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ABSTRACT: We have tested the ability of a hybrid density
functional theory (DFT)−continuum solvation approach to
simulate processes relevant to sorption and crystal growth at the
solid−water interface with the largest possible accuracy. The focus
was on the study of Ba2+ kink-site nucleation at the (001) surface
relevant for barite growth. For the first time, a complete Ba2+-ion
uptake process at the water mineral interface was simulated using
ab initio-based methods while maintaining reasonable computa-
tional effort. The Ba2+ attachment path is mainly determined by
dehydration of the attached ion and chemical bond formation. For
all intermediate steps starting from the hydrated ion to the
completely attached ion, a full representation of the chemical
bonds as well as effects of the aqueous phase were considered. Previous results of simulations with classical force fields could be
qualitatively reproduced, and new details on the attachment path emerged. This study indicates that energy differences between Ba2+
attachment processes at different sites are mainly due to the influence of step morphologies at the atomic scale. The hybrid DFT
continuum solvation approach enables ab initio-based simulations of solid surface−aqueous interfaces, which may be applied to
other relevant problems, for example, adsorption processes, complex formation at surfaces, or electrochemical processes.

■ INTRODUCTION
Processes at the solid−aqueous solution interface, such as
crystal growth, adsorption, and structural uptake of radio-
nuclides in aqueous solution or complex formation, are of great
relevance in numerous current topics of energy and climate
research, such as nuclear waste disposal, hydraulic fracking, or
electrochemistry.1−8

The ion attachment processes from the aqueous solution to
the solid that takes place during crystal growth are usually
complex multistep processes that include several intermediate
steps such as the formation of outer-sphere and inner-sphere
complexes.9−12 However, the fundamental processes at the
atomic scale are poorly understood. One reason for this is that
sorption processes or the structural incorporation of ions into a
growing crystal surface have been only incompletely simulated.
Correlations of these processes with microscopic and macro-
scopic observations are missing even for very well studied
minerals like barite and calcite.13

Precipitation of sparingly soluble barite from groundwater
leads to scale formation. The isostructural uptake of Ra can
result in technically enhanced naturally occurring radioactive
material (TENORM).4−7 The formation of solid solutions is
also important for radionuclide retention in nuclear waste
repositories, e.g., by incorporation of Ra into barite or of Se

and Ra into the calcite structure.14,15 Retention of Ra by
cementitious phases can occur via sorption processes, such as
complex formation at the solid−water interface or incorpo-
ration into the solid phase by solid solution formation.16

Moreover, the accurate description of water adsorption on
metal surfaces is of interest in current topics in electro-
chemistry, such as catalysis, water electrolyzers, and fuel
cells.3,8

In the case of barite, experimental work as well as simulation
studies show that the most stable surfaces are the (001) and
(210), consequently determining the morphology of the barite
crystal, and thus are most relevant to barite growth.17−20 In
situ atomic force microscopy revealed strongly anisotropic
crystal growth of the barite (001) surface, which is controlled
by the attachment of ions to ⟨120⟩-steps.18,21,22 Barite
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symmetry leads to the formation of obtuse and acute ⟨120⟩-
steps, with different growth rates.23−25

Activation energies for (001) surface growth range from 35
± 8 to 38 ± 4 kJ/mol and were determined by macroscopical
and microscopical experimental growth rates.21,22,26 Vital et
al.26 determined the same activation energy of 35 ± 2.5 kJ/mol
for (001), (210), and (101) surface growth and postulated that
the reaction rate is surface-controlled with the same rate-
limiting step for all of these.
For barite (001) growth, during kink-site nucleation, the first

ion attachment at an ⟨120⟩ step to start a new row parallel to
that step is considered to be the rate-limiting step that controls
the kinetics of crystal growth. This occurs from the hydrated
ion to the completely attached ion by dehydration and
chemical bond formation in several steps.9,27 From there,
barite continues to grow anisotropically in both directions.
Due to the symmetry of the barite, four distinctly different sites
for kink nucleation exist for both the Ba2+ and SO4

2−

attachment. These are acute step, high; acute step, low; obtuse
step, high; and obtuse step, low (Figure 1). In this study, we

only consider Ba2+ attachment following studies of Stack et al.9

However, the question whether Ba2+ or SO4
2− kink-site

nucleation is the rate-limiting is still under debate.18,25,27,28

Pina et al.18 were able to provide energy differences of
attached ions at different sites using kinetic Monte Carlo
(KMC) and molecular dynamics (MD) simulations. Kink-site
nucleation processes are postulated to be endothermic,
whereas the further step growth processes are exothermic.
SO4

2− was assumed to be attached preferential due to its lower
energy compared to Ba2+. Water was considered only in the
form of experimentally determined hydration energies, which
were added to the simulation results.

Stack27 simulated different sites of attached Ba2+ and SO4
2−

ions in an aqueous environment and concluded that the rate-
limiting step was the exothermic Ba2+ attachment. Ba2+ as well
as SO4

2− attachment as the rate limiting process of the growth
on the (001) face at the same Ba2+ to SO4

2− ratio under close-
to-equilibrium conditions, are suggested in the literature.25,28

Crucial to the relevance of the individual attachment processes
to different sites for crystal growth is their activation energies.
To obtain these, complete reaction pathways of the attachment
processes, including the rate-limiting steps, must be
determined starting from the fully dissolved ion and including
water.

