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A Database of Computation-Ready 2D Zeolitic Slabs

Omar Knio, Andrew ]. Medford, Sankar Nair, and David S. Sholl*

School of Chemical & Biomolecular Engineering, Georgia Institute of Technology, 311 Ferst Drive NW, Atlanta, GA
30332-0100, United States

ABSTRACT: Zeolites are nanoporous aluminosilicates widely used in catalysis and separations applications. Though gen-
erally formed as 3D crystals, new synthesis techniques have given access to 2D zeolite nanosheets with small diffusion
path lengths and accelerated molecular diffusion. Since most previous research has focused on bulk zeolite crystals, there
is little understanding of the surface adsorption and diffusion mechanisms likely involved at such length scales and their
contributions to the permeability and selectivity of different species. To enable the systematic examination of such sur-
face properties, we constructed a database of more than 800,000 computation-ready 2D zeolite nanosheets from the full
range of known zeolite structures in the IZA database of zeolite structure types. The nanosheet surfaces cover a wide
range of orientations and were created via the principle of minimizing the number of bonds broken during the termina-
tion of a unit cell. The database consists of two sets of nanosheets: one set with known heights and unrelaxed surfaces,
and another set with arbitrary heights and relaxed surfaces. As an initial example of the utility of this database, we gener-
ated equilibrium Wulff shapes for 203 3D zeolite structure types in the International Zeolite Association (IZA) database.

INTRODUCTION

Nanoporous materials such as zeolites are of great in-
terest as adsorbents, catalysts, and membranes in a num-
ber of chemical production applications. For example,
membrane separations can be up to 9o% more energy
efficient than distillation.! However, zeolitic membranes
have generally faced difficulties in scale-up of expensive
steps and materials degradation?, and their current indus-
trial application is focused upon dehydration of organic-
water mixtures.> 4 New synthesis techniques have led to
the synthesis of 2D zeolite nanosheets wherein crystalli-
zation is restricted to two dimensions and the third is
only a few unit cells in thickness.57 This confers a number
of attractive properties such as lower diffusion resistance
(especially for large molecules), very high surface areas,
and direct surface access to shape/size-selective catalytic
sites that would otherwise be embedded inside a 3D zeo-
lite crystal. Although it is known that diffusion is en-
hanced in nanosheets relative to bulk materials, the dom-
inant surface diffusion and blockage mechanisms and
their magnitude with respect to bulk diffusion, remain
largely unknown.® It has been suggested that surface
diffusion through nanosheets can be retarded by repeated
cycles of entry and exit into the silica layers.3 Other pro-
posed mechanisms for diffusion in zeolitic nanosheets
involve pore blockage by adsorption of water on silanol
groups, pore narrowing, and high rates of desorption
from the surface.™ ' Separate studies have reported en-
hanced water permeability as a result of increasing zeolite
surface hydrophilicity.® 5

A significant challenge to systematically examining

these issues is that very limited structural information is
available on 2D zeolitic nanosheets. Zeolite databases

with bulk (3D) material structures have been generated
by a variety of methods. The International Zeolite Associ-
ation (IZA) database contains more than 200 experimen-
tally known zeolites.'® 7 To expand upon the properties of
synthesized zeolites, several computational groups have
created databases of hypothetical zeolite frameworks.®
Foster and Treacy developed the symmetry constrained
intersite bond searching (SCIBS) method and obtained a
database of over 2 million structures.® *° Their database
contained 97 IZA frameworks, and two predicted 18-
membered ring pore frameworks were later synthesized
as ITQ-33 and ITQ-44."® > 22 Friedrichs et al. systematical-
ly enumerated the structural possibilities of networks of
4-connected atoms and matched predicted tilings to
known IZA structures.” Yu and Xu developed hypothet-
ical structures by placing atoms around forbidden zones
to achieve the desired porous pattern.® Pophale,
Cheeseman, and Deem developed a database of hypothet-
ical zeolites using a Monte Carlo search for zeolite like
materials.>* About 15% of the structures had energy densi-
ties within the range occupied by known zeolites.*

As mentioned earlier, the above databases listed only
describe bulk (3D) zeolite materials. To accelerate the
development of 2D zeolitic nanosheets, it would be useful
to have access to a wide range of 2D zeolite structures. To
that end, Jamali et al. developed a database of 27 zeolite
nanosheets and screened the structures for potential use
in water desalination.”® Their work identified the four
most promising nanosheets based on their pore limiting
diameter and channel density properties.”> Witman et al.
recently systematically enumerated minimum bond cut
surface terminations and developed a descriptor based on
the favorability of the two most favorable Miller indices to
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determine the potential of synthesizing a nanosheet from
a particular zeolite framework .>® Their results provided
structures for 3,682 surfaces representing 91% of the bulk
structure types in the IZA database. In this paper, we de-
scribe a different approach that leads to a set of 804,842
structures that exceed in their quantity, span of heights,
and surface diversity the nanosheets of any previous
work.? 26 Our database includes the different surfac-
es/nanosheets that result from multiple possible termina-
tions of a zeolite surface at a given Miller plane, and in-
cludes nanosheet slabs of arbitrary thickness along all
crystallographic planes for which the absolute value of
each Miller index is < 3. We have generated an average of
705 different surface terminations for about 92% of the
bulk structures in the IZA database. As an initial applica-
tion for our collection of structures, we discuss the equi-
librium Wulff shapes predicted for 86% of the IZA struc-
tures.

