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ABSTRACT: Zeolites are crystalline inorganic solids with
microporous structures, having widespread applications in
the fields of catalysis, separation, adsorption, micro-
electronics, and medical diagnosis. A major drawback of
zeolites is the mass transfer limitation due to the small size
of the micropores (less than 1 nm). Numerous efforts have
been dedicated to integrating mesopores with the
microporous zeolite structures by using templating and/
or destructive approaches. Here we provide a new strategy
for hierarchical pore size zeolite synthesis, without using
supramolecular or hard templates. The branching epitaxial
growth behavior, as a result of aluminum-zoning,
contributes to the formation of the hierarchical porous
zeolite structures.

Z eolites have been widely used as catalysts in many industrial
processes, such as fluid catalytic cracking (FCC), isomer-
ization, alkylation, methanol-to-gasoline/methanol-to-olefin,
etc.'™* Reactant and product diffusion limitations, which are
inherited from the microporous nature of the zeolite structures,
can substantially restrict the zeolite catalytic performance. In
many cases only the very thin outer layer of a zeolite crystal
contributes to the catalytic activity, while the inner part of the
zeolite crystal stays silent during the catalysis because the interior
sites are less accessible.” The situation becomes even more
challenging for bulky molecule reactions, for instance, waste
polymer (polyethylene, polypropylene, etc.) cracking and
biomass conversions.” Introducing mesopores into the micro-
porous zeolite structures is able to solve the aforementioned
problem. Mesopores give zeolites a new dimension that shortens
the overall required micropore diffusion length.” Therefore,
faster diffusion and more accessible active sites are made
available. Moreover by facilitating product diffusion and
transport, mesopores make the zeolite catalysts less susceptible
to deactivations, such as coking.8

Several approaches have been developed to construct
hierarchical porous zeolites that contain both mesopores and
micropores, including destructive approaches such as demetala-
tion” and recrystallization;'>"" and constructive approaches such
as using hard templates,'*"* supramolecular templates,”">~"”
and surface silanization.'® Despite these elegant achievements, a
cost-effective mesoporous zeolite synthesis is still yet to be
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developed." Constructing hierarchical porous zeolite solely by
regulating the kinetics of zeolite nucleation and growth has long
been a dream because of its simplicity and potential industrial
viability.

A recent breakthrough® showed that using tetrabutyl
structure-directing agents (SDAs), instead of tetrapropyl
ammonium (the most common SDA for MFl-type zeolite
synthesis), led to the formation of a house-of-cards structure,
composed of repetitively branched ultrathin nanosheets. It was
postulated that tetrabutyl SDAs, unlike their tetrapropyl
analogues, were not well accommodated within the MFI
framework and inhibited MFI crystal growth along the b-axis.
Therefore, the formation of single unit cell lamellae is favored.

Here we report a new synthetic strategy for constructing
hierarchical porous MFI-type zeolites simply by regulating the
nucleation and growth kinetics. The most common SDA,
tetrapropyl ammonium, was employed in our synthesis. No
supramolecular or hard template is needed. Aluminum-zoning
was found to be the reason for the branching epitaxial growth of
the MFI zeolite crystals.

We were interested in employing a two-step crystallization
process in hierarchical porous zeolite synthesis based on the
following hypothesis. During the first step, which should be
performed at low temperatures (20—80 °C), most precursors
hydrolyze and condense to form precrystallized clusters; these
clusters aggregate in an oriented-attachment manner at medium
temperatures (100—140 °C) during the second step of synthesis.
The avoidance of Ostwald ripening at lower temperatures allows
the retaining of defects generated in the oriented-attachment
process. Detailed synthesis protocols are described in the
Supporting Information. In practice, a mixture of nrpsop/na/
ng:/mio (Al denotes Al(sec-BuO);,, Si denotes TEOS) was first
aged at low temperature (T,) for a certain period (t,); and the
resulting clear solution was then heated up to higher temperature
(T, =120 °C) for another period (t,) to give the zeolite product
denoted as nppaon/na/nsi/ tao—T1(t)—T,(t,). All the zeolites
reported in this work are MFI structures, as confirmed by X-ray
diffraction analyses (Figure S1, Supporting Information). A
typical yield of zeolite product is ca. 70%.
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Figure 1 shows two typical zeolite morphologies, which
resulted from different TPAOH concentrations. 3/0.2/10/
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Figure 1. SEM and TEM images of the zeolites 3/0.2/10/1000—20
°C(2d)—120 °C(4h) (A,B), 3/0.2/10/1000—20 °C(2d)—120 °C(1d)
(C,D), and 5/0.2/10/1000—20 °C(2d)—120 °C(1d) (E,F). The insets
of (A), (C), and (E) show the simulated crystal shapes and orientations.
The high-resolution TEM images were taken from the marked area of
their insets. Fast Fourier transform (FFT) of (B), (D), and (F) are
shown in their insets.

