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Abstract:

Amorphous aluminosilicates are essential components of fluid catalytic cracking (FCC) catalysts,
where they provide structural support, hierarchical porosity, and acid functionality within the
mesoporous matrix. A molecular-level description of the active acid site ensemble remains
challenging because these materials are compositionally heterogeneous and structurally
disordered. Most experimental and theoretical studies have focused on Si-doped y-Al2O3 that
serves as a convenient model system. Here, we move beyond this simplified representation toward
more realistic and chemically complex aluminosilicate structures. We combine density functional
theory (DFT), equivariant machine-learning interatomic potentials (MLIPs), and grand-canonical
basin hopping (GCBH) to map structure-acidity relationships for aluminosilicate compositions that
arise under FCC-relevant hydrothermal conditions (T=550°C and Py, ,=1.2 bar), representative of
the reactor inlet. We study a family of mullite surfaces across Al203:Si0> ratios (denoted n:m) and
associated oxygen-vacancy contents, and we explicitly model additional SiO» deposition to
emulate silica redistribution during phase evolution from kaolin through spinel intermediates to
mullite. Machine-learning potentials trained on structurally related sillimanite surfaces accurately
describe Al-Si-O-H chemistry and transfer to vacancy-rich and silica-modified mullite phases.
Using NH3 binding as a descriptor of Brensted acidity, we find that mullite can host acid sites with
strengths reaching AEyy, = -140 kJ mol™! in 3:2 mullite, which is comparable to external zeolitic
acid sites and substantially stronger than those reported on Si-doped y-Al2Os. Silica grafting onto
otherwise weakly acidic mullite terminations further generates an ensemble of strong bridging and
pseudo-bridging Brensted acid sites. We attribute this enhanced acidity to the local emergence of

tetrahedrally coordinated AI'Y environments that strongly polarize Al-OH-Si linkages. These



38  results identify defect-rich as well as silica-decorated mullite surfaces as a realistic and potentially

39  dominant source of strong matrix acidity in FCC catalysts under operating conditions.
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Introduction

Catalytic cracking relies on solid acids', with overall performance determined by the density,
strength, and accessibility of active sites within a porous composite catalyst>. The primary active
components are zeolite nanoparticles which possess strong, well-defined Bronsted acid sites,
making them highly effective catalysts for hydrocarbon cracking®*. However, their intrinsic
microporosity restricts access to bulky feed molecules®, which are relevant for biofuels and heavy
fractions (bottoms cracking). Industrial FCC catalysts therefore contain a matrix/binder/filler
network in addition to the zeolite phase. Depending on the formulation, this matrix may include
kaolin-derived clay phases, alumina or boehmite-derived binders, silica, silica—alumina, and other
stabilizing or contaminant-trapping components.®’. In some cases, this matrix is formed directly
from kaolin-derived phases 3°. In addition to providing mechanical integrity, the amorphous
aluminosilicate contributes additional Brensted and Lewis acid sites, weaker than those in
zeolites!®!! but more accessible via meso- and macro-porosity that enhances diffusion of reactants
and products®.

The calcination of kaolin derived matrix proceeds through metakaolin and spinel intermediates,
culminating in the formation of mullite!?2. Mullite is a family of vacancy-containing
aluminosilicates, described as Als2xSi2-2xO10-x, Where x equals the oxygen-vacancy content's.
Within this compositional framework, an increase of x by one is equivalent to removing two SiO»
units and adding one Al>O; unit, thereby maintaining charge neutrality and the nominal oxidation
states of all elements. The composition is commonly reported as an AlO3:Si0; ratio (denoted
n:m). This thermally robust aluminosilicate is an important component of the catalyst, to which it
imparts critical meso and macro-porosity and structural stability!*. Despite its fundamental role, a

significant knowledge gap persists regarding the intrinsic surface acidic properties of mullites and
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their subsequent impact on the catalytic cracking performance of the composite material'>. Current
understanding of acidity in these systems is largely inferred from studies on model phases,

particularly Si-doped y-alumina!®-22

, which represents the spinel intermediate. Here, “spinel”
follows the terminology commonly used in the FCC industrial community for the kaolin-derived
alumina-rich intermediate and does not necessarily denote a crystallographically well-defined
spinel phase. These model systems have provided important insight into Brensted acid-site
formation, but they do not directly resolve the acid-site diversity, strength, and distribution within
mullite phases. To address this gap, we systematically investigate a series of mullite phases
spanning experimentally relevant compositions as well as vacancy-rich, silica-poor limits. For
each stoichiometry, we construct stable low-index surface terminations and then study the
hydroxylation and reconstruction of the surface under FCC-relevant steam chemical potentials
using grand-canonical basin hopping.