ZEOLITE SURFACE GENERATION

Throughout this paper, we consider zeolitic surfaces of
siliceous materials that can be defined as Miller index
surfaces of known bulk zeolite structures. It is not obvi-
ous a priori which Miller indices are most relevant for a
given bulk structure. One way to get insight into this is-
sue is to list the Miller indices of surfaces that have been
observed experimentally on various zeolite crystals. A
partial list is given in Table S1 (Supporting Information),
which includes examples such as the {211} surface of ANA
and the {-202} surface of LAU.?” This list indicates that a
range of Miller indices must be considered in any effort to
define surface structures for a diverse collection of zeo-
lites. We define the Maximum Miller index (MMI) as the
maximum of the absolute values of each index in the set
{hkl}.> The results in Table S1 show that 97% of the ob-
served Miller indices have an MMI < 3. In addition, the
number of unique Miller index surfaces that must be con-
sidered increases rapidly as MMI is increased. For exam-
ple, MFI has 19 unique Miller index surfaces with MMI = 2
and 49 unique surfaces with MMI = 3. Moreover, the
number and complexity of candidate structures that must
be considered for each Miller index typically increases as
MMI increases. We therefore used an MMI of 2 in our
calculations, and we set out to examine every Miller index
surface satisfying this restriction for each bulk structure.
We applied our methods to 217 of the 221 tetrahedrally
coordinated (non-interrupted) framework materials as
defined by the IZA database; four were excluded due to
memory requirements.® The IZA database includes an
additional 14 structures that are not fully tetrahedrally
coordinated and denoted with a ““ sign before the
framework (for example, structure type “-CLO”).® These
structures were excluded from our analysis.

A goal of our work is to generate structures with the
atomic accuracy necessary for geometric calculations and
diffusion property analysis.'> 23" With this in mind, we
note that the atomic coordinates from the IZA database
are only estimates of a pure silica unit cell.®"7 To refine
the IZA bulk structures, each bulk unit cell was relaxed
with the ReaxFF force field using the LAMMPS Molecular

Dynamics package.3> 33 This force field was chosen be-
cause it allows for the effective relaxation of complex sur-
face terminations and is parameterized to accurately ac-
count for bond breaking and formation events necessary
for surface energy calculations.3>3* Each cell was relaxed
for 40 loops of conjugate gradient descent energy mini-
mization with an energy tolerance of 10® and a force tol-
erance of 10™ kcal/mole-A. The effect of relaxation on
several cells is shown in Table Sz. All calculations gener-
ating surfaces started with bulk unit cells that had been
optimized as just described. Generation of surfaces with
arbitrary Miller indices was then accomplished with the
Pymatgen software package.?> Pymatgen was first used to
reduce the full set of {hkl} Miller indices to a minimal set
of symmetry-equivalent (hkl) Miller indices using the
space group symmetry of the bulk material.3> For each
(hkl) index of this kind, a Lattice Reoriented Unit Cell
(LRUC) was then generated such that the original Miller
index of interest is oriented along the ¢ axis of the
LRUC.3 In principle, any termination of a material per-
pendicular to the ¢ axis of an LRUC defines an (hkl) sur-
face of the material. However, termination of zeolite sur-
faces requires breaking of chemical bonds, so appropriate
choices must be made regarding the location of these
terminations to generate chemically meaningful surfaces.
The general principle adopted is that surfaces should be
terminated to minimize the number of broken bonds rel-
ative to other possible terminations.? In all cases we as-
sume that broken bonds are -OH terminated in the final
slab.

Targeted
Removal

Figure 1. (a) A primary surface of the MFI (o) LRUC. (b) A
surface obtained after several targeted corrections with only
Q3 Si on the surface. The blue line at the bottom of the LRUC
represents a boundary with the bulk structure.

Surfaces were generated from LRUCs in two phases:
primary surface generation and targeted removal. In pri-
mary surface generation, a plane parallel to the reoriented
surface is placed at a Si atom, and all Si atoms above this
plane are removed. Fig. 1a shows one of the many possi-
ble examples of a primary surface for the (110) LRUC of
MFI. This process was repeated for every Si with unique
coordinates along the ¢ axis in the LRUC. For the (110)
direction in MFI, this process generates 96 different pri-
mary surface terminations.

