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ABSTRACT: Zeolites are nanoporous aluminosilicate crystals of prominent fundamental and industrial importance. Among these,
ZSM-5 is the most investigated solid that can be obtained in various forms, some of these (hierarchical forms, nanoslabs,
nanosheets and nanocrystals) exhibiting a very high external surface over volume ratio. Whereas most knowledge obtained so far at
the atomic level concerns the internal nanopores, we here propose a Density Functional Theory (DFT) study to establish the relative
stability of relevant surface orientations for silicalite and ZSM-5 crystals ((100), (010) and (101)) at different hydration levels to
identify the equilibrium morphology of the particles, and the major sites present on their surfaces. Several kinds of surface sites
have been identified. Bridging Al-OH-Si groups are present at the pore mouth with similar or higher stability with respect to those
in bulk sites. Yet, these groups are not stable at the outermost surface, where the following groups prevail: Si-OH, Al-OH groups,
and most importantly water adsorbed on aluminum Al-(H,O)(OH),. Water desorption reactions occur at temperatures that strongly
depend on the local topology of the surface site and on the surface orientation: when a siloxane bridge is present below the surface
Al atom, water desorption is promoted by the formation of an additional Al-O bond with the oxygen of the siloxane bridge. Howev-
er, if such bridge is not present below the surface aluminum atom, desorption leads to a less stable surface Al,,, atom. The desorp-
tion temperature is influenced by this feature, as well as by the stabilization of the water molecule by hydrogen bonds, depending
on the silanol content of the surface. This has in turn direct consequences on the Brgnsted and Lewis acid properties, as probed by
pyridine. Strong Lewis acid sites can easily be formed on the (010) orientation (relevant for nanosheets), whereas they are unlikely
to occur at the (101) surface (tips of coffin-shaped particles), which promotes mild Brgnsted acid sites Al-(H,O) instead.
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1. INTRODUCTION

Zeolites are nanoporous (historically called “microporous”) aluminosilicates with a well-defined crystalline structure. They can be
described as a rigid three-dimensional network of TO, tetrahedra (where T is mostly Si). These tetrahedra are linked at their corner
via a common oxygen atom to form a secondary building unit (SBU). The presence of AI** cations in crystallographic positions
otherwise occupied by Si** is compensated in terms of charge by extra-framework cations, conferring a large array of properties
such as ion exchange, gas separation and catalysis."” In particular, zeolites are widely employed in refining and petrochemical
processes, resulting from their particular properties, such as high adsorption capacity, hydrothermal stability, shape selectivity and
intrinsic (Bransted and Lewis) acidity.*® They are also used in pollution abatement,®® and are promising candidates for biomass
conversion.®

The well-defined crystalline structure of zeolites, together with the large diversity of pore architectures, at the origin of tunable
confinement effect," allow designing of catalysts and adsorbents from structural considerations.>"**? Indeed, more than 230 zeolite
structures (natural and synthetic) have been identified and are listed on the International Zeolite Association (IZA) website."* More-
over, in the case of proton as compensation cation that we will consider further, it is known for decades that bridging Si,-OH-Al,y
hydroxyls are the Bronsted acid sites in the microporosity.***® Much less information is available on the nature of the sites accessi-
ble at the external surface of the crystallites. This is, however, a crucial information in several contexts. First, the “pore-mouth
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catalysis” was invoked to take place — with a specific reactivity at the external surface — for zeolites which pores are smaller than
the bulky molecules to be converted.!™® Secondly, some recent developments aim at reducing mass transfer limitations, thus resi-
dence time of molecules in the zeolite crystal. Several strategies can be found in the literature to reach this goal, all leading to an
increase of the (external surface)/(internal surface) or (mesoporous surface)/(microporous surface) ratios: i) obtaining nanocrystals
of zeolite (several tens of nanometers),”° or even embryonic zeolites,”"* ii) preparing hierarchical zeolites, by introducing me-
so(macro)porosity in the microporous crystals,?* or by preparing hollow zeolite structures,” iii) obtaining nanosheets of zeolite
(thickness: less than 10 nm), delaminated and 2D zeolites.”?® Thus, advanced knowledge of the environment of surface sites at the
external surface is required.

ZSM-5 (Zeolite Socony Mobil-5) is a zeolite that was discovered and multi-patented by Mobil Oil Corporation in 1969.°% It is a
very well-known and used catalyst in the petrochemical industry.* The structure type of ZSM-5 is MF1,*® also corresponding to the
silicalite-1 zeolite.** Besides its industrial impact, this system is used as a prototype to investigate crystal growth mechanisms.* A
large range of crystal sizes (from a few nm to several hundreds of um) and Si/Al ratio (currently from 8% to infinity in the case of
silicalite-1**) are accessible with the same structure type. For all these reasons, we will focus on this zeolite type in the following.
The MFI structure (Figure 1-a) is composed of two 10-membered-rings (MR) interconnected channel systems, a sinusoidal and a
straight one along the directions of the a and b axes respectively.** MFI exhibits a monoclinic structure, undergoing a phase transi-
tion toward an orthorhombic symmetry (Pnma), depending on the temperature (orthorhombic above ~330 K for silicalite-1), the
Si/Al ratio (the transition temperature decreases as the Al content increases), and the presence of adsorbed molecules in the pores.*”
39

A large set of experimental investigations has been devoted to identify the exposed surface orientations on silicalite-1 and ZSM-5,
which is complex due to the existence of intergrowth phenomena that lead to poly-crystalline particles. The morphology of the
crystals appears to strongly depend on the crystal size, the synthesis procedure and the choice of the structure directing agent
(SDA). The formation of nanoslabs with dominant (100) expositions was observed in the very first stage of silicalite-1 crystalliza-
tion.”> A formation mechanism was proposed for these nanoslabs, as a result of a combination of **Si NMR, X-Ray Scattering and
gel permeation chromatography.”* Clathrate-like silicate units, where the SDA (tetrapropyl-ammonium hydroxide, TPAOH) is
hosted in a silica matrix forming the intersection of the zeolite, were proposed.”* In particular, a Sis; species (Figure 1-b and c) was
proposed,“! being an elementary portion of the straight channel, which — assembled along the b direction — makes this channel
grow, and thus the (100) orientation develops. Such proposal was later debated,**** due to the multi-step nature of the formation
mechanism of zeolites,” making the level of self-organization of the systems strongly dependent on many operating parameters.
More recent investigations confirmed that the Sig, precursor is relevant to explain part of the crystal growth.*

Monocrystalline MFI nano-crystals in the range of 100-200 nm could be obtained,"***"** where the smaller ones may dispose a
rounded shape preventing the identification of a well-defined surface orientation,’****” while the larger nanocrystals may have
rather well-defined facets, which were, however, not indexed.*®*® The parallelepiped shape of some of the nanocrystals suggests the
existence of (100), (010) and (001) orientations, whereas the hexagonal morphology of others could be compatible with the addi-
tional presence of (101) cuts. A clear proof of the monocrystalline nature of some silicalite-1 and ZSM-5 nanocrystals (50-200 nm)
was given recently.*

