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Abstract

Phyllosilicate materials (e.g., smectite) have been proposed to act as a waste barrier
within long-term deep geological repositories. Aside from longevity, these clay materials must
also limit the mobility of radionuclides, which is achieved through intermolecular interaction
involving clay basal planes and edge surfaces. We aim to contribute to the fundamental
knowledge of clay edges by investigating surface reconstruction in a dehydrated context. Using
density functional theory, surface reconstruction, charge redistribution, and formation energies
have been explored for pyrophyllite edges resulting from thirteen terminations. Three primary
reconstruction mechanisms were identified: (1) the displacement of Al into the tetrahedral layer,
(2) proton shift, and (3) sub-surface reconstruction involving sub-surface -OH or apical O and
surface Si. Reduction in overall relative bond deficiency and charge redistribution to becoming
more bulk-like were found to be the main driving force for reconstruction. Formation energies
were also determined with dispersion correction for dehydrated and hydrated surfaces. The
presence of water terminating agents reduced energetic costs by approximately one order of
magnitude and the inclusion of dispersion correction resulted in indistinguishable formation
energies between different hydrated surfaces. Linear regression models were also explored to
predict surface formation energies based on relative bond deficiency and charge. These models
were able to identify the key contributions to the surface energy; however, due to the small

dataset they were not found to be predictive.
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1. Introduction

With a dire need for reduced carbon emissions to prevent reaching global warming
thresholds (Dimitrov, 2016; Tong et al., 2019; Friedlingstein et al., 2022), nuclear energy is
becoming ever more crucial as an alternative energy source to fossil fuel. To combat current
climate conditions, the United States has recently become more open to new nuclear projects, for
example with the inclusion of increased federal support and incentives for nuclear power in the
recent Inflation Reduction Act of 2022 (Inflation Reduction Act 2022, 2022). The use of deep
geological disposal facilities will become increasingly necessary as nuclear energy production
and, hence, waste production continues and grows. As the final disposal method for radioactive
high-level waste (HLW) and used nuclear fuel (UNF), geological repositories require engineered
buffers to maintain their performance for long-term storage of one million years (Wall et al.,

2022).

Buffer materials need to be able to protect the UNF waste package as well as to sequester
harmful leaching agents in the event of container failure (Butler, 2010; Geckeis et al., 2013). For
example, fission products iodine-129 and technetium-99 are major targets for capture because of
their high mobility and complex chemistry in oxic environments (Meena and Arai, 2017; Zhu et
al., 2017; Moore et al., 2020). Presently, all geological plans for HLW and UNF storage propose
clay minerals (e.g., smectites) as their buffer material (Wall et al., 2022). The swelling
capabilities of the clays are most attractive as they can expand to minimize ground water flow
and prevent the waste package from corroding (Ramsay et al., 1990; Sellin and Leupin, 2013;
Okada et al., 2014). Their swelling capabilities also play a crucial role in the capture of highly
mobile radionuclides (Bhattacharyya and Gupta, 2008; Li et al., 2014; Carniato et al., 2020).

Clay minerals are known to possess various chemical compositions with a general form
comprised of silica (Si04) tetrahedral (T) and alumina (AlOg) octahedral (O) layers. Smectites
are 2:1 phyllosilicates possessing a TOT layered structure and have been considered to be a
strong candidate for buffer application (Wall et al., 2022). Isomorphic substitution(s) of Si** for
APP*/Fe’* and/or Al** for Fe**/Mg?*/Fe’** can also occur, resulting in different molecular
behaviors, including permeability. In the context of these waste applications, the importance of
clay basal planes is clear. Basal planes are often recognized as key components when

considering clay intercalation (Osman et al., 2003; Chang et al., 2009; Rebitski et al., 2020),
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water interaction (Peng et al., 2016; Ulian et al., 2021a, 2021b; Li et al., 2023), and ion
adsorption (Vasconcelos et al., 2007; Lee et al., 2012; Suter et al., 2012). While not as large in
surface area, edge surfaces can also interact with water (Churakov, 2007; Martins et al., 2014;
Lavikainen et al., 2015), participate in ion adsorption (Strawn et al., 2004; Kremleva et al., 2015;
Peng et al., 2017), and even play a role in electrochemical processes (Neumann et al., 2013).
Even though both basal and edge facets can play a role in the same processes, their effect on
these processes differ. Unlike basal planes, whose charge (arising from isomorphic substitution)
is pH independent, the charge on edge surfaces depends on pH of the solution (White and
Zelazny, 1988; Bleam et al., 1993; Tournassat et al., 2016). Undoubtedly, a complete description
of the intermolecular behaviors in clay minerals requires not only an understanding of the basal

but also edge facets.