Each round of targeted removal proceeds in three steps.
In step 1, the number of bonds connecting to each Si on
the surface is counted, and the Si is labeled as Q", where n
is the number of Si connected to the labeled Si via an O
atom. In step 2, all Q% Q}, and Q° Si are removed from a
candidate surface structure with the aim of finding a sur-
face structure containing only Q3 Si. An all Q* surface was
chosen as a target because Q3 atoms have the least num-
ber of broken bonds and would therefore be expected to
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minimize the number of broken bonds on the surface.
The removal of Q> Si breaks two bonds, and gets rid of
two broken bonds, so its effect on the total number of
broken bonds on a surface is neutral. The removal of a Q'
atom breaks one bond and removes three broken bonds.
Therefore, in step 3, all Q' and Q° Si are removed to in-
crease the number and diversity of surfaces that fall with-
in the minimum bond broken tolerance. At the comple-
tion of step 3, the surface is saved as a potential surface
and sent to another round of targeted removal. The re-
moval of Q= Si can sometimes convert a Q3 Si to Q= Si, so
the procedure is repeated 9 times for each primary sur-
face, generating a total of 10 surfaces. The process termi-
nates once an all Q3 surface is found but does not contin-
ue past g iterations. Fig. 1b shows an example of an MFI
(u0) surface generated in this way. On MFI (110), the 96
primary surfaces resulted in 193 corrected surfaces (not
960 since many were identical), and 55% of primary sur-
faces terminated in an all Q3 surface after an average of
3.6 removal steps. An analysis in the Supporting Infor-
mation shows that g iterations were sufficient to find at
least 1 all Q3 surface for each MFI Miller index examined.

Our algorithm finds the minimum number of broken
bonds by heuristically relying on the number of surfaces
generated. A comparison of our method to that of Wit-
man et al. shows that our method succeeds in finding the
minimum number of broken bonds in almost all instanc-
es.?® Specifically, out of the 108 Miller indices used to cre-
ate the 8 Wulff constructions in Figs 9-10, only one Miller
index, MER (212), did not possess the minimum number
of broken bonds. For this specific surface, our algorithm
found 22 broken bonds to be the minimum while Witman
et al. found 20 broken bonds to be the minimum.>® We
view a success rate of finding the minimum bond count of
more than 99% to be adequate for the creation of our
database.

Fig. 2 illustrates the formation of a surface that can
terminate the upper part of a slab. In a nanosheet, the
lower part of a slab will also require a surface termination,
so primary surfaces are generated in an identical manner
with atoms being removed below the plane instead of
above. Targeted removal is then used to refine the surface
in the same way described previously. The end result is a
set of lower surfaces that can terminate the bottom end of
a slab. For MFI (110), the 96 primary surfaces produced
180 such corrected surfaces.

(a) (b)
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Figure 2. Two MFI (o010) surface cells showing surfaces from
the same surface symmetry family at fractional coordinates
of (a) 0.17 and (b) 0.67 along the b axis. The dashed line rep-
resents the average surface Si positions and the blue line
represents the boundary with the bulk structure.
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After surface generation, surfaces were analyzed to de-
termine their total broken bond count. For each Miller
index of a specific bulk structure, the number of broken
bonds on all surfaces was counted and the minimum not-
ed. Only surfaces within 130% of the minimum number of
broken bonds for each Miller index were retained for fur-
ther use. The tolerance of 130% was chosen because the
surfaces with the lowest broken bond count are not al-
ways those with the lowest surface energy (Fig. S1). For
MFI (u10), this procedure generated 57 upper surfaces and
48 lower surfaces. Among the set of surfaces just de-
scribed, the surface Si (Q3 or Q™Si) on some surfaces ex-
hibited symmetry relationships to the surface Si on other
surfaces. This is not surprising given the symmetry oper-
ations that define the atomic coordinates in zeolite unit
cells. For example, in the MFI unit cell, the Si atoms at
fractional coordinates of 0.67 along the b axis are related
to the Si atoms at o0.17 along the b axis by a glide plane
(Fig. S2). Upon the formation of MFI (o10) surfaces, two
surfaces appear related by this symmetry. Identifying
symmetry-related surfaces has several advantages. Most
obviously, the total number of distinct surfaces can be
reduced. A subtler advantage is that slabs can be generat-
ed with symmetry-related top and bottom surfaces, which
simplifies the interpretation of surface energies. We re-
turn to this point later. A radial distribution function
(RDF) was used to develop a fingerprint for each upper
and lower surface (Fig. S3). Surfaces with the same fin-
gerprint were grouped into a surface symmetry family.
For MFI (10), the result was 28 lower surface families
with an average of 1.7 members, and 37 upper surface fam-
ilies with an average of 1.5 members. In addition, 28 of the
upper surface symmetry families were matched with each
of the lower surface symmetry families. Grouping by sur-
face symmetry family allowed generation of unique slabs
with identical upper and lower surfaces.

SLAB GENERATION

The methods above generated zeolitic surfaces, but ad-
ditional operations are needed to form 2D nanosheets.
Specifically, an “upper” and “lower” surface must be com-
bined with the appropriate connecting structure to gen-
erate a complete 2D sheet, or slab. This process varies
depending on the slab height and is illustrated schemati-
cally in Fig. 3. For a one-unit-cell slab, the upper and
lower surface cells are combined such that an atom miss-
ing in either surface cell is also missing in the final slab, as
shown in Fig. 3a. For a two-unit-cell slab, the upper and
lower surface cells are joined together as shown in Fig.
3b. Slabs of height n > 2 unit cells are assembled by add-
ing n-2 bulk LRUCs between the upper and lower surfac-
es; Figure 3(c) shows an example of adding 1 LRUC to
form a 3 unit cell slab. Because all the structures used in
these operations were derived from optimized bulk unit
cell structures, no artificial stresses due to structural
mismatches occur at boundaries inside the nanosheets.
After the formation of each slab, H atoms were added 0.9
A above the surface O to form chemically stable surface
terminations as shown in Fig. 3d-3e.37