At more advanced growth regimes,” seeds evolve into rounded-boats crystals, themselves giving rise to coffin-shaped crystals.
Rounded-boat crystals were found to be monocrystalline with dominant (010) facets, and rectangular lateral (100) facets.”>*" (Fig-
ure 1-d) In contrast, the complexity of the intergrowth structures of the coffin-shaped crystals was inferred from X-Ray diffraction
in the 80’s.” Since then, several sets of models have been proposed, based on optical, electronic and atomic force microscopy, X-
Ray and electron diffraction.®** These models invoked the presence or absence of 90° intergrowth, of MEL (Mobil Eleven)-type
defects, and various numbers of components for the coffin-shaped crystals. The nature of the exposed orientations thus has been
subjected to debate. About 10 years ago, a consensus was obtained thanks to the use of a set of characterization techniques, in par-
ticular, confocal fluorescence microscopy with various fluorescent probes, Scanning Electron Microscopy and electron diffraction
after ion-beam milling.*"*"°
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Figure 1. (a) Conventional crystalline cell of ZSM-5,the positions of oxygen atoms are represented in red, the positions of the silica are in
yellow. The blue atoms represent the 12 non-equivalent positions of silicon atoms named from T1 to T12, (b) Sig; entity identified as the
precursor of MFI nanoslabs surrounding TPAOH as SDA. Reproduced with permission from Reference “*. Copyright 1999, American
Chemical Society. (c) Formation of nanoslabs by the assembly of the Sis; elementary units. Reproduced with permission from Reference
40, Copyright 2001, Wiley. (d) Schematic representation of rounded-boat (top) and coffin-shaped (bottom) crystals. Reproduced with
permission from Reference . Copyright 2013, The Royal Society of Chemistry. (e) Relationship between the crystallographic abc-axes
and the morphological xyz-axes for coffin shaped crystals. Reproduced with permission from Reference *°. Copyright 2008, American
Chemical Society. (f) TEM of MFI nano-sheets. Reproduced with permission from Reference 2. Copyright 2009, Nature.

These studies demonstrated the existence of several kinds of crystals, but with a common feature, that is a 90° rotation of the sub-
units exposed on the “(010)” facets. These intergrowths make the (100) surface (intersecting the sinusoidal pores) largely exposed
on all lateral faces of the polycrystalline crystals (Figure 1-e). Only perfectly monocrystalline coffins expose both the (100) and
(010) orientations.” Tips of the coffins mainly expose (101) and (10-1) surface orientations.*® Octagonal variants of the coffin
shape crystals exhibit (001) and (011) orientations at their tip.** HRTEM (High-Resolution Transmission Electron Microscopy) was
also performed on silicalite-1 crystals,®* where (100) and (101) surface terminations have clearly been observed. Unambiguously,
the (010) orientation (perpendicular to the straight channels) appears to be exposed on MFI nano-sheets*®® on Self-Pillared nano-
sheets,”® and on thin films grown from nano-sheets (Figure 1-f).**® In some studies, seeds were employed to grow the sheets, the
(010) orientation of the sheets growing aligned with the (100) plane of the seeds,” revealing an orthogonal rotational intergrowth
relationship between the two objects.

The respective stability of these many surface orientation is however unknown, and the structure of the surface sites is supposed to
be equivalent to that of the bulk crystal (bridging Si-(OH)-Al groups), but with improved accessibility. The nature and stability of
the active sites at these different external surface orientations need to be unraveled. To address these key-questions, several studies
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based on theoretical calculations have been undertaken. Car-Parinello molecular dynamics simulations have been reported for (010)
nanosheets silicalite-1 models, revealing a significant stability of the atomic arrangement at the surface.®” Hernandez-Tamargo et al.
proposed the first density functional theory (DFT) detailed investigation of bridging OH groups located at the (010) surface, in the
vicinity of silanols terminating the surface, but they excluded the possible formation of other types of groups.®® Other DFT studies
with different purposes were undertaken for this surface orientation.®” " The (001) surface was chosen to build a cluster model by
Duca et al.”""® To the best of our knowledge, the most relevant (100) surface was only modeled once,®” with small slabs saturated
by Si-H groups at the bottom.

In the present work, we propose a general DFT investigation of the stability of the three dominant orientations for silicalite-1 and
ZSM-5 crystals and nano-sheets: consistent models are constructed for the (100), (010) and (101) surface orientations, with an in-
depth analysis of the influence of the nature of the terminating structures (varied here by changing the height of the cleavage of the
bulk structure) on the thermodynamic stability. For technical reasons, the surface models are constructed by cleaving the bulk struc-
ture. Although such a process does not faithfully represent the experimental conditions, with growth mechanisms in solution at
non-neutral pH and in the presence of the SDA, we manage to make a link between the simulated structures and some building
blocks invoked experimentally, for all surface orientations. The consequences of the exchange of silicon by aluminum and their
positions will be discussed with respect to the surface stability and the chemical nature of surface species (Si-OH, Si-OH-Al, Al-
OH but more importantly Al-(H,0)(OH), with n=0-2) have been systematically quantified in comparison with that of bulk Si,,~-OH-
Al groups as a function of temperature and partial water pressure to investigate as well their hydration/dehydration properties.
General rules connecting the thermal stability of surface sites and the local topology will be discussed in relation to the expected
equilibrium morphologies helping to unravel the much debated question"" on the framework Lewis acid sites in zeolites.

2. COMPUTATIONAL DETAILS

Periodic DFT calculations were performed with the PBE (Perdew, Burke, and Ernzerhof) exchange-correlation functional™ as
implemented in VASP 5.4.1.”°% The projected augmented wave (PAW) method® was used to describe the core-electron interac-
tions, and the plane wave basis set was limited to a kinetic cutoff energy of 400-800 eV (depending on the kind of calculation per-
formed, see below). A density-dependent dispersion correction, dDsC,*? was applied. The convergence criterion for the electronic
self-consistent field relaxation was fixed at 10° eV. Even for nonsymmetric slabs, no dipolar correction was applied to remove the
spurious interactions in the direction perpendicular to the surface, as it has a minor impact on the electronic energy (less than 2.10°
eV, see Supporting Information SI). All calculations were performed at the gamma point. Full geometry optimizations were per-
formed using the implemented conjugate-gradient algorithm, with a convergence criterion on forces of 0.02 eV.A™.

