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Abstract: Zeolites are crystalline porous materials with important industrial applications, including
uses in catalytic and adsorption/separation processes. Access into and out of their inner confined
space, where adsorption and reactions occur, is limited by their pore apertures. Stable
multidimensional zeolites with larger pores able to process larger molecules are in demand in the
fine chemical industry and the oil processing on which the world still relies for fuels. Currently
known extra-large pore zeolites display poor stability and/or lack pore multidimensionality, limiting
their usefulness. We report ZEO-1, a robust fully-connected aluminosilicate zeolite with mutually
intersecting three-dimensional extra-large plus three-dimensional large pores. ZEO-1 is stable up to
1000 Celsius, has an extraordinary specific surface area (1000 square meters per gram), and shows
potential as a catalytic cracking catalyst.

One-Sentence Summary: ZEO-1 is the first aluminosilicate zeolite with multidimensional pores
up to 10x10 A and interconnecting supercages.



Main Text: Zeolites with multidimensional interconnected extra-large pores, i.e. pores limited by
rings of more than 12 SiO4 or AlO, members (>12-membered rings, MR), are in demand to allow
the processing of large molecules (1). In the last three decades, 28 types of zeolites with extra-large
pores have been successfully synthesized (2), but several factors limit their applicability. First, most
of these zeolites require Ge to be synthesized, which increases their cost and severely decreases
their thermal and hydrothermal stability (3, 4). Second, many are "interrupted frameworks" rather
than true zeolites. Such frameworks lack tetrahedra sharing all of their vertices, which can decrease
robustness (5, 6) and contain dangling OH groups that typically reduce the pore space (7). The only
reported zeolites with multidimensional extra-large pores (-ITV, -CLO, -IFU, -IRY, and -IFT) are
all interrupted germanosilicates or gallium phosphates with intrinsically low stability (8). Among
the stable fully connected aluminosilicate zeolites, none possess a multidimensional system of
extra-large pores but at most large 12MR pores in topologies discovered decades ago (*BEA, FAU,
and EMT) (2). The recently reported aluminosilicates PST-32 and PST-2 with known SBS and
SBS/SBT topologies, have an aluminosilicate composition that ensures a good thermal stability and
their pore architecture similar to FAU allows them to compete with this successful catalyst (9). The
long lack of further improvements in the development of more open stable zeolites might suggest
that there could be some sort of fundamental limit to the porosity exhibited by aluminosilicates. We
report ZEO-1 (zeolite number 1 of Anhui ZEO New Material Technology Co., Ltd), an
aluminosilicate zeolite with a multidimensional system of interconnected extra-large pores. This
aluminosilicate has a high silica content (Si/Al = 14.5) and a zeolitic, non-interrupted framework,
with high thermal and hydrothermal stability. The pore system of ZEO-1 contains both extra-large
three-dimensional (3D) 16MR and large 3D 12MR channels with high interconnectivity that results
in three types of supercages with four windows of 16MR and/or 12MR. Two of these supercages are
larger than those found in FAU, EMT, and PST-32 and PST-2 (see Table S1). These features make
ZEO-1 one of the stable zeolites with lowest framework density and ultrahigh surface area. Its open
framework with large cavities accessible through 16MR windows along the three perpendicular
directions (constituting a 3D extra-large 16 MR pore system) and the presence in its pores of active
acid sites enable good heavy-oil conversion and selectivity to fuels/commodities (gasoline, diesel,
and liquified petroleum gas, LPG) during fluid catalytic cracking (FCC) competing with the
performance of the highly optimized 12MR zeolite USY (ultra-stable Y zeolite, FAU topology), the
current workhorse of this reaction.