The goal of the database is to facilitate simulations with
both thin and thick structures. Structures with thickness
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Figure 3. (a) A one unit cell slab formed from an LRUC by the elimination of atoms that are not present in either the upper or
lower unit cell. (b) A two unit cell slab formed by the combination of an upper and a lower unit cell. (c) A three unit cell slab
formed by the combination of an upper unit cell, an LRUC bulk, and a lower unit cell. (d) A one unit cell EZT (oo1) slab after
formation from an upper and a lower surface. (e) The EZT (oo1) slab after capping the unbonded O with H to form silanol

groups.

es in the nm range, such as nanosheets synthesized with
modified structure-directing agents,’ are easier to directly
simulate than larger, micron sized structures, such as 3D
crystal cross-sections. In addition to defining the thick-
ness of a zeolitic slab in a simulation, a choice must be
made in such simulations between using a flexible or rigid
framework. Using a flexible framework uses more compu-
tational resources, but in cases where adsorbates are simi-
lar in size to the zeolite’s pores, flexibility may be crucial
in quantitatively predicting molecular diffusivities.3® 39
These observations suggest it would be helpful to have
the option of using rigid frameworks to simulate thicker
slabs but that this option would be less necessary in thin-
ner nanosheets. Motivated by this reasoning, two distinct
workflows were employed to create two separate data-
bases. The methods described in section 2 generated a
comprehensive set of surface terminations, with surfaces
related by symmetry operations identified as symmetry
families. Starting with each surface symmetry family, the
first workflow created a database of nanosheets with a set
height and unrelaxed surfaces, while the second workflow
created a database of slabs with arbitrary heights and re-
laxed surfaces as shown in Fig. 4. In the first workflow,
slabs were formed separately as 1, 2, and 3 unit cell struc-
tures as shown in Fig. 3. For each slab thickness, an initial
set of slabs was formed by a combinatorial matching of all
upper surfaces with all lower surfaces from the same sur-
face symmetry family. The initial set of slabs was reduced
so each slab was unique as illustrated in Fig. 5. In Fig. 5b,
the slabs u(1/4)-1(3/4) and u(3/4)-1(1/4) are unique while
u(3/4)-1(3/4) and u(1/4)-1(1/4) are identical, so only one of
the latter two slabs is retained in the database. Some slabs
with very small heights were excluded from the database
because they were composed of disconnected clusters of
atoms. An example is shown in Fig. S4. This workflow
produced a database of unique slabs with unrelaxed sur-
faces that had heights of 1, 2, and 3 unit cells.

The second workflow created slab terminations with re-
laxed surfaces that can be assembled into a slab of any
height. This occurred in three phases: assembly, relaxa-
tion, and disassembly, as illustrated in Fig. 6. During as-
sembly, the upper and lower surfaces are combined with 2
or more LRUCs to form a slab with 4 or more unit cells as
shown in Fig. 6b. The outer layers of the slab A(l(*":lsgP Ss5)

®

A family of symmetrically
related upper and lower
l_ surfaces
Y
Combinatorial Form one 4 unit
matching of all cell slab
surfaces to generate *
1,2,3 unit cell slabs

Relaxation &
J' splitting in half
Height and structural ¢
integrity screening

Arelaxed slab

! termination pair
Unigue & connected ‘
1,2,3 unit cell slabs

Y

Figure 4. Schematic illustration of methods used to generate
a database of thin zeolitic slabs of specified thicknesses (left)
and nanosheets that can be used to generate slabs of arbi-
trary thicknesses (right).

u 3/4 u 3/4
udd || y1/4 001

u1/4 u1/4

13/4 13/4

1 3/4 11/4

11/4 13/4

(a) (b)

Figure 5. (a) A set of upper and lower surfaces belonging to
the same surface symmetry family. Upper surfaces are denot-
ed by a “u(x)”, and lower surfaces are denoted by an “I(x)”
where x is the fractional coordinate of surface on the c axis of
the unit cell. (b) A family of two unit cell slabs formed from
the surfaces. Note that there are only three unique slabs be-
cause the middle two are identical in height and surface.

were then relaxed with LAMMPS using the ReaxFF force
field with one loop of conjugate gradient descent energy
minimization with an energy tolerance of 10-8, a force
tolerance of 10-10 kcal/mole-A, and fixed cell parame-
ters.3>3 We attempted to use simulated annealing before
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conjugate gradient descent to better explore energy space,
but that strategy was discarded because in some instances
it caused the breakup of the structure at the surface (Fig.
$6). During relaxation with the Reaxff force field, about
1.4% of surfaces incurred reactions that separated the H
from the silanol group or the OH group from the Si. Such
surfaces were discarded so that all generated surfaces
could be described by force fields that assume tetrahe-
drally coordinated Si atoms terminated with complete
silanol groups.*#* An additional 1.9% were rejected due
to memory requirements or similar computational errors.
After relaxation, the slab was split into a top and bottom
slab termination pair as shown in Fig. 6c. The two sec-
tions can be added to LRUCs to form a slab of any height.
The relaxed surfaces often display hydrogen bonding be-
tween the H of one silanol group and the O of a neighbor-
ing silanol group,® so they are representative of real sur-
faces which are known to exhibit such bonding.** An ex-
ample is shown in Figures 6d-6e.

