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Abstract

Magnetite is a common iron oxide mineral present in crystalline rocks and subsurface sedi-
ments. The mixed valence state of the Fe in magnetite allows for participation in redox re-
actions and redox buffering. Magnetite plays also an important role for the safe geological
disposal of radioactive waste – an ongoing challenge for several countries worldwide. Many
countries consider isolation of high level waste in steel casks disposed in deep underground
repositories. Over time and in contact with the host-rock pore-water, magnetite will develop as
a major corrosion product on the steel surface and, eventually, lead to canisters breaching. The
incoming water can then mobilize the radioactive inventory, i.a. technetium and plutonium
present in the waste. Experimental observations suggest that magnetite can contribute to their
immobilization by participating in surface mediated reductive adsorption and incorporation of
hazardous elements into the magnetite structure. This thesis aims at a detailed molecular scale
understanding of these phenomena by atomistic simulations and spectroscopic investigations.

The theoretical studies of magnetite as bulk and surface structures as well as nanoparticles
were conducted by density functional theory (DFT). The first and fundamental step of this
methodology was the development and validation by simulating the appropriate crystal struc-
tures. The Hubbard U method (DFT+U) was applied to improve the description of the electrons
of octahedrally and tetrahedrally coordinated Fe cations in magnetite. In a similar approach,
the Hubbard U correction for Tc and Pu was tuned by simulating oxide structures reflecting
relevant oxidation states and coordination environments. A close agreement to experimental
crystallographic data could be achieved using UTc(IV) = 0 eV and UPu(III) = 3.5 eV.

In a second step, the thermodynamic stability of the most common magnetite (111) surface was
investigated. Contrasting previous studies focusing on the stability of the magnetite surface
under vacuum, environmentally relevant conditions influencing the mineral-water interface
could be fully addressed. This includes oxygen-terminated surfaces with various degrees of
protonation reflecting varying charges of surface-Fe cations, too. The system energies result-
ing from the simulations were used to calculate the surface energy as function of Eh and pH
for different surface terminations. Based on the surface energy thus determined, the most sta-
ble surface termination of the magnetite (111) surface was identified. The consideration of the
surface-water interaction energy was of great importance and resulted in octahedrally coor-
dinated Fe cations with an oxidation state higher than 2.5 as the energetically most favorable
surface termination. Based on this preferential (111) surface termination, 2 nm sized particles
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with octahedral shape were simulated. Compared to the infinite magnetite surface, they pro-
vide new geometrical features such as edges and vertices resulting in an increased solvent
interaction for both water and simple electrolyte systems.

In a third step, the interactions of the magnetite (111) surface with hazardous elements were
investigated. The structural incorporation of Tc(IV) studied in the present thesis revealed a
preferable substitution mechanism of two octahedrally coordinated Fe by one Tc coupled to
the formation of a vacancy. Moreover, the Pu(III) sorption complex as proposed by X-ray ab-
sorption spectroscopy (XAS) was confirmed by ab initio simulations.

The comparison with XAS – specifically using extended X-ray absorption fine structure (EX-
AFS) spectroscopy – signifies the main strength of the presented studies. The combination of
laboratory experiment, spectroscopic characterization and the here presented atomistic model-
ing allows for a consistent interpretation of the experimental data and an elucidation of local
structural changes as function of parameters such pH, metal loading and magnetite particle
size. These findings contribute to a deeper understanding of the radionuclide-mineral interac-
tion and provide a valuable basis for environmental safety analyses.
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Chapter 1: Introduction



2

1.1 Nuclear waste in geological disposal

FIGURE 1.1: Diagram of the multi-barrier concept for nuclear waste disposal in
canisters placed in the underground repository in Opalinus Clay, with a bentonite

clay backfill [1,2].

Radioactive waste is one of the most hazardous substances for the living environment and re-
sults in small quantities from medical or research applications. The primary source of radioac-
tive waste is the production of electricity by nuclear power plants [3], from which high-level
waste (HLW) and spent nuclear fuel (SNF) remain. Due to their radioactivity exceeding the
one of natural uranium ore for several hundred thousand years [1], a stable long-term solution
for storage is required. Internationally, the deep geological disposal of radioactive waste is
considered as most reliable option, illustrated by the Swiss concept in Figure 1.1. The design of
the repository follows a multi-barrier approach, in which several artificial and natural barriers
are combined to secure the long-term retention of the radioactive material for up to one million
years. HLW is commonly stored in vitrified form [4], while SNF rods prevalently consisting of
mixed U/Pu oxides represent the storage matrix themselves. It is foreseen to encapsulate both
HLW and SNF in carbon steel canisters (red cylinder in Figure 1.1) with a wall thickness of
0.15 m [2]. The canisters will be placed inside tunnels in the repository facility built in a suit-
able host-rock formation, e.g., Opalinus Clay in Switzerland. The remaining tunnel cavity will
be backfilled with compacted bentonite clay serving as a buffer. In contact with subsurface
water, these clay materials not only balance the hydrostatic pressure underground, they also
have self-sealing properties. However, the contact of pore-water with the canisters cannot be
avoided.

The use of steel as canister material offers the advantage of a relatively inexpensive produc-
tion as well as well-known physical and chemical properties. Unfortunately, these include a
foreseen corrosion of the casks under repository conditions. Zn or Cu can be used as coat-
ing materials to slow down this process, but they cannot prevent the corrosion entirely, which
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occurs in two steps. After sealing the disposal tunnels, there is remaining oxygen from the
construction of the disposal facility. This leads to two major oxic processes: First, oxygen is
consumed by microbial activity, the oxidation of Fe(II) minerals and sulfides as well as the
oxic corrosion of steel. This aerobic corrosion leads to small amounts of hematite (Fe2O3) and
magnetite (Fe3O4) [2]. Second, pore-water is transported through the bentonite buffer and will
eventually saturate the bentonite after 50 a to 100 a [5]. This leads to the second anoxic corro-
sion. Under these conditions at the surface of the canister, an epitaxal, dominantly spinel-type
layer will form with an outer porous magnetite layer [5,6]. Moreover, at the interface between
canister and surrounding clay, a distinct mix of Fe minerals will be present depending on the
given clay inventory. Maghemite (Fe2O3), chukanovite (Fe2CO3(OH)2) and Fe-phyllosilicates
like nontronite at the interface will form as well as siderite (FeCO3) and pyrite (FeS2) at the clay
surface. [7,8]

After around one hundred thousand years, it is expected that the steel canisters encapsulating
the waste fail. The incoming water may lead to a dissolution of the still radioactive material.
However, the present magnetite can contribute to the retention of the radionuclides, either by
sorption at a magnetite surface or by structural incorporation in its inverse spinel structure.
This allows for an additional safety layer automatically occurring during the long-term opera-
tion of the disposal facility.

1.2 The radionuclides Tc and Pu

Radionuclides are non-stable isotopes of an element, i.e., they spontaneously decay with the
emission of electromagnetic radiation or the discharge of high-energy particles. Technetium
(Tc) is the lightest element without stable isotopes. The meta-stable isotope 99mTc with a half-
life of 6.01 h is used in various medical applications, e.g., for labeling and tracing medicine in
the human body. Other advantages include the facile and low cost production [9]. 99mTc decays
by irradiation of γ-rays [10] to 99Tc with a much longer half-life (t1/2 = 2.1× 105 a [10]). Moreover,
it is the main fission product of uranium (especially 235U) and plutonium (239Pu), the mass-wise
prevalent radioactive elements in nuclear fuel.

Tc with a zero-valent electronic configuration of [Kr] 5s24d5 can assume various oxidation states
with the environmentally most relevant ones being Tc(IV) and Tc(VII) [11]. Tc(VII) is highly
mobile as pertechnetate ion TcO−

4 , while Tc(IV) has been found to precipitate as TcO2, or to be
incorporated, e.g., in magnetite and other spinel-type minerals [11–13]. The oxidation state can be
deduced from dedicated experiments such as XANES (X-ray absorption near-edge structure)
spectroscopy [14]. Experimentally, transitions from Tc(VII) to Tc(IV) have been observed for
various reductive systems [15] leading to an immobilization and assumed safe storage of nuclear
waste. The most stable form for Tc waste is a vitrified waste product (glass). However, this
form is still sensitive to re-oxidation [16] and, hence, re-mobilization. Therefore, mechanisms of
stable incorporation are investigated, e.g., the presence of Fe(II) oxalate as glass melt additive
has been shown to increase the retention [17]. As a U decay product in the SNF rods, Tc forms
metallic inclusions [18] within the fuel at grain boundaries [19].
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Plutonium (Pu) is another radioactive element. It is used in nuclear fuel by up to 30 % in
combination with uranium, commonly in a mixed oxide (MOX) form. For the generation of
electricity, the main fissile isotopes of Pu are 239Pu (t1/2 = 2.4 × 104 a [10]), 240Pu (t1/2 = 6.6 ×
103 a [10]), and 242Pu (t1/2 = 3.73 × 105 a [10]), that can sustain a thermal chain reaction. On
the other hand, this chain reaction of especially 239Pu can be used for military applications
such as nuclear weapons. The release of Pu by above-ground nuclear weapon tests, nuclear
reactor failures as well as incomplete re-processing of SNF [20,21] causes contamination of the
environment. Moreover, inside the most common type of nuclear reactor utilizing pressurized
water, Pu was also found as a surface contamination in the primary circuit [22]. This further
complicates reprocessing and extends the amount of nuclear waste.

Initially, the SNF contains a significant inventory of Pu. E.g., 40 years after the SNF is dis-
charged from the reactor, the Pu nuclides cause approximately 15 % of the total radiation. Yet,
PuO2 accounts for only about 0.01 % of the material. [23] Furthermore, Pu nuclides can develop
over time by radioactive decay of other nuclides. E.g., 239Pu is a decay product of 238U and
can accumulate over time especially at the rim regions of the SNF rods [19]. As redox-sensitive
element with common oxidation states ranging from Pu(III) to Pu(VI), its solubility and mobil-
ity depend on the environmental conditions. Pu(IV) has been found to have a lower solubility
than the other oxidation states [24]. The reduced mobility is thereby supported by reducing con-
ditions, e.g., due to the anoxic corrosion of Fe and/or the presence of reduction agents such as
Fe(II). Accordingly, controlling the redox state controls in turn the amount of dissolved Pu [25].

1.3 Relevance of magnetite

Magnetite is a mixed Fe(II)/Fe(III) oxide and abundant in the subsurface. It participates in
many environmentally relevant reactions. In these, it acts as redox buffer in geochemical sys-
tems alongside other iron bearing minerals such as wüstite, maghemite and hematite. More-
over, magnetite enables redox controlled interfacial reactions. E.g., the transformation of green
rust to magnetite might enable the production of hydroxyl radicals and lead to a strong degra-
dation of organic pollutants [26]. Moreover, magnetite contributes to the redox transformation
of metal and semi-metal pollutants that are discussed in more detail in the next section. Other
environmentally important reactions include the repeated cycling of Fe(II) oxidation and Fe(III)
reduction in microbial environments [27] or the denitrification at the interface between different
clayey and crystalline Fe sediments [28].

Apart from naturally occurring magnetite, this iron oxide can be a result of corrosion, too. The
corrosion of iron or Fe-steel is a known problem in technology. Depending on the environmen-
tal conditions and the type of steel, different iron (hydr)oxides can form. Mild steel, e.g., is one
of the most commonly used steel types with applications from the production of vehicle frames
to cookware. Corrosion forming thin films has been observed by hydrothermal electrolysis ex-
periments in alkaline solution. These thin films have been found to consist mainly of magnetite
and can effectively minimize or even prevent further corrosion of the mild steel. [29] Moreover,
the amount [30] and rate [31] of corrosion is increased by increased salinity. Furthermore, the
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amount of available oxygen is an important factor in the speciation of the corrosion products.
E.g., while in oxic water the main corrosion products are ferric hydroxides (Fe(OH)3), under
low-oxygen conditions magnetite is the main corrosion product [32].

In the geological disposal of radioactive waste, the anoxic corrosion of carbon steel canisters
forms – among other Fe(III) minerals [33] – mostly magnetite (Equation 1.1 [1,5]). Over time,
the magnetite transforms to the thermodynamically more stable fully oxidized Fe2O3 in its α-
(hematite) or γ-polymorph (maghemite) (Equation 1.2).

3 Fe(s) + 4 H2O(l) → Fe3O4(s) + 4 H2(g) (1.1)

4 Fe3O4(s) + O2(g) + x H2O(l) → 6 Fe2O3 · x H2O(s) (1.2)

The magnetite crystal structure belongs to the inverse-spinel type. Normal spinels follow the
chemical formula AB2X4, where A and B signify cationic and X an anionic species. The anions
– oxygen (O2−) for instance – are arranged in a cubic close-packed lattice forming octahedral
and tetrahedral coordination sites for the cations. Per formula unit, there are four octahedral
and eight tetrahedral sites available. In a normal spinel, one eight of the tetrahedral sites are
occupied by the A cations with oxidation state (II), and half of the octahedral sites are occupied
by the B cations with an oxidation state (III).

In an inverse spinel such as magnetite (Figure 1.2), the same octahedral sites are half-filled
by A(II) cations – in magnetite Fe(II) –, the other half is filled by B(III) cations – in magnetite
Fe(III). Furthermore, the tetrahedral sites occupied in a normal spinel are occupied by B(III)
cations, in magnetite Fe(III). This altered arrangement of di- and trivalent cations with a specific
arrangement of the electronic spin leads to special electronic and magnetic properties. In fact,
magnetite is the oldest known magnetic material to mankind.

FIGURE 1.2: Unit cell of magnetite [34] depicting the crystal structure, projection
along [111]. The red spheres represent oxygen anions forming the basic cubic
close-package lattice. With the corresponding polyhedra, octahedrally coordi-
nated Fe are depicted in blue, tetrahedrally coordinated Fe in orange. Atomic
sizes are adapted for visualization. The same color scheme is found throughout

the thesis.
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Due to the variable arrangement of cations in the spinel structure, ion exchange and, hence,
immobilization of incorporated ions is possible. Moreover, this is especially true for inverse
spinels (magnetite), where the presence of di- and trivalent ions (Fe) in the octahedral sites
allows for an adaptation to changing charge due to the insertion of higher valent cations, too.
Furthermore, spinels in general have a high stability, at high temperatures, too. Therefore, e.g.,
they can be used during the vitrification process of radioactive waste as entrapment [35].

1.4 Interaction of magnetite with toxic metal cations

Many hazardous metals have been shown to interact with magnetite allowing for a retention
and separation from the environment. This includes toxic metals as well as radioactive el-
ements relevant in the repository context. Thereby, the interaction of magnetite with these
heavy metals is dominated by three phenomena.

First, magnetite has been show to cause a reduction of the valence state transforming, e.g., the
toxic antimony from Sb(V) to Sb(III) [36] or highly mobile pertechnetate (TcO−

4 ) as Tc(VII) to the
low-soluble form of Tc(IV) [11,37]. Other examples of these reductive capacities of magnetite in-
clude the reduction of uranium (U(VI) to U(IV)) [38–45] and plutonium (Pu(V) to Pu(III)) [24,46,47].
The corresponding oxidation reaction is provided by the oxidation of Fe(II) to Fe(III) [48] and
can be carried out by Fe(II) in equilibrium in solution or in the octahedrally coordinated Fe
sites in the magnetite structure. Furthermore, the oxidation of Fe in magnetite can lead to a
transformation to maghemite [49].

Second, the (reduced) metal cations can be sorbed at magnetite surfaces as has been shown,
e.g., for Cs, Sr, Th, Co, Eu, and Ce with increasing effectivity along this order forming sorption
complexes [50–52]. The identification of their structure tends to be difficult, but X-ray absorption
spectroscopy (XAS) is a valuable tool in investigating the local atomic structure. E.g., for Se
– a pollutant in wastewater as well as daughter radionuclide of U – the sorption mechanism
proposed by XAS first follows a monodentate sorption complex to one oxygen anion as part
of an FeO6 octahedron at the magnetite surface. Consecutively, a further reduction with the
growth of Se(0) nanowires [49] or the stronger sorption as bidentate sorption complex [53] are
possible. Moreover, sorption complexes with three connections to surface-oxygen (tridentate
sorption complexes) were proposed for Am and Eu [54], As [55–58], Sb [36], and Pu [24,59]. From XAS
analysis, it is proposed that some of these tridentate sorption complexes are located at edge-
connected FeO6 octahedra. This structural composition resembles the octahedral termination
of the magnetite (111) surface which is expected to act as sorption basis for TcO6 dimers [11,60],
too. In many cases including Tc and Pu sorption complexes, the confirmation of these local
structures at the atomistic scale does not exist yet. Atomistic simulations complimenting the
XAS experiments can resolve the geometrical relations also beyond this first coordination by
FeO6 octahedra.

Third, a structural incorporation of toxic metal cations into the magnetite crystal structure is
possible. For larger cations such as U [61] or Pu [59], incorporation seems to occur mostly as a
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result of co-precipitation, i.e., when magnetite is synthesized in presence of dissolved radionu-
clides. However, this leads to a more distorted coordination environment [59] and a less stable
structure. In terms of (simulated) ageing, these large cations tend to be expelled from the mag-
netite crystal structure and get sorbed to the magnetite surface as in case of Pu [59] or possibly
released into the surrounding solution as in case of U [61]. On the other hand, coprecipitation
and coupled incorporation have been shown to work effectively for cations similar in size to
the Fe cation, such as octahedrally coordinated Tc(IV) [62]. In case of incorporation, it is ex-
pected that the radionuclide replaces an octahedrally coordinated Fe cation [11,45,59] leading to
solid solutions. The newly incorporated cation can disturb the charge balance of the system.
E.g., the incorporation of Tc(IV) into the magnetite structure causes an excess of positive charge
compared to the initial Fe(II) or Fe(III) cations. It is not understood, yet, how the charge com-
pensation is achieved alongside the substitution. Overall, the stable structural incorporation
via formation of solid solutions is expected to be the most effective retention mechanism in
the long run. Beyond that, the magnetite crystal structure may be partly transformed to new
mineral phases such as FeSe in nanoparticulate form [63].

As was shown above, these three phenomena dominating the interaction of magnetite with
radionuclides can also occur in several steps within the same system. E.g., Se has been shown
to first get reduced from Se(VI) to Se(IV) in presence of magnetite [49] or its precursor phases
such as green rust [63] and gets sorbed subsequently. Another example is, first, the reduction of
U(VI) to U(V) in close proximity to the magnetite surface and, second, sorption to it. Further
reduction leads to the formation of insoluble U(IV)O2

[44,64]. The ratio of Fe(II)/Fe(III) may lead
to a dominance of one or the other structure [40]. Similarly, as was identified by Yalçıntaş et
al. [11], two reduced Tc species – one sorbed, one incorporated – can occur simultaneously and
the predominance of one or the other product may depend on environmental conditions such
as Eh and pH. Hence, as in an experimental setup several signals may overlap, a clear identi-
fication of the respective structures can be supported by atomistic simulations of the various
crystal structures and the comparison with their corresponding (theoretical) XAS spectra.

1.5 Research objectives and scientific questions

The understanding of the magnetite surface, its termination and speciation such as proto-
nation state, is of fundamental importance to investigate possible interaction and retention
mechanisms of radionuclides. In the majority of studies conducted previously around the
world [65–68], magnetite surfaces used to be investigated under well-defined vacuum and at
low temperature. Based on these, the interaction with single molecules were studied [69,70].
However, such specific laboratory conditions are very different from a natural environment
including the presence of solvents and dissolved ions. Moreover, environmental parameters
such as temperature, hydrogen potential (pH), and redox potential (Eh) most likely influence
the surface speciation. This results in an alteration of the surface and leads to a different start-
ing point for chemical reactions. Hence, for this PhD thesis, the most commonly observed (111)
surface of magnetite was investigated and a special focus was given to the stability of different
surface terminations over a wide range of environmental conditions.
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Another gap in the present understanding is the stability and formation of magnetite nanopar-
ticles (MNPs) as smallest self-contained unit. Previous studies investigating MNPs found pre-
cipitated, i.e., experimentally produced, nanoparticles commonly in a size range of mean diam-
eters from 6 nm to 10 nm or larger [71,72]. However, by even smaller particles that are conceivable
as corrosion products, a different behavior can be expected due to the increased ratio of sur-
face to volume of the bulk portion of the particles [73]. Moreover, the nanoparticles could be a
better representation of non-idealized surfaces due to additional structural features. The avail-
ability of edges and vertices of the MNPs provides different sites and enables different sorption
mechanisms. Moreover, the interaction with solvents may be different due to these geometrical
features. The investigation of all of these factors requires a detailed knowledge about the shape
and size of the particles and can be used as basis for thermodynamic calculations.

The detailed investigation of the magnetite-radionuclide interaction remains a challenging
task. On the one hand, experimental approaches face the question of safety while working
with radioactive substances as well as a commonly limited spacial resolution and identifica-
tion of structural geometry. On the other hand, computational approaches require a solid basis
in terms of reliable computational parameters to perform meaningful atomistic simulations. In
this PhD thesis, sensible setups for the open-source CP2K code were developed to both inves-
tigate Tc(IV) and Pu(III) under the expected repository conditions.

Following up for Tc, the precipitation on magnetite and the following incorporation have been
shown experimentally [11]. Recent computational studies investigated possible TcO2 · xH2O
precipitation products at the surface [60] or studied the Tc incorporation at the magnetite (001)
surface [74]. However, the investigation of the incorporation at the dominant (111) magnetite
surface has not been studied, yet. Furthermore, the incorporation of Tc(IV) in magnetite replac-
ing an octahedrally coordinated Fe cation leaves an important question: Although the ionic
radii match perfectly between Fe(III) and Tc(IV) in octahedral coordination [75], the substitu-
tion provokes a charge imbalance. Based on thermodynamic considerations, the formation of
a vacancy alongside the substitution is proposed as charge compensation. In the proposed
scenario [76], one Tc(IV) replaces two Fe(II) in edge-connected FeO6 octahedra. However, the
confirmation of this specific crystal structure considering the effect on the surrounding mag-
netite crystal structure remains unknown.

For the interaction of Pu with magnetite resulting in a retaining complex, a tridentate sorption
complex is proposed. From the analysis of experimental EXAFS data [24,59], the sorption com-
plex is expected to be positioned at three edge-sharing FeO6 octahedra. As these are part of the
magnetite (111) surface with octahedral coordination, this is the expected location and, in turn,
another confirmation of this magnetite surface speciation. However, so far only few coordina-
tion shells were taken into account to resolve the atomic structure. Following the aforemen-
tioned development of a reasonable computational setup, the proposed sorption complex was
investigated in the present thesis, shedding light on the resulting local geometry.
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1.6 Methods and approach

1.6.1 Atomistic simulations

To understand the structure, stability and interaction of materials, an investigation at an atom-
istic level can be very helpful. Fundamentally [77], the time-independent Schrödinger equation
(Equation 1.3) needs to be solved, where Ĥ is the Hamilton operator of the system. Ĥ accounts
for all interactions between N electrons and M nuclei in the system, ψ is the corresponding
wave function. The Hamilton operator accounts for the interactions based on the kinetic and
potential energies of the present particles and, if only the initial state is considered, the term ab
initio – based on first-principles – is commonly used.

Ĥψ = Eψ (1.3)

The solution of this eigenvalue equation yields the total energies of the system, E, the lowest
among them is referred to as ground-state of the system. However, the analytical solution can
be achieved only for simple systems such as the hydrogen atom, definitely not for complex
systems including many electrons.

Several approximations have been made, one of the most famous is the Born-Oppenheimer
approximation. It conceptually relies on the very different masses of the particles, i.e., in the
lightest element hydrogen, the nucleus – one proton – is about 1836 times heavier than the
electron and it will move much slower than the electron. Hence, in the Born-Oppenheimer
approximation, the equations of motion of electrons and nuclei are separated and are assumed
to result in the ground state for atomic cores and electrons at each moment of time.

In the Hartree-Fock approach, the wave functions of many-body systems are approximated
as antisymmetric product (Slater determinant) of one-electron wave functions. Moreover, the
electrons are not considered to interact explicitly with one another, rather they interact with the
mean electrostatic field caused by the sum of all electrons (mean-field approach). The number
of possibly considered electrons, i.e., the investigated system size, can be increased by this
approximation of the wave-function. Hence, the Hartree-Fock method is a powerful tool to
simulate small molecules. However, the computational costs scale as N4 with the number of
electrons, making calculations for large system prohibitively expensive.

Density functional theory (DFT) is in this way a popular ab initio method from a quantum-
chemical point-of-view. It is used commonly for condensed matter simulations due to its com-
putational efficiency. The electrons of the system are approximated by their density as system-
specific quantity. DFT also incorporates the exchange-correlation, including electron-electron
interactions beyond the classical Coulombic repulsion (exchange) as well as the energy differ-
ence between exact kinetic energy and kinetic energy of the electronic density (correlation).
However, the exact description of the exchange-correlation as functional is not available and
cannot be applied in simulations. Hence, various approximations have been used. Among
them is the generalized gradient approach (GGA) which is used as basis for this thesis. Specif-
ically the PBE functional developed by Perdew, Burke and Ernzerhof [78,79] is applied.
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However, conventional DFT tends to fail in the approximation for systems containing d- and
f -electrons, as these electrons are strongly correlated and more localized. A common related
problem is the identification of materials to be conductors, although they show semi-conducting
or insulating behavior in reality. These materials are called Mott-insulators [80]. This phe-
nomenon can concern materials containing transition metal elements such as Fe and Tc as well
as actinides such as Pu. To overcome this issue, a standard method is the introduction of an
additional Hubbard parameter U [81] to correct the electronic state of the localized electronic
states. As shown in Equation 1.4, the conventional DFT energy, EDFT, is corrected by another
term including on-site Coulomb repulsion, U, and the screened exchange energy, J. ρσ refers
to the spin-dependent d- or f -orbital occupation matrix, respectively. The main DFT computer
code used for this thesis is the CP2K code [82], which has the DFT+U method implemented.

EDFT+U = EDFT +
U − J

2 ∑
σ

Tr[ρσ − ρσρσ] (1.4)

The DFT+U method has been recently proven as an effective ab initio method in the prediction
of radioactive waste materials [83]. The high influence of the U parameter has been shown in
both studies on lanthanide monazites [84] as well as pyrochlores and monazite-like ceramics
including actinides [85].

The value of the U parameter has only limited transferability between codes and systems, as
several points can possibly influence its value:

• the implementation in the code in relation to existing algorithms

• the element type

• the oxidation state

• the coordination environment with type and number of ligand.

Consequently, there needs to be vigorous benchmarking in determining the parameter value
with regard to the system of interest.

In a previous study in our research group using CP2K [86], a suitable U value had been found
and validated for octahedrally coordinated Fe(II) and Fe(III) occurring in the iron oxides wüstite
and hematite, respectively. With regard to magnetite, the transferability for the similar, octa-
hedrally coordinated mixed Fe(II/III) can be assumed. However, for the tetrahedrally coor-
dinated Fe(III) a confirmation was required [87] and is now present in the thesis at hand. Ac-
cordingly, for the Tc and Pu species relevant in the context of this thesis, the determination of
a useful U value was necessary. Moreover, recently new basis sets and corresponding pseudo-
potentials were published for actinides [88] and were tested in this way.