Stack et al.9 were the first to simulate a complete ion
attachment/detachment process at the (001)-barite surface
(kink-site nucleation) including water using classical force-
field-based MD simulations, metadynamics method, and
umbrella sampling, to describe the kinetics of the process.
The simulations assume Ba2+ kink-site formation as the rate-
limiting step. Their attachment path had several intermediate
steps: (1) the fully solvated Ba2+ ion in aqueous solution, (2)
the outer-sphere complex, (3) the inner-sphere complex, (4)
the bidentate complex, and finally (5) the Ba2+ ion fully
attached to the barite surface (Figure 2). The rate-limiting step
is the escape from the inner spherical complex, which is also
the structure with the lowest energy. The activation energies of
the rate-limiting steps for attachment and detachment of 41 ±
13 and 34 ± 4 kJ/mol could be obtained by a separate
simulation approach, the reactive-flux-method. Formation of
inner-sphere complexes and thus the same rate-limiting step is
postulated for all possible Ba2+ kink formation positions.

Figure 1. Ba2+ attachment positions on the ⟨120⟩ steps of the barite
(001) surface: (a) perpendicular x and (b) parallel x. The barite
structure was visualized with the VESTA software.29

Figure 2. Minimum energy structures occurring during Ba2+ detachment at the ⟨120⟩ step of the barite (001) surface according to Stack et al.9
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However, a single attachment process is not able to explain
the anisotropic step growth of the entire (001) surface. An
ensemble of different attachment processes on the molecular
scale is assumed to explain microscopically observed barite
growth and hence the experimentally determined activation
energies.13,25,30,31 It is not yet known which attachment
processes at which sites are relevant for the phenomenolog-
ically observed anisotropic island growth.13,24,32 The force
fields used in classical MD simulations can usually only
approximate chemical bonding. A more accurate description
requires an ab initio treatment, which, however, requires high
computational power and thus usually focuses only on specific
aspects of the processes.33 However, a computationally
efficient method that simulates complete ion attachment
processes ab initio and with the inclusion of water in all
steps is still missing.
The aim of this study is to test and verify a combination of

methods that allows for the simulation of complete ion
attachment processes, including all intermediate steps relevant
for crystal growth and sorption processes at the solid−water
interface with the highest possible accuracy. A mandatory
prerequisite for such a method is the correct simulation of
chemical bonds as well as of the water as bulk, sorbed at the
solid surface, and the hydration shells of dissolved ions. At the
same time, the necessary computational effort must be
reasonable. Here, we test a combined density functional
theory (DFT), nudged elastic band method (NEB), and soft-
sphere continuous solvation (SSCS) methods. Computation-
ally intensive ab initio DFT is used because it simulates all
electrons relevant to chemical bonds explicitly, in contrast to
force-field based methods. However, ab initio DFT often leads
to an insufficient description of water, as van der Waals forces
and hydrogen bonding are inadequately described.34 A
continuum solvation approach developed by Andreussi et
al.34 and Fisicaro et al.35 provides a remedy. Here, water is
implicitly described by a force field that depends only on its
dielectric constant. This permits a correct simulation of bulk
water, hydration of dissolved ions, and the mineral−aqueous
solution interface. The computational effort is also drastically
reduced by eliminating the explicit water molecules. NEB
allows single long and complicated reaction pathways to be
simulated ab initio without the use of additional methods.
Unlike in the case of ab initio MD, long and complicated
pathways can be simulated with reasonable computational
effort, by focusing on selected processes. This combines both
ab initio and continuum force field-based methods, which
provide the highest possible accuracy in aspects relevant to the
simulations, while maintaining a reasonable computational
cost.
Here, we test the ability of DFT continuum solvation

schemes to simulate the Ba2+ attachment process at the barite−
water interface at the quantum mechanical level. We were
interested in verifying the level of quality at which these
methods match previous force-field based simulations and
whether these schemes can improve the description of crystal
growth processes at the interface. For this reason, the
possibility of SO4

2− kink-site nucleation is not considered here.

■ METHODOLOGY
Setup of DFT-Simulations. The DFT simulations were

performed using the Quantum-ESPRESSO package.36,37 We
applied the PBE exchange−correlation functional,38 as it
resulted in the best match of the computed to measured

lattice parameters (see Appendix: Table A1). The planewave
energy cutoff of 50 Ry was applied, and the core electrons of
the system were replaced with ultrasoft pseudopotentials.39

The hydration effects have been simulated with the SSCS
scheme.35 In this approach, the system is split into two
subsystems: the barite crystal computed at the DFT level and
the aqueous phase simulated as a continuum medium
characterized by its dielectric constant, ε = 78.4.34,35,40−42

The calculations were performed with the Environ simulation
package.34,35,37,40 Detailed information on the SSCS-method is
provided in refs 34 and 35.

In the SSCS approach, each atom is assigned a radius that
defines the solvation sphere, within which the solvent is
excluded. The default radii of the solvation spheres are taken as
the universal force field (UFF) values.43 These for the
considered species are reported in Table 1.