»
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(a) (b) (c)

Figure 6. (a) The upper and lower surface unit cells of an
SOD (110) symmetry family are combined with n LRUCs to
form a slab with an identical top and bottom surface. (b) The
resulting slab is relaxed with molecular dynamics and split
into the (c) top and bottom slab termination pairs. (d) The
surface of SOD (u10) before relaxation shows the H atoms in
their initial position. (e) After relaxation, H bonds (dashed
lines) are observed between the H of one silanol group and
the O of another silanol group. The blue line at the bottom of
(d) and (e) represents a boundary with the bulk structure.

The final slab database contains 3,694 LRUCs, 152,992
slab termination pairs, and 651,850 slabs. A zipped file
containing all structures and other documentation is
available for download from
http://sholl.chbe.gatech.edu/databases.html. Fig. 7
illustrates the types of structures in the database for each
Miller index. Fig. 7a shows a CAS (oo01) slab termination
pair along with the CAS (oo1) LRUC. The pair of upper
and lower surfaces have been relaxed as described above
and can be stacked around any number of LRUCs to make
a slab with any height of interest. This approach is well
suited for simulations on large structures where frame-
work flexibility is neglected. Fig. 7b shows CAS (oo1) slabs
of varying heights. These slabs do not have relaxed sur-
faces and are intended for simulations in which frame-

Chemistry of Materials

work flexibility would be included. They are meant to
resemble the nanosheets obtained experimentally using
modified structure-directing agents.>

Fig. 8 compares known nanosheets from previous ex-
perimental reports and their slab counterparts from the
database. The experimental structures were obtained
from Rietveld-type refinements of XRD patterns, usually
of zeolite layer precursors.*> Two exceptions to this
were IPC-1 and MFI, for which no refined structures could
be found. The IPC-1 structure displayed was derived from
a comparison of XRD pattern peaks before and after cal-
cination.’® 5’ For MFI, an SEM image was used.>

The refined precursor structures usually contained
structure directing agent cations which were edited out of
the images in Fig. 8 for clarity. The slabs were chosen by
visually comparing slabs in the database to cross-sectional
images of the refined structures. The close agreement
between the experimental data and the slabs is an indica-
tion that the procedures we used yield physically mean-
ingful results. Though the resemblance was close overall,
some nanosheets seemed to deviate more from their slab
counterpart than others. Most notably, PKU-22 appears
less atomically dense in the center of the structure. Exper-
imentally, PKU-22 contains F- anions (cyan) bonded to Ge
T-sites,* so this is likely why it looks slightly dissimilar
from the all-silica database nanosheet. For MF], it is no-
table that the thickness of the silica section of the SEM (2
nm) and the database slab with the lowest number of
broken bonds on the surface (2.2 nm) were roughly
equivalent.5 The difference in heights could be due the
difficulty of identifying the exact termination point of the
MFTI silica layer in the SEM image.

T“'_‘_._TT'_“'_'_. h = T i R T e
SRR S SR AT 4 I
Ly Ly y f 3 YoogrLS
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8.3A 16.6 A 249 A 33.2A 415A

Figure 7. (a) A slab termination pair with a relaxed surface
and the LRUC for CAS (oo01). (b) CAS (oo01) Slabs with set
height and unrelaxed surfaces.

The only other comprehensive 2D zeolite database to
our knowledge is that of Witman et al.*® That database
only includes 3,682 slabs, all with surfaces that minimize
the number of broken bonds and are more than 30 A
thick.?® For example, the Witman et al. CAS (oo1) slab is
slightly taller than the 415 A slab in Fig. 7(b) and far
thicker than the CAS nanosheet in Fig. 8. A key ad-
vantage of the present database is that it has structures
representative of nanosheets of variable height. In addi-
tion, Witman et al. limited their attention to only those
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Figure 8. A comparison of experimentally obtained nanosheets with their database counterparts. The MFI SEM image was
adapted by permission from Nature Springer: Nature (Stable single-unit-cell nanosheets of zeolite MFI as active and long-lived
catalysts, Choi, Minkee, et al.), copyright 2009.5 R-RUB-18 was adapted from Microporous and Mesoporous Materials, Vol
83(1), Marler, B., N. Stréter, and H. Gies, The structure of the new pure silica zeolite RUB-24, Si;,Os,, obtained by topotactic
condensation of the intercalated layer silicate RUB-18, p. 201-211, copyright 2005 with permission from Elsevier.®> IPC-1 was
adapted from Catalysis Today, Vol. 204, Grajciar, L., et al., Theoretical investigation of layered zeolite frameworks: Interaction
between IPC-1P layers derived from zeolite UTL, p. 15-21, copyright 2013 with permission from Elsevier.5° EU-19 was adapted from
Microporous and Mesoporous Materials, Vol 9o(1), Marler, B., M. Camblor, and H. Gies, The disordered structure of silica zeolite
EU-20b, obtained by topotactic condensation of the piperazinium containing layer silicate EU-19, p. 87-101, copyright 2006 with
permission from Elsevier.53 B-RUB-39 was adapted from Microporous and Mesoporous Materials, Vol 147(1), Griinewald-Liike,
A., etal, Layered precursors for new zeolitic materials: Synthesis and characterization of B-RUB-39 and its condensation prod-
uct B-RUB-43, p. 102-109, copyright 2012 with permission from Elsevier.5
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surfaces with the minimum number of broken bonds,
hindering the ability to consider the effects of different
surfaces with the same Miller index. As noted in Fig. Si,
the surface with the minimum number of broken bonds
does not always result in the surface with the lowest sur-
face energy. It is also noteworthy that the graph theory
method of Witman et al. could readily be augmented to
produce surfaces with a higher broken bond tolerance.?®