Realistic atomistic modeling of mullite-family aluminosilicates is challenging because mullite is
not a single fixed compound but a defect-tolerant aluminosilicate solid solution in which variations
in Al/Si ratio are accommodated by crystallographically intrinsic oxygen vacancies while
maintaining overall charge neutrality?>~2°. The most abundant compositions are 2:1 mullite (x =
0.4 | AlssSii2096 | 2A1,03:1Si0,) and 3:2 mullite (x = 0.25 | Als5Sii.509.75 | 3A1:03:2Si02)%,
which contain 312 and 252 atoms per primitive cell, respectively. Systematically enumerating
different surface terminations, hydroxylation coverage, and probe-molecule adsorption across
chemical-potential ranges, which are relevant to our study, with expensive Density Functional
Theory (DFT) calculations is highly challenging and cost-prohibitive. To make this exploration

tractable, we adopt a transfer-learning strategy that begins with the simpler mineral sillimanite (x =

0 | ASiOs; 1A1205:1S102), which is chemically and structurally closely related to mullite and can
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be viewed as the 1:1 (“sillimanite-limit”) end member of the broader mullite-family. The key
difference is the presence of oxygen vacancies in mullite with a vacancy concentration in the range
(x) = 0.20 - 0.57. Utilizing this structural and chemical similarity, we develop a machine-learning
interatomic potential (MLIP)?? for the Al-Si-O-H chemical space that is trained on DFT data for
pristine and hydroxylated sillimanite surfaces. This MLIP is validated on mullite structures,

enabling rapid and accurate exploration. We use a grand canonical basin hopping 28-2°

approach to
sample configurations under conditions relevant to the FCC reaction. Specifically, we consider
representative industrial operating conditions of T= 550°C and Py, o= 1.2 bar (Auy,o=-1.05¢V),
which approximate the environment at the FCC reactor inlet, where 2 wt% H>O is mixed with 98
wt% gas oil at zero conversion. This hybrid DFT/MLIP workflow 22 allows us to identify low-
energy mullite surface terminations and hydroxyl coverages, map the distribution and relative
abundance of acid-site motifs, and evaluate key acidity descriptors such as NH3 binding energies.
To explicitly model ammonia adsorption, we generated an additional DFT dataset by adsorbing
NH; on a randomly selected set of hydroxylated sillimanite structures. The resulting MLIP was
then applied to optimize NH3 adsorbed mullite surfaces.

Our calculations indicate that mullite can host strong Brensted acid sites under hydrothermal FCC
conditions. Although mullite terminations are dominated by aluminol and silanol groups that are
only weakly acidic, we identify a distinct class of zeolite-like Al-OH-Si bridging motifs that
emerge on certain mullite surfaces. These sites are rare, with an areal density of only about 0.3-
0.6 nm™. Note that all reported hydroxyl, acid-site, and silica coverages are normalized by the
exposed area of the modeled surface/facet. In particular, the most stable 3:2 mullite phase can form
bridging Brensted acid sites with acid strength exceeding that typically reported for the widely

used Si-doped y-Al:O3 model.
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To connect these motifs to catalyst evolution, we begin with the kaolin-to-mullite transformation
pathway, which proceeds through a biphasic y-AlO3/SiO2 (spinel) intermediate and is
accompanied by redistribution of excess silica as mullite forms®*. We hypothesize that excess
silica, whether released during phase evolution or retained from the crystallization mother liquor
in industrial synthesis process®, can graft onto defect-rich mullite surfaces and generate local
environments that favor the formation of strong Brensted acid sites. To test this idea, we explicitly
modeled silica deposition on representative mullite surface terminations spanning both silica-rich
and vacancy-rich regimes. On the relatively weakly acidic 3.5:2 mullite surface, we find that silica
grafting produces a coverage-dependent enhancement in Brensted acidity, with an optimum silica
loading that gives rise to highly acidic zeolite-like bridging and pseudo-bridging motifs. In
contrast, on the more defect-rich 5:2 mullite surface, additional silica can quench the most reactive
local environments and partially passivate strong Brensted acid sites.

These findings expand the mechanistic and structural picture of FCC matrix acidity beyond Si-
doped alumina, the phase most commonly used as the model system in both experimental and
computational studies, and indicate that mullite-based aluminosilicate motifs can also contribute
to Brensted acidity under realistic FCC reactor inlet conditions.

