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Abstract

(Oxy)hydroxides such as portlandite (Ca(OH)z), boehmite (y-AIOOH), and gibb-
site (7-Al(OH)3) have been shown to produce and store dihydrogen or its precursor,
the H- atom when subjected to ionizing radiation. In this study, we investigate the
diffusion of Ho and the associated lattice expansion within these three minerals us-
ing molecular simulations. The crystal structure of all three (oxy)hydroxides dilates
linearly with the number of Hs molecules introduced, up to approximately 0.5 Hy per
nm?®. The energy barriers between hopping sites are compared with available data from
quantum simulations for boehmite and gibbsite, and are provided for the first time for

portlandite. Ho diffusion in these materials is shown to be subdiffusive, which might



explain why such systems have to be activated, for example, by heating, to release the
Hs molecules. Nevertheless, simulations also show that each system has its own spe-
cific behavior related to anisotropy in diffusion: Hy is effectively trapped in gibbsite,
shows 1D diffusion in boehmite, and 2D diffusion in portlandite. Hs migration can
be observed under experimentally attainable timescales in defect-free boehmite and
portlandite, but not in gibbsite below 100°C. The affinity of Hy with the bulk mineral
(quantified using a damping factor multiplied to the potential well energy of the Hy
force field) together with the considerations about the connectivity of interstitial sites

explains the subdiffusive behavior in the minerals studied.

Introduction

In cemented nuclear waste packages, the potential accumulation of Hs is a risk that needs
to be assessed. This is why numerous studies have focused on the Hy radiolytic yield mea-
surement and the reaction mechanisms accounting for this production.!™ However, in some
specific cases, in addition to immediate production, it has been shown that H, or its pre-
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cursors can also remain trapped within the materia This was the case for boehmite

(7-AlIOOH), gibbsite (7-Al(OH)3), and portlandite (Ca(OH),), which raises questions about
the specific nature of these materials in terms of Hy diffusion.

Boehmite and (dry) gibbsite are found in aluminum-clad nuclear fuel in reactors and nu-
clear waste disposal. Portlandite is one of the major products of ordinary cement hydration,
being therefore found in cemented nuclear wastes. These three minerals have similar layered
structures but exhibit distinct H, radiolytic yields. Temperature dependence of Hy release
was reported for boehmite, and diffusion-driven mechanism including the recombination of
H: in the bulk was suggested.* Typical Hy radiolytic yields of portlandite, including delayed
H, production recently reported,® are on the order of 1078 mol/J while boehmite’s is on
the order of 1072 mol/J.? The release of H, trapped in (oxy)hydroxides might be associated

with solid diffusion through the bulk crystalline structure.®® Understanding H, migration in



(oxy)hydroxides is crucial for evaluating the security of nuclear waste disposal.® Discussion
based on quantum calculations suggests that diffusion plays a critical role in the higher Hy
yields measured for boehmite in comparison with gibbsite.°

Previous 'H NMR experiments have demonstrated the presence of Hy trapped within
portlandite.® In this work, a quantitative analysis of the NMR signal of trapped H, was per-
formed as a function of time and temperature, and this was coupled with micro-chromatography
experiments measuring the Hy released into the atmosphere. Trapped Hs within the material
was unequivocally identified, and it was shown that it can slowly diffuse to the surface and
be released into the atmosphere. In the case of portlandite, although the dimerization of
hydrogen atoms within the material is an attractive possibility for accounting for Hy produc-
tion, another possibility is that hydrogen atoms react with CaOH groups within the material,
forming CaO*® radicals and dihydrogen molecules. Although this latter reaction has a lower
rate constant than that of the recombination of two hydrogen atoms, the large number of
CaOH groups present suggests that the second reaction route is the most probable.

Dihydrogen diffusion in crystalline materials generally occurs via the hopping of hydrogen
atoms through the preferential interstitial sites in the crystal lattice.® Under real applications,
the influence of defects in the lattice (including vacancies, phase, and grain boundaries),”
and crystal dilation due to temperature rise (associated with certain irradiation conditions)
might affect Hy transport. The mechanisms of diffusion of Hy in portlandite remain poorly
explored. The introduction of Hs in the crystal lattice is associated with crystal dilatation, as
already observed for portlandite irradiated using the 2.5 MeV SIRIUS electron accelerator.®
In critical cases, hydrogen presence will induce damage.? Quantifying the contribution of the
effects of temperature, Ho-induced dilatation, and crystal defects in diffusion is essential to
understanding dihydrogen migration in (oxy)hydroxides.

Classical molecular dynamics (MD) simulations enable assessing larger times and length
scales required to characterize diffusion and Hs-induced dilatation compared to quantum

calculations. Simulations up to the nanosecond have been deployed to capture the diffusive



behavior of Hy."1? Fully exploring the effects of Ho-induced dilatation requires simulating a
certain number of unit cells. Since Hy diffusion in crystals occurs mainly via the hopping
through the interstitial sites, the energy barrier obtained following the minimum energy
path between two hopping sites informs on the diffusion propensity.® Since H, is quite a
small molecule, its dynamics might be potentially subjected to significant quantum effects.
Verifying the ability of empirical force fields for (oxy)hydroxides and Hs to capture these
energy barriers will build confidence in using classical MD to simulate Hy in (oxy)hydroxides.

This study quantifies Hy diffusion in boehmite, gibbsite, and portlandite using classical
molecular simulations. Firstly, we verify the compatibility of ClayFF (one of the most
used empirical force fields to model (oxy)hydroxides) with empirical force fields used to
model Hy by comparing the energy barrier associated with hopping sites with results of
DFT simulations for boehmite and gibbsite from the literature.® Then, we quantify the
diffusion in the crystals by assessing the mean-squared displacement H, in a dilute system
up to 275°C, i.e., a temperature below dehydration of the minerals studied. Anisotropy in
diffusion and deviations from normal (Fickean) diffusive regimes are quantified and discussed.
The Hs-induced dilatation coupled with temperature increase is evaluated for all the crystals.
Collective effects in diffusion are assessed. Finally, we propose a discussion on the nature of

the subdiffusive behavior observed.