We considered the orthorhombic cell of MFI for the calculations, as it is experimentally the most stable one after thermal treatment.
The bulk cell parameters and initial ionic positions were obtained from the International Zeolite Association database™® and then
reoptimized in the purely siliceous form with an increased energy cutoff of 800 eV. The final values are (almost orthorhombic
0=89.99°, $=90.00°, y=90.00°): a=19.901 A, b=20.009 A and c=13.364 A, in good agreement with the experimental values®*®
(orthorhombic: a=20.07+0.01 A, b=19.92+0.01 A and ¢=13.42+0.01 A). These values were then kept constant throughout the
study. The bulk configuration exhibits 12 non-equivalent T sites in the structure (Figure 1-a). The alumination of the bulk structure
was modeled by the replacement of one silicon by an aluminum atom. A proton was added as a compensation cation on one of the
neighboring oxygen of the aluminum, which induced four possibilities of bridging OH group as Al-(OH)-Si for one aluminum
position. The silicic structure was cleaved along the (100), (010) or (101) surface orientations, to mimic the relevant surface orien-
tations identified experimentally (see introduction). For each investigated cleavage direction, a set of cleavage heights was investi-
gated as illustrated in Supporting Information SI. The thickness of the slab was initially set at two bulk units, which appeared to
provide satisfactory convergence of structural properties (Supporting Information SllI). The wish for simulating a symmetric slab
led us in some cases to slightly deviate from this thickness (see Supporting Information Sl). A 25 A vacuum layer was added on top
of the surfaces. The dimensions of the cells were 60.83x20.01x13.36 A% 19.90x60.77x13.36 A® and 23.97x20.01x50.17 A® for the
(100), (010) and (101) directions, respectively. Finally, the surface was saturated with OH groups, hydrogen atoms were added to
monocoordinated O atoms and OH moieties saturated Si,,/Si,/Si, atoms. The total numbers of atoms are in the 516-642, 528-648
and 414-678 intervals for respectively the (100), (010) and (101) surface models.

The alumination energy AUy, is calculated with Equation 1 using the energy of the aluminated surface (or bulk) Uga, o, the energy
of the surface (or the bulk) without aluminum Uy, and the energies Uy omy,n,0 and Us;omy, OF the usual tetrahedral components of
zeolites respectively Al(OH);H,0 and Si(OH),. The energy of these latter two species has been calculated in a cubic cell of 30 A
side lengths.

A Ug = (Usigpat + Usicomy, — Usiab — Uarom)s,0) EQ- (1)



The choice of the references is rather arbitrary, other choices could have been made with other Al/Si components. The goal of the
introduction of the alumination energy is to report a straightfoward comparison of the stability of various aluminated slabs, instead
of total energies.

The thermodynamic stabilities of the surfaces are determined by calculating the temperature and pressure dependent surface free
energy .. It was calculated through the formation reaction of the hydrated zeolite surface relatively to the zeolite bulk and gase-
ous water, as indicated by Equation 2.

Ysurf (T' PHZO) = i (Gsurf (T! PHZO) - NHZOGHZO(T' PHZO) - NAleeo_AlH_bulk - NSi02 Gzeo_Si_bulk) Eq (2)

where Ggyrr, Grzo, Gaeo_al pui ANd G si_ puik are respectively the Gibbs Free energy of the surface (which depends on the number of
Si and O in the zeolite structure), the Gibbs free energy of water, the Gibbs free energy of one aluminated site in the zeolite bulk
and the average Gibbs free energy of one SiO, units of the bulk zeolite. The vibrational contributions to the Gibbs Free energy in
the bulk and surface systems are considered to be equal. Therefore, we only considered their electronic energies. Nyzo, No and Nsiop
are respectively the number of water molecules adsorbed on the surface, the number of Al in the cell and the number of SiO, units
in the zeolite surface model. yq, is normalized to the energy per unit area by dividing by the surface area A. The equilibrium mor-
phologies were built thanks to the Morphology module of Materials Studio (Dassault Systemes).

Hydration/dehydration reactions were simulated on one surface on the investigated slabs. Hydration Free energies were determined
by evaluating the vibrational partition function of water,®® here considered as an ideal gas. The vibrational partition function of the
surface OH groups was considered as unchanged with respect to that of water, for the sake of calculation resources. The same
method was applied to evaluate the adsorption energies and free energies for the adsorption of pyridine. For a limited number of
cases mentioned in the following, we have explicitly evaluated the vibration free energy for condensed phases, thanks to finite
difference frequency calculations, with a displacement of +0.005 A for the atoms allowed to vibrate (all atoms of the silicic bulk
cell, half of the slab for the silicic hydroxylated surfaces, the aluminum atoms and their first, second, third and fourth neighbors for
aluminated surfaces).

3. STABILITY RANKING OF SILICALITE-1 SURFACES: THE BULK CLEAVAGE APPROACH

A large set of surface models was constructed according to the method described in section 2. They differ in their surface orienta-
tion and cleavage height, which in turn results in various H,O (in the form of Si-OH pairs) coverages: from 1.50 to 4.51 H,0.nm™.
The surface energies calculated at 0 K are all presented in Table S1. Consistently with previous simulations of the external surface
of zeolite Beta®” and with that of hydroxylated quartz surfaces,® the energies are very low and have a first-order dependence on the
hydroxylation level (Figure S2), even though the local arrangement of the OH groups also influences the stability. Taking into
account the effect of temperature and water partial pressure on the thermodynamic stability of the surfaces, phase diagrams have
been built including surfaces that do not appear in the final diagrams (Figure 2, and Supporting Information SlII). In Supporting
information SI11.3, we also report an estimation of the variation of the frontier between two cleavages, depending on the method
that is used for the estimation of the vibration of condensed phase (either calculating it explicitly, or by assuming that it compen-
sates between the various forms of water — gas phase, adsorbed- and silica —bulk, slab). At a typical water pressure of 10™ bar, the
frontier appears at a temperature lower by 29 K, which does not affect the conclusions drawn in the following.

For each surface orientation, above 300 K, the stability diagram is dominated by a single cleavage height, which in all cases leads to
the exposition of a minimal number of Si-OH groups at the surface (61,0 = 1.50 nm™ for the (100) and (010) surfaces and 1.88 nm?
for the (101) surface). This means that from a thermodynamic point of view, conserving most siloxane bridges, also present in the
bulk, is a strong thermodynamic driving force, giving a substance to the minimum cut hypothesis made previously,” although this
does not appear from the consideration of surface energies at 0 K. For the (100) surface, the preferred model exhibits a straight pore
cut at the half as represented in Figure 2-a (and Figure S2), exhibiting pairs of vicinal and non-vicinal silanol groups, connected one
to another by hydrogen bonds. The two other models exhibiting a (narrow) stability domain in Figure 2-a are cut at the border of the
straight channel (model n°6) or make the straight channel flush (model n°10) (Figure S2). In these cases, germinal silanols are
exposed and groups of three silanols are connected to the same Si.