A continuous switching function ensures a smooth transition
of the permittivity constant at the solvation sphere boundary,
from the vacuum value of ε = 1 to that of the bulk solvent.35

The rescaling of the solvation sphere radii (cavity multiplying
factor) is often practiced reproducing some experimental data,
including solvation enthalpies. For instance, UFF radii require
a scaling factor of 1.13 to reproduce free energies of hydration
of a large set of solvated cations.35 This shows that a direct
comparison between the applied and measured sizes of the
ionic species should be avoided. The reason is that the ionic
radius used in the calculations strongly depends on the softness
parameter regulating the transition behavior of the switching
function. The applied ionic radius can easily vary by more than
1 Å between identical solutions considering different values of
the softness parameter.35

The energy path describing the attachment process was
simulated with the NEB as implemented in the Quantum-
ESPRESSO package.36,37,44−46 The Climbing Image method
(Cl-NEB) was used to ensure that the highest transition state
is reached.45 Due to the complexity of the pathway, the
calculations were divided into two paths, assuming the
intermediate state of a minimum energy configuration as end
structure for the first and starting structure for the second
pathways. The two pathways were computed with 20 and 30
images, respectively.
Construction of the Barite Surfaces. The nine barite

surfaces [(001), (210), (010), (100), (011), (101), (012),
(201), and (211)] relevant for barite crystal growth20 were
created for computing their surface energies [e.g., (001) and
(210) see Figure 3a,b]. The barite structures in the figures
were visualized with the VESTA software.29 All structures
computed in this study are available in the data publication (ref
47). Each of the surfaces was described by multiple layers of
BaSO4, referred to as slab. These consisted of five or six barium
layers, depending on the target symmetry of the system (see
Appendix: Figure A1). To avoid interactions between the
repeating slabs along their surface normal, a distance of 10 Å
perpendicular to the slabs was applied.48 The top and bottom

Table 1. Default UFF Values43 Used for Solvation Radii in
SSCS

element default UFF-values [Å]

Ba 3.703
O 3.500
S 4.035
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layers of the slab were relaxed. The atom positions in the
center of the slabs were fixed, retaining the bulk crystal
structure.49

For the simulation of crystal growth on the barite�(001)
surface�a stepped surface slab with a thickness of two barite
unit cells was constructed (Figure 3c). It includes the ⟨120⟩
obtuse and acute steps and provides all four sites for both Ba2+-
and SO4

2− attachment relevant for barite (001) surface growth.
The upper half of the slab was relaxed, whereas the lower

section was fixed and considered bulk barite. The optimized
parameters for bulk barite were also applied for the stepped
surface calculations. The stepped (001) surface was tilted
toward the y-direction. This avoids additional steps and other
surface effects, while maintaining the periodicity of the slab in
all three dimensions. A vacuum layer of about 15 Å was added
between the slabs to leave enough space for simulating the
attachment process and to minimize unwanted interactions.
The setup of the (001) surface with ⟨120⟩ steps was used as

basis for simulating Ba2+ kink-site nucleation. In order to
simulate the complete attachment process, two structures were
created, representing the initial state, referred to as the start
structure, and the end of the Ba2+ ion attachment process,
referred to as the end structure, respectively. For the starting
structure, the attaching Ba2+ ion was fixed in a position in the
middle of the aqueous phase between the periodically repeated
slabs. For the end structure, the attaching Ba2+ ion was placed
at the appropriate site at the ⟨120⟩ step on the slab, and all
atomic positions of the system were relaxed to the equilibrium
position. To preserve charge neutrality, a SO4

2− ion was placed
as a counterpart on the other side of the slab as far as possible
from the postulated attachment pathway for Ba2+ kink-site

nucleation. Test simulations with larger four Ba-layer slabs
gave very similar results, indicating the absence of any artificial
effects associated with this placement of ions.

■ RESULTS AND DISCUSSION
Barite Bulk Phase and Its Termination. In order to

understand the stability of different surface facets, we
constructed models of nine barite surfaces, using studies of
Bittarello et al.20 as a guidance. The surface energies of all the
models were computed and results compared to prior
knowledge.17,19,20,33 The obtained surface energies and their
relative order are comparable to values reported in the
literature.17,19,20 Consistently, all studies show that the (001)
and (210) surfaces are the most stable (Table 2).
Simulation of Aqueous Solution. Hydration energy of

aqueous ions is often used to check the quality of the applied
computational method. This was done in studies of Stack and
Rustad51 and Stack.27 In the frame of the applied DFT-SSCS
computational scheme, it is a common practice to rescale the
sizes of the cations to match, for instance, the hydration
enthalpy. This is done with selecting an ion radius scaling
parameter α. The results in Table 3 show that the calculation
of the first hydration shell of the Ba2+ ion with an alpha-value
of 1.13 delivers the most realistic values for hydration energies
compared to literature values.52,53 However, applying such a
setup to the calculation of barite surface results in physically
unreasonable results, for instance, the hydrated (001) surface
being unstable (Figure 4).