Materials and methods

Atomic structures and force fields

The structures of boehmite (Cmc2; space group) resolved by Christensen et al.,!' gibbsite

1,12 and portlandite (P3m1 space group) by

(P2;/n space group) resolved by Saalfeld et a
Henderson et al.'® (25°C) were used. Simulation boxes were obtained after replicating the
unit cell so that each dimension had at least 2 nm (i.e., twice the cutoff used for short-range

interactions). For boehmite, it is a 7x2x6 unit cell; for gibbsite, 3x4x2 unit cell; 6x6x6 for



portlandite. Cartesian and crystallographic frames are indicated in the Figure 1 (details on
the unit cells are shown in Fig. S1 in the Supporting Information). Note that in gibbsite and
portlandite the ¢ vector is perpendicular to the Al and Ca planes, respectively, whereas in
boehmite b vector is perpendicular to the Al plane. Cartesian frames are defined as indicated
in the same figure.

ClayFF %1% a force field originally developed to model (oxy)hydroxides like clay min-
erals, portlandite, and boehmite and their various physical properties (including elasticity,
diffusion, thermal and interfacial properties) was adopted to model these three minerals.
ClayFF yields lattice parameters consistent with experimental data at ambient temperature
(as shown in Table S1 of the Supporting Information)

One- and two-site force fields were used to model Hy, those developed by Koster et al., !0
Buch,'” Hirschefelder et al.'® (one site), and Cracknell'® (two sites). All these force fields
use only the Lennard-Jones potential for intermolecular interactions with hydrogen. The
parameters are recalled in the Supporting Information. Lorentz-Berthelot combining rules
were applied to mix the Lennard-Jones potentials. These Hy force fields have been deployed
together with force fields for various other crystalline and microporous phases. Buch!” po-
tential was used to study H, diffusion and adsorption in metal-organic and covalent-organic

20,21

frameworks, zeolites,?! carbon nanotubes,?? and graphene.? Cracknell!® was originally

1.18 was combined

deployed to study adsorption into graphitic nanofibers. Hirschfelder et a
with ClayFF to study H, diffusion in montmorillonite.!? Koster et al.'6 is the most recent
of these force fields and has been developed to improve the description of thermodynamic
data of Hs in fluid mixtures. Since only non-reactive force fields are used, the possibility
of dissociation or interactions involving charge transfer with the (oxy-)hydroxides cannot
be accounted for. For the one-site force fields, dissociation cannot be contemplated. This

aspect has consequences for the definition of lattice diffusion, with the entropy of activation

therefore remaining constant for the processes considered.



Simulation details

Simulations were run with LAMMPS?* with periodic boundary conditions. Tail corrections
were added to Lennard-Jones potentials. The cutoff for short-range interaction was 10 A.

Particle-particle particle-mesh solver was used to cope with long-range electrostatics.

Energy barriers

Since Hy diffusion in crystals occurs mainly via the hopping through the interstitial sites,
the energy barrier obtained following the minimum energy path between two hopping sites
informs on the diffusion propensity. To test the transferability of the Hy force fields to the
study of diffusion in (oxy)hydroxides (in combination with ClayFF), the energy barriers
obtained from quantum simulations for boehmite and gibbsite® were compared with the
energy barriers obtained using classical simulations.

The energy barriers were calculated using the climbing image nudged elastic band (CI-
NEB) method. Nudging forces were added to the Hy atoms in multireplica simulations run
with the nudged elastic band (NEB) method developed to identify transition states.?>?¢ In
an NEB simulation, each replica was connected to other replicas by inter-replica nudging
forces, as detailed in ref.?®> These sets of replicas are expected to converge towards a minimum
energy path (MEP) of conformational states that transition over a barrier. A spring constant
for parallel and perpendicular nudging forces of 4.34 eV/ A? was used. Minimization was
performed on each replica using the damped dynamics method from ref.?” This minimization
method requires timestep definition, and a value of 2 fs is used consistently with LAMMPS
documentation stating that NEB will converge faster when the timestep is 10-fold larger than
that used for MD simulations of the processes in the same system. After the regular NEB
stage, the climbing image process was performed using the replica with the highest energy
obtained with regular NEB, and the inter-replica forces on this replicate were converted to

a force that drives its atom coordinates to the top or saddle point of the barrier. The other

replicas are rearranged along the MEP to be roughly equally spaced. NEB implementation



in LAMMPS leads to approximately equally-spaced points. However, small uncertainties in
the positions of these points may lead to asymmetry in the energy barrier curve when various
trajectories are averaged without accounting for the variability in points along the energy
curve. In the results reported, we checked for the symmetry of the curves (expected due to

the crystal symmetry) and interpolated the values to equally-spaced reaction coordinates.

H,-induced expansion

Lattice parameters were computed using NPT simulation (with independently barostated
stress components). Nosé-Hoover barostat and thermostat were adopted with 100 and 1000
timesteps damping parameters, respectively. A timestep of 0.1 fs was used in 0.5 ns produc-
tion runs following proper equilibration.

Simulations were performed up to the temperature of 275°C, below the typical tempera-
tures reported for the three mineral dehydration. Boehmite starts dehydrating at 300°C.28
Gibbsite dehydrated above (endothermic peak begins at 270°C and ends at 317°C, with a
peak temperature occurring at 300°C)?° Portlandite dehydrates above 400°C.?° The com-
parison of the thermal expansion obtained with ClayFF with experimental data is discussed
in the Supporting Information (Table S2).

Hs-induced expansion was evaluated by randomly introducing a number of Hy molecules
in the simulation box. Then, an NVE run followed by an NVT run was performed so that
the Hy molecules could accommodate in the preferential interstitial sites. Next, an NoT
simulation, as described above, was performed to get the equilibrated lattice parameters for

various temperatures.