The inherent control and resolution in density functional theory (DFT)
calculations/simulations lend themselves well to describing the behaviors of edge surfaces.
Pyrophyllite is often the preferred model for simulation studies because of its chemical
simplicity and relatability to other 2:1 phyllosilicates. In this context, past simulations have been
based on theoretical work by White and Zelazny (1988) and Bleam et al. (1993). White and
Zelazny developed and extended the periodic bond chain theory (PBC) (Hartman and Perdok,
1955a, 1955b, 1955¢) to dioctahedral 2:1 phyllosilicates (White and Zelazny, 1988). Bleam et al.
(1993) later refined their model to include surface relaxation. DFT calculations have been used
to aid in understanding the stabilities of various edge surfaces. Churakov (2006) performed
structure/sorption studies on the (100), (010), (110), and (130) surfaces (created from an
orthogonal unit cell) at low and high molecular water coverage. Differences between the surface
energies were only observed at high water coverage, with the (110) and (100) edges having been
reported to be the lowest in energy. Martins et al. (2014) performed a similar study but instead of
an orthogonal unit cell, a conventional pyrophyllite cell was used in addition to multiple edge
facets being assessed for each index surface. The (110) surface was reported to have the lowest
energy. The differences between Martins et al.’s (2014) and Churakov’s (2006) studies likely
stem from differences in edge facets. Lavikainen et al. ( 2015) sought to establish more definitive
trends by assessing the most likely cleavages on each lattice plane. Using an orthogonal unit cell
and neutralizing broken bonds with dissociative water instead of molecular water, the (110)

surface was concluded to have the lowest energy.
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The presence of different edge surface groups undoubtedly creates regions that are
conducive to complex chemical phenomena. DFT methods have also helped in describing the
reactivity and interatomic interactions of these edge surface groups, especially in the context of
pyrophyllite. Early calculations by Bickmore et al. (2003) identified the most favorable
protonation schemes on the (010) and (110) pyrophyllite surfaces. Churakov (2007) later studied
hydrated surface groups on (100), (010), and (110) interfaces and reported water-mediated
transient proton exchanges occurring on the (010) edge. Tazi et al. (2012) dedicated efforts to
describing the acidity of surface groups on the (010) facet. The =Si-OH groups were found to be
the most acidic followed by =Al-OH>, while =AI-OH groups did not deprotonate in water. Liu et
al. (2012) sought to understand the aqueous structures/interactions of surface groups on the (010)
and (110) edges. In particular, five and six-fold coordination were observed to be most stable for
octahedral Al with similar energies. More recently, Forrer and Vittadini (2019) investigated the
adsorption of formic acid on pyrophyllite. Their findings indicate that acid-edge chelation
predominantly follows a monodentate arrangement on the (100) and (110) edges, while bidentate
chelation modes is more prevalent on (100) and (130) edges. Other studies on pyrophyllite edge
surfaces have also employed DFT calculations to aid atomistic simulation to understand acid
activation processes (Fonseca et al., 2018), adsorbent-edge interactions, and effects of
temperature (Kwon and Newton, 2016). Notably, recent computational works have started to
look at edge surface behaviors in the context of smectites (Kremleva et al., 2015; Peng et al.,
2016; Newton et al., 2017; Mousavi et al., 2019; Ulian et al., 2021a; Li et al., 2022; Zhao et al.,
2023).

In this paper, we contribute to the understanding of complex clay surface behaviors by
exploring pyrophyllite surface formation, surface charge, and underlying mechanisms in
response to edge cleavage; specifically, we focus on the structure of dehydrated edges. While
not generally present in equilibrium as they quickly hydrate, dehydrated surfaces offer
fundamental insights into clay surface structure and to the energetics of cleavage. Surface
formation energies of dehydrated and hydrated surfaces are also compared to determine the

thermodynamic impact of water terminating agents on surface formation.

The rest of this paper is organized as follows. Section 2 describes the methodology of our

work. Section 3 reports our results while Section 4 contains a detailed discussion of our findings
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which includes analyses on dehydrated cleavages, comparisons between dehydrated and
hydrated cleavages, and the impact of dispersion correction methods. Section 5 concludes our
work with a summary of major findings and implications. This paper is accompanied by

Supplemental Information.
2. Computational model and methodology
2.1. DFT calculations

