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Nanoparticulate ferrihydrite (Fh) has a strong affinity towards environmental contaminants, particularly
radionuclides. Recently, Pu(v) was found experimentally to form a tetradentate inner-sphere surface
complex with Fh, motivating the present study of the interaction of Pu(v) with Fh(100), Fh(110) and
Fh(120) surfaces using DFT+Ucq Prior to introduction of Pu(v), we first discuss the effects of spin
arrangement and the choice of Ugk on bulk Fh. The relaxed lattice parameters agree well with previous
experiments and simulations, and band gaps (direct/indirect) are determined. The work function, bare
and hydrated surface energies of the three terminations are in agreement with previous studies, though
we highlight the need for further experimental work in this area. Multidentate binding to the Fh surfaces
is highly favorable, with Pu(iv) surface complexation energies significantly exothermic (—3.01 to —6.24
eV). Average Pu-O and Pu-Fe distances are within 0.31 A of EXAFS measurements, for the lowest
energy complexes. Pu(iv) binding is tetradentate on Fh(110) and Fh(120) and tridentate on Fh(100).

Surface complex stability depends on the charge of the Pu, indicating primarily ionic Pu-O bonds,

Received 31st January 2025 e . . . .
Accepted 6th July 2025 though Pu(f) and O(p) states hybridise in the bonding region of the valence band. The Pu-O interactions
are determined as partially covalent using the quantum theory of atoms in molecules, consistent with

DOI: 10.1039/d5em000762 our previous findings for Pu(iv) bound to the Fe s Keggin cluster. Our work supports recent experimental
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evidence that Pu(v) uptake begins via the Keggin and remains bound through transformation to Fh.

Iron (oxyhyr)oxide minerals play a critical role in the transport and long-term fate of both natural and anthropogenic contaminants. During operation of the
Enhanced Actinide Removal Plant (EARP) at Sellafield in the UK, which significantly diminishes the discharge of radioactive actinide elements into the Irish Sea,
the separation of these radionuclides from the waste stream is achieved via surface complexation to ferrihydrite. This process is not well characterised, and

understanding the nature of radionuclide-surface complexation is important for present and future EARP operations. We here provide a detailed study of
ferrihydrite bulk and surface properties, and the interaction of the latter with the key o emitting actinide Pu(wv).

Introduction

Ferrihydrite (Fh, Fe;0,(OH))' is a ubiquitous nanocrystalline
iron (oxyhydr)oxide mineral that is of great importance in many
natural>® and industrial processes.>* It plays a role in the
geochemical cycling of iron, contaminant transport, and as the
source of iron within the ferritin protein in biological systems.*?
It is the first phase that forms from ferric hydrolysis,® and its
high specific surface area makes its formation thermodynami-
cally competitive with other iron (oxyhydr)oxides, although it is
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metastable with respect to transformation to hematite (a-Fe,O3)
and goethite («-FeOOH) under ambient conditions.>® The
formation of Fh from ferric solutions has been studied exten-
sively, and it was recently found to proceed via a pathway
involving the Fe,;; Keggin cluster in nuclear waste clean-up
operations.”® The exact composition and structure of Fh
remains ambiguous, as for a nanocrystalline material lacking
long-range order crystal structure determination is difficult.
Depending on conditions, varying levels of crystallisation in Fh
lead to two varieties, the so-called “two-line” and “six-line” Fh,
hereafter 2LFh and 6LFh, named after the number of broad
features in the powder X-ray diffraction PXRD pattern.

In the UK, the reprocessing of spent nuclear fuel ceased in
2018 with the closure of the Thermal Oxide Reprocessing Plant
(THORP) after 24 years of operation. This was followed by the
final round of Magnox fuel reprocessing in 2022 and the closure
of the Magnox reprocessing plant. These two plants, both
located at Sellafield, form the main feed for the Enhanced
Actinide Removal Plant (EARP) which separates radioactive

This journal is © The Royal Society of Chemistry 2025
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isotopes from the waste stream via a base-induced flocculation
process.*® The EARP substantially reduces the discharge of
alpha emitters into the Irish Sea and has been very successful in
this task since 1994. At the EARP the pH of the acidic aqueous
waste stream is raised by the addition of NaOH, resulting in
2LFh nanoparticle formation which has a large surface area and
affinity towards actinides.*** The mechanism of Fh formation
and the exact processes by which actinides and Fh coprecipitate
are unknown and of great interest. As THORP and Magnox enter
post-operational clean-out (POCO) the EARP feed will diversify
in ways that could impact Fh formation and efficiency of the
actinide removal process, and hence it is important to under-
stand the mechanisms in operation during the EARP process.