With Equation 1.3, the lowest energy state of a system can be approximated signifying the sta-
ble electronic and, in turn, structural configuration. However, to study an interaction of materi-
als over time, i.e., several possible and potentially consecutive positions of atoms, other meth-
ods must be employed. The most common method is molecular dynamics (MD) simulations
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capturing the subsequent movement of atoms (trajectory). Following an iterative algorithm,
the next position of each atom is calculated based on the previous step. The corresponding
change of position is calculated based on forces applied to this atom at the previous step fol-
lowing Newton’s mechanics. The approximation of these forces can be conducted based on
empirical forces, i.a. Coulombic attraction or repulsion and Lennard-Jones potentials, as com-
bined in force-fields. The corresponding MD approach is referred to as classical MD and is
especially useful to study surface-solvent interactions with low computational costs. However,
to improve the accuracy and allow for a detailed investigation of the chemical bond structure,
the electronic exchange-correlation interactions can be taken into account in a combination of
MD simulations and DFT simulations. In these so-called ab initio MD (AIMD) simulations, the
forces affecting each atomic position are obtained by a DFT optimization at each step.

1.6.2 X-ray absorption spectroscopy

FIGURE 1.3: Signals of X-ray absorption spectroscopy (XAS). The incoming X-
ray photons can excite core-level electrons; these photo-electrons can be scat-
tered at the electron shells of surrounding atoms producing an element- and
coordination-specific absorption spectrum with distinct interference oscillations

(XANES/(E)XAFS) [89].

The identification of the atomic configuration at hand is of utmost importance to make predic-
tions about the long-term stability of the complexes and possible further chemical reactions.
The local crystal structure can be investigated by the powerful method of X-ray absorption
spectroscopy (XAS) usually conducted at synchrotron radiation facilities.

XAS relies on the principle (Figure 1.3), that photons in the X-ray range can be absorbed by
atoms and, thereby, excite core-level electrons to an unoccupied state (XANES) or continuum
(EXAFS), depending on the exciting photon energy. The emitted photo-electrons can interact
with electrons at atoms in the vicinity of the absorber atom, e.g., by getting scattered. XAS can
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be divided into two methods: XANES (X-ray absorption near-edge structure) spectroscopy is
focused on the absorption process itself. From XANES measurements, information about the
absorber atom can be obtained as the absorption energy is connected to the individual electron
shells reflected in absorption edges. Hence, the energy where the XANES edge rises is highly
element-specific, but is modulated by the oxidation state of the element. However, the XANES
signal is further modulated by multiple scattering of the photo-electron by neighboring atoms.
Therefore, the interpretation of the oxidation state of an unknown sample requires the avail-
ability of well-defined reference samples. These reference samples represent ideal oxidation
states of the element of interest as well as a similar coordination geometry. Another challenge
lies in the preservation of ionic species with reduced oxidation states instable under atmo-
spheric conditions. Especially for samples prepared under anoxic conditions in a glovebox, the
storage and transport to the synchrotron can be challenging. A contact with air and the inher-
ent oxygen may alter the oxidation state of the absorber element and falsify the experimental
results.

The investigation of scattering events and interference of the electron waves is conducted by the
method of EXAFS (extended X-ray absorption fine structure) spectroscopy. In the subsequent
analysis, information about the atomic environment around the absorber atom can be obtained
up to a few angstrom (Å) from the photo-absorbing atom. This includes the elemental species of
the neighbors, their number (coordination number, CN) as well as the distance to the absorber
(r). Furthermore, the degree of (dis-)order of each coordination shell can be identified (Debye-
Waller factor, σ2). It is to be noted, though, that although the distance can be determined
reliably up to 0.01 Å, the estimation of the CN may vary by up to 25 %. However, for rigid
systems such as crystalline iron minerals, it provides a meaningful estimation of the crystal
structure. This thesis focuses on EXAFS, as the coordination environment and possible local
geometries can be revealed.

To obtain high-quality EXAFS data, synchrotron radiation as high-energy, high-flux, high-
coherence photon source is required. Depending on the scientific question and investigated
materials, dedicated instruments are needed to perform experiments successfully [90]. Comple-
mentary to experiments, computer software such as FEFF [91–93] can be used to model EXAFS
spectra. The simulation of these spectra is based on a possibly relevant crystal structure. More-
over, parameters such as the expected radius of back-scattering around the absorber and the
Debye-Waller factor need to be provided. In a following step, the comparison between theo-
retical spectra with experimental ones can be used to identify the prevalent atomic order and
crystal structure.

1.7 Relevance and impact

This thesis provides reliable parameters for the atomistic simulation of magnetite, plutonium
and technetium. In this way, it contributes to the in-depth understanding of selected molecular-
level aspects of the disposal of radioactive waste and relevant crystal structures. Beyond the
deep geological disposal of radioactive waste, the methodologies developed in this thesis can
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be transferred to a wide range of topics of environmental and economic impact like geochem-
istry and materials science.

These include magnetite as common mineral in the subsurface together with other Fe minerals
such as hematite, goethite and siderite. The ensemble of iron minerals of various oxidation
states can react and adapt to changing environmental conditions and contributes to maintain
a geochemical equilibrium. Moreover, studying the properties of magnetite can be of high
economical importance including the formation as steel corrosion product as significant topic.
Furthermore from a mining perspective, magnetite deposits commonly from high-Fe melts [94]

are globally not only the second largest resource of Fe. They may include critical resources such
as rare-earth elements needed for modern technology, too.

The crystal structure of magnetite can serve as host-matrix for various metals, be them scarce
and commercially important and/or toxic and harmful to the living environment. The basis for
possible substitution is the availability of different coordination sites. The inherent presence of
Fe(II) and Fe(III) allows for an adaptation to changing environmental conditions and resilience
in close-contact to higher valence state ions. This allows for stable incorporation structures of,
e.g., Ti(IV) in magnetite contributing to a range of stable solid solutions, so-called titanomag-
netites [95]. Moreover, magnetite nanoparticles have been shown to act as effective reduction
and retention agents for heavy metals (e.g., As, Cr, Sb, Se) and organic pollutants from waste-
waters. Furthermore, the purification of drinking water using magnetite (nano-) particles is
easy and does not require complicated technical setups. The inherent magnetic properties al-
low for an simple separation of the contaminants, too, and this drinking water purification
method allows for a cost-effective way to improve the health and life quality of living beings.
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1.8 Structure of the thesis

The introduction to the subject of the thesis is given in chapter 1. The background of the studied
system, relevant chemical compounds and the modeling approach are highlighted.

The magnetite crystal structure, magnetite (111) surface terminations relevant under environ-
mental conditions and the development of a corresponding reasonable simulation setup are
focused on in chapter 2. These findings were published in Environmental Science & Technology
(DOI: 10.1021/acs.est.3c07202).

In chapter 3, octahedral magnetite nanoparticles are investigated in a logical consequence of
the previous results. These findings were published in Environmental Science & Technology (DOI:
10.1021/acs.est.4c06531).

The development of a computational description (DFT+U) for octahedrally coordinated Tc(IV)
is focused on in chapter 4. Further, mechanisms of structural incorporation are investigated.
The corresponding manuscript has been submitted to Environmental Science & Technology.

The development of a computational description in the DFT+U scheme for Pu(III) and an in-
vestigation regarding the sorption at the magnetite (111) surface are presented in chapter 5. A
corresponding manuscript is currently in preparation.

In chapter 6, the findings of the thesis are concluded. Moreover, an outlook regarding further
scientific questions is presented.
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Abstract

Magnetite is a common mixed Fe(II,III) iron oxide in mineral deposits and the product of
(anaerobic) iron corrosion. In various Earth systems, magnetite surfaces participate in sur-
face mediated redox reactions. The reactivity and redox properties of the magnetite surface
depend on the surface speciation, which varies with the environmental conditions. In this
study, Kohn-Sham density functional theory (DFT+U method) was used to examine the sta-
bility and speciation of the prevalent magnetite crystal face {111} in a wide range of pH and
Eh conditions. The simulations reveal that oxidation state and speciation of the surface de-
pend strongly on imposed redox conditions and, in general, may differ from those of the bulk
state. Corresponding predominance phase diagrams for the surface speciation and structure
were calculated from first principles. Further, classical molecular dynamics (MD) simulations
were conducted investigating the mobility of water near the magnetite surface. The obtained
knowledge of surface structure and oxidation state of iron is essential for modeling retention
of redox-sensitive nuclides.

2.1 Introduction

Magnetite as mixed Fe(II)/Fe(III) oxide participates alongside other iron minerals in many re-
dox reactions. These include the possible CO2 storage in glauconite with conversion to siderite
and magnetite [1] or the chemo-denitrification by Fe(II) bearing minerals [2,3]. Further, the com-
plete redox cycling of different Fe minerals under the presence of Fe redox bacteria could be
shown [4,5] suggesting a similar behavior in the seasonal redox cycling in soils and sediments.
Another example from the biogeochemical cycle is the combination of Fe minerals and humic
substances with the inherent electron transfer [6], e.g., allowing for enhanced or suppressed
methanogenesis depending on the mineral [7]. Moreover, Fe compounds play an important
role in the retention of contaminants. In the subsurface under anoxic conditions, halogenated
organic compounds were reductively degraded especially by Fe(II) bearing minerals such as
green rust, siderite, pyrite, and magnetite [8–12]. Moreover, in sewage sulfide decrease was
found to be more effective by Fe minerals compared to Fe salts [13]. The immobilization of
heavy metals such as Se is another important application of subsurface Fe minerals and was
successfully shown, e.g., for green rust, siderite, mackinawite, and magnetite [14–17]. Further,
As in aqueous solutions was shown to be removed by mixed iron oxides in recycled Ni smelter
slag [18] combining two waste materials.

While many of these examples focus on the interaction of naturally occurring iron minerals,
magnetite also forms by iron or steel corrosion. In several countries, including Switzerland,
thick wall steel casks are foreseen for the geological storage of nuclear waste in underground
clay formations [19]. In contact with pore water, the steel casks are expected to corrode forming
mixed iron oxides, mainly magnetite (Fe3O4) [20]. Eventually after several hundreds to thou-
sands of years, the canisters may breach potentially enabling access of groundwater to the
radionuclides of the waste matrix. However, the corrosion products are expected to provide
a significant contribution to the retention of the radionuclides. The extent of this interaction
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depends on the speciation and the surface structure of the corrosion products and, to the best
of our knowledge, the identification of structure and stability of the magnetite surface remains
challenging.

Magnetite belongs to the inverse spinel structural type (space group Fd3̄m) with the tetrahe-
dral sites occupied by ferric iron (Fe3+) and octahedral sites occupied by equal amounts of
ferric and ferrous iron (Fe2+). In order to investigate the interaction of magnetite with possible
radionuclides, a suitable description of the surface is crucial. As face-centered cubic structure,
the {111} facets yield a lower surface energy than {100} and {110} facets [21,22] and are, hence,
more stable in long-term experiments. The {111} facet has six structurally different surface ter-
minations (Figure 2.1). Two of these terminations show complete monolayers (ML) of oxygen
(O1 and O2), i.e., in a hexagonal unit cell [23] there are four O2− per layer, that enclose a 3

4 ML of
octahedrally coordinated iron (Feoct1). Further, a sandwich-like structure of two tetrahedrally
coordinated iron layers (Fetet1 and Fetet2) around an octahedrally coordinated iron layer (Feoct2)
is found; each of these three layers covers 1

4 ML.

The pristine {111} surface has been investigated extensively using both experimental as well as
theoretical approaches such as the generalized gradient approach of density functional theory
(DFT) with Hubbard U correction [24] (GGA+U) as we applied it in our study. Generally, the
Fetet1 termination was found to be the most stable over a wide range of redox conditions [24–29],
while at very low oxygen potentials the Feoct2 termination and under strongly oxidizing con-
ditions the O1 terminated surface prevail [23,30–33]. In theoretical studies on the {111} magnetite
surface, usually a slab of a limited number of layers is used keeping the computational ex-
penses to a reasonable amount. One of the first studies in this regard was conducted by Ahd-
joudj et al. [25] who applied Hartree-Fock simulations of few-layer slabs in vacuum favoring
symmetric slabs. Considering the electronic properties, Berdunov et al. [32] suggest a hybridiza-
tion between the O1 and Feoct1 orbitals resulting in conductivity at the surface. Contrasting
under vacuum, Jordan et al. [34] report a band gap of ≈ 0.2 eV and a half-metallic character due
to the t2g band being located near the Fermi energy and occupied by spin-down electrons in
octahedrally coordinated iron cations.

Based on the preferential stability of Fetet1 and Feoct2 terminations, most studies focus on the
sorption of individual and small molecules such as CO2

[35] or formic acid [36–38]. Further, the
interaction with water molecules has been studied such as the coverage dependent water disso-
ciation [39,40] and the following chemi- and physisorption of OH groups on the pristine Fetet1 ter-
mination [41–49]. Contrasting the preference for the Fetet1 termination under vacuum, some com-
putational studies proclaim the Feoct2 termination to be more active chemically [50] leading to
more dissociation [51]. Closer to environmental systems, Petitto et al. [52] conducted X-ray crystal
truncation rod (CTR) diffraction under ambient conditions (hydrated and circum-neutral pH)
of the {111} surface of a commercial magnetite crystal after wet chemical mechanical polishing
(CMP). They observed the occurrence of hydro-oxo terminated surfaces corresponding to 75 %
O1 and 25 % O2-Feoct2 termination. The latter are expected to be less stable due to the missing
Fetet2 layer.
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The surface speciation controls the mechanism of surface processes, which are important in
safety and environmental considerations, e.g., regarding pH or the (non-) availability of oxy-
gen. In this regard, several studies investigated the interaction of heavy metal ions with mag-
netite surfaces. Magnetite was shown to act successfully as reduction agent for heavy or even
radioactive metals (e.g., Sb [53], Tc [54], U [55–60], Pu [61–63]) often resulting in less soluble products.
Hence, magnetite efficiently contributes to the immobilization of these hazardous elements.
The reduction of the heavy metal cations is thereby accompanied by the oxidation of Fe(II) to
Fe(III) [64] either as octahedrally coordinated Fe cations in the magnetite crystal structure or in
equilibrium in solution. (Reduced) metal species can be sorbed strongly and even further re-
duced, e.g. as proposed by Pan et al. [60] for U. Furthermore, most experimental studies favor
an octahedrally terminated surface for sorption, resulting in pH stable bidentate (Se [17], Cr and
Pb [65]) or tridentate complexes (As [66–69], Sb [53], Pu [62,70]) expected at the (H)-O1 termination.
Similar to the latter are Tc-Tc-dimers as suggested by Yalçıntaş et al. [71]. Sorption was shown to
be more effective with higher surface/volume ratio [72] and newly-formed magnetite by steel
corrosion even more effective than commercially available synthetic crystals [73]. Further, even
the incorporation of radionuclides was suggested for Tc [54,71,74] and Pu [70], resulting in a very
stable structure especially for octahedrally coordinated Tc [74] as Tc(IV) and Fe(III) are very close
in ionic radius [75].

The previous studies clearly reveal that the {111} surface plays a central role in the sorption
properties of magnetite. It is also evident that the structural details of the surface termination
are influenced by the chemical conditions. Further, the details of the radionuclide magnetite
interactions can not be fully resolved without understanding the magnetite surface stability at
different conditions. The central aim of this study is to reveal the structure and speciation of
the {111} magnetite surface as function of T, O2, H2O, Eh, and pH, based on the state-of-the-art
methods of computational chemistry. These result should provide the basis to interpretation of
radionuclides uptake on the magnetite {111} surface.

2.2 Materials and Methods

2.2.1 Modeling setup

A cubic magnetite unit cell contains 8 Fe3O4 units. The simulations of the bulk magnetite
structure as model validation were performed using a (3×3×3) supercell. The structure and
cell parameters were optimized using a fully flexible simulation supercell starting with the
experimentally measured lattice constant of 3 × 8.3958(5)Å [76].

The low index {111} surface, investigated in this work, is one of the most common faces ob-
served in the octahedral shape of magnetite nanocrystals [69,77,78] and nanoparticles synthesized
under anoxic conditions [62,63,66,71]. The magnetite {111} face is a type 3 surface according to the
Tasker classification scheme [79] leading to a slab with a dipole moment perpendicular to the
surface. The simulation slabs were made symmetrical to cancel the surface dipole moment,
meaning that the slab has mirror symmetric sequence structural layers on either surface. The
simulated structure consists of three distinctive domains, i.e., two surface regions separated
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by a bulk domain (Figure 2.1). Although the {111} lattice plane has intrinsic hexagonal sym-
metry [23], an orthorhombic supercell was applied for the sake of computational performance.
The surface was, thus, modeled using a 23.69 Å by 20.52 Å orthorhombic lattice. The third cell
dimension was set to 54.04 Å allowing for a 40 Å domain filled with vacuum between periodic
images of the simulation slab.

FIGURE 2.1: Left: Side view of different layers of magnetite in {111} direction. Fe
in octahedral (oct, blue) or tetrahedral (tet, orange) coordination are surrounded
by O (red). Right: oct1_out2.5 as example of simulation slab with distinctive bulk

and surface sections.

Considering layer-like arrangement of iron and oxygen atoms parallel to the {111} lattice plane,
six structurally different surface terminations can be envisaged (Figure 2.1). The current study
is focused on magnetite surface stability in natural environment, in which the bare Fe-terminations
of the surface are not expected to be stable. Therefore, only surface terminations saturated with
oxygen atoms, OH and H2O surface groups were considered. The four terminations investi-
gated in this work are referred to as oct1, oct2, tet1, tet2 corresponding to the out-most lying
octahedral and tetrahedral coordinated iron sites, respectively.

In natural systems, surface Fe2+ and Fe3+ sites can be involved in oxidation and reduction re-
actions, respectively. It is assumed that in presence of water the oxidation/reduction reactions
are accompanied by protonation/deprotonation of the surfaces sites. Since magnetite is a con-
ducting material, it is, hence, expected that magnetite surfaces should not build up permanent
surface charge in the course of redox reactions or surface hydrolysis. Accordingly, all the sim-
ulations were performed for charge neutral periodic slabs representing different terminations
of the magnetite surface in which protons were added to surface oxygen sites to maintain the
desired oxidation state and the stoichiometry of the surface sites.

The system setup for oct1, oct2, tet1, and tet2 termination is illustrated in Supporting Infor-
mation (SI, Figure S2.3 and Figure S2.4). Therein, we investigated relative energies of possible
surface reconstructions depending on external redox conditions. The naming convention fol-
lows "(termination)_out(formal charge)", where "termination" is the outer surface layer type,
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and the "formal charge" is the average oxidation state of the outermost surface layer. For the
tet2 surface, also some of the further oxidations occurring in the underlying Feoct2 layer were
investigated following a respective naming convention ("tet2_out3_oct2_out(formal charge)").
The charge change is verified by the Mulliken charge analysis (Table S2.4 and Table S2.5 in SI).

2.2.2 Ab initio calculations

Simulations conducted in this study comprise the lattice constant optimization, electronic prop-
erties of bulk magnetite, speciation and thermodynamic stability of the {111} magnetite surface
in a wide range of pH and Eh conditions. Spin-polarized crystal structure calculations applying
3D periodic boundary conditions were performed based on Density Functional Theory (DFT)
using the Gaussian Plane Wave (GPW) method as it is implemented in the QUICKSTEP mod-
ule of the open source CP2K code [80,81]. To avoid the explicit consideration of the core electrons
(electronic configuration for iron: [Ne] 3s2 3p6 4s2 3d6, for oxygen: [He] 2s2 2p4), the norm-
conserving scalar-relativistic pseudo-potentials of Goedecker, Teter and Hutter (GTH) [82,83]

were applied. The wave functions of the valence electrons were described by a linear com-
bination of contracted Gaussian-type orbitals using MOLOPT basis sets. [84] An auxiliary basis
set of plane waves was employed to expand the electronic density using an electronic density
cutoff of 600 Ry for the electronic density of states calculation. Prior to the production runs, the
performance of PBE exchange-correlation (XC) functional in the original parametrization [85,86]

and the one tailored for solids and liquids (PBEsol) [87] were tested against structural properties
for magnetite (Table S2.1 in SI).

Conventional DFT is known to underestimate the Coulomb repulsion between the localized
3d-electrons in oxide materials [88–90], also for Fe in iron oxides, e.g., hematite [91]. The so called
DFT+U method was applied [92,93] to improve the description of 3d-electronic states in mag-
netite. The value of the Hubbard parameter implemented in CP2K as Ueff = U − J ranging
from 0.0 eV to 3.8 eV was selected for cross-benchmarking the simulation against known struc-
tural and electronic properties of iron oxides. The best agreement with experimental data was
obtained for Ueff = 1.9 eV, which was also used in the previous investigation of Fe bearing
minerals [94] with iron in octahedral coordination and was used in this study, accordingly. The
initialization of wave functions was performed applying the spin multiplicity of (2S + 1)Fe2+ =
5 for ferrous iron and (2S + 1)Fe3+ = 6 for ferric iron, respectively. Ferric and ferrous irons are
assumed to alternate in the octahedral layer resulting in (2S + 1)Feoct = 5.5 with all spins aligned
up. The tetrahedral sites were considered as spin down.

2.2.3 Surface energy

Depending on the redox conditions, surface iron atoms are expected to participate in oxidation
and reduction reactions. Therefore, the stable oxidation state of surface iron may differ from
the formal oxidation state expected in the magnetite crystal. The energy of {111} magnetite
surfaces for different termination, speciation and oxidation state of the surface iron was calcu-
lated from ab initio geometry optimization with Equation 2.1. A is the surface area and Gf is
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the Gibbs free energy of formation of the slab. Further details for the calculation of the forma-
tion energy Gf are provided in SI. The formation energies of water and magnetite were taken
from standard thermodynamic tables [95]. Moreover, the building components of the volume
material (magnetite (Mag)) and possible components i regarding their number N and chemical
potential µ were considered and the surface energy was expressed as function of oxygen fugac-
ity and water potential (Equation 2.2). The stability of different surfaces as function of redox
condition, proton activity and water potential was calculated and represented using Pourbaix
diagrams (Equation 2.3). A more detailed description for both methods is provided in SI. Due
to the inherent equivalence of both approaches, the Eh-pH-dependent results are discussed in
this manuscript while the fugacity analysis is shown in SI.

Although many more configurations of the possible four surface setups regarding the outmost
Fe layer (oct1, oct2, tet1, tet2) were investigated (Table S2.6 in SI), it was found that only few of
oct1 and tet2 surfaces are dominant based on thermodynamic considerations and, hence, these
are discussed in further detail.

γ =
1

2A
(
Gf − N Ebulk − ∑

i
Ni µi

)
(2.1)

γ =
1
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(
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)
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)
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)
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2.2.4 Classical molecular dynamics (MD) simulations

Molecular dynamics (MD) simulations of the heterogeneous magnetite/water interface on the
previously determined most stable magnetite configurations were performed using LAMMPS
v. 2020 code [96]. The supercell was composed of 4000 H2O molecules and magnetite slabs
of 3040 atoms. The water molecules were modeled using the non-polarizable SPC/E water
model [97] and the magnetite ions were modeled using the potential parameters developed by
Konuk et al. [36]. The SPC/E model provides a middle ground between achieving a high degree
of precision and maintaining computational speed for extensive simulations. More specifically,
the SPC/E water model adequately anticipates various physical properties such as density,
compressibility, self-diffusion coefficients and dielectric constant [98]. The Lorentz Berthelot
combining rule was used to determine the unlike Lennard-Jones parameters [99,100]. The dif-
fusion coefficient of pure water was determined accordingly for 1536 atoms and is in good
agreement with literature [101].

Periodic boundary conditions in all dimensions were applied. The system was equilibrated for
2 ns in the NPzT ensemble with final box dimensions approximately 45.9 Å × 39.8 Å × 78.5 Å.
The geometry of the SPC/E water molecules were held fixed using the rigid body approach [102].
The magnetite atoms (iron and bridging oxygen) were held frozen, utilizing the pre-optimized
coordinates from the previously described ab initio simulations, while the surface hydroxyl
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group atoms were allowed to move. An integration time step of 1 fs was used to ensure energy
conservation. In the equilibration, the temperature was controlled using a Nosé-Hoover ther-
mostat with a relaxation time of 0.1 ps, while the pressure was controlled using an anisotropic
Parrinello-Rahman barostat with a relaxation time of 1 ps. Finally, the production run was
performed in the NVT ensemble using a Nosé-Hoover thermostat with a relaxation time of
0.1 ps, spanning a total duration of 2 ns. The results of the classical MD simulation were used
to evaluate the contribution of water-surface interaction to the surface energy and the water
diffusivity as function of distance to the surface. The obtained interaction energy Eint can be
used to further refine the surface energy according to Equation 2.4.

γ′ = γ + Eint (2.4)

2.3 Results and Discussion

2.3.1 Model validation for magnetite

TABLE 2.1: Band gaps of volume crystal magnetite obtained with the PBE XC
functional with original (PBE) and PBEsol parametrization applying different
Ue f f values. α and β refer to spin up and spin down, respectively. In the lit-
erature, band gaps of ≈1.4 eV for the majority (alpha) spin [103] and 0.1 eV for the

minority (beta) spin [104] have been reported.

Eg(α) [eV] Eg(β) [eV]

PBE (0.0 eV) 0.844 0.045

PBE (1.9 eV) 1.558 0.274

PBE (3.8 eV) 2.048 1.010

PBEsol (0.0 eV) 0.719 0.016

PBEsol (1.9 eV) 1.549 0.172

PBEsol (3.8 eV) 2.057 0.802

The spin dependent projected electronic density of states (PDOS) for bulk magnetite calculated
with PBE and PBEsol parametrization in combination with the different Ueff values are reported
in SI (Figure S2.1). The extracted band gap values are reported in Table 2.1, where α and β

refer to spin up and spin down, respectively. The overall trend of increased band gap with
increased Ueff value is consistent with previous studies [90,94]. Compared to the values of band
gaps reported in literature of around 0.1 eV at room temperature [104], the combination of PBEsol
as parametrization method and Ue f f = 1.9 eV appears to be closest considering that band gaps
decrease slightly with temperature. PDOS for the PBEsol and Ue f f = 1.9 eV (Figure 2.2(a)) is
also similar to the magnetite GGA+U study by Kiejna et al. [105].

Figure 2.2(b) shows the obtained lattice parameters for each Ue f f value and PBE parametriza-
tion including thermal expansion effects [106] (Table S2.1 in SI). A minimum deviation of the
lattice parameters was obtained using the combination of PBEsol parametrization and Ue f f =
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1.9 eV and are below 0.5 % compared to experimental data [107]. Combining these results with
the PDOS and band gap analysis, this combination of parametrization and Ue f f was, hence,
used throughout further computations on magnetite. Further, it is to be noted that the mixed
charge and spin state of the octahedrally coordinated Fe(II,III) were preserved in the simulation
corroborating the validity of our modeling setup (Figure S2.2 in SI).

FIGURE 2.2: (a) Projected density of states (PDOS) of magnetite crystal with Hub-
bard U correction for iron of 1.9 eV using the PBEsol parametrization of the PBE
functional. (b) Averaged lattice parameter obtained at 0 K from geometry op-
timization of bulk magnetite (crosses). Thermal expansion correction [106] was
applied to convert to 298 K (spheres). The dotted/dashed lines were inserted to

guide the eye.

2.3.2 Oxidation state and geometry of stable surfaces

The geometry optimization of the slabs (Figure S2.4 in SI) preserved the general positions of
Fe and O ions of the magnetite structure. However, the adsorbed hydrogen ions tend to re-
arrange forming hydrogen bonds (HB) to the neighboring oxygen and OH groups. Further, as
can be seen for the oct2_out2.5 termination, the HB are formed even to the next underlying O
layer which is facilitated by the (intended) vacancy of Fetet2 underneath the completely filled
O2 layer.