1000—20 °C(2d)—120 °C(1d) gives a core—shell morphology,
which is composed of a nonmesoporous core and an epitaxially
grown hyperbranched shell. The epitaxial growth is evidenced by
high-resolution transmission electron microscopy (TEM)
analyses, which show that all the branches have identical crystal
orientations, thus confirming their single-crystalline nature
(Figures 1D and S2). Scanning electron microscopy (SEM)
and TEM images show that the 100 nm-thick shell is full of
mesopores and macropores. Nitrogen adsorption—desorption
analyses show that the size of these mesopores and macropores
ranges from 10 to 100 nm, as shown in Figure S3, which is
consistent with our SEM and TEM observations. 5/0.2/10/
1000—20 °C(2d)—120 °C(1d) also gives a core—shell
morphology, except that the shell is composed of nanoplates
instead of branches. Similar to the product described above, these
nanoplates have identical crystal orientations (Figures 1E,F and
S4). Compared to irregular branches, nanoplates tend to densely
pack, resulting in fewer mesopores. Indeed, N, sorption analysis
shows that the mesopore surface area and mesopore volume of
the nanoplate-composed zeolite are smaller than those of the
branched zeolite (Table S1).

In order to explore the formation mechanism of these
hierarchical porous zeolite structures, we isolated the short
reaction time products by centrifugation. As seen in Figures 1A,B

and S5,3/0.2/10/1000—20 °C(2d)—120 °C(4h) and 5/0.2/10/
1000—20 °C(2d)—120 °C(4h) give similar product morpholo-
gies. Plate-shape zeolite nanocrystals with smooth surfaces are
formed in both cases. The normal of the plate-like zeolite
nanocrystal is along the b-axis of the MFI structure. Energy
dispersive X-ray (EDX) analyses of these short reaction time (4
h) products show negligible Al content. In contrast, the long
reaction time (24 h) products contain a significant amount of Al,
as evidenced by inductively coupled plasma atomic emission
spectroscopy (ICP-AES), SEM-EDX, and nuclear magnetic
resonance (NMR) studies (Figures 2C and S6). These results
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Figure 2. (A) HAADF-STEM image of the zeolite 3/0.2/10/1000—20
°C(2d)—120°C(1d). (B) Line-scan EDX results along the line shown in
(A). (C) Aluminum contents of the zeolites 3/0.2/10/1000—20
°C(2d)—120 °C(1d) and 5/0.2/10/1000—20 °C(2d)—120 °C(1d)
based on different techniques.

suggest that most of the Al should be enriched in the rim of the
zeolite crystals. X-ray photoelectron spectroscopy (XPS) is
known as a surface analysis technique, which also confirms the Al
enrichment in the surface layers (Figure 2C). In order to further
verify the Al-zoning, we carried out more detailed EDX analysis
on 3/0.2/10/1000—20 °C(2d)—120 °C(1d) zeolite crystals
under high-angle annular dark-field scanning transmission
electron microscopy (HAADF-STEM) mode, with the results
shown in Figure 2A,B. An EDX line-scan across the zeolite crystal
clearly shows the enrichment of Al along the rim structure. A
selected area EDX shows that the rim of the zeolite crystal
contains about 5% Al (relative to Si), which is about three times
the average Al content of 1.6%.

