayer (i.e. a single water molecule adsorbing on one of the four actinides in the 

surface layer of our unit cells). If the water stays as an intact molecule during the adsorption 

process it is termed molecular adsorption, whereas dissociative adsorption breaks an O–H 

bond and results in one adsorbed hydrogen atom and one adsorbed hydroxyl group. The 

geometries found here for water adsorption on NpO2, AmO2 and CmO2 surfaces are similar 

to one another, and to those previously reported for UO2 and PuO2 surfaces.6-7, 9 Optimized 

structures calculated at the PBE + U level for molecular and dissociative adsorption on NpO2 

surfaces are presented in Figure 3.5 (a) – (c) and (d) – (f) respectively; the structures on 

AmO2 surfaces and on the CmO2 surfaces are presented in Figure A3.6 and A3.7. Bond 

lengths are collected in Tables A3.1 – A3.3. PBE + U and PBESol + U predict very similar 

bond lengths for molecular and dissociative adsorption on NpO2 surfaces (Table A3.1), and 

different Ueff also have little effect on the structures of molecular and dissociative 

adsorption on AmO2 surfaces (Table A3.2). 
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Figure 3.5: Top view of molecular (a) {111}, (b) {110}, (c) {100} and dissociative (d) {111}, (e) 

{110}, (f) {100} water adsorption on stoichiometric NpO2 surfaces calculated at the PBE + U 

level. Water adsorbs on both sides of the slab with 25% coverage. Dark grey, red and white 

spheres represent neptunium, oxygen and hydrogen atoms, respectively. 

 

In molecular adsorption, the oxygen of water (Ow) approaches surface An (Ans) with the 

two hydrogen atoms (Hw) interacting with surface oxygens (Os). The interaction between 

Hw and Os on the {110} and {100} surfaces is stronger than on the {111}, at least as 

evidenced by the distance between Hw and Os on {110} and {100} being shorter than on 

{111} (Table A3.1 – A3.3). For dissociative adsorption, on the {111} surface there is an 

obvious hydrogen bond between the adsorbed hydrogen atom and adsorbed hydroxyl, 

while on {110}, the adsorbed hydrogen interacts with another surface oxygen and forms a 

hydrogen bond, the adsorbed hydroxyl being almost perpendicular to the surface. On the 

{100} surface, the adsorbed hydrogen atom points towards the adsorbed hydroxyl, but no 

clear hydrogen bond is formed. Similar dissociative adsorption structures have previously 

been reported on NpO2 surfaces.33 

The energies of molecular and dissociative water adsorption on stoichiometric MAnO2 

surfaces are summarized in Table 3.4. On NpO2, PBE + U and PBESol + U predict similar 

dissociative adsorption energies, but very different molecular adsorption energies. We 

have previously found molecular water adsorption energies on UO2 and PuO2 surfaces to 

be around -1 eV (from both periodic DFT + U7 and embedded cluster hybrid DFT6), and it is 

clear that the molecular adsorption energies on NpO2 are well beyond this range at the 

PBESol + U level. Furthermore, molecular water adsorption on UO2 and PuO2 {100} is 

slightly stronger than on {110}, whereas here the PBESol + U method predicts much lower 

energy on NpO2 {110} than on {100}. We therefore favour PBE over PBESol for water 

adsorption calculations. At this level, dissociative and molecular water adsorption on NpO2 

{111} are very close in energy, while dissociative adsorption is much more favourable than 

molecular adsorption on {110} and {100}. This trend is similar to our previous findings for 

UO2 and PuO2.6-7 
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For AmO2, Ueff = 6.15 eV predicts unreasonably large energies for dissociative water 

adsorption on the {110} and {100} surfaces; Ueff = 4.00 eV gives much more sensible values. 

On AmO2 {111}, molecular water adsorption is slightly more stable than dissociative 

adsorption, while the reverse is true on {110} and {100}, a similar, though less exaggerated, 

trend to NpO2. Our calculations reveal little difference between molecular and dissociative 

adsorption energies on the CmO2 surfaces, the largest difference being 0.22 eV for 

dissociative vs molecular adsorption on {100}. 

 

Table 3.4: Molecular and dissociative water adsorption energies (eV) on stoichiometric 

NpO2, AmO2 and CmO2 surfaces. 

AnO2 Method Ueff (eV) Molecular adsorption Dissociative adsorption 

{111} {110} {100} {111} {110} {100} 

NpO2 PBE 4.00 -0.25 -0.62 -0.66 -0.27 -1.20 -1.48 

PBESol -2.35 -3.66 -2.17 -0.28 -1.15 -1.80 

AmO2 PBE 4.00 -0.41 -0.60 -0.77 -0.29 -0.83 -1.14 

6.15 -0.21 -0.58 -1.94 -0.68 -2.85 -3.27 

CmO2 PBE 4.00 -0.45 -0.56 -0.78 -0.35 -0.52 -1.00 

 

Combining our newly-acquired PBE + U (Ueff = 4.00 eV) data on MAnO2 with those we have 

previously obtained on stoichiometric UO2 and PuO2 surfaces allows us to generate Figure 

3.6, which plots molecular and dissociative water adsorption energies for all three target 

surfaces for AnO2 from U–Cm. Molecular adsorption is weaker on {111} than {110} and 

{100}, which are more similar to one another ({100} being slightly more favourable). The 

range of molecular adsorption energies on each surface is quite similar and not very large 

(c.a. 0.4–0.5 eV across the series from U–Cm) suggesting that AnO2 have similar abilities to 

adsorb water molecularly. 
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The energy sequence for dissociative water adsorption is also {111} < {110} < {100}. 

Dissociative adsorption energies are very similar on AnO2 {111}, ranging from -0.27 to -0.50 

eV. However, on the {110} and {100} surfaces, the stability of dissociative water adsorption 

gradually decreases, by a significant amount, from UO2 to CmO2. Figure 3.4 reveals a 

difference between the structures of the dissociative water adsorptions on {111} vs {110} 

and {100}, specifically that the hydroxyl groups and hydrogen atoms dissociated from water 

retain an interaction with each other on the {111} surface, while they are bonded only with 

surface An and oxygen on {110} and {100}. As such, the latter surfaces may be better 

indicators of chemical differences across the AnO2 series from U to Cm, and Figure 3.6 

shows the clear trend towards weaker dissociative adsorption on {110} and {100} surfaces, 

with the exception of PuO2 {100}. PuO2 is known to be very hygroscopic.58 

 

 

Figure 3.6: Molecular (solid lines) and dissociative (dashed lines) water adsorption energies 

on AnO2 (An = U, Np, Pu, Am and Cm) surfaces, calculated at the PBE + U (Ueff = 4.00 eV) 

level. 

 

3.3.4 Water adsorption on reduced (oxygen vacancy) surfaces 

There are two ways for water to approach reduced surfaces, either above the surface 

actinide (Ans) or above the surface defect. These two situations will now be discussed for 
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reduced MAnO2 surfaces, after which we discuss water adsorption on reduced AnO2 

surfaces from An = U–Cm, bringing in our previous work on reduced UO2 and PuO2. Only 

data using the PBE + U method (Ueff = 4.00 eV) are discussed here; calculations using PBESol 

and with a larger value of Ueff are presented in Table A3.4 and A3.5. 

3.3.4.1 Water adsorption above surface actinide of reduced MAnO2 surfaces 

 

 

Figure 3.7: Top view of molecular (a) {111}, (b) {110}, (c) {100} and dissociative (d) {111}, (e) 

{110}, (f) {100} water adsorptions on surface Np of reduced NpO2 surfaces calculated at the 

PBE + U level. Water adsorbs on both side of the slabs with 25% coverage. Dark grey, red 

and white spheres represent neptunium, oxygen and hydrogen atoms, respectively. Black 

squares mark the positions of the O vacancy. 

 

The structures of molecular and dissociative adsorption on surface Np (Nps) of reduced 

NpO2 are presented in Figure 3.7; the adsorption geometries on reduced AmO2 and CmO2 

surfaces are similar, and are given in Figure A3.8 and A3.9. The structures of molecular 

water adsorption on reduced NpO2 surfaces are similar to the corresponding adsorption 

structures on the stoichiometric surfaces (compare Figure 3.5 and 3.7) - Ow is bonded with 
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Nps and two Hw interact with Os - although the water molecule is situated a little towards 

the surface defect. In dissociative adsorption on reduced {111} and {110}, the OHw adopts 

the position of the surface defect and Hw bonds to Os. OHw and Hw are perpendicular to the 

{111} surface, while are almost parallel to the {110} surface with Hw forming a hydrogen 

bond with Os (Figure 3.7(e)). The structure for dissociative adsorption on reduced {100} 

surfaces is more similar to the one on the stoichiometric surface (Figure 3.5); OHw is bonded 

with two Nps and does not take the position of the defect, and adsorbed Hw forms a 

hydrogen bond with OHw, facilitated by the surface defect-generated movement of Nps 

shortening the distance between adsorbed OHw and Hw. In summary, the surface defects 

have little influence on the molecular adsorption structures, but rather larger effects on 

those of dissociative adsorption. 

 

Table 3.5: Energies (eV) for molecular and dissociative water adsorption on reduced NpO2, 

AmO2 and CmO2 surfaces with Ow approaching surface An, calculated at the PBE + U (Ueff = 

4.00 eV) level. 

AnO2 Molecular adsorption Dissociative adsorption 

{111} {110} {100} {111} {110} {100} 

NpO2 -0.24 -0.32 -0.59 -2.07 -1.80 -1.59 

AmO2 -0.62 -0.66 -1.16 -1.90 -1.69 -1.75 

CmO2 -0.60 -0.68 -0.94 -1.70 -1.33 -1.46 

 

The energies for water adsorption above Ans of the reduced surfaces are listed in Table 3.5. 

As for the stoichiometric surfaces, the sequence of energies for molecular water adsorption 

is {111} < {110} < {100}. The filling of the oxygen vacancy on dissociative adsorption on 

MAnO2 {111} and {110} stabilizes the surfaces and results in much more negative 

adsorption energies than for molecular adsorption. As it is in general the hardest to 

generate an oxygen defect on {111} surfaces, the filling of the {111} surface defect will 
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stabilize reduced {111} more than {110}, leading to dissociative water adsorption on 

reduced {111} being more favourable than on reduced {110}. Table 3.4 shows that 

dissociative adsorption on the stoichiometric {100} surface is more stable than on either 

{111} or {110}. Here, we find that this trend is either reversed ({111}) or diminished ({110} 

and {100}), as the {100} surface defect is not filled. Further comparison of Tables 3.4 and 

3.5 shows that molecular water adsorption above Ans of reduced surfaces is similar in 

energy to that on stoichiometric surfaces, while the analogous dissociative adsorptions are 

much more stable than on the stoichiometric surfaces. Thus, the existence of surface 

defects greatly promotes dissociation of adsorbed water molecules.  

3.3.4.2 Water adsorption above surface defect of reduced MAnO2 surfaces 

Attempting to adsorb water molecularly above the oxygen vacancy in reduced NpO2 {110} 

and {100} surfaces leads to spontaneous dissociation, as found previously by Bo et al. for 

NpO2,33 and by us on reduced UO2 and PuO2.9 This is also the case for the reduced CmO2 

{110} and {100} surfaces here, although stable molecular adsorption is observed on AmO2 

{110} and {100}. As the structures of molecular adsorption on the reduced {111} surfaces, 

and dissociative adsorption on all three surfaces, are similar for NpO2, AmO2 and CmO2, the 

structures of molecular and dissociative water adsorption on reduced AmO2 surfaces are 

presented in Figure 3.8 (a) – (c) and (d) – (f) respectively; the adsorption structures on NpO2 

and CmO2 surfaces are presented in Figure A3.10 and A3.11. In molecular adsorption on 

{111}, which has similar structure to water adsorption on reduced UO2 and PuO2 {111} 

surfaces,9 the hydrogen atoms point away from the surface, and the lengths of the two Ow-

Hw bonds (0.97 and 0.98 Å ) are almost the same as in free water (0.98 Å). For AmO2 {110}, 

the adsorbed water molecule bonds with the surface through Ow, one Hw forms a hydrogen 

bond with Os, and the Ow-Hw bond elongates to 1.06 Å. For AmO2 {100}, the water molecule 

stays above the surface defect, one Hw interacts with Os which moves towards the Hw, and 

the Ow-Hw bond lengthens to 1.02 Å. In general, the structures of molecular water 

adsorption on AmO2 indicate stronger interaction with reduced {110} and {100} surfaces 

than with {111}; we suggest that these interactions are so strong on reduced UO2, NpO2, 

PuO2 and CmO2 {110} and {100} surfaces that they lead to simultaneous dissociation. 



102 

 

OHw takes up the position of the surface defect on dissociative water adsorption on all 

three surfaces. The structure of dissociative water adsorption above the {111} surface 

defect is the same as for dissociative adsorption above Ans. On the {111} and {100} surfaces, 

as OHw and Hw are far from each other, there is no interaction between them, while on 

{110} there is a clear hydrogen bond between OHw and Hw. 

 

 

Figure 3.8: Top view of molecular water (a) {111}, (b) {110}, (c) {100} and dissociative water 

(d) {111}, (e) {110}, (f) {100} adsorption above surface oxygen vacancies of AmO2 surfaces, 

calculated at the PBE + U level. Water adsorbs on both side of slab with 25% coverage. Light 

grey, red and white spheres represent americium oxygen and hydrogen atoms, respectively. 

Black squares mark the positions of the O vacancy. 

 

The energies of water adsorption above the surface defects of reduced MAnO2 surfaces are 

collected in Table 3.6. The stability of molecular water adsorption on reduced AmO2 

surfaces is {111} < {110} < {100}, the usual sequence, while the stability of dissociative 

adsorption is {111} > {100} > {110}. As noted above for adsorption above Ans, the filling of 

the surface defect stabilizes reduced {111} more than reduced {110} and {100} surfaces. In 
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contrast to dissociative adsorption above surface An, here dissociation is significantly more 

stable on {100} than {110} (compare Tables 3.5 and 3.6), presumably because OHw now 

takes up the position of the surface defect on both surfaces. Further comparison of Tables 

3.5 and 3.6 indicates that the interaction of water with oxygen vacancy defect surfaces is 

in general more favourable above the defect than Ans; indeed, molecular water dissociates 

spontaneously above the {110} and {100} surface defects of NpO2 and CmO2. 

 

Table 3.6: Energies (eV) for molecular and dissociative water adsorption on reduced NpO2, 

AmO2 and CmO2 surfaces with Ow approaching surface defect, calculated at the PBE + U 

(Ueff = 4.00 eV) level. *  = water dissociates simultaneously upon adsorption. 

AnO2 Molecular adsorption Dissociative adsorption 

{111} {110} {100} {111} {110} {100} 

NpO2 -0.57 * * -2.07 -1.28 -1.97 

AmO2 -0.71 -0.96 -1.19 -1.90 -1.43 -1.79 

CmO2 -0.46 * * -1.70 -1.15 -1.61 

 

Molecular water adsorption above Ans of reduced UO2 and PuO2 has not been reported, 

and leads to dissociation above the oxygen vacancy of reduced UO2 and PuO2 {110} and 

{100}, making it impossible to compare molecular water adsorption across the whole 

reduced AnO2 series. However, two kinds of dissociative adsorption structures, similar to 

the structures in Figure 3.7 (d) – (f) and Figure 3.8 (d) – (f), have been reported on reduced 

UO2 and PuO2 surfaces,9 allowing us to compare analogous adsorption energies across our 

series (Figure 3.9). In general, there is a trend toward less negative dissociative adsorption 

energies from UO2 to CmO2 for all surfaces, both above Ans and above the oxygen vacancy. 

For the reduced {111} surfaces, the same dissociative structures and adsorption energies 

are found when water approaches either the surface An or the surface defect. For {100}, as 

we can see in Figure 3.7 (f) and Figure 3.8 (f), and as noted above, there is a structural 
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difference depending on whether water approaches Ans or the surface defect; in the latter 

case, OHw adopts the position of the surface defect, while the surface defect remains intact 

on dissociative adsorption above Ans. Thus, dissociative water adsorption above the 

surface defect is more stable than above Ans. For {110}, water adsorption on Ans is more 

stable than above the surface defect. In both situations, the OHw adopts the position of the 

surface defect, but the position of Hw is different and leads to different hydrogen bonding 

situations. Above Ans (Figure 3.7 (e)), the Hw hydrogen bonds with Os away from OHw; the 

two Hw interact with different Os and form two hydrogen bonds. In contrast, for dissociation 

above the surface defect (Figure 3.8 (e)), Hw bonds with Os next to OHw and forms a 

hydrogen bond with Ow, leading to OHw pointing upward and its Hw not forming any 

hydrogen bond. Finally, as noted for the stoichiometric {100} surface, dissociative 

adsorption on PuO2 is significantly more stable than might be expected on the basis of the 

values for the other AnO2, for adsorption above Ans and the oxygen vacancy, again showing 

the special ability of the PuO2 {100} surface to dissociate water. 

 

 

Figure 3.9: Energies (eV) for dissociative water adsorption above (a) surface actinide of 
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AnO2 (An = U, Np, Pu, Am and Cm) surfaces and (b) surface defect of AnO2 surfaces. All 

energies are calculated at the PBE + U (Ueff = 4.00 eV) level. 

 

3.4 Conclusions 

In this contribution, we have studied bulk and surface properties of the minor actinide 

dioxides MAnO2 (MAn = Np, Am, Cm), focusing on the {111}, {110} and {100} surfaces. 

Comparison of bulk data with experiment allowed us to establish suitable computational 

parameters to apply to our surface studies of vacancy formation energies and water 

adsorption. While the PBE and PBESol functionals behave quite similarly for bulk properties, 

PBE is found to be much better than PBESol for the simulation of surfaces. The Hubbard U 

value has a clear influence on bulk properties such as lattice constant, band gap and density 

of states, and surface energies and water adsorption. Overall, we recommend the PBE 

functional in conjunction with a Ueff value of 4.0 eV for the study of the surface properties 

of these systems. 

Oxygen vacancy surface defects not only have clear influence on the geometric structures 

of MAnO2 surfaces, but also on the electronic distribution at the surface actinides. For NpO2 

and AmO2, the two electrons left behind on oxygen vacancy creation localise on two surface 

actinides neighbour the vacancy (more so for NpO2 than AmO2), while for CmO2 these 

electrons are spread throughout the whole slab. Combining our present data with those 

we have previously acquired for UO2 and PuO2 shows that the oxygen defect generation 

energy is essentially linearly correlated with the An(IV)/(III) redox potential from U to Cm. 

Across the different surfaces and oxides, the geometries of adsorbing water molecules are 

quite similar. On all stoichiometric MAnO2 {100} surfaces, dissociative water adsorption is 

more stable than molecular adsorption, as is also the case for dissociative adsorption on 

stoichiometric NpO2 and AmO2 {110} surfaces. By contrast, on all {111} surfaces and CmO2 

{110}, molecular and dissociative adsorption energies are very close. Regardless of whether 

water approaches a surface actinide or a surface defect, the energies for dissociative 

adsorption are much larger than molecular; indeed, for the higher index NpO2 and CmO2 

surfaces, no molecular adsorption could be stabilised above a surface oxygen vacancy. In 
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general, the energies of water adsorptions above surface actinides at reduced surfaces are 

more negative than surface actinides at stoichiometric surfaces, indicating that the 

existence of surface defects enhances the activity of the surface actinides. Across the series 

from UO2 to CmO2, there is a slight general tendency towards weaker dissociative water 

adsorption on oxygen vacancy surfaces, with the exception of the PuO2 {100} surface, which 

yields much more stable dissociative water adsorption than the other oxides. This is also 

true of water adsorptions above stoichiometric PuO2 {100}, in agreement with the very 

hygroscopic nature of PuO2, and warrants further investigation. 
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DFT + U study of U1-yAnyO2-x (An = Np, Pu, Am and Cm) {111}, {110} 

and {100} surfaces 

Jia-Li Chen and Nikolas Kaltsoyannis 

Abstract 

Mixed dioxides provide a means to recycle the highly radioactive transuranic elements 

from spent UO2 fuel. In order to gain a better understanding of such dioxides, knowledge 

of their geometric and electronic structures is important. However, a systematic study and 

comparison among uranium-actinide mixed dioxides is lacking. In this work, Hubbard U-

corrected generalized gradient approximation density functional theory is used to study 

the surface properties of uranium-actinide mixed dioxides, where actinide = neptunium, 

plutonium, americium or curium. On stoichiometric surfaces, clear charge transfer is found 

from uranium to americium and curium, reducing them to An(III), while Np remains 

tetravalent. Trivalent plutonium may exist on stoichiometric uranium-plutonium surfaces, 

under limited conditions. On the substoichiometric (oxygen vacancy) mixed dioxide 

surfaces, all the transuranic elements are trivalent. Both the replacement energies of 

actinides into uranium dioxide surfaces, and the oxygen vacancy formation energies on 

uranium-actinide mixed dioxide surfaces, are strongly dependent on the An(IV)/An(III) 

redox potential. A linear relationship is also found between the replacement energy and 

the ratio of actinide to uranium in the mixed dioxides. 

4.1 Introduction 

Nuclear fuel is typically uranium dioxide (UO2), and the fission of UO2 in conventional 

nuclear reactors, as well as, in some countries such as the UK, the reprocessing of UO2-

based spent nuclear fuel, has led to the accumulation of considerable amounts of 

plutonium, together with smaller quantities of the so-called minor actinides (MAn), 

neptunium, americium and curium.1 The plutonium may be blended with uranium to create 

uranium-plutonium mixed dioxide (U-Pu MOX) nuclear fuel, to be used in either light water 

reactors or fast breeder reactors.2-5 The MAn have high radioactivity and they, or their 
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daughters, have long half-lives. Their presence in spent nuclear fuels is thus a non-trivial 

problem, and it has been proposed to extend the industrial reprocessing technologies in 

operation today to include a full recycling of all actinides, including the MAn.6-8 These, in 

the form of their dioxides, could be mixed into nuclear fuel for use in fast neutron reactors, 

and hence we must have a clear understanding of the properties of uranium-actinide mixed 

dioxides, including their surface properties. The latter are particularly important in order 

to understand the interactions between the fuel pellets and the surrounding cladding. 

Furthermore, plutonium from reprocessing is stored as PuO2, in which radioactive decay 

leads to the build-up of U and Am, and knowledge of the surface chemistry of these mixed 

dioxides (especially their interactions with water) is important for their safe storage.9 

U-Pu MOX is the most studied U-An MOX, as MOX with low Pu content (PuO2 < 10%) is used 

as nuclear fuel,2-5 and higher plutonium content is expected to be favourable for fast 

neutron reactors.6 U-Pu MOX with Pu to U ratios of up to 0.45:0.55 have been studied;10-11 

the stoichiometric samples are found to be monophasic in the fluorite Fm-3m crystalline 

structure, and the lattice parameters are in good agreement with Vegard’s law. An EXAFS-

XANES study from Vigier and co-workers confirms the presence of Pu(III) in the 

substoichiometric sample U0.7Pu0.3O2-x.11 While Pu(III) has not been reported in 

stoichiometric samples yet, it may well be present. Kato et al. found that the oxygen 

potential of U-Pu MOX increases with Pu content.12 U(IV)-Pu(III) oxides have been 

synthesized by Grandjean et al. from U(IV) and Pu(III) oxalate precursors.13  

A much wider range of Np content, from 1% to 85%, has been studied for uranium-

neptunium mixed dioxide.14-15 The fluorite Fm-3m crystal structure was found for all the 

solid solutions, with no residual phases, and all the lattice parameters follow Vegard’s law 

exceptionally well, indicating good mixing in the solid solution. U and Np are tetravalent in 

MOX with Np: U ratios of up to 0.90:0.10,14-16 and antiferromagnetic ordering is 

energetically favourable.14, 17 XRD analysis of uranium-americium mixed dioxide proves 

that the MOX is a single-phased fluorite compound whatever the sintering conditions and 

Am content (10% - 50%).18-20 In MOX with 10%, 15%, 20% and 50% Am content, Am was 

found to be exclusively trivalent, while U was found to be mixed valence (IV/V).18-21 Cm in 

MOX nuclear fuel has been analysed by Degueldre and co-workers, who found the Cm to 
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be trivalent and embedded in the form of CmO8
13- or CmO7

11- within the fluorite structure 

of the UO2 matrix.22 Grandjean et al. synthesized U(IV)-Cm(III) oxides and characterized the 

mixed dioxide with a Cm to U ratio of 0.10: 0.90 as being face-centred cubic with an oxygen 

to metal ratio probably less than 2.00:1.00.13 

Previous work on U-An MOX mainly focuses on bulk properties, and a systematic 

comparison of their surfaces across the series to Cm is lacking. The high radioactivity of 

these elements limits experimental studies, and we were therefore motivated to simulate 

U-An MOX (An = Np, Pu, Am and Cm) {111}, {110} and {100} surfaces with the density 

functional theory (DFT) + U method, investigating geometric and electronic properties, as 

well as oxygen vacancy formation on these surfaces. We first discuss stoichiometric and 

substoichiometric UO2 {111}, {110} and {100} surfaces, and then present results for Np, Pu, 

Am or Cm substituted into those surfaces such that the ratio of An to U is 0.08:0.92. We 

then probe the effects of substituting An into subsurface layers of the stoichiometric and 

oxygen vacancy UO2 {111} surface, before finishing by exploring systems with higher 

concentrations of An. Systematic comparisons across the series are made wherever 

possible. 