Generalized self-diffusion

The general description of the diffusion process follows (e.g.,!):

(r)* = Dot (1)



where (r)? is the mean squared displacement (MSD), D, is the generalized (or fractional)
(self-)diffusion coefficient with dimensions [length®.time =], t is the time, and « is the anoma-
lous diffusion exponent. When « = 1, diffusion is normal (Fickean). Anomalous diffusion
occurs when o > 1 (superdiffusion) or o < 1 (subdiffusion). Herein, we adopt the following
classification of subdiffusive regimes:3? strong subdiffusion 0.4 < « < 0.6, weak subdiffusion
0.6 < a < 1. Various phenomena might lead to an anomalous diffusion regime, including
fractal or viscoelastic substracts.?! Furthermore, within the framework of continuous-time
random walks, subdiffusion can result from various factors, such as increased affinity or

surface-induced damping in random potentials, 3334

asymptotic power-law waiting times,
random or correlated successive waiting times, random walks in an ageing environment or
under confinement, and highly damped particles in random potentials (see®! for a comprehen-

sive review). Subdiffusion was reported on bound water behavior on hydrophilic surfaces, 3’

36,37

confined water in hydrophilic micropores, charge carrier transport in amorphous semi-

3940 and in the dynamics of beads in polymeric networks. 8

conductors,3® porous systems,

Getting the self-diffusion coefficient of mobile species trapped in solids from the analysis
of the MSD is one strategy that has also been used to evaluate H, diffusion.” Generalized
diffusion coefficients and anomalous diffusion exponent can be obtained from molecular dy-
namics simulations by fitting a power law to the MSD of Hy per Cartesian direction. MSD
was computed during NVE runs (to avoid the bias introduced by the fictive forces associated
with thermostat and barostat!) following proper temperature and subsequent NVE equili-
bration. MSD was first computed at 25°C for one us timescale per Cartesian direction. We
considered the average of 5 independent trajectories. Four Hy molecules per simulation box
were considered. Shorter simulations (at the nanosecond timescale) were then performed for
all temperatures studied. In this case, 20 trajectories were considered to compute the MSD.
The Supporting information discusses the collective effects in Hy diffusion for systems with

up to ten Hy per simulation box. The results obtained in a dilute system are statistically

equivalent to those with four Hy. Uncertainty was computed from the standard deviation of



the D, and « obtained values for each trajectory. In the post-processing, the initial ballistic

regime was excluded*' from the exponential fittings to get D, and « values.

Results

Preferential sites and energy barriers

Snapshots of the preferential sites of Hy in pristine boehmite, gibbsite, and portlandite are
shown in Figure 1 for systems at 25°C using Koster et al.'® force field for Hy. Simulated
portlandite shows the inclined OH bonds consistently with three equivalent Wyckoff sites
with partial occupancies reported for this mineral.4? The distances between hydrogen in the
H, and the other species (Oh and Hh, for OH group oxygen and hydrogen, respectively; Al
for gibbsite and boehmite, Ca for portlandite) can be inferred from the first peak (for the first
neighbor) in the radial distribution functions (RDF) shown in Figure 1. The H, is located
above (at the Oh-Hh level) in-between two Al or Ca atoms. The Késter et al., 0 Buch,!'” and
Hirschefelder et al.'® force fields for Hy yield similar RDFs, whereas the Cracknell'® force
field exhibits a distinct local environment for Hy. This result is expected since the Cracknell
force field is two-sites and has parameters that differ from the other three.

To verify the validity of using classical MD to model the dynamics of Hy in (oxy)hydroxides,
we compare the energy barriers obtained from DFT calculations by Shen et al.® in boehmite
with the one obtained with classical simulations with ClayFF and the four force fields tested
for Hy. The potential energy landscapes in the proximity of the Hy preferential sites are
depicted in Figure 2 for the reaction coordinate studied by Shen et al.® for boehmite: a
reaction path within the interlayer from the preferential sites closer to the bottom Al/Ca
layer to the site closer to the opposing top Al/Ca layer. The Koster et al.,*¢ Buch,'” and
Hirschefelder et al.'® force fields yield similar energy landscapes, whereas Cracknell'® shows
a fairly distinct energy landscape. This result comes from the fact that the Cracknell force

field, albeit being two-sites, has a sensibly smaller Lennard-Jones diameter and potential



well depth for H.

For the reaction path shown in Figure 2, the energy barrier obtained from DFT simula-
tions is AE=0.42 eV.® The energy barrier obtained with Koster et al. ' (AEyp5=0.33 + 0.01 eV)
and Hirschefelder et al.'® (AEnNpp=0.37 & 0.02 eV) and Buch'” (Exgp=0.33 £ 0.01 eV)
are in better agreement with DFT results than Cracknell® (AEygp=0.10 £ 0.01 eV). The
one-site force fields yield comparable results. In the Supporting information, the energy
barriers obtained from potential energy landscape evaluation can be approximately inferred
by the charts provided, and for the reaction path in Figure 2 they are to close to 0.5 eV when
Koster et al. force field is used. It must be noted that CI-NEB method has a better resolu-
tion (in terms of reaction coordinate discretization), searches for the MEP of conformational
states that transition over a barrier (which should deviate from the linear path depicted in
the contour plots of Figure 2), and that it is developed to capture energy barriers better.

The energy barriers, evaluated along the three Cartesian directions using the CI-NEB
(AENgp) method, are compiled in Table 1. In these simulations, the initial position in the
reaction path is in a preferential site, and the final position is at the neighboring unit cell
(i.e., plus a step of one unit cell vector according to the direction considered). Only the
Koster et al.'® force field for Hy is utilized in these analyses. This choice is justified by the
fact that this force field is the most recent of the tested force fields and has been developed
to improve the description of thermodynamic data of Hy in fluid mixtures. Additionally, all
three tested one-site force fields yield similar energy barriers compared to DFT results, as
discussed above. The energy barriers are significantly larger than the thermal energy (k7T is
on the order of 0.03 eV in the range of T considered) in all cases, corroborating the picture
of Hy being trapped or significantly slowed down in bulk (oxy)hydroxides.®® The analysis of
AFE indicates that diffusion is hampered in boehmite and gibbsite compared to portlandite.