The distances between the Fe and O layers are reported in Table S2.2 and Table S2.3 in SI. Most
notably, the strong decrease in the O-H layer distance is a result of the formation of HB bring-
ing some of the H cations in the same plane as the underlying O layer. Comparing differently
charged terminations of the same kind, a stronger relaxation can be observed for surfaces with
higher Fe cation charge compensating for the higher deviation from the bulk-like interactions.
In other GGA+U studies reported for pristine O-termination [22,23,33,105], the same trend of in-
crease and decrease between the layers have been observed, albeit the relative change between
the atomic layers is much larger. These differences can be explained by important contribution
of hydrogen chemisorption stabilizing the surface structure analyzed in our study.

With the number of adsorbed H and the charge neutrality condition imposed on the entire
system, the effective charge of Fe cations changes (Table S2.4 and Table S2.5 in SI). This change
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can be mainly observed in the minority spin of Fe ions where 0 signifies Fe(III) and 1 represents
Fe(II). It is notable, that oxidation and reduction occurs mostly in the octahedral layers closest to
the surface confirming the labeling, too. A change to higher outmost oxidation of octahedrally
coordinated Fe was also observed in computational studies by Konuk et al. [36], whereas Petitto
et al. [52] argue for mixed Fe(II)/Fe(III) in the octahedral layer. This difference could be caused
by the incomplete filling of expected Fe positions in the experimental study, while our results
are based on the perfect magnetite bulk structure in line with other computational studies.

2.3.3 Surface energy and stability of the magnetite {111} surface

The formation energies of the reaction components and the specific energy of the magnetite
{111} surfaces with different oxidation state of Fe at zero Eh and pH are provided in Table S2.6,
Table S2.7 and Table S2.8 in SI. With this data, the surface energy γ can be expressed as function
of Eh and pH (Equation 2.3) with exemplary results depicted in Figure 2.3. The results of the al-
ternative yet equivalent description as depending on water and oxygen fugacity (Equation 2.2)
can be found in SI.

An increase in temperature leads to a slight decrease of the absolute value of the surface en-
ergies (≈ −0.14 % for 25 K). A shift of the phase stability diagram towards lower Eh (higher
oxygen fugacities) with higher temperature can be observed, this would result only in a slight
change in a surface stability plot. However, the general relationships of the surface energies
relatively to each other remain unchanged.

According to the surface energy calculations within our ab initio setup (without correction of
surface-fluid interaction), oct1_out2.5, several tet2 surfaces and oct1_out3.0 appear energeti-
cally favorable depending on redox conditions. The other investigated surface terminations
(Table S2.6 in SI) result in much higher surface energies and are, hence, not considered for
further discussion here. The corresponding stability diagram for T = 298 K revealing the or-
der of tet2 surfaces is shown in Figure 2.4 (a). The calculated Pourbaix diagram suggests that
under oxidizing conditions the oxidation state of the Fe in the outermost surface layer would
change from bulk-like mixed oxidation of 2.5 to a fully oxidized ferric state in the oct1 surface.
A similar behavior is observed for the tet2 termination. The calculations suggest that at the
repository relevant redox and pH conditions [108] the further oxidized tet2 terminations have
lowest energy.

In contrast to these theoretical calculations, experimental studies of the magnetite surface by
CTR [52] or XAS [53,70,71] under aqueous conditions conclude the prevalence of the oct1 termina-
tion. To explain these apparent differences, several aspects have to be taken into consideration.
First of all, the surface energies for oct1 and tet2 terminations predicted by the ab initio model
are very close and are even within the accuracy of the ab initio simulations. The predicted
small energy difference is in line with the plausible and anticipated co-existence of different
terminations [22,52].
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FIGURE 2.3: Specific surface energy γ as function of Eh for constant pH (4, 7, 10)
and different temperatures (298 K, 323 K and 373 K).
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We estimate the accuracy of the calculated surface energies to be within 0.1× 1021 kJ mol−1 m−2

based upon the deviation of the magnetite lattice parameters (Table S2.1 in SI), and the hydro-
gen atom position, although the PBEsol(+U) approach is already expected to yield closer results
closer to experiments compared to other XC functionals [109,110]. Such an energy difference is
sufficient to favor the stability of the oct1 termination over the tet2 termination. A correspond-
ing stability diagram is shown in Figure 2.4(b). Interestingly, adding the correction term for the
surface -fluid interaction to the surface energy of tet2 would favor the stability of the oct1 over
the tet2 termination, too, as shown in Figure 2.4(c).

For the energetically similar surfaces, the surface stability will strongly depend on the presence
and composition of a solvent and possible ion interaction. Further, the presence and stability
of sorption complexes or another kinetic aspect of the surface site nucleation can favor the
dominance of one or another termination during the growth.

FIGURE 2.4: Surface stability plots of magnetite surfaces at 298 K as function
of Eh and pH. (a) Stability plot based on ab initio data reported in fig. 3, (b)
with penalized energy of tet2 terminations, and (c) with the consideration of the
correction term for surface-water interactions obtained by classical MD simula-
tions (see text for detailed description). In each Pourbaix diagram, the dotted
black box indicates the expected long-term repository conditions in the range of
Eh = −0.1 V to − 0.3 V and pH = 6.9 to 7.9 [108], the dashed line the lower water
stability (production of H2), the dash-dotted line the upper water stability (de-

composition to O2).
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2.3.4 Magnetite water interface

Figure 2.5 depicts the mass density profiles of the water molecules above the chosen surfaces
as obtained with classical MD. Based on these density distributions and their respective local
minima, three water layers were determined, their height (∆z) ranging for the oct1-surface
terminations 1.75 Å to 2.0 Å for layer 1, 3.5 Å to 4.0 Å for layer 2 and 2.5 Å to 4.0 Å for layer 3.
Accordingly, for the tet2-terminations the layers ranged from 1.475 Å to 2.75 Å, 3.25 Å to 4.25 Å
and 3.25 Å to 3.75 Å for layers 1, 2 and 3, respectively. For each layer, the diffusion coefficient
parallel to the surface (x- and y-direction) as well as the residence times of a water molecule are
given in Table 2.2. Further, the radial pair distribution function g(r) (RDF, Figure S2.8) as well
as the coordination numbers (Table S2.9) are reported in SI.

For each surface type, oct1 or tet2, there are only small differences in the MD obtained proper-
ties. The large variance of water mass density layer height could result from the weaker (higher
value of ∆z) to stronger (lower value of ∆z) interaction of the water molecules with the surface
especially observable for the first water layer. The diffusion coefficients within one layer vary
only slightly signifying almost an isotropy parallel to the surface. With increasing height and
layer number, the diffusion coefficient increases indicating weaker specific interaction with the
surface and approaches the diffusion coefficient of bulk water. The strong hydrophilic proper-
ties of the surface is further indicated by a strong decrease of water residence time from layer
1 to layer 3. The lower distance of surface-H and water-O as well as the increased absolute
value in the RDF for oct1_out2.5 and oct1_out3.0 terminations (Figure S2.6 in SI) indicate an
increased acidity and stronger interaction of these surfaces with water compared to the tet2
terminations.

FIGURE 2.5: Mass density profiles of water above chosen oct1 (left) and tet2
(right) surface terminations. The average extent of the water layers (WL 1, WL 2,

WL 3) is depicted as dashed horizontal lines, their deviation as grey bar.



2.3. Results and Discussion 37

TABLE 2.2: Diffusion coefficient D∗ in x- and y-direction normalized to bulk
water (Dbulk = 2.6 × 10−9 m2 s−1) and residence time (rt, in 102 fs) of water
molecules above the chosen oct1 and tet2 terminations in different water layers

(WL 1, WL 2, WL 3).

oct1 tet2

WL out 2.5 2.75 3.0 2.75 3.0 3.0_oct2_2.75 3.0_oct2_3.0

1

D∗
x 0.16 0.09 0.07 0.13 0.09 0.13 0.11

D∗
y 0.14 0.10 0.07 0.12 0.08 0.11 0.11

rt 3.03 3.18 3.23 3.17 2.34 3.41 3.31

2

D∗
x 0.48 0.29 0.30 0.46 0.47 0.46 0.46

D∗
y 0.45 0.30 0.31 0.46 0.47 0.40 0.40

rt 2.50 2.33 2.81 1.86 2.41 2.01 2.03

3

D∗
x 0.68 0.33 0.38 0.60 0.62 0.47 0.53

D∗
y 0.65 0.40 0.40 0.61 0.60 0.54 0.55

rt 0.26 1.66 2.25 1.43 0.77 1.28 1.73

2.3.5 Discussion of experimental findings from the literature

The theoretical prediction of the surface stability is a challenging task as it requires the consider-
ation of different energy contributions related to the cohesive energy, the electronic state of the
ions, and the surface-solvent interaction. These latter factors are often comparable in their am-
plitude and the obtained results are highly sensitive to their relative accuracy. Thus, in absence
of explicit solvent contribution the tetrahedrally terminated surface is favored over the octa-
hedral configuration. The consideration of surface-solvent interaction with pure water solvent
favors the stability of the octahedral configuration. The consideration of the method/model
dependent differences in the surface stability predictions clearly indicates that both stoichiome-
tries and terminations have very close energies, and their relative stability can be affected by
slight variation of boundary conditions (fluid composition, temperature, Eh, pH, etc.). Even-
tually, several configurations and terminations could and should co-exist to enable crystal
growth. It is likely that cation selective adsorption processes may result in stabilization of
specific surface stoichiometry. This aspect, however, goes beyond the scope of this study.

Contrasting with many studies relying on ultra-high vacuum conditions or the low partial pres-
sure/low surface coverage conditions, our computational study deals with hydrated magnetite
{111} surfaces, which remain poorly understood from the experimental and theoretical point of
view. In particular, the interplay between the redox state of the surface Fe cations, the structure
and surface stability is addressed in detail. Petitto et al. [52] conducted an experimental study
in which they applied CMP on a bought magnetite crystal showing {111} facets under wet con-
ditions and observed a terrace structure with AFM hinting at different terminations. Further,
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they measured CTR XRD in a humid helium stream facilitating the full hydration of the surface
and concluded to have obtained a ratio of 75% of purely octahedrally terminated and 25% of
a mixed octahedrally terminated surface. The difference in occurrence was further attributed
to the different stability of the terminations and is in good agreement with our results. Each
termination would include a densely packed oxygen layer on top as expected under these con-
ditions resembling the oct1 and oct2 termination, respectively. However, they refer the missing
Fetet2 cations – for a complete tet2 termination as we report it – to the common occurrence of
the Feoct2 terminated {111} surface under vacuum conditions as they started with a commercial
crystal. Moreover, they observed a contradicting pattern of layer relaxation possibly due to
the real hydrated conditions while we used vacuum over our slabs. This is even more evident
for the less perceived mixed iron terminated surface in their study, where the layers have to
compensate for the missing Fetet2, too. Additionally, a higher stability of the oct1 compared to
the oct2 termination was proposed.

Moreover, the preference of the oct1 termination coincides with adsorption geometries of heavy
metal and radioactive ions on the magnetite {111} surface proposed by XAS studies [53,57,62,70,71]

further validating our results. The obtained structural and thermodynamic data provide a
solid basis for future atomistic modeling of the ion adsorption on the magnetite {111} surface
including surface redox reactions.

2.3.6 Implications for the repository

Although magnetite is the expected main corrosion product in the repository, further mixed
Fe(II,III) minerals including green rust and nontronite, the Fe(II) (hydroxo-) carbonates siderite
and chukanovite, as well as the Fe(III) (hydr-) oxides lepidocrocite and hematite may be present
in the bentonite liner after interaction with host-rock pore water, possibly partly as passivation
layer on top of magnetite [20]. The pH range was estimated from bentonite porewater modeling
by Curti and Wersin [111] taking into account pCO2 of permeating groundwater. The Eh range
is controlled by the Fe(II)/Fe(III) redox couple, which in turn depends on the mineral phase
inventory such as siderite, magnetite, and goethite [108].

Our results suggest that for the mixed Fe(II)/Fe(III) oxide magnetite, the oct1 and tet2 termina-
tions yield the lowest surface energies. Moreover, the top-most iron surface layers are expected
to be (almost) completely oxidized to Fe(III) (Figure 2.4). However, the close surface energies
of the different terminations allow for respective plausible charge layer configurations with
more Fe(II), too. In a large and continuous system of oxidized canister material, a change in
the iron charge even to lower layers might be possible, given the small band gap of magnetite
and, hence, inherent conductivity. Further, the availability of redox active iron results from
the magnetite/solution equilibrium, i.e., dissolved Fe(II) to allow for enhanced reduction and
possible immobilization of heavy metals and radionuclides. Missana et al. [55] found a different
Eh range (50 mV to 100 mV) in their experimental setup, but pointed out this strongly depends
on the actual presence of oxidizing species. Moreover, it was reported that Fe(II) also results
from the transition of magnetite to maghemite only containing Fe(III), although the growing
passivation layer may hinder the ongoing dissolution of Fe(II) [112].
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2.3.7 Transferability to other geochemical reactions and systems

Magnetite is a common mixed Fe(II)/Fe(III) oxide and acts as redox buffer in geochemical sys-
tems together with other iron bearing minerals such as wüstite, maghemite, and hematite. It
also enables redox controlled interfacial reactions. The transformation of green rust to mag-
netite, e.g., might enable the production of hydroxyl radicals and lead to a strong degradation
of organic pollutants. [12] Other environmentally important reactions include the repeated cy-
cling of Fe(III) reduction and Fe(II) oxidation in microbial environments [5] and the denitrifica-
tion at the interface between different clayey and crystalline Fe sediments [3].

Due to the variability of the surface stoichiometry imposed by the crystal structure of mag-
netite allowing for different terminations and the possibility of surface induced redox reactions
involving near-surface Fe(II)/Fe(III) redox couples, magnetite is known to be part of the most
important redox active systems in geochemical environments [14,15]. The reactivity can be in-
creased when magnetite is present as nanoparticles or as nanoparticle coating [9,11]. The preva-
lent facets of these nanoparticles were confirmed to be {111} [21,22,66] in environmentally relevant
aqueous conditions. The redox activity of these facets contributes to the immobilization of en-
vironmental pollutants such as As [66,68,69], Sb [53], or Se [16,17] from ground or drinking water and
over a wide pH range. The characteristics of sorption and reactive sites are strongly dependent
on the surface speciation. This might also influence how easily reduction/oxidation might oc-
cur. Furthermore, although we discussed only charge neutral systems in this work, charged
surfaces could also be described.
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2.4 Supporting Information

2.4.1 Benchmarking results for magnetite volume crystal

FIGURE S2.1: Projected density of states (PDOS) of bulk magnetite with Hub-
bard U correction for iron of 0.0 eV, 1.9 eV or 3.8 eV using the original (PBE)
parametrization (left) or PBEsol parametrization (right) of the PBE functional.
The PDOS script by Tiziano Müller was used, deconvolution with Gaussian func-

tions, standard deviation σ = 0.004 eV.

TABLE S2.1: Lattice parameters of bulk magnetite using PBE XC functional with
PBE and PBEsol parametrization and different Ue f f values including thermal ex-

pansion [106] for 298 K.

a [Å] b [Å] c [Å] avg. deviation to lit. [107] [%]

PBE (0.0 eV) 8.4423 8.4418 8.4428 0.59

PBE (1.9 eV) 8.4629 8.4689 8.4659 0.87

PBE (3.8 eV) 8.4353 8.4408 8.4423 0.55

PBEsol (0.0 eV) 8.3239 8.3224 8.3284 −0.81

PBEsol (1.9 eV) 8.3565 8.3560 8.3555 −0.44

PBEsol (3.8 eV) 8.3299 8.3304 8.3334 −0.74
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FIGURE S2.2: Histogram of the frequency of partial atomic charges, i.e., minor-
ity spin, obtained from the Mulliken population analysis of octahedrally coordi-
nated Fe (spin down only, bin width = 0.02) in magnetite (supercell with 3x3x3
unit cells). The charges of all d-orbitals of each Fe (d-2, d-1, d0, d+1, d+2) were
summed (threshold per orbital: 0.2). As the distribution is unimodal and almost
continuous, a clear distinction between Fe2+ and Fe3+ appears to be difficult.
However, the mean (0.5011) and the median (0.4935) are close, confirming an
almost symmetric distribution. Hence, equal amounts of Fe2+ and Fe3+ in the
octahedral positions in the simulated magnetite volume crystal can be assumed,
although the deciding value of 0.5 can only be estimated and for the single ions

percentages of each extreme could be attributed.
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2.4.2 Magnetite {111} surface

Surface geometry, relaxation and charge distribution

FIGURE S2.3: Top view of initial distribution of hydrogen ions on the chosen 3
oct1- (left) and four tet2- (right) surface terminations resulting in lowest system
energy. Shown are reduced cells with one quarter of the actual surface area. Tetra-
hedrally coordinated iron is depicted in orange, octahedrally coordinated Fe in

blue, oxygen in red and hydrogen in white.



2.4. Supporting Information 43

FIGURE S2.4: Side view of optimized surface geometry of the four main surface
termination types oct1, oct2, tet1 and tet2 with their respective bulk-like surface
charges. The formation of H bridges is suggested by dashed lines. Octahedrally
coordinated Fe is depicted in blue, tetrahedrally Fe in orange, O in red and H in

white. Sizes are adapted for visualization.
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TABLE S2.2: Average layer distance of the six Fe and O layers closest to the sur-
face in the chosen oct1 surfaces. The absolute distance in Å is given as distance to
the layer below. In brackets, the deviation of the layer distance compared to the

distance of the optimized bulk distance is given in percent.

layer out2.5 out2.75 out3.0

O1 1.1507 (0.22) 1.0657 (-7.18) 0.9711 (-15.42)

Feoct1 1.1529 (-0.08) 1.1891 (3.07) 1.2502 (8.36)

O2 0.6059 (-4.27) 0.5945 (-6.07) 0.5793 (-8.47)

Fetet2 0.6125 (1.28) 0.6376 (5.44) 0.6412 (6.03)

Feoct2 0.6469 (7.12) 0.5962 (-1.27) 0.5637 (-6.65)

Fetet1 0.5941 (-5.95) 0.6215 (-1.62) 0.6517 (3.17)

(O1)

TABLE S2.3: Average layer distance of the six Fe and O layers closest to the sur-
face in the chosen tet2 surfaces. The absolute distance in Å is given as distance to
the layer below. In brackets, the deviation of the layer distance compared to the

distance of the optimized bulk distance is given in percent.

layer out2.75 out3.0 out3.0_oct2_out2.75 out3.0_oct2_out3.0

O2 0.6524 (3.08) 0.6322 (-0.12) 0.5924 (-6.40) 0.5950 (-5.99)

Fetet2 0.4943 (-18.26) 0.4799 (-20.64) 0.4582 (-24.23) 0.4147 (-31.43)

Feoct2 0.7819 (29.48) 0.7835 (29.74) 0.8402 (39.13) 0.8497 (40.71)

Fetet1 0.5328 (-15.65) 0.5437 (-13.94) 0.5225 (-17.28) 0.5515 (-12.70)

O1 1.1573 (0.79) 1.1565 (0.73) 1.1570 (0.77) 1.1503 (0.18)

Feoct1 1.1471 (-0.57) 1.1457 (-0.70) 1.1442 (-0.83) 1.1497 (-0.35)

(O2)
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TABLE S2.4: Mean minority spin of oct1 surfaces obtained from Mulliken charge
analysis. For high spin configuration minority spin of ≈0 signifies Fe3+ and ≈1
Fe2+, values in-between a mixture of these two. A drastic change in the oct1-layer
closest to the surface can be perceived, while the tet-layers keep their charge.

However, also a slight change for the oct2-layer is shown.

surface bulk

Fe-layer oct1 tet2 oct2 tet1 oct1

oct1_out2.5 0.4920 0.0000 0.4210 0.0000 0.4133

oct1_out2.75 0.2306 0.0000 0.3648 0.0000 0.4471

oct1_out3.0 0.0022 0.0000 0.2880 0.0000 0.4054

TABLE S2.5: Mean minority spin of tet2 surfaces obtained from Mulliken charge
analysis. Minority spin of ≈0 signifies Fe3+ and ≈1 Fe2+, values in-between a
mixture of these two. While the Fe layers close to the center of the slab (bulk)
show stable minority spin, the outmost layers, especially tet2 and oct2 change

their minority spin drastically.

surface bulk

Fe-layer tet2 oct2 tet1 oct1 tet2 oct2

tet2_out2.75 0.1846 0.5002 0.0607 0.4360 0.0000 0.5751

tet2_out3.0 0.0000 0.5450 0.0000 0.4394 0.0000 0.5838

tet2_out3.0_oct2_out2.75 0.0126 0.2313 0.0068 0.4217 0.0000 0.6671

tet2_out3.0_oct2_out3.0 0.0126 0.0663 0.0063 0.4111 0.0000 0.5553

Surface energy

The Gibbs free energy of formation of a slab Gf can be approximated by its formation enthalpy
Hf. To convert the energy obtained by the self-consistent field (SCF) computer simulation
ESCF, slab, a correction is conducted considering the individual components hydrogen, oxygen
and iron regarding their number N and energies (Equation S2.1). As the first two exist as molec-
ular gases, simulations of H2 and O2 were conducted as reference. ESCF, Fe was obtained from
a single sphere simulation, although not comparable to real-life circumstances, it is in line with
the previous computer simulations for volume crystal magnetite (DFT+U).

To account for the entropy of the slab system mainly caused by the attached H and OH groups,
a computational expensive vibrational analysis was conducted for the seven considered sur-
faces. In principle, 3N − 6 vibrational normal modes can be obtained from such an analysis for
N slab atoms. As the slabs possess a different number of individual layers to account for sym-
metry, dipole moment, etc., the magnetite bulk-like portion of these vibrational modes should
be removed, too. The number M of these atoms can be calculated from the number of Fe atoms
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approximating from them the number of magnetite formula units. The vibrational modes from
these almost fixed atoms are then 3M − 6, accordingly. The number of the remaining vibra-
tional modes from O-H oscillations can then be obtained with 3N − 6 − (3M − 6) = 3(N − M)

and they can be expected to have the highest vibrational frequency ν̃ (in cm−1) as obtained
from the analysis. These frequencies are then converted to their respective angular frequencies
ω = 2πν = 2πν̃c and the vibrational free energy of the surface part of the slab is obtained
following Equation S2.3 [113] (Table S2.8).

Hf = ESCF, slab −
1
2

NH EH2 −
1
2

NO EO2 − NFe ESCF, Fe (S2.1)

EH2, O2 = ESCF + EZPE + ∆G(0 K → 298 K) (S2.2)

Gf = Hf + Fvib = Hf + EZPE + Fth

= Hf +
h̄
2

3(N−M)

∑
i=1

ωi + kBT
3(N−M)

∑
i=1

ln
(

1 − exp
−h̄ωi

kBT

)
(S2.3)
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TABLE S2.6: Energy and number of elemental species in each of the modeled
surface terminations. Given is the lowest self-consistent field (SCF) surface en-
ergy of (several) possible setups, the number of tetrahedrally and octahedrally
coordinated iron (Fetet, Feoct), the number of oxygen (O) and hydrogen (H). The
number following the first notation of the surface termination denotes the ex-
pected charge in the outmost laying Fe-ions, these were found plausible by the

Mulliken charge analysis (Table S2.4, Table S2.5).

surface termination SCF Energy [kJ/mol] Fetet Feoct O H

oct1_out2.0 −94 152 203.0318 64 176 384 184

oct1_out2.5 −94 082 259.3451 64 176 384 136

oct1_out2.75 −94 045 133.0799 64 176 384 112

oct1_out3.0 −94 007 377.2273 64 176 384 88

oct2_out2.0 −120 339 400.7806 96 208 512 232

oct2_out2.5 −120 314 883.1225 96 208 512 216

oct2_out3.0 −120 290 287.5247 96 208 512 200

tet1_out2.0 −105 789 627.6375 96 176 416 136

tet1_out2.5 −105 766 135.0180 96 176 416 120

tet1_out3.0 −105 742 496.6687 96 176 416 104

tet2_out2.0 −94 106 572.9019 96 144 384 152

tet2_out2.5 −94 082 286.6137 96 144 384 136

tet2_out2.75 −94 070 297.2586 96 144 384 128

tet2_out3.0 −94 058 059.1000 96 144 384 120

tet2_out3.0_oct2_out2.75 −94 045 682.9103 96 144 384 112

tet2_out3.0_oct2_out3.0 −94 033 107.3453 96 144 384 104
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TABLE S2.7: Energies for component species H2, O2, H2O, Fe, magnetite (Mag),
wüstite (Wüs), and hematite (Hem) per formula unit. The energy values were
obtained by self-consistent field method (SCF) in CP2K, the zero-point energy
(ZPE) in Gaussian and the temperature correction for the fluid phases (∆G(0 K →

298 K)) based on standard tabulated thermodynamic data [114].

species SCF Energy [kJ/mol] EZPE [kJ/mol] ∆G(0 K → 298 K) [kJ/mol]

H2 −3050.6345 27.7788 −24.2393

O2 −83 827.9392 11.9539 −52.3337

H2O −45 210.1230 60.3471 −35.4496

Fe −323 935.7098

Wüs −365 908.2925

Mag −1 139 861.4090

Hem −773 924.0187

TABLE S2.8: Vibrational free energy (Fvib) and interaction energies Eint of water
with the chosen surfaces as obtained from classical MD simulations.

surface termination Fvib [kJ/mol] Eint [kJ/mol/m2]

oct1_out2.5 4760.1382 −3.6922 × 1020

oct1_out2.75 4045.3271 −3.1557 × 1020

oct1_out3.0 3327.8653 −3.8472 × 1020

tet2_out2.75 4566.8465 −2.2062 × 1020

tet2_out3.0 4316.8542 −2.0720 × 1020

tet2_out3.0_oct2_out2.75 4070.3932 −2.3003 × 1020

tet2_out3.0_oct2_out3.0 3840.0902 −2.2115 × 1020

Surface energy as function of fugacities

In geological sciences, expressing the surface energy as function of (gas) fugacities is com-
mon [115] (ch. 6). Accordingly, in this paper oxygen fugacity and water potential are used to
calculate the surface energy according to Equation S2.4. A correction for the mobile species
oxygen and water based on standard thermodynamic data [95] is applied as depicted in Equa-
tion S2.5, including also the dependency on the fugacity f .
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Here, p0 depicts the standard pressure, being 1 bar for oxygen and the saturation pressure at T
for water (p0

H2O, sat(T = 298 K) = 0.031 417 bar) [114].

γ =
1

2A
(Gf − NMagµMag − NO2 µO2 − NH2OµH2O) (S2.4)

µmobile = ∆H0
f − T S0 + kB T ln

(
f

p0

)
(S2.5)

FIGURE S2.5: Specific surface energy γ as function of oxygen fugacity fO2 at dif-
ferent temperatures (298 K, 323 K and 373 K) for fractions of the temperature de-
pendent saturation water pressure, i.e., 0.031 42 bar, 0.122 60 bar and 1.008 80 bar,

respectively [114].
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FIGURE S2.6: Surface stability plots of the chosen magnetite surfaces at 298 K
as function of water and oxygen fugacity. (a) Surface stability plot according to

Figure S2.5, (b) with suppression of tet2-terminations (see main text).