4.2 Computational details 

All calculations were performed using DFT, as implemented in the Vienna Ab-initio 

Simulation Package (VASP), version 5.4.1.23-26 The generalized gradient approximation 

functional of Perdew, Burke, and Ernzerhof (PBE) was used,27 with a Hubbard U correction 

for the 5f electrons (Ueff = 4 eV; U = 4.5 eV, J = 0.5 eV).28 In our previous work on UO2, PuO2, 

and MAnO2, we evaluated the effect of changing the effective Hubbard U (Ueff) on bulk 

lattice parameter and band gap, as well as on surface properties, concluding that a Ueff of 

4 eV is a good choice for this family of dioxides.29-30 We also tested the PBESol functional, 

which has previously been used by other researchers for studying bulk AnO2, concluding 

that it is not as good as PBE for surface properties.30 

Plane wave basis sets and projector augmented wave pseudopotentials were used to 

describe the ions.31 A plane wave cutoff of 650 eV was adopted for all calculations. As our 

cutoff energy is large enough, the Pulay stress can be neglected. Monkhorst-Pack (MP) 
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grids were employed for the k-space integration;32 a minimum MP grid of 5 × 5 × 1 k points 

for the Brillouin zone sampling was used for the surface simulations. A 1k colinear magnetic 

ordering with a net magnetic moment of zero was used,33 the total system being treated 

as antiferromagnetic (AFM). Spin−orbit coupling has been neglected; earlier results by Rak 

and co-workers indicate that spin−orbit coupling has only a very small effect on surface 

stability.34 

We have previously minimized UO2 {111}, {110} and {100} surfaces, constructed from 

repeating slabs of 24 UO2 units arranged in six layers, and demonstrated convergence of 

the UO2 surface energy with slab depth.29 The initial structures of the UO2 surfaces used 

here are taken from that work, and reoptimized. Each surface is 2 × 2 with 18 Å of vacuum 

between each slab. The f electrons of U in the first, third, and fifth layers are unpaired and 

spin up, and spin down in the second, fourth, and sixth layers, in order to keep the whole 

slab AFM.  

For MOX and substoichiometric surfaces, the same slab shape and volume as for the UO2 

surfaces are used, but the ions are allowed to move during optimization (ISIF = 2). This 

means that the surface lattice parameters can vary. For the {111}, {110}, and {100} surfaces 

respectively, these are defined as the distances between surface atoms numbered 1 and 2, 

and 1 and 4 (Figure 4.1 (a)), and 1 and 2, and 1 and 3 (Figure 4.1 (b) and (c)). For UO2, these 

distances are 3.86 × 3.87, 5.59 × 3.80, and 3.78 × 4.07 Å, respectively; the distortions arise 

from the use of the 1k colinear magnetic ordering approximation. No reconstruction was 

observed. 

Substitution of other An (Np, Pu, Am and Cm) is done on both sides of the slab to minimize 

dipole effects. Thus, the chemical formula of stoichiometric U-An MOX surfaces is U24-

2nAn2nO48 or U1-yAnyO2, where n is the number of substituted An on one side of the UO2 slab 

and y:1-y is the ratio of An to U. Substoichiometric UO2 and U-An MOX are constructed 

from the stoichiometric surfaces by removing an oxygen atom from both sides of the 

surface, so the ratio of O to An, or to U and An is 1.92: 1. 

All the periodic images were made using VESTA.35  

Surface energies of UO2 (Esur) are calculated according to equation 4.1:  
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𝐸𝑠𝑢𝑟 =
1

2𝑆
(𝐸𝑠𝑙𝑎𝑏 − 6𝐸𝑏𝑢𝑙𝑘) (4.1)

where Eslab is the energy of the relaxed UO2 slab, which contains six U4O8 formula units, and 

Ebulk is the energy of the bulk, which contains one U4O8 formula unit. 

The replacement energy of An into UO2 surfaces (Erep) is calculated according to equation 

4.2: 

𝐸𝑟𝑒𝑝 =
1

2
[𝐸𝑀𝑂𝑋 − ((1 − 𝑦)𝐸𝑈𝑂2

+ 𝑦𝐸𝐴𝑛𝑂2
)] (4.2) 

where EMOX, EUO2 and EAnO2 are the energy of U-An MOX, UO2 and AnO2 surfaces, 

respectively. The energies of AnO2 surfaces are taken from our previous work. y:1-y is the 

ratio of An to U in MOX. The factor of 1/2 is due to the substitution being done on both 

sides of the slabs. 

Oxygen vacancy formation energies (Ered) are calculated according to equation 4.3: 

𝐸𝑟𝑒𝑑 =
1

2
(𝐸𝑠𝑢𝑏 + 𝐸𝑂2

− 𝐸𝑠𝑡𝑜) (4.3) 

where Esub and Esto are the energies of the relaxed substoichiometric and stoichiometric 

surfaces, and the EO2 is the energy of a single oxygen molecule, in its triplet ground state, 

in a box with a 20 Å side. The factor of 1/2 is due to the generation of vacancies on both 

slides of the slab. 

Spin density data are reported extensively throughout this work. Spin densities are 

calculated as the difference between the number of α spin (spin up) and β spin (spin down) 

electrons, and have units of electron density (i.e. electrons/ bohr3). This can be evaluated 

on a per-atom basis. For actinides in positive oxidation states, the excess (α-β) spin density 

is due to unpaired 5f electrons, and the difference between this value and the total number 

of valence electrons in the neutral atom can be used to establish oxidation state. For 

example, a formally U(IV) ion will have the electronic configuration {Rn}5f2, so if we 

calculate a U atom to have a spin density close to two, then we can be confident in assigning 

it as U(IV), that is, it is tetravalent. For U(III), the electronic configuration will be {Rn}5f3 and, 

hence, the computed spin density on a U(III) centre will be close to three. The electronic 
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configurations and expected spin densities of all actinides encountered in this work are 

summarized in Table 4.1. 

 

Table 4.1: Electronic configurations and associated spin densities of actinide ions. 

Oxidation state III IV 

actinide Electronic 

configuration 

Spin 

density 

Electronic 

configuration 

Spin 

density 

U {Rn}5f3 3 {Rn}5f2 2 

Np {Rn}5f4 4 {Rn}5f3 3 

Pu {Rn}5f5 5 {Rn}5f4 4 

Am {Rn}5f6 6 {Rn}5f5 5 

Cm {Rn}5f7 7 {Rn}5f6 6 

 

4.3 Results and discussion 

4.3.1 UO2 and UO2-x surfaces 

Stoichiometric uranium dioxide (UO2) slabs have been optimized for {111}, {110} and {100} 

surfaces (Figure 4.1 (a), (b) and (c), respectively). The surface energies (equation 4.1) are 

calculated to be 0.51, 0.91, and 1.34 J/m2, in good agreement with our previous periodic 

simulation (0.65, 1.05 and 1.33 J/m2, respectively) and the work of Bo et al. (0.73 and 1.06 

eV for the {111} and {110} surfaces, respectively).29, 36 Oxygen vacancy (substoichiometric) 

UO2 surfaces were also simulated (Figure 4.1 (d), (e) and (f), respectively). Oxygen vacancy 

formation energies (equation 4.3) are 5.81, 5.47, and 4.98 eV on {111}, {110} and {100} 

surfaces, respectively, in good agreement with our PBE0 simulations with the Periodic 

Electrostatic Embedded Cluster Method (5.92, 5.15, and 4.96 eV, respectively).37 However, 

we reported larger formation energies in our previous periodic simulation of UO2 {111}, 
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{110} and {100} surfaces (6.45, 5.69, 5.93, respectively).29 The difference for the {111} and 

{100} surfaces is larger than 0.6 eV, even though the same computational parameters were 

used. It is possible that the disagreement is due to the location of metastable states in our 

previous work, as the DFT + U method is known to suffer from this problem.38 

 

 

Figure 4.1: Top view of stoichiometric ((a), (b) and (c)) and substoichiometric ((d), (e) and 

(f)) UO2 {111}, {110} and {100} surfaces, respectively. Blue-grey and red spheres represent 

U and O, respectively. The black squares in (d), (e) and (f) mark the position of the oxygen 

vacancy. The numbers on the surface U atoms are referred to elsewhere in the article. 

 

The spin density of U in the stoichiometric surfaces is about 2 (Table 4.2), indicating that U 

has 2 unpaired f electrons and is tetravalent, and the spin density of the whole slab is 0, 

indicating the whole slab is AFM, which is the experimentally reported bulk ground state.39 

For the substoichiometric surfaces, it is important to understand the electron redistribution 

after the generation of the oxygen vacancies. As a neutral oxygen atom is removed from 

each side of stoichiometric slab to build the substoichiometric surfaces, two electrons 

remain at each surface vacancy. The spin density of some surface U ions show clear 

differences between stoichiometric and substoichiometric surfaces (Table 4.2). On the 

substoichiometric {111} surface, one surface U has spin density of ~2.9, so one of the 

electrons has localized on this U, which is reduced to trivalent. Trivalent U has also been 

found on the substoichiometric {111} surface in previous studies.36-38 Previous periodic and 
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embedded cluster simulations found that about one electron is delocalized on two other 

surface U;36-37 we here find two surface U to have a spin density of ~2.2, but this accounts 

for only about half an electron in total. Recent PBE + U simulations of substoichiometric 

UO2 surfaces found that the ground state has some spin density located at the vacancy.38 

We therefore evaluated the difference between the sum of the charge density of the 

substoichiometric surface and oxygen atoms at the same position as the removed oxygen 

in a same-sized but empty slab (Appendix 2, Figure A4.1 (b)), and that of the stoichiometric 

surface represented as the substoichiometric surface with an oxygen atom at the vacancy 

(Figure A4.1 (c)). The charge differences are given in Figure A4.2, from which it can be seen 

that we also find charge density located at the vacancy. Therefore, about one electron is 

localized on a surface U and the other one is delocalized over the vacancy and two other 

surface U neighbour the vacancy. On the substoichiometric {110} and {100} surfaces, two 

surface U have increased spin density (Table 4.2), in agreement with previous theoretical 

simulation. Again, there is also some charge remaining at the O vacancy on these surfaces 

(Figure A4.2). 

 

Table 4.2: Spin densities of surface U on stoichiometric and substoichiometric UO2 surfaces. 

The U number is marked in Figure 4.1. 

Spin density Surface U 

Surface No. 1 No. 2 No. 3 No. 4 

{111} stoichiometric 2.030 2.037 2.027 2.039 

substoichiometric 2.051 2.202 2.953 2.243 

{110} stoichiometric 2.028 2.028 2.032 2.032 

substoichiometric 2.032 2.031 2.823 2.821 

{100} stoichiometric 2.033 2.033 2.033 2.033 

substoichiometric 2.042 2.303 2.052 2.959 



119 

 

 

4.3.2 U0.92An0.08O2 surfaces with surface An 

In this section we discuss the replacement of one surface U by An (Np, Pu, Am, or Cm) on 

each side of pure UO2, i.e. the ratio of An to U in the MOX is 0.08:0.92 and the chemical 

formula is U0.92An0.08O2 (designated U-An MOX-8); the U0.92Np0.08O2 (U-Np MOX-8) surfaces 

are shown as representative examples in Figure 4.2 (a), (b) and (c). The symmetry of the 

solid solution is the same as in pure UO2, single-phased fluorite, and the surface lattice 

constants show only negligible difference between UO2 and MOX-8 (Table A4.1), so no 

surface reconstruction is found. 

 

 

Figure 4.2: Top view of U0.92Np0.08O2 (a) {111}, (b) {110} and {100} surfaces, as well as (d) 

the average displacement of surface An-O (An = Np, Pu, Am, and Cm) bonds (solid columns) 

and surface U-O bonds (diagonal columns). Blue-grey, light grey and red spheres represent 

U, Np and O, respectively. Purple boxes in (a), (b) and (c) mark the surface An-O bonds that 

are measured to calculate the average displacement in (d). 
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In order to gain insight into the influence of An substitution on surface geometric structure, 

the lengths of three, four and two An-O bonds (highlighted in Figure 4.2) are compared for 

AnO2 and MOX-8 {111}, {110} and {100} surfaces, respectively. The bond lengths on pure 

AnO2 surfaces are taken from our previously calculated results (Table A4.2).9, 30 The U-O 

bonds to a surface U, which neighbours a substituted An, on the MOX-8 surface are 

compared with the corresponding U-O bonds on pure UO2 surfaces (Table A4.3). The 

average displacement of surface An-O and U-O bonds are compared in Figure 4.2 (d) for 

different An and surfaces. Positive displacement means the bond is elongated on the MOX-

8 surface compared to pristine UO2, while negative displacement means the bond is 

shortened. On the {111} surfaces, substitution of An has little influence on the surface U-O 

bond length, as the displacements are smaller than 0.02 Å, while significant elongation of 

the An-O bonds, of about 0.15 Å, is found on all U-An MOX-8. The An-O bond lengths on 

the pure AnO2 surfaces are close to the U-O bond length on pure UO2 surfaces (Table A4.2), 

and hence the elongation of the An-O bonds on MOX-8 surfaces is mainly due to the 

substitution (i.e. the contribution of the difference between the original An-O and U-O 

bond lengths is negligible). By contrast, on the {110} and {100} surfaces, the influence of 

Np is quite different from Pu, Am and Cm. As we can see in Figure 4.2 (d), on U-Np MOX-8, 

the surface Np-O and U-O bond lengths are almost the same as the corresponding distances 

on pure NpO2 and UO2 surfaces, respectively, while substitution of Pu, Am and Cm causes 

elongation of the An-O bonds and shortening of the U-O bonds. These displacements 

influence the surface electronic structure. On U-An MOX-8 {111} and U-Pu, U-Am and U-

Cm MOX-8 {110} and {100} surfaces, the overlap between the charge isosurfaces (at the 

0.05 e/Å3 level) of the surface An and O is much smaller than between surface U and O 

(Figure A4.3). However, on the U-Np MOX-8 {110} and {100} surfaces, the overlap between 

the charge isosurfaces of Np and O is almost the same as for U and O (Figure A4.3), 

indicating that Np blends into the UO2 {110} and {100} surfaces very well, most likely a 

result of the similar radii of U(IV) and Np(IV). 

An substitution has a negligible effect on the spin density of the U ions in subsurface layers. 

Table 4.3 summarizes the spin density of the An and the three surface U on MOX-8 surfaces, 

together with analogous U-Zr MOX-8 surfaces. The redox inactivity of Zr(IV) makes U-Zr 

MOX-8 a useful benchmark to analyse the electron distribution on U-An MOX-8 surfaces, 
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and previous studies of Zr and U mixed oxides suggest that up to 35 mol% of Zr can be 

incorporated into UO2, forming a cubic fluorite type U1-yZryO2 solid solution.40-43 As 

expected, on U-Zr MOX-8 surfaces, negligible spin density is found on Zr, and the spin 

density of surface U is almost the same as on pure UO2 surfaces (Table 4.2), so substitution 

of Zr has almost no influence on the charge state of surface U. 

 

Table 4.3: Spin density (au) of surface U, An (Np, Pu, Am, and Cm) and Zr on U0.92An0.08O2 

and U0.92Zr0.08O2 surfaces. Spin densities with clear changes from the values expected for 

M(IV) are shown in bold. 

MOX An {111} {110) {100} 

U-Zr Zr 0.001 0.003 0.001 

U 2.030 2.036 2.035 2.026 2.036 2.041 2.029 2.038 2.037 

U-Np Np 3.139 3.131 3.131 

U 1.986 1.988 1.984 1.973 1.970 1.971 1.970 1.972 1.972 

U-Pu Pu 4.995 4.993 4.996 

U 1.996 1.125 1.996 1.086 1.967 1.973 1.973 1.078 1.973 

U-Am Am 6.036 6.030 6.028 

U 1.990 1.986 1.123 1.087 1.968 1.972 1.972 1.108 1.968 

U-Cm  Cm 6.858 6.841 6.851 

U 1.101 1.993 1.983 1.075 1.966 1.978 1.977 1.091 1.967 

 

On all three U-Np MOX-8 surfaces, the spin density of surface Np and all surface U are about 

3 and 2, so the surface Np and U are tetravalent, in agreement with experiment.14-16 By 

contrast, for U-Pu, U-Am and U-Cm MOX-8 surfaces, the spin densities of surface Pu, Am 

and Cm are about 5, 6, and 7, respectively, so they are all trivalent. In previous experimental 

studies, only trivalent Am has been found in U-Am MOX containing up to 50% Am, in 

conjunction with mixed valent U (IV/V), in good agreement with our results.18-21 As the 

Cm(IV)/(III) redox potential (3.00 V) is higher than Am(IV)/(III) (2.60 V), and Cm(III) has been 
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found in U-Pu MOX nuclear fuel,22 it is not surprising that we find trivalent Cm on the U-Cm 

MOX-8 surfaces. Although Pu (III) has not been reported in stoichiometric U-Pu MOX, Kato 

et al. found that the oxygen potential of U-Pu MOX increases with Pu content,12 and other 

previous work confirms the presence of Pu(III) in substoichiometric U0.7Pu0.3O2-x.11 Hence 

our finding here of Pu(III) may not be unreasonable; the possibility of surface Pu(III) on 

stoichiometric U-Pu MOX-8 is discussed further below. 

If we compare U-Np MOX-8 surfaces with the Zr equivalents, we can see that the three 

surface U have slightly smaller spin densities in the former system vs the latter (and pure 

UO2), suggesting that substitution of Np results in the electrons of U becoming more 

delocalized and partially moving toward Np. The spin densities of two U on U-Pu, U-Am and 

U-Cm MOX-8 surfaces are similar to U in U-Np MOX-8, while the third U, which is next to 

An, has a spin density of slightly over 1. Hence substituted Pu, Am and Cm are reduced by 

obtaining the most part of an electron from a single, neighbour, U and a small part from 

the other two surface U. 

The redox behaviour of the substituted An may well contribute to the displacements seen 

in Figure 4.2(d). An(III) are larger than An(IV), and should result in greater disruption to the 

surrounding lattice than substitution of An(IV). This is reflected in the contrasting behaviour 

of Np (which remains tetravalent) vs the heavier An on substitution into the {110} and {100} 

surfaces. That all four An have a similar structural effect on the {111} surface may reflect 

its greater inertness vs {110} and {100}, perhaps because of its larger metal coordination 

number (7 vs 6). 

The replacement energies (equation 4.2) of An in UO2 surfaces are compared in Figure 4.3 

(a), and the energy for optimized UO2 and AnO2 surfaces are collected in Table A4.4. The 

replacement of a surface U with An becomes easier from {111} to {100} surfaces, 

presumably because the {111} surface is the most stable and the {100} the least, and the 

extent of the decrease is almost same for all An. For a given surface, the replacement 

energies decrease from Np to Cm (Figure 4.3 (a)). When we compare the replacement 

energy with An(IV)/(III) redox potential (0.15, 1.01, 2.60 and 3.00 eV for Np, Pu, Am and 

Cm, respectively) (Figure 4.3 (b)), for each surface, we find a very strong linear correlation, 

suggesting that redox potential is an important factor in determining replacement energy. 
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Figure 4.3: (a) Replacement energies for U0.92An0.08O2 (An = Np, Pu, Am and Cm) {111}, {110} 

and {100} surfaces; (b) Replacement energy vs An (IV)/(III) redox potential. The lines joining 

the points in (a) are to guide the eye. 

 

4.3.3 U0.92An0.08O1.92 surfaces with surface An 

Substoichiometric U-An MOX-8 surfaces (An = Np, Pu, Am or Cm) are obtained by removing 

an oxygen atom from each side of the associated stoichiometric surface, with the resulting 

chemical formula U0.92An0.08O1.92. As we have both U and An on the surfaces, there are two 

kinds of oxygen vacancy, those next to surface An and those away from surface An. This is 

illustrated for substoichiometric U-Np MOX-8 surfaces in Figure 4.4; the structures of 

substoichiometric U-Pu, U-Am, and U-Cm MOX-8 surfaces are similar. 
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Figure 4.4: Top view of substoichiometric U0.92Np0.08O1.92 surfaces, including surfaces with 

the O vacancy next to Np: (a) {111}, (b) {110} and (c) {100}; and surfaces with the O vacancy 

away from Np: (d) {111}, (e) {110} and (f) {100}. Blue-grey, light grey and red spheres 

represent U, Np and O, respectively. Black squares mark the position of the O vacancy. 

 

The generation of O vacancies on MOX-8 surfaces causes distortion of the surface structure. 

The average displacement of neighbour cations (U and An) and O from the vacancy are 

presented in Figure 4.5. Positive displacement means the atom moves away from the 

vacancy, while a negative value indicates the atom moves towards the vacancy. On all 

surfaces, neighbour cations move away from the vacancy, while neighbour O move towards 

the vacancy, as is also the case on UO2 and AnO2 (An = Np-Cm) and Pu-Am MOX surfaces.9, 

30, 37 Our previous periodic study indicated that, on UO2 {111}, {110} and {100} surfaces, the 

average displacement of vacancy-neighbour U is less than 0.2 Å, and less than 0.3 Å for 

neighbour O.37 Here, we find similar displacements on U-An MOX-8 surfaces, and conclude 

that the influence of An on the surface bonds is negligible when compared with the 

displacements caused by the O vacancy. The average displacements on {111} surfaces are 

similar for both kinds of vacancy, while on the {110} and {100} surfaces, vacancies away 

from An result in larger displacements than when next to An, especially for the 

displacement of neighbour O. That the difference between the two kinds of O vacancy is 

noticeable only for the {110} and {100} surfaces again indicates the relative inertness of the 

{111} surfaces vs the {110} and {100}. 
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Figure 4.5: Average displacement of nearest neighbour atoms from the O vacancy on U-An 

MOX-8 surfaces; metal atoms (U, Np, Pu, Am and Cm, solid column) and O (hatched 

column). Positive displacement indicates the atom moves away from the vacancy site, 

whereas negative displacement indicates the atom moves toward. Dark and light colours 

represent O vacancy next to and away from substituted An (Np, Pu, Am and Cm), 

respectively. 

 

As discussed above, generation of an O vacancy leaves behind two electrons, the 

distribution of which can be assessed by analysis of spin densities, which we have done for 

substoichiometric U-An MOX-8, as well as the Zr equivalent. The data for surface U, Zr and 

An, as well as some U in deeper layers, are collected in Table 4.4. Firstly, we look at U-Zr 

MOX-8. On all three surfaces, the spin density of the surface Zr is ~ 0.0. When the O vacancy 

is away from substituted surface Zr (italic), the redistribution of the two electrons is very 

similar to that found on the pure UO2 surface (Table 4.2). For example, on the {111} surface, 

one of the three U neighbour the O vacancy has spin density of ~ 2.9, while the other two 

are ~ 2.2, and on the {110} and {100} surfaces, the two surface U neighbour the vacancy 

have increased spin density. The sum of the increased spin density on surface U is less than 

2, 1.4, 1.6 and 1.3 on the {111}, {110} and {100} surfaces, respectively. As with the 

substoichiometric UO2 surface, we conclude that some of the electron density localises at 

the O vacancy on U-Zr MOX-8 surfaces. 
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On the U-Zr MOX-8 {111} surface, when the O vacancy is next to the substituted Zr (Table 

4.4, Calibri), all of the three surface U have increased spin density. For {110} and {100}, two 

U have a clear increase in spin density; one of these is next to the vacancy and on the 

surface, while the other one is also next to vacancy but in the second layer. That some of 

the two electrons move to the subsurface layers’ U may be explained by the surface 

structure (Figure 4.4). In Figure 4.4 (a), (b) and (c), we can see that, on the {111} surface, 

the surface U labelled 1 is only an oxygen away from the vacancy, while, on the {110} and 

{100} surfaces, the other two surface U are further away from the vacancy than the U in 

the second layer, which neighbours the vacancy. The sum of the increased spin densities 

on the three surface U on the {111} surface, and the two U on {110} and {100} surfaces, are 

smaller than 2, about 1.3, 1.8 and 1.8 on the {111}, {110} and {100} surfaces, respectively, 

so there will be some electron density at the vacancy.  

In contrast to the Zr-substituted systems, surface An can be reduced to the trivalent state. 

Table 4.4 shows that, on substoichiometric U-Np, U-Pu and U-Cm MOX-8 surfaces, the spin 

density of substituted Np, Pu or Cm is about 4, 5 and 7, respectively, so about one of the 

two electrons is localized on the surface An, even when they are away from the vacancy. 

On the {111} surface, we also find an increase of spin density on two or three surface U, 

depending on the position of the O vacancy, while on the {110} and {100} surfaces only the 

surface U next to the vacancy has a clear increase in spin density. Once again, the sum of 

the increased spin density on the metal ions is smaller than 2 on each substoichiometric U-

Np, U-Pu and U-Cm MOX-8 surface, so there will be electron density located at the vacancy. 
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Table 4.4: Spin density of surface U, Zr or An (Np, Pu, Am, and Cm) on U0.92Zr0.08O1.92 or 

U0.92An0.08O1.92 surfaces. Data for surfaces with O vacancy next to substituted Zr or An are 

Calibri and surfaces with O vacancy away from substituted Zr or An are italic. Spin densities 

with a clear increase on substoichiometric surface vs the corresponding stoichiometric 

surface are shown in bold. 

MOX-
8 

An {111} {110} {100} 

U-Zr Zr 0.022/0.004 0.001/0.014 0.013/0.004 

U 2.173 

2.255 

2.167 

2.189 

2.936 

2.969 

2.891 

2.887 

2.898a 

2.042 

2.014 - 
2.030b 

2.802 

2.908 

2.957 

2.895a 

2.061 

2.009 - 
2.052b 

2.343 

U-Np Np 4.077 / 4.024 4.072 / 4.206 4.297 / 3.998 

U 2.039 

2.186 

2.172 

2.160 

2.206 

2.152 

2.033 

2.060 

2.035 

2.773 

2.790 

2.047 

2.041 

2.800 

2.374 

2.043 

2.046 

2.095 

U-Pu Pu 5.025 / 5.096 5.136 / 5.104 5.211 / 5.087 

U 2.040 

2.154 

2.189 

2.166 

2.176 

2.156 

2.031 

2.791 

2.034 

2.055 

2.618 

2.033 

2.038 

2.084 

2.266 

2.037 

2.036 

2.802 

U-Am Am 6.494 / 6.154 6.944 / 6.146 7.001 / 6.137 

U 2.074 

2.160 

2.146 

2.164 

2.137 

2.169 

2.033 

2.795 

2.025 

2.057 

2.085 

2.038 

2.031 

2.081 

2.088 

2.032 

2.038 

2.817 

U-Cm Cm 6.788 / 6.897 6.921 / 6.843 6.786 / 6.841 

U 2.042 

2.111 

2.201 

2.177 

2.121 

2.162 

2.012 

2.812 

2.039 

2.038 

2.502 

2.009 

2.053 

2.087 

2.255 

2.035 

2.050 

2.797 

a: spin density of a U in 2nd layer; b: range of spin density for U in 1st and 2nd layers, excluding 

U with significant change in spin density. 