During controlled experiments under EARP conditions it was
shown that in the case of U(vi) and Np(v) the majority of Fe(ur)
precipitates out of solution, consistent with 2LFh formation,
and then the actinide precipitates indicating that surface
complexation to the Fh has occurred.”* In the case of Pu(wv) it
was observed that the actinide coprecipitates with Fe(i)
between pH 1.5 and 3."* After precipitation the Fh was measured
using Pu Lz-edge EXAFS, which showed that a tetradentate
inner-sphere surface complex had formed with a coordination
environment of eight oxygens and four irons at 2.29 Aand 3.34 A
from Pu, respectively. Upon aging the Pu@Fh sample recrys-
tallised into Pu@hematite without affecting the coordination of
Pu. In our recent work,'> we explored this chemistry computa-
tionally for a series of tetravalent actinides Th(iv)-Pu(iv) and
found increasing stability for the An-bound Fe,; complex across
the series, which we attributed to increasingly strong ionic
interaction between An and O as well as minor Np/Pu(5f)-O(2p)
covalent contributions not present in the earlier actinides. The
Pu(wv) binds to the Fe;; cluster in a tetradentate fashion with two
Pu-O and two Pu-OH bonds at distances consistent with that of
Pu bound to the Fh surface observed experimentally, supporting
the Keggin cluster pathway.

In this work, we turn our focus to later in the process, ie.
after the Fe,; clusters aggregate into Fh nanoparticles. We begin
by discussing the complexities of Fh bulk composition and
proceed to generate the Fh(100), Fh(110), and Fh(120) surface
slabs and then study the surface binding of Pu(iv). We show that
our models reproduce experimental Pu-O and Pu-Fe distances
reasonably well and that Pu(wv) is strongly sorbed to the surfaces
via mainly ionic interactions. Analysis of bonding properties
from the Quantum Theory of Atoms in Molecules (QTAIM)
shows that there is partial covalency similar to that found in the
Pu-Fe,; Keggin cluster, supporting the suggestion that Pu(w) is
sequestered via interaction with the Keggin and remains bound
during the transformation to Fh."* We also find that Pu(w) is
significantly more stable when bound to the surfaces compared
to in aqueous solution, in line with expectation given the
success of the EARP process.

Computational details
General considerations

All Density Functional Theory (DFT) calculations were con-
ducted using the Vienna ab initio Simulation Package (VASP)

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 Ferrimagnetic Fh bulk unit cell. The six Feloy, sites are spin-up
and two Fe2p, and two Fe3rq sites are spin-down as per Pinney's
ferrimagnetic arrangement. Colour scheme: Fe, orange; O, red; H,
white.

versions 6.1.2, 6.3.0 and 6.4.1."*" The generalised gradient
approximation (GGA) functional PBE'® was used in conjunction
with Grimme's D3 dispersion correction.'” It is well known that
GGA functionals produce over-delocalised 3d states in iron
(oxyhydr)oxide materials, resulting in significantly under-
estimated magnetic moments and band gaps.*® Therefore, it is
common to apply a Hubbard correction to the Fe 3d states;
Uesr = 3-5 €V is typically used for Fh and other similar iron
(oxyhydr)oxide materials.’®?* A comparison between lattice
parameters and band gaps in Fh while varying U.¢ = 0-5 €V can
be found in the supplementary information Fig. S1 and Table
S1.t As U is increased the a and b lattice parameters increase
and ¢ decreases, and good agreement with experiment is found
for Uegr = 3 eV. In this work Us = 4 €V was applied according to
the Dudarev formulism,*” as determined by comparison of Fh
bulk lattice parameters compared to experiment' and previous
literature calculation of iron (oxyhyr)oxides.?”* Plane wave
basis sets were employed with core electrons modelled using
Projector Augmented Wave (PAW) pseudopotentials.?®*® All
calculations are spin-polarised with initial magnetic moment of
+5 up applied to the Fe(u) sites. Multiple spin arrangements
were tested (Fig. S2 and Table S2T) and it was found that the
ferrimagnetic (FM) arrangement determined by Pinney et al.
was the lowest energy (Fig. 1).>*> Convergence testing was
completed to determine that a plane wave cutoff of 600 eV is
sufficient (Fig. S31). The total energy and forces were converged
<107® eV and <107 eV A™" respectively.

Bulk

Convergence with respect to the I'-centred k-point mesh was
carried out (Fig. S3, Tables S3 and S47), and the data presented
in the results and discussion section correspond to geometric
optimisation using a 7 x 7 x 3 mesh with Gaussian smearing,
whereas results presented for density of states use a larger 11 x
11 x 5 mesh with the tetrahedron method with Bléchl correc-
tions.*® The electronic band structure was calculated in line-
mode with k-points defined to represent high symmetry
points in the Brillouin zone and the results were analysed using
sumo, a python toolkit for plotting ab initio solid-state data.*
The phonon band structure was calculated using phonopy*
with a 3 x 3 x 1 supercell expansion. The phonon density of
states was computed by interpolating the phonon frequencies
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onto a 16 x 16 x 16 g-point grid. The bulk structure is a stable
minimum as indicated by all phonon frequencies being real
(Fig. S47).

Surfaces

METADISE®* was employed to rotate and cut the relaxed Fh bulk
to form dipole free terminations; this method has previously
been used successfully on iron minerals.>***** A dipole correc-
tion was applied in the ¢ direction to minimise the effects of
surface dipole formation upon relaxation.*® A vacuum region of
20 A ensures that the slab does not interact with the periodic
image of itself, even after molecular adsorption. Convergence
with respect to the I'-centred k-point mesh was carried out
(Fig. S5 and Tables S5-S71), and results presented for geometric
optimisation use a 5 x 5 x 1 mesh with Gaussian smearing,
whereas results presented for density of states use a larger 11 x
11 x 1 mesh with the tetrahedron method with Blochl correc-
tions. The surface models were then relaxed layer by layer,
where layers were determined using VASPKIT,* until the energy
is converged to <1 meV per atom (Tables S8-S107).