Figure S2.5 and Figure S2.6 depict the results of the fugacity analysis. The range of oxygen
fugacity was chosen from the range of petrological mineral redox buffers [116] of pure iron and
the common iron oxides ranging from ferrous wüstite (FeO) over mixed ferrous/ferric mag-
netite (Fe3O4) to ferric hematite (Fe2O3). The temperature-dependent equilibrium between
two phases depicting the mineral redox buffer can be expressed according to Equation S2.6
and Equation S2.7 and is shown in Figure S2.7. G of the minerals were obtained by SCF simu-
lations and noted in Table S2.7. The zero-point energy EZPE was obtained with thermodynamic
modeling in Gaussian [117]. The temperature correction from 0 K to the chosen temperature T,
was calculated as shown in equation S2.8 with a linear approximation for ∆H(0 K) and neglec-
tion of entropy at 0 K. For the considerations in this paper, T was chosen to be 298 K, 323 K or
373 K. The pressure-volume work for the solids is neglected.

a Ghigher oxidation = b Glower oxidation + c GO2 (S2.6)

GO2 = ESCF + EZPE + ∆G(0 → T) + RT ln
(

f
p0

)
(S2.7)

∆G(0 K → T) = ∆G(T)− ∆G(0 K) = ∆G(T)− ∆H(0 K) (S2.8)
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FIGURE S2.7: Mineral redox buffers of iron and iron oxides (wüstite, magnetite,
hematite). The vertical line marks T = 298 K, exemplarily.

Pourbaix approach of surface energy

The applied Pourbaix approach [118] where the surface energy is expressed as function of Eh

and pH is based on hydrogen H and oxygen O also allowing for possible charge Q (eq. (S2.9)).
However, all system investigated in this study were charge neutral. With substitutions for the
chemical potentials (eqs. (S2.10) and (S2.11)), the surface energy can be expressed as function
of Eh and pH (eq. (S2.12)).

γ =
1

2A
(
Gf − NMag EMag − NH (µH+ − Eh)− Eh Q − NO µO

)
(S2.9)

µO = µH2O − 2 µH+ + 2 Eh (S2.10)

µH+ = −RT ln (10)pH (S2.11)

γ =
1

2A
(
Gf − NMag EMag − NO µH2O − Eh

(
Q − NH + 2 NO

)
+ RT

(
NH − 2 NO

)
ln (10)pH

)
(S2.12)

While the pressure-volume work for the solids is neglected, µH2O in Equation 3 of the paper
can be expressed as depicted in Equation S2.13. ∆H0

f and S0 were taken from standard thermo-
dynamic tables [95]. For the considerations in this paper, temperature T was chosen to be 298 K,
323 K or 373 K.

µH2O = ∆H0
f − T S0 (S2.13)
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Coordination of surface-H by water-O

FIGURE S2.8: Radial pair distribution function (RDF) g(r) of surface-adsorbed hy-
drogen surrounded by water-oxygen of chosen oct1 (left) and tet2 (right) surface
terminations obtained from application of the corresponding tool in VMD [119]

to the last 10001 frames of the classcial MD. As comparison, the interaction of
hydrogens of pure water surrounded by water-O is (scaled) depicted for com-
parison. The slightly higher radius (peak position) of the first coordination shell
of surface-H compared to the second of water-H can be interpreted as a slightly

decreased acidity of the surface OH groups compared to water.

TABLE S2.9: Coordination numbers of surface-adsorbed hydrogen surrounded
by water-oxygen of the chosen surfaces as obtained in the RDF analysis of the

water layers (WL) from classical MD simulations.

surface termination WL 1 WL 2 WL 3

oct1_out2.5 0.5709 5.3362 20.6993

oct1_out2.75 0.5827 6.8798 23.7364

oct1_out3.0 0.5405 5.6210 20.4487

tet2_out2.75 0.2380 4.0925 16.0914

tet2_out3.0 0.4675 5.5228 25.6788

tet2_out3.0_oct2_out2.75 0.4197 5.3897 17.2465

tet2_out3.0_oct2_out3.0 0.3049 6.7287 15.7793
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Abstract

Magnetite nanoparticles (MNPs) play an important role in geological and environmental sys-
tems because of their redox reactivity and their ability to sequester a wide range of metals
and metalloids. X-ray absorption spectroscopy conducted at metal and metalloid edges has
suggested that the magnetite {111} faces of octahedrally-shaped nanoparticles play a dominant
role in the redox and sorption processes of these elements. However, studies directly prob-
ing the magnetite surfaces – especially in their fully solvated state – are scarce. Therefore,
we investigated the speciation and stability over a wide Eh/pH range of octahedrally shaped
MNPs of 2 nm size by means of Kohn-Sham Density Functional Theory with Hubbard correc-
tion (DFT+U). By altering the protonation state of the crystals, a redox-sensitive response of the
octahedrally coordinated Fe could be achieved. Further, the preferential H distribution could
be identified highlighting the difference between edges, vertices and facets of the nanocrys-
tals. Subsequently, the interactions of the MNPs with a solvent of pure water or 0.5 M NaCl
solution were studied by classical molecular dynamics (MD) simulations. Finally, a compari-
son of the corresponding macroscopic magnetite (111) surface with the investigated MNPs was
conducted.

3.1 Introduction

Magnetite (Mag) is a common Fe oxide mineral with an inverse spinel structure. Tetrahedral
sites are occupied by Fe(III) whereas octahedral sites host an equal amount of Fe(II) and Fe(III)
ions. Thanks to the high abundance in natural rocks and the inherent mixed valence state of Fe,
magnetite is one of the most important redox active partners in environmentally and geochem-
ically relevant reactions. Depending on the redox conditions, presence of anionic and bacterial
species, a delicate equilibrium between several iron containing minerals, e.g., lepidocrocite,
hematite, and magnetite is maintained [1,2]. Further, magnetite is known to play an important
role in sorption and immobilization of toxic organic compounds [3–5], and heavy metals such as
As [6,7] and Se [8,9].

The kinetics of redox reactions or sorption processes are primarily controlled by the reactivity
and speciation of the magnetite mineral surface. Several studies investigated different crys-
tallographic facets and their prevalent surface speciation. The (111) facet is of special focus
for these, as both natural as well as synthetic magnetite crystals often exhibit an octahedral
shape [10]. Although many studies focus on the equilibrium surface reconstruction in vacuum
and the subsequent interaction mechanism with sorbate species [11,12], there are only few stud-
ies addressing the surface speciation under environmentally relevant conditions such as hy-
dration [13] or the interaction with radionuclides [14–16]. In our previous study [17] on hydrated
magnetite (111) surfaces, we investigated different surface terminations with regard to Fe co-
ordination and protonation state. Under various geochemical relevant acidity and redox con-
ditions, we identified the preferential termination to be a structurally complete layer of FeO6

octahedra over a mixed layer of Fe tetrahedra/Fe octahedra/Fe tetrahedra to represent the
macroscopic surface.
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However, magnetite is often present as nanoparticles (NPs), e.g., as a product of steel corro-
sion [18,19]. The effective size and shape of the magnetite nanoparticles (MNPs) depend highly
on the reaction or synthesis conditions such as temperature [10,20]. Moreover, crystals of octa-
hedral shape can be preferably achieved by more hydrophilic conditions in coprecipitation [21],
higher concentration of oxidizing agent [22,23] or a higher heating rate in hydrothermal experi-
ments [24]. Although an octahedral shape of the crystal is usually based on the (111) surface, the
prevalent characteristics of the MNP may differ from the macroscopic crystal. An example is
the observed maghemitization of MNPs at their surface under controlled acidic [25,26] and oxi-
dizing conditions [27–29]. However, also some recharging in contact with Fe(II) in solution could
be observed [29].

In the present study we specifically focus on the stability and speciation of octahedral MNPs
formed by the magnetite (111) surface. While MNPs forming under aqueous conditions seem
to have mean diameters of 6 nm to 10 nm or larger as observed by means of TEM, PDF and
others [30,31], we investigated here particles of 2 nm in diameter. This size was chosen firstly as a
compromise to maintain the computational costs at a reasonable level while keeping magnetite
{111} faces still prevalent. Second, MNPs of this size have been observed by Cryo-TEM as the
first nucleation products, which then grow into secondary particles by coalescence [32,33]. By
comparing these nanoparticle surfaces with the macroscopic surface, we intend to contribute
to the understanding of the environmental behavior of both species.

3.2 Materials and Methods

3.2.1 First principles calculations

The atomistic simulations were performed following the methodology developed and vali-
dated in our previous study [17]. In brief, the spin-polarized crystal structure calculations were
performed based on Density Functional Theory (DFT) applying the PBE exchange-correlation
functional [34,35] using the parametrization tailored for solids and liquids (PBEsol) [36]. The
Gaussian and Plane Wave (GPW) method implemented in the QUICKSTEP [37] module of CP2K [38]

(version 2023.1) applying 3D periodic boundary conditions was used. Norm-conserving scalar-
relativistic pseudo-potentials (GTH [39,40]) were applied to avoid an explicit consideration of the
core electrons. MOLOPT basis sets (DZVP) [41] were used to describe the wave functions of
the valence electrons. To expand the electronic charge density, an auxiliary basis set of plane
waves with a density cutoff of 600 Ry was employed. The target accuracy (EPS_SCF) of the
self-consistent field (SCF) cycles was 3.0E-7 using the orbital transformation method [42] as min-
imizer for the wave function optimization. Additional parameters regarding the accuracy of
the structure optimization can be found in Supporting Information (SI). To improve the de-
scription of the 3d-electronic states of iron, the DFT+U method [43,44] was employed with an
effective Hubbard U parameter of 1.9 eV as validated in our previous study [17].
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3.2.2 Modeling setup

Magnetite has an inverse spinel structure with Fe(III) in tetrahedral coordination (Fetet) and
Fe(II)/Fe(III) with a ratio of 1:1 in octahedral coordination (Feoct). Our previous study on the
common magnetite (111) surface over wide environmentally relevant conditions resulted in the
preferred termination with O(H)-coordinated Feoct at the surface [17], which is well in line with
the spectroscopically identified tridentate sorption complexes on magnetite and maghemite
nanoparticles of, e.g., Pu, and As [14,45–48]. In agreement with experimental observations by
TEM [10,22,47,48], the MNPs were assumed to have octahedral shape (Figure 3.1c)). Our system
setup results in a distance of opposite vertices of approximately 2 nm and includes 52 octahe-
drally and 10 tetrahedrally coordinated Fe with 140 O coordinating the Fe, respectively. Each
simulated MNP crystal was placed in a non-cubic box of 47 Å× 47 Å× 44 Å allowing for at least
30 Å of vacuum between periodic images [17] with an orientation of the crystal in a way that two
opposite facets are perpendicular to the z-direction. Hence, possible interactions between these
images become negligible and the computational effort can be minimized.

We tested different system compositions regarding the protonation state of the MNP surface.
In combination with the imposed charge neutrality, a change in number of surface-H resulted
in a different Fe(II)/Fe(III) ratio in the octahedrally coordinated Fe. In our previous study [17],
an averaged Feoct oxidation state between +2.5 as in bulk magnetite and +3.0 was predicted.
Hence, we simulated five systems in a similar range of oxidation states. In this way, the charge
of Feoct at the surface (’out’) as well as the four Feoct in the center of the MNPs (’in’) was in-
fluenced. Subsequently, a Mulliken charge analysis was performed to track where oxidation
would occur first.

3.2.3 Surface stoichiometry and protonation schema

The octahedrally shaped MNPs investigated in this study exhibit two types of facets that are
referred to as A and B (Figure 3.1). Facet A has 9 FeO6 octahedra at the surface and one central
cavity (with a tetrahedrally coordinated Fe(III) underneath), facet B consists of 15 FeO6 octahe-
dra with three cavities. Each triangular cavity is formed by six FeO6 octahedra with three O at
its corners and 3 bridging O. The three cavities on the B side are connected by a central O atom.

Each vertex of the octahedral NP is built by two FeO6 octahedra resulting in two corners being
one O atom each. These edge-connected octahedra represent the (001) termination as predicted
for octahedral nanoparticles by Meng et al. [49]. Excluding the corner atoms, the edges of the
octahedral NP are built by three O atoms (Figure 3.1c).

In the following analysis, surface oxygen sites available for protonation are denoted as C (cor-
ner), E (edge), A (bridging on A side), B (bridging on B side) and T (triple, connection between
the three cavities on side B). Additional H at the corners of the cavities are not considered as
separate type as these are either equivalent to T or E. For each H distribution, the H were ini-
tially assigned at 1 Å distance from the respective O. If two H atoms are assigned to the same
O, their orientation resembled the geometry of a water molecule.
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Several combinations of protonation were tested and the protonation energy for each system
was obtained in two steps. First, the setup yielding lowest self-consistent field (SCF) energy
(ESCF) was identified allowing the H to fully relax while the rest of the crystal was held frozen
(Table S3.1 in SI) keeping the computational expenses to a reasonable amount. In the second
step, all atomic position were allowed to fully relax and their respective energies are reported
in Table S3.4 in SI. The optimized structures were further used as input structures for the molec-
ular dynamics (MD) simulations.

FIGURE 3.1: Schematic depiction of the MNP as obtained from bulk-like mag-
netite showing the possible protonation positions. a) perpendicular view on the
A side without H, b) on the B side without H. c) out2.5_in2.5 as example for hy-
drogenated MNP, d) impression of the simulation box for the classical MD setup
including 4000 water molecules. Octahedrally coordinated Fe is depicted in blue,
tetrahedrally coordinated Fe in orange, O in red, H in gray. Atomic sizes are

adapted for visualization.

3.2.4 Molecular dynamics (MD) simulations

Classical MD simulations were performed using a similar set of parameters validated in our
previous study [17]. The LAMMPS code (version 2020) [50] was used to investigate the interac-
tion of the previously determined preferential nanoparticles with a solvent. The initial setup
was obtained using the Packmol software [51] by randomly surrounding the MNP with 4000
water molecules (pure water setup) or also additional 18 Na+ and 18 Cl− ions (electrolyte
setup) corresponding to 0.5 M. The MD simulations were performed in a cubic supercell with
a lattice constant of 49.27 Å (Figure 3.1d) applying 3D periodic boundary conditions. The non-
polarizable SPC/E water model [52] was used to model the water molecules. The potential pa-
rameters developed by Smith and Dang [53] and Konuk et al. [54] were used to model the NaCl
and magnetite ions, respectively. Increased oxidation states of the octahedrally coordinated Fe
starting from the surface of the MNPs required a corresponding adaptation of the parameters.
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First, each system was equilibrated for 2 ns in the NPT ensemble. The rigid body approach [55]

was used to fix the geometry of the SPC/E water molecules. All Fe atoms and O sites of mag-
netite in the center of the MNP were kept frozen at the relative position obtained with ab initio
geometry optimization. In contrast, the hydroxyl groups at the nanoparticle surface were al-
lowed to move. An integration time step of 1 fs was used to ensure energy conservation. Sec-
ond, in the equilibration, the temperature was controlled using a Nosé-Hoover thermostat with
a relaxation time of 0.1 ps, while the pressure was controlled using an anisotropic Parrinello-
Rahman barostat with a relaxation time of 1 ps. Finally, the production run was performed in
the NVT ensemble using a Nosé-Hoover thermostat with a relaxation time of 0.1 ps, spanning
a total duration of 2 ns. The results of the classical MD simulations were used to evaluate the
solvent-surface interaction to the surface energy.

3.2.5 Stability under various conditions

Following the strategy developed in our previous study on magnetite {111} surfaces [17], we
conducted a stability and speciation analysis of MNPs with respect to Eh and pH. For each
system, the specific surface energy γ was calculated according to Equation 3.1 for the H con-
figuration resulting in the lowest total energy of the system. In accordance with our previous
study [17], the DFT calculations reflect the state of each system at Eh = 0 eV and pH = 0. The
surface area A was determined to be 712.0882 Å

2
for each NP, its determination can be found

in SI. The number and energy of the magnetite volume material, NMag and EMag, the number
of O, NO, exceeding the Fe:O = 3:4 ratio, as well as the water potential, µH2O, are the same
for each nanoparticle system. Contrary, the Gibbs free energy of formation Gf as well as the
number of H, NH, influencing the redox state of the octahedrally coordinated Fe are system
specific. Moreover, the interaction energy of the NP with solvent (water or 0.5 M NaCl), Eint,
can be taken into account as shown in Equation 3.2. The respective values can be found in SI.

γ =
1
A
(
Gf − NMag EMag − NO µH2O − Eh

(
2 NO − NH

)
− RT

(
2 NO − NH

)
ln (10)pH

)
(3.1)

γ′ = γ + Eint (3.2)

3.3 Results and Discussion

3.3.1 Oxidation state of octahedrally coordinated Fe

The stable protonation state of the surface and the variable oxidation state of the surface cations
are sensitive to the Eh/pH condition. The MNP systems investigated in this study are subject
to charge neutrality conditions, thus, deprotonation of the surface leads to the oxidation of Fe
from magnetite-like mixed oxidation state +2.5 to fully oxidized octahedral layers with Fe in
+3.0 oxidation state. This change of oxidation state can be deduced from the Mulliken charge
analysis (Table 3.1) and can be distinguished for the inner/core and outer/close-to-surface oc-
tahedrally coordinated Fe. Based on the atomic configuration of 4s2 3d6 for Fe(0), the electronic
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states 4s0 3d6 and 4s0 3d5 are assumed for Fe(II) and Fe(III), respectively. The distribution of the
electrons in the individual d-orbitals is considered in a high-spin configuration, i.e., for Fe(III)
all 3d orbitals are half-occupied with all electron spins aligned in the same direction. For the
minority spin, this implies a spin orbital occupation zero. Similarly, for idealized Fe(II), the ad-
ditional electron would be paired to one of the half-filled orbitals and the minority spin would
count 1. However, as can be seen from Table 3.1, the minority spin ranges from 0 to 1 and often
represents a mix between Fe(III) and Fe(II). Hence, we attributed the labels for charge with the
values of 2.5, 2.75 and 3.0 for clarity.

TABLE 3.1: Number of H (NH), lowest total energy (ESCF) and mean minor-
ity spin obtained from Mulliken charge analysis of octahedrally coordinated Fe
cations in the NP systems. The latter are given for those located at the core of the
NP (in) or at the surface. These in turn can be further distinguished by their loca-
tion, being close to the T-point of the B sides (triple), at the edges or the corners

of the whole MNP, respectively.

system NH ESCF [Ha] Fein Fetriple Feedge Fecorner

out2.5_in2.5 120 −9958.4426 0.5918 0.3897 0.4191 0.5363

out2.75_in2.5 108 −9951.4990 0.3160 0.0976 0.2547 0.2819

out2.75_in2.75 107 −9950.8881 0.2910 0.0208 0.1939 0.3728

out3.0_in2.75 96 −9943.4755 0.1945 0.0000 0.0000 0.0000

out3.0_in3.0 95 −9942.8121 0.0000 0.0000 0.0000 0.0000

Our results show that oxidation occurs from the surface towards the center of the crystal as
surface-near FeO6 octahedra can be oxidized more easily adapting to changing surrounding
conditions. Both characteristics, the strong coupling of the oxidation state of octahedrally co-
ordinated Fe to the protonation state of the system as well as the local order of successive
oxidation, are consistent with our previous study on the magnetite (111) surface [17]. Hence, the
systems will be referred to as, e.g., out3.0_in2.75 for an averaged system with charge of 3.0 of
the outer FeO6 octahedra and 2.75 for the inner, etc.

Moreover, there is a difference of assumed oxidation state between various octahedrally coor-
dinated Fe ions located close to the surface of the NP. As can be observed in Table 3.1, and in
line with previous considerations, the minority spin value mostly decreases with lower num-
ber of hydrogen atoms. Among the systems with an assumed outer octahedral Fe charge below
3, the most oxidized Fe are located close to the center of the B facets (T), while the edge sites
are slightly less oxidized, and the corner Fe are least oxidized. This can be attributed to the
H distribution, as the protonation number increases from the center of the facets towards the
vertices of the MNP (Table S3.1 in SI).

Furthermore, the electronic band gaps of the MNP systems can be obtained (Table S3.2 in SI). In
the analysis, we focus on the commonly smaller band gap reflecting the spin down electronic
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states. Comparing the NP with the expected intermediate oxidation state of +2.5 to bulk mag-
netite investigated with the same methods [17], a reduction of the band gap can be observed.
This can be attributed to a perturbation of the continuous system due to the existence of sur-
faces and, by extension, edges and vertices. Moreover, with an increase of the oxidation state
of octahedrally coordinated Fe in the NP systems, a widening of the electronic band gap can be
observed. This signifies a marked change in the conductive properties, transitioning towards a
rather semi-conductive material.

3.3.2 Surface speciation and protonation state of MNPs

For a given protonation state, several geometrical distributions of hydrogen atoms were tested
using the bond valence sum as the guiding principle for initial assignment of protons to oxy-
gen sites. The exact H distributions for each system specifying A, B, C, E, and T, are listed in
Table S3.1 in SI. The following paragraphs focus on the overall trends regarding total energy
(SCF energy).

The initial analysis of an energetically favorable proton distribution in the system was per-
formed for MNPs with a bulk-like oxidation state of the iron ions (out2.5_in2.5). In total, thir-
teen systems of symmetric and symmetry-broken H distributions were analyzed and resulted
in significant energy differences (Table S3.1 in SI). From the comparison of the energies, we
narrowed down the range of relevant options for higher oxidation, accordingly. These tested
systems appear reasonable and preferable among possible options, as the resulting SCF ener-
gies became closer. This is especially evident for the system kinds of higher oxidation, i.e., in
systems of out2.75_in2.75 and above. Hence, we are confident to have found a reasonable H
distribution for each kind, the according total energies are given in Table 3.1.

The general trend for each system of oxidation state is a lower affinity of protons to the edges
(E) of the MNP, compared to a higher proton affinity to the corners (C). This is plausible, as the
edge-O are bridging two FeO6 octahedra each and are, hence, twice coordinated. On the other
hand, each corner O is coordinated with only one Fe atom, resulting in a state of high under-
bonding. A similar explanation applies to the connecting oxygen atoms of the three cavities
on the B sides, where there is a preference of little to no protonation at these already threefold
coordinated connecting O.

Moreover, the number of H attached to the edge- and corner-O has the highest influence on the
energy of the system reflecting the large influence of these specific sites for interactions with the
surroundings. In fact, an over-coordination of the edges and corners results in an incomplete
convergence of the simulation and/or a complete detachment of the initially sorbed H. This is
further enhanced by the surrounding medium (vacuum), whereby the free-to-move H have to
compensate for the missing solvent. This is especially true for OH3 groups at the corners and
OH2 groups (water) at the edges.

By comparing the A and B sides, there is a tendency to have almost equal affinity for sorption on
the bridging O at the cavities reflecting the similarity between the sides. The slight preference
of protonation on the B side could be a result of the number of cavities. I.e., it is preferred to
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have the bridging O at the sole cavity on the A side not covered by at least one H compared to
missing H at the three equal cavities at the B sides.

3.3.3 Dependence on redox and hydrogen potential

Figure 3.2 shows the specific surface energy of the NP according to Equation 3.1 as function of
pH (upper figure) and Eh (lower figure). As can be derived from the equation, there is a linear
dependency of the specific surface energy on both Eh and pH; both depend on the difference
between twice the number of oxygen and the number of hydrogen. This difference increases
towards higher Fe oxidation state as there are fewer H in the system resulting in a shift from
a positive slope for the bulk-like oxidation towards increasingly negative slope of the linear
function (Figure 3.2). Further, a decrease of surface energy with higher temperature can be
assumed based on Equation 3.1. All of these trends are in accordance to our previous study on
bulk magnetite (111) surfaces [17] where a similar approach was applied.

FIGURE 3.2: Exemplary results for the specific surface energy γ according to
Equation 3.1 as function of pH (constant Eh, upper row) and as function of Eh
(constant pH, lower row) at T = 298 K. ’out’ and ’in’ refer to the approximated
oxidation state of the octahedrally coordinated Fe at the surface or at the core of

the MNP, respectively.

A comparison of the obtained absolute value of specific surface energy between the MNP and
bulk (111) magnetite systems is difficult or even not possible. First, both systems are not in
equilibrium with a solvent, as the SCF simulations for both systems were conducted in vacuum.
Second, the stoichiometry in terms of both the absolute number of atoms as well as the ratio
of magnetite to water is different in both systems. Compared to the (111) magnetite slabs [17],
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the MNP contains more water. In contrast, if a MNP was to be designed with the same stoi-
chiometry as the (111) surface slabs, there would be Fe exposed at the surface, which is unlikely
under environmentally relevant/non-vacuum conditions. Third, the vibrational free energy as
parameter for Gf in Equation 3.1 reflecting the entropy of each system is different and does not
seem interchangeable for surface and MNP (SI for detailed analysis). This further corroborates
the limited comparability of absolute specific surface energies.

The stability diagram revealing the MNP system with lowest surface energy according to Equa-
tion 3.1 is shown in Figure 3.3. As can be observed, the pattern is similar to those of our
previous study [17], as towards higher Eh and pH, systems with higher Fe oxidation state are
favored. The dotted box in Figure 3.3 refers to the expected long-term environmental condi-
tions in a deep geological repository for high-level radioactive waste [56]. This result suggests
a preference for an oxidation state of the octahedrally coordinated Fe higher than in ideal bulk
magnetite. This observation based on atomistic modeling is in line with the surface maghemi-
tization observed experimentally [26,57–60].

FIGURE 3.3: Surface stability plot of magnetite nanoparticle systems at 298 K as
function of Eh and pH according to Equation 3.1. In the Pourbaix diagram, the
dotted black box indicates the expected long-term repository conditions in the
range of Eh −0.3 V to −0.1 V and pH 6.9 to 7.9 [56], the dashed line the lower
water stability (production of H2), the dash-dotted line the upper water stability
(decomposition to O2). ’out’ and ’in’ refer to the approximated oxidation state
of the octahedrally coordinated Fe at the surface or at the center of the MNP,

respectively.

3.3.4 Interaction of the MNP with a solvent

To study the effect of a solvent, classical MD was used to obtain the interaction energy Eint

that is reported in Table S3.4 in SI. As can be observed, the interaction energy decreases –
absolute negative value increases – with increased Feoct oxidation state. This behavior can
be explained by the increased electrostatic attraction if the Fe charge in the MNP is higher.
Further, as the MNP surface is less protonated for higher oxidation states, there is less steric
hindrance facilitating interaction. Within the same oxidation state, Eint decreases by 5 % to
10 % if electrolytes are present. In this case, the water molecules screen the additional charge
which reduces their screening capabilities for magnetite. Hence, the water molecules interact
less with the MNP itself.

If the interaction energy is considered in Equation 3.2, plots similar to Figure 3.2 could be ob-
tained in which the specific surface energy is reduced. Although this is similar to the behavior
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of the (111) magnetite surface, the interaction energy of the MNP is almost one order of mag-
nitude larger compared to the surface slabs [17]. This effect can be attributed to the existence of
edges and corners in the MNP systems allowing the water molecules to completely surround
the magnetite center. Moreover, the interaction energy leads to a very clear stability diagram
(Figure S3.2 in SI) revealing a broad stability field of the system with highest oxidation over
the considered range of pH 0 to 14 and Eh −2 V to 2 V. Although a similar behavior was ob-
served for the magnetite surface slabs, it is not to be excluded, however, that the actual value
of Eint in both cases might be slightly different as in the classical MD applied in both studies
the magnetite crystal portion of the system was held frozen. Nonetheless, it can be assumed
that significant structural changes in terms of a reconstruction would have been noticed in the
vacuum setup already.

During the 2 ns long classical MD simulations, no exchange of surface-OH2 groups with solvent
water was observed suggesting strong affinity of surface water towards the MNP. However,
another interesting phenomenon can be observed: The cavities at the MNP-surface entrap and
stabilize water molecules inside the cavities (Figure S3.3 in SI). This corroborates the strong
interaction of magnetite with water.