WULFF CONSTRUCTIONS

Crystal Habit Prediction Method. One immediate
use of our database is to predict the equilibrium crystal
habit of zeolite crystals. Here we do this using the Wulff
construction, which minimizes the surface energy of a
crystal.®® Crystal habit can of course be influenced by the
kinetics of crystal growth, but modeling of this situation
must incorporate details of nucleation and growth that
are beyond the scope of our work. While work by Ander-
son et al. has shown that simulation of kinetically-
controlled zeolite crystal growth is possible,’ it is not
feasible to apply these methods to a broad range of mate-
rials and growth conditions. We therefore focus here on
using the Wulff construction to provide the first compre-
hensive description of equilibrium zeolite crystal habits.

The surface energy of an -OH terminated zeolite sur-
face is a measure of the thermodynamic favorability of the
bulk relative to the surface and is defined as:*°

1
eaxtt = —— (Eslab — I x Ebuik — N X Pwater 1
¥/ Reaxff ZA( lab bulk [water )

where y is the surface energy, A is the surface area, Egjap is
the minimized energy of the nanosheet, I the number of
Si atoms in the slab divided by the number of Si atoms in
the bulk, Epu is the minimized energy of the bulk, n is
the number of water molecules added to terminate the
structure, and Uwater is the chemical potential of liquid
water. We used the chemical potential of water at o K,
found by subtracting the condensation energy at 100 °C
from the minimized energy of a gaseous water molecule.®
Estimating the chemical potential by simulating bulk lig-
uid water using ReaxFF gave a very similar value. Mini-
mized energies for each surface were obtained from the
relaxed slab prior to splitting slabs into top and bottom
terminations. Because we defined slabs in which the up-
per and lower surfaces were related by symmetry, the sur-
face energy can be unambiguously assigned to each sur-
face, unlike the situation that arises when the top and
bottom of a slab are not identical. The minimized energy
for gaseous water was obtained from relaxation of a single
water molecule in a large computational volume with
ReaxFF in LAMMPS.3>33 It is important to note that the
use of a force field such as ReaxFF that allows for bond
formation and breaking is critical to computing the sur-
face energy of these surfaces. Simpler force fields such as
the Hill-Sauer force field allow the simulation of -OH
terminated zeolites, but cannot be wused to self-
consistently compare the relative energy required to hy-
drate a variety of surfaces.

Since the number of broken bonds has a large impact
on surface energy, surface energy can also be estimated by

Chemistry of Materials

dividing the number of broken bonds by the surface
area:*

NBrokenBonds
Y estimate = —————— 2
2A

The Pymatgen software package was used to generate
the Wulff constructions for each material. 3 It took as in-
put a list of Miller indices and their respective surface
energies for all Miller indices with MMI < 3. Two sets of
Waulff constructions were generated, one using yreaxft and
one using Yestimate. For both cases, the surface energy used
to represent a Miller index was the minimum surface en-
ergy calculated amongst all surfaces on that Miller index.
The resulting Wulff shapes for each zeolite are available
for download from
http://sholl.chbe.gatech.edu/databases.html.

Several of the Wulff constructions obtained from our
calculations are compared to SEM images of zeolite crys-
tals from previous reports in Figs. 9-10. The zeolites
shown in these figures exhibited a range of crystal habits.
For each framework, an SEM image of a single crystal, a
Waulff shape based on Yestimate, and a Wulff shape based on
Yreaxft are shown respectively. Each Wulff shape also has a
legend which contains the surface area percentage occu-
pied by each Miller index. The results were sorted be-
tween Figs. 9 and 10 depending on the level of resem-
blance between the experimentally observed crystal and
the predicted Wulff shapes. If the Miller indices that are
dominant on the experimentally reported crystal are also
dominant on one of the two Wulff constructions, the
framework is displayed in Fig. 9. If Miller indices domi-
nant on the experimentally reported crystal are not dom-
inant on either Wulff construction, the framework is dis-
played in Fig. 10. We reiterate that the Wulff construc-
tions included all Miller index surfaces with MMI < 3.
Frequently, only a subset of the surfaces considered are
predicted to actually be expressed on the crystal habit.
For example, our calculations for ANA included the {100},
{uo}, {1}, {210}, {211} and {221} surfaces, but only the {100}
and {2n} surfaces appear on the Wulff shape generated
using Yestimate. Similarly, the Wulff construction for NAT
includes the {001}, {100}, {101}, {102}, {110}, {112}, {201}, {210},
{211} and {221} surfaces, but only the {100} and {101} surfac-
es appear on the Wulff shape from yestimate.