In this model, one side of the slab is relaxed while the other
is kept fixed. The surface energy vy represents the energy
required to cut the bulk to generate the surface, or in the case of
a slab model, the two surfaces at the top and bottom of the
slab.?® The equations below represent energetic differences
between relaxed and unrelaxed stochiometric slabs with respect
to the relaxed bulk and account for asymmetric slab relaxation.
The unrelaxed surface energy is obtained by performing a single
point calculation on the unrelaxed slab and is calculated
according to eqn (1)

E%lab u nEbulk
= — 1
Yu Y 1)

where the total surface energy can be related to the relaxed and
unrelaxed slab termination by the following relationship3*3*3%%°
allowing for the relaxed surface energy to be calculated
according to eqn (2)

Egabr — nEpui Egabr — nEpui

= —— P e —— 2
Yo+ Ya Y| =, yi . ()

where v, and v, are the surface energy of the unrelaxed and
relaxed surfaces, Egjap o and Epyii are the electronic energies of
the (un)relaxed slab and relaxed bulk, and 4 is the surface area
of the slab.**** A monolayer of water was added to the relaxed
bare termination, and the hydrated surface energy was calcu-
lated according to eqn (3)

Yigar = Eslab+ano.r ZEHZO nEbulk_ ) (3)
where Egapnm,0,r 1S the electronic energy of the relaxed hydrated
slab and Ey o is the energy of a H,O molecule in a box.**
Multiple initial arrangements of water molecules with 100%
coverage were tested with the optimised geometries and ener-
gies presented in the ESI (Fig. S6-S8 and Table S117).

After determining stable hydrated Fh surfaces, a hydrated
Pu(v) species with the formula [Pu(H,O)s]*" was placed in
multiple initial configurations above the surfaces and the
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geometries were optimised. A Hubbard correction of Uess = 4 €V
was applied to the Pu 5f states for the same reasons as given for
Fe 3d. In the absence of Pu-complexed iron (oxyhydr)oxide
surface studies for comparison, we note that Uy = 4 eV has
been previously applied successfully in predicting structural
and magnetic properties of bulk and surface Pu oxides, and
should perform reasonably here.**** Substitution reaction
energies are calculated according to the following equations

Fh + [Pu(H,0)]*" — Pu@Fh + 4H,0 (4)
AEr = |:EPu@Fh + 4EH20i| - |:EFh + E‘[Pu(HZO)grPr (5)

where the nine coordinate Pu species represents Pu(v) in
aqueous EARP conditions.”* Single point energy calculations
were then performed including implicit solvation using VASPsol
(e = 78.4, water).***

Analysis of the charge density was carried out using charge
density difference and the Quantum Theory of Atoms in Mole-
cules (QTAIM). The charge density difference is calculated
according to

Ap = p(Pu@Fh) — [p(Fh) + p(Pu(H,0)s)] (6)

which is the difference between the electron density of the Pu
complex and the sum of the hydrated surface and adsorbed
species calculated separately while fixed in the optimised
positions found in the complex. The QTAIM calculations were
performed using CRITIC2 which analyses the topology of the
electron density in periodic solids.*® CRITIC2 requires the all-
electron density which was obtained by performing a single-
point energy calculation with the setting LAECHG =.TRUE.
and then summing the output core density (AECCARO) and
valence electron density (AECCAR?2).

Results and discussion
Choice of ferrihydrite bulk model

As a nanocrystalline material lacking long-range order, the exact
composition and structure of Fh is not known, yet it is of
significant interest primarily due to the presence and role of Fh
in environmental systems. The amount of OH/H,0 relative to Fe
is known to vary, and separation of structural OH and sorbed
OH/H,0 further complicates structural determination. There
are many models of Fh as a complex multiphase system con-
sisting of varying amounts of nanocrystalline hematite,
magnetite, and other defective materials.®® There are also
models suggested with varying OH/H,O content and varying
depletion of Fe polyhedra at the surfaces.* Today, two models
remain at the forefront of Fh research; the Drits-Manceau
model® (FeOOH), and the Michel model (Fes;0gH)." The main
difference between these models is that while the Drits-Man-
ceau model is comprised of a mixture of three phases with
entirely octahedrally coordinated Fe(m) and an anti-
ferromagnetic (AFM) spin arrangement, the Michel model is
single phase and contains 20% tetrahedrally coordinated Fe(i)
and overall ferrimagnetic (FM) spin arrangement.