We therefore used α-values of 1.255 and 1.270. The first
value matches the difference between the start and end
structure of about 21 kJ/mol determined by simulations of

Figure 3. (a) Barite (001) and (b) (210) slab cells. The blue squares indicate fixed atoms; all other atoms are set free to relax. (c) Slab cell of the
barite (001) surface (black line) including the acute (1) and obtuse ⟨120⟩ steps (2), both with high (3) and low positions (4). A dissolved Ba2+ ion
was attached to the low position (4) of the acute ⟨120⟩ steps (1). Additional SO4

2− was added at the bottom of the slab to keep the system in
charge balance (5).

Table 2. Barite Surface Formation Energies (in J/m2) Calculated for Surfaces in a Vacuum and for Hydrated Surfacesa

barite surfaces rank: surface energies this study (vacuum) DFT20 MD17 MD19 this study (hydrated) exp50

(210) 1 0.27 0.37 0.42 0.52 0.038
(001) 2 0.29 0.38 0.40 0.62 0.022 0.025
(101) 3 0.38 0.53 0.51 0.064
(211) 4 0.40 0.46 0.55 0.050
(010) 5 0.41 0.55 0.61 0.73 0.069
(011) 6 0.43 0.60 0.66 0.074
(100) 7 0.50 0.64 0.66 0.89 0.144
(012) 8 0.55 0.82 0.138
(201) 9 0.62 0.64 0.043

aResults of previous computational DFT and MD studies for the cases of the surface in vacuum are also provided. The value measured by ref 50 for
the hydrated (001) surface is given in the last column.
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Stack et al.9 With an α-value of 1.270, the end structure is
energetically favored by an energy difference of 31 kJ/mol
compared to that of the start structure. This fits with the
results of Stack et al.,9 who determined this value between the
minimum energy structure with the highest and lowest
energy.9 However, increasing the α-value from 1.130 to
1.255 or 1.270 leads to an underestimation of the hydration
energies of the Ba2+ ion (see Table 3). On the other hand, the
hydrated barite (001) surface formation energy of 22 mJ/m2

computed with the α value of 1.27 matches well the measured
value of 25 mJ/m.2,50 As shown in Figure 4, such a good fit
could be obtained only with the α value around 1.27, and for
smaller values, e.g., 1.13, the surface formation energy becomes
unrealistically large and negative, making the (001) surface
unstable.
Surface Relaxation in the Presence of Aqueous

Phase. Being the most stable, the (001) and the (210) barite
surfaces are most relevant for barite growth. We thus
performed simulations of the relevant barite−aqueous phase
interfaces. Figure 5a−c,d−f shows the results, respectively.
Figure 5 shows the resulting polarization density of the

solvent, resembling a physical boundary between the solvent
and the interface. The difference in interfacial polarization is
caused by different local charge of the Ba2+ and SO4

2− ions at

the surface.34,35 The calculations of the hydrated surface show
vertical displacements that are smaller than the respective
displacements of surface atoms relaxed under vacuum
conditions (see Appendix: Figure A2). Consequently, the
positions of surface atoms of both considered surfaces in
contact with water are more similar to those of bulk barite.
This is consistent with experimental findings showing that the
structure of the interface is a continuation of the bulk barite
crystal structure.56,57 However, small differences are apparent.
The SO4

2− groups in the topmost layers are more distorted,
comparing the position of the sulfur ion to the Ba2+ ions and
slightly rotated compared to bulk barite. This is consistent with
experimental observations.56,57 In the case of the (001) surface,
there are discrepancies in both displacement amplitudes and
directions along the surface normal, already noticed in the
literature itself.56,57 According to Bracco et al.,57 these
differences arose due to different levels of accuracy and
difference in approach and number of measurements. Differ-
ences between the MD simulations and experiments were
explained by the presence of solvated Ba2+ and SO4

2− ions
under experimental conditions and continuous adsorption of
these species to the barite surface, which influences the barite
interface atom relaxations.57 We note that this effect is not
accounted for in our study.

Table 3. Hydration Energies of Ba2+ as a Function of Scaling Parameter α

20 × 20 × 20 Å3 cell slab cella

DFT-SSCS (this study) scaling parameter α ΔHhydration [kJ/mol] ΔHhydration [kJ/mol]

1 −1892 −1885
1.05 −1610 −1603
1.1 −1418 −1412
1.12 −1357 −1351
1.13 −1329 −1323
1.15 −1278 −1272
1.2 −1168 −1162
1.25 −1078 −1073
1.27 −1046 −1041
1.3 −1002 −997

reference method ΔHhydration [kJ/mol]

Persson et al. 1995,52 Richens 199753 calorimetry −1305
Marcus 199154 thermodynamic calculations −1210
Smith 197755 thermodynamic calculations −1320

−1270
Stack 200927 MD −1301

aAccording to Figure 1c.