For boehmite, the energy barrier along z agrees with the value reported for the reaction
path in Figure 2, as expected since this is the direction in which transfers are facilitated in

boehmite’s interlayer. The other interlayer direction corresponds to z in the Cartesian frame
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and the respective energy barrier (1.23 eV) can be compared with the values obtained with
DFT® of 0.86 eV for [001] crystallographic direction. Besides the difference expected from
classical and quantum simulations, the difference might come from the reaction path being
considered in each case not being precisely the same due to the changes in the reference frame.
Note that a difference in the energy barrier of the order of a tenth of an electronvolt has
been deemed reasonable in comparisons between DFT and classical simulations (e.g.,”). The
values obtained with CI-NEB show that diffusion along x and y directions are energetically
unfavored when compared with the direction along z. These results suggest a 1D diffusion
response for boehmite.

The energy barrier in gibbsite reported by Shen et al.® for H, crossing Al structural
layers is reported to exceed 0.77 eV. The values obtained here with CI-NEB agree with this
constraint. The energy barriers obtained from DFT for reaction paths in the interlayer are
> (0.70 and >1.01 eV according to the two final H, sites considered in Shen et al.® These
values are consistent with our results. The energy barrier on the order of the eV might
translate into limited diffusion for all three directions in gibbsite.

To the best of our knowledge, the energy barrier values for H, diffusion in portlandite
are provided for the first time. As expected, diffusion along the x and y directions is favored
in portlandite compared to diffusion across the Ca layers (z direction).

The consistency of the energy barrier obtained using classical MD with the DFT results
builds confidence in using the one-site Hy force fields combined with ClayFF to capture

dihydrogen diffusion in (oxy)hydroxides.

Diffusion of Hy, up to the us timescale

Figure 3 shows the MSD of Hy per direction for simulated times up to the microsecond
scale at 25°C in boehmite, gibbsite, and portlandite. The transition from the initial ballistic
regime to the subdiffusive regime occurs at approximately 0.01 ps in all cases. Up to the

microsecond scale, only diffusion along the z-axis in boehmite and along the x- and y-axes in
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Table 1: Energy barrier computed from CI-NEB AFEygp for Hy transport in boehmite,
gibbsite, and portlandite using Koster et al.'% force field for Ho.

(Oxy)hydroxide Direction AENgg [eV] AEygpp [kJ/mol]

Boehmite x (interlayer) 1.2340.01 119+1

y (across Al layers) | 5.76+£1.89 556+182
z (interlayer) 0.3240.01 31+1

Gibbsite X (interlayer) 1.02+0.16 98=+15

y (interlayer) 1.57£0.65 152+63

z (across Al layers) | 1.0540.40 101439
Portlandite x (interlayer) 0.36+£0.09 35+9
y (interlayer) 0.3340.12 32412
z (across Ca layers) | 0.5240.03 50+3

portlandite exceeds the values corresponding to the distances between the endpoints of the
NEB calculations. In gibbsite, this does not occur. These results support the interpretation
of 1D and 2D diffusion for boehmite and portlandite, respectively, while H, remains effec-
tively trapped in gibbsite for at least several microseconds, based on the trends observed in
the MSD. The distances between the endpoints of the NEB calculations are on the order
of the unit cell vector length in the x and z directions in boehmite, x and y directions in
portlandite, and in the y direction in gibbsite. For the other directions, the NEB distance
exceeds at least twice the corresponding unit cell vector length, meaning that a significantly
more tortuous path is required for diffusion along these directions.

The figure also shows the parameters D, and a computed as a function of the timescale.
The values of a for boehmite and portlandite converge for timescales above roughly 500 ns,
while the « of gibbsite shows an increasing trend. The dynamics remain strongly subdiffusive
with a not exceeding 0.6 for most cases, except for diffusion along the z direction in boehmite.
The D, values show an overall decreasing trend, except for the y direction in portlandite,
where a marked fluctuation is observed. The increasing trend of « as a function of the
timescale in gibbsite is to some extent compensated by the decrease in D,. The graphics
on the right show that in most cases D, decreased with increasing a values for the three
minerals. These results show that subdiffusion persists at least up to the microsecond scale in

the (oxy-)hydroxides studied. Extrapolation of the observed trends suggests that subdiffusion

12



should persist to larger timescales.

Temperature dependence of diffusion

To evaluate the temperature dependence of diffusion parameters, simulations at various
temperatures were performed up to the nanosecond scale. As can be observed in Figure 3,
this timescale is statistically representative of the behavior up to the microsecond timescale
(considering that the uncertainty in the values reported in this figure is on the order of 0.1
for o and 0.01 A%/ps® for D,). In the Supporting Information, we show that D, and a
obtained from the simulation up to the microsecond timescale at 25°C can be compared to
the values calculated from the simulation up to the nanosecond when one accounts for the
standard error on D, and «.

The generalized self-diffusion coefficient D, and anomalous exponent « of Hy in boehmite,
gibbsite, and portlandite are shown in Figure 4 as a function of temperature. Dynamics are
subdiffusive in all cases and can be classified as strong subdiffusion with a < 0.6,3? except
for a few points in portlandite and the z direction in boehmite for which a weak subdiffusion
is observed. Anisotropy in diffusion is marked, particularly in boehmite and in portlandite
to a lower extent. In portlandite, both directions parallel to the calcium plane show larger
a; in boehmite, one direction parallel to the aluminum plane shows a markedly larger «
for temperatures above 100°C. Similar conclusions can be reached when analyzing D, for
boehmite. These results suggest that diffusion in portlandite is mostly 2D (dominated by
migration in the interlayer directions parallel to the Ca plan) and mostly 1D in boehmite
(dominated by migration in the z direction, in the interlayer parallel to the Al plan). The
very low values of D, and « for gibbsite indicate that Hy hardly diffuses in this mineral.
These results are consistent with the energy barrier computed with the CI-NEB method.

Both generalized diffusion coefficients and anomalous diffusion exponents increase ap-
proximately linearly with temperature in the range studied. In this context, a simple

Arrhenius-like thermal activation is insufficient to capture the temperature dependence due
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to the temperature increase of . The linear fit parameters of the points in Figure 4 are
given in Table 2. In the Supporting Information, we show how the logarithm of «, D,,, and
the MSD as t — us (i.e., aD,) evolves with 1/T. Linear trends can be identified in some
cases, but unequivocal trends cannot be established.