Furthermore, the radial pair distribution function (RDF, g(r), Figure S3.4 in SI) shows the wa-
ter distribution as a function of distance, suggesting a similar interaction of surface-O with
water-H as within pure water in terms of radius r of the prevalent water coordination shells.
However, the peaks of the second shell and beyond appear broader and less pronounced than
those of pure water. Still, this may be resulting from the difficulty that with surface-O, espe-
cially those at the corners of the MNP, there is an overlap of the coordination shells of surface-O
in close proximity, e.g., one neighbor’s first coordination shell is the second of another neigh-
bor’s, and this effect intensifies for higher shells.

When comparing the MNP systems with different Fe oxidation states, an increase of the RDF
can be observed with higher oxidation being a similar effect as discussed for Eint (Figure S3.5 in
SI). Equally, a decrease of the RDF in the electrolyte setting can be observed. This effect can also
be observed by displaying the RDF of Na and Cl around the surface-O. As shown in Figure S3.6
in SI, Na is much closer to the surface than Cl indicative of a net negative charge of the MNP
surface. Furthermore, Na tends to localize close to the corners of the MNP (Figure S3.7 in
SI), and its strong electrostatic interaction with the surface-O lead to a distortion of the FeO6

octahedra located at the corners of the MNP. In the long-term, these FeO6 octahedra may be
weakened and the dissolution of the crystal starting from these positions might be facilitated.

In contrast, Cl is much further away from the surface and – if at all – tends to assume a position
above the second water coordination shell in the position above the center of the B sides (T).
As this is, however, at a much higher distance from the surface, there is more fluctuation and
a higher sensitivity to changes leading to a more diffuse pattern in the RDF (Figure S3.6 in SI).
Furthermore, the initial guess as random distribution of particles for the MD simulation has
a higher impact. In fact, only if in the NPT equilibration a Cl ion has reached this position, it
tends to localize for the 2 ns of simulation in the NVT ensemble.
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3.3.5 Implications of this study

Strengths and limitations of the analysis method

The applied analysis method used in the previous [17] as well as in this current study is straight-
forward. Environmentally expected subsystems of magnetite – as surface slab or NP – are
tested and possible options narrowed down based on DFT+U simulations. In order to keep
computational costs to a minimum, the solvent interaction is investigated based on classical
MD only for the selected systems.

The equations used to determine the preferable system are based on thermodynamic consid-
erations. There are certain challenges that can influence the result: First, the analyzed systems
are assumed to represent the actual options, i.e., an idealized octahedral MNP. Second, there
has to be a separation of the system characteristics regarding volume crystal and surface. This
raises the question whether also NP specific characteristics need to be considered and, if yes,
which ones and how. Third, the surface area may be difficult to determine and, hence, absolute
values of the specific surface energy may have a limited comparability.

Finally, we use the vibrational free energy as a proxy for the entropy of the system (details
in SI). As we observed, this is specific whether it is a MNP or the magnetite (111) surface, so
there is only limited transferability. However, it can be assumed that within one system there
is a linear dependence of the vibrational free energy on a certain parameter, in the presented
cases on the number of hydrogen present in the system (Figure S3.1 in SI). Hence, significant
computational resources can be saved with this approach.

In natural aqueous environments or given laboratory conditions, the protonation of the sur-
face depends on solution chemistry and pH influencing the surface charge. The latter would
be screened by a diffuse double layer, whose structural properties and thermodynamics de-
pend on the solution chemistry. The calculation of the surface energies based on an ab initio
approach can be performed most accurately for the charge neutral surface. Therefore, the sys-
tem setup, for which the surface energies are calculated in the ab initio geometry optimizations,
corresponds to the surface state at point of zero charge. It should be further noted that simu-
lations are also performed for pure water and the effect of solution chemistry is not explicitly
addressed in the simulation setup. Accordingly, the relative stability of the surface energies as
function of pH are evaluated using the thermodynamic approach described in Equation 3.1 for
the charge neutral surface speciation. It must be emphasized that corresponding calculations
do not consider the potential changes in the thermodynamic activity of the surface sites due to
the protonation/deprotonation of the surface groups and/or interaction with ions. These pro-
cesses could be described either by thermodynamic sorption modeling [61] or grand canonical
simulations of electrolytes [62], but go beyond the scope of this study.

Comparison of investigated magnetite systems

Based on our previous study on the macroscopic magnetite (111) surface [17], we built octahe-
dral MNPs with the expected termination of FeO6 octahedra at the particle surface. The in-
herent structural difference are the edges and corners of the MNP presenting more and newly
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available protonation sites. The protonation schemes applied as initial guess in both systems
followed the bond valence sum. Consequently, the edges and corners have the highest affinity
for protonation as they have the highest influence on the system energy.

Furthermore, the corners are important for the interaction with ions in close proximity. It can
be assumed that there is a high relevance especially for sorption of cations, as they seem to
interact primarily with the vertices of the MNP. Moreover, the edges and vertices offer different
sorption sites.

The overall affinity of OH-groups on the most stable oxidized magnetite (111) surface (out3.0)
and the oxidized MNP (out3.0_in3.0) to donate to and accept hydrogen bonds is similar to the
one of pure water and can be differentiated to surface-O to water-H and surface-H to water-O
interaction. It can be deduced from similar position and the shape of the peaks of the radial
probability density function (RPDF) in the range of 1.5 Å to 2.4 Å (Figure S3.8 and Figure S3.9
in SI). By contrast to the conventional radial distribution function (RDF), the RDPF used for
the analysis is omitting a normalization factor describing a homogeneous radial density. In
the surface analysis, RPDF is preferred over RDF as the radial symmetry is broken near the
mineral-fluid interface.

The detailed analysis of the surface OH-groups reveals a conformation dependent affinity of
the surface group donating or accepting hydrogen bonds which is largely controlled by the
structure and speciation of the system’s surface. For the infinite (111) surface, the interaction of
surface-H surrounded by water-O shows almost the same first water coordination shell as bulk
water (Figure S3.8 in SI). In contrast to the same magnetite system, the surface-O do not appear
to accept hydrogen bonds from water (Figure S3.9 in SI). This can be attributed to the dominant
alignment of the surface-OH-groups being normal to the surface, where surface-H are shield-
ing the surface-O. Contrasting, the structural diversity of the MNP is richer due to additional
interaction and symmetry at the edges and corners of the nanoparticle. As the protonation pat-
tern of the out3.0_in3.0 differs from the out3.0-surface, the newly present structural features –
the edges and corners of the MNP — are focused on. As can be seen from the RPDF, the MNP-
O interact slightly more strongly with the water-H resulting in a shorter distance (Figure S3.9
in SI). This also influences the MNP-H in their interaction with the water-O leading to a larger
distance and lower coordination number in the first water coordination shell (Figure S3.8 in SI).

Geochemical implications

This study compares magnetite nanoparticles of octahedral shape and with different Fe ox-
idation states. The presence of octahedrally coordinated Fe in mixed oxidation state allows
for an effective reduction of contaminants, often leading to an immobilization [8,9,14–16]. The
Fe(II) to Fe(III) ratio highly influences the kinetics of the reduction, and more Fe(II) was shown
to both increase the amount of reduced sorbed species [63] as well as to increase the speed of
the reaction [3,64]. The ratio of ferrous to ferric iron was also shown to be adjustable, e.g. by
substituting with Ti(IV) for Fe(III) in octahedral coordination leading to an increased ratio [65].
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Moreover, the ratio can also influence the preference if rather sorption (higher ratio) or incor-
poration (lower ratio) of contaminants occur [66]. The important characteristics of the Fe(II) to
Fe(III) ratio was shown to be not only relevant in magnetite, but also in other systems bearing
mixed Fe such as smectites [64]. Although the results of our study suggest a higher oxidation
state of the octahedrally coordinated Fe – especially of those close to the surface – which would
lead to a confinement of reductive capabilities, we showed that these Fe react sensitively to
environmental conditions.

The reductive capabilities of MNPs were experimentally proven to depend on the salinity and
ionic strength of the aqueous medium. Urbánová et al. [67] showed that with increasing amount
of NaCl the reduction of Se by MNPs decreased. In agreement with our results this behavior
can be attributed to the attraction of Na ions to the MNP surface and, hence, a competitive
behavior towards other metal ions.

In natural systems such as the sub-surface, the process of maghemitization leads to a degrada-
tion and decomposition of magnetite thereby changing the structural, chemical and electronic
properties. Concerning the modeling applied in the present study, it would require detailed
knowledge about the location of vacancies near the NP surface; this goes beyond the scope of
our study. Although we did not simulate maghemitization, it can be imagined that it can occur
as next step after the complete oxidation of the octahedrally coordinated Fe as predicted in our
study. Accordingly, the dissolution of the distorted FeO6 octahedra located at the corner of the
NP may lead to a reshaping of the NP and might enable a possible creation of vacancies in the
structure, too.

Another interesting aspect is the size of the NPs and – based on the surface energy – the re-
spective stability. For many metallic NPs, a decrease of the surface energy with increased size
was observed [68,69]. Subsequently, larger NPs would be favored over smaller ones. In fact, Li et
al. [70] predicted the stability of MNPs with a size larger than 2 nm in the region of pH 7 to 9 and
Eh −0.5 V to −0.3 V and a prevalence of MNPs over NPs of other Fe minerals in this range. On
the other hand, Yin et al. [71] experimentally showed an increase in reactivity with an increased
surface area of Fe minerals including magnetite in order to degrade chlorinated solvents. This
corresponds to smaller particles, hence, for the application of contaminant degradation or sorp-
tion, e.g., of heavy metal ions [8,30,45] or radionuclide ions [14–16], MNPs of smaller particle size
could be preferred.
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3.5 Supporting Information

3.5.1 Magnetite nanoparticles (MNPs) in vacuum

H distribution

Table S3.1 lists all tested systems with different H distributions sorted from highest to lowest
self-consistent field energy (ESCF) as obtained from the ab initio simulations in CP2K. Denoted
are the numbers of H attached to the O bridging the cavities at sides A or B of the NP, the
connection point of three cavities on side B (T), as well as the H attached to the corners (C), or
the edges (E), respectively. For example, "A 1" means that on each of the A sides, one of the
three bridging O has one H attached. It is to be noted, that the value of "B" denotes the number
of H at the bridging O on each of the three cavities. I.e., "B 2" means that on each of the three
cavities on the B sides, two of the bridging O form an OH group.

Further, in some cases H had to be distributed to additional positions leading to slightly asym-
metric systems. These structures are denoted in the simplest way if possible: If the number is
followed by a letter in the second position, it reflects that some H had to be added (p - plus) or
removed (m - minus) to/from all of equivalent sides. E.g., "A 3p1" means that to the three H at
each cavity on side A another H has been added; this results in one OH2 group at each A side.
Further, "B 1m1" means that two of the cavities on each B side have 1 H, the third cavity has no
H.

If there is also a respective letter in the fourth position, this reflects changes that had to be
made to achieve the exact number of H for the intended Fe oxidation. This leads to completely
symmetry-broken systems, e.g., "A 2p0p1" means that to the 2 H at the A cavity there was
another H added but only to one A side of the NP. In this case, on this specific A side, all
bridging O have one H attached whereas on the other three A sides, only two O form OH
groups. A respective approach is used for the B sides, too.

TABLE S3.1: Total system energy as obtained from self-consistent field approach
(ESCF) for the different H distributions of each NP oxidation state system. † de-
notes systems that did not converge, ⋆ denotes the system with lowest energy.
For ease of comparison of the system out2.5_in2.5 regarding the best position-
ing of H, fully symmetric systems regarding the three-fold axis perpendicular to
each facet are labeled with ∼; all other setups as well as the systems with higher

assumed Fe charges can be considered as symmetry-broken.

system A B C E T ESCF [Ha]

out2.5_in2.5 ∼ 3 3 3 1 0 †
1 1m1 3 2 0 †
0 1 3 2 0 †
1 1p2 2 2 0 -9956.5885

∼ 0 3 1 2 0 -9956.5925
2 2p1 1 2 0 -9956.7284
3 2 1 2 0 -9956.8428
2 1p1 2 2 0 -9957.1861
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Continuation of Table S3.1

system A B C E T ESCF [Ha]

∼ 3 3 0 2 0 -9957.9016
3p2 3p3 1 1 1 -9958.0641
3p1 3p4 1 1 1 -9958.1363
3 3p2 2 1 1 -9958.3944

⋆ 3p1 3p1 2 1 1 -9958.4426

out2.75_in2.5 0 1 2 2 0 †
1 1p2 1 2 0 -9949.1744
3p2 3 1 1 2 -9951.1884
3 3p2 1 1 1 -9951.2483
3p1 3p1 1 1 1 -9951.2809

⋆ 3 3 2 1 0 -9951.4990

out2.75_in2.75 3p1p2 3 1 1 1 -9950.6437
3 3p1p3 1 1 1 -9950.6719
3p1m1 3p1 1 1 1 -9950.6889

⋆ 3p0m1 3 2 1 0 -9950.8881

out3.0_in2.75 3p0m1 2 2 1 0 -9943.1943
2 2p0p3 2 1 0 -9943.2290
3 3p0m1 1 1 0 -9943.4746

⋆ 3p0m1 3 1 1 0 -9943.4755

out3.0_in3.0 2p0p1 2p0p1 2 1 0 -9942.5301
2 2p0p2 2 1 0 -9942.5503
3 3p0m2 1 1 0 -9942.7920

⋆ 2p0p2 3 1 1 0 -9942.8121

Electronic band gap

TABLE S3.2: Electronic band gaps Eg of the different NP systems and, for com-
parison, of bulk magnetite as determined in the previous study [17]. α and β refer

to spin up and spin down, respectively.

system Eg(α) [eV] Eg(β) [eV]

Mag [17] 1.5490 0.1720

out2.5_in2.5 1.6901 0.0871

out2.75_in2.5 1.7102 0.0766

out2.75_in2.75 1.3707 0.0654

out3.0_in2.75 1.1704 0.2046

out3.0_in3.0 1.1935 1.2336
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Surface area of MNPs

The surface area is used in Equation 3.1 as system specific normalization parameter. However,
the estimation of its value of the MNPs used in this study is challenging due to several reasons.
The following discusses several solutions to this question. Note, that assumption taken is that
the surface is located at the level of the O the furthest away from the center of the MNP. If Fe
were used as reference points, the estimated values would be smaller. Contrary, if the surface
would be approximated by H, its area would be larger.

Therefore, the presented options are dependent on the number of included FeO6 octahedra.
As these smaller octahedral units have equal amount of edges of length a′ = 2.8307 Å and
a′′ = 2.9624 Å, we use the averaged a = 2.8966 Å as reasonable proxy. Moreover, a plane
surface is approximated and the cavities are neglected.

As the MNPs have octahedral shape, a common approach is to estimate the surface area based
on an ideal octahedron. A valid estimation would be to base the edge length of the ideal
octahedron on the averaged number of FeO6 octahedra present on the A and B sides. On the
respective edges, the A sides have four FeO6 octahedra, while the B sides would have six if the
two corners are completed to one, Figure 3.1. Hence, the average number of FeO6 octahedra is
five resulting in an approximated length of the idealized NP edge of a′′′ = 14.4826 Å.

In general, the range of acceptable values for octahedral particles can be achieved then by
approximation of spheres. Possible options in this regard may include the midsphere, spanning
the edges of the octahedron, and the circumscribed sphere, where the whole octahedral MNP is
enclosed in a sphere. The radii can be calculated as r′ = a′′′/2 and r′′ = a′′′/

√
(2), respectively,

resulting in the corresponding surface areas of A′ = 658.9720 Å
2

and A′′ = 1317.9439 Å
2
.

More specific would be to estimate directly on the shape of an idealized octahedron. As the
surface area of each of the eight facets can be calculated by

√
(3)/4 × a′′′2, the corresponding

surface area of A′′′ = 726.6206 Å
2

would result.

The last refinement presented here is to take into account the individual shapes and sizes of the
A and B sides based on the number of FeO6 octahedra. The area of each A side can be estimated
as AA =

√
(3)/4× (a′′′ × 4)2 = 58.1296 Å

2
. For the B side, the octahedron missing to complete

an equilateral triangle can be considered in AB =
√
(3)/4 × (a′′′ × 6)2 − 3 ×

√
(3)/4 × a′′′2 =

119.8924 Å
2
. The resulting surface area of this octahedral crystal can be calculated as A =

4 × AA + 4 × AB = 712.0882 Å
2
. Finally, this value is used in the present study.

Specific surface energy including vibrational free energy

The Gibbs free energy of formation of a slab Gf can be approximated by its formation enthalpy
Hf. To convert the energy obtained by the self-consistent field (SCF) computer simulation ESCF,
a correction is conducted considering the individual components hydrogen, oxygen and iron
regarding their number N and energies (Equation S3.2). As the first two exist as molecular
gases, simulations of H2 and O2 were conducted as reference and the respective corrections
applied (Equation S3.1). ESCF, Fe was obtained from a single sphere simulation, although not
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comparable to real-life circumstances, it is in line with the previous computer simulations for
volume crystal magnetite and the magnetite (111) surface. The respective values are given in
Table S3.3.

TABLE S3.3: Energies for component species H2, O2, H2O, Fe, and magnetite
(Mag) per formula unit. The energy values were obtained by self-consistent field
method (SCF) in CP2K, the zero-point energy (ZPE) in Gaussian and the tem-
perature correction for the fluid phases (∆G(0 K → 298 K)) based on standard

tabulated thermodynamic data [72].

system SCF Energy [kJ/mol] EZPE [kJ/mol] ∆G(0 K → 298 K) [kJ/mol]

H2 −3050.6345 27.7788 −24.2393

O2 −83 827.9392 11.9539 −52.3337

H2O −45 210.1230 60.3471 −35.4496

Fe −323 935.7098

Mag −1 139 861.4090

To account for the entropy of each NP system, a computationally expensive vibrational analysis
was conducted for the five NPs following the methodology tested in our previous study [17]. In
principle, 3N − 6 vibrational normal modes can be obtained from such an analysis for N NP
atoms. The magnetite bulk-like vibrational modes are excluded from the consideration, as it is
assumed that the major contribution to the thermal vibration energy is provided by OH groups.
The number M of these atoms can be calculated from the number of Fe atoms approximating
from them the number of magnetite formula units. The vibrational modes from these almost
fixed atoms are then 3M − 6, accordingly. The number of the remaining vibrational modes
from O-H oscillations can then be obtained with 3N − 6 − (3M − 6) = 3(N − M) and they
can be expected to have the highest vibrational frequency ν̃ (in cm−1) as obtained from the
analysis. These frequencies are then converted to their respective angular frequencies ω =

2πν = 2πν̃c and the vibrational free energy of the part reflecting the NP surface is obtained
following Equation S3.3 [73] (Table S3.4).

EH2, O2 = ESCF + EZPE + ∆G(0 K → 298 K) (S3.1)

Hf = ESCF, slab −
1
2

NH EH2 −
1
2

NO EO2 − NFe ESCF, Fe (S3.2)

Gf = Hf + Fvib = Hf + EZPE + Fth

= Hf +
h̄
2

3(N−M)

∑
i=1

ωi + kBT
3(N−M)

∑
i=1

ln
(

1 − exp
−h̄ωi

kBT

)
(S3.3)

As stated above, each of these vibrational analysis simulations is computationally expensive.
Analyzing the results of the vibrational energy study on the magnetite (111) surface, a linear
correlation between the vibrational free energy and the H number was revealed (Figure S3.1).



82

FIGURE S3.1: Linear fit of vibrational free energy Fvib as function of number of H
in each system. oct1 and tet2 refer to preferred terminations of the magnetite (111)
surface systems [17], MNP to the nanoparticle systems investigated in the study
at hand. For the NPs, the two additional markers represent the approximated

values of Fvib based on the respective linear equation.

Another argument for this dependence is that the vibrational free energy depends on the num-
ber of OH-groups, i.e., in turn on the number of hydrogen atoms. This linear behavior is also
confirmed for the NP systems (see result for out2.75_in2.5 Figure S3.1) and, as this almost per-
fectly fits the linear regression (see fit parameters), an equivalent behavior of the other two NP
systems can be assumed. The remaining values can be calculated, accordingly (Table S3.4).

TABLE S3.4: Formation enthalpy H f and vibrational free energy Fvib (in kJ/mol)
of the systems in vacuum, as well as interaction energies Eint (in kJ/mol/m2)
with solvent, H2O or 0.5 M NaCl. In the Fvib column, ∗ denotes values that were

obtained from linear regression (Figure S3.1).

system H f Fvib Eint, H2O Eint, NaCl

out2.5_in2.5 -9320.4807 4105.7222 -1.6995E+21 -1.5635E+21

out2.75_in2.5 -9109.0060 3780.5758 -1.8465E+21 -1.6462E+21

out2.75_in2.75 -9058.9739 3741.7440∗ -1.8007E+21 -1.7062E+21

out3.0_in2.75 -8492.3840 3400.5600∗ -2.2724E+21 -2.0017E+21

out3.0_in3.0 -8366.9042 3367.2979 -2.4228E+21 -2.2330E+21
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3.5.2 Solvent interaction

Stability analysis

FIGURE S3.2: Surface stability plots of magnetite nanoparticle systems at 298 K
as function of Eh and pH. (a) Stability plot based on ab initio data according to
Equation 3.1 as given in the manuscript, (b) based on Equation 3.2 including
the interaction energy of pure water obtained from classical MD, and (c) based
on Equation 3.2 including the interaction energy of 0.5 M NaCl solvent obtained
from classical MD. In each Pourbaix diagram, the dotted black box indicates the
expected long-term repository conditions in the range of Eh = −0.1 V to − 0.3 V
and pH = 6.9 to 7.9 [56], the dashed line the lower water stability (production of

H2), the dash-dotted line the upper water stability (decomposition to O2).
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Entrapment of water molecules

FIGURE S3.3: Exemplary snapshot of the MNP out3.0_in3.0 interacting with the
water solvent, the view is perpendicular to one of the B facets. Depicted is the
entrapment of water molecules in the cavities stable over the duration of the clas-
sical MD simulation. The most part of the frozen MNP is shown in dark blue
spheres, except the tetrahedrally coordinated Fe in yellow directly below the
cavity. The surface-OH-groups are depicted in purple (facet-OH) and light blue
(edges including corners). The entrapped water molecules are shown in red (O)
and white (H); atomic sizes are adapted for visualization. The entrapment can be
envisaged for the three cavities at the B facet as well as for the single cavities at

the adjacent A facets.
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Radial pair distribution function (RDF)

FIGURE S3.4: Radial pair distribution function (RDF, g(r)) of all MNP-O sur-
rounded by water-H; as comparison with pure water (black).

FIGURE S3.5: Running coordination number of MNP-O with respect to water-H.
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Interaction with electrolyte ions

FIGURE S3.6: Exemplary RDF of surface-O surrounded by Na and Cl, respec-
tively, of the system out2.75_in2.75.

FIGURE S3.7: Visualization of Na ion close to a vertex of the MNP. Fe in blue (pre-
viously octahedrally coordinated), O in red, H in white and Na in yellow. The
spheres representing water are not shown for visual clarity, yet the correspond-
ing hydrogen-bonds as well as electrostatic interactions of O-Na are depicted by

dashed lines.
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Radial probability density function (RPDF)

The radial probability density function (RPDF) used in this manuscript is calculated from the
radial pair distribution function (RDF) obtained from VMD of one species A being surround
by species B. N represents the number of B atoms, V the volume of the cell. r is the distance
from A to B, ∆r represents incremental changes (binwidth).

RPDF =
4
3

π
N
V

(
(r + ∆r)3 − r3) RDF (S3.4)

FIGURE S3.8: Radial probability density function (RPDF) and corresponding co-
ordination number (CN) of surface-H of the infinite magnetite (111) surface [17]

and MNP-edge-H surrounded by water-O, respectively. For simplicity, the edges
include the vertices of the MNP. For comparison, the RPDF of pure water is given

in black.

FIGURE S3.9: Radial probability density function (RPDF) and corresponding co-
ordination number (CN) of surface-O of the infinite magnetite (111) surface [17]

and MNP-edge-O surrounded by water-H, respectively. For simplicity, the edges
include the vertices of the MNP. For comparison, the RPDF of pure water is given

in black.
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3.5.3 Accuracy of geometry optimizations

The structure optimization was conducted according to the following CP2K convergence crite-
ria for geometry optimization in comparison of the current to the previous configuration, a0 is
the Bohr radius.

• Convergence criterion for the maximum atomic displacement: 1.0E-3 a0

• Convergence criterion for the root mean square (RMS) of all atomic displacements: 1.0E-4
a0

• Convergence criterion for the maximum atomic force: 3.0E-4 Ha/a0

• Convergence criterion for the RMS of all atomic forces: 3.0E-5 Ha/a0
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Abstract

Tc is a long-lived U and Th fission product present in nuclear waste. It can be highly mobile
in the oxidized pertechnetate form but becomes almost insoluble under reducing conditions.
Magnetite is a common iron mineral capable of the reductive immobilization of Tc by structural
incorporation. Based on ionic radius and similarity in charge, Tc(IV) is expected to substitute
for Fe(II,III) in octahedral positions. Several mechanisms have been proposed in the past on
how the necessary charge compensation for the aliovalent cation substitution is obtained. In
this study, we developed a reliable computational approach based on density functional the-
ory to investigate the Tc-magnetite interaction. By comparing our simulation results to spec-
troscopic data, we can confirm a preference for the incorporation mechanisms including the
formation of a vacancy. For both the magnetite bulk structure as well its commonly observed
(111) surface, these findings are based on structural information and thermodynamic consid-
erations. Our results are in line with the experimentally observed topotactical transition of the
magnetite crystal structure towards the higher oxidized iron mineral maghemite and reflect a
component in long-term geochemical mineral transformations.

4.1 Introduction

Technetium is the lightest element in the Periodic Table without stable isotopes. Among its
nuclides, the short-lived gamma-emitting isotope 99mTc is routinely used for medical imaging
of tissues and organs in the human body [1]. Apart from natural processes like spontaneous
fission of natural uranium and neutron capture by molybdenum, where only trace quantities
of Tc form, the major inventory of technetium is contained in spent nuclear fuel as the nuclide
99Tc with a long half-life of 200 ka. The mobility of Tc in the environment is strongly controlled
by its oxidation state. Tc(VII) is very soluble and mobile as pertechnetate anion (TcO−

4 ), whereas
Tc(IV)O2 was found to stay immobilized over a wide pH range [2].

In many countries, the disposal of radioactive waste is foreseen in deep geological reposito-
ries aiming for a long-term separation of hazardous elements and the living environment. To
ensure the separation, the repository safety relies on a system of natural and engineered barri-
ers [3]. The retention mechanisms and mobility are influenced by the surrounding chemical con-
ditions, including salinity [4,5] and the presence of ligands. In contact with oxygen-containing
pore-water, technetium from spent nuclear fuel can be oxidized and mobilized to the form of
Tc(VII). Considering the long-term reducing conditions expected in the near-field of geologi-
cal repositories [6], it can be reduced to Tc(IV) in presence of Fe(II), e.g., in clay minerals such
as nontronite [7], preferably by Fe(II) associated with the solid phase of clay minerals [8,9], or
on Fe precipitates by a surface-mediated mechanism [10]. Furthermore, the reduction has been
shown to occur at Fe(II) bearing minerals such as mackinawite, siderite, chukanovite and mag-
netite [4,11,12]. The latter mineral might also contain Ti (titanomagnetite), in which the presence
of Ti stabilizes Fe(II) leading to increased Tc reduction capabilities [13]. The reduction may lead
to the formation of insoluble colloids [14].