Results and discussion

Mullite Surface under Reaction Conditions

We investigated multiple mullite stoichiometries spanning a broad range of crystallographically
defined oxygen-vacancy concentrations. For each composition, surface slabs were generated from
a single bulk parent structure taken from the DFT-derived and experimentally validated models of
Klar et al. 2> We selected the lowest-energy DFT-optimized bulk structure for each composition

and did not explicitly consider metastable bulk orderings. This choice was made to provide one
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crystallographically consistent and physically motivated reference structure per stoichiometry,
rather than introducing additional variability from multiple possible bulk orderings, which would
be computationally intractable and beyond the scope of the present work. While mullite is a
modulated aluminosilicate with coupled Al/Si and oxygen-vacancy ordering, the selected Klar et
al. structures capture the essential composition dependent bulk ordering and provide a starting
point for comparative surface studies. Previous studies ° have shown that mullite becomes
progressively less thermodynamically stable as the vacancy content increases (i.e., as the bulk
silica concentration decreases), and that the bulk energetics correlate approximately linearly with
vacancy concentration (Figure 1a). To establish a baseline picture of intrinsic surface stability, we
first evaluated pristine slabs. We considered both non-polar terminations and type-II polar
terminations (different atomic layer compositions on the two sides of the slab) for the low-Miller-
index (001), (010), (011), (100), (101), and (111) facets across four mullite stoichiometries (3:2,
3.5:2, 2:1, and 5:2), along with sillimanite (1:1). The identity of the most stable termination
depends on stoichiometry; a complete ranking is provided in Figure S3a. In general, pristine
surface energies follow the same qualitative stability trend as the bulk, but the dependence on
composition is not strictly linear. Specific termination combinations are relatively stabilized or
destabilized compared with expectations from bulk energetics alone.

To distinguish termination stability from facet abundance, we constructed Wulff morphologies
using the lowest-energy pristine termination for each facet from Figure S3. The resulting area
fractions, summarized in Table S4, show a strong dependence on composition. Sillimanite is
dominated by the (100), (111), and (011) facets, 3:2 mullite by the (101) facet, and 3.5:2 and 2:1
mullite by significant (110) contributions. In contrast, 5:2 mullite shows a more distributed

morphology across the (101), (100), (010), and (011) facets.
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These Wulff constructions provide a pristine, dry-surface thermodynamic reference. Hydration,
hydroxylation, or reconstruction under hydrothermal or pretreatment conditions may alter the
relative surface energies and equilibrium morphology. A complete hydrated/reconstructed Wulff
analysis is beyond the scope of this work, although comparison of hydrated 3.5:2 mullite (100)
and (010) facets did not show an inversion in relative stability. Although these pristine Wulff
constructions cannot be used to rigorously determine crystallite-averaged acid-site densities under
hydrothermal conditions, they provide useful context for assessing the potential relevance of the
reactive surfaces identified below. For 3:2 mullite, the (101) facet accounts for approximately
46.6% of the calculated Wulff surface area and is also the surface on which we identify a strongly
acidic Al-O(H)-Si Brensted acid site. Thus, for this composition, strong intrinsic acidity coincides
with a thermodynamically abundant facet. In contrast, the (001) facet of 5:2 mullite hosts the
strongest Bronsted acid site identified in this work but accounts for only approximately 1.0% of
the calculated pristine Wulff area. This comparison highlights the distinction between site strength
and site abundance: the experimentally relevant contribution of a surface motif depends on both
its intrinsic acidity and the abundance of the facet and termination on which it occurs.

Because realistic surfaces are expected to reconstruct and hydroxylate under reaction conditions,
an exhaustive treatment of all terminations is beyond our current computational scope. We
therefore focused the analysis on the lowest-energy pristine termination for each facet and
stoichiometry. This selection identifies the most stable termination within a given facet family, but
it does not necessarily correspond to the facet with the largest exposed area in the equilibrium
particle morphology. For polar slabs, the two exposed bottom and top surfaces are chemically
distinct; accordingly, the top and bottom surfaces were hydroxylated independently in the grand-