This journal is © The Royal Society of Chemistry 2025
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This highly variable Fh composition poses a significant
problem for modelling Pu@Fh surface adsorption, one which
becomes tractable by first establishing a single phase, defect
free, bulk structure. We here choose to focus on the Michel
model for the following reasons. Firstly, the Fe,;; Keggin cluster
contains a central Ferqy moiety, which has been observed in Fh
experimentally,® and Michel's model is isostructural with
Akdalaite, an Al(m) bearing mineral which contains the Al;;
Keggin as a structural unit with Alrq coordination. Secondly, the
Drits-Manceau model is AFM yet the ground state magnetic
ordering of bulk Fh has been measured to be ferrimagnetic
(FM), and has been modelled accurately by Pinney et al.?*** It
has been proposed that Ferq may form as a defect generated to
relax magnetic stress between the Fe atoms arising from rapid
growth.” To complicate things further, the magnetism in Fh
varies as a function of particle size®* with both FM and AFM
behaviour observed; particles smaller than ~4 nm are deter-
mined to have a FM core whereas larger particles are predicted
to be AFM.* Thirdly, direct comparison between experimental
neutron scattering pair distribution functions (PDFs) and those
generated using the two models shows that Michel's single
phase provides a better fit than the three component model,
and further analysis showed that the structural OH/Fe content
of the Michel model (0.18) matches experiment (0.20) far better
than the Drits-Manceau (1.00).**** Finally, Sassi and Rosso
recently evaluated over 5000 unique structures, the largest
theoretical structure investigation ever performed on Fh, to
explore the role of hydration and magnetism on Fh structure.*®
During this search the Michel model was “discovered” and
comparison of PDFs and XRD showed that among the 50 lowest
energy structures Michel's model was the only one which
matches experiment. We note, however, that this work found
lower energy structures when increasing the water content and
in a non-magnetic search, indicating that Michel's model may
not always represent Fh found in nature. Michel himself is not
unaware of this, and reminds us that “the structural model is
just that, a model”.*® In real nanoparticles structural deviations
are more apparent than in crystalline materials, but on the
whole his model remains impressively accurate.

At the EARP, 2LFh forms with particle sizes of ~2-5 nm,® and
it is generally accepted that 2LFh contains OH content consis-
tent with Michel's model.*>** The magnetic properties of EARP-
derived Fh have not been measured, but we would expect small

View Article Online

Environmental Science: Processes & Impacts

nanoparticles to show FM behaviour. Therefore, in this work,
we begin with Michel's single phase 2LFh structure with an FM
spin arrangement and proceed to generate hydrated Fh(100),
Fh(110), and Fh(120) surface slabs and then study Pu(w)
complexation on those surfaces.

Bulk magnetism, structural parameters and electronic
structure

The magnetic arrangement of the d° Fe(m) centres is important
for the calculation of many properties, and the consensus is that
Pinney et al.'s collinear ferrimagnetic arrangement best describes
bulk Fh."**7 This arrangement consists of Fe spins alternating
in layers along the ¢ axis in the unit cell as shown in Fig. 1.

Other magnetic arrangements were tested, involving flipping
symmetrically equivalent Fe sites as well as without spin
polarisation. The latter yields optimised lattice parameters
which are significantly too small (Table S2}), whereas the
specific choice of spin arrangement including spin polarisation
did not impact the lattice parameters much, but Pinney's FM
arrangement (Fig. S2 and Table S21) was the lowest energy in
agreement with previous studies. This magnetic arrangement
consists of alternating antiferromagnetically coupled layers
along the [001] direction with ferromagnetic coupling between
neighbouring Felp;, within that layer. The net magnetisation of
the unit cell was calculated as 10 ug which is to be expected as
there is an excess of two spin-up Fe, each with a high-spin d°
configuration. Given the complexities of Fh structural deter-
mination discussed earlier, this value is generally considered to
be consistent with Michel's experimentally measured 9 ug.*>*
The calculated magnetic moments on the Fe atoms are pre-
sented in Table 1 and show good agreement with previously
reported values.”*>*

For U.s = 4 €V the calculated lattice parameters are a = b =
5.93 A and ¢ = 9.29 A (Table 1) which is in good agreement with
the experimental values for Michel's Fh model a = b = 5.96 A
and ¢ = 8.97 A.' The significant overestimation of ¢ is not
a problem specific to this study, but rather a limitation of
periodic boundary condition DFT for simulating bulk Fh. Table
1 compares our lattice parameters and other DFT+U,s works
showing consistent overestimation of ¢, which is attributed to
the infinite axis in simulation compared to limited nano-
crystalline size in reality.”® A theoretical ¢ lattice parameter,

Table 1 Calculated lattice parameters, unit cell volume, and magnetic moments for the relaxed Fh bulk compared to previous theoretical and

experimental work

Theoretical Experimental
Parameter This work Ref. 22 Ref. 23 Ref. 24 Ref. 25 Ref. 1
a=bh/A 5.93 (—0.5%) 5.97 (+0.2%) 5.96 (0%) 5.99 (+0.5%) 5.84 (—2.0%) 5.96
c/A 9.29 (+3.6%) 9.37 (+4.5%) 9.22, (+2.8%) 9.22 (+2.8%) 9.15 (+2.0%) 8.97
cla 1.57 1.57 1.55 1.54 1.55 1.50
Volume/A® 283.1 (+2.7%) 289.6 (+5.1%) 283.6 (+2.9%) 286.5 (+4.0%) 270.7 (—1.8%) 275.6
Felont/tin 4.16 4.00 4.20 3.72 — —
Fe2on, /is —4.13 4.00 —4.17 —3.72 —
Fe3ra, /i —4.06 4.00 —4.13 —3.65 —