Both generalized diffusion coefficients and anomalous diffusion exponents increase ap-
proximately linearly with temperature in the range studied. The linear fit parameters of the
points in Figure 4 are given in Table 2. In this context, a simple Arrhenius-like thermal acti-
vation cannot be applied directly to D, due to its quasi-property nature (i.e., this property
is defined by a ratio of physical quantities, length, and time, with non-integer exponents?3).
In the Supporting Information, we show how the logarithms of « and D,, evolve with 1/T.
While linear trends can be identified in some cases, unequivocal trends cannot be established.
To obtain an activation energy, we define a timescale-dependent diffusion coefficient using

an KEinstein-like equation:

MSD(t
Dy = lim MSD(t) _ lim Dyt (2)

—T t t—T

where 7 corresponds to the timescale considered. To maintain consistency with Eq. 1, we
have not included the 1/(6ds) factor, where d; is the dimensionality, in the right-side in the
equation above. This diffusion coefficient has the usual dimension of a diffusion coefficent.
Arrhenius plots of D, are provided in Figure S6 in the Supporting Information for a
timescale of 7=1 us and considering a 1/6 factor multiplied to D;_,, per direction. The
Arrhenius activation energy F, can therefore be defined for Hs in the systems studied using
D, _,,. Anomalous diffusion described by a power law leads to an activation energy that
depends on the timescale 7. This dependence is shown in Figure S6 in the Supporting
Information, and follows a logarithmic trend. Thus, E, does not converge to a single value as
the timescale increases, but rather grows slowly with the timescale considered. The activation
energies are also dependent on the direction considered, as expected from the analysis of

energy barriers from NEB simulations. The comparison of E, with the energy barriers
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obtained from NEB simulations shows good agreement for boehmite along the diffusing
direction (z direction). The activation energies computed from D,_,, in the non-diffusing
directions (x and y) are much lower than the energy barriers obtained from NEB. This
occurs because the movement of Hy, molecules is restricted to the interstitial basins in these
directions, where the molecules do not cross the energy barriers computed by NEB. In
the basins, the molecules move with fewer constraints, leading to a much lower F, when
considering only the MSD compared to NEB. A similar reasoning applies to the diffusing
(x and y) and non-diffusing (z) directions in portlandite. In portlandite, the activation
energies obtained from NEB and MSD differ to a more pronounced extent, with differences
on the order of 10-20 kJ/mol. It must be noted that the standard deviations of NEB energy
barriers are on the order of 10 kJ/mol, and uncertainty is also expected from the linear fitting
of Arrhenius plots of E, obtained from MSD. Given these uncertainties and the fact that
MSD and NEB simulations are performed using different techniques (molecular dynamics
and energy minimization, respectively), the results can be considered fairly consistent. No
direct comparison of MSD and NEB activation energies is provided for gibbsite, as there is

no diffusing direction in this system.

Table 2: Linear fits (y = AT + B) of anomalous exponent « and generalized self-diffusion
coefficient D,, per direction obtained from Figure 4.

() Da

dir. | A[L/C] BE R? | A[AY/(ps"°C)] B [A%/(ps*)]
Boehmite x | 4.72E-5 246E-3 0.19 4.82E-5 -2.38E-3 0.70
y |-2.77TE-4 4.36E-1 0.15 8.88E-5 1.23E-2 0.60
z 1.88E-3 -1.58E-1 0.78 7.76E-4 -2.14E-1 0.64
Gibbsite x | 6.06E-4 -1.30E-1 0.60 4.99E-4 -1.33E-1 0.85
y | 7.61E-4 -1.87E-1 0.72 4.46E-4 -9.34E-2 0.76
z 1.03E-3 -2.50E-1 0.82 3.26E-4 -6.89E-2 0.93
Portlandite | x | 7.70E-4 2.05E-1 0.82 1.65E-3 -4.27E-1 0.80
y | 3.38E-4 3.73E-1 0.33 1.07E-3 -1.88E-1 0.83
Z 1.01E-3 -4.29E-2 0.92 8.38E-4 -1.66E-1 0.97

To quantify the mobility of Hy in the three minerals, we compute a characteristic time

tpm = (1 nm?/ Da)(l/ ) for a mean displacement of one nanometer and for a mean displace-
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ment of one micrometer ¢, = ((1000 nm)?/ Da)(l/ ). The results are plotted in Figure 5 for
portlandite, gibbsite, and boehmite. The timescale assocaited to micrometer scale are several
orders of magnitude larger than those for the nanometer scale, in particular for low «, due to
the (1/a) scaling. The diffusion along x in boehmite is extremely slowed down consistently
with the diffusion coefficient and « value reported in Figure 4 for all temperature tested. The
results for gibbsite exceed experimentally (reasonably) accessible timescales even when one
considers the nanometer scale for temperatures below roughly 100°C. The comparison of ¢,,,
and t,,, for portlandite suggests that Hy occasionally produced within the bulk crystal has
time to escape the nanometric crystal in a short timescale, while a much larger observation
time would be needed to observe the same H, release in micrometric-sized particles. This
point is important to understand how the H, produced in nanometric portlandite particles®
might be compared with the delayed release of Hy in cement systems, in which portlandite
might appear as micrometer-sized inclusions. These observations corroborate the picture
in which pristine gibbsite allows virtually no diffusion of H,, whereas boehmite and port-
landite exhibit anisotropic diffusion that can be measured within experimentally accessible
timescales. These results further support the conclusion that Hy migration across the Al
layers in gibbsite (for temperature below 150 °C) is unlikely. In contrast, crossing the Ca
layer in portlandite is achievable within experimentally accessible timescales, although dif-
fusion along this direction is significantly slower compared to the interlayer direction. The
relevance of subdiffusion for the minerals studied here should be considered as a function
of timescales (and associated length scales) of interest. Even in the case of nanometer-sized
particles of these minerals, our results suggest that subdiffusion should play a significant role

in Hy dynamics.