For the (010) orientation, the preferred cleavage corresponds to height n® 2, with full pentasil layers (contrary to the other cleavage
height, which cut a part of the pentasil layer), consistently with previous computational works® and with experimental knowledge
of nanosheets.?*

Finally, for the (101) orientation, the termination of the most stable cleavage 6 exhibits terminal and germinal silanols. It also corre-
sponds to the case, where all the units connected to the straight channels are uncut.
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Figure 2. Stability diagrams (top) and most surface models (side and top views) for the siliceous (a) (100), (b) (010) and (c) (101) surface
orientations. The numbers in the diagrams correspond to the thermodynamically most stable heights for the cleavages (see Supporting
Information Sl for details). The typical surface groups that are present at the surface cleavage are depicted at the bottom of the figure; they
are underlined with the colors used in the stability diagrams to show under which conditions these groups are present.

Next, we compare the stabilities of the various surface orientations with each other (Table 1 and Supporting Information Sl11.2). At
400 K (a typical temperature for zeolite synthesis®*) and Py,o = 1 bar, the surface free energy of the (100) surface is slightly lower
(12.7 mJ/m?2) than that of the (010) surface (13.1 mJ/m?2). The (101) surface is less stable than the two other ones (14.2 mJ/m?2).
Following the Gibbs-Curie-Wulff law, ¥ the equilibrium morphology corresponds to the one depicted in Figures 3-a and b.

An hexagonal prism is predicted, but shorter than the experimental coffins along the c direction. The projections show that we
should expect rectangular and almost regular hexagonal shapes in microscopy, which compare very well with some studies dealing
with well-defined silicalite-1 nanocrystals.*®**** Gruene et al.* measured the dimensions of their silicalite-1 monocrystals. The
hexagonal projection of the model exhibits a ratio of the longest over shortest dimension of 1.29d/0.96d = 1.34 (d being the height
of the coffin, Figure 3-a), in very good agreement with the experimental measurement value of 1.20.* (Supporting Information
SIV). However, TEM also shows that the height /width ratio of the particles (125 nm / 210 nm = 0.60) is smaller than the one we
predict by our thermodynamic approach (d/0.96d = 1.04), suggesting that the growth of (100) facets is somewhat slower than the
one of the (010) in this range of size.



Table 1. Surface energies yqs (MJ.M?) at 400K and P(H,0) = 1 bar, of purely silicic cleavages (CLV) for the (100), (010) and
(101) surface orientations and the same cleavages for similar aluminum contents.

(100) [(010) [(101) | (10)
CLV1 |CLV2 [CLV6 | CLV9

Purely silicic Ysurf 12.7 131 | 142 17.4
Aluminated | Alnm? | 037 | 038 | 041 041
surface Yeurt 110 | 115 | 128 147

4. STABILITY RANKING OF SILICALITE-1 SURFACES: THE PRECURSOR GROWTH APPROACH

While the approach detailed in section 3 essentially considers thermodynamic conditions, the exposed surfaces are also dictated by
crystal growth conditions in solution. A Sis; precursor structure has been proposed from a set of experiments by Kirschhock et al.**
in the presence of TPA as SDA (Figure 1-b and c). The analyses of the terminations that can be obtained from this Sis; precursor
(Figure 4-a), reveal a strong similarity with the termination modeled upon cleavage of the crystal structure. Following the mecha-
nism proposed in Figure 1-c,* the (100) surface orientation is developed in the first stages of the crystal growth. As the Sis; species
is not symmetric, two surfaces are formed, which appeared to be similar to cleavages n°1 and 2 (Figure 4-b, see also Supporting
information SV). Cleavage n°1 is the dominant one from the thermodynamic cleavage approach (Figure 2-a), meaning that in this
case, thermodynamic and kinetic driving forces for crystal growth are converging. Cleavage n°2 is thermodynamically significantly
less stable than cleavage n°1 (Supporting Information SIl1.1). We shall next consider the stacking of two nanoslabs one with the
other to make the crystal grow in the a direction (one of the possibilities suggested by ref. **). Two scenarios may be followed to
form of a double nanoslab: exclusively exposing cleavage n°1 (type 1, Figure 4-c) or exclusively exposing n°2 (type 2, Figure 4-d)
Cleavage n°1 being the more stable, type 1 thus becomes the most favorable one. On the other hand, if an odd number of nanoslabs
is staked along the a direction during the crystal growth, both surfaces will be exposed.
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Figure 3. Equilibrium morphology of silicalite-1 and ZSM-5 crystals predicted by a Gibbs-Curie-Wulff approach, from the surface free
energies calculated at 400 K and 1 bar, considering the (100), (010) and (101) orientations. (a) and (b): most stable morphology predicted
by the bulk cleavage approach, (c) and (d): approximation of the morphology predicted upon construction of the surface models with the
Sias precursor building block approach (see also Figure 4). (a) and (d) are projections along specific axes.
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Figure 4. (a) Sis; precursor species constructed in the spirit of Kirshhock et al.** from the optimized bulk MFI structure; (b) lateral view of
the structure of a nanoslab, exhibiting (100) surfaces, constructed in the spirit of ref. 40. The nature of the equivalent cleavages along the
(100) surface is depicted. Stacking of two nanoslabs along the a axis, making cleavage n°1 (c) or n°2 (d) being solely exposed. Note that
the structure of the isolated nanoslabs was not relaxed. Same color code as Figure 2.

Note that as by construction we find a perfect correspondence between the surfaces exposed by this growth approach and the sys-
tems obtained by the cleavage approach (section 3), the energies of the systems obtained by the growth approach were not evaluat-
ed.

A similar construction approach for the (010) and (101) orientations with the Sis; precursor was undertaken (Supporting infor-
mation SV). According to Figures 4-c and d the (010) orientation is actually one of the surfaces that grows most importantly, when
constructing double nanoslabs by extension along the a axis. From this construction method, cleavage n° 2 of the (010) orientation
appears on both sides, in full agreement with the bulk cleavage approach (Figure 2-b), and with previous structural considerations.”
Regarding the (101) orientation, construction with the Sis; precursors leads to a surface that is very similar (but not strictly identi-
cal) to cleavage n° 9, obtained using the bulk cleavage approach. At 400 K and Py,0 = 1 bar, this surface cleavage is less stable (ysu
= 17.4 mJ/m?) than cleavage n°6 (14.2 mJ/m?). Thus, the equilibrium morphology predicted by such a crystal growth approach does
not differ much from the one deduced from the bulk cleavage approach, as the (100) and (010) models do not change. The change



in the (101) cleavage to be considered leads to a destabilization of the latter surface with respect to the (100) and the (010) ones,
thus resulting in longer coffin-like geometries (Figure 3-c and d).