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 Calculated electronic band structure and projected density of
states for Fh bulk with U = 4 eV. Solid yellow bands are spin-up and
dashed blue bands are spin-down. The valence band maximum, at
0 eV, and conduction band minimum are marked with a green and red
dot respectively.

extrapolated for a 1000 nm particle, was determined to be 9.36 A
and it was suggested that nanoparticles suffer from significant
strain possibly related to Fe vacancies and increased surface-to-
bulk ratio.*

Experimental measurements of Fh electronic properties,
such as the band gap and work function, are rare, and those
which are reported often disagree. Fh has been described as
a charge-transfer insulator,* with various reported band gaps:
~1.5 eV and ~2.7 eV sic,” 1.60 eV and 1.70 eV,*® 2.02 eV,”” and
2.14 eV.”® These values are similar to those obtained for other
iron(oxyhydr)oxide materials such as hematite, goethite, and
lepidocrocite which have band gaps ~2 eV,* although the range
is quite large and appears to depend on the size of the Fh
nanoparticle measured. In one study, quantum confinement
effects were observed resulting in smaller band gaps being
measured for larger nanoparticles, with a band gap of 1.92 eV
being reported for a particle with 1200 Fe atoms.*® Under the
periodic boundary condition, we could consider that the Fh
bulk is infinitely large making band gap comparison to the
largest nanoparticle most reasonable. The calculated electronic
band structure of our pristine, defect free, Fh bulk system is
presented in Fig. 2. The direct band gap is measured to be
1.39 eV occurring at the I'-point and an indirect band gap of
1.93 eV occurs in the spin-down states from M — I which is
remarkably close to the 1.92 eV reported. The projected density
of states (pDOS) show that the valence band maximum and
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conduction band minimum are comprised of occupied O(2p)
and unoccupied Fe(3d) states respectively, with significant
overlap in the valence band. The real space wavefunction
involved in these transitions is presented in Fig. S9.}

Surface modelling

Hydrated ferrihydrite terminations. The experimental PXRD
pattern for two-line Fh shows two broad features centred
around 26 = 35° and 63° and attributed to the 110 and 300
reflections. As ferrihydrite nanoparticle size increases so does
the crystallinity in the bulk resulting in more resolved peaks in
the PXRD pattern. Experimental determination of Fh surface
structure is difficult and computational efforts to resolve this
are limited. Previous DFT calculations focus solely on the (110)
termination®**” and, to our knowledge, there is only one study
with comparison of multiple terminations calculated with
METADISE.* We selected the (110) and (100) terminations due
to their relevance in the PXRD pattern as well as previous
simulation efforts for comparison, and the (120) termination
was selected as the only other low-index dipole-free termination
produced by METADISE from our relaxed bulk. The bare
Fh(100) and Fh(110) surface energies were calculated as 1.71 J
m > and 1.83 ] m™? respectively, in reasonable agreement with
the previously calculated 1.42 ] m 2 and 1.73 ] m™~2.%° The bare
Fh(120) surface energy was determined to be 1.59 ] m ™2, with no
previous work for comparison.

The magnetic moments of the surface layer Fe atoms are
reduced (~3.6 up) compared to the bulk (~4.1 ugp, Table 1)
attributed to the change in coordination upon cleavage of the Fe-
O bonds.*® The magnetic moments are restored upon hydrating
the surface. There is good agreement between our calculated
hydrated surface energy for Fh(100) and Fh(110) with previous
calculations (Table 2). To our knowledge, this is the first effort to
simulate the Fh(120) termination and so no comparison can be
made. The hydrated surface energies are highly dependent on
the optimised geometry; only the lowest energy structures are
presented in Table 2 and Fig. 3 but we present other higher
energy structures in Fig. S6-S8 and Table S11,7 showing vpyar
ranging from around 0.50 to 1.08 ] m™~> A comparison between
these structures suggests that, in general, dissociative adsorption
of H,O0 is favourable, resulting in lower surface energy, and that
structures with shorter Fe-Og,¢ bonds are more stable. Extensive
hydrogen bonding networks form on the surface as denoted by
dashed lines between H and O in Fig. 3.

Table 2 Calculated properties of the three Fh terminations studied here. ynyq, is the hydrated surface energy according to egn (3) and @ is the

work function

’Yhydr/.] 1’1172 Fe_osurf/l& [Ja%
Surface termination ~ This work  Lit. calc This work Lit. calc This work  Lit. calc  Lit. exp
Fh(100) 0.50 0.56 (ref. 20)  2.05, 2.05, 2.06, 2.06, — 5.61 — 4.45 (ref. 57),
2.10, 2.10 4.86 (ref. 61)
Fh(110) 0.70 0.81 (ref. 20),  1.86, 1.87, 2.08, 2.16 1.86, 1.88, 2.06,2.14  4.96 5.11
0.67 (ref. 23) (ref. 23) (ref. 57)
Fh(120) 0.67 — 2.00, 2.08, 2.09, 2.10, — 5.12 —

2.19, 2.19, 2.34
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Fh(100)
2.10 2.06* 2.10 2.05%
Fh(110)
2.08 2.16 1.86* 1.87%
c

Fig. 3 Lowest energy hydrated Fh surfaces. Fe—Og,s bond distances
given in A. * denotes a water which dissociates upon adsorption
producing Fe—OH. Note: the frozen lower surface of the slabs are not
hydrated. Colour scheme: Fe, orange; O, red; H, white.