The electronic structures and atomic geometries used in this study were obtained from
plane-wave density functional theory calculations via the Vienna Ab initio Simulation Package
(VASP, v.5.4) (Kresse and Hafner, 1993; G Kresse and Furthmiiller, 1996; G. Kresse and
Furthmiiller, 1996). Calculations were considered converged when electronic iterations and
geometry optimizations reached an accuracy of 10 eV and 0.01 eV/A, respectively. Unless
noted otherwise, chemical behaviors were modeled using gradient corrected (GGA) Perdew-
Burke-Ernzehof (PBE) exchange-correlation functionals (Perdew et al., 1996) in tandem with the
Projector Augmented Wave (PAW) (Blochl, 1994; Kresse and Joubert, 1999) potentials. Only
the valence orbitals of O, H, Al, and Si atoms were considered and a plane-wave cutoff energy of
525 eV was used. Lattice lengths were 5.18 A x 8.99 A x 9.28 A and systems were sampled with
a 4 x 2 x 2 Monkhorst-Pack k-point grid (Monkhorst and Pack, 1976). This k-space was chosen
as it provides total energy convergence of 0.1 meV and reasonable computational efficiency
(Figure S1 in Supplemental Information). Similar convergence trends were also observed during
tests on edge surfaces (Figure S2 in Supplemental Information), further justifying our choice of
k-space. Lattice parameters and average interatomic distances from those observed
experimentally (Wardle and Brindley, 1972; Lee and Guggenheim, 1981) and computationally
(Voora et al., 2011) in bulk pyrophyllite (see Table S1-S2 in Supplemental Information) were
also reproduced using this k-space. Non-periodic directions in models with vacuum separation(s)

were treated with a single k-point.

To evaluate the influence of dispersion corrections additional calculations were
performed with the D3 (Grimme, 2006; Grimme et al., 2010) and vdW-DF2 (Dion et al., 2004;
Lee et al., 2010) methods. These methods were chosen based on the work by Zen et al. (2016)
which showed D3 having high accuracy in predicting relative adsorption energies while vdW-

DF2 was superior in predicting water-clay adsorption energies. D3 and vdW-DF2 energies were
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taken from relaxed structures starting with configurations obtained from PBE calculations. We
found this method of approach to be accurate in capturing energies while remaining moderately
resource effective in our assessment of various approaches for applying the correction methods

(see Supplemental Information).
2.2. Bulk and surface models for clays

Bulk pyrophyllite was constructed using a frans-vacant, orthogonalized (a =f =y =
90°9) structure with a repeating (Al4Os(OH)4)(SigO12) unit cell (Figure 1). Structural comparisons
between the ITc pyrophyllite (C1 space group) and orthogonalized cells showed that bond
lengths were similar (Table S2 in Supplemental Information), which indicates similar
intramolecular forces. Thus, it is believed that the angle constraints will not impact chemical
behaviors significantly. Calculations on systems with varying surface separations (Figure S4 in
Supplemental Information) showed that surfaces needed to be at least ~12 A apart to avoid
periodic image interactions. To remain consistent throughout this study, bulk models were
delaminated with a separation of ~12 A in the (001) direction. The water model used in this

study was treated as a single molecule separated by ~12 A vacuum in each direction.

It is likely that the most probable edge surfaces will be those that involve the least
number of dangling bonds and are closest to the bulk-like configuration (White and Zelazny,
1988; Bleam et al., 1993; Churakov, 2006). The most common facets for the /Tc pyrophyllite
structure have been predicted to be the (100), (010), (110), (110), (130), and (130) (White and
Zelazny, 1988). Due to the constrained cell geometry, the (110) and (130) facets are equivalent
to the (110)and (130), respectively, and, thus only four out of the six facets need to be
considered (Churakov, 2006) (Figure 1). Based on these facets, other closely related cleavages
may also be possible; some of these are symmetric, others are asymmetric. For this study,
thirteen cleavages were considered (Figure 2), which have also been previously identified by

Lavikainen et al. (2015).
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Figure 1. Side (left) and top view (right) of bulk pyrophyllite structure. Here, Si atoms are
shown in blue, Al in green, oxygen in red, and hydrogen in pink. The tetrahedral and octahedral
layers are also highlighted with blue and purple polyhedral, respectively. In the side view, the
(100) direction is parallel to the x axis, the (010) direction is parallel to the y axis, and the (001)
direction is parallel to the z axis. In the top view, the four planes on which pyrophyllite is cleaved
are shown.

Edge models were cleaved from the bulk pyrophyllite structure as shown in Figure 2 and
possessed periodic interactions in only one dimension. To avoid periodic interactions, edges and
clay basal planes were separated by ~12 A. Bulk slabs were 17.9-27.4 A thick normal to the
edges and units in the periodic direction (e.g., y-axis for (100), (110), and (130) or x-axis for
(010) in Figure 2) were ~5.2 A and ~9.0 A for the (010)/(110) and (100)/(130) models,
respectively. To avoid confusion, edge surfaces are referred to by their respective facet and
suffixed with “S” for symmetrical or “A” for asymmetrical cleavages. For example, the
conventional indexed surface, (021), is a symmetrical cleavage based on the (010) plane and is
correspondingly referred to as the (010)S1 surface. Multiple symmetrical cuts based on the same
facet are differentiated with a number as depicted in Figure 2. One structure was used to model
each cleavage. For asymmetrical cuts, the left or right edge as shown in Figure 2 are donated
with “a” or “B” suffixes, respectively. The conventional index planes for all considered surfaces

can be found in Table S3 in Supplemental Information.
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Figure 2. Cleavages investigated for each facet of pyrophyllite structure. For clarity, depicted
slabs are projected onto their respective miller index plane. Cuts are labeled with “S” or “A”
which denote a symmetrical or asymmetrical termination, respectively. Si atoms are shown in
blue, Al in green, oxygen in red, and hydrogen in pink.