98

Moreover, Tc(IV) can be immobilized by sorption or structural incorporation, e.g., on humic
substances [14] or in other environmentally relevant Fe compounds such as hematite [15], goethite [16],
pyrite [17], zero-valent iron [18] or chukanovite [12]. It has been observed that the interaction of Tc
with Fe containing minerals often leads to the formation of magnetite [17,18]. Significant quan-
tities of iron oxide minerals and magnetite in particular are expected to form as main corro-
sion product of the disposal casks containing high level nuclear waste [19–24]. Thus, magnetite
is likely among the first mineral phases the mobile Tc(VII) might come in contact with after
breaching of the disposal casks and ingress of formation water.

The interaction of Tc with magnetite and other corrosion products [25] has been studied both
experimentally, e.g., using X-ray absorption spectroscopy (XAS) [4,11,26] as well as by compu-
tational methods [27–29]. It was found that at high Tc concentrations, a stabilization of a TcO2

precipitate in solution occurs first [4,26] resembling β-TcO2
[30], before it may get sorbed onto the

magnetite surface [11,29]. On the other hand, at low concentrations of Tc and under low alkaline
pH [11], the structural incorporation of Tc(IV) occurs at octahedral sites of the magnetite struc-
ture [26,27,31–34]. Moreover, the resulting Tc-magnetite structure was found to be quite stable
under alkaline or acidic leaching conditions [35] and even under oxidation [36], although leading
to a partial transformation to maghemite/goethite [37].

The incorporation of Tc in octahedral Fe position in magnetite can be explained by the concor-
dance of the ionic radius of Fe(III) and Tc(IV) [38]. However, the details of the charge substitution
mechanism and potential formation of structural vacancies remain a subject of debate [29,32].
This study reveals the molecular mechanism of Tc uptake by magnetite combining spectro-
scopic investigations and theoretical modeling at the level of density functional theory (DFT).
For this purpose, we rely on the previous characterization of the magnetite surface regarding
stability and speciation as function of environmental Eh and pH conditions [39]. This study
discusses the thermochemical conditions for redox processes coupled to Tc incorporation and
reveal the important role of vacancy formations leading to a maghemitization of the magnetite
surface.

4.2 Materials and Methods

4.2.1 Modeling setup

Ab initio simulations

Atomistic simulations were performed following the methodology developed and validated
in our previous studies [39,40]. In brief, Density Functional Theory (DFT) based spin-polarized
structural optimizations were performed using the PBE functional (PBEsol parametrization).
The Gaussian Plane Wave (GPW) method implemented in the QUICKSTEP module [41] of CP2K
(version 2023.1) [42] was used applying 3D periodic boundary conditions. GTH [43–45]-like norm-
conserving scalar-relativistic pseudo-potentials were applied to avoid an explicit consideration
of the core electrons. MOLOPT basis sets (DZVP) [46] were used to describe the wave functions
of the valence electrons. To expand the electronic density, an auxiliary basis set of plane waves
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with an electronic density cutoff of 600 Ry was employed. The target accuracy (EPS_SCF) of the
self-consistent field (SCF) cycles, 3.0 × 10−7 Ha, was achieved using the orbital transformation
method [47] for the wave function optimization. To improve the description of the 3d-electronic
states of iron, the DFT+U method [48,49] was employed with an effective Hubbard U parameter
of 1.9 eV as validated in a previous study [39]. In all simulations, if not stated otherwise, the
valence electron count in the system fulfilled the electro-neutrality condition.

Furthermore, spin polarization was applied to the initialization of wave functions in the mag-
netite systems. For ferrous iron, it measured (2S + 1)Fe2+ = 5 and (2S + 1)Fe3+ = 6 for ferric iron,
respectively. Ferric and ferrous irons are assumed to alternate in the octahedral positions of
the magnetite structure resulting in (2S + 1)Feoct = 5.5 with all spins aligned up. The ferric tetra-
hedral sites in magnetite were considered as spin down. Tc(IV) was initialized as 5s04d3 with
initial up-spin multiplicity of (2S + 1)Tc4+ = 4.

Benchmarking of Hubbard U parameter for Tc

In line with our previous studies [39,40] on the magnetite structure, surface stability and nanopar-
ticle speciation, the DFT+U approach [48,49] was applied to improve the description of the Tc 4d-
orbitals [50–52]. The necessary preparatory step in this study was, hence, the determination of the
U parameter for tetravalent Tc octahedrally coordinated by oxygen. Based on the commonly
used chemical analog Re [53,54] as presented in the comparative study by Oliveira et al. [30], the
three polymorphs of Tc(IV) oxide exhibiting octahedrally coordinated Tc were simulated. The
crystal structure of α-TcO2 is monoclinic (space group P21/c) [55] and it is the only experimen-
tally proven polymorph. In analogy to Re, β- and γ-TcO2 are assumed as orthorhombic (space
group Pbcn) and tetragonal (space group P42/mnm), respectively [30].

For the 4d-electronic states of Tc, several values ranging from 0 eV to 4 eV were tested as Hub-
bard U parameter in different Tc(IV) oxides. For comparison of the obtained benchmarking
results and further method validation, spin-polarized PBE+U simulations on α-, β- and γ-TcO2

were performed in VASP [56–59] (version 5.4.4) with an electronic cutoff of 600 eV and 8 × 8 × 8
k-points for α-, β-TcO2 and 8 × 8 × 16 k-points for γ-TcO2, respectively.

To identify an optimal value of the Hubbard U parameter for Tc, the lattice constants and an-
gles of simulated structures were compared to literature data. As they are predicted as the most
stable phases [30], the α- and β-structures were tested as 3 × 3 × 3 superstructures in CP2K as
main simulation program for this study. Complementary, VASP simulations as 1× 1× 1 super-
cells of each of the three polymorphs were tested. The best structural agreement was obtained
with Ueff, Tc(IV) = 0 eV which was then applied in the simulations investigating the interactions
with magnetite. Moreover, β-TcO2 chains were identified as the expected sorbed Tc-species by
Oliveira et al. [30] and for additional validation of the intended modeling setup, these zigzag
chains of six TcO6 octahedra were simulated. Further details can be found in the Supporting
Information (SI).
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Potential mechanisms of Tc incorporation and system setup

Magnetite has a cubic inverse spinel structure (space group Fd3̄m) with octahedrally (Feoct)
and tetrahedrally (Fetet) coordinated Fe. The tetrahedral positions are occupied by ferric iron
(Fe3+), while the octahedral positions are occupied by equal amounts of ferric and ferrous
iron (Fe2+). As Tc(IV) and Fe(III) in octahedral coordination by oxygen have the same ionic
radius of 78.5 pm [38], an incorporation based on substituting Fe with Tc is possible [32]. Two
distinct mechanism can be envisaged to maintain local charge balance for the Tc-Fe aliovalent
substitution: First, an isostructural substitution of Tc for Feoct (mechanism "Iso"). Second, the
substitution of two Fe in edge-shared octahedra for one Tc(IV) and one vacancy as proposed by
Smith et al. [32] (mechanism "Vac"). Compared to the previous study [32], the possible mechanism
of substituting four Fe(III) by three Tc(IV) and a vacancy was not considered, as it represents a
striking alteration of the magnetite crystal structure and was found to require stabilization by
external factors [32]. Hence, as for the current study, in both investigated cases (Iso and Vac) the
total system charge is assigned to zero implying a redox reaction between Tc and Fe present in
the system.

FIGURE 4.1: (a) Side view of half of the symmetric magnetite (111) surface
slab [39]. Tetrahedrally coordinated Fe are shown in orange, octahedrally coordi-
nated Fe (Feoct) in blue, O in red, H in pale pink. (b) Substitution of octahedrally
coordinated Fe by Tc (pink) representing the isostructural substitution (Iso mech-
anism) and (c) with an additional vacancy (white) in place of an edge-connected
octahedrally coordinated Fe (Vac mechanism). Atomic sizes are adapted for vi-

sualization.

The molecular geometry and substitution energy for both mechanisms were investigated in
the bulk crystal structure of magnetite with lattice parameter of 8.375 Å [60] using a 2 × 2 × 2
supercell. Moreover, systems resembling the saturated magnetite (111) surface [39] were tested
as incorporation matrix. Theses systems followed the slab geometry with slab dimensions
23.69 Å × 20.52 Å × 14.04 Å as tested in our previous study [39]. Under repository conditions [6],
the prevailing surface termination has been identified as protonated FeO6 octahedra (Figure 4.1
(a)). The protonation state of the surfaces for the present was chosen according to the setup with
an idealized Feoct charge of 2.5+ [39] for comparison with bulk magnetite. In the bulk magnetite
structure, the octahedrally coordinated Fe occupy equivalent crystallographic sites, hence, for
the Iso mechanism one Feoct was replaced with one Tc (Figure 4.1 (b)).



4.2. Materials and Methods 101

The alternative Vac mechanism with a vacancy was realized by additionally removing a Feoct

from an edge-sharing FeO6 octahedron (Figure 4.1 (c)). In this way, Tc makes up around
0.6 wt % similar to the Tc incorporation in hematite [15]. For the magnetite surface slab, sev-
eral options were possible due to the layered structure of the magnetite (111) surface slab. The
symmetric slab has three distinctive Feoct-layers: one in the center, one intermediate Feoct-layer
between two Fetet and another Feoct-layer close to the surface (Figure 4.1 (a)). Each of these
Feoct-layers was tested for the Iso mechanism, they will be referred to based on the respective
position of the substituted Feoct with an abbreviated subscript: Isocent, Isooct2, and Isosurf.

Similarly for the Vac mechanism, all six possible options of positioning Tc and vacancy were
tested. The options can be differentiated by the position of the initial Feoct that are replaced
by a Tc ion and a vacancy (Figure S4.3 in SI). The naming convention is similar to the Iso
mechanisms, but with two subscripts parted by a hyphen to depict the position of Tc-Vac: Both
octahedral positions in the same layer of center Feoct1 (Vaccent-cent) or surface Feoct1 (Vacsurf-surf),
Tc in the center with vacancy in Feoct2 (Vaccent-oct2) or vice-versa (Vacoct2-cent), or Tc in Feoct2

position and the vacancy in surface-Feoct1 position (Vacoct2-surf) or vice-versa (Vacsurf-oct2). A
substitution only within the Feoct2-layer is not possible due to the magnetite crystal structure.

4.2.2 EXAFS spectra

In this study, experimental and theoretical EXAFS spectra were compared to investigate the Tc
incorporation mechanism. Experimentally, a Tc magnetite coprecipitation sample with 600 ppm
Tc was prepared in a glovebox under anoxic conditions (c(O2)< 1 ppm). First, 110 mg Fe(II)Cl2·4
H2O and 280 mg Fe(III)Cl3·4 H2O (resulting in 200 mg magnetite) were dissolved in 20 mL of
0.01 M HCl. Subsequently, an aliquot of a 10 mM KTcO4 stock solution was added to the Fe(II)
and Fe(III) solution, followed by the addition of 2.5 mL of 6 M NH4OH under vivid shaking.
The resulting black solid, was washed three times with milli-Q water and then stored in the
final washing solution for seven days.

After centrifugation, the wet paste was mounted with Kapton tape in a doubly sealed HDPE
plastic sample holder inside the glovebox. To prevent an alteration of the sample during further
storage and transport to the synchrotron facility, the sample was flash-frozen with liquid nitro-
gen immediately after removal from the glovebox, and stored in a liquid nitrogen container
for transportation. Experimental spectra were acquired at the Rossendorf Beamline (BM20 at
ESRF) [61] in fluorescence mode at the Tc K-edge (21 044 eV). The energy of the Si(111) double
crystal monochromator was calibrated using a Mo foil (edge energy 20 000 eV). Two Rh-coated
mirrors in 2.5 mrad grazing angle were used to suppress higher harmonics and to collimate the
beam onto the monochromator crystal. Fluorescence spectra were collected with a 18-element,
high-purity, solid-state Ge detector (Ultra-LEGe, GUL0055, Mirion Technologies) with digital
spectrometer (XIA Falcon-X). During the measurement, the samples were kept at 15 K within
a closed cycle He cryostat to avoid photon-induced changes of oxidation state and to reduce
thermal disorder.
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Theoretical EXAFS spectra were obtained with the FEFF code [62–64] (version 8.4) for each struc-
tural configuration considered in the ab initio calculations. A cluster with a radius of a 9.0 Å
around each Tc cation was used as input. The synthetic spectra were used for linear combi-
nation fitting of experimental data in the range of 2 Å

−1 ≤ k ≤ 10 Å
−1

. Different approaches
and parameter combinations were tested, the best agreement with the experimental data could
be obtained with the synthetic dataset obtained with a non-SCF muffin-tin potential model,
Debye-Waller factor (σ2) of 0.005 and amplitude reduction factor (S2

0) of 0.99.

4.3 Results and Discussion

4.3.1 Determination of Hubbard U parameter for Tc(IV)

TABLE 4.1: Structural parameters of different TcO2-polymorphs obtained by DFT calculations with the
Hubbard U-correction set to 0 eV.

Method init. spin a[Å] b[Å] c[Å] β[◦]

α-TcO2 Rodriguez et al. [55] (experiment, RT) 5.689 4.755 5.520 121.5

Oliveira et al. [30] * 5.733 4.825 5.588 121.5

CP2K AFM 5.631 4.771 5.512 121.4

FM 6.241 4.680 5.571 124.1

VASP AFM 5.663 4.792 5.558 121.3

FM 5.663 4.792 5.558 121.3

β-TcO2 Oliveira et al. [30] * 4.760 5.708 4.706 90.0

CP2K AFM 4.717 5.600 4.625 90.0

FM 4.536 5.653 5.166 90.0

VASP AFM 4.763 5.636 4.649 90.0

FM 4.763 5.636 4.649 90.0

* Oliveira et al. [30] did not specify how the spin polarization of the setup was initialized, anti-
ferromagnetic (AFM) or ferromagnetic (FM).

A possible Hubbard U correction for the transition metal element of Tc was investigated. The
testing results for a wide range of U-values with two different computational codes (Table S4.1
in SI) suggest that for Tc(IV) octahedrally coordinated by oxygen, no Hubbard correction is
required to obtain sufficiently accurate electronic and structural properties. Especially the latter
is in line with findings by Taylor et al. [65]. The analysis of the density of states (DOS) resolves
TcO2 to be metallic, both from Oliveira et al. [30] as well as from the simulations conducted in
the present study (Figure S4.1 in SI). Contrasting, the use of a U parameter would in turn shift
the unoccupied d-states to higher energies and open a band gap.
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Moreover, as in general 4d-orbitals occupy more space than the 3d-orbitals, the electrons can be
considered as less correlated [51] and less localized [50]. This further corroborates our modeling
setup using U = 0 eV for Tc(IV) six-fold coordinated by oxygen. The corresponding occupation
numbers are shown in Table S4.2 in SI.

Table 4.1 lists the lattice parameters and angles of the two polymorphs with lowest total energy,
α- and β-TcO2. A reasonable fit to available literature data using the aforementioned basis sets
and pseudo-potentials in CP2K and VASP could be obtained. Our simulations energetically fa-
vor the β-TcO2-polymorph (Table S4.3 in SI) and achieve a good agreement with literature data,
also for ReO2 as TcO2 analog. Hence, for the subsequent simulations of Tc(IV) octahedrally co-
ordinated by oxygen, the parameter of Ueff = 0 eV was used. Furthermore, focusing on β-TcO2

as the polymorph with lowest energy, both the initial anti- and ferromagnetic setup converge
into the same anti-ferromagnetic state in agreement with previous studies [52,65,66]. Thus, this
setting was used for the following simulations if at least two neighboring TcO6 octahedra are
present in the system.

In this way, a system of a β-TcO2 chain was tested as suggested by Oliveira et al. [30] as dominant
sorption product developing on the magnetite surface over a long time. Each of the Tc(IV) is
expected to be octahedrally coordinated by two OH2-groups and four oxygen connecting to
the next TcO6-octahedra in the zigzag chain (Figure S4.2 in SI). However, as can be observed
from Table S4.4 in SI, neither the use of dispersion correction nor larger basis sets for O and H
lead to improvements of all structural parameters relative to the previous study [30]. Hence, for
the main subject of this study, the simulations were continued with the DZVP basis sets.

4.3.2 Substitution of octahedrally coordinated Fe ions by Tc in the magnetite crys-
tal structure

Analysis of structural and electronic properties

TABLE 4.2: Coordination numbers (CN) and distances (r) of the coordinating
shells around Tc substituting an octahedrally coordinated Fe ion in a 2 × 2 × 2
supercell of magnetite, without (Iso) or with vacancy (Vac). For comparison,
equivalent results for the pristine magnetite structure (Mag) around octahedrally
coordinated Fe as well as the fit results of experimental EXAFS assuming incor-

porated Tc are given.

Mag Iso Vac EXAFS [11]

shell CN r [Å] CN r [Å] CN r [Å] CN r [Å]

O 6 2.038 6 2.027 6 2.025 6 2.01

Feoct 6 2.951 6 2.973 5 2.962 6 3.08

Fetet 6 3.450 6 3.476 6 3.482 6 3.49

The substitution of Tc for Fe in the magnetite structure is feasible due to the concordance of
ionic radius of Fe3+ and Tc4+ in octahedral coordination [38]. Structural parameters of the Feoct
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and Tcoct coordination shells in bulk magnetite are compared in Table 4.2, analogous results for
the substitution in the magnetite (111) surface slab can be found in Table S4.5 in SI. The Tc-O
distance in the first coordination shell is slightly shortened compared to the original magnetite
structure, whereas the Tc-Fe distances in the second and third coordination shells to edge-
sharing Feoct and corner-sharing Fetet are increased.

The predicted changes in the Tc-magnetite coordination environment for both substitution
mechanisms agree well with the structural results obtained by the analysis of experimental
EXAFS data [11]. The distances match experimental observations with a maximum deviation of
radius below 3 % in the O shell, below 7 % deviation in the Feoct shell, and below 0.4 % devi-
ation in the Fetet shell. The coordination numbers agree within the known uncertainties, too.
Hence, the local structural environment of Tc in magnetite can be confirmed by two indepen-
dent methods.

Compared to the pristine magnetite system, both systems with Tc substitution reveal only few
changes in the total density of states (TDOS, Figure S4.4 (a) in SI). These merely small changes
can be expected from the substitution of one to two (with vacancy) out of 128 Feoct in the
system. However, the Tc d-states (Figure S4.4 (b) in SI) contribute to the electronic density
around the Fermi level leading to a slight overall decrease in the electronic band gap (Table S4.6
in SI). This is especially true for the Vac mechanism, where the decrease of both α and β band
gap may reflect an increased conductivity of the system. Moreover, as the valence states of Tc
have slightly lower energy, a preferred occupation of these compared to the Fe valence states
can be assumed. This behavior is reflected in the increased Mulliken occupation (Table S4.7 in
SI).

Interpretation of EXAFS spectra

In Figure 4.2, the experimental and simulated EXAFS spectra for the substitution mechanisms
in bulk magnetite are depicted. As can be seen, the spectra of the individual mechanisms are
very different among each other and in comparison to the experimental data. However, the
best fit to qualitatively reproduce the experimental spectrum can be achieved by combining
the two substitution mechanisms. With this fit, the mechanism including a vacancy appears to
be dominant and can be assumed to prevail with approximately 69.3 %.

For the substitution in the magnetite (111) surface slab, a similar result is achieved. The corre-
sponding plot is shown in Figure 4.3, displaying the best fit with approximately 60.3 % Vaccent-cent,
16.7 % Vacsurf-surf and 23.0 % Vacoct2-surf. The other mechanisms - including all Iso mechanisms -
account each for below 1 × 10−6 % in the superposition of the fit and can, hence, be considered
as of less importance.

Concluding, the prevalence of the substitution mechanism including the formation of a va-
cancy can be deduced. Moreover, with a preference for Tc in the central and almost central
position (center Feoct1 and Feoct2), Tc seems to be surrounded by octahedrally coordinated Fe
dominantly in a three-dimensional arrangement.
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FIGURE 4.2: Theoretical k3-weighted EXAFS spectra of systems based on 2 ×
2 × 2 magnetite supercell with substitution of one Tc (Iso, blue) and one Tc and
one vacancy (Vac, orange) to experimentally obtained EXAFS data (red). The
black line represents a fit as combination of both mechanisms with approximately

30.7 % Iso and 69.3 % Vac.

FIGURE 4.3: Theoretical k3-weighted EXAFS spectra of systems based on the
magnetite (111) surface slab with substitution of one Tc (mechanisms Iso, blue)
and one Tc and one vacancy (mechanisms Vac, orange and gray) to experimen-
tally obtained EXAFS data (red). The black line represents a fit as combination of
all surface mechanisms with approximately 60.3 % Vaccent-cent, 16.7 % Vacsurf-surf

and 23.0 % Vacoct2-surf.
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Relative stability of Tc substitutions in magnetite

FIGURE 4.4: Formation energy, Eform, as function of the chemical potential of
oxygen, µ′

O, [29] for the different Tc incorporation mechanisms for (a) magnetite
bulk substitution, and (b) substitution in the magnetite surface slab.

To reveal the favorable thermodynamic conditions for the different mechanisms of Tc incorpo-
ration in magnetite, the formation energy of the Fe2.5+-Tc4+ exchange as function of oxygen
potential was calculated (Figure 4.4) following the same approach as proposed by Bianchetti
et al. [29] (further details see SI). The predicted stability fields for different Tc incorporation
mechanisms agree with the data reported in literature for similar systems [29]. For mechanisms
with a substitution in the bulk magnetite structure (Figure 4.4 (a)), at lower oxygen potentials
(µ′

O = −1 eV), the Iso mechanism results in a lower formation energy. Hence, it can be as-
sumed the mechanism without the formation of a vacancy is favored at low oxygen pressures.
Contrasting, at high oxygen potentials (µ′

O = 0 eV), the Vac mechanism is favored energetically.
For the incorporation in bulk magnetite, the generally positive formation energy signifies a less
favorable setting as the ideal magnetite structure is disturbed.

To better understand the dynamics of the Tc incorporation during the crystal growth and the
role of the surface structure in the Tc entrapment, the corresponding stability calculations were
conducted and displayed in Figure 4.4 (b) denoting the Tc-Vac-distance to the surface. Over
the whole range of relevant oxygen potentials, the Vac mechanisms with the vacancy located
close to the surface (Vacoct2-surf and Vacsurf-surf) yield the lowest energy. The Iso mechanisms are
energetically less favorable.

It can be assumed, that in a dynamic process of dissolution and recrystallization at the dom-
inant (111) surface of magnetite, layers of only octahedrally coordinated Fe ions (oct1, here
center Fe and surface Fe) are more likely to incorporate Tc. This might be because of their
higher number of octahedrally coordinated Fe which is three times as high as those in the oct2-
layer with oxygen coordinated Feoct2. Moreover, the oct1-layers have been found to have a
higher stability under geochemically relevant conditions [39] and may experience a longer ex-
posure allowing for extended fluid-surface interaction and, hence, serve as the substitution
matrix. In the process of crystal growth of the magnetite nanoparticles, these oct1-layers may
be overgrown. A position of Tc not-directly at the surface in line with the EXAFS results might
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as well be more stabilized by the surrounding magnetite structure. The resulting structure
of a (potential) nanoparticle with a magnetite core, a subsequent shell enriched in Tc and an
outer Tc-depleted shell has been observed experimentally for octahedrally shaped magnetite
nanocrystals [67] corroborating this assumed growth mechanism.

Compared to the previous study on the Tc(IV) incorporation in the magnetite (001) surface [29],
we report higher formation energies for the incorporation in the idealized magnetite (111)
surface. These difference are to be attributed to the principally different facet type and their
surface reconstruction. Moreover, the system studied by Bianchetti et al. [29] includes under-
coordinated Fe at the surface contrasting the hydrogen-saturated surface-oxygen present in
our models to reflect environmental conditions. However, the identified preferred incorpora-
tion mechanisms for both surface types include the formation of a vacancy. This may alter the
magnetite crystal structure and, in the long-term and with several incorporated Tc-Vac pairs,
lead to a transition towards maghemite, also observed experimentally by the oxidation of mag-
netite [68].

4.3.3 Octahedrally coordinated Tc ions surrounded by oxygen – Interpretation of
Tc(IV)

Tc is initialized in this study as Tc(IV) as expected from experiments [11]. Based on the idealized
chemical conception of perfect ionic behavior of the species involved, this requires a change
in the electron configuration of [Kr] 5s24d5 for Tc(0) to [Kr] 5s04d3 for Tc(IV). However, the
idealized viewpoint does not necessarily uphold perfectly in the simulations.

First, by analogy for Tc, the octahedrally coordinated Fe as mix of Fe(II) and Fe(III) can be
investigated as was done before [39,40]. From an idealized perspective, a shift from [Ar] 4s2

3d6 for Fe(0) to [Ar] 4s0 3d6 for Fe(II) and [Ar] 4s0 3d5 for Fe(III) would be expected. Due to
the high-spin configuration in magnetite, for both oxidation states the five d-orbitals would
be half-filled with same spin alignment (spin up, majority spin), whereas for Fe(II) the sixth
3d-electron would be paired with an anti-parallel orientation (spin down, minority spin) in
one of the d-orbitals [69]. The occupation can be analyzed by different methods, this study is
based on the Mulliken population analysis [70]. As can be observed by the actual values of
occupation (Figure S4.5 and Table S4.6 in SI) for the pristine magnetite system, the minority
spin is approximately 0.5 signifying an intermediate oxidation state of all Feoct equivalent to an
assumed average charge of +2.5.

Second, by analogy to Fe, the occupation of Tc states in TcO2 (Table S4.2 in SI) were analyzed.
Surprisingly, the sum of both spin up and spin down lies between 3.7 and 4.7 contrasting the
idealized chemical conception. Yet, these investigated Tc systems have only octahedrally coor-
dinated Tc surrounded by O and, hence, can be assumed to yield a reasonable interpretation of
Tc(IV) in the simulations. In comparison, if Tc substituted magnetite is considered (Table S4.7),
the occupation resembles that of the Tc dioxides indicating a stable configuration, especially
for the ferromagnetic (FM) phases. This is in line with the design of the present study, where
single Feoct are substituted by Tc ions representing a ferromagnetic setup, of course. Deriving
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the present oxidation state of Tc by comparing with Tc oxide is also commonly done in XAS
experiments, e.g., deducing Tc(IV) in presence of magnetite by comparing XANES spectra to
those of TcO2 · x H2O (s) [11].

The exchange of cations by substituting Fe by Tc results in a re-partitioning of electron density
according to the electrochemical potential difference for these two redox-sensitive elements. In
has to be considered, however, that magnetite is a conductive material and the Tc:Feoct ratio
is smaller than 1:100. In such a system, a change of electron density of Feoct in range of 0.8 %
would be sufficient to explain the observed electronic state of Tc, and is indeed the same order
of magnitude of Feoct occupation change perceived (Table S4.6 in SI). Moreover, a test simula-
tion was performed on the isostructural substitution setup with total system charge imposed
to be +1 mimicking a change of Fe3+ with Tc4+. It resulted in the nearly identical electronic
occupation state of Tc (Table S4.7 in SI), whereas the charge compensation is almost entirely
provided and reflected in a decreased minority spin of the Feoct ions signifying a slight overall
tendency towards Fe(III). Contrasting in a system with total charge zero, the substitution of one
Feoct by one Tc leads to a slight increase of minority spin.