In the following, we consider the introduction of aluminum in the ZSM-5 models. We start with the silicalite-1 models established
in sections 3 and 4, where in the first place we investigate the cleavages n°1 and 2 for respectively the (100) and (010) surfaces, as
result of their large thermodynamic stability domain and their relevance in the crystal growth with the Sis; building block approach.
However, the other models are not excluded for further investigations, as they may also be relevant in kinetically controlled growth
conditions,*®*” where a diversity of precursors may play a role.*

5. STABILITY OF ALUMINUM-CONTAINING SURFACES: DIVERSITY OF SURFACE SITES

5.1. Preliminary investigation: thermodynamic preference of aluminum for bulk framework sites
The alumination of the bulk structure has been simulated by replacing one silicon by an aluminum atom, in one of the T site posi-
tions. To compensate the charge, a proton was added on one of the neighboring oxygen atoms of the aluminum, which give rise to
four possibilities of Al-(OH)-Si bridging OH groups for one aluminum position. The alumination energies AU, were calculated
using Equation 1 and are reported in Figure 5. The detailed value of each point is presented in Supporting Information SVI.1. The
lower (more negative) the value, the more stable the site. AUy values range between -8 and -44 kJ.mol™, which is similar to the
previous results for zeolite beta® (domain between -45 and 5 kJ.mol™). The domains also correspond to the 50-60 kJ.mol™ range
previously found for many zeolites,”®** including bulk ZSM-5,5"%'% mordenite'®*% and EU-1,'® to cite a few.
On the basis of thermodynamic stability, our calculations indicate that the T3 sites are the most likely ones to be occupied by Al, in
close competition with T8 (Supporting Information SVI). However, not all computational investigations agree on this point,®"****’
suggesting that the difference in stability of these sites is not sufficiently pronounced, to draw conclusions and that other (kinetic)
factors may also play an important role. Similar to other studies however,"**® some sites located at the intersection of both
kinds of channels are the most stable one, despite being also the one that are easiest dislodged upon steaming.'®**! Furthermore,
the position of the Al atom can experimentally be tuned by changing the synthesis conditions."**** Therefore, considering all pos-
sible positions is required to get a complete view of the stability of the systems.

5.2. Nature and stability of surface alumination sites
Whereas bridging OH groups are the only possibility in the bulk, the alumination of silicon atoms located at the surface (Si-OH)
generates new sites. The structure and stability of these sites were sampled on several cleavages of the surface orientations consid-
ered, and are depicted in Figure 5. Details are given in Supporting Information SVI.2. Generally speaking, the reaction energy
interval of surface species is larger than in the bulk, suggesting the importance of numerous local effects playing a role on the pref-
erential location of {Al,H} pairs. For each family of surface groups, the configurations leading to the most negative alumination
energies are those where the introduced proton becomes a hydrogen bond donor towards a pre-existing Si-OH group, explaining
why the most negative alumination energies are found for silanol-rich surfaces. We did not find a direct relation between the stabil-
ity of the corresponding bulk site (Table S13) and AUy
“Classical” bridging OH groups appear to be distributed according to a similar alumination energy range at the surface and in the
bulk. At the surface, a larger variety of bridging OH groups is moreover obtained, where an additional terminal OH group is con-
nected to the Al and/or Si atom. Some of these groups exhibit a significantly more negative alumination energy with respect to bulk
bridging OH groups, resulting from the extra-hydrogen bond as mentioned above.
In the case when the aluminum is situated at the surface, i.e. it is connected to at least one surface OH oxygen, the compensation
proton can also bind to the surface Al-OH groups and generate an adsorbed H,O molecule, yielding an Al-(H,O) species, as already
has been shown for zeolite beta.®” Some silicon atoms at the surface are linked to the bulk of the zeolite by one of two Si-O-Si
bridge and are connected to three or two OH groups. The alumination of these silicon atoms generates Al-(H,O)(OH), species with
n=1or 2. It appears from Figure 5 that Al-(H,O)(OH), species (with n = 0-2) are the most stable ones, whatever the surface orien-
tation under consideration. The stability domains are lying in a very large range (between -140 and -30 kJ.mol™) even though the
majority falls in the range between -100 and -50 kJ.mol™. For all the surface orientations, the closer the aluminated sites are to the
outermost surface, the more stable they are. Note that in the previous DFT simulations of MFI surfaces, these most stable configu-
rations were often omitted.®®” In some cases, they were considered as precursor states for the dehydration of the surface,***®
which we further investigate in section 6.
Thus, the bridging Si-OH-AI groups can exist at the pore mouth, strengthening the pore mouth catalysis concept.’’*® But, they do

not exist at the outermost surface, confirming the idea that the existence of the cavity is needed to stabilize such bridging groups.™*
117
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Figure 5. Alumination energy along the various considered cleavages, and in the bulk of ZSM-5, for the large variety of considered alumi-
nated sites. On the right, the site corresponding to the lowest alumination energy for a given kind of site is shown.
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Figure 6. Surface hydration thermodynamic diagram for two types of Al-(H,0) sites belonging to the Cleavage 1 of (100) surface of ZSM-
5. (a) site n°59 and (b) site n°75. The terminology of the surface sites is given in Figure S14.

5.3. Impact of the Si/Al ratio
The influence of the Si/Al ratio on the stability of the system was investigated for cleavage 1 along the (100) surface orientation,
and cleavages 6 and 9 along the (101) surface orientation. Instead of one, 4 T and 2 T sites per unit cell were substituted by Al for
respectively the (100) and (101) orientations. These Al atoms were introduced at the surface, similar to what would have taken
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place in the case of zoned Al distribution.™™® For the calculation of the local Si/Al ratio, we may consider the surface layer corre-
sponding to one bulk unit. This leads to variation intervals between 23 and 95 for the (100) orientation, 43 and 102 for the (101)
orientation. This is representative of most experimental investigations: the Si/Al ratio of ZSM-5 varies from 8% to infinity* (sili-
calite-1), with a predominance of investigations dealing with Si/Al>15. Results are reported in Table S14. In this range of Si/Al
variation, the lateral interaction between the acid sites themselves is negligible. Also in the case of zoning, bulk calculations suggest
that the average alumination energy may not strongly depend on the Si/Al ratio down to local values of 8.

In the end, the presence of aluminum affects the stability of the surface terminations, and thanks to DFT we can quantify this effect.
Whereas the alumination energy quantifies the respective stabilities of silicon versus aluminum sites at a given position, the equilib-
rium morphology is given by the nature of the most stable aluminated surface termination. For similar surface aluminum contents
(0.37, 0.38 and 0.41 Al.nm™ for the (100), (010) and (101) surface orientations respectively), the surface energies are the following:
11.0, 11.5, 12.8 and 14.7 mJ/m2 for the (100) (cleavage 1), (010) (cleavage 2), (101) (cleavages 6 and 9) respectively (Table 1).
These values lead essentially to the same equilibrium morphology as compared to silicalite (Figure 3). Experimentally, some differ-
ences were observed in some studies between silicalite and ZSM-5,* suggesting that kinetic limitations may take place for the
growth in some directions, which depend on the Al concentration in the medium, and/or that the Al content is not the same on any
surface orientation.'*®