Hs-induced expansion and collective effects

Figure 6 (left) shows that the introduction of Hs in the (oxy)hydroxides studied leads to a

linear expansion up to at least N =10 H, molecules per simulation box for boehmite (i.e.,
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Ny=10/(7x2x6) per unit cell). The same is observed for portlandite (i.e., Ng=10/(6x6x6)
per unit cell), except for the case of 125°C. With gibbsite, the linear domain decreases when
the temperature increases, persisting up to at least N =10 molecules per simulation box (i.e.,
Np=10/(3x4x2) per unit cell) at 25°C and N =5 for 125°C. The coefficient of Hy-induced
dilatation aff per number of H, molecules Ny in a unit cell is computed in the range of

linear H,-induced dilatation with:

1 dV(T)
g_ +aviL)
a VAN, (3)

adopting as reference volume Vy = V(T =25°C). The results per direction are computed
using a similar definition with the values of reference (ag, by, and cy) being also taken
at 25°C. The results are shown in Figure 6 (right). The expansion in gibbsite is roughly
isotropic (all directions contributing equally). The main contribution to expansion occurs in
the ¢ direction in portlandite, in agreement with experiments.® Directions a and b are the
main contributors to boehmite expansion, which is slightly compensated by a contraction in
¢ direction.

In the Supporting Information, we show that the deviation from linear volume expansion
is related to an increase in interlayer distances (associated with a loss of layer-layer cohesion)
in the case of boehmite and likely portlandite. In the case of gibbsite, the steep increase in
volume with temperature and Hy content is due to amorphization (this observation needs
to be confirmed with future studies using reactive force fields). Local amorphization in the
vicinity of Hy molecules is also observed in portlandite.

Collective effects in diffusion among Hs molecules are discussed in the Supporting Infor-
mation. Up to at least N=10 Hy molecules per simulation box, both a and D, show no
statistically significant differences when plotted as a function of N. This result corroborates
the picture of a dilute system in which no significant collective effects among Hs molecules
are present. The discussion in this section shows that the dilation of (oxy)hydroxides in-

duced by the presence of Hy does not lead to any significant increase in Hy diffusion for
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the concentration and temperature range considered. Of course, this conclusion is valid for

pristine crystals (i.e., in the absence of radiation-induced damage).

Discussion on the nature of subdiffusion

In this section, we discuss the possible physical origins of the subdiffusive behavior observed
in the (oxy-)hydroxides. In the literature, the physical origins of subdiffusive behavior are
often attributed to the significant residence times of Hy in interstitial sites and confinement
in ”cages” or energy basins within these sites. Among the various processes leading to subdif-

fusion,?

! random walks interrupted by random waiting times are known to be subdiffusive.**
Particles moving in the vicinity of solid surfaces have been shown to exhibit subdiffusive to
superdiffusive behavior depending on the potential and dissipation or damping parameter.3
In this context, superdiffusion is related to low damping, leading to shorter residence times,
while subdiffusion is associated with strongly damped dynamics, resulting in longer residence
times.3* Among the various mechanisms proposed to explain subdiffusion (see Section ” Gen-
eralized Self-Diffusion”), we explore whether the one related to damped particles diffusing
in random potentials explains the subdiffusion of Hy in (oxy-)hydroxides.

A key element to validate is the relevance of considering the studied systems as yeilding
a random potential landscape for diffusing H,. Lacasta et al.3® observed subdiffusive dy-
namics only in random potential landscapes, while diffusion in periodic potential landscapes
remained Fickean. Other authors have also reported subdiffusive behavior in overdamped
particle diffusion in random potentials.?* In crystalline systems like the ones studied here,
the distances between hopping sites should be approximately constant. However, due to
thermal fluctuations, some variability in these distances occurs. The analysis of the total
reaction coordinate from NEB simulations shows variability, with coefficients of variation for

the length in boehmite on the order of 1% along the x and y directions, and exceeding 15%

for the z direction; in gibbsite and portlandite, all coefficients of variation are above 15%.
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Local disorder can be visualized in the potential energy landscape charts in the Supporting
Information. These arguments allow us to conclude that the potential energy landscapes of
the three (oxy-)hydroxides studied at the temperatures tested differ to some extent from a
perfectly periodic landscape and can be approximated as random potentials when accounting
for thermal fluctuations that lead to local disorder.

The second element to define is how the dynamics are damped. In our simulations,
damping is controlled by adjusting the Lennard-Jones potential well eyy value of Hy in
the force field. This adjustment is modulated by a dimensionless factor v, so that the
damped Lennard-Jones potential well parameter €™ H H can be expressed as a function of
the undamped parameter e H: e HH = veH H. Since the Lorentz-Berthelot combining
rules are applied, changing e?ﬁ?p also alters the interactions with all other atoms in the system
(we show these changes in the Lennard-Jones potential for all atoms in the system for selected
values of 7 in the Figure S9 in the Supporting Information). We performed simulations
at 25°C with various 7 values, covering overdamped (v > 1), non-damped (y = 1), and
underdamped (v < 1) conditions. Koster et al.’s'® one-site force field was used.

Figure 7 shows the MSD of H, per direction in boehmite, gibbsite, and portlandite
at 25°C, considering two damping parameters: v = 10 (overdamped) and 1/1000 (under-
damped). Overdamped dynamics lead to increased subdiffusion, while the underdamped
case results in accelerated dynamics compared to the original Koster et al.'® Hy force field
in all three minerals, with superdiffusion (MSD scaling approximately as t?) observed in
portlandite for diffusion along the x and y directions.

The anomalous diffusion parameter « is plotted as a function of v in Figure 8. With
decreasing v, the diffusional behavior exhibits the following changes: (i) in boehmite, it
transitions from subdiffusive (overdamped) to Fickean along the z direction; (ii) in gibbsite,
it becomes less subdiffusive in a roughly isotropic manner; and (iii) in portlandite, it reaches
superdiffusive behavior along the x and y directions. The entire range of behavior, from

subdiffusive to superdiffusive, can be achieved by controlling the v coefficient, which can be
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interpreted as the affinity of the Hy molecules with respect to the bulk crystal. This effect can
also be obtained by increasing the temperature, which leads to greater thermal fluctuations,
allowing energy barriers to be more easily overcome in a shorter time, thus accelerating the
dynamics, as discussed in the previous sections. These observations show that a key element
explaining the subdiffusion of Hy in the (oxy-)hydroxides studied is the higher affinity of Hy
to the mineral in their interstitial sites.