For hydrated edges, dangling bonds on surface groups were compensated via
hydroxylation or protonation. The protonation and hydroxylation schemes were based on
predictions from PBC theory(White and Zelazny, 1988) and are shown below:

= Si-0~ © = Si-OH & = Si-OH}
(1)

1 1
= Si-072-Al & = Si-OH "2-Al
(2

= ALOH™? &= AL-OH, : (3)
Notably, only half of the total number of apical O (Eq. 2) and aluminol sites (Eq. 3) need to be
protonated to completely neutralize a cleaved surface. This results in several possible
configurations and has been extensively assessed by Lavikainen et al. (2015) who have identified
the most stable structures already. We proceed in this study using the most stable configurations
reported and refer to Lavikainen et al. (2015) work for additional details. The process of bond
compensation by hydroxylation/protonation results in edge surfaces being hydrated by a single

layer of dissociated water. This monolayer can be understood as the principal solvation of edge
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atoms and is believed to have the most significant impact on surface cleavage. Consequently, our

study does not account for additional layers of water beyond this monolayer.

2.3 Edge surface formation energy

In a dehydrated case, where n unit cells of pyrophyllite are terminated and produces two
clay edges, the edge surface formation energy can be subsequently determined by,

Eedge—MEpuik
Esurf =
2ab

“4)

where Egqge 1s the total energy of the edge model, Ejpy i is the energy of the pyrophyllite unit
cell, a is the lattice length in the periodic direction, and b is the dimension of the clay slab
normal to the termination plane. It is worth noting that Eq. 4 provides the surface energy for a
symmetrical cut while the average energy of two distinct surfaces is given by the same equation
for an asymmetrical cut. The energetic equation for a hydrated cleavage event in pyrophyllite is

like the above but with additional water terms (see Supplemental Information).
2.4 Edge surface reorganization and reconstruction

To elucidate the underlying mechanisms involved with cleavage events in pyrophyllite, it
is important to establish clarity on what is meant by surface reconstruction. Conventionally,
surface reconstruction is considered to have occurred if the bonding/coordination environment of
the edge atom(s) on the surface is different from the simple termination, typically referred to as
the crystallographic surface. We follow this convention, and, in this case, the initial structures
(i.e., simple termination) were the unrelaxed edge slabs while the final structures were obtained
by allowing edge slabs to relax and reconstruct. For the purposes of analysis, atomic species
were considered to be bonded if their separation distance was within the first coordination shell
as determined via Radial Distribution Function (RDF) analyses. RDF analyses were performed
for each cleavage shown in Figure 2 and the cut-off distances referenced for bond determination

are reported in Table S4 in Supplemental Information.

2.5 Linear regression model
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To complement the analysis of the DFT results presented in this work, a linear regression
model was trained using relative partial charges and broken bond counts to predict the surface
formation energy of each edge termination under investigation. More specifically, these two
quantities were evaluated for each chemical species present in pyrophyllite except for hydrogen.
The three unique chemical environments of oxygen (apical oxygen (Oa.), basal oxygen (Op) and
hydroxyl oxygen (On)) were treated independently for a total of 10 parameters. During training,
models using all combinations of these parameters from length 1-10 were fitted and assessed for
an R? score. After fitting, the models were passed through a Pareto filter which was configured to
retain models which maximize R?> and minimize the number of parameters. This procedure
results in 10 final models, each of which is the best performer for its respective number of
parameters. More information on Pareto filters and Pareto optimality in general can be found in
the Supplemental Information. Due to the small size of our dataset, R? values were calculated
from the training set rather than a separate testing set. However, to gauge the predictive
capability of these simple linear models, a cross-validation procedure was employed to assess
their generalizability to unseen samples. This procedure was structured such that one sample was
removed as a test case and the remaining ones were all used for training. The procedure was then
replicated so that each sample was once a test case. The workflow and resulting models
described above were developed in Python and rely on the scikit-learn (Pedregosa et al., 2011)

implementation of linear regression.
3. Results
3.1 Surface reconstruction of dehydrated edges