Figure 4. Formation energies of the hydrated barite (001) surface, obtained with the DFT-SSCS scheme, applying different α parameter values.
The dashed line indicates the experimental value.50
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The simulations of the (210) surface with a slab consisting
of five layers show that the Ba2+ distortions along the surface
normal are slightly oriented into the crystal. Using a surface
slab consisting of eight Ba layers and relaxing three of them on
each side, the same shift occurs (see Figure 5f). This is
consistent with experimental values.56 We note, however, that
in both cases, the relaxations are marginal and within the range
of the errors. The obtained distortion of the SO4

2− ions is
significantly lower compared to the literature values, but also
with consistent direction of the distortion. Since no significant
differences in vertical distortion of the SO4

2− ions have been
observed in calculations with the five- and eight-layer slab,
limitation of the model due to the low number of relaxed barite
layers can be excluded.
Ba2+ Attachment. Figure 6 shows the simulated energy

pathway for the attachment of one Ba2+ ion to the acute ⟨120⟩-
step of the (001) surface in aqueous solution. We selected the
Balow attachment site exactly the same as in the study of Stack
et al.9 This was done to directly compare the performance of
the DFT-NEB-SSCS method to the results of the classical
force field-based approach. However, the Balow position occurs
at both the obtuse and acute ⟨120⟩ steps of the (001)
surface.58 We note that the Ba2+ attachment simulations of
Stack et al.9 was performed at the acute step, which is also the
case we study. According to the KMC simulations, this step is
considered to be the slower growing of the two ⟨120⟩

steps.24,32 In general, the attachment of the first ion forming a
new kink site is considered to be the step with the highest
activation energy compared to further attachment of ions
continuing the row.9,18,27 On the other hand, the computed
attachment path could also represent detachment of a Ba2+ ion
from the ⟨120⟩ step.9,33,46 However, the rate-limiting step for
dissolution is considered to be the removal of the first ion from
an already existing row.27 In view of these discrepancies, the
pathway considered and computed here for Ba2+ attachment/
detachment should not be considered the rate-limiting process
for barite (001) dissolution and possibly not for (001) surface
growth. The purpose of this work is to compute the pathways
already considered in the studies with classical force fields to
assess the performance of the DFT-SSCS method.

In the considered pathway, the attachment process starts
with the completely solved Ba2+ ion in aqueous solution
(Figure 6a) (1). During the approach of the Ba2+ ion to the
stepped barite surface, the formation of the outer-sphere
complex represents the first local minimum of the pathway
(2,3). After overcoming an energy barrier, an inner-sphere
complex forms, resulting in the second energy minimum (4).
This is characterized by forming one chemical bond from the
attaching Ba2+ ion to the barite surface.9 The Ba2+ attachment
path reveals two additional, local energy minima, both
representing inner-sphere complexes (5, 6). The energy barrier
between the two inner-sphere complexes results from rotation

Figure 5. (a) Simulation cell of the barite (001) water interface. The adsorbed implicit water is colored yellow and blue. Bulk water is not indicated
in the pictures for clarity. The Ba2+ and SO4

2− ions in the topmost interface layer are highlighted (1−4). (b) 3D Image of the barite−water interface
layer from (a). (c) Vertical displacements of the barite (001) atoms (1−4) compared to literature values.56,57 (d) Simulation of the barite (210)
water interface. The adsorbed implicit water is indicated in yellow and blue. Bulk water is not indicated in the pictures for clarity. The Ba2+ and
SO4

2− ions in high positions (1−4) and low positions (5−8) of the topmost interface layer are highlighted. (e) 3D Image of the barite−water
interface layer from (d). (f) Vertical displacements of the barite (210) atoms (1−8) with respect to bulk barite compared to Fenter et al.56
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of one SO4
2− and a change of its chemical bonding to Ba2+-

ions. The transition to the energy minimum of the third inner-
sphere complex is associated with further relaxations of the
barite inner structure of the barite slab. According to Stack et
al.,9 a further approach of the Ba2+ ion to the barite surface
results in the formation of a bidentate complex, in which the
Ba2+ ion has two chemical bonds to two oxygen atoms of the
same SO4

2− ion at the high position of the step (7). However,
in our simulations with the DFT-SSCS method, this
configuration is not stabilized. The completely attached Ba2+

ion forms five bonds to three SO4
2− (9, 10).

In summary, the considered reaction pathway can be divided
into two parts, separated with an inner-sphere complex as an

intermediate state. The resulting energy barriers among the
three configurations determine the activation barriers for the
attachment/detachment processes. This is also the reason for
dividing our simulations into two separate subpaths. Figure 6b
shows the comparison of the pathway derived with the DFT-
NEB-SSCS approach with the path derived by Stack et al.9

Both pathways show similar features (Figure 6b). These are
the bidentate structure, the inner-sphere and outer-sphere
complex.9 Overall, the DFT-SSCS results are qualitatively
consistent with the classical force-field simulations of Stack et
al.9 The energy pathway obtained here differs only slightly in
both the number of local energy minima and energies.