canonical basin hopping (GCBH) sampling. GCBH under FCC-relevant conditions shows that
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hydroxylation substantially lowers the absolute surface energies while preserving the relative facet
stability ordering (Figure 1b). Analysis of the corresponding Boltzmann populations at 550 °C
shows that sillimanite is strongly dominated by a single hydroxylated motif. The mullite
compositions exhibit broader low-energy ensembles with several structures contributing to the
equilibrium population (Figure 1le). This indicates that some mullite surfaces are
thermodynamically more fluxional under reaction conditions. Because the GCBH searches
generate thousands of configurations and may revisit structurally equivalent states multiple times,
distinct surface structures were identified using an automated de-duplication procedure. Structures
were first separated by stoichiometry and free energy and were subsequently compared using
SOAP descriptors of their atomic environments, as described in the Supporting Information.
Repeated or structurally equivalent configurations were grouped together before evaluating the
Boltzmann populations shown in Figure 1e. Thus, each population in Figure le corresponds to a
distinct atomistic surface structure rather than to a particular hydroxyl-coverage. Representative
metastable structures contributing to these populations are shown in Figures S11-S13 of the
Supporting Information. Note that the Boltzmann populations shown in Figure le are calculated
only for the sampled configurations of each selected surface termination and are not averaged
across all exposed facets using their Wulff area fractions. Thus, Figure 1e should be interpreted as
a comparison of the configurational diversity of the modeled surface terminations under FCC-
relevant steam conditions, rather than as a crystallite-area-weighted distribution of hydroxyl
species. Nevertheless, to keep the discussion focused, we center the analysis below on the lowest-
free-energy hydroxylated structure for each surface, since this motif remains the single largest
contributor in most cases. The only exception is 2:1 mullite, for which two surfaces are equally

stable. Therefore, both are considered to find the strongest Brensted acid site (Figure S8).
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Notably, the predicted hydroxyl coverage decreases with increasing vacancy content, which is
counterintuitive if one assumes that less stable (more defective) surfaces should hydroxylate more
extensively. Instead, we find that vacancy-rich compositions undergo significant reconstruction,
in which the surface rearrangements partially compensate for the intrinsic vacancy-driven
instability, thereby reducing the thermodynamic driving force for high hydroxyl coverages (Figure
Ic).

In terms of local Al-coordination, sillimanite contains Al in equal proportions of tetrahedral (AI'Y)
and octahedral (AI'') environments. As vacancies are introduced (moving toward more Al-rich
mullites), part of the A"V and AIY! population is converted into AlY in bulk, consistent with local
structural relaxation around vacancies. Slab formation perturbs the coordination distribution near

1VI

the surface. Surface formation truncates some AlY!, converting them into AI'Y and A1V motifs

thereby increasing the abundance of undercoordinated Al at the surface relative to the bulk (Figure
1d).

Remarkably, under FCC-relevant steam chemical potentials, most mullite phases develop zeolite-
like bridging Brensted acid sites (BAS) (Figure 1f), except 3.5:2 mullite. This indicates that
zeolite-like bridging BAS formation is not limited to a single “ideal” composition but instead
emerges whenever the reconstruction near the surface can generate direct Si-O-Al connectivity
with an appropriately coordinated Al center. In contrast, 3.5:2 mullite remains dominated by
terminal aluminols/silanols (and occasionally water-assisted motifs), reflecting a lack of the local

Si-Al arrangements required to stabilize the bridging Brensted acid site.

11
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Figure 1: (a) Bulk formation energies of mixed aluminosilicates as a function of the bulk SiO»/Al,O;3 ratio.
Decreasing Si content increases the vacancy concentration and makes the formation energy less favorable
(more positive) (b) Surface energies of the most stable facet for each stoichiometry; orange markers

indicate hydroxylated, reconstructed structures obtained via grand-canonical basin hopping under FCC
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conditions (T = 550°C and Py,o = 1.2 bar). (c) Extent of hydroxylation and stabilization from
reconstruction across mullite and sillimanite surfaces. At lower silica content, the high vacancy density
shifts stabilization toward reconstruction rather than hydroxylation. (d) The fraction of Al atoms in tetra-
(1V; circles), penta- (V; diamonds), and octa- (VI; triangles) coordination is shown for mullite as a function
of stoichiometry, comparing the bulk (black lines) and slab models (orange lines). For slab models, the
surface is defined as the top 25% of slab thickness. The cutoff for Al-O is 2.2 A (e) Stacked bar chart

showing the Boltzmann population distribution of surface structures at 550 °C and Py,o= 1.2 bar for

sillimanite and mullite compositions. For each composition, the height of each colored segment represents
the percent occurrence of a distinct surface structure within the ensemble, ordered by decreasing
population rank. Population values are annotated for structures contributing more than 3.0%, and the
remaining minor structures are grouped into the gray “Other (<3.0%)” category. Here, a distinct surface
Structure refers to a unique combination of surface stoichiometry and atomic arrangement. The energetics
for (e) were determined using MLIP, while the energetics in (a)-(d) were determined using DFT. (f)
Representative atomistic structures illustrating the different hydroxyl motifs present on aluminosilicate

surfaces.