One observation from Figs. 9 and 10 is that the Wulff
shapes based on yestimate resembled the SEM images more
than Wulff shapes based on preaxit. In Fig. 9, the GME,
MER, ANA, and MFI Wulff shapes based on Yestimate are
similar, although not identical to the experimental imag-
es. In Fig. 10, the GIS and NAT Wulff shapes based on
Yestimate Show resemblance to the experimentally reported
crystals while those of LTA and ABW do not, so it may
seem at first glance that GIS and NAT should be in Fig. 9.
Closer inspection of GIS shows that while the {11} surface
is dominant on the experimentally reported crystal, the
{101} surface is dominant on the Wulff shape. A similar
scenario is observed in NAT, where the {110} and {11} sur-
faces dominate the observed crystal while the {100} and
{101} Miller index groups dominate the Wulff shape.
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Figure 9. For each framework, an SEM image (left), a Yestimate Wulff shape (center), and a yreaxft Wulff shape (right) is shown. The
Wulff shape legends show the surface area (%) occupied by each Miller index. The Miller indices used to generate both Wulff
constructions listed below the Wulff shapes. GME was adapted from Agewandte Chemie, Vol 40(20), Ghobarkar, Habib, Oliver
Schaf, and Philippe Knauth, Zeolite Synthesis by the High-Pressure Hydrothermal Method: Synthesis of Natural 6-Ring Zeolites
with Different Void Systems, p. 3831-3833, copyright 2001 with permission from John Wiley and Sons.®® MER was adapted from
the Journal of Industrial and Engineering Chemistry, Vol 20(4), Jin, Na, Chunxia Meng, and Jin Hou, Preparation and characteri-
zation of merlinoite for potassium extraction from seawater, p. 1227-1230, copyright 2014 with permission from Elsevier.®9 ANA
was adapted from Materials Science and Engineering, Vol 60(3), Ghobarkar, H., and O. Schaf, Effect of temperature on hydro-
thermal synthesis of analcime and viséite, p. 163-167, copyright 1999 with permission from Elsevier.” MFI was adapted from
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Figure 10. For each framework, an SEM image (left), a Yestimate Wulff shape (center), and a yreaxft Wulff shape (right) is shown.
The Wulff shape legends show the surface area (%) occupied by each Miller index. The Miller indices used to generate both
Waulff constructions listed under below the Wulff shapes. GIS was adapted from the Materials Research Buttetin, Vol 34(4),
Ghobarkar, H., and O. Schaf, Synthesis of gismondine-type zeolites by the hydrothermal method, p. 517-525, copyright 1999 with
permission from Elsevier.”? NAT was adapted by permission from Springer Nature: American Chemical Society, The Reconstruc-
tion of Natural Zeolites, p. 43, by Ghobarkar, Habbib, Oliver Schaf, and Yvan Massiani, copyright 2003.7 LTA was adapted from
Materials Letters, Vol 34(3-6), Basaldella, Elena, and J. C. Tara, Modification of crystallite morphology during synthesis of LTA
zeolite using triethanolamine as additive, 19-123, copyright 1998 with permission from Elsevier .%4 LAU was adapted from the
Microporous and Mesoporous Materials, Vol 23(1-2), Ghobarkar, H., and 0. Schaf,
Hydrothermal synthesis of laumonite, a zeolite, p. 55-60, copyright 1998 with permission from Elsevier.7+
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Finally, we note that our algorithm did not find the cor-
rect minimum cut for MER {212}. When we rebuilt the
Waulff construction based on yestimate using 20 bonds bro-
ken for the {212} Miller index (the correct number of min-
imum bonds as identified by Witman et al.)*, instead of
22 bonds broken, we obtained the same Wulff shape
shown in Fig. 9. The {212} surface did not appear.

A second observation from Figs. 9 and 10 is that the
experimental crystals and Wulff shapes based on yestimate
are dominated by lower Miller indices (ex. {100}, {101})
while those based on preaxft exhibit many high Miller index
surfaces (ex. {212}, {210}). We believe this to be because
our surfaces are relaxed in vacuum rather than in water.
Experimentally, surface silanol groups form hydrogen
bonds with water.** Since this cannot occur in our vacu-
um simulations, surface silanol groups form hydrogen
bonds with themselves as shown in Fig. 6(d). Therefore,
the surfaces that form more hydrogen bonds are likely to
obtain lower surface energies. Incidentally, the LRUC of
high Miller index surfaces are often non-orthogonal, so H
atoms (which are located vertically above the O in or-
thogonal unit cells as seen in Fig. 3(e)) are located diago-
nally above the O in non-orthogonal unit cells as seen in
Fig. 6(d)). The location of H atoms in high Miller index
unit cells facilitates the formation of hydrogen bonds and
therefore lowers the surface energy of the high Miller in-
dex surfaces without the corresponding decrease in sur-
face energy that would have occurred in lower Miller in-
dex unit cells due to interactions with water.