 

While redistribution on substoichiometric U-Am MOX-8 surfaces with the O vacancy away 

from Am is similar to that on the U-Np, U-Pu and U-Cm MOX-8 surfaces, that on 

substoichiometric U-Am MOX-8 surfaces with the O vacancy next to Am is rather different. 

On {110} and {100}, the Am has clearly been reduced to Am(II) (spin density close to 7), and 
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even on the {111} the Am is mid-way between Am(III) and Am(II). The driver for this is very 

likely the 5f7 half-filled shell configuration of Am(II), with the effect manifesting itself most 

strongly when the Am is next to the vacancy, around which the two electrons tend to 

localise. When the Am is placed away from the vacancy, its reduction stops at Am(III), with 

the remaining electron localising partly on the U around the vacancy, and at the vacancy 

itself. 

Oxygen vacancy generation energies (equation 4.3) on U-An MOX-8 surfaces are collected 

in Table A4.4 and compared in Figure 4.6. Turning first to substoichiometric surfaces with 

the vacancy next to substituted An (Figure 4.6 (a)), it is clear that vacancy generation is 

more facile on the MOX-8 surfaces than on the corresponding UO2 surfaces. This is most 

likely due to the increasing ease of reduction from M(IV) to M(III) across the series, as the 

substituted An forms the trivalent state on substoichiometric MOX-8 surfaces, i.e. the 

presence of an An next to the vacancy stabilizes substoichiometric UO2 surface. O vacancy 

generation energies for the UO2 surfaces decrease from {111} to {100}, but do so more 

gradually on all U-An MOX-8 surfaces. The O vacancy formation energy on U-An MOX-8 

surface is not only related to the energy of substoichiometric surfaces, but also to that of 

the stoichiometric surface. The difference between O vacancy formation energy on UO2 

and MOX surfaces (∆, equation 4.4) follows from equation 4.3 as: 

∆= 𝐸𝑟𝑒𝑑(𝑈𝑂2) − 𝐸𝑟𝑒𝑑(𝑀𝑂𝑋) (4.4) 

∆=
1

2
(𝐸𝑠𝑢𝑏(𝑈𝑂2) + 𝐸𝑂2

− 𝐸𝑈𝑂2
) −

1

2
(𝐸𝑠𝑢𝑏(𝑀𝑂𝑋) + 𝐸𝑂2

− 𝐸𝑀𝑂𝑋) (4.5) 

∆=
1

2
(𝐸𝑠𝑢𝑏(𝑈𝑂2) − 𝐸𝑠𝑢𝑏(𝑀𝑂𝑋)) −

1

2
(𝐸𝑈𝑂2

− 𝐸𝑀𝑂𝑋) (4.6) 

Substituting for EMOX from equation 4.2 gives: 

=
1

2
(𝐸𝑠𝑢𝑏(𝑈𝑂2) − 𝐸𝑠𝑢𝑏(𝑀𝑂𝑋)) −

1

2
(𝐸𝑈𝑂2

− (2𝐸𝑟𝑒𝑝 + (1 − 𝑦)𝐸𝑈𝑂2
− 𝑦𝐸𝐴𝑛𝑂2

)) 

=
1

2
(𝐸𝑠𝑢𝑏(𝑈𝑂2) − 𝐸𝑠𝑢𝑏(𝑀𝑂𝑋)) −

1

2
(𝑦(𝐸𝑈𝑂2

+ 𝐸𝐴𝑛𝑂2
) − 2𝐸𝑟𝑒𝑝) 

=
1

2
(𝐸𝑠𝑢𝑏(𝑈𝑂2) − 𝐸𝑠𝑢𝑏(𝑀𝑂𝑋)) −

𝑦

2
(𝐸𝑈𝑂2

+ 𝐸𝐴𝑛𝑂2
) + 𝐸𝑟𝑒𝑝 
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Thus, the higher the replacement energy the larger ∆. As the replacement energy decreases 

from the {111} surface to the {100} (Figure 4.3 (a)), the decrease of vacancy formation 

energy on U-An MOX-8 surfaces is more gentle than on UO2. 

The U-An MOX-8 surfaces can be divided into two groups according to their O vacancy 

generation energies, U-Np and U-Pu, and U-Am and U-Cm. Within each group, similar O 

vacancy generation energies are found on the different MOX-8 surfaces. Substituted Np 

and Pu are trivalent, with c.a. four and five f electrons, respectively, while substituted Am 

and Cm both have about seven f electrons, i.e. a half-filed 5f shell. Thus, the O vacancy 

generation energies of group two are lower than group one. 

 

 

Figure 4.6: O vacancy generation energy (eV) on UO2 surface and U0.92An0.08O2 (An = Np, Pu, 

Am or Cm) surfaces, with (a) the vacancy next to substituted An and (b) away from 

substituted An. The lines joining the points are to guide the eye. 

 

On substoichiometric U-An MOX-8 surfaces with the vacancy away from the substituted An, 

the vacancy generation energy is also lower than on corresponding UO1.92 surface, which 

we again attribute to the lower redox potential of An(IV)/(III) vs that of U. Creating an O 

vacancy neighbour an An is more favourable than away from An (Figure 4.6 and Table A4.5), 

i.e. higher O vacancy formation energy is found on MOX-8 surfaces with the vacancy away 

from substituted An than next to it. This may be due to the preferred location of the two 

electrons left behind on oxygen vacancy formation. We have established that they prefer 

to remain around the vacancy, yet on MOX-8 surfaces with the An away from the vacancy, 
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about one electron moves to the An, i.e. away from the vacancy. In contrast to when the 

oxygen vacancy is next to a substituted An, the O vacancy formation energies on the {110} 

and {100} surfaces are slightly larger than on the {111} surface when the An is away from 

the vacancy (Figure 4.6 (b)). The explanation may be in Figure 4.4 (d) – (f); on the {111} 

surface (Figure 4.4 (d)), the substituted An and the surface U which neighbours the vacancy 

bond with the same surface O, and the distance between the substituted An and the 

surface U is 3.73 - 3.83 Å. While, on the {110} and {100} surfaces, the distance between the 

An and the U which neighbour the vacancy is 5.53 - 5.59 and 4.06 – 4.08 Å, respectively. 

We might therefore expect electron transfer on the {111} surface to be easier than on the 

{110} and {100} surfaces, due to the smaller transfer distance. O vacancy generation 

energies on MOX-8 {110} and {100} surfaces with the vacancy away from the An are higher 

than surfaces with the O vacancy neighbour the An (Figure 4.6 and Table A4.5), due to 

about half of the two electrons transferring away from the vacancy to the An. As the 

vacancy generation energies are similar on surfaces with different An, redistribution of the 

two electrons may be the main factor determining vacancy generation energy. 

In our previous study, we found that O vacancy generation energies on Pu0.92Am0.08O2 (Pu-

Am MOX-8) surfaces with the vacancy next to the surface Am are close to the average value 

of vacancy generation energies on the corresponding PuO2 and AmO2 surfaces.9 We 

attributed this to generation of O vacancies on PuO2 and AmO2 surfaces reducing, 

respectively, two surface Pu and Am to the trivalent state, and vacancy generation on Pu-

Am MOX-8 surfaces reducing one surface Pu and one Am to the trivalent state. It is 

interesting to do the same comparison for U-An MOX-8. The O vacancy generation energies 

on AnO2 surfaces, and the average values on UO2 and AnO2 surfaces, are given in Table 

A4.6. The energy differences between MOX-8 and the average of the pure 

substoichiometric dioxides are given in Figure 4.7. For U-Np MOX-8 {110} and {100}, the 

vacancy formation energies are very close to the average value on the corresponding UO2 

and NpO2 surfaces, as is the case for the Pu-Am system. From there, the energy differences 

for U-An MOX-8 {110} and {100} increase steadily across the actinide series. This behaviour 

is also generally the case for the {111} surface, though that on the U-Np system is an outlier. 

We therefore suggest that the O vacancy formation energies on mixed dioxide surfaces are 

close to the average values on the corresponding pure actinide dioxide surfaces only if the 
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two actinides neighbour each other in the periodic table, and this rule becomes less and 

less applicable when the two actinides are further and further away from each other in the 

series. Additional insight into this may be gained by examination of the spin densities. On 

substoichiometric U-Np MOX-8, the surface Np obtains about 1 electron (Table 4.4) and 

the location of the rest of the electron density is almost the same as on the corresponding 

substoichiometric UO2 surfaces (Table 4.2). From U-Pu MOX onwards, for the systems with 

the An next to the vacancy, the spin density of the surface U with the largest increase 

reduces, most noticeably for the {110} surface; 2.790, 2.618 and 2.502 for U-Np, U-Pu and 

U-Cm MOX, respectively, while for U-Am MOX-8 no significant increase in spin density is 

found for any surface U (Table 4.4). This reflects the greater ease with which the later An 

are reduced, and O vacancy formation is less and less similar to the situation on pure UO2 

and AnO2 surfaces. 

 

 

Figure 4.7: Difference between the oxygen vacancy formation energies on U0.92An0.08O2 (An 

= Np, Pu, Am or Cm) surfaces and the average value on UO2 and corresponding AnO2 

surfaces, as well as the difference of the energies on Pu0.92Am0.08O2 and the average value 

on PuO2 and AmO2 surfaces. The lines joining the points are to guide the eye. 

 

4.3.4 U0.92An0.08O2 surfaces with subsurface An 
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Figure 4.8: Side view of U0.92Np0.08O2 {111} surfaces with Np in (a) 1st and 6th layers (method 

A), (b) 2nd and 5th layers (method B), and (c) 3rd and 4th layers (method C). Blue-grey, light 

grey and red spheres represent U, Np and O, respectively, and a purple star marks the 

position of Np. (d) Average displacement of An-O bonds in U0.92Np0.08O2 (An = Np, Pu, Am 

and Cm) {111} surfaces with different substitution methods. Dark, medium and light-

coloured columns represent substitution methods A, B and C, respectively. 

 

We now consider substitution in the subsurface layers of UO2 slabs. To keep the MOX-8 

slab antiferromagnetic, there are two ways to arrange the An in the deeper layers, either 

in the 2nd and 5th layers (method B) or the 3rd and 4th layers (method C, denoting 

substitution on the surface (layers 1 and 6) as method A). We explored methods B and C 

for the {111} surface, finding that the structures of U-An MOX-8 with these methods are 

similar for the different An. Figure 4.8 shows the U-Np MOX-8 surfaces as a representative 

example; the side view of U-Np MOX-8 with Np on the surface (method A) is shown in 

Figure 4.8 (a), and in deeper layers in (b) and (c). As before, we compare the An-O bonds in 

the MOX-8 with the corresponding bonds in the pure AnO2; the average displacements with 

different substitution methods are collected in Figure 4.8 (d). Displacements caused by 

subsurface An are much smaller than surface An as surface bonds are more flexible than 

deeper layer bonds, which are more similar to the bulk. Methods B and C show similar 

displacements. The MOX-8 slabs divide into two groups according to the size of the 

displacements in the subsurface layers; for U-Np and U-Pu MOX-8 the displacements are 
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negligible (smaller than 0.02 Å), while those in U-Am and U-Cm MOX-8 are larger, at c. 

0.07–0.10 Å. 

We evaluated the spin densities, and find that the only significant changes are for An and 

U in the same layer, so in the following discussion we refer only to U in the same layer as 

the substituted An (Table 4.5). We have also simulated U-Zr MOX-8 with Zr in deeper layers, 

and the spin densities of Zr and U in the same layer are also collected in Table 4.5. In the 

U-Zr system, the spin density of Zr is close to 0, and the spin density of U is about 2.02, so 

there is no electron transfer between substituted Zr and U. In U-Np and U-Pu MOX-8, the 

spin density of Np and Pu is about 3 and 4 respectively, i.e. tetravalent, while Am and Cm 

have spin densities of about 6 and 7 (trivalent) in U-Am and U-Cm MOX-8. The U in U-Np 

and U-Pu MOX-8 have spin densities slightly smaller than the equivalent ions in the Zr 

system, suggesting a small amount of charge transfer from U in the Np and Pu MOX-8 slabs. 

Charge transfer is much larger in the Am and Cm systems, with one U in the layer with the 

substituted Am or Cm having a spin density of about 1.1 and the other two remaining at 

about 2, i.e. the Am or Cm obtain about one electron mainly from a single U in the same 

layer. The behaviour of the four An once again falls into two groups, with Np and Pu 

remaining tetravalent and Am and Cm being reduced, which ties in with the An-O bond 

displacements discussed above (An(III) is larger than An(IV) and will cause larger An-O bond 

displacements). 
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Table 4.5: Spin density of substituted An (Np, Pu, Am and Cm) and Zr, and U, in the same 

layer in U0.92An0.08O2 and U0.92Zr0.08O2 {111} surfaces with substitution method B (M in 2nd 

and 5th layers) and C (M in 3rd and 4th layers). Spin densities with a clear change from that 

expected for M(IV) are shown in bold. 

MOX An Method B (2nd and 5th) Method C (3rd and 4th) 

U-Zr Zr 0.002 0.002 

U 2.018 2.015 2.023 2.017 2.024 2.023 

U-Np Np 3.096 3.089 

U 2.001 2.007 2.009 2.019 2.023 2.020 

U-Pu Pu 4.247 4.225 

U 1.997 2.003 1.997 2.004 1.998 2.017 

U-Am Am 6.123 6.113 

U 1.154 2.017 2.016 2.005 2.012 1.084 

U-Cm Cm 6.835 6.832 

U 1.130 2.007 2.015 2.005 2.012 1.099 

 

For stoichiometric MOX-8 with the different substitution methods, we find only tetravalent 

Np and trivalent Am and Cm, in agreement with experimental results. In contrast, a 

different charge state is found for Pu with different substitution methods, a trivalent state 

on the surface (Table 4.3) and tetravalent Pu in deeper layers (Table 4.5). Trivalent Pu has 

not been reported experimentally for stoichiometric U-Pu MOX-8, but this does not 

disagree with our results in that if Pu(III) is indeed present in only the surface layer, its 

concentration overall will be very low and hence difficult to detect experimentally. The low 

percentage of Pu(III) in U-Pu MOX-8 will be further discussed below, when we consider 

larger concentrations of An. 
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The replacement energies (equation 4.2) of An into the UO2 {111} surface with substitution 

methods B and C are summarized in Table A4.7 and compared with substitution method A 

in Figure 4.9. There is relatively little dependence of the substitution energies on the 

substitution layer, which is perhaps unsurprising for Np, Am and Cm as the charge state of 

these ions is the same in all layers. For Pu, however, the charge states are not the same, 

and hence differing final charge states clearly have little effect on substitution energies of 

Pu into UO2. The An can again be divided into two groups here, according to the 

replacement energy. Group one has Np and Pu, as their replacement energies are similar 

and between c. 0.0–0.5 eV, so the substitution of Np and Pu into UO2 is energetically 

neutral or even disfavoured. While, in group two, much more negative replacement 

energies are found for the substitution of Am and Cm, so it is quite favourable to have 

trivalent Am and Cm in UO2 surfaces. 

 

 

Figure 4.9: Replacement energies for An (Np, Pu, Am and Cm) substituting into the UO2 

{111} surface with substitution method A (An in 1st and 6th layers), B (An in 2nd and 5th layers) 

and C (3rd and 4th layers), lines are a guide to the eye. 
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4.3.5 U0.92An0.08O1.92 surfaces with subsurface An 

We have also considered the generation of surface O vacancies on U-An (An = Np, Pu, Am 

and Cm) MOX-8 {111} surfaces with subsurface An. As the geometric structures are similar 

for all substoichiometric U-An MOX-8, we provide the representative example of U-Np 

MOX-8 in Figure A4.4, and the displacements of the surface atoms caused by generation of 

the surface O vacancy are compared in Figure 4.10. We choose the O vacancy away from 

the An in order to facilitate the comparison here, as An does not neighbour the O vacancy 

when in the subsurface layers. We again see that the neighbour U on the surface move 

away from the vacancy (positive displacement), while neighbour O move towards (negative 

displacement). For MOX-8 with different substitution methods, we find similar An-vacancy 

and similar O-vacancy distances, with the differences smaller than 0.07 and 0.11 Å, 

respectively, i.e. the substitution methods have little influence on O vacancy induced 

displacement of the surface atoms. 

 

 

Figure 4.10: Average displacement of nearest neighbour atoms, U (solid column) and O 

(diagonal column) from the O vacancy in U0.92An0.08O1.92 {111} surfaces with subsurface An. 

Positive displacement indicates the atom moves away from the vacancy site, whereas 

negative displacement indicates the atom moves toward the site. Dark, medium, and light 

coloured bars show displacements for substitution methods A, B and C, respectively. 
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Table 4.6: Spin density of substituted An (Np, Pu, Am and Cm) and Zr, and surface U, in 

U0.92An0.08O1.92 (An = Np, Pu, Am and Cm) and U0.92Zr0.08O1.92 {111} surfaces with 

substitution methods B and C (Figure 4.8 (b) and (c), respectively). Spin densities with a 

clear change from that expected for M(IV) are shown in bold. 

MOX-8 Method B (2nd and 5th layers) Method C (3rd and 4th layers) 

U-Zr Zr 0.009 0.001 

U 2.213 2.957 2.228 2.056 2.218 2.946 2.229 2.046 

U-Np Np 4.004 4.002 

U 2.180 2.178 2.203 2.047 2.197 2.188 2.178 2.041 

U-Pu Pu 5.069 5.072 

U 2.200 2.186 2.182 2.040 2.197 2.182 2.186 2.041 

U-Am Am 6.112 6.113 

U 2.202 2.184 2.185 2.041 2.106 2.118 2.193 2.017 

U-Cm Cm 6.836 6.836 

U 2.197 2.192 2.207 2.017 2.195 2.185 2.177 2.041 

 

Once again we have evaluated the spin densities, and these are collected in Table 4.6, 

including for substoichiometric U-Zr MOX-8 with Zr in deeper layers. The electron 

redistribution on substoichiometric U-Zr MOX-8 is very similar for the different substitution 

methods (Table 4.6 and Table 4.5), and to that on the UO1.92 surface (Table 4.2), showing 

one electron localising on a single U, and the other being distributed on the other surface 

U and, presumably, partly at the vacancy. The electron redistribution on substoichiometric 

U-An MOX-8 is also very similar for the different substitution methods, and for the different 

An, with one electron localising on the substituted An in all cases. The three surface U 

neighbour the vacancy have a spin density of about 2.2, with the remaining electron density 

presumably again localising at the vacancy. 
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O vacancy formation energies (equation 4.3) on {111} surfaces with deep layer An are 

summarized in Table A4.8, and compared with the energies on surfaces with surface An, 

with the O vacancy away from the An, in Figure 4.11. On U-Pu, U-Am and U-Cm MOX-8 {111} 

surfaces, similar formation energies are found for substitution methods A and C, with 

slightly smaller values for method B. In contrast, there is a significant increase in the 

vacancy formation energies from substitution methods A to C on the U-Np MOX-8 {111} 

surface, i.e. the deeper the Np the more energy is required to form a surface oxygen 

vacancy. We speculate that the difference in behaviour of Np vs the later An may be due 

to two competing factors. We know that the two electrons left behind on neutral oxygen 

vacancy formation prefer to localise around the vacancy, but substitution of An(III) in 

deeper layers works against this, by localising one electron increasingly far from the 

vacancy. This would account for the behaviour seen in U-Np MOX-8. Working against this 

is the driver for An(III) formation, which is increasingly favourable across the An series (as 

evidenced by the increasingly positive An(IV)/An(III) redox potential), and it may be that 

these two factors largely counterbalance one another for the later An.  

 

 

Figure 4.11: O vacancy formation energy on U1.92An0.08O2 (An = Np, Pu, Am and Cm) MOX-

8 {111} surfaces with substitution method A (An in 1st and 6th layers), B (2nd and 5th layers) 

and C (3rd and 4th layers). 
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4.3.6 U1-yAnyO2 surfaces with surface An (y = 0.08, 0.17, 0.25 and 0.33) 

Finally, we simulate the UO2 {111} surface with higher concentrations of substituted An. As 

the periodic cell has four U ions on surface, four situations are considered, with, 

respectively, 1, 2, 3, and 4 surface U replaced with An. As replacement is considered on 

both sides of slab, the ratio of An to U is 0.08:0.92, 0.17:0.83, 0.25:0.75, and 0.33:0.67, with 

chemical formulae U0.92An0.08O2 (MOX-8), U0.83An0.17O2 (MOX-17), U0.75An0.25O2 (MOX-25) 

and U0.67An0.33O2 (MOX-33), respectively. As MOX-8 has been discussed above, we mainly 

present, in this part, results for MOX-17, MOX-25, and MOX-33, and compare across the 

An ratios. The surface geometries of U-An MOX-17, MOX-25, and MOX-33 are similar; 

surface lattice constants are collected in Table A4.9. Note that, as we here consider only 

surface An substitution, and the displacements of U-O and An-O bonds caused by such 

substitution are rather different from those of subsurface An, the surface lattice constants 

and y do not obey Vegard’s law, which is obeyed by MOX bulk.14, 44-45 Representative 

examples of top views of U-Np MOX-17, MOX-25, and MOX-33 are presented in Figure 4.12 

(a), (b) and (c), respectively. For U-An MOX-8, substitution of An into UO2 surfaces 

elongates the surface An-O bonds, in comparison with An-O bonds on the corresponding 

AnO2 surfaces. With increasing An concentration, the displacement of surface An-O bonds 

will decrease, and when all surface U are replaced by An, the displacement of surface An-

O bonds is close to zero (Figure 4.12 (d)). Interestingly, the An can again be divided into two 

groups according to the trend in this decrease; group one has Np and Pu and group two 

has Am and Cm, as when we considered subsurface An (Figure 4.8). We have also checked 

the interlayer distances, and find that substitution of An has a negligible influence on these 

(Figure A4.5). 
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Figure 4.12: Top view of (a) U1.83Np0.17O2, (b) U1.75Np0.25O2 and (c) U1.67Np0.33O2 {111} 

surface, and (d) displacement of surface An-O bond vs An ratio in U1-yAnyO2 (An = Np, Pu, 

Am and Cm, y = 0.08, 0.17, 0.25 and 0.33) surfaces. In (a), (b) and (c), blue-grey, light grey 

and red spheres represent U, Np and O, respectively, and purple stars mark the position of 

substituted Np. 

 

U-Zr MOX-17, MOX-25 and MOX-33 have also been inspected, in order to provide a 

benchmark for analysing the spin densities of An and U in U-An MOX. Top views of U-Zr 

MOX-Y (= 8, 17, 25 and 33) are presented in Figure A4.6 and the lattice constants are given 

in Tables A4.1 and A4.9. No matter how many surface U are replaced with Zr, the spin 

density of the substituted Zr and U are all 0 and 2 respectively (Table A4.10, A4.11 and 

A4.12), i.e. there is no electron transfer between U and substituted Zr. The spin densities 

of substituted Np in U-Np MOX-Y are all about 3.1 (Table A4.10, A4.11 and A4.12), as we 

found for Np in U-Np MOX-8 (Table 4.3), and the spin densities of U in U-Np MOX-Y are 

slightly smaller than in the corresponding U-Zr MOX-Y. Thus, for all the different U-Np MOX 

studied here, we find no clear charge transfer between U and substituted Np; the Np are 
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all tetravalent, but attract a small amount of electron density from U. By contrast, all Am 

and Cm are trivalent in all kinds of U-Am and U-Cm MOX, with electrons being transferred 

from surrounding U ions (Table A4.10, A4.11 and A4.12). For example, on the U-Am MOX-

8 {111} surface, the Am obtains an electron from a surface U (Table 4.3), and on the 

equivalent U-Am MOX-17 surface, the two surface Am obtain electrons from the other two 

surface U (Table A4.10). As the concentration of Am on the surface increases, there are no 

longer sufficient surface U from which to obtain electrons, and electrons are transferred 

from U in the next layer down (Table A4.11). For all U-Pu MOX-Y, only one surface Pu is 

trivalent (Table 4.3, A4.10, A4.11 and A4.12). On U-Pu MOX-8, MOX-17 and MOX-25 surface, 

this surface Pu acquires an electron from a surface U while, on U-Pu MOX-33, the Pu obtains 

an electron from a U in a subsurface layer (2nd and 5th). We therefore find that the 

conditions under which Pu(III) may be formed are quite restricted; the Pu must be on the 

surface and neighbour Pu must not be reduced. The resulting scarcity of trivalent Pu in U-

Pu MOX-Y is likely why it has not been detected experimentally.12 

 

Replacement energies (equation 4.2) (Table A4.13) are compared for different An and 

substitution levels in Figure 4.13. In the range studied, substitution of Cm is the easiest, 

while substitution of Np is the hardest. There is very good correlation of An ratio with 

replacement energy for Pu, Am and Cm (R2 = 0.87, 0.97, and 0.97, respectively), though 

that for Np is poorer (0.58). We further study this by considering the replacement energy 

per An (Figure 4.13 (b)), and now find a linear relationship for all An. Noticeably, the 

replacement energy per Np decreases as the amount of Np increases, so Np in a UO2 slab 

will favour the further substitution of Np. In contrast, Pu, Am and Cm behave oppositely, 

so it gets harder and harder to substitute more and more Pu, Am or Cm into UO2. This may 

be explained by the charge isosurfaces of U-An MOX-Y {111} (Figure A4.7, A4.8, A4.9 and 

A4.10). For U-Np (Figure A4.7), from MOX-8 to MOX-33, the overlap of the Np and O charge 

isosurfaces increases, suggesting that the blend of Np into the UO2 surface becomes better 

with increasing Np concentration. However, for U-Am/Cm MOX-Y (Figure A4.9 and A4.10), 

the overlap of the charge isosurfaces for surface Am/Cm-O bonds become smaller and 

smaller. The overlap of the charge isosurfaces for surface Pu-O bonds do not differ much 
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between the different U-Pu MOX surfaces (Figure A4.8), which may relate to the smaller 

positive slope of the Pu data in Figure 4.13 (b) being rather less than that for the Am and 

Cm lines.  