To identify whether a reconstruction event has transpired or not, the number of bonds
broken between each species (e.g., Al-Si, Si-O) were determined for the initial and final
pyrophyllite structures. Strikingly, the number of broken bonds alone was found to be
insufficient for identifying the occurrence of reconstruction as some processes reflected no net
change in the number of broken bonds (Figure S5 in Supplemental Information). Table 1
summarizes whether a certain cleavage resulted in reconstruction as well as any corresponding
mechanism(s). Three major mechanisms were identified in which surfaces experienced at least

one of these processes. The first mechanism involves the displacement of Al atoms towards the
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242 tetrahedral layer and was observed for the (100)Aa, (010)AB, (110)S2 and (130)AP surfaces.
243 Figure 3 depicts the reconstruction process in (100)AP and (010)AB, Figure 4 shows the
244 reconstruction process in (110)S2, while (130)A can be found in the Supplemental Information.
245 In these cases, surface Al atoms shift closer to the tetrahedral layer to form a new bond with

246  surface Op. This reconstruction process reduces the number of broken bonds.

247  Table 1. Observed reconstruction processes for cleavages on the (100), (010), (110), and (130)
248  facets of pyrophyllite. Green/shaded cells indicate that the respective process was observed.

(100) (010) (110) (130)

reconstruction process SI|S2| A |S1|S2|A [S1|S2|S3|A|S1|S2]A

Al displacement into T layer

proton shift between Op and
O»

Si reconstruction with sub-

surface On/O,
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249

250  Figure 3. Edge reconstruction involving displacement of surface Al atoms into the tetrahedral
251 layer in the (100)Aa and the (010)AP surfaces. For clarity, atoms that participate in
252 reconstruction are circled/highlighted in the initial and final edge structures. Note that the
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(010)Ap surface also contains a proton shift mechanism (circle/highlighted in pink). Si atoms are
shown in blue, Al in green, oxygen in red, and hydrogen in pink.

(110)

bOQOhOQ rgog‘ r,aog

a‘ ‘ﬁ ﬁ

® W ? Qol a4

initial S2 final S2

Figure 4. Edge reconstruction involving Al displacement and sub-surface reconstruction
involving O. in (110)S2. For clarity, atoms that participate in reconstruction are
circled/highlighted in the initial and final edge structures. Si atoms are shown in blue, Al in
green, oxygen in red, and hydrogen in pink.

The second major process involves a proton shift between On and Oy atoms, which was
observed for the (100)S1, (010)Ap, and (110)Ap surfaces. Figures 3 and 5 show (010)AfB and
(100)S1 surfaces, respectively, while (110)AP can be found in the Supplemental Information.
Specifically, the On atoms in the tetrahedral layer lost their proton to a neighboring Oy in the

octahedral layer. These proton transfer mechanisms alone do not reflect any changes in the

number of broken bonds on edge surfaces.

l;cgo@o I;e"‘e)
B D ’
e bv
o O O

S1 S1
initial final

X‘I
z

0.0 0.
S

v o ¢
s1
initial

Figure 5. Edge reconstruction involving sub-surface reorganization (top) between surface Si and
sub-surface Oy and proton shift (bottom) on (100)S1. For clarity, atoms that participate in
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reconstruction are circled/highlighted in the initial and final edge structures. Si atoms are shown
in blue, Al in green, oxygen in red, and hydrogen in pink.

The third process involves reconstruction in which surface Si and sub-surface O shift to
form bonds with one another. The surfaces that observed this reconstruction include the (100)S1,
(100)AB, (110)Aa, (110)S2, and (130)Aa. The edge reconstruction for the (100)S1 (shown in
Figure 5), (100)AB, (110)Aa, and (130)Aa (shown in the Supplemental Information to avoid
redundancy) involves the displacement of a sub-surface On. Surface Si was observed to be pulled
in closer to the bulk while sub-surface On was displaced closer to the surface such that the pair

formed a bond with one another.

While most sub-surface processes were observed to primarily involve Oy atoms, the O,
atoms may also participate in this type of reconstruction mechanism. A visual account of edge
reconstruction involving sub-surface O, can be observed from Figure 4 on the (110)S2 surface. It
is worth noting that the Al originally coordinating with the sub-surface Ou/O, loses its bond to
that respective O in this process which results in a coordination deficiency that it did not have
before. The sub-surface processes will not reflect a change in the number of broken bonds in

edge surfaces.

3.2 Bader charge distribution of dehydrated edges

Bader charge analyses were also performed on surface atoms to better understand the
impact of cleavages and edge reconstruction. Using bulk pyrophyllite as a reference, the partial
charge of surface atoms was monitored to quantifiably evaluate changes in electronic behavior.
By taking the difference in partial charges of surface atoms relative to their bulk counterparts, a
charge map can be created to visualize the charge distribution on edge surfaces. After
reconstruction with Al displacement towards the tetrahedral layer, the newly formed bonds
between Al and Oy help re-distribute the high charge density on surface Al to Oy. Figure 6 and 7
shows the charge map for surface atoms in (100)AB/(010)Ap and (110)S2, respectively. It can be
observed that the Al atom on the surface was initially more negatively charged while the
corresponding Op was more positive than their bulk counterparts. After reconstruction, the
negative/positive charge on Al/Oy were observed to redistribute, presumably to one another and

both atoms were observed to have charges more like their bulk counterparts. The charge re-
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distribution for the (130)Ap surface was also similar and is shown in the Supplemental

Information.