The subtleties associated with comparing our Wulff
shapes with experimental results are highlighted by pre-
vious work by Gren et al., who simulated siliceous and
aluminosilicate LTA surfaces.® They found that the pres-
ence of Al stabilizes the {100} surface relative to the {i}
surface, and that this trend is further exacerbated by the
presence of liquid water. The resulting pure silica crystal
was rounded while their Si/Al=1 crystal was cubic.®
Therefore, their predicted Si/Al=1 crystal morphology
resembles that of most experimental crystals.5¢ Alt-
hough the surface energies of our siliceous slabs give dif-
ferent relative surface energies than those obtained by
Gren et al. for aluminosilicates, the structure of the low
energy surfaces found by Gren et al. and the surfaces from
our calculations are very similar (see Figure S7). The ma-
terials shown in Figs. g9 and 10 are all aluminosilicates, but
those in Fig. 9 generally have a higher Si:Al ratio than
those in Fig. 10. The Si:Al ratios refer to either the precur-
sor, solution, or crystal Si:Al ratios. The precursor Si:Al
ratio refers to the composition of glass which was melted
and quenched with water during hydrothermal synthesis
to form the final crystal.®® The LAU crystal’s 0.9 Si:Al ratio
is likely less than one solely due to the elemental analysis’
accuracy of 10%.74 Since our database is pure silica, it is
not surprising that the zeolites with higher Si:Al ratio
bear more resemblance to the known structures.

It is interesting to examine the ability of the calculat-
ed surface energies from our database to predict the spe-
cific surfaces that appear on the experimentally known
nanosheets shown in Fig. 8. For each of the 16 experi-
mentally reported nanosheets, the surface of the frame-
work with the lowest estimate and preaxtt was chosen from

the set of all surfaces belonging to that framework as the
prediction from our database for the surface that would
be observed as a nanosheet. For 13 of the 16 frameworks,
the surface defined by both yestimate and preaxtt was the
same as the experimentally reported material. For 2 of the
13 frameworks, UTL and OKO, there were two surfaces
(identical in both frameworks because they are formed
from the same zeolite layer precursor)” with equal yestimate
values. In these cases, yreaxt gives slightly different surface
energies and the prediction based on the lowest of these
energies is the same as the experimentally reported sur-
face. For the remaining 3 frameworks, MFI, SOD, and
RWR, the surface indicated by pestimate differed from that
using yreaxtt. For MFI, the surface indicated by Yestimate cor-
rectly matches the (010) orientation seen experimentally
(noting that the exact termination has not been deter-
mined experimentally to date).> However, the MFI surface
indicated by preaxit displayed a {101} Miller index. For RWR,
the surface indicated by Yestimate was seen on the experi-
mentally observed nanosheet while the surface indicated
by Yreaxit was not. SOD is the only structure for which the
surface indicated by Yestimate, @ {100} surface, was not seen
experimentally, although the {10} surface observed on the
nanosheet was indicated by preaxtt. The above discussion
shows that the surface with the lowest yestimate and Yreaxff is
most likely to be observed experimentally in zeolitic
nanosheets. Although this was not the case with the MFI
{101} and SOD {100} surfaces predicted by yreaxtt and Yestimate
respectively, those surfaces are observed on their frame-
work’s bulk crystal habit.’* 77 The identification of the
experimental nanosheet surfaces in most instances by
Yestimate concurs with Witman’s results which assume that
the surface with the lowest yestimate Will be seen on the
nanosheet.?® We combine this information, along with
the finding that the yreaxff can break a yestimate tie to pro-
duce a shortlist (in the zipped file) of the 217 most likely
zeolite surfaces to be synthesized as a nanosheet.

CONCLUSIONS

We have created a very large database of 2D zeolite
nanosheets which can form the basis for systematic stud-
ies of the functional properties (e.g., diffusion, adsorption,
catalytic) of this rapidly emerging class of nanoporous
materials. We first formed surfaces using an algorithm
that iteratively removed undercoordinated atoms to find
terminations with a low number of broken bonds. The
selected surfaces were screened for symmetry and
uniqueness then combined to form slabs. The database
currently contains 651,850 2D zeolitic slabs and 152,992
slab termination pairs. The slabs have set thicknesses (1-15
nm) and contain nanosheets with the same thicknesses as
those found experimentally. The slab termination pairs
can form structures with thicknesses greater than those
spanned by the slabs. Our database can therefore be used
to study nanosheet properties as a function of thickness
and surface structure, a feature that is unique to the cur-
rent work. We used surface energies obtained using the
ReaxFF force field and surface energies obtained from
broken bond densities to predict the crystal morphology
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of zeolite crystals and the surfaces observed on
nanosheets. The broken bond density predicted more
accurate crystal structures while both metrics were equal-
ly favorable at predicting which surfaces are present on a
nanosheet.

It is important to note that our 2D zeolite structures are
pure silica materials, and that our calculated surface en-
ergies do not include the solvent effects that are certain to
be present during zeolite synthesis. As discussed above,
examples are known in which variations in the Si:Al ratio
and/or inclusion of solvent effects can alter the relative
surface energy ordering of surfaces on zeolites. Despite
the complications associated with these effects, we were
able to narrow the list of surfaces to those most likely to
be synthesizable. We hope that this subset can be used to
identify synthesized slabs in a high throughput way, such
as the matching of theoretical to experimental XRD pat-
terns. Alternatively, we foresee its use in the screening of
structure directing agents to identify those best suited to
form a particular slab. Finally, our database of atomically
detailed structures will be valuable for molecular simula-
tions of zeolitic nanosheets that aim to understand how
the performance of these materials differs from bulk ma-
terials.
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