Figure 6. (a) Ba2+ attachment/detachment path with an α-value of 1.270 and 1.255 derived from DFT-NEB-SSCS calculations. The distance end
energy of the completely attached ion is set to 0 in both cases. (b) Comparison of the Ba2+ attachment/detachment path of this study (α = 1.27)
performed with DFT−NEB-SSCS (red) with the path of Stack et al.9 (blue). Note the different scales of the x-axes for both attachment/
detachment paths. The energy paths are plotted so that the distance (along the x-axis) of the highest saddle points of both lines match. (c)
Illustration and comparison of the highlighted guessed states in (a,b) of the attachment/detachment paths for Ba2+ from this study with Stack et al.9
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Activation Energies and Rate-Limiting Steps. Using an
α-value of 1.27, two of the simulated Ba2+ attachment steps
have similar activation energies: (1) the formation of the inner-
sphere complex with an activation energy of 15 kJ/mol and (2)
the transition from the inner-sphere complex to the completely
attached Ba2+-ion with an activation energy of 13 kJ/mol. For
an α-value of 1.255, we obtained (1) 15 and (2) 24 kJ/mol.
The first activation barrier is well consistent with the result of
Stack et al.9 in both cases, who obtained a value of 12 kJ/mol.
Using an α-value of 1.270, the second activation energy is
lower than the value of 27 kJ/mol derived in those studies, as
the rate-limiting step. However, upon application of an α-value
of 1.255, the results are quite consistent. Considering the
detachment process, an α-value of 1.27 resulted in 41 and 15
kJ/mol for the transition to the inner-spherical complex and
the final detachment, respectively. For an α-value of 1.255, we
obtained 37 and 20 kJ/mol, respectively. Stack et al.9 obtained
41 kJ/mol as the transition from inner sphere to complete
detachment as a rate-determining step. We notice that these
discrepancies come from significantly lower energy of the
inner-sphere complex simulated by Stack et al.9 In those
simulations, this state is even more stable than the
configuration with a fully attached Ba2+-ion.
Experiments show activation energies for barite (001)

growth processes in the range between 35 ± 2.5 and 38 ± 4
kJ/mol. These values are derived by phenomenological
observations with the aid of Arrhenius plots.21,22,26,59 These
activation energies can be interpreted as the rate-limiting step
of the overall surface growth. However, different activation
energies are expected to contribute to the anisotropic growth
of the barite (001) surface, and it is unlikely to describe it by a
single attachment process.18,27 Stack et al.9 applied the reactive
flux method to the rate-limiting steps for Ba2+ attachment and
detachment previously determined by metadynamics and
umbrella sampling. They compared the activation energies
for attachment and detachment derived in this way with
experimental literature values, with both matching well with
the measured values. We note, however, that this match could
be obtained by chance. This is because the rate-limiting step
for the detachment process is not supposed to be the
detachment of one ion from a positive kink site, but the ion
detachment process which creates a negative kink site.27 The
detachment of the Ba2+ ion from a positive kink site should
thus not be representative for barite dissolution.18,27

Since the rate-limiting step for attachment is kink-site
nucleation and only the formation of one kink site is necessary
to start the step growth, the one with the lowest activation
energy is the rate-limiting step. Thus, positive kink-site
nucleation must be at least 40 kJ/mol in all possible cases.
Since the rate-limiting step of the dissolution is postulated to
be the formation of a negative kink site, the detachment of a
Ba2+ ion forming a positive kink site must be below 34 kJ/mol.
Therefore, it can be assumed that the attachment process to
form a positive kink site is endothermic, which is also
consistent with the simulations of Pina et al.18 This assumption
is also supported by the fact that a decrease in the alpha value
from 1.270 to 1.255 results in a lower energy difference
between the start and end structure. A further approach of the
α-values, which are closer to experimental hydration energies
for Ba2+ (see Table 3), could result in a higher energy of the
start-structure compared to the end structure. The kink-site
nucleation could be a necessary step, which must occur in
order to further enable crystal growth or dissolution. Due to

the endothermic character of such configurations, they have
the highest activation energy for Ba2+ attachment process and
are therefore the rate-limiting step in ⟨120⟩ step growth at the
(001) surface.
Influence of the Initial Position of Ba2+ on the

Attachment Path. The investigation of the influence of the
initial location of the completely solved Ba2+ ion on the
attachment process was done by computing routs from the
aqueous Ba2+ ion to the inner-sphere complex (Figure 7). In

one of the examples, the initial Ba2+ ion position was moved
closer to the obtuse step (Figure 7b), making the pathway
more consistent to the attachment/detachment pathway of
Stack et al.9 In this scenario, the Ba2+ ion is forced to attach to
the obtuse step. This exercise demonstrates that the initial
location of the Ba2+ ion relative to the barite stepped surface
determines to which step a Ba2+ ion is attached first and finally
incorporated. The starting structure in Figure 7a can thus be
considered as a correct initial guess for Ba2+ ion attachment to
the acute low position on the (001) surface with ⟨120⟩ steps.

Once the inner-sphere complex is formed, one chemical
bond has already been formed with respect to the barite
surface. In such a configuration, diffusion seems to be unlikely
during the attachment process from the inner-sphere complex
to the fully attached ion.57 This is because chemical bonds
have to be broken and new bonds must be created for diffusion
to happen. Such a process requires high activation energies
(see Ba2+ attachment paths in Figure 6). Consequently, during
crystal growth, the location of the first fully dissolved Ba2+ ion
has only a significant effect on the position of attachment, until
an inner-sphere complex is formed.
The Inner-Sphere Complex. Our results as well as

previous studies of Stack et al.9 show that the inner-sphere
complexes play an important role as an intermediate state in
the Ba2+ attachment/detachment process. However, the energy
obtained for the inner-sphere complex differs from the result of
Stack et al.9 The reason may be a different treatment of the
interatomic interactions by both studies, surface structuring of
water molecules not captured by the DFT-SSCS method, or
more accurate quantum mechanical approach we used.
Although it is difficult to judge which method is more correct
for this complex, our result may be more realistic, as the
reaction pathway computed by Stack et al.9 results in the inner-