We quantified Brensted acidity using the ammonia binding energy, (AE NHy ) @S an acidity
descriptor to confirm the relevance of these sites for cracking reactions. Because NH3 is a small
probe molecule, its adsorption energy is used here primarily as a comparative descriptor of intrinsic
Brensted acidity rather than as a direct measure of cracking activity. To assess whether the
strongest NH3 binding sites are also accessible to a larger and experimentally relevant base, we
performed additional DFT calculations for pyridine adsorption on selected strong Bronsted acid
sites. Pyridine is widely used in FTIR experiments to distinguish Brensted and Lewis acid sites in
aluminosilicates 3!, and its larger size provides a useful check against possible NH3 specific

confinement or H-bonding effects. The calculated pyridine adsorption energies, summarized in
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Figure S10, follow the same qualitative trend as the NH3 binding energies, indicating that the
strongest NHs-binding sites are also accessible to pyridine and are not artifacts of the small probe
size.

Direct relevance to cracking reactivity, however, would require future calculations with
hydrocarbon reactants or representative cracking intermediates. These surfaces can host a variety
of BAS, including terminal and bridging hydroxyls as well as hydroxyl groups associated with
adsorbed water, and their relative populations depend on the specific surface termination and
degree of hydration (Figure 1f). The distribution of NH3 adsorption energies further shows that the
overall hydroxyl population is dominated by weakly to moderately acidic sites, consistent
primarily with aluminol- and silanol-type species, whereas strongly binding sites are
comparatively sparse (= 0.3 - 0.6 site nm™ | Figure S4). Note that all reported hydroxyl, acid-site,
and silica coverages are normalized by the exposed area of the modeled surface/facet. For polar
slabs with chemically distinct top and bottom terminations, each termination was analyzed
independently and normalized by the same single-face surface area. Therefore, reported values
such as sites nm? or Si nm are facet/termination-specific areal densities and are not averaged
over the Wulff morphology unless explicitly stated. In the discussion below, we focus on the
strongest NH3 binding sites to characterize the upper range of intrinsic Brensted acidity accessible
on each modeled surface. These sites should not necessarily be interpreted as dominating the
crystallite-scale acid-site population, which additionally depends on their areal density and on the
abundance of the corresponding facet and surface termination. In our previous work on Si-doped

7-ALO3 (spinel phase), we reported that isolated silanol and aluminol groups exhibited AEyy,

values of -20 to -80 kJ mol™!, comparable to pure alumina or silica. The bridging and pseudo-

14



273

274

275

276

277

278

279

280

281

282

283

284

285

286

287

288

289

290

291

292

293

294

295

bridging hydroxyls on Si/y-ALOs were stronger, with AEyy,~ -90 to -110 kJ mol'! but far below
the Brensted acid sites in bulk MFI zeolites, where AEyy, ranges from -133 to -170 kJ mol™.

In contrast, the AI-OH-Si bridging sites identified on 3:2 and 5:2 mullite exhibit markedly stronger
Bronsted acidity than Si-doped y-ALOs, with AEyy,reaching -140 and -150 kJ mol™, respectively
(Figure 2e,h). The values are more exothermic than those obtained for the spinel-derived bridging
motifs and comparable to strong external zeolitic acid sites (AEyy,~ -113 to -150 kJ mol) *2. By
comparison, the AI-OH-Si bridging site on 2:1 mullite binds NH3 weakly, showing AEyy,= -102
kJ mol™!, more consistent with the acidity previously reported for Si-doped y-Al,O3 (Figure 2¢,g).
This clear separation in acidity tracks directly with the local aluminum coordination at the bridging
hydroxyl. The high acidity in 3:2 and 5:2 mullite originates from a bridging environment in which
the BAS is associated with a tetrahedrally coordinated AI'V center, which more effectively
polarizes the O-H bond and stabilizes the conjugate base upon deprotonation, thereby
strengthening NH3 binding. In contrast, the bridging BAS in the spinel phase and in 2:1 mullite
predominantly involve penta-coordinated AlY. This coordination environment is less electron-
withdrawing and provides greater local relaxation/screening, resulting in weaker Bronsted acidity
and correspondingly weaker binding. Together, these trends demonstrate that not all “bridging-
like” hydroxyls are equivalent. The presence of an Al-OH-Si linkage is necessary but not sufficient
for high Brensted acidity. The local Al coordination (AI'Y vs AlY) is the key structural determinant
controlling the strength of the BAS.