To relate damping with residence times, we compute the distribution of residence times
per direction for the underdamped system in 6 ns-long trajectories (in this timescale, non-
damped and overdamped simulations would not yield enough jumps to provide good statis-
tics). Displacement of Hy particles is recorded every 1 ps, and a jump is counted whenever
a displacement between two recorded times exceeds the length of the lattice vector in the
considered direction. In Figure S10 in the Supporting Information, we show that increasing
underdamping (i.e., decreasing =) results in a distribution of residence times with increased
frequencies of longer residence times. This long-tail distribution for the residence times
affects the apparent diffusion by making low frequency jumps significant. The usual law

describing lattice diffusion in solids reads (e.g.,*):

_Ea

D=\
Avexp T

12
= -\ 4
ZA (4)

where A is the jump distance, I' = zv exp|—E, / RT is the jump frequency, v is the vibrational
frequency of the molecules, and z is the number of nearest neighboring interstitial sites.
The jump distance is approximately constant, with some variability expected under finite
temperature, as discussed above. The number of neighboring sites is also constant. We
evaluate the vibrational frequency of Hy in the simulations by calculating the vibrational
density of states (VDOS) from the velocity autocorrelation function (as detailed in the
Supporting Information). The average values are 1420 cm™! for boehmite, 670 cm™! for

gibbsite, and 717 cm™! for portlandite, with a standard deviation on the order of hundreds
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of em™1.

For comparison, the values reported by Shen et al.® are close to 1500 cm™! for
boehmite and 1000 cm~! for gibbsite, also with large variability in the frequencies. This
parameter changes insignificantly with v in gibbsite and portlandite when considering the
variability within the frequency band; in boehmite, the average frequency increases with
decreasing . Therefore, the main parameter affecting the distribution of the jump frequency
must be the activation energy. In Figure S13, we show that the CI-NEB energy barrier
decreases in an exponential-like fashion with decreasing v. Lower values of activation energy
should be associated with shorter residence times.

The results above show that decreasing the affinity of Hy with the crystal surfaces via
is insufficient to transition from subdiffusive to normal and then superdiffusive behavior in
all directions in the three (oxy)hydroxides studied. The direction across Al and Ca layers
remains subdiffusive even with very low . Channel sizes within the bulk crystals and the
connectivity of interstitial sites should be considered to explain the anisotropy in diffusion
in the minerals studied.

1.33 suggests that superdiffusive behavior in underdamped

The discussion by Lacasta et a
particles diffusing on a random potential is likely transient. Conversely, the same authors
point out that subdiffusion may not be transient (but rather an actual asymptotic behavior)
due to multiple trapping, particularly at low temperatures. These arguments support the
interpretation of the results in our study, suggesting that subdiffusion in the (oxy)hydroxides
should persist beyond the microsecond scale.

The conclusion of the numerical experiments in this section is that the affinity of Hy with
the interstitial sites in the (oxy)hydroxides studied explains the damped dynamics resulting
in subdiffusion. However, these effects are limited by the energy barriers, which occur
anisotropically due to the layered structure of the materials. This discussion corroborates
arguments from the literature that subdiffusion should not be transient in the bulk minerals

studied. This result suggests that screening other minerals for Hy (sub)diffusion can be done

by the evaluation of energy barriers (associated with molecular affinity to the solid) without
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the need for simulating long trajectories.

Conclusion

The dynamics of Hy in three (oxy)hydroxides relevant for energy production - boehmite,
gibbsite, and portlandite - were quantified using classical molecular simulations. The dila-
tion of the crystalline lattice due to thermal expansion and H, introduction were explicitly

considered in the simulations. We conclude:

e On using classical molecular dynamics to assess Hs in three (oxy)hydrozides. The
energy barriers obtained with one-site force fields for Hy combined with ClayFF are
approximately consistent with those obtained from quantum calculations in gibbsite
and boehmite.® This builds confidence in using classical simulations to evaluate H,
dynamics within other (oxy)hydroxides (clays, phases in cement systems, geomaterials,
etc.) for future work. Classical simulation enables assessing the timescales needed to
evaluate dynamics (up to the microsecond scale). Koster et al.'® and Hirschefelder et
al.1® force fields for Hy yield a better comparison with CI-NEB DFT calculations in
the case of boehmite. The Cracknell'® force field favors faster dynamics, leading to
a significantly different energy landscape compared to the other force fields. These
differences are due to the smaller Lennard-Jones diameter and potential well depth for

H in the Cracknell'® force field.

e On the anisotropic subdiffusive dynamics of Hy. Hy dynamics in the three (oxy)hydroxides
is subdiffusive, with anomalous diffusion exponent o < 0.9 in all cases.?? Subdiffusion
persists at least up to the microsecond scale. The origins of subdiffusion in the three
(oxy)hydroxides can be linked to confinement in ”cages” or energy basins in the in-
terstitial sites. The relevance of subdiffusion for the minerals studied here should be
considered as a function of timescales (and associated length scales) of interest. In the

case of nanometer-sized particles of these minerals, our results suggest that subdiffusion
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should play a significant role in Hy dynamics. The dynamics are markedly anisotropic:
as expected in layered (oxy)hydroxides, crossing the Al/Ca layers is energetically un-
favorable, and most of the diffusion occurs in the interlayer. Generalized diffusion per
direction with subdiffusive anomalous exponent captures the pronounced anisotropies
in minerals studied. Diffusion of Hy differs in these minerals, with Hy being effec-
tively trapped in gibbsite, showing a 1D diffusion in boehmite and a 2D diffusion in
portlandite. Both generalized diffusion coefficients and anomalous diffusion exponents
are temperature-dependent but Arrhenius-like thermal activation cannot be applied
directly to these parameters. The definition of a time-dependent diffusion coefficient
allows for the calculation of an activation energy that agrees with the magnitude of the
energy barrier obtained using CI-NEB along the diffusing directions (z in boehmite,

and x and y in portlandite).