On all three surfaces spontaneous H,O dissociation occurs
preferentially on the Ferq sites; this has been noted once
before.”* Fe(110) has no sites which correspond with Fe3yq in
the bulk, thus the surface Fe atoms are all spin-up, as observed
in the spin density in Fig. S10.1 These spin densities show that
the terminal Fe atoms in Fh(100) and Fh(120) are mixed spin-up
and spin-down. Hiemstra proposed a modified Michel model
for Fh with a defect-free core and defective hydrous surface
layer, specifically, Fe2o, and Fe3rq sites are depleted at the
surface.® It has also been suggested that tetrahedral Fe sites in
ferrihydrite may exist as metastable structural defects to
accommodate magnetic stress,'” where particle size and surface
composition affect magnetic behaviour.*>** Specifically, it was
shown that ferrimagnetic surface contributions are found to
decrease with increasing nanoparticle size.** At the EARP, ~2-
5 nm Fh nanoparticles form and so ferrimagnetic surface
contributions would be expected. The cleavage generating the
(110) plane results in under-coordinated Felpy, sites which
adopt tetrahedral symmetry upon hydration. We observed that
relaxation of the Fh(100) surface shows significant reconstruc-
tion - the cleaved bulk results in Fe2, sites terminating with 3-
fold coordination, which would result in tetrahedral symmetry
after hydration as observed in Fh(110), but instead these Fe sites
optimise by moving between rows of Felop with 5-fold coordi-
nation and eventually regaining octahedral symmetry after
hydration (Fig. S117).

This journal is © The Royal Society of Chemistry 2025
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The pDOS for the surfaces are shown in Fig. S12-S147 and
are similar to that of the bulk, although we find states appearing
in the band gap that are not present in the bulk material, which
are associated with the fixed surface at the bottom of the slab.
These states disappear when assessing the pDOS of the relaxed
atoms and are non-physical. All three surfaces can be described
as charge-transfer insulators much like the bulk. The band gaps
for the Fh(100) and Fh(110) surfaces are bulk-like but that for
the Fh(120) surface is decreased by ~0.40 eV as the conduction
band edge shifts closer to the valence band; this has been
observed in adsorption studies on the hematite surface and can
result in easier electron transfer across the gap.*®®

The work function ¢ was also calculated for the different
terminations (Table 2) as the difference between the vacuum
electrostatic potential and the Fermi level, as implemented in
VASPKIT.*” Experimentally determined values are limited and
are not specific to the terminations due to the reasons previ-
ously stated regarding Fh nanoparticle structure determination.
To our knowledge, the only other calculation of the Fh work
function employed GGA level DFT and yielded 5.11 eV, similar
to our value of 4.96 eV and experiment (Table 2). @ for Fh(120)
(5.12 €eV) is similar to Fh(110), but that for Fh(100) is rather
higher at 5.61 eV, although within the range expected for
iron(oxyhydr)oxide surfaces.”® The two experimental work
function measurements differ by 0.41 eV and were determined
using different methods; we note this to draw attention to the
lack of experimentally determined electronic properties for Fh
which limits our comparison. Nevertheless, the agreement
between our results and previous studies of Fh surface energies
and work function lends confidence that our surface model is
reasonable, and we now proceed to study the surface complex-
ation of Pu(wv).

Fh surface-Pu(iv) complexation. Smith et al. suggested that
Pu(w) forms a tetradentate inner-sphere complex with the Fh
surface on the basis of best fit to EXAFS measurements, with
eight Pu-O and four Pu-Fe backscatters at 2.29 A and 3.34 A
respectively."* An outer-sphere complex would not show Pu-Fe
at such short distances and incorporation of Pu into an Fe
vacancy would show more than four short-range Pu-Fe back-
scatters. Therefore, we placed a hydrated Pu fragment in six
initial positions covering the most stable hydrated Fh surfaces
and, allowing for inner-sphere complex formation. Each Pu
fragment has five explicit water molecules, which in addition to
four surface oxygen atoms results in coordination similar to
aqueous Pu(wv), for which the first solvation sphere contains
nine oxygen atoms. The lowest energy complexes are presented
here with details of other complexes provided in the ESI
(Fig. S15-S17 and Table S127). Differences between coordina-
tion environments result in significant differences in stability
with AE, (eqn (5)) ranging from —4.31 to —5.88 eV for
Pu@Fh(100), —4.70 to —6.13 eV for Pu@Fh(110) and —3.01 to
—6.24 for Pu@Fh(120). A wide range of coordination environ-
ments is observed with all structures forming multidentate
binding to the surface, typically tridentate or tetradentate. The
three least stable Pu@Fh complexes display a bidentate binding
mode (Fig. S177), though they are still strongly sorbed to the
surface with AE; more negative than —3.0 eV.
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The lowest energy, most stable, Pu@Fh complexes are pre-
sented in Fig. 4 with accompanying data in Table 3. On the
Fh(100) surface the lowest energy structure forms a tridentate
complex with three Pu-Og,s bonds. The longest Pu-Oyater
included in the average of eight is from a water molecule 2.75 A
away from Pu. Two explicit waters bound to Pu dissociate into
Pu-OH. On the Fh(110) surface the lowest energy structure
forms a tetradentate complex with four Pu-Og,,s bonds. Again,
the eighth O is slightly further away as a free water molecule at
2.74 A. None of complexed waters dissociates. Finally, the Pu(iv)
forms a tetradentate surface complex to the Fh(120) surface,
much like Fh(110).