 

 

Figure 4.13: (a) Replacement energy of An (Np, Pu, Am and Cm) into the UO2 {111} surface 

against ratio of An; (b) Replacement energy per An onto UO2 {111} surface against ratio of 

An. 

 

4.4 Conclusions 

In this contribution, we have studied the properties of U0.92An0.08O2 MOX (An = Np, Pu, Am 

and Cm) {111}, {110} and {100} surfaces, in which a surface U is replaced by An, considering 

also, for the {111} surface, different An substitution positions (surface or subsurface) and 

increasing the ratio of An to U. Substitution of An into UO2 surfaces elongates the surface 

An-O bonds and shortens the U-O bonds, and with increasing An to U ratio, the elongation 

of the An-O bonds tends to zero as all the surface U are replaced by An. Surface bond 

displacements are negligible on subsurface substitution of the An, in comparison with 

surface substitution. In U-Np MOX, the substituted Np is always tetravalent, no matter the 

substitution position or the ratio of Np to U. By contrast, substituted Am or Cm are always 

trivalent, with the minor actinides obtaining about 1 electron primarily from a neighbour 

U, which is oxidised to U(V). The behaviour of Pu is less straightforward than that of Np, 

Am and Cm. One surface Pu obtains an electron from a neighbour U and forms Pu(III), 
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whereas all the other Pu, either surface or subsurface, remain tetravalent. The energy of 

replacing a surface U with An is linearly correlated with the An(IV)/(III) redox potential, and 

decreases from {111} to {100}. For the {111} surface we find little dependence of the 

replacment energy on whether the An is substituted into the surface or subsurface. Np 

substitution favours further substitution, while substituted Pu, Am and Cm disfavour 

further substitution of those elements, especially for Am and Cm. 

We have also studied oxygen vacancy formation on U0.92An0.08O2 (An = Np, Pu, Am and Cm) 

MOX surfaces, to yield U0.92An0.08O1.92. After vacancy generation, neighbour An and U move 

away from the vacancy and neighbour O move towards it, similar to the behaviour on 

substoichiometric UO2 and AnO2 surfaces. The two electrons left behind on removal of a 

neutral oxygen atom remain partly at the vacancy site, partly delocalise onto neighbour U, 

and partly localise on the substituted An, even when the vacancy does not neighbour a 

surface An or when the An is substituted in subsurface layers. On U0.92An0.08O1.92 surfaces 

with the vacancy next to substituted An, the O vacancy generation energy decreases from 

{111} to {100}, as for the corresponding UO1.92 surfaces, but the extent of the decrease is 

gentler. On U0.92An0.08O1.92 surfaces with the vacancy away from substituted An, the O 

vacancy generation energy increases slightly from {111} to {100}, due to the surface 

geometric structure and electron redistribution. The vacancy formation energies are similar 

for U0.92An0.08O1.92 (An = Pu, Am and Cm) with subsurface An and with surface An away from 

the vacancy. By contrast, the surface vacancy formation energy increases with deeper layer 

Np in U0.92An0.08O1.92 {111}, as the two electrons prefer to localize around the vacancy and 

the electronegativity of Np(IV) is not strong enough to overcome the energy needed for 

electron transfer from the surface to the subsurface. 
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Computational Study of Plutonium-Americium Mixed Oxides 

(Pu0.92Am0.08O2-x); Water Adsorption on {111}, {110} and {100} 

Surfaces 

Jia-Li Chen and Nikolas Kaltsoyannis 

Abstract 

Hubbard U-corrected generalized gradient approximation density functional theory is used 

to study the surface properties of plutonium-americium mixed dioxides (Pu-Am MOX). 

Stoichiometric and oxygen vacancy defect {111}, {110} and {100} surfaces are investigated, 

including the molecular and dissociative adsorptions of water. Comparison with previous 

work from our group on PuO2 and AmO2 leads to the conclusion that substituted Am gains 

electrons from the PuO2 slab. In agreement with previous experimental studies, when the 

oxygen to metal ratio of MOX decreases, substituted Am is reduced to the trivalent state 

before the reduction of Pu. The geometries of water adsorption are similar to adsorption 

on PuO2 and AmO2 surfaces, while the presence of Am in PuO2 surfaces promotes water 

adsorption. Higher temperature is required for dissociation of molecularly adsorbed water 

on Pu-Am MOX than on the corresponding PuO2 surfaces, while desorption of dissociatively 

adsorbed water on PuO2 is harder than on the corresponding MOX surfaces. 

5.1 Introduction 

Over many decades, the recycling of spent nuclear fuel in the UK has separated significant 

quantities of plutonium (Pu, 110.3 tonnes by December 31, 2016).1 This is currently stored 

as plutonium dioxide powder while the government agrees a long-term solution, the 

principal options being re-use in mixed oxide (MOX) fuel or burial in a geological disposal 

facility. There is evidence for gas build-up in some storage containers, which might be 

vapour from small residual molecules, such as water desorbing from PuO2, hydrogen gas 

from the radiolysis of water or the reaction of water with PuO2, or helium following alpha 

decay. To understand the causes of gas generation, and hence to aid prediction of long-

term behaviour, the interactions between water and PuO2 surfaces have been intensively 
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studied experimentally and computationally, and there is generally good agreement 

between experiment and simulation.2-6 Water adsorbs in stages, with a first strongly bound, 

chemisorbed layer producing a hydroxylated surface as a result of dissociation, followed by 

one or more weakly bound layers of molecular water.4 Two distinct water desorption 

temperature ranges have been reported for PuO2 surfaces, which have been interpreted 

as being due to these two types of water layer,2-3 but we have suggested that the ranges 

may be due to first layer water desorbing from different surfaces.5 

Over time, americium builds up in the PuO2 due to the radioactive decay of 241Pu, and so 

the oldest of the UK’s PuO2 could by now have up to 8% Am. Although Pu and Am are 

neighbours in the periodic table, a higher oxygen equilibrium potential has been found for 

americium dioxide than PuO2, which reflects the different reducibility of Am4+ and Pu4+.7-8 

Water adsorption behaviour on AmO2 and PuO2 surfaces is also different.5, 9-10 Thus, the 

existence of Am in PuO2 will influence the valence states of Pu ions, water adsorption on 

its surfaces and, potentially, the way the material interacts with other gaseous species. 

Americium-bearing PuO2 has attracted the attention of experimentalists.7-8, 11-18 Structural 

properties of plutonium-americium MOX surfaces, with different ratios of Am : Pu, have 

been studied by X-ray diffraction.15 Miwa et al. reported that Pu0.91Am0.09O2 has a single 

phase fluorite structure and the microstructure is homogeneous.13 Pu-Am MOX with 

various Am contents (Am to metal ratio = 0.018, 0.077, 0.21, 0.49, 0.80 and 1.00) were 

studied by Vaych et al.;8 regardless of the Am content, all the samples remain single phased 

face-centred cubic (f.c.c.) fluorite. To probe the electronic structure of Pu0.91Am0.09O2-x, 

Osaka et al. investigated the oxygen potential of the oxide,12 and proposed that Am is 

reduced from a tetravalent to a trivalent state, then after all the Am is reduced, Pu is 

reduced. Similar valence relationships between Pu and Am have been found for 

Pu0.5Am0.5O2-x by Jankowiak et al.14 Cation interactions in Pu-Am MOX have been studied 

by Belin et al,17 providing experimental evidence for Osaka’s model,12 i.e. for Pu1-yAmyO2-x, 

when the oxygen to metal ratio is larger than 2-y/2, some of the Am(IV) are reduced to 

Am(III) with all the Pu remaining in the tetravalent state, while when the oxygen to metal 

ratio is smaller than 2-y/2, all the Am and some of Pu are reduced to the trivalent state, 

and the rest of the Pu stay in the tetravalent state.17 
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Previous theoretical work in this area mainly focuses on the study of pure PuO2 and AmO2,
4-

5, 9-10, 19-22 although CeO2 has also been well studied.23-27 Not only is CeO2 interesting in its 

own right and possesses the same fluorite structure as PuO2, but it is often used 

experimentally as a non-radioactive surrogate for PuO2, and computational evaluations of 

that similarity are useful. However, there are very few theoretical studies of Pu-Am MOX. 

Li et al. simulated Pu0.5Am0.5O2 bulk, identifying antiferromagnetic ground states.28 No 

theoretical studies have simulated Pu-Am MOX surfaces, and to the best of our knowledge, 

no studies investigate water adsorption on Pu-Am MOX surfaces. Thus, in this paper, we 

report study of Pu-Am MOX {111}, {110} and {100} surfaces, and water adsorption on these 

surfaces, and compare our results with previous investigations of PuO2 and AmO2. Water 

desorption temperatures on Pu-Am MOX, and PuO2, surfaces are also simulated and 

compared. We organize the paper as follows: we begin with a brief description of the DFT 

+ U computational methodology used. We then discuss the structures and energies of 

stoichiometric and oxygen vacancy defect {111}, {110}, and {100} surfaces, and present 

molecular and dissociative water adsorption geometries and energies on those surfaces; 

Corresponding water desorption temperatures are also predicted. We make extensive 

comparison between the MOX and PuO2, and thus explore the effects of Am on the 

properties of PuO2 surfaces. 

5.2 Computational details 

All calculations were performed using density functional theory (DFT), as implemented in 

the Vienna Ab-initio Simulation Package (VASP), version 5.4.1.29-32 The generalized gradient 

approximation functional of Perdew, Burke, and Ernzerhof (PBE),33 with a Hubbard U 

correction for the 5f electrons (Ueff = 4 eV; U = 4.5, J = 0.5),34 was used for the exchange-

correlation energy. Plane wave basis sets and projector-augmented wave pseudopotentials 

were used to describe the ions.35 A plane wave cutoff of 650 eV was adopted for all 

calculations. Monkhorst-Pack (MP) grids were employed for the k-space integration;36 a 

minimum MP grid of 5 × 5 × 1 k points was used for the Brillouin zone sampling for the 

surface simulations. A 1k colinear magnetic ordering with a net magnetic moment of zero 

was used.28 The total system is treated as antiferromagnetic (AFM). Spin−orbit coupling has 
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been neglected; earlier results by Rák and co-workers indicate that spin−orbit coupling has 

only a very small effect on surface stability.21 

In our previous work on UO2, PuO2 and AmO2,
5, 10 we evaluated the effect of changing the 

effective Hubbard U (Ueff) on the bulk lattice parameter and band gap, as well as surface 

properties and water adsorption on those surfaces, concluding that Ueff = 4 eV is the best 

overall approach. We also tested the PBESol functional, as used by other workers for bulk 

AnO2,20 concluding that it is not as good as PBE for the simulation of surfaces. 

We have previously minimized the bulk and surface structures of PuO2,5 and the PuO2 

surfaces used here are taken from that work. Each surface is constructed from repeating 

slabs of 24 PuO2 units arranged in six layers, with 18 Å of vacuum between each slab. The f 

electrons of Pu in the 1st, 3rd and 5th layers are unpaired and spin up, with spin down 

electrons in the 2nd, 4th, and 6th layers, in order to keep the whole slab AFM. The same 

surface model was adopted in our previous studies, in which we demonstrated 

convergence of the PuO2 surface energy with slab depth.5 Each surface is 2 × 2, and the 

lattice constants of the PuO2 {111}, {110} and {100} surface are 3.796 × 3.806, 5.534 × 3.737, 

and 3.710 × 3.989 Å, respectively; the distortions in one direction arise from the use of the 

1k colinear magnetic ordering approximation, and no reconstruction was found. The defect 

and water coverage are one-quarter monolayer. Am, defects and adsorbates are 

introduced on both sides of the slab to minimize the dipole effects. Thus, the chemical 

formula of stoichiometric Pu-Am MOX surfaces is Pu22Am2O48 or Pu0.92Am0.08O2, and 

Pu22Am2O46 or Pu0.92Am0.08O1.92 for oxygen vacancy defect Pu-Am MOX surfaces. For 

substoichiometric and Pu-Am MOX surfaces, the same slab shape and volume as for the 

PuO2 surfaces are used, only the ions are allowed to move during optimization (ISIF = 2). As 

our cutoff energy (650 eV) is large enough, the Pulay stress can be neglected. All the 

periodic images were made using VESTA.37 

Substitution energies of Am into the PuO2 surfaces 𝐸sub  are calculated according to 

equation 5.1: 

𝐸sub =
1

2
[(𝐸MOX + 𝐸Pu) − (𝐸PuO2

+ 𝐸Am)] (5.1) 
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where 𝐸MOX and 𝐸PuO2
 are the energy of the relaxed Pu-Am mixed slab and PuO2 slab, 

respectively, and 𝐸Pu  and 𝐸Am  is the energy of Pu and Am atoms in the gas phase, 

calculated in a periodic box with a 20 Å side. The factor of 1/2 is due to substitution on both 

side of slabs. 

𝐸reduce, the surface oxygen defect generation energy, was calculated using equation 5.2: 

𝐸reduce =
1

2
(𝐸red,slab + 𝐸O2

− 𝐸slab) (5.2) 

where 𝐸slab is the energy of the stoichiometric slabs 𝐸red,slab is the energy of the relaxed 

oxygen vacancy defect slab, and 𝐸O2
 is the energy of a single oxygen molecule in a box with 

a 20 Å side. The factor of 1/2 is due to the reduced slab having one vacancy on each side. 

𝐸ads, the adsorption energy of water on stoichiometric and oxygen vacancy defect slabs, is 

given by equations 5.3 and 5.4 respectively: 

𝐸ads =
1

2
[𝐸slab+mol − (𝐸slab + 2𝐸H2O)] (5.3) 

𝐸ads =
1

2
[𝐸red,slab+mol − (𝐸red,slab + 2𝐸H2O)] (5.4) 

where 𝐸slab+mol and 𝐸red,slab+mol are the energies of the stoichiometric and reduced slab 

with an adsorbed water molecule, respectively, and 𝐸H2O is the energy of a water molecule 

in the gas phase, calculated as a single water molecule in a periodic box with a 20 Å side. 

The factor of 1/2 is due to adsorbing water on both sides of slab. 

Molecular thermodynamics was employed to calculate the relationship between the water 

desorption temperature and the partial pressure of water. The method used is as described 

in our recently published paper.22 This is similar to the approach used to calculate the water 

desorption temperature from AnO2 (An=U, Pu) surfaces in our previous work,4 which was 

itself based on Molinari et al.’s work on water desorption from ceria surfaces.38 Here we 

adopt a new continuous function for the entropy of the water molecule 𝑆𝐻2𝑂
0 (𝑇) (equation 

5.5), using the NIST-JANAF thermochemical data,39 as a higher R2 value (0.9995) is obtained 

with the new function (equation 5.5): 
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𝑆𝐻2𝑂
0 (𝑇) ≅ 65.086𝑇0.1852 (5.5) 

Spin density data are reported extensively throughout this work. Spin densities are 

calculated as the difference between the number of  spin (spin up) and  spin (spin down) 

electrons, and have units of electron density (i.e. electrons/bohr3). This can be evaluated 

on a per-atom basis. For actinides in positive oxidation states, the excess (-) spin density 

is due to unpaired 5f electrons, and the difference between this value and the total number 

of valence electrons in the neutral atom can be used to establish oxidation state. For 

example, a formally Pu(IV) ion will have the electronic configuration {Rn}5f4, so if we 

calculate a Pu atom to have a spin density close to four, then we can be confident in 

assigning it as Pu(IV), i.e. it is tetravalent. For Pu(III), the electronic configuration will be 

{Rn}5f5, and hence the computed spin density on a Pu(III) centre will be close to 5. 

5.3 Results and discussion  

5.3.1 Pu0.92Am0.08O2 surfaces 

Stoichiometric plutonium dioxide slabs of the {111}, {110} and {100} surfaces, each 

containing 6 layers including 24 Pu cations and 48 O anions, have been optimized (Figure 

5.1). To keep the whole slab antiferromagnetic (AFM), the unpaired f electrons were set as 

spin up for Pu in 1st, 3rd and 5th layers, and spin down in 2nd, 4th and 6th layers. Surface 

energies obtained here are 0.67, 1.14, and 1.58 J/m2 for PuO2 {111}, {110} and {100} 

surfaces, respectively in good agreement with previously reported data (0.66, 1.13 and 1.59 

J/m2).5 The spin densities of the Pu atoms range from 4.192 to 4.258, from 4.158 to 4.327, 

and from 4.183 to 4.259 in the {111}, {110} and {100} slabs, respectively. The spin density 

of Pu on the surface (1st and 6th layers) is a little larger than Pu in deeper layers (2nd – 5th 

layers), suggesting more electrons are localized on surface Pu than Pu in deeper layers, 

most likely because some Pu-O bonds are cleaved to form the surface, i.e. surface Pu is 

bonded to 7, 6 and 6 oxygens on {111}, {110} and {100} surface, respectively, but bonded 

to 8 oxygens in the bulk.  
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Figure 5.1: Top ((a), (b) and (c), respectively) and side ((d), (e) and (f), respectively) view of 

stoichiometric PuO2 {111}, {110}, {100} surfaces. Dark grey and red spheres represent 

plutonium and oxygen atoms, respectively. the layers of PuO2 slabs are numbered in (d), 

(e) and (f). 

 

Substitution of an Am atom has been considered for both sides of the PuO2 slabs, in order 

to avoid dipole effects. To keep the MOX slabs AFM, there are three ways to substitute Am; 

two Am atoms, giving c. 8% Am in the system, in 1st and 6th layers (method A), 2nd and 5th 

layers (method B), and 3rd and 4th layers (method C). In order to compare substitution of 

Am at different surfaces, substitution method A has been considered for all three surfaces 

(Figure 5.2 (a), (b) and (c)). Substitution methods A, B and C have been compared for the 

{111} surface (Figure 5.2 (d), (e) and (f)), in order to establish how deeply substituted Am 

affect surface properties and how the interaction between substituted Am affects PuO2 

surfaces.  
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Figure 5.2: Top view of Pu0.92Am0.08O2 (a) {111}, (b) {110} and (c) {100} surfaces with Am 

substituted in 1st and 6th layers. Side view of Pu0.92Am0.08O2 {111} surfaces with Am in (d) 1st 

and 6th layers, (e) 2nd and 5th layers, and (f) 3rd and 4th layers. Dark grey, light grey and red 

spheres represent plutonium, americium and oxygen atoms, respectively. 

 

Substitution of Am has little influence on the geometric structure of all three surfaces for 

all three substitution methods. For example, the lattice constants of the Pu0.92Am0.08O2 

{111}, {110} and {100} surfaces with substitution method A are 3.806 × 3.803, 5.528 × 3.756, 

and 3.703 × 3.994 Å, respectively; no reconstruction was found. The difference in Am-O 

bond length between MOX and AmO2 is not larger than 0.01 Å, as is the change in 

surrounding Pu-O bonds, which is why there are only small differences between the lattice 

constants of the PuO2 and Pu-Am MOX surfaces. However, the electronic structures of 

Pu0.92Am0.08O2 surfaces show clear differences between AmO2 and PuO2. Table 5.1 

summarizes the spin densities of the two Am cations and all Pu cations in the same layer. 

Am and Pu in stoichiometric AmO2 and PuO2 are tetravalent with spin densities of c.a. 5 

and 4, respectively. However, the spin density of Am cations range from 5.400 to 5.575 

(corresponding approximately to the +3.5 charge state) in stoichiometric MOX surfaces, 

indicating that Am has gone through a reduction process after substitution. As noted in the 
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introduction, previous experimental work on Pu-Am MOX concludes that some Am will be 

reduced to trivalent, if the oxygen to metal (O/M) ratio in Pu1-yAmyO2-x is larger than 2-

y/2.17 Obviously, Pu0.92Am0.08O2 belongs to this region (2 > 2-0.04), and our model reflects 

this mixed valence situation via Am ions in the c. +3.5 charge state. The spin density of Am 

on the surface is a little larger than in deeper layers (Table 5.1), in agreement with what is 

found for surface and deeper layer Pu. The charge states of oxygen anions and Pu cations 

do not show a clear change after Am substitution, so we compared the charge density of 

stoichiometric MOX and PuO2 surfaces (Appendix 3, Figure A5.1). Substitution of Am mainly 

influences the charge density of atoms in the same layer, and has little influence on 

neighbour layers, so substituted Am is reduced mainly by surrounding Pu and O atoms and 

tends to be trivalent. 

 

Table 5.1: Spin density of actinides (An) in Pu0.92Am0.08O2 slabs. 

Substitution method An  {111} {110} {100} 

A (Am in 1st 

and 6th layers) 

Am -5.505/ 5.507 -5.553/ 5.556 -5.575/ 5.498 

Pu 4.202 – 4.262 4.198 – 4.314 4.183 – 4.289 

B (Am in 2nd 

and 5th layers) 

Am 5.413/ -5.394 - - 

Pu 4.196 – 4.262 - - 

C (Am in 3rd 

and 4th layers) 

Am -5.400/ 5.409 - - 

Pu 4.190 – 4.259 - - 

 

Calculated Am substitution energies are listed in Table 5.2. When Am is substituted for Pu 

on the surface (method A), substitution on {111} surfaces is the hardest, and substitution 

energies on {110} and {100} surfaces are similar. As the {111} surface is the most stable, 

and the stability of {110} and {100} surfaces are similar, surface activity is likely an 

important factor in the substitution energy of Am. Substitution energies on the {111} 
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surface are almost the same with methods A, B and C. Interaction between two Am atoms 

is possible, when they substitute in the 3rd and 4th layers (method C) (Figure 5.2 (f)), but the 

same energies for substitution methods B and C suggests that the interaction between 

substituted Am atoms is very small. Distortion of PuO2 slabs, due to the substitution of Am, 

is negligible, suggesting size effects on substitution energy are also very small. Overall, we 

conclude that the substitution energy of Am is mainly related to the activity of the PuO2 

surfaces. 

 

Table 5.2: Substitution energies (eV) of Am into Pu0.92Am0.08O2 slabs 

Substitution method {111} {110} {100} 

A (Am in 1st and 6th layers) 3.34 3.14 3.16 

B (Am in 2nd and 5th layers) 3.35 - - 

C (Am in 3rd and 4th layers) 3.35 - - 

 

5.3.2 Pu0.92Am0.08O1.92 surfaces 

As the O/M ratio of Pu-Am MOX may change with environment, such as pressure and 

temperature, and substoichiometric MOX has been found by experiment,7, 12 we simulated 

surfaces with oxygen defects. An O atom was removed from both sides of the slabs to avoid 

dipole effects, so the chemical formula of the slabs changes to Pu22Am2O46 or 

Pu0.92Am0.08O1.92. For stoichiometric slabs with Am on the surface (method A), there are 

two kinds of surface oxygen, i.e. bonded with surface Am or not, so there are two kinds of 

oxygen defect, next to surface Am (Figure 5.3 (a) – (b)) and away from surface Am (Figure 

5.3 (d) – (f)), while there is only one kind of defect on surfaces with Am in deep layers 

(Figure 5.3 (g) and (h)). Surface structures and electronic properties of substoichiometric 

Pu-Am MOX slabs are discussed in the following section. 
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Figure 5.3: Top views of Pu0.92Am0.08O1.92 {111}, {110} and {100} surfaces with Am on the 

surface, with oxygen defects next to surface Am ((a), (b) and (c), respectively) and away 

from surface Am ((d), (e) and (f) respectively), as well as top views of Pu0.92Am0.08O1.92 {111} 

surfaces with Am in (g) 2nd and 5th layers and (h) 3rd and 4th layers. Dark grey, light grey and 

red spheres represent plutonium, americium and oxygen atoms, respectively. Black 

squares mark the positions of oxygen defects. Plutonium atoms marked with yellow stars 

show clear changes in spin density after generation of the oxygen defect. 

 

Oxygen defect formation influences the surface structures, and the displacement of 

nearest neighbour An and O atoms from the oxygen vacancy compared to stoichiometric 

Pu0.92Am0.08O2 surfaces are presented in Figure 5.4. There are three neighbour An and O 

atoms on the {111} surfaces, and three An and two O on the {110} surfaces. On the {100} 

surface, the distance to the nearest O is larger than 3.5 Å and the displacement is smaller 

than 0.1 Å, so only the displacements of the two nearest neighbour An atoms are 

considered. In all cases, neighbour An move away from the defect, while neighbour O move 
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toward the defect. Larger displacement of neighbour O is found on the {110} surfaces for 

both kinds of O defect, and comparing Figure 5.3 (b) and (e) with Figure 5.2 (b) show the 

larger displacement is mainly caused by one of the neighbour O. This O atom in the middle 

of the triangle of three An in the stoichiometric surface, and moves to the bridge site 

between two An in the substoichiometric surface. This kind of displacement of neighbour 

O has not been reported before for substoichiometric PuO2 surfaces, so the large 

displacement on the {110} surface is likely to be caused by the substitution of Am. The 

displacements of An and O on the {111}, and An on {110} and {100} surfaces, are all around 

0.2 Å, which is similar to the displacements reported for UO2 and PuO2.9 Thus, excepting 

the displacement of one surface O (Os) on the {110} surfaces, similar to what was found for 

Pu0.92Am0.08O2 surfaces, the existence of Am has little influence on Pu0.92Am0.08O1.92 surface 

structures, i.e. the displacement is mainly caused by the O vacancy. Overall, displacement 

induced by O vacancies is in broad agreement with our previous findings for 

substoichiometric AnO2 (An = U – Cm) surfaces.9-10 

 

 

Figure 5.4: Average displacement of nearest neighbour atoms (either An or O) from the 

oxygen vacancy compared with the stoichiometric slab. Positive displacements indicate 

movement away from the vacancy site, whereas negative displacements indicate 

movement toward the site. 
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Table 5.3: Spin density of americium, and the plutonium atoms marked with a yellow star 

in Figure 5.3, for Pu0.92Am0.08O1.92 surfaces. 