Tricyclohexylmethylphosphonium (TCyMP) was used as the organic structure-directing agent
(OSDA) for ZEO-1 (Fig. S1), whose complex structure was determined from nanosized crystals
(<200 nm) by electron diffraction (3D ED) and refined against synchrotron powder x-ray diffraction
(SPXRD), revealing that ZEO-1 crystallized in a body-centered tetragonal unit cell (a = 43.3056(4)
A and ¢ = 25.0010(8) A) with Laue symmetry 4/mmm. The structure determination was a great
challenge because of the small crystal size (50 to 200 nm, Fig. S2), large unit cell, and weakly
scattering elements. We applied low-dose illumination and fast data acquisition to collect 3D ED
data with continuous rotation electron diffraction (cCRED) to overcome the difficulties of small
crystals and electron-beam damage on the structure determination. The systematic extinctions
suggested that the space group was I4,/amd (#141). The reconstructed reciprocal lattice from a
typical dataset is shown in Fig. 1, A to E.

The structure of ZEO-1 calcined at 600 °C (3 h ramp, 6 h plateau) was successfully solved from
cRED data (95% completeness with a resolution of 0.81 A and a merging residual factor R;, value
of 0.3559, Table S3) by ab initio method with SHELXLT software (10). The framework was refined
anisotropically against the cRED data without any restraints, and the refinement converged to an
unweighted residual factor (R;) value of 0.1468 and goodness of fit (GoF) of 0.947 (Table S3).
Further Rietveld refinement of the calcined structure against SPXRD data was performed (Fig. 1F
and Table S7) resulting in more precise bond lengths and angles (Tables S8 and S9). Additionally,
Rietveld refinement of the as-made material (Fig. S15 and Tables S4-S6) revealed that the
disordered OSDA molecules are located in three unique positions (Figs. S13 and S14), which are



within the three supercages with four windows of 16x16 MR, 16x12 MR or 12x12 MR,
respectively, with 0.394, 0.499, and 0.495 occupancies. The total number of OSDA molecules
obtained from the Rietveld refinement was 44.42 per unit cell, in good agreement with the
composition found by chemical analy51s ([Siss3.71Al40.2901248]|(C19H36P)s5.77(H20)s3.16, Table S2).
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Fig. 1. Structure solution and Rietveld refinement of ZEQO-1. (A) Projection of 3D reciprocal
lattice reconstructed from a typical cRED dataset; the crystal (ZEO-1) from which data were
collected is shown in the inset. The 2D slices of reflections 0kl (B), hhl (C), hOI (D), and hkO (E) cut
from the reconstructed reciprocal lattice. The reflection conditions are: hkl: h + k + [ = 2n; Okl: k + 1
= 2n; hhl: 2h + | = 4n; hkO: h = 2n, k = 2n; 001: | = 4n, where n is a natural number. (F) Rietveld
refinement plots of calcined ZEO-1, with R, = 0.0279, R, = 0.0337, and R.., = 0.0241.

ZEO-1 has 21 unique T (tetrahedral) atoms and 43 unique oxygen atoms, which places it amongst
the most complex fully connected zeolites solved to date. Only zeolites IMF, TUN, UOV, *STO,
PST-20 (no code assigned so far) (11), and *SFV (12) with 24, 24, 25, 28, 29, and 99 unique T sites
are more complex than ZEO-1. It also has a very large unit cell volume of 46900 A, only surpassed
by the higher members of the isoreticular embedded RHO family, i.e. RHO-G4 (ZSM-25, MWF)
(8) and RHO-GS5 (PST-20) (11). More complex members of this family of small pore zeolites with
even larger volumes have not been solved so far (13).



(E)

Fig. 2. The three supercages and channel system in ZEO-1. The pore system contains three
supercages with 16MR (A), 16-12MR (B), and 12MR (C) apertures that are compared here to FAU
12MR supercage (D). (E) Structure viewed along a-axis and (F) the 3D channel system with the
structure model superimposed. Purple arrows: 16MR, gold arrows: 12MR; peach puff ball/stick:
silicon, red ball/stick: oxygen.

Topological analysis indicates three different types of tiles occur at the channel intersections (Fig. 2,
A to C). Those three tiles are the supercages with four windows of 16MR and/or 12MR, the ones
containing 16MR being larger than the 12MR supercages in zeolites FAU (t-fau, Fig. 2D), EMT (t-
wou), SBS (t-ucs and t-znf), and SBT (t-sbt) (Fig. S16). The channel system of ZEO-1 is 3D with
interconnected (16+12)x(16+12)x(16+12) MR (Fig. 2, E and F), and the crystallographic pore
apertures of the 16MR and 12MR are 10.62x9.41/10.54x9.64 A and 7.24x6.60/7.18x5.48 A,
respectively (Fig. S17).