The average Pu-O distance in the lowest energy structure of
Pu@Fh(120) is larger than for the other terminations, and yet
AE, is the most negative. A close inspection of the geometries
shows that the furthest water molecule included in the averages
are in different environments; this water is shown with a dotted
black line in the right-hand panel of Fig. 4. In Pu@Fh(100) and
Pu@Fh(110) this water molecule is positioned above Pu and
forms a single hydrogen bond with a nearby water molecule. In
Pu@Fh(120) the furthest water molecule is not directly above

Pu@Fh(100)
AE,=-5.88 eV, AE,,, =-4.33 eV
27A
pe -8
I H

>
>
)
y
A
>

Pu@Fh(110)
AE,=-6.13 eV, AE,, = -4.19 eV
t | |
Pu@Fh(120)
AE,=-6.24 eV, AE,,;=-5.99 eV
334

b a

Fig. 4 Lowest energy Pu@Fh complexes viewed down the a-axis (left)
and b-axis (right). The closest eight O and four Fe to Pu are coloured
and the rest of the atoms are white for clarity. The longest Pu-O
distance is marked with a dotted black line on the structures viewed
down b. Note: the frozen lower surface of the slabs are not hydrated.
Colour scheme: Fe, orange; O, red; Pu, blue; H and other atoms, white.
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Table 3 Energetic, geometric and electronic structural data for the
lowest energy Pu@Fh complexes: electronic and implicitly solvated
reaction energy, Bader charge g, average distances, and QTAIM Pu-O
bond critical point properties (au)

Pu@Fh(100) Pu@Fh(110) Pu@Fh(120)
AE./eV —5.88 —6.13 —6.24
AEg,/eV —4.33 —4.19 —5.99
q(Pu) 2.13 2.13 2.15
Average of closest 8Pu-O/A 2.53 2.54 2.58
Average of closest 4Pu-Fe/A  3.65 3.55 3.61
. 0.05 0.05 0.06
Hgcp —0.01 —0.01 —0.01
~(GIV)cp 0.90 0.93 0.88

Pu, but lies between two other coordinated oxygens forming
a hydrogen bond to each. This results in a larger distance to Pu,
increasing the average (ca. 2.7 A vs. 3.3 A) while still resulting in
a stable structure overall. This highlights the complexity of the
coordination environment surrounding Pu@Fh, with extensive
hydrogen bonding networks clearly impacting the stability.
Further explicit water coordination and structure searching
would be prohibitively expensive, and so we re-calculated the
single point energies of our lowest energy structures using
continuum solvation in VASPsol.***” The solvated reaction free
energies AE, are reduced compared to the electronic energy
AE,, as would be expected given that the Pu fragment will now
interact with the continuum solvent as well as with the explicit
surface groups.

We do not see any trend that shorter Pu-Og,s bonding
results in increased stability. In fact we notice that across our
range of structures the average Pu-O distance of the closest six
oxygens, mostly comprised of Ogy,,r and a few Oyaer, has a small
range (2.43-2.49 A) whereas the average over eight oxygens,
which include more Oysater, has a much larger range of 2.53-2.76
A (Table $121). Given this increase in range of average distance,
we note that generally the Pu@Fh surface complex is more
stable (more negative AE;) in coordination environments with
a smaller average of eight oxygens which suggests that stability
is dictated by how many Oy.aeer can pack closely around the Pu
rather than how close Pu can get to the surface.

The average distances in the lowest energy complexes are all
larger than those determined experimentally, with a largest
deviation of 0.31 A in the Pu@Fh(100) Pu-Fe distance; 3.65 A
compared to the experimental value 3.34 A."* We note that the
authors of the experimental work state that the EXAFS fitting
has a large Debye-Waller factor of ¢ = 0.018 A* when, for
distances this short, we would expect o® < 0.01 A%, This indi-
cates that Pu-O and Pu-Fe distances are disordered, which may
reflect the range of distances in the averages of our optimised
complexes.”™ Overall, we consider our Pu-O and Pu-Fe
distances to be in good agreement with the experiment, and are
pleased that our Fh surface model provides an accurate repre-
sentation of the Pu@Fh measured experimentally.