The Al—zonin§ in ZSM-S (MFI structure) has been reported in
several studies.”'~>° Groen et al.”’ showed that a controlled
desilication of the Al-zoned ZSM-S$ crystals could etch out the Si-
rich cores, forming hollow particles with a well-preserved Al-rich
exterior. Weckhuysen et al.”> used synchrotron-based micro-
meter-resolved XRD to map the lattice parameters along the
zeolite ZSM-S crystal. Since the lattice parameters can be
correlated with the incorporation of Al in the tetrahedral
positions of a pure silica parent framework, they were able to
crystallographically map the differences in concentration of Al
within a single crystal. As they pointed out, the crystal lattice
expands because of the longer average Al-O distance (1.75 A)
compared to the Si—O distance (1.61 A).”® Here we believe that
under our synthetic conditions, the Al-induced distortion of the
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crystal structure leads to the formation of crystallographic
defects, which account for the branching growth behavior of the
zeolites. This type of growth behavior has not been observed to
date since most zeolite syntheses have been carried out at higher
temperatures (150—180 °C) as opposed to 120 °C in our
synthesis. The crystallographic defects can be easily cured at
elevated temperatures in a hydrothermal environment.

In order to verify our hypothesis that Al is the key to the
branching growth behavior, we varied the Si/Al ratio in the
starting solution of the synthesis. Figure S7 shows that smooth
zeolite crystals with similar sizes were formed if there was no Al
or a very small amount of Al in the solution (Si/Al ratio of 200/
1). These Al-deficient solutions turned translucent in 1.5 h at 120
°C, while the solution with more Al (Si/Al ratio of 50/1) stayed
transparent and clear until 4 h at 120 °C. This suggests that the
crystallization kinetics slowed upon the introduction of Al, which
may originate from the structure distortion by Al. A stronger
kinetic-inhibition effect was observed when we tried to extend
our synthesis protocol to the Ga-MFI system, as the Ga—O
distance (~1.9 A)*® is greater than the Al-O distance (1.75 A).
Aging and crystallization of Ga/Si system in a one-pot manner
did not give any solid product at 120 °C in 1 day. Alternatively,
when a Ga-free solution and a Ga/Si solution were aged
separately and mixed immediately before the crystallization stage
at 120 °C, Ga-MFI zeolites were obtained in less than 1 day
(Figure S8).

We studied next how these branches were formed. Instead of
isolating the large zeolite crystals by centrifugation, we analyzed
the crude solution of 3/0.2/10/1000—20 °C(2d)—120 °C(4h)
and 3/0.2/10/1000—20 °C(2d)—120 °C(1d) using TEM. Aside
from the smooth zeolite crystals in the size range of 200—300 nm,
many amorphous nanoparticles with sizes <10 nm were observed
(Figure S9). The existence and the size of these nanoparticles
were confirmed by dynamic light scattering (DLS) measurement
(Figure S10). Similar-sized nanoparticles were also observed in
the crude solution of 3/0.2/10/1000—20 °C(2d)—120 °C(1d),
except that these nanoparticles became more crystalline (Figure
S11). Oriented-attachment of these nanoparticles to the bigger
zeolite crystals was observed (Figure S11).

The above observations suggest that the formation of these
hierarchical zeolite structures follows a multistep mechanism,
which is illustrated in Figure 3. The first step is the low-
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Figure 3. Mechanistic illustration of the hierarchical porous zeolite
structure formation.

temperature aging of the precursor solution. In this step,
molecular precursors hydrolyze and condense to form silicate
and aluminosilicate polyanions.””** The second step is the early
stage of the high-temperature crystallization process, where
silicate polyanions nucleate and grow into Al-free MFI zeolite
crystals; and meanwhile, the aluminosilicate polyanions slowly
crystallize into Al-rich MFI zeolite nanocrystals. The final step is
the oriented-attachment of the Al-rich MFI nanocrystals onto the
Al-free MFI crystals to give the Al-zoned hierarchical zeolite

structures. This mechanism is in general agreement with our
working hypothesis.