Upon calcination in air to 600 °C, the organic part of the OSDA within the ZEO-1 channel could be
removed while leaving behind phosphorous oxides (Fig. S3c) and the framework intact, as proved
by PXRD (Fig. S8). The phosphorous species can be completely washed out with water (Fig. S3d).
ZEO-1 is stable up to at least 1000 °C (Fig. S8). Calcined ZEO-1 exhibited type Ia N, and Ar
adsorption isotherms (Figs. S10 and S11), from which extraordinarily large specific surface area
values of 939 and 1037 m*g, respectively, were determined by the Brunauer-Emmett-Teller (BET)
method. From the Ar adsorption isotherm, the mean pore sizes of ZEO-1 were determined to be 6.7,
7.9, and 11.5 A (Fig. S12), which matched well with the crystallographic values (Fig. S17). The
Horvath-Kawazoe pore-size distribution (Fig. S12) showed a maximum at 8.4 A, indicating a
substantially larger pore size than the reported values for the stable large pore faujasite (pore
entrance ~ 6.8 A) and the recently reported PST-32 (SBS, 6.7 A) and PST-2 (SBS/SBT intergrowth,
6.4 A), all measured by Ar adsorption with the same formalism (9). Further, two of the supercages
in ZEO-1 (those containing 16MR apertures, Fig. 2, A and B) are larger than the supercages in
FAU, SBS, and SBT, while the third one (containing only 12MR apertures, Fig. 2C) is similar in
size. *Si and Al NMR (Figs. S5 and S6) show ZEO-1 contains framework Al that provides acidity
in the calcined state, as determined by the NH3 adsorption and temperature-programmed desorption
(Fig. S21) and n-decane cracking (Fig. S22).
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Fig. 3. The extra-large pores of ZEO-1 allow entrance/processing of large molecules. Nile Red
adsorption isotherms (A, equilibrium concentration vs. adsorbed amount) at room temperature on
ZEO-1 (black) and USY (red). The blue star corresponds to the adsorption on as-made ZEO-1,
which reveals little external surface adsorption, while the dashed red line corresponds to reported
values on FAU (14). Catalytic performance of several zeolite catalysts in the conversion of heavy
oils (B). Si/Al ratios are indicated on top.
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The pores of ZEO-1 are larger than those of FAU (Fig. 2) and allow entrance of larger molecules, as
shown by the adsorption of large dye molecules (Fig. S20). Although both ZEO-1 and USY readily
adsorb methylene blue, ZEO-1 adsorbs >40 times more of the larger Nile Red than USY does at
saturation (Fig. 3A). With regard to FCC, which converts heavy oil fractions into lighter, more
valuable products (1), improved catalysts could increase the yield of fuels and commodities.
Currently, zeolite Y (FAU) with 3D 12 MR channels and large supercages is the main active
component in FCC catalysts (15).

Since phosphorous species can have an impact on the performance of zeolite catalysts (16), we
performed FCC tests on ZEO-1 with and without washing out the occluded P species and on three
commercial zeolite catalysts (USY, MFI, and Beta). These tests showed a beneficial effect of the
occluded phosphorous as the unwashed ZEO-1 has the highest heavy-oil cracking conversion ratio
(Fig. 3B, Tables S12 and S13), and the highest selectivity to the gasoline and diesel fuel fractions
amongst all the catalysts. The washed catalyst shows a performance closer to the best USY catalyst
tested, but with a larger selectivity to LPG. This change in selectivity from gasoline to LPG upon
washing ZEO-1 is likely due to a highly branched gasoline fraction that is prone to cracking in this
zeolite but not in the less acidic P-containing unwashed sample (Fig. S21) (17). These preliminary
laboratory results show that ZEO-1 can compete with the highly optimized USY and also the
recently reported PST-32 and PST-2 (9) and thus has a high potential as a component of cracking
catalysts.
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