Figure 7. Start structures for Ba2+ attachment. (a) Attachment from
the front side to the acute ⟨120⟩ step and (b) attachment from the
back side to the acute step. Obtuse (1) and acute (2) steps are
highlighted. The resulting attachment paths are indicated in red. Note
that the simulation cell is repeated an infinite number of times in all
three dimensions. The attachment path in (b) crosses the boundary of
the simulation cell.
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sphere complex being more stable than the fully attached ion
configuration.
The four inner-sphere complexes possibly relevant for the

Ba2+ kink-site nucleation to all four positions at the ⟨120⟩ steps
of the (001) face (see Figure 1) were computed to further
elucidate the energy discrepancies of the inner-sphere
complexes between the attachment pathway of this study
with that of Stack et al.9 The initial structures for these studies
were selected according to the configuration with the lowest
energy, labeled no. 6 in Figure 6.
The Ba2+ ions of the inner-sphere complex of the four

structures considered were set free to relax in all three
dimensions. This resulted in a stable configuration in all cases.
It ensures that in each case, the respective inner-sphere
complex is a minimum energy structure. We note that all these
structures can in principle occur during the attachment/
detachment of one Ba2+ ion to the corresponding site.
Moreover, the DFT-SSCS calculations show that all of these
inner-sphere complexes have rather similar energies (see Table
4 and Figure 8).

Small differences in hydration energies of the inner-sphere
complexes are unlikely to be explained by differences in
coordination number of attached Ba2+-ion.52,53 Since all inner-
sphere complexes are located far beyond the ⟨120⟩ steps, steric
hindrance is not supposed to influence the hydration shell of
these configurations. The Ba2+ ion within the inner-sphere
complex can be assumed to have equal water coordination due
to the same ion charge and size. Inner-sphere complexes of the
acute-low and obtuse-high positions have similar energies. The
same appears for the obtuse-low and acute-high complexes.
This happens because the first two inner-sphere complexes are
connected to one SO4 in the high section of the barite ⟨120⟩
step and the other two to one SO4 in low section of the step.
As a result, the energies of inner-sphere complexes are similar
and not influenced by the obtuse or acute steps. It is affected
only by the position of the sulfate, where the Ba2+ ion is
attached to.

Since the ⟨120⟩ steps do not affect the inner-sphere
complexes, we can assume that this is also true for the further
steps until complete dissolution. This implies that the escape of
Ba2+ from the inner-sphere complex to the outer-sphere
complex, as the rate-limiting process cannot lead to anisotropic
barite (001) dissolution. The rate-limiting processes for Ba2+
kink-site nucleation during crystal growth in this study as well
as in Stack et al.9 are determined between the inner-sphere
complex and the fully attached ion. This part of the attachment
pathway is likely to be influenced by the different step and site
morphologies. It may explain the anisotropic barite (001)
growth as is the case with other minerals such as calcite.60

Thus, the identified rate-limiting steps for both dissolution and
crystal growth as derived here are plausible.
Bidentate Structure. The intermediate step which

configuration differs the most between our study and those
of Stack27 is the bidentate complex. There is no associated
minimum seen in our calculations, indicating a thermodynam-
ical instability of this configuration.33,46 The Ba2+-ion�
bidentate configuration in this study forms two chemical
bonds to one sulfate. This is different compared to Stack et al.,9

in which the Ba2+ is connected to two different sulfates
(compare steps 7 in Figure 6). We could not stabilize a
bidentate structure equal to Stack et al.9 with the DFT + SSCS
approach (Figure 9a,b). The reason is there is no water
between the Ba2+ ion and the surface in our simulations, which
leads to the attachment of the attaching/detaching Ba2+ ion or
the formation of an inner-sphere complex.

We note, however, that this discrepancy may result from
treatment of water as a continuous medium and specific
selection of the SSCS parameters. Increasing the solvent filling
threshold value, one of the parameters in the SSCS scheme,
from 8.25D-01 to 9.50D-01, results in water intrusion in this
area, leading to a stabilization of the bidentate structure
(Figure 9c). The bidentate structure corresponding to Stack et
al.9 can also be simulated by computing the first hydrate shell
of the attaching Ba2+ ion with explicit water. In this case, an
explicit water molecule located in the vacuum gap stabilizes the
configuration (Figure 9d).
Influence of the ⟨120⟩-Steps on Barite (001)-Face

Growth. The energetical feasibility of the complete, single
Ba2+ ion uptake allows considering this process as the main
force to promote crystallization.18,27 Therefore, the fully
attached ion configuration or a possible bidentate structure
could be a key to explaining the huge differences in
attachment/detachment behavior at the obtuse/acute ⟨120⟩

Table 4. Comparison of Energy Differences of the Inner-
Sphere Complex Located at Four Different Positions at the
⟨120⟩ Steps of the (001) Surface

Ba2+ attachment sites ΔE [kJ/mol]

obtuse-high ↔ acute-high 3.74
obtuse-high ↔ acute-low 0.80
obtuse-low ↔ acute-high 0.80
obtuse-low ↔ acute-low 3.72
obtuse-high ↔ obtuse-low 4.54
acute-high ↔ acute-low 2.91