Substitution method O defect An  {111} {110} {100} 

A (Am in 1st and 6th 

layers) 

Next to Am Am -6.132/ 

6.123 

-6.101/ 

6.113 

-6.125/ 

6.142 

Pu -5.060/ 

5.061 

-5.085/ 

5.078 

5.057/ 

5.059 

Away from 

Am 

Am -6.128/ 

6.128 

-6.135/ 

6.136 

-6.121/ 

6.120 

Pu -5.066/ 

5.066 

-5.051/ 

5.056 

-5.081/ 

5.073 

Substitution method O defect An  {111} {110} {100} 

B (Am in 2nd and 5th layers) Am 6.104/ -

6.107 

- - 

Pu -5.056/ 

5.063 

- - 

C (Am in 3rd and 4th layers) Am -6.105/ 

6.105 

- - 

Pu -5.063/ 

5.063 

- - 

 

The creation of a neutral oxygen vacancy leaves behind two electrons. Table 5.3 

summarizes the spin densities of some An that shows clear changes when compared with 

corresponding Pu0.92Am0.08O2 surfaces (Table 5.1). Comparing Tables 5.1 and 5.3, we find 

that the two extra electrons on Pu0.92Am0.08O1.92 surfaces mainly localize on the substituted 
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Am cation, and one surface Pu cation, which is indicated by a yellow star in Figure 5.3. The 

Pu and Am cations are reduced to the trivalent state. The surface Pu cation that gains one 

electron neighbours the defect, while no matter where the Am cation is located, neighbour 

the defect or not, it gains another electron, even when substituted in deeper layers, 

presumably because the Am (IV)/(III) redox potential (2.60 eV) is much higher than Pu 

(IV)/(III) (1.01 eV). According to previous experimental work,17 Pu0.92Am0.08O1.92 belongs to 

the region with 2-y/2 (1.92 < 2-0.04), and hence our finding about the valence state of the 

Pu and Am cations agrees with experimental results. Hence, our theoretical simulations 

support the experimentally proposed cation valence relationship in both stoichiometric 

and reduced Pu-Am MOX. 

O defect generation energies are given in Table 5.4. For substitution method A (Am in 1st 

and 6th layers), O defect generation on the {111} surface is the hardest, while generation 

energies on {110} and {100} surfaces are similar, whatever Am is next to the defect or not. 

This energy sequence, which reflects the relative activity of {111}, {110} and {100} surfaces, 

is the same as found on stoichiometric AnO2 surfaces. On each surface, generation energies 

are similar for both kinds of O defect, as they have similar displacement of neighbour An 

and O (Figure 5.4) and charge redistribution (Table 5.3). On the {111} surfaces, the O defect 

generation energy is the smallest for substitution method A, becoming larger for 

substitution method B and C. The energy sequence for the different substitution methods 

is related to the charge distribution in the MOX slabs. Substituted Am gains electrons 

mainly from atoms in the same layer and has only a little influence on neighbour layers 

(Figure A5.1). In other words, surface atoms are most oxidized with substitution method A, 

less oxidized with substitution method B, and not oxidized with method C. As the O defect 

generation process is a reduction process for surface atoms, it is more favourable for more 

oxidized surface atoms, thus it is easiest to generate O defects on the {111} surface with 

Am in 1st and 6th layers, and hardest on the surface with Am in the 3rd and 4th layers. 
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Table 5.4: Oxygen defect generation energies (eV) for Pu-Am MOX surfaces, i.e. on going 

from Pu0.92Am0.08O2 to Pu0.92Am0.08O1.92.   

Substitution method Position of O defect {111} {110} {100} 

A (Am in 1st and 6th layers) Next to Am 1.94 1.10 1.07 

Away from Am 1.97 1.00 1.37 

B (Am in 2nd and 5th layers) 2.11 - - 

C (Am in 3rd and 4th layers) 2.27 - - 

 

O defect generation energies on Pu-Am MOX surfaces with Am on the surface are 

compared to defect generation energies on stoichiometric PuO2 and AmO2 surfaces in 

Figure 5.5.9-10 This figure highlights the similar trend in O defect generation energies on 

stoichiometric AnO2 and MOX surfaces. On each surface, the O defect generation energy 

for MOX lies between the corresponding generation energy on PuO2 and AmO2 surfaces,9-

10 and close to their average (1.91, 1.22 and 1.16 eV, respectively, for the {111}, {110} and 

{100} surfaces). In our previous work, we found that O defect generation on AnO2 surfaces 

is linearly related with An(IV)/(III) redox potential. As O defect generation energy on Pu-Am 

MOX surfaces is close to the average generation energy on PuO2 and AmO2 surfaces, this 

again supports the linear relationship between O defect generation energy and An(IV)/(III) 

redox potential. We conclude that, in addition to surface activity, the redox potential of 

An(IV)/(III) is an important factor in the O defect generation energy on MOX surfaces. 
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Figure 5.5: Oxygen defect generation energy on pure PuO2 and AmO2 surfaces and Pu-Am 

MOX surfaces. 

 

5.3.3 Water adsorption on Pu0.92Am0.08O2 surfaces 

Molecular and dissociative water adsorptions on Pu0.92Am0.08O2 surfaces have also been 

simulated. If the water stays as an intact molecule during the adsorption process it is 

termed molecular adsorption, whereas dissociative adsorption breaks an O–H bond and 

results in one adsorbed hydrogen atom and one adsorbed hydroxyl group. Molecular 

adsorptions were considered first. On Pu0.92Am0.08O2 surfaces with Am on the surface, there 

are two approaching routes for a water molecule, approaching surface Am (Ams) or surface 

Pu (Pus), and the two kinds of molecular adsorption structures on all three surfaces are 

presented in Figure 5.6 (a) – (f). Adsorption structures are similar on different surface sites 

on {111}, {110} and {100} surfaces. On the {100} surface, the approach of water to Ams and 

Pus leads to spontaneous dissociation (Figure 5.6 (c) and (f)), and the adsorption structures 

are similar to dissociative adsorption structures on stoichiometric AnO2 {100} surfaces. 

Molecular adsorption on {111} and {110} surfaces is very similar to taht on the 

corresponding stoichiometric AnO2 {111} and {110} surfaces. As the water adsorption 

structures on PuO2 and AmO2 surfaces are almost the same, and no obvious distortion of 

PuO2 surfaces is found after the substitution of Am, we conclude that the presence of Am 

has little influence on the water adsorption geometrics on Pu0.92Am0.08O2 surfaces. 
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Figure 5.6: Top view of molecular water adsorption on Pu0.92Am0.08O2 {111}, {110} and {100} 

surfaces, with water approaching surface Am ((a), (b) and (c), respectively) and surface Pu 

((d), (e) and (f) respectively), as well as on Pu0.92Am0.08O1.92 {111} surfaces with Am in (g) 2nd 

and 5th layers and (h) 3rd and 4th layers. Dark grey, light grey, red and white spheres 

represent plutonium, americium, oxygen and hydrogen atoms, respectively.  

 

Molecular adsorption energies on Pu0.92Am0.08O2 surfaces with Am on the surface are 

compared in Table 5.5. On all three surfaces, water adsorption on Ams is more stable than 

on Pus. Previous work on water adsorption on stoichiometric PuO2 and AmO2 surfaces 

indicates that molecular water adsorption on stoichiometric PuO2 is more stable than on 

the corresponding AmO2 surfaces.5, 10 To probe the reason for the reverse activity of Ams 

and Pus toward water adsorption on Pu-Am MOX surfaces, the spin densities of the surface 

An cations (Ans) are considered (Table A5.1). On {111} surfaces, the spin density of Ams and 
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Pus is almost the same as the corresponding Ams and Pus on the clean surface, with a small 

increase and decrease, respectively. On {110} and {100} surfaces, however, when water 

adsorbs on Ams, the spin density of Ams increases to 6.118 and 6.120, indicating Am is in 

the trivalent state. The spin density of one Pus cation decreases to 3.791 and 3.595 on {110} 

and {100} surfaces, respectively, but the spin density of Ans cations does not change, when 

water adsorbs on Pus. Thus, adsorption of water on Ams promotes the reduction of Am to 

the trivalent state. Overall, the influence of surface electronic structure leads to more 

stable adsorption on Ams; this effect is much more obvious for the {110} and {100} surfaces. 

 

Table 5.5: Water adsorption energies (eV) on Pu0.92Am0.08O2 surfaces. 

Substitution method Approaching Molecular adsorption Dissociative adsorption 

{111} {110} {100} {111} {110} {100} 

Am in 1st and 6th layers Surface Am -0.52 -0.96 -1.38 -0.47 -0.91 -1.38 

surface Pu -0.36 -0.42 -1.03 -0.26 -0.66 -1.03 

Am in 2nd and 5th layers -0.49 - - -0.35 - - 

Am in 3rd and 4th layers -0.45 - - -0.36 - - 

 

Stable dissociative water adsorption structures on the {111} and {110} surfaces are given in 

Figure 5.7 (a) – (d). Adsorption structures for the two approach routes on each surface are 

similar, and similar to those on the corresponding stoichiometric AnO2 surfaces. Thus, 

substitution of Am also has little influence on dissociative adsorption. Dissociative 

adsorption energies are given in Table 5.5; as water dissociates spontaneously on the {100} 

surface, the dissociative and molecular adsorption energies are the same. As with 

molecular adsorption, dissociative water adsorption on Ams is more stable than on Pus. The 

spin densities of Ams and Pus cations do not change on dissociative adsorption, except for 

Ams on {110} and {100} surfaces, where the Ams cation is reduced to the trivalent state, 
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and the spin density of one Pus decreases to -3.636 and -3.595, respectively (Table A5.2). 

Again, the influence of surface electronic structure leads to more stable adsorption on Ams. 

 

 

Figure 5.7: Top view of dissociative water adsorption on Pu0.92Am0.08O2 {111} and {110} 

surfaces, with water approaching surface Am ((a) and (b), respectively) or surface Pu ((c) 

and (d), respectively), as well as on Pu0.92Am0.08O1.92 {111} surfaces with Am in (e) 2nd and 

5th layers and (f) 3rd and 4th layers. Dark grey, light grey, red and white spheres represent 

plutonium, americium, oxygen and hydrogen atoms, respectively. 

 

A similar energy sequence is found for molecular adsorption on Pu0.92Am0.08O2 and 

stoichiometric PuO2 and AmO2 surfaces (Figure 5.8 (a)),5, 10 i.e. the stability of molecular 

adsorption increases from {111} to {100}. Adsorption energies on Pus of MOX and PuO2 are 
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similar, as substitution of Am has little influence on surface structure and does not change 

the charge distribution of Pus much. In contrast, the adsorption energies on Ams in MOX 

and AmO2 increasingly differ from {111} to {100}. The Am cation on MOX surfaces is in the 

c.a. +3.5 charge state, which is liable to be reduced further to the trivalent state, so Am on 

MOX surfaces is more active than Am on AmO2 surfaces. The overall activity towards 

molecular water adsorption of MOX is greater than stoichiometric AnO2. 

 

 

Figure 5.8: (a) Molecular and (b) dissociative adsorption energy on stoichiometric PuO2 and 

AmO2 surfaces, as well as on Pu0.92Am0.08O2 surfaces. Water adsorption energies on PuO2 

and AmO2 are taken from references 5 and 10, respectively. 

 

Figure 5.8 (b) compares dissociative water adsorption on Pu-Am MOX surfaces with 

stoichiometric PuO2 and AmO2 surfaces. As with molecular adsorption, dissociative 

adsorption on Ams on MOX is more stable than on the corresponding AmO2 surfaces, due 

to the different charge state of Ams. Dissociative adsorption on Ams of Pu0.92Am0.08O2 is the 

most stable type of adsorption on {111} surfaces, while adsorption on PuO2 surfaces is the 

most stable on the {110} and {100} surface. The special activity of PuO2 surfaces towards 

dissociative water adsorption was noted in our previous work, where we observed that 

dissociative water adsorptions on PuO2 {110} and {100} surfaces have much more negative 

energies than on UO2 and minor actinide AnO2 (An = Np, Am, Cm) surfaces,5, 10 in agreement 

with the known high hydrophilicity of PuO2. 
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There is only one approach route for water adsorption on Pu0.92Am0.08O2 {111} surface with 

Am in the 2nd and 5th, and 3rd and 4th layers, i.e. approaching Pus. Molecular adsorption 

structures are present in Figure 5.6 (g) and (h), and dissociative adsorption structures are 

presented in Figure 5.7 (e) and (f). Both molecular and dissociative adsorption structures 

are similar to the corresponding adsorption structures on Pus of Pu0.92Am0.08O2 {111} 

surface with Am in the 1st and 6th layers, again showing that substitution of Am little affects 

water adsorption on PuO2 surfaces. Adsorption energies are listed in Table 5.5. Molecular 

and dissociative adsorptions are similar for the three kinds of substitution methods with 

Am in different layers.  

5.3.4 Water adsorption on Pu0.92Am0.08O1.92 surfaces 

There are three ways for water to approach Pu0.92Am0.08O1.92 surfaces with Am on the 

surface: approaching Ams, Pus or the oxygen defect, while there are two approach routes, 

Pus and defect, on surfaces with Am atoms in deeper layers. Water adsorption on 

Pu0.92Am0.08O1.92 surfaces with Am on the surface will be discussed first, then adsorption on 

surfaces with Am in deeper layers. For the former, the position of the O defect also has to 

be considered; adsorptions on surfaces with the O defect next to Ams are presented, then 

water adsorption on surfaces with the O defect away from Ams. 

The structures of molecular water adsorption on Pu0.92Am0.08O1.92 surfaces with Am on the 

surface and the O defect next to Ams, are presented in Figure 5.9. When approaching Ams, 

molecular water adsorption structures are similar to structures on the corresponding 

substoichiometric AmO2 surfaces (Am24O46 or AmO1.92).10 Approaching Pus leads to 

spontaneous dissociation on the {100} surface, while stable molecular water adsorptions 

are found on {111} and {110} surfaces. The adsorption structures on Pus found here are 

similar to those on the corresponding substoichiometric PuO2 (Pu24O46 or PuO1.92) 

surfaces.9 All stable molecular adsorption structures on Ans have the oxygen of water (Ow) 

bonded with one Ans and the two hydrogens of water (Hw) interact with nearby surface 

oxygens (Os). Molecular adsorption on the surface defect of {111} is different (Figure 5.9 

(g)), with no clear interaction between Ow and Ans, or between Hw and Os. Approaching the 

surface defect of {110} and {100} also leads to spontaneous dissociation (Figure 5.9 (h) and 
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(i), respectively); similar dissociative adsorption structures have been reported at the 

surface defects of AmO1.92 and PuO1.92.9-10 

 

 

Figure 5.9: Top view of molecular water adsorption on Pu0.92Am0.08O1.92 {111}, {110} and 

{100} surfaces with O defect next to surface Am, with water approaching surface Am ((a), 

(b) and (c), respectively), surface Pu ((d), (e) and (f), respectively), or on surface defect ((g), 

(h) and (i), respectively). Dark grey, light grey, red and white spheres represent plutonium, 

americium, oxygen and hydrogen atoms, respectively. 

 

We now consider dissociative water adsorption on Pu0.92Am0.08O1.92 surfaces with Am on 

the surface and the O defect next to Ams, except for adsorption on those surfaces on which 

water dissociates spontaneously. Dissociative adsorption structures are presented in Figure 

5.10. The same stable adsorption structure has been found (Figure 5.10 (a)) on the {111} 
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surface for water approaching different surface sites; Ow takes the defect position and a Hw 

breaks with Ow and forms a new bond with Os. This conformation has also been found on 

all AnO1.92 {111} surfaces, with Ow ‘healing’ the surface defect.9-10 The structure of 

dissociative adsorption on Ams of the {110} surface is given in Figure 5.10 (b), which has the 

hydroxyl groups facing away from each other. The dissociative structure on Pus is the same 

as on the surface defect (Figure 5.9 (h)), with the hydroxyl groups facing each other. These 

two kinds of dissociative adsorption structures on {110} surfaces have been reported for 

AnO1.92 (An = U – Cm) {110} surfaces.9-10 Three stable dissociative adsorption structures 

have been found on the {100} surface, presented in Figure 5.10 (c), Figure 5.9 (f) and (i) for 

water approaching Ams, Pus and the defect, respectively. For water approaching the Ams 

and Pus of the {100} surface, Ow does not take the position of the surface defect. Ow bonds 

with one Ams and one Pus, and Hw bonds with Os, when water approaches Ams of the {100} 

surface (Figure 5.10 (c)), Ow bonds with one Pus, and Hw forms a hydroxyl with Os, when 

approaching Pus. A different adsorption structure has been found, with Ow ‘healing’ the 

defect, when approaching the surface defect. Comparing Figure 5.9 (f) and (i), dissociative 

water adsorption on Pus forms the structure in Figure 5.9 (i), which corresponds to 

dissociative water adsorption on the surface defect. Overall, again, dissociative adsorption 

structures on Pu0.92Am0.08O1.92 surfaces are similar to structures reported on AnO1.92 {100} 

surfaces.9-10 

To summarise, we report 3, 2 and 1 stable molecular adsorption structures, and 1, 2, and 3 

stable dissociative adsorption structures on Pu0.92Am0.08O1.92 {111}, {110} and {100} 

surfaces, respectively, with Am on the surface and the O defect next to Ams. Both molecular 

and dissociative adsorption structures on Pu0.92Am0.08O1.92 and AnO1.92 surfaces are similar. 

Thus, substitution of Am does not significantly change water adsorption structures on 

substoichiometric PuO2 surfaces. That similar adsorption structures are found for 

substoichiometric MOX and AnO2 is reasonable given that water adsorption structures are 

similar on all AnO1.92 surfaces. As with clean Pu0.92Am0.08O1.92 surfaces, Ams and one Pus are 

in the trivalent state, and the other Pus cations are tetravalent. Thus, the spin density of 

Ans is not affected by molecular or dissociative water adsorption on Pu0.92Am0.08O1.92 

surfaces.  
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Figure 5.10: Top view of dissociative water adsorption on Pu0.92Am0.08O1.92 surfaces, with O 

defect next to surface Am, (a) on {111} surface with water approaching surface Am, Pu or 

O defect, (b) on {110} and (c) {100} surfaces approaching surface Am. Dark grey, light grey, 

red and white spheres represent plutonium, americium, oxygen and hydrogen atoms, 

respectively. 

 

Water adsorption energies are listed in Table 5.6. The stability of molecular water 

adsorption on Pu0.92Am0.08O1.92 surfaces is {111} < {110} < {100}, which is the same as for 

water adsorption on AnO1.92 surfaces,9-10 for all three approach routes. Molecular 

adsorption at the surface defects is much weaker, and water prefers to approach Pus atoms 

than Ams, as molecular water adsorption on Pus is always more stable than on Ams, and 

adsorption at Pus of the {100} surface leads to spontaneous dissociation. The stability of 

dissociative adsorption is related to the adsorption structures. On the {111} surface, as the 

same structures are found on the different surface sites, the adsorption energies are the 

same for the three approach routes. On the {110} surface, previous studies have found that 

dissociative adsorption with the hydroxyl groups facing away from each other (Figure 5.10 

(b)) is more stable than adsorption with the hydroxyl groups facing each other (Figure 5.9 

(h), so dissociative adsorption with water approaching Ams is the more stable state on the 

Pu0.92Am0.08O1.92 {110} surface. On the {100} surface, as Ow heals the vacancy when water 

approaches a surface defect, dissociative adsorption on the surface defect is the most 

stable state among all three stable dissociative states on this surface. Water adsorption 

energies on PuO1.92 and AmO1.92 surfaces are also given in Table 5.6. Water adsorption on 

Ams of Pu0.92Am0.08O1.92 surfaces is more stable than on AmO1.92 surfaces. Molecular 
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adsorptions on Pus of Pu0.92Am0.08O1.92 surfaces are also more stable than on PuO1.92 

surfaces. 

 

Table 5.6: Molecular (bold) and dissociative (italic) water adsorption energies (eV) on 

Pu0.92Am0.08O1.92, with Am on the surface and the O defect next to the surface Am, AmO1.92 

and PuO1.92 {111}, {110} and {100} surfaces. 

Oxides Adsorption site {111} {110} {100} 

Pu0.92Am0.08O1.92 Am -0.75/-2.11  -0.88/-1.88 -1.29/-2.22 

Pu -0.80/-2.11 -0.99/-1.43 -1.42 

defect -0.29/-2.11 -1.43 -2.34 

AmO1.92 Am -0.62/-1.90 -0.66/-1.69 -1.16/-1.75 

PuO1.92 Pu -0.70/-2.10 -0.44/-1.95 -2.59 

 

Dissociative adsorptions in which Ow heal surface O vacancies result in final geometries 

similar to the dissociative adsorption of H2 on the corresponding stoichiometric surfaces 

(i.e. similar to the structures shown for {111} (Figure 5.10 (a), {110} (Figure 5.9 (h) and 

Figure 5.10 (b)) and {100} (Figure 5.9 (i) and Figure 5.10 (c)) surfaces). In principle, the two 

adsorbed H may (re)combine to form H2 and desorb from the surface, a process shown 

experimentally to occur on substoichiometric UO2 {111} surfaces following dissociative 

water adsorption.40-41 Dissociative adsorption in which Ow heals a surface O vacancy on the 

Pu0.92Am0.08O1.92 {111} surface is almost isoenergetic with that on PuO1.92 {111} (-2.11 and 

-2.10 eV, respectively), while the equivalent process on Pu0.92Am0.08O1.92 {110} and {100} 

surfaces is less stable than on PuO1.92 (-1.88/-1.43 and -2.34 vs -1.95 and -2.59 eV, 

respectively). As the more stable the dissociative adsorption state, the harder H2 

production should be, we predict here that H2 formation on Pu0.92Am0.08O1.92 surfaces is in 

general easier than on the PuO1.92 equivalents. 
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Figure 5.11: Top view of molecular water adsorption on Pu0.92Am0.08O1.92 {111}, {110} and 

{100} surfaces, with the O defect away from surface Am, with water approaching surface 

Am ((a), (b) and (c), respectively), surface Pu ((d), (e) and (f), respectively), and surface 

defect ((g), (h) and (i), respectively). Dark grey, light grey, red and white spheres represent 

plutonium, americium, oxygen and hydrogen atoms, respectively. 

 

Molecular adsorption structures on Pu0.92Am0.08O1.92 surfaces, with Am on the surface and 

the O defect away from Ams, are presented in Figure 5.11. When approaching Ams, stable 

molecular adsorption states are found on the {111} and {110} surfaces (Figure 5.11 (a) and 

(b), respectively), while a dissociative state is found on {100} (Figure 5.11 (c)). As with water 

approaching Ams, adsorption on Pus at the {100} surface leads to spontaneous dissociation 

(Figure 5.11 (f)). A stable molecular adsorption state is found only on the {111} surface 

when approaching a surface defect (Figure 5.11 (g)); the water molecule dissociates when 
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approaching the surface defect of {110} and {100} (Figure 5.11 (h) and (i), respectively). 

Adsorption structures on Ams and Pus are similar, and similar to adsorption structures on 

Ams and Pus of Pu0.92Am0.08O2 surfaces (Figure 5.6 (a)-(f)). The adsorption structures on 

surface defects reported here are almost the same as on surface defects of Pu0.92Am0.08O1.92, 

with Am on the surface and the O defect next to Ams (Figure 5.9 (g), (h) and (i)), and we 

conclude that the position of Am on the surface does not significantly influence the water 

adsorption structures on the surface defects of Pu0.92Am0.08O1.92. 

 

 

Figure 5.12: Top view of dissociative water adsorption on Pu0.92Am0.08O1.92 surfaces, with 

Am on the surface and the O defect away from Ams, (a) on {111} surface with water 

approaching surface Am, Pu or O defect, (b) on {110} and (c) {100} surfaces approaching 

surfaces Am. Dark grey, light grey, red and white spheres represent plutonium, americium, 

oxygen and hydrogen atoms, respectively. 

 

Dissociative adsorption structures on Pu0.92Am0.08O1.92 surfaces, with Am on the surface and 

the O defect away from Ams, are presented in Figure 5.12. Dissociative adsorption on Ams 

at the Pu0.92Am0.08O1.92 {111} surface (Figure 5.12 (a)) is similar to that on Ams at the 

corresponding stoichiometric {111} surfaces (Figure 5.7 (a)). Dissociative adsorption on Ams 

at Pu0.92Am0.08O1.92 {110} (Figure 5.12 (a)) has the water molecule incompletely dissociated, 

as a clear hydrogen bond can be found between OwHw and OsHw (Figure 5.12 (b)). 

Dissociative adsorption on Pus and the defect at {111} and {110} surfaces are the same, 

with Ow healing the surface defect (Figure 5.12 (c) and Figure 5.11 (h), respectively). The 

spin densities of Ans have also been calculated for all stable water adsorption structures on 
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Pu0.92Am0.08O1.92 surfaces, with Am on the surface and the O defect away from Ams (Figure 

5.11 and 5.12). Again, the spin densities of Ams and Pus remain the same before and after 

water adsorption. 