To distinguish intrinsic Brensted acidity from possible confinement effects, we analyzed the local
NH; adsorption geometries in Figure 2 by identifying the number of H-bonds to the protonated
NH4" species and the dispersion contribution to the binding energy. In the 2:1, 3:2, and 5:2 mullite

cases, NH3 is protonated to NH4" and forms exactly three H-bonds with the surface in each
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structure. Therefore, the number of H-bonds cannot be the origin of the stronger NH3 binding in
3:2 and 5:2 mullite relative to 2:1 mullite. To separate dispersion from intrinsic acid strength, we
evaluated the dispersion component from the VASP dDsC dispersion correction for the adsorbed
slab, clean slab, and isolated NH;. The dispersion contribution is attractive for all sites, ranging
from -14.5 to -31.8 kJ mol'!, with the largest value for 3:2 mullite. However, dispersion does not
follow the total NH3 binding trend. For example, 5:2 mullite shows the strongest NH3 binding
energy, -150 kJ mol’!, but only a moderate dispersion contribution of -19.3 kJ mol!. Thus,
dispersion and confinement provide secondary stabilizations, while the dominant origin of stronger
binding is the intrinsic Brensted acidity of the local AlI-O(H)-Si motif.

Consistent with the absence of true AI-OH-Si bridging motifs, 3.5:2 mullite does not show strong
acidic BAS. Instead, the strongest acidity arises when NHj binds to a hydroxyl associated with an
H>0 molecule adsorbed at an Al site, giving AEyy,= -99 kJ mol! (Figure 2f), which is stronger
than the values observed for non-bridging aluminol/silanol sites. Notably, 3.5:2 mullite also shows
the lowest population of tetrahedrally coordinated A"V among the mullite compositions studied
(Figure 1d). The scarcity of Al'Y environments is consistent with its inability to form zeolite-like
bridging BAS. In the next section, we investigate Si doping as a potential strategy to activate these

otherwise inactive surfaces.
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Figure 2: Atomic structure of hydroxylated mullite under FCC conditions (T = 550°C and Py,o= 1.2 bar)

using grand canonical basin hopping. Hydroxylated surface of the most stable termination for (a) 3:2

mullite, (b) 3.5:2 mullite, (c) 2:1 mullite and (d) 5:2 mullite. (e-h) NHs binding on the most acidic surface
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proton for (e) 3:2, (f) 3.5:2, (g) 2:1 mullite and (h) 5:2 mullite. White, green, light blue, dark blue, and red
spheres represent H, N, Al, Si, and O, respectively. The solid black outline denotes the surface unit cell.
Surface energies and NH3 binding energies were computed using DFT. Green ellipse/circle outlines the

zeolite-like bridging Bronsted acid site.

Silica Doped Mullite Surfaces under Reaction Conditions

The weak acidity of 3.5:2 mullite can potentially be similar to that seen in the extensive literature
on y-Al>,O3, where silica addition is essential to generate Bronsted acidity with Si-doped y-Al,O3
(spinel phase)!%2%33, In the in situ synthesis route for FCC matrix, during calcination kaolin is first
dehydrated to metakaolin, which subsequently reorganizes into a biphasic mixture of y-Al>O3 and
amorphous Si0>*, forming the Si-doped/stabilized spinel intermediate'?. Upon further thermal
treatment, this intermediate transforms into mullite’#. This transformation proceeds via a shift in
AlO3/S10; ratio toward the thermodynamic stoichiometry of mullite (e.g., 2:1 or 3:2 A1,03:S10).
BASF experiments on both as prepared and aged catalysts indicate coexistence of spinel and
mullite domains®!>. Therefore, free or weakly bound silica is available at the surface exactly as
spinel (Si-doped y-Al,O3) domains crystallize into mullite. This silica can react with under-
coordinated surface environments and seed interfacial aluminosilicate layers that stabilize acid-
functional motifs, effectively reintroducing acidity on otherwise inert mullite surfaces. This
compositional evolution can be summarized by a reaction network for silica release and uptake,
illustrated by the progression from kaolinite (Al2O; - 25102 - 2H20) to spinel (y-Al203), and

ultimately to 3:2 mullite, which is the most stable mullite stoichiometry*® (Equations 1-4).