e On the nature of subdiffusion of Hs in (oxy)hydroxides. The affinity of Hy, modu-
lated by its interaction with other species in the solid, results in subdiffusive behavior
in the (oxy)hydroxides studied. Our results suggest that the relatively high energy
barriers that Hy must overcome to jump between interstitial sites lead to a distribu-
tion of residence times with long, fat tails in the direction of longer residence times.
This phenomenon should be associated with subdiffusive behavior. By adjusting the
H, Lennard-Jones potential well value, one can observe transitions from subdiffusive
to Fickean and even superdiffusive in underdamped cases in some direction in the
(oxy)hydroxides studied. However, diffusion across Al and Ca layers remains subdif-
fusive irrespective of Hy Lennard-Jones potential well value changes, indicating that
channel sizes and interstitial site connectivity also play roles in diffusion anisotropy.
Subdiffusion is likely to persist beyond the microsecond scale, especially at low tem-

peratures, due to multiple trapping effects.

e On the Hy-induced dilatation. The crystal structure of the three (oxy)hydroxides dilates
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linearly with the number of Hs molecules introduced up to 4 to 5 per simulation
box (the simulation boxes studied have a volume on the order of 10 nm?). Dilation
perpendicular to the Al/Ca layers is the main contribution to the volumetric expansion.
The expansion of (oxy)hydroxides induced by the presence of Hy leads to no significant
increase in Hy diffusion for the concentration and temperature range considered. Of

course, this conclusion is valid for systems in the absence of radiation-induced damage.

This work has broad implications for the safety of nuclear waste disposal systems. In
order to have safer systems, it is essential to be able to model the dihydrogen formation
and transport in the material over long periods of time. The simulations carried out in
this work provide a basis for modeling the transport part, i.e., the diffusion of Hy within
the mineral studied, and thus for being more precise about the evolution of Hy release over
time. Diffusion of Hy can be studied in other solid phases relevant to nuclear waste disposal
systems using the same strategy as that proposed in this study. Further studies will also
focus on elucidating the formation processes in other minerals of interest for nuclear waste
disposal. The results above corroborate that transport properties might provide elements
to understand the differences in delayed Hs production in (oxy)hydroxides. Furthermore,
anomalous subdiffusive behavior requires a theoretical treatment in a framework that goes
beyond Fickian diffusion. In this context, generalizations of Fick’s law using fractal or
fractional derivatives can be applied.3! Future work can extend the analysis of diffusion to

other species in (oxy)hydroxides.

Supporting Information Available

“Supporting Information: Hs Anisotropic Subdiffusion and Induced Expansion in Port-

landite, Gibbsite and Boehmite”
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Figure 1: Snapshots of the preferential sites of Hy in boehmite, gibbsite and portlandite using
Koster et al.'6 one-site force field for Hy. At the center, we zoom in on the local environment
of Hy. Radial distribution functions of H-(Al,Ca), H-Hh, and H-Oh pairs according to Késter
et al.,'® Buch,!'” Hirschefelder et al.,'® and Cracknell'® force fields for H,. All simulations
were performed at 25°C. Crystallographic and Cartesian frames are indicated. In gibbsite
and portlandite ¢ vector is perpendicular to the Al and Ca planes, respectively, whereas in
boehmite b vector is perpendicular to the Al plane.
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Figure 2: At top, contour plots of the variation of potential energy AFE landscape of Hs

in boehmite in the yz plane intersecting a preferential site: comparison of Koster et al.,'¢

Buch, " Hirschefelder et al.,'® and Cracknell® force fields for Hy. At bottom, energy barriers

evaluated by the CI-NEB method.
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Figure 3: At left, mean squared displacement of Hy in boehmite, gibbsite and portlandite
at 25°C up to microsecond scale. The scaling with ¢? (ballistic, dotted line), ¢ (Fickean,
dashed line), and v/t (a specific case of strong subdiffusion, dot-dashed line) are shown for
comparison. The horizontal lines corresponds to the squares of the distances between the
endpoints of the NEB calculations with the same colour code as the MSD. At the center, «
and D, plotted as a function of the timescale considered. At the right, D, as a function of
. The uncertainty in the values is on the order of 0.1 for o and 0.01 A%/ps® for D,.
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Figure 4: Anomalous exponent « (left) and generalized self-diffusion coefficient D,, (right)
of Hy in boehmite, gibbsite and portlandite as a function of the temperature. The linear fits
are reported as guide for the eyes, the corresponding determination coefficients Ry are listed
in Table 2 together with the fitting parameters.
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Figure 5: Quantification of Hy mobility in boehmite, gibbsite and portlandite: characteristic
time for mean displacement of one nanometer t,,, = (1 nm?/ Da)(l/ *) and one micrometer

tum = ((1000 nm)?/D,)"*). The results exceeding 10'° h (e.g., x direction in bochmite) are
not shown since this is a timescale comparable to estimates of the universe’s age.
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Figure 6: Hs-induced dilatation in boehmite, gibbsite, and portlandite. At left, volume per
unit cell as a function of the number N of Hy, molecules introduced per simulation box. The
inset shows the total expansion in gibbsite. At the right, linear (along cartesian direction x,
y and z) and volumetric coefficients of Hs-induced dilatation a! per number of Hy molecules

Ny per unit cell.
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Figure 7: Mean squared displacement of Hy in boehmite, gibbsite and portlandite at 25°C up
to nanosecond scale considering damping parameters v/eyx of 10 (left, overdamped leading
to increased subdifusion) and 1/1000 (right, underdamped). The scaling with ¢* (ballistic,
dotted line), ¢ (Fickean, dashed line), and v/¢ (a specific case of strong subdiffusion, dot-
dashed line) are shown for comparison.
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Figure 8: Anomalous exponent « as a function of affinity parameters /ey x in boehmite,
gibbsite and portlandite simulated at 25°C.
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