 

Table 5.7: Molecular (Calibri) and dissociative (italic) water adsorption energies (eV) on 

Pu0.92Am0.08O1.92, with Am on the surface and the O defect away from surface Am, and with 

Am in deep layers. 

Substitution method Adsorption site {111} {110} {100} 

A (1st and 6th layers) Am -0.53/-0.45 -0.69/-0.60 -0.82 

Pu -0.70/-2.04 -0.85/-1.35 -2.40 

defect -0.28/-2.04 -1.35 -2.08 

Substitution method Adsorption site {111} {110} {100} 

B (2nd and 5th layers) Pu -0.52/-1.45 - - 

defect -0.24/-1.45 - - 

C (3rd and 4th layers) Pu -0.60/-1.55 - - 

defect -0.23/-1.55 - - 

 

Molecular and dissociative adsorption energies on Pu0.92Am0.08O1.92 surfaces, with Am on 

the surface and the O defect away from Ams, are listed in Table 5.7. The energy sequence 

across the three kinds of surface is as usual, {111} < {110} < {100}, for all three approach 

routes. On each surface, the stability order is Pus > surface defect > Ams, i.e. water 

molecules again prefer to approach Pus than Ams, most likely due to the stability of Am (III) 

and the hygroscopic nature of PuO2.42 Water adsorption on Ams next to the surface defect 

(Table 5.6) is more stable than on Ams away from surface defect (Table 5.7). In both cases 

the Ams have the same charge state (trivalent) and are surrounded by Pu; the only 
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difference is whether Ams is next to the surface defect or not, thus, proximity to the defect 

favours water adsorption on Ams. Water adsorption energies on Pus of Pu0.92Am0.08O1.92 

surfaces with Ams next to the defect and away from the defect are similar, as the charge 

states of Pus (trivalent) and surrounding environment are similar for the two kinds of Pus. 

The same reasoning also accounts for similar adsorption energy at the two kinds of surface 

defect.  

Molecular and dissociative adsorption structures on Pu0.92Am0.08O1.92 {111} surfaces, with 

Am in subsurface layers, are presented in Figure 5.13. The adsorption structures are almost 

the same as water adsorption on PuO1.92 surfaces, and thus, deeper substituted Am has 

negligible influence on water adsorption structures. In agreement with what we found on 

Pu0.92Am0.08O1.92 surfaces, with surface Am, the spin density of substituted Am and Pus 

cations are the same before and after water adsorption. Corresponding adsorption 

energies are given in Table 5.7. The position of the substituted Am has little influence on 

the molecular adsorption energies on Pus or the surface defect, while dissociative 

adsorption is more favourable on Pu0.92Am0.08O1.92 surfaces with Am on the surface than 

MOX surfaces with Am in deeper layers. Dissociative water adsorption on Pu0.92Am0.08O1.92 

{111} surface resembles that on the Pu0.92Am0.08O2 {111} surface with two adsorbed H 

atoms. As mentioned previously, the Pu0.92Am0.08O2 {111} surface with Am on the surface 

is slightly more stable than surfaces with Am in subsurface layers. Therefore, we find more 

stable dissociative water adsorption on the Pu0.92Am0.08O1.92 {111} surface with Am in the 

1st and 6th layer than Am in deeper layers. 
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Figure 5.13: Molecular water adsorption on (a) surface Pu and (b) defect, and (c) 

dissociative adsorption on Pu0.92Am0.08O1.92 {111} surface, with Am in 2nd and 5th layers; 

molecular water adsorption on (d) surface Pu and (e) defect and (f) dissociative adsorption 

on Pu0.92Am0.08O1.92 {111} surface, with Am in 3rd and 4th layers; Dark grey, light grey, red 

and white spheres represent plutonium, americium, oxygen and hydrogen atoms, 

respectively. 

 

5.3.5 Water desorption from Pu1-yAmO2-x surfaces 

In this section, we consider water desorption from slabs with Am substituted on the 

surfaces, and in particular focus on calculating the desorption temperatures. Although 

more than one adsorption configuration has been found on every surface in this work, only 

the most stable configurations were considered in the desorption temperature simulations. 

These are the most stable molecular and dissociative water adsorption on stoichiometric 

{111} (Figure 5.6 (a) and Figure 5.7 (a)), and {110} (Figure 5.6 (b) and Figure 5.7 (b)) surfaces, 

and substoichiometric {111} (Figure 5.9 (d) and Figure 5.10 (a)), {110} (Figure 5.9 (e) and 

Figure 5.10 (b)) and {100} (Figure 5.9 (c) and (i)) surfaces, and dissociative water adsorption 

on the stoichiometric {100} surface (Figure 5.6 (c)). The relationship between water partial 

pressure and desorption temperature on pure PuO2 surfaces has also been simulated using 
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the adsorption energies on pure PuO2 surfaces from our previous work.9 Comparison of 

these desorption temperatures on stoichiometric Pu1-yAmO2-x, and PuO2 surfaces can be 

seen in Figure 5.14, and that on substoichiometric surfaces can be seen in Figure A5.3. 

On stoichiometric surfaces (Figure 5.14), the desorption temperatures of molecularly 

adsorbed water on Pu-Am MOX surfaces are higher than on the corresponding PuO2 

surfaces at the same water partial pressure, i.e. desorption of molecularly adsorbed water 

on MOX surfaces is harder than on the corresponding PuO2 surfaces, as is the case on 

substoichiometric surfaces (Figure A5.3). In contrast, the desorption temperatures of 

dissociatively adsorbed water on MOX surfaces are lower than on the corresponding PuO2 

surfaces, excepting the {111} surface, as it is for the substoichiometric surfaces (Figure 

A5.3). As we found in our previous work, PuO2 {110} and {100} surfaces have a special 

attraction for dissociative water adsorption,10 due to their very hydroscopic nature.42 In the 

present study, we have found that the dissociative adsorption energy on MOX and PuO2 

{111} surfaces are very close, so MOX and PuO2 {111} surfaces have very similar water 

desorption behaviour (Figure 5.14 (a)). However, the water desorption temperatures on 

stoichiometric (Figure 5.14) and oxygen vacancy (Figure A5.3) surfaces increase from {111} 

to {110} and {100}, and the differences between MOX and PuO2 surfaces become larger in 

that order. 

 



179 

 

 

Figure 5.14: Relationship between partial pressure of water (p), and temperature (T) 

required for thermal desorption of water from stoichiometric (a) {111}, (b) {110} and (c) 

{100} Pu1-yAmO2-x and PuO2 surfaces, with molecular (mol) or dissociative (dis) adsorbed 

water. The equilibrium state between water adsorption and desorption is indicated by the 

solid (molecular adsorption) and dashed (dissociate adsorption) lines; water will desorb 

from the surfaces when p/p0 is below the line, and adsorb when p/p0 is above the line. 
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5.4 Conclusions  

In this paper, we have studied the surface properties of Pu-Am MOX, focusing on the {111}, 

{110} and {100} surfaces. Substitution of Am has little influence on the surface structures 

of stoichiometric and substoichiometric PuO2 - the displacement of An-O bond length on 

Pu0.92Am0.08O1.92 compared to Pu0.92Am0.08O2 surfaces is mainly caused by the O vacancy - 

although it does cause clear redistribution of electrons. On stoichiometric surfaces, 

substituted Am mainly gains electrons from atoms in the same layers and forms a c.a. +3.5 

charge state, whereas on substoichiometric surfaces substituted Am is reduced to the 

trivalent state, both when next to an O vacancy or away from it. We find a valence 

relationship in good agreement with experiment; Am(IV) will be reduced to the trivalent 

state prior to any reduction of Pu(IV). The substitution energy of Am in stoichiometric PuO2 

surfaces is closely related to the surface activity. Comparison of oxygen defect generation 

on MOX and PuO2, AmO2 surfaces confirms the linear relationship between oxygen defect 

generation energies and An(IV)/(III) redox potential, and we conclude that both the redox 

potential of An(IV)/(III) and the surface activity are important factors in the O defect 

generation energy on Pu-Am MOX surfaces.  

The presence of Am has little influence on water adsorption structures on Pu0.92Am0.08O2 

surfaces, although it does affect the adsorption energy. Water is more prone to adsorb on 

Ams than Pus, as water adsorption on Ams promotes the formation of the trivalent state on 

{110} and {100} surfaces. Molecular water adsorption on Pu0.92Am0.08O2 surfaces is more 

stable than on the corresponding PuO2 and AmO2 surfaces, as is dissociative water 

adsorption on the {111} surface, while dissociative adsorption on PuO2 {110} and {100} 

surfaces is much more stable than on corresponding MOX surface, in agreement with the 

known hydrophilicity of PuO2. From Pu0.92Am0.08O2 {111} to {100} surfaces, increasing 

stability is found for molecular and dissociative adsorptions, which is the same energy 

sequence as on AnO2 surfaces. Molecular and dissociative adsorption structures and 

energies are similar on {111} surfaces with Am substituted in different layers. 
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Molecular and dissociative water adsorption structures on substoichiometric 

Pu0.92Am0.08O1.92 surfaces are similar to those on the corresponding AnO1.92 surfaces, and 

the spin density of Ans is largely unaffected by water adsorption. The energy sequence 

across the three kinds of surface is the same as AnO1.92, {111} < {110} < {100}, for water 

approaching Ams, Pus or the surface defect. Water adsorption on Pus is more stable than 

on Ams at Pu0.92Am0.08O1.92 surfaces, as Pu is more hydrophilic than Am. Water adsorption 

on Ams next to the surface defect is more stable than on Ams away from surface defect, so 

proximity to the defect favours water adsorption on Ams. Similar adsorption energies are 

found on Pus regardless of its proximity to Ams, as is the case for adsorption on the surface 

defect. Molecular and dissociative adsorption structures on Pu0.92Am0.08O1.92 {111} surfaces 

with Am in subsurface layers are almost the same as water adsorption on PuO1.92 surfaces, 

so subsurface Am has negligible influence on the water adsorption geometrics. The spin 

densities of subsurface Am and Pus cations in the Pu0.92Am0.08O1.92 {111} slab are the same 

before and after water adsorption.  

Desorption temperature simulations indicate that Am in both stoichiometric and 

substoichiometric PuO2 hinders desorption of molecularly adsorbed water, while 

promoting desorption of dissociatively adsorbed water. 

The presence of Am promotes O vacancy formation on PuO2 surfaces. Both surface Am and 

O vacancies promote molecular water adsorption on these surfaces, but reduce the 

favourability of dissociative adsorption vs PuO2. The “activity volcanoes” of metal oxide 

surfaces32-33 indicate that moderate adsorption favours surface catalysed reactions, and 

hence the strengthened molecular adsorption and weakened dissociative adsorption on 

MOX surfaces may promote further chemical reaction, such as H2 generation, in the storage 

canisters. 
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Embedded Cluster and Periodic Boundary Condition Study of the 

Co-Adsorption of HCl and H2O on PuO2 Surfaces 

Jonathan Collard, Jia-Li Chen, Helen Steele and Nikolas Kaltsoyannis 

Abstract 

The simultaneous adsorption of HCl and H2O on the {111} and {110} surfaces of PuO2 has 

been studied, using both hybrid density functional theory within the periodic electrostatic 

embedded cluster method and the GGA+U approach using periodic boundary conditions. 

Excellent agreement is found between the two computational methods. A synergistic effect 

between co-adsorbed molecules is identified, such that HCl binding energies are enhanced 

by the presence of water. Higher levels of water also increase the HCl binding energy, 

forming very stable configurations on both surfaces for first-layer HCl interactions. Second-

layer interactions are also explored, in which the HCl molecule is placed above a full 

monolayer of water on the surfaces. In such circumstances, the HCl reacts with a hydroxyl 

from the water monolayer to produce molecular water, with the chloride held to the 

surface via numerous chlorine-acceptor hydrogen bonds.  

6.1 Introduction 

Over the last several decades, the UK has accumulated the largest stockpile of civil 

plutonium in the world. For the most part it is currently stored in its fluorite-structured 

dioxide form within nested stainless-steel canisters, as an intermediate storage system 

until the government decides on a viable long-term solution. Approximately 5% of these 

canisters are fitted with a PVC bagging layer around the inner canister which, due to the 

heat and radioactivity of the contained material, is suspected to have been degrading. 

Chloride contamination of PuO2, largely as a result of this degradation, is a significant and 

relatively poorly understood obstacle to the development of long-term plutonium 

usage/containment strategies. In order to be viable for repurposing in MOX fuel, the PuO2 

will have to be decontaminated, and for permanent disposal in a geological facility the 
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fundamental chemistry will need to be understood, particularly with regards to corrosion 

processes.1 

As the primary product of thermal and radiolytic PVC decay is known to be hydrogen 

chloride,2-8 our previous computational work in this area has been focused on the 

interactions between single HCl molecules and both the pristine (i.e. stoichiometric) and 

reduced surfaces of PuO2. However, the Magnox canisters containing chloride-

contaminated material are not hermetically sealed, and as such are exposed to airborne 

water vapour in addition to any water remaining from the manufacturing and packaging 

process. It is therefore important to consider not only the interactions between HCl and 

PuO2, but also the co-adsorption of HCl and H2O. 

Although extensive work has been carried out on the interactions between water and the 

actinide oxides,9-23 computational literature regarding chloride species is very limited. Our 

previous study24 focused on single HCl molecule interactions with both the stoichiometric 

and substoichiometric {111} {110} and {100} surfaces of PuO2, finding that interactions with 

the {110} surface generally yielded far larger adsorption energies than the others. Another 

notable result was that configurations in which the chlorine atom filled the gap in an oxygen 

vacancy surface were very stable when compared to pristine surface adsorptions. For the 

most part it was found that HCl spontaneously dissociates on interaction with the PuO2 

surface, forming structures resembling those of reaction (1) in the work of Parfitt et. al. on 

HCl interactions with rutile surfaces.25 From these data and molecular thermodynamics 

calculations we concluded that, owing to the large adsorption energies involved, the heat 

treatment temperatures required for total desorption of HCl from PuO2 surfaces would be 

very high, posing potential difficulties when considering heat treatment as a 

decontamination option. 

We have previously studied interactions between gaseous HCl and CeO2 experimentally26 

(CeO2 being a commonly used non-radioactive surrogate for PuO2
27-29 and, more recently, 

interactions between HCl and PuO2.30-31 We found that chloride species bind tightly to 

synthetic PuO2, making it difficult to remove thermally. This was in agreement with our 

previous computational model,24 which indicated that chlorine atoms would bind very 
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strongly to defect sites, with correspondingly high desorption temperatures. Our model 

assumed that once the temperature required to desorb a specific adsorption configuration 

had been reached, all energetically equivalent geometries would spontaneously desorb. 

This fit with the experimental findings that the amount of time the chloride-contaminated 

PuO2 was held at high temperature had little or no effect on the amount of desorption that 

occurred.30 More recently, we performed experiments on chloride-contaminated PuO2 

material retrieved from storage at Sellafield Ltd..31-32 These results indicated that in 

addition to adsorbed chloride that could be removed via thermal treatment, there appears 

to exist a more strongly-bound layer which requires temperatures in excess of 950°C to 

remove. The conclusion drawn from this is that such a layer would not likely be physisorbed 

to the surface, but rather chemisorbed – a hypothesis that is consistent with our 

computational findings regarding defect-healing HCl adsorption. Furthermore, our 

experimental work found that faster gas flow leads to a more rapid desorption of HCl. Since 

a faster gas flow over the surface during desorption would naturally mean a lower partial 

pressure of HCl, this could also be explained by the results from our computational work,24 

which concluded that a given adsorption geometry would desorb at a lower temperature 

if held at a lower HCl partial pressure. Another experimental result was that “drier” samples 

desorb chloride more readily and that samples with higher water content retain chloride 

species more readily, implying that there is a synergistic co-adsorption between adsorbed 

HCl and H2O. 

In this contribution we expand our computational model of the interactions between HCl 

and PuO2 by adding explicitly-treated water molecules to the {111} and {110} surfaces in 

the presence of HCl. The surfaces were chosen as the {111} is the most stable, and the {110} 

has the most interesting and varied surface morphology. We use both embedded cluster 

and periodic boundary condition (PBC) density functional theory (DFT). We first study the 

energetics and geometries of the simultaneous adsorption of single HCl and H2O molecules. 

We then explore the case where HCl substitutionally replaces 25% of the water molecules 

in a full surface monolayer. Finally, we consider the case in which the HCl molecule lies 

above a full monolayer of water, in order to explore second-layer adsorptions and to gauge 

whether HCl may still interact with the surface in the absence of direct Pu-Cl contact. 
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 6.2 Computational Details 

Using the same methodology and computational parameters in per our previous work, 

hybrid DFT (PBE0) has been employed in conjunction with the Periodic Electrostatic 

Embedded Cluster Method (PEECM) to conduct the embedded cluster calculations; the full 

details of these are described in reference 24.24 The software used to carry out these 

calculations was TURBOMOLE 7.3.33 

Periodic boundary condition (PBC) DFT simulations were performed using the same 

methodology as we have used in our previous, closely-related work,11, 17, 22 employing the 

Vienna Ab-initio Simulation Package (VASP), version 5.4.1.34-37 The generalized gradient 

approximation (GGA) functional of Perdew, Burke, and Ernzerhof (PBE) was used,38 with a 

Hubbard U correction for the 5f electrons (Ueff = 4 eV; U = 4.5 eV, J = 0.5 eV).39 Plane wave 

basis sets and projector augmented wave pseudopotentials were used to describe the 

ions.40 A plane wave cutoff of 650 eV was adopted for all calculations. Monkhorst-Pack (MP) 

grids were employed for the k-space integration;41 a minimum MP grid of 5 × 5 × 1 k points 

for the Brillouin zone sampling was used for the surface simulations. A 1k colinear magnetic 

ordering with a net magnetic moment of zero was used and spin−orbit coupling was 

neglected.42 PuO2 {111} and {110} surfaces are constructed from repeating slabs of 24 PuO2 

units arranged in six layers. Each surface is 2 × 2 with 18 Å of vacuum between each slab 

(Figure A6.1). The net dipole of both the {111} and {110} surfaces is zero, and adsorption is 

considered on both sides of each surface to avoid adsorbate-induced dipole effects. The f 

electrons of Pu in the first, third, and fifth layers are unpaired and spin up, while those in 

the second, fourth, and sixth layers are spin down, in order to keep the whole slab 

antiferromagnetic – see Figure A6.1 (Appendix 4). 

All ball and stick images were generated using VESTA 3, and charge analysis was performed 

using Multiwfn.43-44  

When calculating HCl binding energies, the following expressions were used: 

𝐸𝑏𝑖𝑛𝑑 = 𝐸𝑃𝑢𝑂2+𝐻2𝑂+𝐻𝐶𝑙 − (𝐸𝑃𝑢𝑂2+𝐻2𝑂 + 𝐸𝐻𝐶𝑙) (6.1) 
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𝐸𝑏𝑖𝑛𝑑 =
1

2
[𝐸𝑃𝑢𝑂2+𝐻2𝑂+𝐻𝐶𝑙 − (𝐸𝑃𝑢𝑂2+𝐻2𝑂 + 2 ∗ 𝐸𝐻𝐶𝑙)] (6.2)

where 𝐸PuO2+H2O+HCl is the total energy of the adsorbed system, 𝐸PuO2+H2O is the total 

energy of the hydrated system in the absence of HCl, and 𝐸HCl is the total energy of a free 

HCl molecule in the gas phase. Equation (1) is used for the PEECM calculations and equation 

(2) for the PBC, as adsorption is considered on both sides of the surfaces for PBC. This yields 

the adsorption energy of the HCl molecule binding to the hydrated surface Ebind, which can 

then be compared with our previous adsorption energies in order to deduce the impact of 

the presence of water on such interactions.  

Quantum theory of atoms in molecules (QTAIM) analysis was performed using the AIMAll 

software package.45 

6.3 Results and Discussion 

6.3.1 Gas Phase HCl + H2O 

 

 

Figure 6.1: Interaction of HCl and H2O in the gas phase forming a chlorine-donor hydrogen 

bond. Hirshfeld charges for each atom are shown. Red, green and white spheres represent 

the O, Cl and H atoms, respectively. 

 

In order to obtain insight into how HCl and H2O might interact on the surface of PuO2, the 

molecules were first placed together, in multiple initial configurations, in the absence of 

PuO2. The results from this were that, no matter what the starting configuration, one or 

both of the molecules rotates to form a chlorine-donor hydrogen bonding geometry, as 
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seen in Figure 6.1, with an interaction energy of -0.35 eV. Analysis of the Hirshfeld charges 

on each atom reveals a similar charge on the oxygen and chlorine. As oxygen is smaller and 

harder than chlorine, the chlorine donor orientation is unsurprising. 

Considering that HCl is known to dissociate in water, we also investigated the interactions 

between a chloride ion and water molecules, hydronium (H3O+) ions, and clusters 

containing combinations of the two. Since we will later on discuss HCl adsorbing onto a 1 

monolayer (ML) hydrated surface (where 1 ML is defined as consisting of 4 adsorbed H2O 

molecules), the aqueous clusters we will consider here are (H2O)4 (denoted herein as H8O4) 

and H3O+-(H2O)3 (denoted herein as H9O4
+). Initial structures for the aqueous clusters are 

adopted from the literature.46-47 In each case, the chloride ion was initially placed 3 Å away 

from the optimized aqueous cluster, before being subjected to geometry optimisation. The 

resulting structures are presented in Figure 6.2.  

For Cl–-H2O (Figure 6.2 (a)), the chloride ion forms an oxygen-donor hydrogen bond with 

the hydrogen of H2O with a bond length of 2.05 Å. In this case, Hirshfeld charges show that 

partial charge transfer occurs from Cl– to H2O. In the case where the chloride ion interacts 

with the H8O4 cluster (Figure 6.2 (b)), three hydrogen bonds are formed, with larger bond 

lengths (2.13, 2.17 and 2.22 Å) than observed for a single water molecule, and with more 

charge transfer from Cl– to H8O4. For the interaction between the chloride ion and a single 

hydronium ion (not pictured) the chloride ion abstracts one of the hydrogen atoms, forming 

HCl in much the same configuration as seen in Figure 6.1. When in the presence of several 

water molecules in addition to a hydronium ion (as is the case in Figure 6.2(c)), chloride 

does not remove a hydrogen from the hydronium. Instead, the hydronium ion forms three 

identical hydrogen bonds of length 1.48 Å with the three water molecules. These water 

molecules also form three oxygen-donor hydrogen bonds of length 2.01 Å with the chloride 

ion, which are shorter than the equivalent hydrogen bonds in Cl--H8O4 system. 0.61 charge 

transfers from Cl– to H9O4
+. The bonding energies of Cl–-H2O, Cl–-H3O+, Cl–-H8O4 and Cl–-

H9O4
+ are -1.12, -8.30, -2.20 and -6.54 eV, respectively. The notably higher bonding energy 

of Cl–-H3O+ and Cl–-H9O4
+ is clearly due to the interaction of two formally charged species. 
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Figure 6.2: Interaction of Cl– with (a) H2O, (b) H8O4 and (c) H9O4
+ in the gas phase. Hirshfeld 

charges for Cl (green), each O (red) and H (black) are shown. Red, green and white spheres 

represent the O, Cl and H atoms, respectively 

 

6.3.2 Singly Co-adsorbed HCl + H2O 

Following on from the gas phase results, PEECM and PBC co-adsorption calculations were 

set up by adding an intact HCl molecule (with H-Cl bond length 1.27 Å) to the most 

energetically stable geometry of a single water molecule on either the {111} or {110} 

surfaces. These geometries were taken from our previous PEECM11 and PBC12 work. The 

HCl was placed approximately 2.80 Å above a plutonium atom, and arranged such that a 

chlorine-donor hydrogen bonding configuration would be favoured.  

Upon interaction with the singly hydrated {111} surface, both the PEECM and the PBC 

predict similar geometric structures. The HCl molecule dissociates, donating its hydrogen 

atom to the water molecule. The water molecule subsequently ejects a different hydrogen 

atom from the other side, hydroxylating the surface and forming a chlorine-acceptor 

hydrogen bond of length 1.98 Å and 2.09 Å for PEECM and PBC respectively, as shown in 

Figure 6.3. The HCl binding energy for this configuration is -1.10 eV (PEECM) and -0.87 eV 

(PBC). 
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Figure 6.3: Side (left) and top-down (right) views of the co-adsorption of HCl and H2O on 

the PuO2 {111} surface, produced from an initial chlorine-donor hydrogen bonding 

configuration; PEECM (top) and PBC (bottom). Hirshfeld charges from the PEECM 

calculation are shown for each adsorbing atom. Grey, red, green and white spheres 

represent the Pu, O, Cl and H atoms, respectively. 

 

Since our H2O/HCl gas-phase calculations suggested that a chlorine-acceptor hydrogen 

bond was unlikely, QTAIM analysis of the chlorine-acceptor hydrogen bond critical point 

(BCP) was performed to deduce the nature of this bond. From this, 𝜌BCP  and ∇2𝜌|BCP 

values of 0.043 a.u. and +0.086 a.u. were calculated, similar to the hydroxyl-water 

hydrogen bond BCP values of 0.038 a.u. and +0.135 a.u. respectively, suggesting that this 

interaction is indeed closed-shell and indicative of hydrogen bonding. 

Water preferentially binds to the {110} surface in a dissociative manner and, when HCl is 

added, the HCl donates its hydrogen atom to the adsorbed hydroxyl, forming molecular 

water. As seen for the {111} surface, this water molecule forms a chlorine-acceptor bond 

of length 2.15 Å (PEECM) and 2.17 Å (PBC), seen in Figure 6.4. With a HCl binding energy of 

-2.39 and -2.64 eV for the PEECM and PBC simulations respectively, this is a significantly 

stronger interaction than on the {111} surface, following the same trend as in our previous 

work regarding single HCl adsorption on PuO2.24 QTAIM analysis of the H…Cl BCP on the 
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{110} surface yields 𝜌BCP and ∇2𝜌|BCP values of 0.030 a.u. and +0.070 a.u. Comparing these 

to the water-surface hydrogen bond, 0.027 a.u. and +0.092 a.u. respectively, we again 

conclude that these clearly closed-shell interactions are hydrogen bonds. 