35 (ALOs - 2 Si0O; - 2 H20) — 35 y-Al,O3 + 70 SiO2 + 70 H20 Eq.1
35 y-ALLO3 + 70 Si0O2 — 7(5 Al20O3:2 Si02) + 56 SiO2 Eq.2
7(5 AbOs:2 Si03) + 56 Si02 — 10 (3.5 AL,O3:2 Si0») + 50 SiO2 Eq.3
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10 (3.5 AL2O35:2 Si02) + 50 Si102 — 35/3 (3 ALO3:2 Si03) + 140/3 SiO2 Eq.4
Building on our earlier work, where we exhaustively enumerated Si-doped and hydroxylated
configurations, we employ a more flexible sampling strategy here. Silica was systematically
deposited onto multiple mullite surface terminations, and for each SiO> coverage we performed
grand-canonical basin hopping (GCBH) while allowing water adsorption/desorption at fixed
chemical potential of water. For the thermodynamically preferred (001) termination of 3.5:2
mullite, we scanned SiO: coverages from 0.0 to 3.4 Si nm™ corresponding to 0-6 SiO> units per
surface unit cell. Because this (001) slab is polar, with non-equivalent top and bottom terminations,
we explicitly examined silica addition on both surfaces (top (a) - and bottom (b) -terminated) to
capture termination-specific stabilization and avoid bias from choosing a single termination. For
5:2 mullite, we varied the coverage from 0.0 to 1.3 Si nm™ (0-3 SiO units per surface unit cell).
We focused on these stoichiometries primarily for computational tractability. The 2:1 and 3:2
mullite surfaces require substantially larger surface unit cells, making equivalent coverage sweeps
and GCBH sampling unfeasible.

We find that deposited silica preferentially binds at surface vacancies and defects that, on pristine
mullite can promote dissociative water adsorption. As the silica loading increases, the near-surface
region progressively reconstructs into a more disordered, amorphous-like interface, with Si
migrating from subsurface regions to the surface, and in some cases vice versa (Figures S4-S6).
The surface energy associated with silica incorporation varies only weakly with coverage, and
several coverages are slightly stabilized when referenced to bulk SiO; (Figure 3a). Additionally,
the relative stability ordering of 5:2 versus 3.5:2 does not change upon silica addition,
hydroxylation, or the accompanying reconstruction. For 3.5:2 mullite, the equilibrium hydroxyl

coverage decreases with increasing silica loading (Figure 3b), consistent with progressive
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passivation of hydroxylation-active sites and/or replacement of hydroxyls by Si-O-Si linkages. In
contrast, the hydroxyl coverage on 5:2 mullite remains approximately constant with silica addition,
suggesting that hydroxylation is instead controlled by the high density of persistent vacancy-

derived adsorption sites that are not fully quenched over the silica coverages explored.
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Figure 3: (a) Surface energies of the Si-doped 3.5:2 and 5:2 mullites via grand-canonical basin hopping
under FCC conditions (T = 550°C and Py,o= 1.2 bar). (b) Extent of hydroxylation plotted as a function of
increasing SiO: doping. (c) Strongest ammonia binding AEyy, for three different mullite surfaces plotted
as a function of increasing SiO: doping. (d) Side view of NH; binding on Si-doped 3.5:2 (001), mullite
surface. (e) Side view of NH; binding on Si-doped 3.5:2 (001), mullite surface. The pseudo-bridging silanol

site is depicted in (e). The light blue, dark blue, red, white, and green colors represent Al, Si, O, H and N
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atoms respectively. The dotted black line represents H-bonds. Side and top view of the entire unit cell are

depicted in Figure S5-S7

As in the previous section, we use ammonia binding energy (AEyy,) as an acidity descriptor to
quantify Brensted acidity. For 3.5:2 mullite, the strongest NH3 binding exhibits a dependence on
silica loading, passing through a minimum (stronger acidity) at an intermediate coverage (Figure
3c¢), similar to trends reported for Si-doped y-ALOs (spinel) 22. On the less stable (001),
termination, this minimum corresponds to a pseudo-bridging site (PBS), where NH3 binds to a
silanol located adjacent to an undercoordinated Al center, and proton transfer stabilizes a conjugate
base with significant charge localization (Figure 3e). In contrast, on the more stable (001)y
termination, the minimum initially coincides with the formation of a zeolite-like bridging BAS.
However, at the optimal coverage, we identify a new Bronsted acid motif in which NHj3 binds to
bridging aluminol, with AI'V-O-Al"Y connectivity, while also forming hydrogen bonds with
neighboring aluminol (Figure 3d). Together, these results reinforce our earlier conclusion that
aluminosilicate surfaces can host a diverse ensemble of strong acid motifs whose prevalence
depends sensitively on local composition and reconstruction. As silica is added to 3.5:2 mullite,
the fraction of surface Al'Y sites increases and passes through a maximum at intermediate coverage
(Figure S9), mirroring the nonmonotonic dependence of NH; binding strength on silica loading
shown in Figure 3c. This correlation suggests that silica addition promotes the formation of low
coordinate Al environments associated with stronger Bronsted acidity.