This indicates that Feoct buffers the redox equilibrium in the system. I.e., a substitution of one
Fe2.5+ to Tc4+ results in an excess of positive charge (+1.5), which is in turn compensated by
a reduction of the other octahedrally coordinated Fe. Similarly, the substitution of two Fe2.5+

by one Tc4+ and a vacancy results in a deficit of positive charge (-1) being compensated by
oxidizing the other Feoct, hence, a decrease in Fe minority spin. These shifts are observed
only among the group of octahedrally coordinated Fe, as these have from the beginning an
intermediate oxidation state in the (semi-)conductive material magnetite.

4.3.4 Interpretation in the context of nuclear waste and geochemical implications

The structural incorporation of Tc(IV) in iron minerals promises a stable separation of the ra-
diotoxic element and the environment. With the Fe(II)-bearing minerals goethite and mag-
netite, a stable incorporation product can be achieved and these minerals can be used in the
treatment of waste streams [31] such as the vitrification of nuclear waste, e.g., emerging from
the Hanford site [71]. During the subsequent long-term disposal of radioactive waste, espe-
cially magnetite can play a major role in retention. Under expected repository conditions, the
incorporation of Tc(IV) replacing octahedrally coordinated Fe ions has been experimentally
proven [11]. In the present study, the dominating incorporation mechanism could be identified
based on structural and spectroscopical analysis in comparison with these experiments. The
incorporation favors the associated formation of a vacancy, while the octahedrally coordinated
Fe cations can adapt to the changing charge conditions.

The formation of a vacancy in the magnetite leads to a topotactical formation of a crystal struc-
ture resembling maghemite. The associated trivalent state of all Fe cations as were observed
in our previous computational studies on the magnetite surface [39] and magnetite nanoparti-
cles [40]. Moreover, maghemite has been observed as oxidation product at the magnetite surface,
commonly leading to particles with a magnetite core and maghemite shell [68,72]. These were
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observed in big-scale geological systems such as marine sediments [73], too. In the oxidation
process, the formation of vacancies has been found to stabilize magnetite towards further oxi-
dation [68,74] and leading to less strain in the crystal structure compared to a mere oxidation of
the Fe cations [75]. Furthermore, the presence of vacancies might facilitate the uptake of ions
that would otherwise not enter the magnetite structure [76]. Moreover, maghemite has been
shown to act as better sorption matrix compared to magnetite for other environmentally toxic
elements such as Se [77] and As [78].

The substitution of Fe(III) by a tetravalent cation provides the possibility of the formation
of an adapted mineral phase. Octahedrally coordinated Ti(IV) has been observed in titano-
magnetites [79] (TixFe3−xO4) and titanomaghemites [80]. Especially the mixed-valence Fe cations
in magnetite allow for a system with perfectly tunable Fe oxidation state depending on the
amount of incorporated Ti [81]. In this case, an elevated amount of Fe(II) supports the reduc-
tion of mobile Tc(VII) and the incorporation of Tc(IV) into titanomagnetite may follow up [13].
Hence, magnetite/maghemite and adapted systems have the ability to ensure a long-term re-
tention of Tc reducing risks for the living environment.
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4.5 Supporting Information

4.5.1 Determination of Hubbard U parameter for Tc(IV)

TcO2

TABLE S4.1: Results of spin-polarized VASP PBE simulations for α-TcO2 with
para- (PM), ferro- (FM) and anti-ferromagnetic (AFM) initialization. a and b
in FM/AFM refer to the initialized spin up and down, respectively, of the four
neighboring Tc present in a unit cell and that were preserved after convergence.
Reported are the applied method, applied effective Hubbard U parameter, mag-
netization m, lattice parameters a, b, c and angle β of the monoclinic system. The
last two columns comprise the electronic band gap Eg as well as the total energy

Etot of each unit cell.

Method Ueff [eV] m [µB] a [Å] b [Å] c [Å] β [◦] Eg [eV] Etot [eV]

(exp.) [55] 5.689 4.755 5.520 121.453

PM
0.000 0.000 5.663 4.792 5.558 121.282 0.006 -99.073
2.000 0.000 5.680 4.795 5.566 121.274 0.006 -89.942
4.000 0.000 5.699 4.803 5.581 121.156 0.017 -81.139

FM
(aaaa) 0.000 0.000 5.663 4.792 5.558 121.283 0.006 -99.073
(aaaa) 2.000 2.709 5.632 4.822 5.589 120.893 0.001 -89.991
(aaaa) 4.000 10.838 6.307 4.700 5.658 123.874 1.157 -84.351

AFM
(aabb) 0.000 0.000 5.663 4.792 5.558 121.282 0.006 -99.073
(abba) 0.000 0.000 5.663 4.792 5.558 121.282 0.006 -99.073
(aabb) 2.000 1.239 5.707 4.819 5.604 121.013 0.002 -90.496
(abba) 2.000 2.153 6.199 4.705 5.602 123.306 0.402 -90.910
(aabb) 4.000 1.471 5.739 4.839 5.625 121.016 0.450 -83.019
(abba) 4.000 2.353 6.266 4.700 5.629 123.617 1.473 -84.806

TABLE S4.2: Averaged occupation for 4d-orbitals of Tc in TcO2 based on Mulliken
charge analysis (threshold per orbital: 0.2) in CP2K.

AFM FM

Polymorph spin up spin down spin up spin down

α-TcO2 2.355 2.355 3.885 0.648

β-TcO2 2.332 2.332 3.717 0.000
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FIGURE S4.1: Total density of states (TDOS) of (a) α- and (b) β-TcO2 obtained
from CP2K (U = 0 eV). Shown are the results of both the anti-ferromagnetic

(AFM) as well as the ferromagnetic (FM) setup.

TABLE S4.3: Results of VASP PBE simulations for ReO2- and corresponding
TcO2-polymorphs (Hubbard U = 0) in comparison to experiment and a previous
computational study by Oliveira et al. [30]. Reported are the structural properties
of lattice parameters (a, b, c) and the monoclinic angle (β), the electronic band

gaps Eg as well as the relative energies ∆E.

Polymorph Method a [Å] b [Å] c [Å] β [◦] Eg [eV] ∆E [eV]

α-ReO2 Experiment [82] 5.611 4.805 5.548 120.300
Oliveira et al. [30] 5.693 4.850 5.626 121.100
Materials Cloud [83] 5.552 4.877 5.623 119.861
PBE 5.548 4.872 5.619 119.839 0.004 22.423

β-ReO2 Experiment [84] 4.809 5.643 4.601 90.000
Oliveira et al. [30] 4.799 5.746 4.650 90.000
Materials Cloud [83] 4.877 5.671 4.606 90.000
PBE 4.875 5.666 4.603 90.000 0.006 0.000

γ-ReO2 Experiment [85] 4.798 4.798 2.808 90.000
Oliveira et al. [30] 4.900 4.900 2.755 90.000
Materials Cloud [83] 4.925 4.925 2.706 90.000
PBE 4.922 4.922 2.704 90.000 0.005 35.683

α-TcO2 Experiment [55] 5.692 4.762 5.523 121.500
Oliveira et al. [30] 5.733 4.825 5.588 121.500
PBE 5.502 4.792 5.558 118.462 0.004 5.084

β-TcO2 Oliveira et al. [30] 4.760 5.708 4.706 90.000
PBE 4.763 5.636 4.649 90.000 0.018 0.000

γ-TcO2 Oliveira et al. [30] 4.813 4.813 2.842 90.000
PBE 4.824 4.824 2.763 90.000 0.006 19.046
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β-TcO2-chain

FIGURE S4.2: Optimized crystal structure of β-TcO2-chain. Tc is shown in pink,
O in red and H in pale pink. Atomic sizes are adapted for visualization.

TABLE S4.4: Intramolecular distance in Å between Tc and surrounding atoms
of the β-TcO2-chain in comparison with previously reported theoretical data [30].
Reported are the distances to the next coordination shells of nearest oxygen (µ-O)
connecting to other TcO6 octahedra, to nearest oxygen part of an OH2-group as
well as to the next Tc cations. The respective coordination numbers align with
the reported [30]. A dispersion correction was applied using the DFT-D3 term by
Grimme et al. [86,87]. Additionally, valence triple-zeta polarization (TZVP) basis

sets for O and H were tested.

Tc - (µ-O) Tc - OH2 Tc - Tc1 Tc - Tc2 Tc - Tc3

Oliveira et al. [30] 1.980 2.230 2.530 4.600 6.980

CP2K DZVP 1.968 2.152 2.532 4.602 6.982

CP2K DZVP DFT-D3 1.968 2.155 2.533 4.601 6.982

CP2K TZVP DFT-D3 1.968 2.152 2.532 4.601 6.981
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4.5.2 Tc substitution for octahedrally coordinated Fe

Substitution mechanisms in the surface slab

FIGURE S4.3: Schematic visualization of substitution mechanisms in the surface
slab, in which two edge-connected octahedrally coordinated Fe (blue) are re-
placed by on Tc (pink) and one vacancy (white). Tetrahedrally coordinated Fe

are depicted in orange, O in red and surface-H in pale pink.

TABLE S4.5: Coordination numbers (CN) and distances (r) of the first coordina-
tion shells around Tc substituting an octahedrally coordinated Fe in the magnetite
(111) surface slab, without (Iso mechanisms) or with vacancy (Vac mechanisms).

O Feoct Fetet

mechanism CN r [Å] CN r [Å] CN r [Å]

Isocent 6 2.040 6 2.938 6 3.496

Isooct2 6 2.066 6 2.864 6 3.560

Isosurf 6 2.055 5 2.933 3 3.487

Vaccent-cent 6 2.017 5 2.971 6 3.474

Vacsurf-surf 6 2.032 4 2.954 3 3.384

Vaccent-oct2 6 2.017 5 2.977 6 3.468

Vacoct2-cent 6 2.019 5 2.968 6 3.491

Vacoct2-surf 6 2.021 5 2.974 6 3.487

Vacsurf-oct2 6 2.033 4 2.952 3 3.435
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Electronic analysis

FIGURE S4.4: (a) Total density of states (TDOS) of possible Tc substitutions for oc-
tahedrally coordinated Fe (Feoct) in a 2× 2× 2 supercell, substitution of one Fe by
one Tc (Iso, blue) and of two Fe by one Tc and one vacancy (Vac, orange). For com-
parison, the TDOS of the optimized pristine magnetite (Mag) is plotted (black).
(b) Projected density of states (pDOS) of Tc and Feoct d-states in the substitution
systems and pristine Mag normalized to the number of respective atoms. For all
data sets, the PDOS script by Tiziano Müller was used applying a convolution

with Gaussian functions, standard deviation σ = 0.004 eV.

TABLE S4.6: Electronic band gaps (Eg) of the different systems based on a 2× 2×
2 magnetite supercell and in comparison to pristine magnetite. The mean and
median of the minority spin state occupation of octahedrally coordinated Fe in

each system (Figure S4.5) are presented, too.

System Eg(α) [eV] Eg(β) [eV] mean min. spin median min. spin

Mag 1.553 0.160 0.502 0.499

Iso 1.250 0.205 0.505 0.498

Iso (charge 1) 1.239 0.134 0.498 0.492

Vac 0.944 0.125 0.497 0.499
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FIGURE S4.5: Histogram of the frequency of partial atomic charges, i.e., minority
spin, obtained from the Mulliken population analysis of octahedrally coordinated
Fe (spin down only, bin width = 0.02) in magnetite with possible Tc substitution
(supercell with 2 × 2 × 2 unit cells). The charges of all d-orbitals of each Fe (d-2,
d-1, d0, d+1, d+2) were summed (threshold per orbital: 0.2). As the distribution
is unimodal and almost continuous, a clear distinction between Fe2+ and Fe3+

appears to be difficult (see Table S4.6, too).

TABLE S4.7: Occupation for 4d-orbitals of Tc substituting Feoct in magnetite
summed for all five 4d-Orbitals based on Mulliken charge analysis (threshold

per orbital: 0.2).

spin up spin down spin up spin down

Mag bulk Iso 3.464 1.414 Vac 3.289 1.530

Iso (charge 1) 3.465 1.419

Mag surf. Isocent 3.396 1.646 Vaccent-cent 3.411 1.367

Isooct2 3.195 2.019 Vacsurf-surf 3.538 1.180

Isosurf 3.440 1.624 Vaccent-oct2 3.377 1.462

Vacoct2-cent 3.262 1.677

Vacoct2-surf 3.365 1.543

Vacsurf-oct2 3.459 1.363
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Thermodynamic considerations

To calculate the formation energy (Figure 4.4 in the main text of the manuscript), the approach
proposed by Bianchetti et al. [29] was applied. The simplified reaction equation can be written
as described in Equation S4.1. n signifies the number of created vacancies, i.e. 0 or 1 in the
investigated systems. The formation energy Eform can then be calculated according to Equa-
tion S4.2. The chemical potentials of Fe and Tc, µFe and µTc, respectively, can be expressed as
function of the chemical potential of oxygen, µO (Equation S4.3, Equation S4.4). To investigate
the dependency of the formation energy on the amount of oxygen, the chemical potential of
oxygen depends on the variable µ′

O (Equation S4.5) ranging from −1 eV to 0 eV [29]. All used
energies ESCF and chemical potentials of Fe3O4, TcO2, O2 and H2 were obtained from ab initio
simulations and are listed in Table S4.8.

Mag system + Tc → Mag-Tc system + (1 + n)Fe (S4.1)

Eform = EMag-Tc system + (1 + n)µFe − EMag system − µTc (S4.2)

µFe =
1
3
(µFe3O4 − 4µO) (S4.3)

µTc = µTcO2 − 2µO (S4.4)

µO =
1
2

µO2 + µ′
O (S4.5)

TABLE S4.8: SCF energies of investigated systems. For the compounds in the first
column, values are reported per formula unit.

ESCF [Ha] ESCF [Ha] ESCF [Ha]

Fe3O4 −434.1502 Iso −27 742.8847 Vac −27 619.4914

(β-)TcO2 −112.6917 Isocent −35 791.3538 Vaccent-cent −35 667.9489

O2 −31.9284 Isooct2 −35 791.3378 Vacsurf-surf −35 667.9739

H2 −1.1619 Isosurf −35 791.3413 Vaccent-oct2 −35 667.9493

Vacoct2-cent −35 667.9482

Vacoct2-surf −35 667.9747

Vacsurf-oct2 −35 667.9429
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Abstract

Pu is an important radionuclide in the nuclear power generation. After the energy generation
and alongside other radioactive waste, it is foreseen for deep underground storage for several
hundred thousand years. Over time, the Pu may be dissolved from the waste matrix and be
mobilized. Surrounding minerals in the repository such as magnetite have been shown to in-
teract with Pu and contribute to its retention. In this study, the previously experimentally pro-
posed Pu(III) sorption complex on the common magnetite (111) surface has been investigated
computationally. In comparison to experimental data, the location of the sorption complex was
confirmed. Moreover, the performed ab initio molecular dynamics simulations were shown to
provide a powerful tool in the atomistic investigation of chemical complexes.

5.1 Introduction

Plutonium is a heavy radioactive element with applications in various fields. In civil usage, Pu
is part of MOX, mixed oxide fuel, present as pellets in fuel rods in which Pu and U oxides are
combined. From the chain reaction of their nuclear fission with dominating α- and β−-decay [1],
electricity can be generated in nuclear power plants. After the use, the spent nuclear fuel (SNF)
and other high-level waste (HLW) from reprocessing need to be stored long-term protecting
the living environment from the still present harmful radiation. The reprocessing needs to be
performed carefully, historically, e.g., the Hanford site (Washington, USA) [2] and the Mayak
reprocessing plant (Chelyabinsk, Russia) [3] still suffer from extended contamination with Pu.

In many countries, e.g., France, and Switzerland, the long-term disposal of radioactive waste
is foreseen in deep geological repositories taking advantage of a system of geological and tech-
nical barriers [4]. SNF and HLW will be encapsulated in carbon steel canisters before placing
them in underground tunnels. The tunnel cavities will be filled up with bentonite, a clay with
self-sealing properties against incoming water. However, it is expected that the contact of pore-
water with the steel canisters cannot be avoided over the required disposal time leading to cor-
rosion of the steel canisters. Subsequently, a deterioration of the canisters and their possible
breaching is expected allowing for a dissolution of the radioactive material.

Pu is expected to cause the main radiotoxicity of the nuclear waste up to approximately 100 ka [5].
For this redox-sensitive element, the surrounding conditions play an important role regard-
ing its oxidation state and solubility involved. Common redox states range from Pu(VI) to
Pu(III). Especially Pu(IV) and Pu(III) are relevant under repository conditions [6]. Pu(IV) has
a lower solubility due to the observed formation of PuO2 from Pu(VI) [6,7] and can be fur-
ther reduced to Pu(OH)3

[8,9]. In fact, PuO2 has been found to be the highest oxidized sta-
ble Pu oxide [10]. Moreover, these oxidation states are much more likely to be potentially im-
mobilized by co-precipitation of Fe(II) bearing compounds. In this way, e.g., an almost per-
fect removal of Puaq from Fukushima seawater could be achieved by co-precipitation with
Fe(OH)2

[11]. The sorption at minerals is another effective immobilization strategy. E.g., sorp-
tion at (Na)-montmorillonite has been experimentally proven including a surface-mediated
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reduction mechanism [12,13]. In fact, Fe bearing minerals were found to sorb Pu more efficiently
compared to minerals that do not contain Fe [13].

Magnetite (Fe3O4) as mixed Fe(II)/Fe(III) oxide as common subsurface Fe mineral can act as
reducing agent for Pu and provide a surface for sorption [14]. Furthermore, in the repository
context, the anoxic corrosion of the steel canisters leads to a formation of prevalently magnetite
at the canister surface [5,15]. Due to the expected long-term reducing conditions in the repos-
itory [16], Pu(III) can be stabilized [8,9]. Furthermore, over a wide pH range, a stable sorption
of Pu(III) on the magnetite surface could be shown, even in presence of competing trivalent
ions [17].

To investigate experimentally the oxidation state and the coordination environment of Pu, the
powerful tool of X-ray absorption spectroscopy (XAS) can be used [7]. Kirsch et al. [6] con-
ducted batch-sorption experiments on Fe(II) containing minerals, namely magnetite, macki-
nawite (FeS) and chukanovite (Fe2(CO3)(OH)2) under anoxic conditions and analyzed with
XAS. They observed a rapid uptake of the dissolved Pu. With magnetite, a reduction to Pu(III)
was confirmed; with the other minerals as well as dissolved Fe(II), the higher oxidized Pu(IV)O2

occurred signifying weaker reductive capabilities of these Fe compounds. In fact, a surface-
mediated reduction was proposed to be more effective at the oxygen-terminated surfaces. In
a previous study [18], we confirmed a stable existence of such a surface under expected repos-
itory conditions [16]. With the technique of extended X-ray absorption spectroscopy (EXAFS),
a tridentate sorption complex at three edge-sharing FeO6 octahedra was proposed. In copre-
cipitation experiments conducted by Dumas et al. [19], the reduced Pu(III) was taken up by
magnetite, too. Half of it was immobilized by formation of a tridentate sorption complex at the
magnetite (111) surface and half was structurally incorporated. However, the large size of the
Pu(III) compared to Fe ions [20] leads to a structural incompatibility. Hence, in an experimental
long-term simulation, the structurally incorporated Pu is pushed out of the crystal structure
and the ratio of sorbed to incorporated species shifts to 2:1 [19].

The experimental efforts can be supported by computational approaches such as density func-
tional theory (DFT) as used in the present study. The first challenge was to confirm a suitable
description using the DFT+U approach [21] for the strongly correlated 5f electrons in Pu [22–25]

as these possess the highest energy [26]. Hence, they are responsible for electronic interactions
and can contribute to chemical bonding. After thoroughly validating the modeling setup fo-
cusing on the repository relevant Pu(III) and Pu(IV) coordinated by oxygen, we simulated the
proposed tridentate sorption complex using ab initio molecular dynamics (AIMD) simulations
for 10 ps. Based on the time-averaged crystal structure of the sorption complex, the experimen-
tally suggested sorption complex could be confirmed. Moreover, a more detailed structure of
the surrounding hydration shell was obtained.
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5.2 Materials and Methods

Ab initio and AIMD simulations

Atomistic simulations were performed following the methodology developed and validated
in our previous studies [18,27,28]. In brief, spin-polarized crystal structure calculations based
on Density Functional Theory (DFT) were performed using the PBE functional with PBEsol
parametrization. The Gaussian Plane Wave (GPW) method implemented in the QUICKSTEP

module of CP2K [29] (version 2023.1) was used and 3D periodic boundary conditions were ap-
plied. GTH-type [30–32] norm-conserving scalar-relativistic pseudo-potentials were applied in
combination with MOLOPT basis sets (DZVP) [33]. For Pu, the combination of norm-conserving
pseudo-potential and GTH-type basis set was used which was recently developed by Lu et
al. [34] testing a range of plutonium chlorides up to the highest oxidation state of Pu (hepta-
valent). For the simulations in the present study, an auxiliary basis set of plane waves with
an electronic density cutoff of 600 Ry was employed to expand the electronic density. The
target accuracy of the geometry optimizations in a self-consistent field (SCF) approach was
3.0× 10−7 Ha per molecular orbital. In systems with solvent water, a dispersion correction was
applied using the DFT-D3 term by Grimme et al. [35,36].

To improve the description of the 3d-electronic states of iron in magnetite, the DFT+U method [21,37]

was employed with an effective Hubbard U parameter of 1.9 eV as validated in a previous
study on the magnetite crystal structure [18]. If not stated otherwise, in all simulations the va-
lence electron count in the system fulfilled the electro-neutrality condition.

Furthermore, spin polarization was applied to the initialization of wave functions in the mag-
netite systems. For ferrous iron, it was (2S + 1)Fe2+ = 5 and (2S + 1)Fe3+ = 6 for ferric iron,
respectively. Ferric and ferrous irons are assumed to alternate in the octahedral positions of
the magnetite structure resulting in (2S + 1)Feoct = 5.5 with all spins aligned up. The ferric
tetrahedral sites in magnetite were considered as spin down. Based on Pu(0) with a simplified
electronic configuration 7s2 5f6, Pu(III) and Pu(IV) were initialized as 7s05f5 and 7s05f4 with
initial high-spin multiplicity of (2S + 1)Pu3+ = 6 and (2S + 1)Pu4+ = 5, respectively.

After the geometry optimization of initial Pu complexes, AIMD simulations were performed
in the NVT ensemble at 300 K. The temperature was controlled by the Canonical Sampling
Velocity Rescaling (CSVR) thermostat [38]. An adaptive barostat with a time constant of 1 ps at
1 bar was applied. The equations of motion of the atoms were integrated with a 0.5 fs time-
step. After a pre-equilibration time of 2 ps, simulations were run for 15 ps for the Pu aquo
complex and 8 ps for the sorption complex. For the latter, the accuracy of SCF cycles was
slightly increased to 5.0 × 10−7 Ha per molecular orbital for faster convergence.

5.2.1 Benchmarking of Hubbard U parameter for Pu(III) and Pu(IV)

In line with our previous studies [18,27,28], we applied the DFT+U approach [21,37] to improve
the description of the d-electronic states of Fe. Accordingly, to provide accurate description of
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the Pu 5f-orbitals [22,39], the U parameter for Pu needs to be calibrated. The plutonium species
relevant in the context of deep geological repository are Pu(III) [8,9] and Pu(IV) [7] oxides.

The cubic polymorphs of these plutonium oxides were simulated to reveal the optimal value of
the U parameter. For both oxides, ferro- (FM) and antiferromagnetic (AFM) setups were tested.
Pu(III) was investigated in the α-Pu2O3 polymorph with a lattice parameter a = 11.04 Å [40] in
a 2 × 2 × 2 supercell. Pu(IV) was simulated using a 3 × 3 × 3 supercell based on the cubic unit
cell of PuO2 with lattice parameter a = 5.396 Å [40]. Several values for the U parameter were
tested in a range of 0 eV to 4 eV to provide the best agreement with of structural properties and
electronic band gap with experimental data.

5.2.2 Pu(III) complexes in solvent

With the validated Hubbard U parameter, two Pu(III) complexes were investigated: (i) the aquo
complex and (ii) the proposed sorption complex at the magnetite (111) surface.

Pu(III) aquo complex in aqueous solution

The stable coordination number of Pu(III) in aqueous solution remains unclear. Pu(III) aquo
complexes were reported to be coordinated by eight [41], or possibly by nine [42] water molecules
in pure water solvent. For comparison, stabilized in a crystallized solid form by triflic acid, a
nine-fold water-coordination was reported based on single-crystal X-ray diffraction [43]. Exper-
imental EXAFS in combination with the magnetite surface suggest a nine-fold coordination of
the Pu(III) cation [6,19], too.

Hence, to investigate the coordination number in aqueous solution, a nine-fold coordinated
Pu(III) complex with a random orientation of the water molecules was setup. The initial Pu-O
distance was 2.3 Å similar to the distances in plutonium oxides [44]. The complex was placed in a
cubic simulation box (a = 20 Å) with 259 other water molecules representing a density of water
of ρ = 1 g cm−3. The initial position of the atoms in the simulation box was obtained using the
Packmol software [45] by randomly distributing the water molecules around the Pu(III) aquo
complex. The total system charge of the system with the Pu(III) aquo ion was set to +3.

Pu(III) sorption complex at the magnetite (111) surface

The magnetite (111) surface structure was investigated in a previous study [18], the main fea-
tures are summarized in the following. Magnetite (Fe3O4) has an inverse spinel structure with
octahedrally (Feoct) and tetrahedrally (Fetet) coordinated iron ions. For the magnetite (111) sur-
face, different surface terminations are possible. However, expecting environmental conditions
and present water, terminations with fully coordinated Fe cations and a surface protonation ap-
pear to be feasible. Under repository conditions [16], the expected surface termination has been
found to be octahedrally coordinated Fe ions [18] occupying three quarters of a complete mono-
layer. This leads to the occurrence of cavities as investigated in a previous study [27]. Disregard-
ing possible surface protonation, two three-fold rotation axes can be imagined perpendicular to
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the surface, one between three edge-sharing Fe octahedra, one in the center of a cavity. Below
each cavity, a Fetet ion is located being part of a sandwiched arrangement of Fetet - Feoct - Fetet.

According to previous spectroscopic studies [6,19], Pu(III) is expected to form a tridentate surface
complex above the three edge-sharing Fe octahedra. In addition to three surface oxygen anions,
the plutonium coordination shell may contain six water molecules. For the present study, an
according system setup was prepared. The basis was formed by an adapted magnetite surface
slab corresponding to oct1_out2.5 for comparison. The dimensions of the slab were 11.84 Å ×
20.52 Å × 14.04 Å, half the size of previous studies [18,28] saving computational resources.

One Pu(III) complex was set symmetrically on either side of the surface slab to cancel the dipole
moment across the slab. In this way, polarization effects could be avoided and statistics im-
proved. The separation of Pu ions are at least 15 Å, which is sufficient to screen ion-ion interac-
tion. Accounting for the bonds of Pu to surface-O forming the sorption complex, one surface-H
was removed from the corresponding surface-O.

The initial water configuration of the simulation setup was achieved using the Packmol soft-
ware [45] by adding 128 water molecules to each side of the slab. Like for the Pu(III) aquo
complex, this corresponds to a water density of ρ = 1 g cm−3.