The explanation for this change in the type of hydrogen bonding when adsorbing onto the 

PuO2 surface comes from the Hirshfeld partial atomic charges. In the gas phase these are 

very similar for oxygen and chlorine (Figure 6.1), but when adsorbed onto the surfaces, the 

chlorine becomes more negatively charged than the oxygen (Figures 6.3 and 6.4) and hence 

becomes the preferred for the δ+ charge of a hydrogen atom. 

 

 

Figure 6.4: side (left) and top-down (right) view of the co-adsorption of HCl and H2O on the 

PuO2 {110} surface, produced from an initial chlorine-donor hydrogen bonding 

configuration; PEECM (top) and PBC (bottom). Hirshfeld charges from the PEECM 

calculation are shown for each adsorbing atom. Grey, red, green and white spheres 

represent the Pu, O, Cl and H atoms, respectively. 

 

Given that, when dissociated on the PuO2 surface, chlorine-acceptor hydrogen bonding 

configurations are more favourable, several new configurations were considered, with an 

initial bias towards chlorine-acceptor hydrogen bonding. The most energetically stable of 

these on the {111} surface, in which a total of three hydrogen bonds are formed, is depicted 
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in Figure 6.5, with HCl binding energies of -1.80 eV and -1.79 eV for PEECM and PBC 

simulations, respectively. PEECM finds chlorine-acceptor hydrogen bond lengths of 2.19 Å 

and 2.05 Å between the adsorbed water molecule and surface hydroxyls, respectively, with 

the corresponding bond lengths from PBC calculation being 2.20 Å and 2.15 Å. 

 

 

Figure 6.5: Side (left) and top-down (right) view of the co-adsorption of HCl and H2O on the 

PuO2 {111} surface, produced from an initial chlorine-acceptor hydrogen bonding 

configuration; PEECM (top) and PBC (bottom). Hirshfeld charges from the PEECM 

calculation are shown for each adsorbing atom. Grey, red, green and white spheres 

represent the Pu, O, Cl and H atoms, respectively. 

 

QTAIM analysis of the PEECM again confirms their hydrogen bonding nature, with 𝜌BCP and 

∇2𝜌|BCP  values of 0.028 a.u. and +0.066 a.u. for the water-chlorine and 0.038 a.u. and 

+0.093 a.u. for the surface hydroxyl-chlorine hydrogen bond critical points, respectively.  

One notable aspect of this configuration is that on the {111} surface a water-surface 

hydrogen bond is broken in order to form the water-chlorine hydrogen bond, hinting that 

the co-adsorbed geometry is more stable than the sum of its parts which, comparing to the 

single HCl adsorption energy of -1.51 eV calculated in our previous work,24 is the case. This 
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finding is in agreement with our experimental work which found “{PuO2} samples with 

higher water contents to retain chloride species more readily”.32 

For the analogous calculation on the {110} surface, depicted in Figure 6.6, the HCl was 

positioned in its most energetically stable configuration (found from our previous work)24 

while the water molecule was adsorbed dissociatively nearby, with a bias towards forming 

a chlorine-acceptor hydrogen bond. This configuration was also found to be more stable 

than the chlorine-donor one, with HCl binding energies of -2.78 eV and -2.83 eV, and 

chlorine-acceptor hydrogen bond lengths of 2.60 Å and 2.47 Å from PEECM and PBC 

simulations, respectively. QTAIM analysis of this system revealed a weak chlorine-acceptor 

hydrogen bond, with PEECM 𝜌BCP and ∇2𝜌|BCP values of 0.012 a.u. and +0.034 a.u. This is 

not unexpected, as a H…Cl separation of 2.60 Å is quite large for the formation of a 

hydrogen bond, and explains with the increase in stability when compared to single HCl 

molecule adsorptions24 is less significant for the {110} surface (≈ 0.11 eV) than the {111} 

surface (≈ 0.29 eV) at the PEECM level. 

 

 

Figure 6.6: Side (left) and top-down (right) view of the co-adsorption of HCl and H2O on the 

PuO2 {110} surface, produced from an initial chlorine-acceptor hydrogen bonding 

configuration; PEECM (top) and PBC (bottom). Hirshfeld charges from the PEECM 

calculation are shown for each adsorbing atom. Grey, red, green and white spheres 

represent the Pu, O, Cl and H atoms, respectively. 
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Figure 6.7: Side (left) and top-down (right) view of the non-interacting co-adsorption of HCl 

and H2O on the PuO2 {111} (top) and {110} (bottom) surfaces. Hirshfeld charges are shown 

for each adsorbing atom. Grey, red, green and white spheres represent the Pu, O, Cl and H 

atoms, respectively. 

 

In addition to configurations where the H2O and HCl were placed such that they could 

interact on the surface, two “control” geometries were also calculated, in which the HCl 

and H2O were placed at opposite ends of the PEECM surface cluster and hence did not 

directly interact. The purpose of this was to give a reference against which we can compare 

other geometries, i.e. to deduce whether the H2O-HCl interaction stabilises or destabilises 

the overall system. These configurations are shown in Figure 6.7, for which the HCl binding 

energy was calculated to be -1.16 eV and -2.58 eV for the {111} and {110} surfaces 

respectively. Comparing this to our previous work24 we see two things: firstly, when HCl 

and H2O interact on the {111} surface of PuO2, the configuration in which both a water-

chlorine and a water-surface hydrogen bond are formed (Figure 6.5) is more favourable 

than HCl adsorbing by itself or far away from a water molecule, indicating that combined 

adsorption increases stability. However, the -1.16 eV bonding energy for the HCl binding in 

the control geometry is significantly weaker than previously found for the solo adsorption 

of HCl, which could suggest that the presence of water on the surface has an indirect effect 
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on HCl adsorptions elsewhere on the surface. The implication of this would be that, for less 

saturated surfaces, the presence of H2O on the surface acts to destabilise bound HCl. This 

effect is not observed on the {110} surface, where the HCl binding energy for the 

configuration given in Figure 6.7 is not significantly different to that when bound in the 

absence of water.  

 

Table 6.1: HCl binding energy 𝐸𝑏𝑖𝑛𝑑, for the systems depicted in Figures 6.3 – 6.7, plus H…Cl 

separation distance 𝑑H⋯Cl; PEECM data are in Calibri text, and PBC in italics. The electron 

density at the bond critical point 𝜌BCP and the Laplacian of the electron density evaluated 

at the bond critical point ∇2𝜌|BCP for each H…Cl bond, are also summarised. 

Surface Initial 

Configuration 

𝐸𝑏𝑖𝑛𝑑 

/ eV 

𝑑H⋯Cl / Å 𝜌BCP 

/ a.u. 

∇2𝜌|BCP 

/ a.u. 

{111} Cl-Donor 

H-Bond 

-1.10/ 

-0.87 

1.98/2.09 0.043 +0.086 

Cl-Acceptor 

H-Bond 

-1.80/ 

-1.79 

2.05/2.15 0.038 +0.093 

2.19/2.20 0.028 +0.066 

Control -1.16 2.00 0.042 +0.099 

{110} Cl-Donor  

H-Bond 

-2.39/ 

-2.64 

2.15/2.17 0.030 +0.070 

Cl-Acceptor 

H-Bond 

-2.78/ 

-2.83 

2.60/2.47 0.012 +0.034 

Control -2.58 --- --- --- 
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Key data from the singly co-adsorbed calculations are collected in Table 6.1. The agreement 

between the PEECM/PBE0 and PBC/PBE+U approaches is generally very good indeed, 

yielding confidence in our conclusions. In addition, this agreement allows us to focus solely 

on the PEECM technique for the remainder of this study. 

6.3.3 Co-adsorption with Multiple H2O Molecules 

 

Table 6.2: HCl binding energy 𝐸𝑏𝑖𝑛𝑑, for the configurations in which a HCl molecule replaces 

one molecule in the 1ML hydrated system, plus H...Cl separation distances 𝑑H⋯Cl. Electron 

density at the bond critical point 𝜌BCP and the Laplacian of electron density evaluated at 

the bond critical point ∇2𝜌|BCP are given for each H…Cl bond.  

Surface Index 𝑬𝒃𝒊𝒏𝒅 / eV 𝒅𝐇⋯𝐂𝐥 / Å 𝝆𝐁𝐂𝐏 / a.u. 𝜵𝟐𝝆|𝐁𝐂𝐏 / a.u. 

{111} -2.93 2.14 0.032 +0.084 

2.19 0.028 +0.065 

{110} -4.25 2.56 0.013 +0.037 

 

Due to the atmospheric composition within Magnox canisters, it is likely that the PuO2 

would already have a significant amount of water on its surface by the time a HCl molecule 

comes into contact with it. We therefore now consider HCl interactions with a water-

saturated surface. As described previously,24 our PEECM clusters feature four surface Pu 

interaction sites. When all four sites interact with an adsorbing molecule, this corresponds 

to a single monolayer (ML) surface coverage. To begin with we examine the case where a 

HCl molecule replaces one water molecule on such a saturated surface. In order to evaluate 

all possible configurations, the initial geometries were constructed as follows. First, the 

most stable configuration of four water molecules adsorbing onto the surface in question 

was taken. Then, a set of calculations was performed where a HCl molecule replaces each 

one of the four water molecules on said surface, in four different orientations, for a total 

of 16 geometries per surface. Four initial orientations of HCl on each adsorption site were 
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chosen such that interactions between the dissociated HCl hydrogen atom and each of the 

three remaining water molecules could be investigated – in addition to one configuration 

where this hydrogen atom migrates away from the water molecules – to maximise the 

likelihood that a global energy minimum would be reached. Key data for the most stable 

geometries resulting from these calculations on {111} and {110} are collected in Table 6.2, 

and are shown in Figures 6.8 and 6.9. 

6.3.3.1 {111} Surface 

 

 

Figure 6.8: Side (left) and top-down (right) view of the most stable configuration for HCl 

replacing a H2O molecule from 1ML of water on the PuO2 {111} surface. The dissociated 

hydrogen from the HCl forms a surface hydroxyl, the interaction with which draws the 

chlorine into interaction range of the adjacent water molecule, forming a hydrogen bond. 

Grey, red, green and white spheres represent the Pu, O, Cl and H atoms, respectively. 

 

Of all configurations tested for the {111} surface, the most energetically stable 

configurations by far arise when the HCl replaces a dissociatively adsorbed water molecule 

from a hydrated surface with a 50:50 mixture of dissociatively and molecularly adsorbed 

water. This is in agreement with our previous work, which found that when 3 water 

molecules were adsorbed onto the PuO2 surface (i.e. 75% coverage), the most favourable 

proportion of molecular:dissociative adsorption was 2:1.11 For this adsorption, the most 

stable orientation has the dissociated hydrogen atom from the HCl in a position such that 

the H…Cl interaction draws the chlorine atom towards the centre of the cluster, with 𝜌BCP 

and ∇2𝜌|BCP values of 0.032 a.u. and +0.084 a.u., respectively. This is seen in Figure 6.8. 
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This attraction minimises the distance between the chlorine atom and its adjacent water 

molecule, forming a hydrogen bond of length 2.19 Å, with 𝜌BCP  and ∇2𝜌|BCP  values of 

0.028 a.u. and +0.065 a.u., respectively. The HCl binding energy for this interaction is -

2.93 eV, which is significantly stronger than for HCl binding by itself or co-adsorbing with a 

single water molecule. 

6.3.3.2 {110} Surface 

The morphology of the {111} surface facilitates dissociation of molecular HCl when it is 

introduced to the hydrated surface, hydroxylating an adjacent surface oxygen atom. In 

contrast, the {110} surface is such that the adsorbed HCl molecule is not close enough to 

an oxygen atom to dissociate immediately. Instead the molecule remains intact for much 

of the geometry optimisation, migrating across the surface until in locates a suitable oxygen 

atom, be that from the surface or adsorbed water. Only once such an oxygen atom has 

been reached does the HCl molecule dissociate, the liberated chlorine atom subsequently 

finding the nearest suitable adsorption site. The optimum geometry located was that in 

which hydrogen bonding is maximised across the cluster, between the adsorbed chlorine 

atom and hydroxyl groups. Although QTAIM analysis reveals such hydrogen bonds to be 

weak (with 𝜌BCP  and ∇2𝜌|BCP  values of 0.009 a.u. and +0.031 a.u. for the hydroxyl-

hydroxyl and 0.013 a.u. and +0.037 a.u. for the hydroxyl-chlorine interactions, respectively, 

again due to the relatively large separation between the adsorbed groups) the 

configuration displayed in Figure 6.9 is very stable, with a HCl binding energy of -4.25 eV. 

This result exceeds even the stability of our most stable defect-healing configuration on the 

substoichiometric {111} surface, whilst reinforcing the idea that the formation of bridging 

surface hydrogen bonds on the {110} surface is particularly energetically favourable given 

the morphology of the surface.24 

As seen for the {111} surface, the optimum configuration contains only dissociatively 

adsorbed water molecules. This is again in agreement with our previous work, which found 

that, for three water molecules adsorbing onto the stoichiometric {110} surface of PuO2, 

the most favourable adsorption mode was that in which all water molecules adsorbed 

dissociatively. 
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Figure 6.9: Side (left) and top-down (right) view of the most stable configuration for HCl 

adsorbing into 1ML of water on the PuO2 {110} surface. Grey, red, green and white spheres 

represent the Pu, O, Cl and H atoms, respectively. 

 

6.3.4 HCl Adsorbing onto 1ML Hydrated Surface 

In an abundance of water, HCl may not have a direct path to a surface plutonium atom. 

Hence, we also consider the case where the HCl molecule interacts with surface-adsorbed 

water. In order to explore this a HCl molecule was placed above 1ML of adsorbed water. 

6.3.4.1 {111} Surface 

Upon interaction with the 1ML hydrated {111} surface, the HCl molecule spontaneously 

dissociates, with the hydrogen atom binding to a surface hydroxyl and forming molecular 

water. However, without a surface plutonium atom available to interact with the 

dissociated chlorine atom remains above the water layer, bound entirely by hydrogen 

bonds from the water (Figure 6.10). The HCl binding energy of this interaction is -1.32 eV, 

slightly less stable than a single HCl molecule binding to the dry surface.24 
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Figure 6.10: Side (left) and top-down (right) view of the adsorption of HCl onto the 1ML 

hydrated {111} surface of PuO2. Grey, red, green and white spheres represent the Pu, O, Cl 

and H atoms, respectively. 

 

Each of the four chlorine-acceptor hydrogen bonds has a similar 𝜌BCP and ∇2𝜌|BCP, with 

values ranging from 0.030 to 0.040 a.u. and from +0.065 to +0.090 a.u., respectively (Table 

6.3). These values are close to those of the chlorine-acceptor hydrogen bonds we found in 

the Cl–-H9O4
+ cluster described in section 3.1 (data collected in Figure A6.2). The existence 

of these four hydrogen bonds explains how the configuration can be relatively stable, 

despite lacking the Pu-Cl interaction we have seen previously. 

 

Table 6.3: H…Cl separation 𝑑H⋯Cl, electron density at the bond critical point 𝜌BCP and the 

Laplacian of electron density evaluated at the bond critical point ∇2𝜌|BCP  for each H…Cl 

bond in Figure 6.10. 

𝑑H⋯Cl / Å 𝝆𝐁𝐂𝐏 / a.u. 𝜵𝟐𝝆|𝐁𝐂𝐏 / a.u. 

2.01 0.040 +0.090 

2.03 0.039 +0.087 

2.16 0.030 +0.074 

2.18 0.030 +0.065 
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6.3.4.2 {110} Surface 

A similar configuration to the {111} surface is found for the interaction of HCl with the fully 

hydrated {110} surface, as is seen in Figure 6.11. In this configuration the dissociated 

chlorine atom, with no surface plutonium atom to interact with, again binds solely via 

hydrogen bonding, this time with six hydrogen bonds, yielding an HCl binding energy of -

2.58 eV. This energy is similar to that of a single HCl molecule binding directly to the {110} 

surface. QTAIM analysis reveals little variation in the characteristics of the chlorine-

acceptor hydrogen bonds; the range of 𝜌BCP is 0.020 to 0.029 a.u., whereas the range of 

∇2𝜌|BCP is +0.053 to +0.068 a.u. (Table 6.4). These values are close to those of the chlorine-

acceptor hydrogen bonds we find in the Cl–-H8O4 cluster described in section 3.1 (data 

collected in Figure A6.3). Comparison of these 𝜌BCP and ∇2𝜌|BCP data with those of the 

hydrogen bonds formed on the {111} surface suggests that the interaction between the 

water layer and {110} surface is stronger than on the {111}, as the chlorine-acceptor 

hydrogen bonds are stronger above the latter. It has been previously shown that molecular 

water binds more strongly to PuO2 {110} than {111}.12 

 

 

Figure 6.11: Side (left) and top-down (right) view of the adsorption of HCl onto the 1ML 

hydrated {110} surface of PuO2. Grey, red, green and white spheres represent the Pu, O, Cl 

and H atoms, respectively. 

 

Comparing these findings with our previous work regarding multiple water molecules 

interacting with the stoichiometric surfaces of PuO2
11 we find that, in the presence of HCl, 

the optimum proportions of molecular: dissociative water adsorption modes differ. In the 
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case of the {111} surface, we found that, for a full monolayer of adsorbed water, a 1:1 split 

of molecular to dissociative adsorptions is preferred. However, in the presence of HCl these 

proportions change, with a ratio of 3:1 being preferred. Similarly, we previously found that, 

for the {110} surface, a fully dissociative adsorption configuration was preferred, whereas 

in the presence of HCl we find the optimum ratio to be 1:3. 

 

Table 6.4: H…Cl distance 𝑑H⋯Cl, electron density at the bond critical point 𝜌BCP  and the 

Laplacian of the electron density evaluated at the bond critical point ∇2𝜌|BCP for each H…Cl 

bond in Figure 6.11. 

𝑑H⋯Cl / Å 𝝆𝐁𝐂𝐏 / a.u. 𝜵𝟐𝝆|𝐁𝐂𝐏 / a.u. 

2.18 0.029 +0.068 

2.20 0.029 +0.066 

2.27 0.024 +0.059 

2.30 0.022 +0.057 

2.32 0.022 +0.056 

2.36 0.020 +0.053 

 

To further validate these findings, geometries were constructed for both the {111} and {110} 

surfaces which mirrored the expected distribution of molecularly and dissociatively 

adsorbed water molecules based on our previous work.11 In both cases, these were found 

to be less stable than their counterparts in Figures 6.10 and 6.11. This is likely because, 

when unable to interact with a surface plutonium atom, the HCl instead interacts with the 

hydrated surface via an acid-base type interaction: neutralising one of the adsorbed Pu-OH 

groups and forming molecular water. This finding is consistent with the first part of reaction 

(2) in the work of Parfitt et. al., who proposed that for HCl interacting with hydroxylated 

rutile surfaces, the HCl would neutralise a surface hydroxyl, forming physisorbed molecular 
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water.25 The next proposed step in this reaction mechanism is for the chloride to replace 

the physisorbed water on the TiO2 surface, which based on the energetic favourability of 

direct Pu-Cl bonds, would likely also be the case for PuO2. 

 

6.3.5 HCl Desorption Temperatures from PuO2 {111} and {110} Surfaces 

In our previous work, we presented data which show the desorption temperature of either 

H2O12,48 or HCl24 from actinide dioxide surfaces as a function of H2O or HCl partial pressure. 

Deriving similar data in the present case is less straightforward, as we are considering the 

co-adsorption of two species. Nevertheless, in order to get some measure of the effect of 

co-adsorption on the desorption temperature of HCl, we have employed the methodology 

described in reference 24 to generate Figures 6.12 and 6.13. The vertical axis spans -90 < 

ln(p/p0) < 20, as this represents a reasonably wide range of partial pressures, and an upper 

limit for temperature of 1500 K was chosen because it is unlikely that temperatures in 

excess of this would be achieved in practice. Note that the zero-Kelvin adsorption energies 

used in this process are the HCl binding energies obtained in the present work from both 

the PEECM and PBC approaches, which reflect the modification to HCl adsorption caused 

by co-adsorption with a single water molecule. For {111} the desorption curves from both 

PEECM and PBC are extremely similar to one another, while for {110} there is a slight 

difference between them, reflecting the zero-Kelvin adsorption energies. Also presented in 

Figures 6.12 and 6.13 are the data from our previous study of HCl which show that, for a 

given partial pressure of HCl, the co-absorption with water results in a higher HCl 

desorption temperature. 
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Figure 6.12: Relationship between partial pressure of HCl p, and temperature T required 

for thermal desorption of HCl co-adsorbed with a single water molecule from the PuO2 {111} 

surface. Data in red from are taken reference 24. 
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Figure 6.13: Relationship between partial pressure of HCl p, and temperature T required 

for thermal desorption of HCl co-adsorbed with a single water molecule from the PuO2 {110} 

surface. Data in red are taken from reference 24. 

6.4 Conclusions 

In this contribution, we have used both embedded cluster and periodic boundary condition 

DFT to explore the impact of co-adsorption with water on the geometry and strength of 

HCl binding to the {111} and {110} surfaces of PuO2. Excellent agreement is found between 

the two computational approaches. Different levels of water coverage have been explored, 

ranging from a single co-adsorbed molecule, to a full monolayer. Results for single molecule 

co-adsorptions indicate that due to the formation of chlorine-acceptor hydrogen bonds, 

closely bound HCl and H2O have a synergistic effect on HCl binding energy. However, when 

there is a large separation between the molecules, there is evidence to suggest that the 

binding of HCl on the {111} surface may instead be weakened. This could have implications 
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for surfaces with lower saturation levels of water – including those which have been dried 

via heat treatment – making bound HCl in such systems easier to remove. 

Substitution of HCl into a full monolayer of water on surface of PuO2 compounds these 

synergistic effects, yielding far more stable configurations than those found for single HCl 

molecule adsorptions on the dry surfaces. In all cases, the optimum distribution of 

molecularly and dissociatively adsorbed H2O matches that found in our previous work on 

multiple water molecule adsorptions in the absence of HCl.11 

The adsorption of HCl above a full monolayer of water further confirms the strong nature 

of the chlorine-acceptor hydrogen bonds formed. Despite the fact that the chlorine atom 

cannot interact directly with surface Pu, the configurations produced still have reasonably 

strong HCl binding energies, stabilised by the numerous hydrogen bonds formed with 

adsorbed water. On both surfaces, we find the optimum distribution of molecularly and 

dissociatively adsorbed H2O over the four adsorption sites to have one additional molecular 

water than we found previously in the absence of HCl.11 This is attributed to an acid-base-

like reaction between the HCl molecule and an adsorbed hydroxyl group from dissociatively 

adsorbed water, stabilising the overall system and matching the first step in reaction (2) 

proposed by Parfitt et. al. for HCl interactions with hydroxylated rutile surfaces.25 

From this work it is clear that the interactions between HCl and the surface of PuO2 are 

greatly influenced by the presence of water. Taking into consideration the well-known 

hygroscopicity of PuO2, this is likely of significance in the context of long-term storage 

solutions for such material – particularly with regards to chloride removal for potential 

future fuel repurposing – and would benefit from future studies, both theoretical and 

experimental. In our previous work regarding the adsorption of solely HCl we concluded 

that the temperatures required to thermally desorb HCl from PuO2 surfaces would likely be 

very high; this conclusion is here further reinforced by the discovery of a synergistic co-

adsorption between HCl and water. 
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Conclusion 

In this thesis, actinide oxide systems have been extensively investigated with DFT methods, 

vie. DFT + U and hybrid DFT, with periodic boundary and embedded cluster models. These 

two methods both give reasonable results, which are in good agreement with experiment, 

and similar predictions are made with the two methods.  

Minor actinides dioxides, NpO2, AmO2, and CmO2, were studied with DFT + U method, 

similar bulk and surface properties were observed, as well as water adsorption behaviour 

at their surfaces. Comparisons for pure actinide dioxides, from UO2 to CmO2, give an overall 

view of actinide dioxides, for example, surface properties, like surface O vacancy formation, 

closely related to An (IV/III) redox potential.  

Uranium-actinide mixed oxides, from U-Np MOX to U-Cm MOX, were also investigated with 

DFT + U method. Although the mixing of other actinides (Np, Pu, Am, and Cm) into UO2 has 

minor effects on geometric structure, obvious influences have been found on the electronic 

structure, surface properties, and water adsorption behaviour, thus, mixing of other 

actinides should be carefully controlled for the safe usage of actinide MOX fuel.  

Simplified PuO2 + H2O system could not precisely describe the long-term storage PuO2 

stockpiles, as Am build up have been observed in PuO2 stockpiles and other residual 

molecules, like HCl. In order to find out the influence of Am on PuO2, Pu and Am MOXs 

were extensively studied with DFT + U method. Simulations indicate Am has an influence 

on PuO2 surface properties and water adsorption, and could lead to accelerated gas build 

up in PuO2 stockpiles. 

Both PBE + U and PBE0 methods were used for simulating HCl and H2O co-adsorption on 

PuO2 surfaces. Adsorption of HCl onto wet PuO2 surface, from a single co-adsorbed 

molecule, to a full monolayer, indicates desorption of HCl is easier for surfaces with lower 

saturation levels of water  

The work in this thesis takes a further step for the theoretical investigation of actinide 

nuclear fuel and wastes from previous studies, which have mainly focused on pure UO2 and 
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PuO2. Even small ratios of other actinides in UO2 and Am in PuO2, as well as different types 

of residual molecules, can influence on the properties of UO2 and PuO2 and cannot be 

neglected. Therefore, further studies could investigate more complicated systems, like U-

Pu-MAn and Pu-Am-U MOX systems, to bring simulations closer to actual MOX fuel and 

aged PuO2 stockpiles. Other residual molecules, such as nitrogen oxides and carbon oxides, 

should also be considered in future simulations.
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Appendix 1 

 

 

Figure A3.1: The band gap of NpO2.  