(100)

initial

I‘*V (010)

A final

initial

Figure 6. Charge map of the initial and final edges of the (100)Ap and (010)Ap surfaces. Color
gradient denotes the difference between the charge of the atoms relative to their bulk
counterparts and is only shown for surface atoms for clarity. Atoms that participate in
reconstruction are also circled. Note that the perspective shown is the same as that shown in
Figure 3.

Z

| ROy

) 0.4
é@%@{ % Q‘Q‘S :
\o”tb“o/‘tb o CYQO -

initial S2 final S2

Figure 7. Charge map of the initial and final edges of (110)S2 surface. Color gradient denotes
the difference between the charge of the atoms relative to their bulk counterparts and is only
shown for surface atoms and those involved in reconstruction for clarity. Atoms that participate
in reconstruction are also circled. Note that the perspective shown is the same as that shown in
Figure 4.

Charge re-distribution from the proton shift process in the (010)Af and (100)S1 surfaces
are shown in Figure 6 and 8, respectively. Surface Oy atoms in the (010)AB/(100)S1 were also

14
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observed to have a more positive charge initially. After receiving a proton from a neighboring
Oun, Op atoms gained some electronic charge, albeit with a relatively higher positive charge after
reconstruction. The re-distribution of charge for the corresponding Oy was also similar in the
(010)AB and (100)S1 surfaces. It can be observed in Figure 6 and 8 that the Oy atom became

slightly more negative.

The changes in charge distribution when sub-surface reconstruction occurs are shown in
Figure 7 and 8 for the (110)S2 and (100)S1 surfaces, respectively. Similar redistribution was
observed in both cases of either subsurface Oa. (Figure 7) or On (Figure 8) participating in the
reconstruction process. Surface Si initially possessed a more negative charge than its bulk
counterparts but was able to lower its relatively high charge concentration following
reconstruction. Meanwhile the sub-surface O.,/On and Al (lost one bond after reconstruction)

possessed similar charges before and after reconstruction.

Charge distributions becoming more like their bulk counterparts is also evidenced when
considering the sum of absolute relative partial charges in the initial and final structures. From
Figure 9, edge surfaces that were most like bulk pyrophyllite were consistently those that
underwent reconstruction in each facet group (Figure 2). Nearly all edge structures experienced
some reduction in charge discrepancy between the surface and bulk atoms regardless of having
reconstructed or not. The (110)S3 surface was the only exception to this which is likely due to it
being amongst one of the most energetically expensive terminations while also having a

relatively high number of broken bonds (Figure 10).
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for clarity. Atoms that participate in reconstruction are also circled. Note that the perspective
shown is the same as that shown in Figure 5.
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Figure 9. Sum of relative charge of atoms in the final versus initial edge structures. Open
symbols denote surfaces that underwent reconstruction and points below the dashed line denote a
decrease in differences in charge distribution of edge structure atoms and bulk pyrophyllite.

3.3 Edge surface formation energies

Surface formation energies obtained using D3 and vdWDF2 are shown in Figure 10. For
dehydrated structures, the lowest formation energies were found to correspond to surfaces that

underwent surface reconstruction: (110)S2 < (010)A < (100)A. For hydrated surfaces, dispersion
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corrected energies were less distinct from one another and four surfaces were observed to be
most probable: (100)S1 = (010)S2 = (110)S1 = (130)S2. Notably, relative formation energies are
slightly more distinct for vdwDF2, albeit not enough to claim a dominant surface.
Thermodynamic impact of water terminating agents was also found by comparing energies
between dehydrated and hydrated surfaces. The presence of water lowered the surface formation

energies by ~74-89% in magnitude (tabulated formation energies are reported in Supplemental

Information).
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Figure 10. Surface formation energies calculated with D3 (left) and vdWDF2 (right) dispersion
correction methods for dehydrated (top row) and hydrated (bottom row) edges as a function of
broken bonds per Angstrom. Open symbols denote surfaces that underwent reconstruction.