Our proposed branching mechanism is different than that
proposed by Zhang et al. in their self-pillared pentasil zeolite
synthesis.”’ They suggested that the MEL/MEFI intergrowths
might be the reason for the branching growth behavior, which
eventually led to the house-of-cards zeolite structure with
multiple twins. In our case, the oriented-attachment is clearly the
reason for branching, which gives single-crystalline zeolite
structures.

The morphology difference between 3/0.2/10/1000—20
°C(2d)-120 °C(1d) and 5/0.2/10/1000—20 °C(2d)—120
°C(1d) might be caused by the different pH of the solutions,
as a different amount of TPAOH was added. Higher pH should
facilitate the Ostwald ripening, which eliminates the crystallo-
graphic defects. Therefore, a more crystalline platelet structure is
formed instead of the less crystalline branched structure. The pH
effect is verified by lowering the amount of water while keeping
all the other parameters identical. 3/0.2/10/600—20 °C(2d)—
120 °C(1d) gives a zeolite morphology similar to that of 5/0.2/
10/1000—20 °C(2d)—120 °C(1d) (Figure S12). As shown in
Figure 4, further lowering the TPAOH/Si ratio from 3/10 to 2/

x10.2/10/1000-y(2)-120°C(1d)

x=2 x=3 x=5

Figure 4. SEM images of the zeolite products synthesized with different
TPAOH/Si ratios, aging times, and aging temperatures.

10 leads to significantly bigger zeolite crystals with similar
morphologies, likely due to the decreased number of nuclei
formed in solutions with lower pH.

In concert with the pH effect, increasing the crystallization
temperature also accelerates the Ostwald ripening. The crude
solution of 3/0.2/10/1000—20 °C(2d)—120 °C(1d) was further
treated at 150 °C for 1 day, and the irregularly branched structure
evolved into a more regular-shaped structure with larger
crystalline domain size (Figure S13).

We next studied the low-temperature aging effect by varying
the aging time and temperature of x/0.2/10/1000-y(z)—120
°C(1d). As described above, the precursors hydrolyze and
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condense into polyanions during the aging process.””** The
aging time and temperature should have significant influence on
the formation of the polyanions and consequently determine the
morphology of the final zeolite product. As shown in Figure 4,
increasing the aging time or the aging temperature leads to the
formation of smaller zeolite crystals, which still possess core—
shell structures (Figures S14 and S15). Such aging effects can be
attributed to the increased structural ordering of the poly-
anions,” which not only shortens the nucleation period of the
zeolite crystallization process but also increases the number of
nuclei.*

We tested the catalytic performance of our hierarchical porous
zeolite on the cracking of vacuum gas oil, wherein ZSM-S$ is used
as an additive to the main cracking zeolite, USY. The results are
given in Figure S16. Compared to the commercial ZSM-5
sample, 5/0.2/10/1000—20 °C(2d)—120 °C(1d) gives slightly
higher gas—oil cracking activity and similar gasoline yield, with
more light cycle oil and slightly less coke formation.
Furthermore, it gives less hydrogen transfer and therefore a
higher olefin-to-paraffin ratio. From an industrial point of view, it
is highly desired to increase the olefin-to-paraffin ratios, without
too much penalty in gasoline.”’ Considering that USY plays a
determining role in the catalytic cracking performance, the
improvement caused by our HZSM-5 sample is evident. It seems
that the hierarchical porous structure and the Al-zoning
distribution have a positive effect on accessibility and avoidance
of consecutive reactions.

In summary, we have demonstrated a new pathway for the
construction of hierarchical porous zeolites. Single-crystalline
core—shell MFI crystals with tunable sizes were obtained by
regulating the zeolite nucleation and growth kinetics. Al-zoning
was found to be the key to the branching epitaxial growth
behavior, which resulted in the formation of a hierarchical porous
shell. Most of the Al-related acid sites are located within the shell
structure and, therefore, are highly accessible. The Si/Al gradient
together with the hierarchical porous structure shows benefits in
catalytic applications, such as FCC. Our results indicate that
there is still more to learn about the mechanism of even the
simplest zeolite synthesis. A greater in-depth understanding of
zeolite nucleation and growth mechanisms would substantially
benefit the design and synthesis of advanced zeolite structures.
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