6. THERMAL STABILITY: HYDRATION AND DEHYDRATION PROPERTIES

Considering the presence of non-dissociated water molecules at the external surface of zeolites also requires to study the thermal
stability as function of temperature and partial water pressure. We therefore undertook a systematic investigation of the hydra-
tion/dehydration reactions that are likely to take place on a selection of relevant surface systems. Al-(H,O) species at the (100)
surface are first studied and compared to what we call the reference state — representing the surface obtained after cleavage, satura-
tion by Si-OH groups and alumination as described in the previous sections. Three sites were selected: on cleavage 1, the least
(Figure 6a) and the most (Figure 6b) stable Al-(H,O) group, and the most stable site for cleavage 6 (Figure S17), which is also the
most stable site simulated for all (100) investigated configurations. Several kinds of reactions give rise to stable products on the
phase diagram: desorption / adsorption of water from / to Al-(H,0) sites; hydrolysis of siloxane bridges; and condensation of si-
lanols pairs (vicinal or not) to generate new siloxane bridges. An example of such a detailed study is provided in the Supporting
Information SVII. Several configurations were studied for each hydration or dehydration levels and the most stable configurations
were selected. Phase diagrams were then constructed (Figure 6 and S17), where the evolution of the surface free energy is plotted
with respect to temperature and water partial pressure. Here again, the effect of the consideration of the vibrational free energies of
surfaces was taken into account in a few cases, which demonstrate a moderate variation of the transition temperatures (Figure S9).
The coordination number of Al, initially modeled at 4, was shown to increase upon water adsorption to 5 as shown in Figure 6 and
S17. This is in agreement with the spectroscopic data obtained by Al K-Edge XAS and Al NMR, where the coordination number
even reaches six.”*? In fact, we could simulate Aly, species with two H,O molecules coordinated onto the surface Al atom, whose
stability appeared to be similar to that of hydrolyzed siloxane bridges, that in turn is expected to be stable below room temperature.
For the three investigated cases, depending on the local environment, two typical behaviors of the aluminum sites above room
temperature were encountered upon heating (Figure 6, S17 and 7):

- The water desorbs, leading to the formation on an under-coordinated Al,;

- In those cases where a framework oxygen atom from a siloxane bridge, is accessible below this Al atom, a new Al-O bond is
formed, leading to a (distorded) Al,y instead of an Al,,,. This situation has also been encountered for the Beta zeolite.¥

In the second case, the desorption of water from the aluminum atom represents the most favorable dehydration reaction, starting
from the reference system. Conversely, for the configuration where Al remains Al,;,, the closure of siloxane bridges takes place at
lower temperature. It gives rise to 2MR rings as for cleavage 1, site n° 75 (Figure 6-b) or to form larger surface rings upon tempera-
ture increase and water desorption, like for cleavage 6, site n® 77 (Figure S17).
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To elucidate the general rules explaining the thermal stability of Al-(H,0O) and the nature (Al,, versus Al,y) of the aluminium atom
obtained upon dehydration, we systematically calculated and compared the desorption structures and temperature at P(H,0)=10"
bar of the water molecule adsorbed on the Al atom, omitting the other kinds of dehydration reactions that also take place (e.qg., the
condensation of silanol groups into siloxane bridges).

Table 2. Dehydration temperature Tges at P(H,0)=10" bar for various Al-(H,0) surface sites (see Figures S14 and S15 for the ter-
minology of the sites). The shortest non covalent Al---O bond length d(Al---O) between the Al of Al-(H,0) and the closest siloxane
bridge underneath (if any), before desorption, is also given, as well as the number of hydrogen bond N, (2.5A cutoff) between the
water molecule and neighboring OH groups before desorption, and the coordination state of aluminum after water desorption.

Surface orientation Cleavage Site number Taes (K) d(Al---0) (A) NiH State of Al after desorption

59 507 3.003 1 Alyy

1 71 536 3.155 1 Al

(100) 87 576 3.467 1 Aly,
75 622 3.330 1 Aly,

6 7 684 - 2 Aly,

121 492 3.612 0 Aly,

111 558 3.416 1 Aly,

(010) 2 45 592 3.557 1 Aly,
43 530 3.394 1 Aly,

19 671 3.669 1 Aly,

6 84 538 - 1 Aly,

132 640 3.822 1 Aly,

37 556 3.485 1 Aly,

(101) 8 636 3.433 2 Al
9 51 600 - 2 Aly,

59 691 3.418 2 Aly,

57 671 3.874 1 Aly,

The results are shown in Table 2. This simplified approach gives results comparable to the more detailed approach (Figure 6 and
S17) for sites n°59 and 75, but a shift is seen for site n°77, showing that trends are well reproduced, but the precise desorption tem-
peratures obtained by the simplified approach have to be considered with care. It appears that the critical distance allowing the
formation of the new Al-O bond between the dehydrated Al site and the siloxane bridge underneath is between ~3.2 and ~3.4 A.
The dehydration temperature is most of the time higher when an Al,,, is formed than when an Al,y is formed, which translates into a
higher reactivity of Aly,. But exceptions exist, in particular on the (010) orientation where Al,, species are formed at moderate
heating temperatures (below 500K for site n°121, for example). This can be linked to the smaller number of hydrogen bonds that
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stabilize the adsorbed water molecule (zero or one), due to a lower OH content (1.5 OH/nm?). Thereby, making the desorption
easier than in the case of the (101) orientation at cleavage 9 (the more relevant model for the tips of the coffin-shaped crystal, ac-
cording to the “crystal growth” approach), where several configurations of the water molecule are stabilized by two hydrogen
bonds, thanks to a higher OH coverage (2.71 OH/nm?).

Experimentally, Al,;, were observed or suggested by X-Ray Absorption Near Edge Structure spectroscopy and Nuclear Magnetic
Resonance above 623-723 K in the case of mordenite, Beta, Ferrierite and chabazite.”*” Although the role of the external surface
was not invoked in these works to explain the Al,;, presence, the reactions we simulate in the present work are able to rationalize it.
Also, we give here a better understanding why water desorbs easier from nanosheets, essentially represented by the (010) surface
having the lowest desorption temperature, in comparison to more classical samples seen experimentally.***

One thus observes a strong dependence of the surface reactivity towards water, depending on the local topology of the surface sites,
already for a given zeolite (here with the MFI framework), but also likely from one zeolite framework to another. In practice, many
gas phase catalytic reactions using zeolites and ZSM-5 take place between 500 and 800 K.**'® Choosing a typical water pressure
of 10 bar, this means that on the same sample, Al-(H,0), dehydrated Al,, and Al,;, species will be present at the same time. Note
that the bridging OH groups present at the pore mouth are expected to be thermally stable, with respect to hydration/dehydration
reactions.