3.4 Linear regression model

Parity plots depicting the performance of linear regression models trained to predict the
final (i.e., relaxed or reconstructed) surface formation energy of unrelaxed and relaxed edge
surface structures are shown in Figure 11. As described in Section 2.5, multiple models were
fitted using all possible combinations of input parameters and efficient models were selected
using a Pareto filter. Analysis of the mean squared error (MSE) for each model indicates that the

best model trained on the relaxed dataset outperforms the best model trained on the unrelaxed
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dataset by a factor of 2. Additionally, we find that the best performing model trained on the
unrelaxed dataset is a 7-parameter model consisting of Al, O,, and On charges and Al, Op, Oa,
and Oy broken bonds. The best performing model trained on the relaxed dataset is a simple 2-
parameter model consisting of only Si partial charge and O, broken bonds. As a direct
comparison, we also evaluated the loss function for a model using just Si partial charge and O,
broken bonds (the best parameters for the relaxed dataset) on the unrelaxed dataset and find that
it performs 3.5x worse than the model trained using the relaxed parameters. These findings
indicate that the models can be rapidly overfit to the dataset which is the expected behavior for

small datasets.

To better understand how each parameter is contributing to the overall surface formation
energy, we counted the frequency with which each parameter was found in the parameter set of a
Pareto efficient model. A parameter can be counted a maximum of 10 times (occurring in every
model), or a minimum of 1 (only being included in the full model). Using this schema, the
surface formation energy can be interpreted as being sensitive to parameters which occur most
often and relatively insensitive to those which are less common. We find that for the unrelaxed
dataset there are four parameters which occur in 7 of the maximum 10 models. Those parameters
are Si and O, partial charges and Al and O, broken bonds. The least common parameter for the
unrelaxed dataset is Oy partial charges which only occurred in 3 Pareto efficient models. In the
models trained on the relaxed dataset, Si partial charges were present in every Pareto efficient
model indicating a very high sensitivity to this parameter. On partial charges was the least
common parameter occurring in only 3 of the possible 10 models. A full tabulation of MSE and

parameter sets for each model is presented in the Supplemental Information.
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Figure 11. Parity plots illustrating the predictive performance of the best linear regression model
trained on data from the unrelaxed edge structures (left) and edge structures which underwent
geometric relaxation (right). Open symbols denote surfaces that underwent reconstruction.

4. Discussion

4.1 Edge surface reconstruction

To explain the reconstruction process discussed in Section 3.1 and 3.2, two approaches
can be taken: (1) discussion based on relative coordination and (2) discussion based on charge
distribution. With the former, it is important to consider the different bond deficiencies
experienced by surface atoms after a cleavage event. Relative to the bulk crystallographic
structure, the loss of one bond by Si results in a relative deficiency of -25% (bulk bonds = 4), for
Oy this deficiency equates to -50% (bulk bonds = 2), for Oy or O, the deficiency is -33% (bulk
bonds = 3) and for Al its deficiency experience is -16.7% (bulk bonds = 6). If a bond is lost due
to cleavage and reconstruction is feasible, surface atoms typically shift to compensate for broken
bonds. In the simplest case, a complete reduction in deficiency is observed and, in turn, a
decrease in the total number of broken bonds is achieved following reconstruction. For example,
Al displacement towards the tetrahedral layer results in the recovery of bonds by surface Al and
Oy atoms. This displacement allowed for the pair to recover one lost bond each by forming an
Al-Oy bond, resulting in a reduced bond deficiency of -33->-16.7% and -50->0% for Al and Oy,

respectively.

To understand processes that do not involve a change in the total number of broken
bonds, a comprehensive consideration of bond deficiencies is required. Figure 12 provides a
visual of the overall bond deficiencies between initial and final surface structures. Considering

the proton shift in the (010)AB and the (100)S1 surfaces, the On that gave up its H atom
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experienced an increase in bond deficiency while Oy experienced a decrease due to the newly
formed H-Oy bond. The difference between the two changes is still considered favorable because
they result in a net reduction of -17% in relative bond deficiency (Figure 12). Particularly, the

change in deficiencies were 0>-33% and -50->0% for the On and O, respectively.

Sub-surface reconstruction can also be explained through relative deficiency. During this
process, Si and sub-surface On/O, form a Si-O bond but sub-surface Al loses its bond with that
respective O atom. Typically, the O./On makes up any loss in coordination with Al by forming a
new bond with Si — a 1:1 pair exchange. The change in relative deficiency experienced by Si is -
25>0%, sub-surface Al is 02>-16.7%, and the O./On does not experience a change in bond

number which corresponds to a net decrease in deficiency.

The (100)S1 surface was an exception to the 1:1 pair exchange and its reconstruction
mechanism resulted in a slight increase in net bond deficiency (Figure 5). In this case, sub-
surface On atom lost its bond with two Al atoms while only gaining one with surface Si (a
different viewpoint of the reconstruction is provided in the Supplemental Information). While
counterintuitive from the perspective of relative coordination, the favorability for this
reconstruction is apparent in Figure 8 and 9 which shows that the slight sacrifice in bonding
resulted in charge distributions that were more bulk-like. This precedence in the (100)S1 also
suggests that charge distribution can act as a stronger driving force for reconstruction than bond

recovery.
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Figure 12. Sum of relative bond deficiencies of atoms found in the final versus the initial surface
structures that underwent reconstruction. A net reduction in bond deficiency results in data points
being beneath the black line. Open symbols denote surfaces that underwent reconstruction.