Figure 8. Simulated inner-sphere complexes of Ba2+ attachment to all
available positions on the ⟨120⟩-steps of the (001) surface. (a) Acute
step high position, (b) obtuse step high position, (c) acute step low
position, and (d) obtuse step low position. The obtuse and acute
⟨120⟩ steps are indicated with a gray line.
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steps of the (001) face. According to Stack,27 there are large
differences in the high and low positions of fully attached Ba2+
ions, in both configuration and energies. There are three and
five bonds for Bahigh and Balow, respectively. The latter was also
obtained in our study. According to Stack,27 both cases have
the same water coordination ([4]). Thus, Bahigh is much more
undersaturated, having the [12] coordination in bulk barite.27

The fully attached Ba2+ ion configurations at different positions
of the ⟨120⟩ steps could therefore be most likely considered as
the most versatile ones. As a result, the process which is the
rate-limiting step for both Ba2+ ion attachment or detachment
scenario can be assumed to involve the fully attached Ba2+ ion
configuration. In the energy path derived in this study, this is
the case for detachment and also for the attachment process
along with the formation of the inner-sphere complex. The
rate-limiting step of the Ba2+ ion attachment process may also
be the escape from the inner-sphere complex, for the case that
a bidentate structure is stable. The prerequisite is that these
structures also have significantly different energies at each site,
Figure 6.

■ CONCLUSIONS
The aim of the study was to test the performance of the hybrid
DFT continuum solvation approach for simulations of ion
attachment processes at the solid/water interface, including the
ability of the method to capture all intermediate steps relevant
for crystal growth and sorption processes. For the first time, a
complete Ba2+ kink-site nucleation process to the barite surface
process was simulated using the DFT-SSCS method. The

novelty is that all steps of the Ba2+ attachment path from the
completely dissolved to the completely attached ion were
described with ab initio-based methods accounting for the
effect of the water solvent. In our test simulations, not only
could the known results regarding barite growth from the
literature be verified with this method, but also new insights
could be gained.

Our simulations show that the attachment of Ba2+ to the
⟨120⟩ step of the (001) surface is a complicated multistep
process involving several dehydration steps and the formation
of outer-sphere, inner-sphere, and bidentate complexes with
the barite surface. Two mechanisms mainly determine the
shape of the energy pathway: bond formation and dehydration
of the attached ion. The calculated Ba2+ attachment/detach-
ment reaction path also sheds light on the interfacial ion
diffusion phenomena during crystal growth.

Simulations compared with the classical force-field based
approach of Stack et al.9 show the same intermediate states,
but with different energies. These simulations also show more
details, such as additional lower energy minima, which have
not been described in the earlier literature. These are caused by
relaxation, the formation and break of chemical bonds,
restructuring of ions, and rotations of the sulfate ions in the
barite caused by addition of the Ba2+ ion. Inner-sphere
complexes were shown to be possibly stable configurations
upon Ba2+ ion attachment for kink-site nucleation at all four
sites at the ⟨120⟩ steps of the (001) surface. Although these
have similar energies, simulations using the DFT-NEB-SSCS
method show small differences that are determined solely by
chemical bonding to the sulfate to which they are attached. It
challenges the assumption of Stack et al.9 that the escape of a
Ba2+ ion from the inner-sphere complex at these sites is the
rate-limiting step for barite (001) dissolution. This study
supports the idea that energy differences between ion
attachment processes at different sites on the barite (001)
face are mainly due to the influence of the different ⟨120⟩ step
morphologies. This was also reported for other mineral
surfaces, e.g., calcite and dolomite (104) faces.11,60,61

The simulations with the DFT-NEB-SSCS method show the
capability of the method to simulate solid aqueous interfaces,
which can be explored and applied to other relevant areas of
energy and climate research such as nuclear waste disposal or
electrochemistry. Even long and complicated ion incorporation
processes can be simulated ab initio, while maintaining
reasonable computation time. Complete surface processes at
the solid−liquid interface can be simulated with good accuracy,
allowing for a comparison between different sites. Unresolved
complex questions, concerning not only complex formation
during sorption processes on, e.g., clay minerals considered for
immobilization of radionuclides but also complicated multistep
processes relevant for solid solution formation, e.g., in
carbonates or sulfates, can be addressed. For example,
complete incorporation processes of foreign ions such as 79Se
into the calcite or Ra into the barite structure relevant for
radionuclide retention in repositories can be simulated.
Accounting for hydration of solid surfaces offers another
potential application of this method such as simulating
processes that occur in confined spaces like pores, e.g.,
nucleation, crystal growth, and dissolution. Results from
simulations of the DFT-NEB-SSCS method can also be used
in other simulations such as KMC to close the gap between
processes on the atomic scale and phenomenological
observations.

Figure 9. Bidentate complexes were calculated with DFT-SSCS. (a)
Bidentate from DFT-NEB-SSCS of this study, (b) configuration
according to Stack et al.,9 (c) with increased filling threshold, and (d)
with DFT-SSCS + explicit H2O. Note the vacuum cavity in (b)
between the attaching Ba2+ and the barite surface.
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Jülich Aachen Research Alliance JARA Energy & Center for
Simulation and Data Science (CSD), 52425 Jülich, Germany
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