7. BRONSTED AND LEWIS ACIDITY OF SURFACE SITES

Transposing the above-mentioned results in terms of acidity, it means that several families of Brgnsted (BAS) and Lewis acid sites
(LAS) can potentially exist under experimental conditions, depending on the operating conditions. To check this in practice, we
quantified the interaction of a very popular probe molecule,*?? pyridine,?® with the possible acid sites of the external surface (focus-
ing here on typical sites of the (100) surface sites). Our results are reported in Tables 3 and 4, together with the adsorption geome-
tries. For the sake of comparison, we also considered the BAS/LAS nature of one bulk site.

Consistently with previous theoretical and experimental reports,’**'? the adsorption of pyridine at the bulk BAS leads to the proton
transfer, thus forming pyridinium, stabilized by an adsorption energy of -213 kJ.mol™. Choosing a partial pressure of pyridine of 10°
*bar, this corresponds to a desorption temperature of pyridine of 638 K, in line with Temperature-Programmed Desorption experi-
ments."”® All surface sites under consideration in our computational study are able to transfer their proton to pyridine, suggesting
that they are all BAS. At the bridging OH group of the pore mouth, the lowest adsorption energy found (-215 kJ.mol™) is compara-
ble to the “bulk”, proving that these sites are as acidic as the bulk sites.

Table 3. Brgnsted acidity as measured by the pyridine adsorption on a selected number of protonic sites of the (100) surface (cleav-
age 1, see Figure S14 for the terminology of the sites). The adsorption energy AUy, is given, as well as the corresponding disper-
sion (AgisgUpy) and the non-dispersive (Anon_gissUpy) COMponents of A,4U,,, the estimated pyridine desorption temperature Tge.p,, for
P(pyridine) = 10™ bar, and the structure of adsorbed pyridine. Color code for the structures: oxygen: red, silicon: yellow, aluminum:
purple, hydrogen: white, nitrogen: blue, carbon: grey. The same properties for the bulk site T5 are also given for comparison.

Sites Bulk 57 69 79 89 91 59 75
(number)
/ +
N ‘ Z —_—— o+
Nature of the . Z | ) TSN I e ~ M\
reaction / 0 N i o A\I\ N, O“N‘/_A\I \o,[:ijhQ
si” \A/I{ [N {ysi/ \’Tﬂl o/ (\) o ?
Aadsup?’l -213 -180 -185 -184 -167 -215 -150 -122
(kJ.mol™)
AdispUpy _ _ - - - - - -
(kJ.mol"Y) 69 73 45 88 51 91 78 47
Arnon_dispupy _ _ - - - - - -
(kd.molY) 144 107 140 96 116 124 72 75
Tdes-py (K) 638 549 562 560 513 645 465 385
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Interestingly, the contribution of the dispersion energy to the overall adsorption energy is even more negative at the pore mouth (-
91 kJ.mol™) than in the bulk (-69 kJ.mol™), showing that confinement effects play an important role at the pore mouth, resulting in
a stabilization of the pyridinium ion by the sinusoidal channel. Some other sites at the pore mouth provide lower adsorption ener-
gies (between -167 and -185 kJ.mol™), corresponding to lower desorption temperatures (between 549 and 562 K), due to a slightly
more external location of the pyridinium ion, or to its location in the surface straight channel only. The relatively large variations in
the dispersion (between -45 and -91 kJ.mol™) and non-dispersive (-96 to -144 kJ.mol™) energy components suggest that the differ-
ences in stabilization have both van der Waals and electrostatic origins. Al-(H,0) species exhibit lower (between -150 and -122
kJ.mol™) adsorption energies. This can be assigned again to both van der Waals and electrostatic factors. In particular, considering
the most stable Al-(H,O) group on the (100) surface orientation (n°75 in Table 3) both the dispersion and the non-dispersive terms
are weaker than for the bulk or pore mouth sites. One can conclude that Al-(H,0) sites are mild BAS. Note that these adsorption
configurations of pyridinium are very similar to the one obtained after proton transfer from bridging OH groups. Pyridinium is in
both cases better stabilized at the pore mouth rather than at the outermost surface. Thus, the origin of the lower acidity of Al-(H,0)
can at least in part be assigned to the higher stability of Al-(H,0) with respect to the pore mouth bridging OH group. This is at
variance with the observations made by comparing bulk zeolites and amorphous silica-alumina (ASA),"?’ as in the last case the
cavity effect is absent, making the lower stabilization of the protonated probe molecule the main factor to explain the milder acidity
of ASA.

With respect to the Lewis acidity, we could obtain as an energy minimum a specific approach of the Al bulk site by pyridine that
makes the formation of a Al-N bond possible. The approach making this possible is in anti with respect to the bridging OH group,
see illustration in Table 4. This is consistent with our previous findings for water adsorption,®*° and with previous proposals by
Busca et al. to explain the existence of LAS in high Si/Al faujasite samples that exhibit LAS without any EFAL™® After adsorption,
the anti AI-OH bond is broken, forming a pseudo-bridging silanol,*”® and maintaining the coordination number of Al to four. How-
ever the adsorption energy is lower than the one for the bulk BAS, so that bulk sites will express their Brgnsted acidity rather than
their Lewis acidity, in line with the absence of experimental detection of LAS in the bulk of ZSM-5."

A similar conclusion is reached for aluminum belonging to pore mouth bridging OH groups. Surface Al-(H,0) also behave as poor
Lewis acids (-110 kJ.mol™). In the most stable configuration found after adsorption of pyridine on the Al atom, one of the proton of
the water molecule jumps onto the Si-O-Al bridge in anti to pyridine, to allow the formation of a pseudo-bridging silanol.

On the contrary, sites obtained after their dehydration (Al,, and Al,,) interact more strongly with pyridine (with a non-dispersive
term between -160 and -180 kJ.mol™). The strongest expression of Lewis acidity (-256 kJ.mol™) was found for a Al,, site at cleav-
age 6 of the (100) surface, when pyridine is able to access to the LAS by the pore underneath, with a bulk-like dispersion contribu-
tion (-83 kJ.mol™).

Table 4. Lewis acidity measured by adsorption of pyridine on selected Al sites of the (100) and (010) surfaces (see Figure S14 for
the terminology of the sites). The adsorption energy A,4U,, is given, as well as the corresponding dispersion (AgisUpy) and the non-
dispersive (Anon_gissUpy) COMponents of the adsorption energy, the estimated pyridine desorption temperature T, for P(pyridine) =
10" bar, and the structure of adsorbed pyridine. Color code for the structures: oxygen: red, silicon: yellow, aluminum: purple, hy-
drogen: white, nitrogen: blue, carbon: grey. The same properties for the bulk site T5 are also given for comparison.