 

 

Figure A3.2: The band gap of AmO2.  

 



216 

 

 

Figure A3.3: The band gap of CmO2.  

 

 

Figure A3.4: Top view of stoichiometric (a) {111}, (b) {110}, (c) {100} and reduced (d) {111}, 

(e) {110}, (f) {100} AmO2 surfaces calculated at PBE+U level with Ueff = 4.00 eV (the 

corresponding Ueff = 6.15 eV images, not shown, are very similar). Light grey and red 

spheres represent americium and oxygen atoms, respectively, black squares mark the 

position of oxygen vacancy defects, and the labelled americium atoms were bonded to the 

removed oxygen. 

 



217 

 

 

Figure A3.5: Top view of stoichiometric (a) {111}, (b) {110}, (c) {100} and reduced (d) {111}, 

(e) {110}, (f) {100} CmO2 surfaces calculated at PBE+U (Ueff = 4.5eV) level. Small dark grey 

and red spheres represent curium and oxygen atoms, respectively, black squares mark the 

position of oxygen vacancy defects, and the labelled curium atoms were bonded to the 

removed oxygen. 
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Figure A3.6: Top view of molecular (a) {111}, (b) {110}, (c) {100} and dissociative (d) {111}, 

(e) {110}, (f) {100} water adsorption on stoichiometric AmO2 surfaces calculated at PBE+U 

level with Ueff = 4.00 eV (the corresponding Ueff = 6.15 eV images, not shown, are very 

similar). Water adsorbs on both sides of the slab with 25% coverage. Light grey, red and 

white spheres represent americium, oxygen and hydrogen atoms, respectively. 
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Figure A3.7: Top view of molecular (a) {111}, (b) {110}, (c) {100} and dissociative (d) {111}, 

(e) {110}, (f) {100} water adsorption on stoichiometric CmO2 surfaces calculated at PBE+U 

(Ueff = 4.5eV) level. Water adsorbs on both sides of the slab with 25% coverage. Small dark 

grey, red and white spheres represent curium oxygen and hydrogen atoms, respectively. 
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Table A3.1: Ow-Nps and Hw-Os bond lengths for molecular and dissociative water adsorption 

on NpO2 surfaces calculated at the PBE + U and PBESol + U levels (Ueff = 4.5eV).  

Adsorption Bond length (Å) {111} {110} {100} 

Method PBE PBESol PBE PBESol PBE PBESol 

molecular Ow-Nps 

2.60 2.53 2.68 2.61 

2.60/ 

2.68 

2.55/ 

2.59 

Hw-Os 2.14/ 

2.13 

2.01/ 

1.99 

2.07/ 

2.08 

2.01/ 

2.06 

1.94/ 

1.97 

1.01/ 

1.01 

dissociative Ow-Nps 

2.24 2.22 2.13 2.12 

2.34/ 

2.35 

2.30/ 

2.32 

Hw-Os 1.01 1.03 0.99 0.99 0.97 0.97 

 

Table A3.2: Ow-Ams and Hw-Os bond lengths for molecular and dissociative water 

adsorption on AmO2 surfaces calculated at the PBE + U level with Ueff = 4.00 and 6.15 eV.  

Adsorption Bond length (Å) {111} {110} {100} 

Ueff (eV) 4.00 6.15 4.00 6.15 4.00 6.15 

molecular Ow-Ams 2.59 2.64 2.70 2.68 2.57/ 

2.73 

2.57/ 

2.76 

Hw-Os 2.10/ 

2.12 

2.18/ 

2.14 

2.10/ 

2.11 

2.10/ 

2.19 

1.93/ 

1.90 

1.90/ 

1.90 

dissociative Ow-Ams 2.23 2.34 2.13 2.12 2.36/ 

2.31 

2.34/ 

2.41 

Hw-Os 1.02 0.99 0.99 0.99 0.98 0.97 
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Table A3.3: Ow-Cms and Hw-Os bond lengths for molecular and dissociative water adsorption 

on CmO2 surfaces (PBE + U, Ueff = 4.5 eV)).  

Adsorption Bond length (Å) {111} {110} {100} 

molecular Ow-Cms 2.62 2.68 2.62 / 2.75 

Hw-Os 2.11 / 2.14 2.16 / 2.16 2.01 / 2.01 

dissociative Ow-Cms 2.29 2.18 2.40 / 2.43 

Hw-Os 0.99 0.98 0.97 

 

 

Figure A3.8: Top views of molecular (a) {111}, (b) {110}, (c) {100} and dissociative (d) {111}, 

(e) {110}, (f) {100} water adsorptions at the surface Am of reduced AmO2 surfaces 

calculated at the PBE+U (Ueff = 4.5eV) level. Water adsorbs on both side of the slabs with 

25% coverage. Light grey, red and white spheres represent americium oxygen and 

hydrogen atoms, respectively. The black square marks the position of the defect. 
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Figure A3.9: Top view of molecular (a) {111}, (b) {110}, (c) {100} and dissociative (d) {111}, 

(e) {110}, (f) {100} water adsorptions at the surface Cm of reduced CmO2 surfaces calculated 

at the PBE+U (Ueff = 4.5eV) level. Water adsorbs on both side of the slabs with 25% coverage. 

Small dark grey, red and white spheres represent curium oxygen and hydrogen atoms, 

respectively. the black square marks the position of the defect. 

 



223 

 

Table A3.4: Energies (eV) for molecular and dissociative water adsorption on reduced NpO2 

surfaces, which are calculated at PBESol + U (Ueff = 4.00 eV) level, and AmO2 surfaces, which 

are calculated at PBE + U (Ueff = 6.15 eV) level, with Ow approaching surface An. 

AnO2 Molecular adsorption Dissociative adsorption 

{111} {110} {100} {111} {110} {100} 

NpO2 -0.03 -0.56 dis* -2.18 -1.59 -1.23 

AmO2 -0.61 -1.62 -1.54 -2.91 -1.69 -2.37 

 

 

Figure A3.10: Top views of molecular water (a) {111}, (b) {110}, (c) {100} and dissociative 

water (d) {111}, (e) {110}, (f) {100} adsorption above surface oxygen vacancies on NpO2 

surfaces, calculated at the PBE+U (Ueff = 4.5eV) level. Water adsorbs on both side of slab 

with 25% coverage. Dark grey, red and white spheres represent neptunium oxygen and 

hydrogen atoms, respectively. the black square makes the position of defect. 
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Figure A3.11: Top view of molecular water (a) {111}, (b) {110}, (c) {100} and dissociative 

water (d) {111}, (e) {110}, (f) {100} adsorption above surface oxygen vacancies at CmO2 

surfaces, calculated at the PBE+U (Ueff = 4.5eV) level. Water adsorbs on both side of slab 

with 25% coverage. Small dark grey, red and white spheres represent curium oxygen and 

hydrogen atoms, respectively. the black square makes the position of defect. 

 

Table A3.5: Energies (eV) for molecular and dissociative water adsorption on reduced NpO2 

surfaces, which are calculated at PBESol + U (Ueff = 4.00 eV) level, and AmO2 surfaces, which 

are calculated at PBE + U (Ueff = 6.15 eV) level, with Ow approaching surface defect. 

AnO2 Molecular adsorption Dissociative adsorption 

{111} {110} {100} {111} {110} {100} 

NpO2 -1.41 dis dis -2.18 -1.17 -2.05 

AmO2 -0.61 -1.62 -1.54 -2.91 -1.84 -2.42 
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Appendix 2 

 

 

Figure A4.1: Top and side view of (a) substoichiometric UO2 {111} surfaces; (b) two oxygen 

atoms in the {111} surface slab, with the same position as the oxygens removed from the 

{111} surface; and (c) the substoichiometric UO2 {111} surfaces in (a) with the oxygens in 

(b) inserted on the top and bottom surfaces. 

 

 

Figure A4.2: Charge difference isosurface (0.05 e/Å3) on (a) {111}, (b) {110} and (c) {100} 

surfaces with and without oxygen vacancies. 



226 

 

 

Table A4.1: Surface lattice constant (Å) of stoichiometric UO2, U0.92Zr0.08O2, and 

U0.92An0.08O2 (An = Np, Pu, Am and Cm) surfaces 

MOX {111} {110} {100} 

UO2 3.86 × 3.87 5.59 × 3.80 3.78 × 4.07 

U-Zr 3.82 × 3.81 5.58 × 3.81 3.77 × 4.05 

U-Np 3.87 × 3.87 5.58 × 3.80 3.78 × 4.07 

U-Pu 3.77 × 3.77 5.59 × 3.78 3.77 × 4.07 

U-Am 3.86 × 3.89 5.59 × 3.80 3.78 × 4.07 

U-Cm 3.87 × 3.88 5.59 × 3.79 3.77 × 4.07 

 

Table A4.2: Surface bond lengths (Å) on stoichiometric UO2 and AnO2 (An = Np, Pu, Am and 

Cm) surfaces. Bond lengths on AnO2 surfaces are collected from our previous work1-3 

AnO2  Bonds {111} {110} {100} 

U U-O 2.383 2.350 2.358 2.315 2.331 2.331 2.315 2.190 2.187 

Np Np-O 2.352 2.349 2.360 2.307 2.310 2.307 2.297 2.170 2.182 

Pu Pu-O 2.343 2.332 2.335 2.216 2.240 2.254 2.328 2.169 2.166 

Am Am-O 2.370 2.335 2.268 2.253 2.257 2.257 2.253 2.177 2.176 

Cm Cm-O 2.396 2.365 2.368 2.287 2.298 2.298 2.287 2.238 2.231 
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Table A4.3: Surface An-O and U-O bond lengths (Å) on U0.92An0.08O2 (An = Np, Pu, Am and 
Cm) surfaces. 

An Bonds {111}  {110} {100} 

Np Np-O 2.484 2.514 2.552 2.322 2.310 2.332 2.317 2.177 2.188 

U-O 2.455 2.323 2.366 2.321 2.306 2.316 2.327 2.178 2.188 

Pu Pu-O 2.477 2.461 2.424 2.484 2.467 2.456 2.489 2.348 2.349 

U-O 2.420 2.290 2.342 2.158 2.168 2.172 2.177 2.046 2.047 

Am Am-O 2.533 2.479 2.496 2.485 2.451 2.444 2.484 2.344 2.348 

U-O 2.478 2.372 2.294 2.182 2.152 2.159 2.188 2.046 2.047 

Cm Cm-O 2.545 2.510 2.484 2.490 2.474 2.460 2.493 2.338 2.323 

U-O 2.474 2.302 2.372 2.165 2.164 2.159 2.180 2.057 2.051 

 

Table A4.4: Energy (eV) of optimized UO2 and AnO2 (An = Np, Pu, Am and Cm) {111}, {110} 

and {100} surfaces; data for AnO2 are from our previous work.3 

UO2 -694.9295672 -688.5309638 -687.9364861 

NpO2 -720.5084397 -712.9054981 -713.0381213 

PuO2 -750.7981867 -743.2075467 -743.3287318 

AmO2 -789.8163775 -783.1766196 -783.595617 

CmO2 -836.4200286 -830.59216 -831.7653421 
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Figure A4.3: Charge density isosurface (0.05 e/Å3), in yellow, of U0.92Np0.08O2 (a) {111}, (b) 

{110} and (c) {100} surfaces, U0.92Pu0.08O2 (d) {111}, (e) {110} and (f) {100} surfaces, 

U0.92Am0.08O2 (g) {111}, (h) {110} and (i) {100} surfaces and U0.92Cm0.08O2 (j) {111}, (k) {110} 

and (l) {100} surfaces. Blue grey, light grey, grey, dark grey, small dark grey and red spheres 

represent U, Np, Pu, Am, Cm and O, respectively. The black square in each figure marks the 

position of substituted An (Np, Pu, Am and Cm). 
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Table A4.5: O vacancy generation energy (eV) on U0.92An0.08O2 (An = Np, Pu, Am or Cm) 

surfaces with O vacancy next to An and away from An. 

MOX O vacancy {111} {110} {100} 

U-Np Next to Np 4.71 4.54 4.41 

Away from Np 4.55 4.61 4.83 

U-Pu Next to Pu 4.60 4.39 4.34 

Away from Pu 4.44 4.53 4.73 

U-Am Next to Am 4.18 3.89 3.86 

Away from Am 4.35 4.39 4.68 

U-Cm Next to Cm 4.28 4.02 4.01 

Away from Cm 4.33 4.38 4.55 
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Table A4.6: O vacancy generation energy on AnO2 (an =Np, Pu, Am and Cm) surfaces, from 

our previous work,3 and the average number of O vacancy generation on pure UO2 and 

AnO2 surfaces. 

AnO2 {111} {110} {100} 

NpO2 4.65 3.83 3.76 

Aver. on UO2 + NpO2 5.23 4.65 4.37 

PuO2 2.78 1.94 2.00 

Aver. on UO2 + PuO2 4.30 3.71 3.49 

AmO2 1.04 0.50 0.31 

Aver. on UO2 + AmO2 3.43 2.98 2.65 

CmO2 -0.28 -0.49 -0.53 

Aver. on UO2 + CmO2 2.77 2.49 2.23 

 

Table A4.7: Replacement energies (eV) of An into UO2 {111} surface with substitution 

method B, which has An in 2nd and 5th layers, and method C, which has An in 3rd and 4th 

layers. 

Substituted An Method B Method C 

Np 0.32 0.34 

Pu -0.05 -0.05 

Am -0.83 -0.96 

Cm -1.25 -1.82 
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Figure A4.4: Top views of U0.92Np0.08O1.92 with Np in (a) 2nd and 5th layers and (b) 3rd and 4th 

layers. Blue grey, light grey and red spheres represent U, Np and O, respectively. The black 

squares in the figures mark the position of the O vacancy. 

 

Table A4.8: O vacancy formation energy (eV) on U0.92An0.08O1.92 (An = Np, Pu, Am and Cm) 

with substitution method B, which has An in 2nd and 5th layers, and method C, which has 

An in 3rd and 4th layers 

Substituted An Method B Method C 

Np 4.95 5.50 

Pu 4.15 4.26 

Am 4.04 4.56 

Cm 4.10 4.45 
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Table A4.9: Surface lattice parameters (Å) of U0.83Zr0.17O2/U0.83An0.17O2 (MOX-17), 

U0.75Zr0.25O2/U0.75An0.25O2 (MOX-25) and U0.67Zr0.33O2/U0.67An0.33O2 (MOX-33) (An = Np, Pu, 

Am and Cm) {111} surfaces 

MOX MOX-17 MOX-25 MOX-33 

U-Zr 3.84X3.75 3.71X3.84 3.46X3.74 

U-Np 3.87X3.86 3.87X3.87 3.88X3.87 

U-Pu 3.77X3.81 3.77X3.78 3.89X3.87 

U-Am 3.86X3.89 3.88X3.90 3.87X3.87 

U-Cm 3.86X3.89 3.87X3.90 3.87X3.87 

 

 

Figure A4.5: Layer distance between the layer of cation (U or An: Np, Pu, Am or Cm), the 

height of the middle of the slab is set as zero. 
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Figure A4.6: Top views of (a) U0.92Zr0.08O2, (b) U0.92Zr0.17O2, (c) U0.92Zr0.25O2 and (d) 

U0.92Zr0.33O2 {111} surfaces 

 

Table A4.10: Spin density of Zr or An and surface U in U0.83Zr0.17O2 or U0.83An0.17O2 (An = Np, 

Pu, Am and Cm) 

U0.83Zr0.17O2 Zr 0.000 0.001 

U in 1st layer 2.034 2.032 

U0.83Np0.17O2 Np 3.111 3.118 

U in 1st layer 2.013 2.003 

U0.83Pu0.17O2 Pu 5.088 4.248 

U in 1st layer 1.149 2.004 

U0.83Am0.17O2 Am 6.131 6.132 

U in 1st layer 1.138 1.076 

U0.83Cm0.17O2 Cm 6.837 6.839 

U in 1st layer 1.149 1.093 
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Table A4.11: Spin density of Zr or An and U in 1st and 2nd layer in U0.75Zr0.25O2 or U0.75An0.25O2 

(An = Np, Pu, Am and Cm) 

U0.75Zr0.25O2 Zr 0.003 0.003 0.000  

U in 1st layer 2.050    

U in 2nd layer 2.024 2.021 2.037 2.015 

U0.75Np0.25O2 Np 3.112 3.128 3.115  

U in 1st layer 2.021    

U in 2nd layer 2.009 2.019 2.000 1.999 

U0.75Pu0.25O2 Pu 4.253 4.277 5.074  

U in 1st layer 1.083    

U in 2nd layer 2.017 2.032 2.022 2.011 

U0.75Am0.25O2 Am 6.130 6.130 6.134  

U in 1st layer 1.145    

U in 2nd layer 2.002 1.073 1.018 2.001 

U0.75Cm0.25O2 Cm 6.838 6.835 6.838  

U in 1st layer 1.101    

U in 2nd layer 1.099 2.011 2.002 1.093 

 



235 

 

Table A4.12: Spin density of Zr or An and U in 2nd layers in U0.67Zr0.33O2 or U0.67An0.33O2 (An 

= Np, Pu, Am and Cm) 

U0.67Zr0.33O2 Zr 0.002 0.003 0.003 0.001 

U in 2nd layer 2.025 2.016 2.031 2.012 

U0.67Np0.33O2 Np 3.108 3.117 3.118 3.110 

U in 2nd layer 2.003 2.026 2.024 2.003 

U0.67Pu0.33O2 Pu 4.290 4.280 4.283 5.072 

U in 2nd layer 2.010 2.005 1.073 2.023 

U0.67Am0.33O2 Am 6.121 6.119 6.121 6.119 

U in 2nd layer 1.038 1.040 1.117 1.130 

U0.67Cm0.33O2 Cm 6.763 6.771 6.773 6.828 

U in 2nd layer 1.097 1.098 1.094 1.091 

 

Table A4.13: Replacement energy (Erep, eV) and replacement energy per An (Np, Pu, Am 

and Cm) into UO2 {111} surface with the ratio of An to U of 0.17: 0.83. 0.25: 0.75 and 0.33: 

0.67. 

Ratio  0.17: 0.83 0.25: 0.75 0.33: 0.67 

MOX Erep Erep per An Erep Erep per An Erep Erep per An 

U-Np 0.56 0.28 0.72 0.24 0.60 0.15 

U-Pu -0.08 -0.04 0.30 0.10 0.53 0.13 

U-Am -1.37 -0.69 -1.69 -0.56 -1.80 -0.45 

U-Cm -2.34 -1.17 -3.12 -1.04 -3.43 -0.86 
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Figure A4.7: Charge density isosurface (0.05 e/Å3), in yellow, of U1-yNpyO2 {111} surface with 

y = (a) 0.08, (b) 0.17, (c) 0.25 and (d) 0.33, top and side views. The purple stars in the figures 

mark the positions of substituted Np atoms. 

 

 

Figure A4.8: Charge density isosurface (0.05 e/Å3), in yellow, of U1-yPuyO2 {111} surface with 

y = (a) 0.08, (b) 0.17, (c) 0.25 and (d) 0.33, top and side views. The purple stars in the figures 

mark the position of substituted Pu atoms. 
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Figure A4.9: Charge density isosurface (0.05 e/Å3), in yellow, of U1-yAmyO2 {111} surface 

with y = (a) 0.08, (b) 0.17, (c) 0.25 and (d) 0.33, top and side views. The purple stars in the 

figures mark the position of substituted Am atoms. 

 

 

Figure A4.10: Charge density isosurface (0.05 e/Å3), in yellow, of U1-yAmyO2 {111} surface 

with y = (a) 0.08, (b) 0.17, (c) 0.25 and (d) 0.33, top and side views. The purple stars in the 

figures mark the position of substituted Cm atoms. 
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Appendix 3 

 

 

Figure A5.1: Charge density difference between Pu0.92Am0.08O2 and PuO2 surfaces, (a), (b) 

and (c) are Pu0.92Am0.08O2 {111}, {110} and {100} surfaces with Am in 1st and 6th layers, 

respectively. (d) and (e) are Pu0.92Am0.08O2 {111} surfaces with Am on 2nd and 5th, and 3rd 

and 4th layers, respectively. Dark grey, light grey and red spheres represent plutonium, 

americium and oxygen atoms, respectively. Blue and yellow represent charge increase and 

decreases, respectively. 
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Table A5.1: Spin density of surface Pu and substituted Am on Pu0.92Am0.08O2 surface before 

and after molecular water adsorption. 

Spin density of: Surface {111} {110} {100} 

Pu in top layer Clean surface -4.254 – -4.262 -4.244 – -4.264 -4.261 – -4.274 

Adsorb on Pu -4.241 – -4.254 -4.261 – -4.274 -4.231 – -4.275 

Adsorb on Am -4.250 – -4.256 -3.791, -4.297, 

-4.301 

-3.595, -4.034, 

-4.124 

Am Clean surface -5.505 -5.553 -5.575 

Adsorb on Pu -5.500 -5.549 -5.530 

Adsorb on Am -5.483 -6.118 -6.120 

 



241 

 

Table A5.2: Spin density of surface Pu and substituted Am on Pu0.92Am0.08O2 surface before 

and after dissociative water adsorption. 

Spin density of: Surface {111} {110} {100} 

Pu in top layer Clean surface -4.254 – -4.262 -4.244 – -4.264 -4.261 – -4.274 

Adsorb on Pu -4.230 – -4.251 -4.205 – -4.267 -4.231 – -4.275 

Adsorb on Am -4.236 – -4.252 -3.636, -4.289, 

-4.292 

-3.595, -4.034, 

-4.124 

Am Clean surface -5.505 -5.553 -5.575 

Adsorb on Pu -5.490 -5.549 -5.530 

Adsorb on Am -5.481 -6.091 -6.120 
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Figure A5.2: Relationship between partial pressure of water (p), and temperature (T) 

required for thermal desorption of water from sub-stoichiometric (a) {111}, (b) {110} and 

(c) {100} Pu1-yAmO2-x and PuO2 surfaces, with molecular (mol) or dissociative (dis) adsorbed 

water. The equilibrium state between water adsorption and desorption is indicated by the 

solid (molecular adsorption) and dashed (dissociate adsorption) lines; water will desorb 

from the surfaces when p/p0 is below the line, and will adsorb when p/p0 is above the line. 
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Appendix 4 

Table A6.1: Spin densities (au) of Pu and O in PuO2 {111} and {110} slabs; a positive value 

indicating spin up and negative value indicating spin down. The layer numbers are marked 

in Figure A6.1. 

 {111} {110} 

Layer Pu O Pu O 

1st  4.256, 4.257, 

4.256, 4.257 

-0.105, -0.105 

-0.105, -0.105 

-0.062, -0.062 

-0.061, -0.066 

4.327, 4.326,  

4.277, 4.277 

-0.102, -0.102, 

-0.074, -0.074,  

-0.102, -0.102, 

-0.079, -0.079 

2nd  -4.192, -4.204,  

-4.192, -4.211 

0.047, 0.044 

0.042, 0.042 

0.049, 0.045 

0.046, 0.046 

-4.192, -4.191,  

-4.191, -4.191 

0.003, 0.003 

0.002, 0.002 

0.003, 0.003 

0.006, 0.006 

3rd  4.204, 4.204,  

4.205, 4.204 

-0.049, -0.051 

-0.049, -0.053 

-0.052, -0.052 

-0.052, -0.052 

4.188, 4.189,  

4.185, 4.185 

-0.007, -0.007 

-0.007, -0.007 

-0.007, -0.007 

-0.007, -0.007 

4th  -4.206, -4.202,  

-4.205, -4.201 

0.052, 0.052 

0.052, 0.052 

0.049, 0.051 

-4.187, -4.187,  

-4.188, -4.188 

0.006, 0.006 

0.007, 0.007 

0.006, 0.006 
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0.051, 0.050 0.006, 0.006 

5th 4.195, 4.197,  

4.198, 4.195 

-0.047, -0.043 

-0.048, -0.041 

-0.046, -0.045 

-0.040, -0.039 

4.191, 4.191,  

4.191, 4.191 

-0.002, -0.002 

-0.005, -0.005 

-0.002, -0.002 

-0.006, -0.006 

6th  -4.258, -4.258,  

-4.256, -4.254 

0.061, 0.063 

0.063, 0.063 

0.106, 0.105 

0.105, 0.105 

-4.292, -4.292,  

-4.295, -4.294 

0.080, 0.080 

0.087, 0.087 

0.084, 0.084 

0.088, 0.088 

 

 

Figure A6.1: Side view of PuO2 {111} and {110} surfaces. 
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Table A6.2: H…Cl separation 𝑑H⋯Cl, electron density at the bond critical point 𝜌BCP and the 

Laplacian of electron density evaluated at the bond critical point ∇2𝜌|BCP for each H…Cl 

bond of Cl–-H9O4
+ system (Figure 2 (c)). 

𝑑H⋯Cl / Å 𝝆𝐁𝐂𝐏 / a.u. 𝜵𝟐𝝆|𝐁𝐂𝐏 / a.u. 

2.01 0.043 0.086 

2.01 0.043 0.086 

2.01 0.043 0.086 

 

Table A6.3: H…Cl separation 𝑑H⋯Cl, electron density at the bond critical point 𝜌BCP and the 

Laplacian of the electron density evaluated at the bond critical point ∇2𝜌|BCP for each H…Cl 

bond in the Cl–-H8O4 system display in Figure 2 (b). 

𝑑H⋯Cl / Å 𝝆𝐁𝐂𝐏 / a.u. 𝜵𝟐𝝆|𝐁𝐂𝐏 / a.u. 

2.17 0.031 0.067 

2.22 0.029 0.065 

2.13 0.034 0.072 
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