By contrast, for 5:2 mullite, silica addition suppresses the strongest Brensted sites. Silica

preferentially passivates reactive Al'Y

environments through Si-O linkages, reducing the
availability of reactive hydroxyl motifs. Accordingly, the most favorable NH; binding becomes

progressively weaker with increasing silica loading. Additionally, increasing silica coverage
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reduces the fraction of tetrahedrally coordinated Al'Y sites (Figure S9), while the fractions of penta-
and octa-coordinated Al increase. Thus, the weakening of NH;3 binding with silica addition is

accompanied by a loss of AI'Y

motifs, indicating that the strongest acidity on 5:2 mullite is closely
associated with these low-coordinate surface environments.

The opposite responses of 3.5:2 and 5:2 mullite can be rationalized by their different intrinsic near-
surface Si distributions prior to silica doping (Figure 4a). Although 5:2 mullite is Si-poor in the
bulk, its vacancy-rich framework promotes the segregation of a larger fraction of the available Si
to the reconstructed near-surface region, reaching approximately 3.0 Si nm™. This enrichment,
together with the reduced tendency to form bulk Si-Si pairs, facilitates near-surface Si-Al linkages
that can generate very strong bridging Bronsted acid motifs in the undoped material. In contrast,
3.5:2 mullite contains enough bulk Si to favor greater Si-Si connectivity, leaving fewer isolated Si
centers near the surface and therefore fewer possibilities to form strong Al-O(H)-Si motifs without
additional silica. Silica therefore activates 3.5:2 by supplying surface accessible Si to generate

1"V rich environments

bridging/pseudo-bridging motifs, whereas it quenches 5:2 by saturating the A
responsible for high acidity. Overall, these results highlight that surface Si concentration depends

nonlinearly on bulk composition and reconstruction, and that the impact of added silica depends

on the pre-existing defects and Si distribution landscape.
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Conclusions

In this study, we establish an atomistic picture of how Brensted acidity emerges (or disappears) on
mullite surfaces under FCC-relevant conditions by combining DFT, MLIP-accelerated relaxation,
and grand-canonical basin hopping sampling. Additionally, by using NH3 binding energy as an
acidity probe, chosen for its robustness in periodic calculations and its compatibility with MLIP
workflows, we connect realistic hydroxylated/reconstructed surface ensembles directly to its
Brensted acid strength.

We observe that mullite surfaces can host acid sites of a strength similar to that of external zeolitic
acid sites. Further, we show that Brensted acidity is controlled by local coordination chemistry
and not by “bridging-like” geometry alone. The strongest Brensted acid sites in 3:2 and 5:2 mullite
arise when the bridging Brensted acid site is associated with a tetrahedrally coordinated AI'Y
environment. In contrast, NH3 binding on bridging-like motifs involving A1V (common in spinel-
like environments and in 2:1 mullite) is much weaker. More broadly, comparison with the
calculated Wulff morphologies emphasizes that the catalytic relevance of such motifs depends on
both their intrinsic acid strength and the abundance of the facet on which they occur.

We further demonstrate that silica redistribution during kaolin — spinel — mullite evolution can
act as an “activator” of otherwise weakly acidic mullite terminations. The formation of surface
acidic Si-OH-Al units shows a complex non-linear dependence on the bulk Si content of the mullite
phase. For the intrinsically weakly acidic 3.5:2 mullite, surface silica grafting generates a
coverage-dependent acidity that passes through an optimum, producing a diverse ensemble of
strong acid motifs, including zeolite-like bridging and pseudo-bridging BAS. In contrast, silica
addition can passivate the strongest sites on highly vacancy-rich surfaces (5:2 mullite) by

IIV

quenching reactive Al'Y environments, highlighting that the impact of silica is non-universal and
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depends on the vacancy/defect landscape, the number of Si atoms present at the undoped mullite
surface and reconstruction pathways. Silica addition can either generate strong motifs on otherwise
inactive surfaces or quench the coordination environments required for ultrahigh acidity.

In conclusion, this work advances the understanding of FCC-relevant aluminosilicates by
providing atomistic insight into the structural factors that govern Brensted acid site formation on

mullite surfaces. By identifying AI'Y

coordination and coverage-dependent silica restructuring as
key descriptors, our results offer guidance for catalyst design. Specifically, they suggest that matrix
acidity can be tuned through controlled silica availability and defect management, with

implications for improving performance in industrial catalytic cracking processes.
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