(100) cleav- (100) (010)
) (100) cleavage | (100) cleavage 1, n°59, | (100) cleavage 1, . cleavage 6, [cleavage 2,
Sites Bulk o . age 1, n°75, o o
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4 dehydrated |dehydrated
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(kJ.mol™) 141 122 110 179 212 256 194
AdgispUpy -81 -95 -47 -14 -33 -83 -33
(kJ.mol ™)
Anon_dispUpy -60 =27 -63 -165 -179 -173 -161
(kJ.mol™)
Tdespy (K) 440 385 350 545 638 754 589
¢ o B (—\,, ~ <
Structure of C L I ¢
» 9 /} & X e
adsorbed Col "‘-q. [2 L R Lz%'_u_ e 4
pyridine LQ:K’{ i ”"F‘T Ve Vop oty

For other cases, Al,, appear to be a stronger LAS (-194 to -212 kJ.mol™, desorption temperatures between 589 and 638 K) than the
probed Al (-179 kJ.mol™, 545 K), for which pyridine induces the breaking of the underneath Al,-O bond.In particular, the Al,;,
site n°121, which is easily formed upon dehydration of the (010) surface and is representative for nanosheets, exhibits a strong
Lewis acidity.

Our calculations give an atomistic interpretation for the existence of BAS and LAS detected at the external surface of ZSM-5 crys-
tals'® and nanosheets.***?* In particular for nanosheets, it was found'? that the strength of the BAS at the pore mouth is similar to
that of the bulk, which is in agreement with our calculations. In ref. *, a very intense band at 1450 cm™ was observed upon pyri-
dine adsorption on the nanosheets, which the author did not comment, but that can be assigned to a LAS. Opanasenko et al. also
report a significant Lewis acidity of nanosheets."* This is in full agreement with the very easy formation of Al,,, at the (010) surface
that we calculate (Table 2), and the strong LAS character of the corresponding dehydrated sites (Table 4). This is expected to be
specific for nanosheets, as for large coffin-shaped crystals, this orientation is not exposed anymore, due to intergrowths leading to
the dominant (100) surface (see introduction).

Our results also explain the interconversion of BAS into LAS upon thermal treatment,”” but without invoking severe dehydroxyla-
tion of the framework.”*! We also understand the higher number of LAS and lower number of strong BAS, observed upon pyridine
adsorption for ZSM-5 as the particle size decreases,** or when the mesoporous volume increases,”®® even if the amount of ex-
traframework species can also affect this feature. In the case of mordenite, it has recently been shown that the number of overcoor-
dinated Al in wet atmosphere is directly correlated to the number of LAS (detected by pyridine adsorption) after treatment under
vacuum at 723 K.” These sites were shown to belong to the zeolite framework and their number is directly linked to the Si/Al ratio
of the zeolite. These observations can be fully rationalized by the presently proposed calculations, considering that the LAS are Al
and Al,, obtained after water desorption from a Al,,-(H,0) species, that can adsorb additional water molecules at the exposure of
high water pressures.

Interestingly, for ordered surfaces such as the ones considered here, the structure of the sites and their acidity is different from what
DFT calculations predict in the case of amorphous silica-alumina.*?"*#*¥3% |n particular, no pseudo-bridging OH group can be
observed in the present simulation of the external surfaces of crystalline H-ZSM-5, except after adsorption of pyridine. Also, we see
here that the cavity effects still play a huge role in the expression of the acidity of the external zeolite surface, whereas it is absent
in the case of ASA.

This means that the optimal expression of the acidity at the pore mouth needs to control the degree of crystallinity of the external
surface of the zeolite in a very cautious way. Should amorphous surface be obtained instead, dramatic consequences in terms of
depletion of the acidity should be expected.

8. CONCLUSIONS

Thanks to DFT calculations, we propose a detailed model for relevant surface orientations ((100), (010) and (101)) of silicalite-1
and ZSM-5 zeolites (MFI framework), contributing to the unraveling of the nature, stability and reactivity of surface sites, as well
as equilibrium morphologies of the crystallites.

A crystallography approach, consisting of the cleavage of the silicic bulk structure, is compared to a crystal growth approach, using
a Sis; building block to elaborate surface models. Both approaches lead to very similar results in terms of preferred surfaces, except
for the (101) surface, suggesting a convergence of thermodynamic and kinetic factor to describe qualitatively crystal growth for the
(100) and (010) orientations. The calculated equilibrium morphologies are in qualitative agreement with microscopy pictures, alt-
hough the calculated surface ratios differ to some extent, demonstrating that the experimental morphology is not fully determined
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by thermodynamics, but apparently kinetic aspects need to be taken into account to further improve the description of the surface
models. However, both surface models approaches describe the nature of the surface sites for nano to microcrystals, as well as
nanoslabs and nanosheets.

The exchange of silicon by aluminum atoms at the surface was then examined, as well as the corresponding thermal stability of the
sites, by considering the hydration and dehydration reactions, and calculating the Lewis and/or Brgnsted acidity, probed by the
simulation of pyridine adsorption. A diversity of surface sites in terms of nature, stability and strength has been identified thanks to
this approach.

Bridging Al-OH-Si are present at the pore mouth, where the effect of the cavity is present. They are of similar or higher stability
with respect to bulk sites. They are also thermally stable and exhibit similar (strong) Brensted acidity with respect to bulk sites.
They can be considered to be responsible for what is called “pore mouth catalysis”. They are however not the most stable groups at
the outermost surface where the effect of the cavity is absent.

At the outermost surface, the following groups prevail: Si-OH, Al-OH groups, and most importantly water adsorbed on aluminum
Al-(H,0)(OH),. They behave as milder Brgnsted acid sites with respect to bridging OH groups, mainly because of their intrinsic
higher stability. Whatever the starting OH group, the pyridinium cation will stabilize at the pore mouth.

However, the adsorbed water molecule is shown to desorb upon heating, revealing a surface aluminum, which behaves as a Lewis
acid site. The desorption of water is calculated to occur at temperatures that strongly depend on the local topology of the surface
site, and on the surface orientation. Factors that enhance the desorption of water are: i) the presence of a siloxane bridge below the
surface Al atom, or ii) low OH content on the surface orientation, making the adsorbed water molecule less stable. The second
factor dominates in the specific behavior of the (010) orientation, being a representative for nanosheets, thus holding easy-to-form
Al,;, ions that behave as strong Lewis acid sites. Conversely, the OH-rich (101) surface (at the tips of the coffin-shaped crystals)
leads to more stable Al-(H,O) groups, which are mild Brgnsted acid sites.

These results provide a rational understanding of a large set of experimental observations from the literature, that remained so far
poorly understood. They also show that in typical industrial operating conditions (between 500 and 700 K, water pressure of the
order of 10" mbar), several kinds of sites co-exist: strong BAS in the pore mouth, mild BAS and LAS at the outermost surface.
These findings are likely not limited to the case of the MFI framework (some of them already appeared to be valid for the zeolite
Beta), as our conclusions are mainly dictated by local topology aspects. Controlling the global topology of the network may tune
the respective concentration of the different acid sites, but also the confinement effects for bulky molecules that cannot access the
bulk sites. All these aspects, together with transport limitations within the framework, contribute to the final properties of the sys-
tem.
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