There is a general trend that as the Bader charge of Pu
increases the structures' stability increases, as indicated by
a more negative AE, (Table S12t). This is expected when the

This journal is © The Royal Society of Chemistry 2025
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binding mode is primarily ionic, and is in line with our previous
work on actinide interaction with the a-Fe,;; Keggin cluster, in
which we showed that increasing the positive charge on the
actinide results in more stable actinide-Fe;; binding." A closer
packing of O atoms surrounding Pu is conducive to metal to
oxygen charge transfer, which is observed in the calculated
Bader charge g(Pu). The Bader charge on Pu in molecular
[Pu(H,0)o]*" was calculated as +1.65 which is significantly less
cationic than Pu in the surface complexes. This increase in
charge is also observed in the charge density difference
(Fig. S18+) which shows significant depletion of electron density
surrounding Pu and accumulation on the surface oxygen atoms.

Fig. S18t also shows the QTAIM molecular graphs for the
lowest energy Pu@Fh complexes. Properties relating to cova-
lency at the Pu-O bond critical points (BCPs) are listed in Table
3 for the lowest energy complexes, and all complexes studied are
summarised in Table S13.1 The properties listed at the BCPs are
the electron density pgcp, the total energy density Hgcp, and the
ratio of the kinetic to potential energy densities —(G/V)gcp. These
data suggest partial covalency in the Pu-O bonds with the Pu-
Ogyrf interactions being more covalent than the Pu-Oyueer as
indicated by larger pgcp, more negative Hgcp, and —(G/V)gcp
being closer to 0.50. These data also indicate that the Pu-O
bonding here is similar to that found in the Pu-Fe;; Keggin
cluster.” For example, the value of ppcp(Pu-OH) and —(G/
V)gcp(Pu-OH) in the Pu-Fe,; Keggin are 0.06 and 0.89 respec-
tively, ¢f. the values found in this work in the lowest energy
structures: 0.07 and 0.82-0.85.

Finding BCPs between the adsorbing Pu(wv) and surface
oxygen atoms does not necessarily indicate strong bonding,
particularly in polar-covalent bonds such as observed here.
Therefore, we present the projected density of states (pDOS) for
the lowest energy complexes in Fig. 5. The pDOS for each
surface is much like that of the bulk (Fig. 2) and that of the
hydrated surfaces discussed previously (Fig. S14f). After
complexation Pu (f) and O (p) hybridisation is observed in the
valence region spin-up states up to 2 eV below the Fermi level. It
is in this region where the strength of the bonding interactions
is determined.** Therefore, the pDOS in conjunction with the
QTAIM BCP data provides clear evidence that strong Pu-O form
between Pu and O on all three terminations, which is in
agreement with experimental observations.™

Pu@Fh(100) Fe (d)
- ST VO O (p)
Pu (f)
E Pu@Fh(110)
EF !
@
o
A Pu@Fh(120) |
A | ),
-3 2 T 0 i 2 3
E—Ef/evV

Fig.5 Projected density of states for the lowest energy Pu@Fh surface
complexes.
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Conclusions

The complexation of Pu(wv) to three low index ferrihydrite (Fh)
surfaces was studied using periodic boundary condition
DFT+Ugg. Starting from Michel's single phase, defect free, Fh
bulk model we explored various U and magnetic spin
arrangements, finding results consistent with previous work.
For the first time the work function is presented for three
terminations, including Fh(120) which has never been studied
before. The bulk band gap, surface energies and surface work
functions are in good agreement with the admittedly limited
experimental data available; we highlight the need for further
experimental work in this area.

The interaction of hydrated Pu(iv) with the surfaces was also
studied. Pu(wv) was found to have strong affinity for the Fh
surfaces, as evidenced by significantly negative reaction ener-
gies for the sorption of hydrated Pu(wv) to the hydrated Fh
surfaces, both in vacuum and aqueous solution. The Pu-O and
Pu-Fe distances in our lowest energy complexes show good
agreement with previously determined EXAFS data. The binding
mode observed in the lowest energy complexes for Pu@Fh(110)
and Pu@Fh(120) are found to be tetradentate while that for
Pu@Fh(100) is tridentate. Complexes displaying bidentate
binding are significantly less stable, though still show negative
reaction energies.

Analysis of the electron density reveals that the Pu-O bonds
are partially covalent, in agreement with our previous work on
Pu bound to the Fe,; Keggin cluster, thereby providing a link
between the coordination environment observed in the Feq;
cluster and on the surface of Fh. The Pu-O bonding interactions
are observed in the valence region of the DOS up to 2 eV below
the Fermi level, and charge density difference calculations
indicate significant charge transfer occurs between the Pu and
surface O atoms.

This study supports the idea that under EARP conditions,
Pu(v) can bind to an Fe;; Keggin cluster with subsequent
transformation to Fh in which the Pu(v) has a similar coordi-
nation environment. In the experimental work that motivated
this study, it was also shown that aged Pu@Fh adducts recrys-
tallised into Pu@hematite with the binding mode remaining
intact, and we are currently modelling Pu(v) binding on
hematite surfaces, work which will be presented in a future
publication.
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