The bulk charge difference can also reflect the respective atoms relative bond deficiency.
For example, in Figures 6-8, surface Al atoms that lost one bond (deficiency = -16.7%) was
observed to have similar charge distribution as their bulk counterparts as opposed to surface Si
atoms that lost one bond (deficiency = -25%). Moreover, surface atoms were observed to
redistribute their charge density (if possible) to be more like their bulk counterparts as evidenced

in Figure 9.
4.2 Edge surface formation energies

The small differences between D3 and vdWDF2 formation energies implies that the two
correction methods are substantially equivalent in the application of modeling phyllosilicates.
Modelling dehydrated and hydrated surfaces also allowed for the isolation of thermodynamic
impact of water terminating agents which was found to lower the energy cost for surface
formation by an order of magnitude. Furthermore, the inclusion of dispersion methods showed
that the formation energies between different edges were indistinguishably small for the hydrated
edges. Previous studies by Martins et al. (2014) also exhibited similar qualitative contrast

between edges with adsorbed molecular water using D2 correction methods (Martins et al.,
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2014). Our work and that reported by Martins et al. (2014) collectively points to a likelihood of

heterogenous surface formation in phyllosilicates.
4.3 Linear regression model

In the context of this work, the models presented in Figure 11 are more applicative as
descriptive tools rather than predictive ones. Figures 9 and 12 illustrate the complementary
influence of relative partial charge and relative bond deficiency respectively, but they cannot
describe which of these properties dominates or how they interact. Creating an ensemble of
linear models as we have done in this work allows us to quantitatively inspect, through analysis
of the MSE, which parameters are most closely correlated with surface formation energy. Most
notably, we find that surface formation energy can be predicted within an error of 0.038 eV/A2
using only the relative partial charge of Si and the broken bonds of Oa. This suggests that these
two factors are crucial in controlling the surface formation energy of a pyrophyllite sheet. It is
worth noting that partial charges and broken bonds are represented in the best performing model,
which suggests that both partial charges and broken bonds are required for a full picture of the

thermodynamics of edge surface formation.

5. Conclusion

Surface reconstruction for various dehydrated pyrophyllite edges were investigated using
DFT. Our study focused on seventeen unique surfaces that were generated based off of the most
common facets for /7c pyrophyllite (White and Zelazny, 1988; Lavikainen et al., 2015). Three
primary reconstruction mechanisms were identified in which a surface experienced at least one
of these processes: (1) Al displacement into the T layer, (2) proton shift between On and Oy, and

(3) Si reconstruction with sub-surface On/Oa.

The understanding of surface reconstruction in clay materials requires two key
perspectives. Firstly, the relative bond deficiency, such as a 50% deficiency resulting from the
loss of one bond by O, is a crucial factor in describing the driving force behind reconstruction.
Most observed reconstruction processes resulted in a reduction in relative bond deficiency.
Secondly, Bader charge analyses underscore the prominence of charge distribution as a driving
force for these processes. Reconstruction consistently involves minimizing disparities in charge

distribution of surface and bulk atoms across all processes observed in this study.
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Surface formation energies for dehydrated and hydrated edges were predicted using D3
and vdWDF2 corrections. The methods showed consistent results, suggesting their equivalent
performance in modeling phyllosilicates. Comparing these surfaces isolates the energetic impact
of water presence, revealing a tenfold reduction in energy cost when a water terminating agent is

present.

Linear regression models using relative partial charges and relative bond deficiencies
were trained to explore their potential to predict surface formation energies. These models offer
valuable insights into the interplay between relative partial charge and relative bond deficiency,
but their predictive performance is limited by the dataset’s size. They perform poorly on
unrelaxed surfaces, making them ineffective for predictions. When trained on unrelaxed surfaces,
significant contributors to surface formation energy include O, and Si partial charges, as well as
Al and O, broken bonds. In contrast, predictions from relaxed surface data emphasize Si partial
charges. The best performing model incorporates both partial charges and broken bond
parameters, suggesting their joint importance for describing edge surface formation energies

comprehensively.

By leveraging DFT, we were able to resolve fundamental processes intrinsic to
phyllosilicate and their response to termination/cleavage. The work herein studied cases of
dehydrated surfaces and can therefore serve as a reference for future work involved with clay
surface behaviors and their edge interactions with relevant adsorbent species. The development
and use of linear regression models, although admittedly trained on a small dataset, also
illustrates the usefulness of machine learning to further understand and identify properties that

may have the strongest impact on the thermodynamics of surface formation.
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