5.3 Results and Discussion

5.3.1 Hubbard U parameter for relevant oxygen coordinated Pu species

To obtain the value of the Hubbard U parameter for relevant Pu species, a comparison of struc-
tural and electronic properties was conducted. The investigated plutonium oxides represent
relevant Pu phases in a nuclear waste matrix [7,46]. Their crystal structure – base-centered cubic
and fluorite-structure type –, reflects a wide range of plutonium-oxygen coordination environ-
ments ranging from six to eight and approximating the proposed nine-fold coordination of the
Pu(III) sorption complex on the magnetite (111) surface [6,19].

The anti-ferromagnetic (AFM) phases were studied for the sake of comparison as these have
been shown to provide the best agreement with the experimental data and yield a lower en-
ergy than the FM phases [23,24,47–49]. The obtained averaged parameters for the AFM phases are
listed in Table 5.1. The closer agreement of the AFM phases to both structural and electronic
properties compared to the FM phases is confirmed. More details can be found in SI (Table S5.1,
Table S5.2).

Additionally, Figure 5.1 shows the electronic band gap of the investigated cubic plutonium
oxides. The band gap can be reproduced for Pu2O3 with the value of U = 3.5 eV. For PuO2, a
higher value of at least U = 3.8 eV provides the best agreement. A similar trend, namely the
larger U value for higher oxidation states of plutonium was reported by other studies [50], too.

For both investigated plutonium oxides, the obtained orbital occupation based on Mulliken
charge analysis reflects the expected electronic configuration in the 5f orbitals, i.e., for Pu(III)
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5f5 and for Pu(IV) 5f4. These results can be used to compare the occupation in more complex
systems and track the oxidation state of plutonium.

TABLE 5.1: Averaged lattice parameter a and electronic band gap Eg of the inves-
tigated plutonium oxides in anti-ferromagnetic ordering. The deviations (dev.)

to literature data regarding a [40] and Eg
[51,52] are reported, too.

Pu2O3 PuO2

U [eV] a [Å] dev. [%] Eg [eV] dev. [%] a [Å] dev. [%] Eg [eV] dev. [%]

0.0 10.979 −0.549 0.250 −81.865 5.390 −0.111 0.712 −60.471

1.5 11.036 −0.033 0.394 −71.469 5.395 −0.021 0.973 −45.925

2.0 11.047 0.059 0.617 −55.295 5.394 −0.029 1.134 −36.976

2.5 11.054 0.125 0.890 −35.522 5.393 −0.049 1.326 −26.323

3.0 11.059 0.168 1.156 −16.211 5.392 −0.074 1.399 −22.294

3.1 11.059 0.172 1.187 −13.989 5.392 −0.080 1.507 −16.295

3.2 11.059 0.176 1.242 −10.028 5.391 −0.087 1.545 −14.190

3.3 11.060 0.182 1.291 −6.428 5.391 −0.094 1.582 −12.087

3.4 11.061 0.186 1.334 −3.313 5.391 −0.101 1.614 −10.316

3.5 11.061 0.189 1.377 −0.214 5.390 −0.107 1.664 −7.583

3.6 11.061 0.190 1.433 3.857 5.390 −0.114 1.620 −10.017

3.7 11.061 0.192 1.473 6.735 5.389 −0.121 1.658 −7.910

3.8 11.044 0.035 1.518 10.005 5.389 −0.129 1.784 −0.886

3.9 11.061 0.192 1.562 13.196 5.389 −0.136 1.674 −6.991

4.0 11.061 0.191 1.606 16.369 5.388 −0.144 1.783 −0.927

FIGURE 5.1: Electronic band gaps of cubic plutonium oxides in anti-
ferromagnetic ordering, (a) Pu2O3 and (b) PuO2. Both spin up (α, blue) and
spin down (β, orange) are shown. For comparison, literature values are provided

(dashed black).
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Combining the analyses above, the preferential value of the U parameter can be concluded. For
Pu(III), it is chosen as 3.5 eV and further used in the present study simulating Pu(III) complexes.

5.3.2 Simulated Pu(III) complexes

Pu complex in pure water

A snapshot of the AIMD simulation depicting the Pu(III) complex in aqueous solution is shown
in Figure 5.2 (left). In agreement with Table S5.3 in SI, the first coordination shell is formed by
eight oxygen anions (Figure 5.2 (right)) and water molecules, respectively. In comparison with
the results from the previously modeled Pu2O3, the orbital occupation agrees and confirms the
trivalent Pu oxidation state.

Although experimental studies reported a spectrum of Pu-water coordination numbers rang-
ing between 8 and 9, the preference of an eight-fold coordination for the Pu(III) aquo com-
plex observed in this work is in line with previous studies using various computational tech-
niques [41,42,53]. Moreover, the averaged distance of around 2.50 Å for the first coordination shell
by OH2O agrees well with the reported range of 2.49 Å to 2.51 Å from experimental studies [54,55].
Hence, we assume to capture the Pu-water interaction well with our simulation setup.

FIGURE 5.2: Left: Snapshot of the Pu(III) aquo complex in aqueous solution ob-
tained from AIMD. Pu is shown in green, O and H of the first coordination shell
in smaller spheres of pink and white, respectively. The other surrounding water
molecules are shown in light gray. Atomic sizes were adapted for visualization.
Right: Radial distribution function (RDF, g(r)) of Pu surrounded by water-O and

water-H with corresponding coordination numbers.
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Tridentate Pu complex at the magnetite (111) surface

TABLE 5.2: Averaged coordination number (CN) and distance (r) of Pu in the
proposed tridentate sorption complex at the magnetite (111) surface [6] obtained
by averaging the 8 ps AIMD trajectory. The first column lists the range of consid-
ered boundaries for the evaluation as obtained from the radial pair distribution
function (RDF). The subscripts "s" and "w" in the coordinating neighbor column
(coord.) signify H and O belonging to the initial surface and water portion of the

system, respectively.

range [Å] coord. r [Å] CN exp. r [Å] exp. CN

0.00-3.05 Os 2.427 ± 0.139 3.00 ± 0.00
2.45 [19], 2.49 [6] 9 [6,19]

0.00-3.15 Ow 2.477 ± 0.128 4.02 ± 0.12

0.00-4.15 Hw 3.262 ± 0.319 13.06 ± 0.67

0.00-3.75 Hs 3.280 ± 0.215 2.85 ± 0.49

0.00-4.35 Feoct 3.494 ± 0.154 3.00 ± 0.00 3.54 [6,19] 3 [6,19]

3.05-3.95 Os 3.686 ± 0.160 1.80 ± 0.41

3.95-4.65 Os 4.311 ± 0.183 4.00 ± 0.89

3.15-5.05 Ow 4.376 ± 0.386 7.39 ± 1.20

3.75-5.35 Hs 4.616 ± 0.383 6.33 ± 0.71

4.65-5.75 Os 5.087 ± 0.208 10.24 ± 0.75

4.15-6.25 Hw 5.323 ± 0.527 28.42 ± 1.88

4.35-6.05 Feoct 5.418 ± 0.300 6.11 ± 0.34

0.00-7.05 Fetet 5.902 ± 0.193 4.00 ± 0.00 4.20 [19] 3 [19]

Table 5.2 lists the averaged distances and coordination shells around the sorbed Pu at the mag-
netite (111) surface up to 5.5 Å as commonly considered range for EXAFS spectra analysis [19].
In comparison with experimental data, the distance of the first oxygen coordination shell can
be reproduced well. Complimenting experimental EXAFS, the simulations can differentiate in
the first coordination shell between bonds by surface-oxygen (Pu-Os) and water-oxygen (Pu-
Ow). The latter are longer by 0.05 Å. Moreover, the distance of 2.46 Å would result from a
weighted average perfectly aligning with experimental results [6,19]. However, a striking differ-
ence is noted as both surface- and water-oxygen in this first coordination shell only add up to
seven coordinating oxygen ions compared to the proposed nine-fold coordination.

In line with our previous observations [18,27], it is possible that the experimentally present ox-
idation state of the surface-Fe resembles more Fe3+. However, for the sake of computational
comparability with a bulk-like magnetite, the simulations assumed Fe2.5+. With a more pos-
itive surface charge, water could be drawn closer to the Fe-surface and, in turn, to the ad-
sorbed Pu. In this way, at least one water molecule more might be part of this first coordination
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shell. Moreover, EXAFS is known to possibly differ in the fitting of the coordination shell of
plus/minus one tenth of the assumed number [56] and a reduced coordination number is possi-
ble.

FIGURE 5.3: Perspective view of the tridentate Pu(III) sorption complex at the
magnetite (111) surface obtained from a snap shot of the AIMD simulation. Pu is
shown in green, tetrahedrally coordinated Fe in orange, octahedrally coordinated
Fe in blue. The corresponding Fe polyhedra are shown in the respective color.
However, for highlighting purposes, the edge-connected Fe octahedra that serve
as sorption basis for the Pu(III) complex were shown in purple. O and H from
the magnetite slab are shown in medium sized red and gray spheres, those in the
water solvent forming the first coordination shell in smaller spheres of pink and
white, respectively. The remaining water molecules as well as hydrogen bridges

are depicted as dashed lines, and atomic sizes were adapted for visualization.

The first Fe coordination shell (Feoct) is in perfect alignment with experimental data and refers
to the three edge-sharing FeO6 octahedra at the octahedrally terminated magnetite (111) surface
(purple octahedra in Figure 5.3). This high accordance is, however, to be expected as the input
structure for the simulation was prepared in this way. The first water coordination shell is
visualized in Figure 5.3. As can be seen, two of these water molecules tend to become OH-
groups, and the remaining hydrogen cation lead to an increased protonation of the magnetite
surface (orange cylinders in Figure 5.3). An increased hydrophilic behavior of the surface-O
compared to the water-O can be deduced, for surface-O three-fold connected to Feoct (surface-
O at upper orange cylinder), too.

Furthermore, Dumas et al. [19] fitted another Fe-coordination shell with three Fe ions at a dis-
tance of 4.20 Å attributing them to the tetrahedrally coordinated Fe cations. They expected
them to be those from inside the surface cavities as shown in a previous study [27]. Contrasting,
our results show that these would be at a distance of around 5.90 Å from the Pu(III) cation, a
striking deviation of 1.70 Å. Moreover, there would be a fourth Fetet in the same x,y-position as
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the Pu, yet underneath in the magnetite surface. Additional analysis is needed to understand
these differences.

5.3.3 Findings in context

Our findings on Pu(III) complexes are well in line with experimental observations. More specif-
ically, the presented atomistic simulations not only allow for a precise identification of the
atomic structure, also potentially harmful experiments with, e.g., radioactive substances may
be reduced to a minimum. Moreover, the AIMD simulations can be used to investigate possible
geometries and changes to the hydration shell under the influence of changing solvents.

The magnetite (111) surface has been shown to provide the sorption matrix for various trivalent
and tridentate inner sphere complexes. Apart from the here discussed Pu(III) complex, sorption
complexes of Am(III)/Eu(III) [57] have been proposed in the same position as the Pu(III) com-
plex. On the other hand, As(III) [58–60] and Sb(III) [61] complexes are expected to be positioned
above the triangular cavities in the magnetite (111) surface with octahedral termination. AIMD
simulations to obtain averaged structures in combination with experimental EXAFS once more
can be beneficial to identify the prevalent structures.
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5.5 Supporting Information

5.5.1 Benchmarking of U parameter at plutonium oxides

TABLE S5.1: Additional information regarding the lattice parameters a, b and c
of the AFM and FM phases of Pu2O3. The electronic band gaps Eg are separated

in spin up (α) and spin down (β).

AFM FM

U [eV] a [Å] b [Å] c [Å] a [Å] b [Å] c [Å] Eg, α [eV] Eg, β [eV]

0.0 10.987 10.978 10.973 10.939 10.942 10.945 0.039 3.719

1.5 10.963 11.105 11.041 10.923 11.122 11.025 0.030 3.635

2.0 11.014 11.122 11.005 10.979 11.165 10.973 0.136 3.541

2.5 11.037 11.123 11.001 11.008 11.164 10.975 0.389 3.498

3.0 11.043 11.110 11.024 11.012 11.158 10.995 0.626 3.473

3.1 11.043 11.115 11.019 11.024 11.154 10.990 0.679 3.469

3.2 11.043 11.111 11.024 11.025 11.154 10.991 0.724 3.466

3.3 11.042 11.108 11.030 11.026 11.152 10.993 0.771 3.463

3.4 11.042 11.107 11.033 11.029 11.150 10.994 0.814 3.461

3.5 11.044 11.103 11.036 11.031 11.146 10.997 0.860 3.461

3.6 11.044 11.101 11.038 11.032 11.147 10.996 0.898 3.458

3.7 11.044 11.097 11.043 11.035 11.146 10.996 0.940 3.456

3.8 11.047 11.042 11.042 11.038 11.143 10.996 0.983 3.453

3.9 11.048 11.095 11.040 11.038 11.140 11.000 1.026 3.452

4.0 11.044 11.089 11.050 11.041 11.135 11.002 1.069 3.449
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TABLE S5.2: Additional information regarding the lattice parameters a, b and c
of the AFM and FM phases of PuO2. The electronic band gaps Eg are separated

in spin up (α) and spin down (β).

AFM FM

U [eV] a [Å] b [Å] c [Å] a [Å] b [Å] c [Å] Eg, α [eV] Eg, β [eV]

0.0 5.383 5.384 5.403 5.386 5.388 5.387 0.192 0.034

1.5 5.424 5.400 5.361 5.410 5.409 5.364 0.536 5.066

2.0 5.422 5.400 5.361 5.406 5.405 5.367 0.762 5.109

2.5 5.418 5.396 5.367 5.398 5.400 5.378 1.000 5.154

3.0 5.411 5.395 5.370 5.398 5.394 5.381 1.075 5.199

3.1 5.407 5.398 5.370 5.405 5.418 5.352 1.108 5.202

3.2 5.407 5.398 5.369 5.405 5.417 5.351 1.146 5.208

3.3 5.406 5.398 5.369 5.403 5.414 5.356 1.209 5.234

3.4 5.405 5.397 5.369 5.403 5.414 5.355 1.245 5.240

3.5 5.404 5.394 5.372 5.391 5.390 5.386 1.258 5.249

3.6 5.405 5.394 5.371 5.400 5.414 5.357 1.168 5.235

3.7 5.403 5.393 5.372 5.403 5.410 5.357 1.209 5.243

3.8 5.402 5.393 5.372 5.401 5.411 5.356 1.404 5.274

3.9 5.403 5.392 5.371 5.399 5.409 5.359 1.445 5.283

4.0 5.402 5.391 5.371 5.403 5.405 5.358 1.453 5.292
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5.5.2 Pu(III) aquo complex in aqueous solution

TABLE S5.3: Averaged coordination number (CN) and Pu-O and Pu-H distances
(r) for Pu aquo-complex obtained by averaging 15 ps long AIMD trajectory. The
first column lists the applied boundaries as obtained from the radial pair distri-

bution function (RDF).

Shell [Å] Neighbor r [Å] CN

0.00-3.30 O 2.503 ± 0.113 8.00 ± 0.00

0.00-4.00 H 3.224 ± 0.248 19.28 ± 0.83

3.30-5.50 O 4.625 ± 0.352 20.80 ± 1.08

4.00-6.00 H 5.109 ± 0.487 48.47 ± 2.30

5.50-7.60 O 6.687 ± 0.544 39.52 ± 2.13

6.00-8.50 H 7.390 ± 0.677 118.23 ± 3.91
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6.1 Conclusions

Considering the importance of magnetite in natural environment, the present thesis addresses
the thermodynamic stability of the prevalent bulk magnetite surface as well as of magnetite
nanoparticles, and selected mechanism of Tc and Pu uptake. The inherent ensemble of Fe(II)
and Fe(III) cations enables magnetite to take part in redox reactions, e.g., reducing contami-
nants in the subsurface. Moreover, magnetite is an important mineral in the long-term disposal
of radioactive waste, where steel canisters isolating the nuclear waste in the underground are
expected to develop a magnetite corrosion layer at their surface. Under such conditions, mag-
netite may contribute to the retention of contaminants or radionuclides present in formation
water. Thereby, the uptake occurs as sorption at the surface or incorporation into the crystal
structure.

In the magnetite crystal structure, Fe cations are present in two coordination environments as
tetrahedrally and octahedrally coordinated Fe. Especially the latter are of great importance as
they host an equal ratio of Fe(II) and Fe(III) in the idealized bulk structure and can buffer redox
conditions. However, to investigate possible interactions with contaminants, a detailed knowl-
edge on the surface speciation is required. In the present thesis, the most commonly observed
magnetite (111) surface was studied in depth. While previous studies focused on its speciation
in vacuum, protonated oxygen-terminated surfaces were studied here reflecting expected ide-
alized terminations of macroscopic crystals. A detailed surface stability analysis was conducted
taking into account factors of temperature, pH, and Eh, to determine the surface termination
with lowest energy that is expected to represent a long-term stable surface. Between the two
likely resulting terminations of an octahedral and mixed tetrahedral termination, the surface
with fully coordinated octahedral Fe cations was identified as the dominant one. Specifically
the consideration of water as solvent and the corresponding interaction energy were shown to
be essential in developing a meaningful scientific model and led to a perfect agreement with
experimental results.

The performed atomistic simulations allowed for a detailed investigation of the relevant proto-
nation pattern. For both the assumed infinite magnetite surface as well as derived octahedrally
shaped nanoparticles this pattern corresponded to the concept of bond valence sum. Moreover,
the degree of surface saturation with hydrogen had a direct impact on the oxidation state of the
Fe cations, especially close to the surface. The coherent surface stability analysis suggests that
the dominant octahedral surface shows an elevated Fe charge resembling Fe(III) close to the
crystal surface taking into account water interaction, too. These results not only contrast the
expected mixed valence state in the bulk magnetite structure, they are relevant over a wide
range of environmental circumstances such as the expected long-term repository conditions
with slightly reducing Eh of −0.3 V to −0.1 V and circum-neutral pH of 6.9 to 7.9 [1]. Moreover,
the nanoparticles show a much stronger degree of interaction with the water solvent. This
can be attributed to the non-flat geometry compared to the infinite (111) surface, as nanoparti-
cles possess edges and vertices influencing possible interactions with dissolved ions, too. The
here simulated magnetite nanoparticles of 2 nm size are, to the best of our knowledge, the



6.2. Open questions and direction for further research 147

largest particles simulated by density functional theory (DFT). The obtained results highlight
the importance of a molecular consideration of the non-flat and possibly non-ideal surface and
contribute immensely to the understanding of the surface structure in more realistic scenarios.

In the context of radioactive waste disposal, interactions of magnetite with two important ra-
dionuclides, Tc and Pu, were studied. The uptake of contaminants from the aqueous phase
commonly occurs as sorption at the mineral surface and/or incorporation into the magnetite
crystal structure. For each mechanism, corresponding crystal structures for one radionuclide
were studied.

The incorporation of Tc(IV) into the magnetite structure was investigated following the mech-
anism previously discussed in literature in which Tc substitutes for octahedrally coordinated
Fe. However, this aliovalent cation substitution hypothesis left the question of charge compen-
sation. Based on the findings obtained in this thesis, this question could be answered revealing
the dominant substitution mechanism to include the formation of a vacancy. Moreover, for
the first time the incorporation in the magnetite (111) surface was studied and the favorable
position of the vacancy close to the crystal surface was revealed. These findings agree well
with spectroscopic results obtained from X-ray absorption spectroscopy (XAS). Especially the
XAS derived method of extended X-ray absorption fine structure (EXAFS) provided valuable
information on the coordination environment.

According to previous EXAFS experiments, Pu(III) forms strong tridentate surface complexes
at the octahedrally terminated magnetite (111) surface. In corresponding simulations per-
formed for this thesis, this complex could be confirmed to be sorbed to three edge-sharing
FeO6 octahedra. The averaged Pu-O distance of 2.50 Å shows a high agreement to experimen-
tal results. Furthermore, the presented study allows for detailed insight into the coordination
numbers that are more difficult to obtain correctly with experimental methods. E.g., the coordi-
nation number in water was shown to be eight instead of the proposed nine-fold coordination
in a Pu(III) aquo complex.

In the present thesis, the ab initio method of DFT was applied to investigate the atomic structure
of magnetite and its derived systems with Tc and Pu. The application of the additional Hub-
bard U parameter (DFT+U) provided an immense improvement on the accuracy of simulations
regarding the Fe 3d- and Pu 5f-electrons. Within the presented studies, reasonable values for
the relevant oxidation states and coordination environments were validated. The following ab
initio simulations of the crystal interface provided a meaningful foundation to conduct ther-
modynamic calculations. Important factors were the system energy as entropic term as well as
vibrations of the lattice – especially the surface groups – as main entropic contributions. More-
over, variability of the solution chemistry including background electrolyte, changes in pH etc.,
were successfully accounted for. The applied methodology will be useful for further scientific
endeavors.
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6.2 Open questions and direction for further research

6.2.1 Magnetite-maghemite transformation

The investigation of Tc and Pu uptake by magnetite conducted in this thesis uses the pristine
magnetite structure as reference material to study ion adsorption and incorporation mecha-
nisms. The presented characterization of the magnetite surface in a wide range of relevant en-
vironmental conditions reveals that magnetite surfaces have the tendency to become oxidized
even under reducing conditions. Moreover, the here identified energetically favorable Tc(IV)
incorporation mechanism suggests a competitive oxidation and the formation of vacancies in
the crystal structure as reaction to the charge imbalance.

The combination of both phenomena is characteristic for the maghemitization of magnetite,
i.e., the transformation to maghemite. Maghemite is a cubic ferric iron oxide whose structure
can be derived from the magnetite one considering that one sixth of the occupied octahedral
sites in magnetite are vacant in maghemite. The stepwise oxidation of magnetite to maghemite
involves thereby the partial conversion of Fe(II) to Fe(III) [2] and leaching of excess iron ions.
Thus, the system setup used in this study closely resembles the onset of the surface induced
magnetite-maghemite transformation. To better understand the advanced steps of oxidative
ion uptake by magnetite, the mechanism of the magnetite maghemitization should be explored
in future computational studies at the molecular scale.

The transition from magnetite to maghemite and the co-existence of both minerals is a common
phenomenon in environmental systems. The analysis of these minerals in ocean-floor basalts [3]

and marine sediments [4] allows tracing the redox conditions during their formation and their
evolution in course of marine diagenesis. The transition from magnetite to maghemite is also
known in the context of deep geological repositories, where it is expected that a passivating
maghemite layer forms on top of the steel corrosion product magnetite [5]:

Fe2+Fe3+
2 O4 + 2 H+ → Fe3+

2 O3 + Fe2+ + H2O (6.1)

The maghemite film has a low porosity and influences the amount of dissolved Fe2+ in the sur-
rounding water by diminishing its diffusion through the film [5]. In turn, maghemite and dis-
solved Fe2+ have been observed experimentally as important reaction partners for the magnetite-
water equilibrium in the environmentally relevant pH range of 6.5 to 8.5 [6]. The corresponding
nanoparticles have been found to be bio-compatible [7], too. Under more extreme conditions
both acidic [8] and at high pH [9], the transition of magnetite to maghemite has been observed to
a smaller extend [10].

The oxidation of magnetite is observed to occur first at the outer regions of the nanoparti-
cles. Over time, this leads to the formation of distinct core-shell particles with a core of mag-
netite and a surrounding maghemite shell. These structures have been observed from the re-
dox cycling for Fe(II,III) in magnetite by Fe-metabolizing bacteria [11]. Complementary, a bio-
reduction of the maghemite particles to iron compounds including magnetite is possible [12]

showing the high environmental relevance of this topic.
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In fact, the dissolved Fe(II) in equilibrium with magnetite and the maghemite shell can to some
extend re-charge the maghemite and lead to a transition back to magnetite [13]. However, other
substances present in the solution may lead to the formation of Fe(II) complexes and reduce this
re-charging [14]. If the same amount of Fe stays in the particle, due to the introduction of vacan-
cies, a slight increase of the particle size is observed [15]. Moreover, upon heating, maghemite
transforms to the more stable polymorph hematite and the shell is detached from the magnetite
core [11]. These transitions represent interesting phenomena that need to be understood in more
detail.

The interaction of maghemite with contaminants is another fascinating field. For the core-
shell particle with maghemite shell, a decreased amount of dissolved Fe(II) was shown to
slow down the reduction of, e.g., Se [10] as important step of its immobilization. However,
the immobilization via sorption is only slightly affected, as the stable (111) surfaces are almost
identical [16]. Interestingly, even an increased removal of As has been observed with higher
amount of maghemite as it presents a more ordered surface with active sorption sites [17]. For
several toxic ions, the availability of surface-Fe octahedra is required to form stable sorption
complexes. Their structure can depend on the pH conditions [18] and should be validated by
numerical simulations. The sorption reduces the surface energy and if all available sorption
sites are saturated, maghemite crystals have been proven to grow [19].

6.2.2 Stability of nanoparticles and crystal growth

The formation and stability of nano-crystalline magnetite precursors and further growth to
macroscopic crystals remains to be yet another fascinating topic with open research questions
and industrial applications. E.g., the growth of a crystalline magnetite thin film as passivating
hydrothermal corrosion product on mild steel has been observed with its black color [20]. Com-
monly, magnetite is grown on noble metals such as Pt and achieves a high crystal quality with
few surface defects [21].

The DFT+U setup developed in this thesis can be used as a basis for molecular scale com-
putational studies on the magnetite and maghemite growth mechanisms. It has been shown
to provide more accurate and reliable results compared to standard DFT in the investigation
of thin transition metal oxide film growth on both metallic and oxidic substrates [22]. DFT+U
was successfully shown to investigate the growth of Tc oxide on the Tc surface simulating the
intermediate transition steps [23], too. Moreover, the method of nudged elastic band can be
combined with DFT (NEB-DFT) to characterize mechanisms of the elementary reaction steps.
A successful application of such methods was recently demonstrated by Rudin et al. [24,25], who
investigated the kink site formation on the barite (001) surface and possible incorporation of
the radionuclide Ra following a sorption mechanism.

The sorption mechanisms of contaminants as well as dissolved monomers of the mineral are
greatly influenced by the surface stability and speciation as well as the surface-solvent interac-
tion at the interface [26]. Currently, methods based on classical force fields are used to simulate
these phenomena. Ab initio simulations based on DFT would be necessary for validation and
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the consideration of electronic effects. Moreover, incorporation structures can be studied in
detail as presented in this thesis.

The incorporation of high-valent and large-size radionuclides such as U(VI) into the magnetite
structure has been observed mainly in co-precipitation experiments. I.e., the uptake occurs
alongside the magnetite crystal growth and results in a co-existence of U(IV) and U(VI) in the
crystal structure that catalyzes further uptake [27]. Alongside the reduction, Fe(II) is released
into the solution [28,29] and can interact with other dissolved species. These processes can be
subject to further investigation, too.

Crystal growth is always a non-equilibrium process [30] and requires the understanding of the
reaction pathway and kinetics of elementary reaction steps going beyond this thesis. Ketteler
et al. [31] observed the substrate-dependent co-growth of iron oxides by cycled deposition and
oxidation of iron on Ru. They identified the reaction driving force to result from the electro-
static and thermodynamic energy gain that the growth provides. Contrasting in wet-chemical
precipitation experiments, magnetite nucleation from solution is followed by rapid growth of
the crystals. Moreover, a rapid agglomeration of nanometer-sized primary particles without
an intermediate amorphous bulk precursor phase was observed [32]. The final shape of the
nanoparticles can be controlled by the growth reaction time [26].

As shown before, the combination of experiment and simulation can be used to study the dif-
ferent stages of the crystal development. It allows for an investigation from the microscopic to
the macroscopic scale and unites the various advantages of different approaches. In this way,
valuable knowledge on these environmentally significant systems can be gained.
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