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Abstract

Zeolite crystals offering a short diffusion pathway through the pore network are highly desired for a
number of catalytic and molecule separation applications. Herein, we develop a simple synthetic
strategy toward reducing the thickness along b-axis of MFI-type crystals, thus providing a short
diffusion path along the straight channel. Our approach combines preliminary aging and a
fluoride-assisted low-temperature crystallization. The synthesized MFI crystals are in the micron-size
range along a- and c-axis, while the thickness along the b-axis is a few tens of nanometers. The
synthesis parameters controlling the formation of plate-like zeolite are studied, and the factors
controlling the zeolite growth identified. The synthesis strategy works equally well with all-silica MFI
(silicalite-1) and its Al- and Ga-containing derivatives. The catalytic activity of plate-like ZSM-5 in the
methanol-to-hydrocarbons (MTH) reaction is compared with a commercial nano-sized ZSM-5 sample,
as the plate-like ZSM-5 exhibits a substantially extended lifetime. The synthesis of plate-like MFI

crystals is successfully scaled up to a kilogram scale.
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Introduction

Zeolites are initially discovered as minerals in sediment and pegmatite rocks." Natural zeolites are
mainly used in agriculture, water, and soil remediation, while their synthetic counterparts have diverse
industrial applications, as heterogeneous catalysis and molecular sieving are the major industrial fields
of use.?® More than 40% of acid-catalyzed reactions are currently based on synthetic zeolites.* The great
success of zeolites in catalysis is related to their unique structural features, i.e., the ordered channels of
molecular dimensions and the presence of modulable active sites.> However, the narrow channels of
zeolite impose a significant restriction on the transport of molecules, causing an increase in the
secondary reactions as well as the subsequent catalyst deactivation by coking.>™®

The diffusional problems can be partially circumvented by reducing the path length through the
zeolite crystal. The two strategies employed to reduce the diffusion path in zeolites are the decrease of
the crystals to the nano-sized range® *?, and the introduction of larger secondary (meso-/macro-) pores in
the crystals.***® Zeolites comprising a secondary pore system, which serves as highways for reactants
and products, are often called hierarchical, and their preparation is usually complex.**® The synthesis
of zeolite nanocrystals also has a downside as the specific synthesis conditions and complex product
processing are required.® An alternative solution that could solve the problem with the diffusion
limitations in zeolites without using additional treatments, as in the case of hierarchical and nano
zeolites, is the synthesis of micron-sized zeolites with particular morphology. More precisely, the
control of zeolite morphology could be used to limit the growth in the direction along the channel
system of interest, thus shortening the diffusion pathway. Tuning zeolite morphology could also allow
developing the face where the channel system of interest is presented on the zeolite surface, thus
increasing the number of pore opening per unit crystals surface. This strategy is particularly important in
preparing zeolites with a biased performance of different channel systems. For instance, MFI-type
material, used in various catalytic and separation processes, contains straight and zig-zag channel
systems running along b and a crystal axis, respectively (Figure S1). Shortening the diffusion path along
the straight channel (b-axis) changes zeolite performance substantially.'”2°

An ultimate example of this strategy was the preparation of zeolite nanosheets, first prepared by Ryoo



and co-workers.® Ryoo’s group decreased the thickness of MFI-type zeolite along the b-axis to one unit

cell. Nanosheet-like zeolites focused zeolite community’s attention with remarkable catalytic
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performance in several reactions, and superior separation ability in membrane applications.

However, these zeolitic materials are synthesized by using the complex and expensive

2830 or by tedious swelling, pillaring, and exfoliation procedures.®

structure-directing agents (SDAS),
The size of the zeolite nanosheet is usually tiny (100-200 nm in length), and the handling is even more
complex than the conventional nano-zeolites.

From a practical point of view, the synthesis of zeolite crystals with morphology that enhances the
transport through a particular channel system without using an exotic SDA is highly desired. The aspect
ratio between different crystal faces should be changed in a way to minimize the length of the channel.
Maximizing the face’s size where the channel system of interest appears on the crystal surface is also
important. Keeping the zeolite crystal size in the micrometer range and decreasing the size to a few tens
of nanometers in a particular crystallographic direction has significant practical value. Such crystals can
be processed employing the conventional post-synthetic protocols and do not require any additional
treatments.

Previously studies have demonstrated that adjusting synthesis parameters or adding synthesis
modifiers could substantially change zeolite crystal morphology.**" For instance, long to short
prismatic LTL-type crystals were synthesized by simple changing of water content in the synthesis gel.®
The zeolite Beta morphology was controlled, varying the pH of the system.* Crystals with
well-developed pyramidal (hOl) or pinacoidal (001) faces were obtained. For instance, at high pH
plate-like zeolite Beta with a pinacoidal face dominating crystal morphology was obtained. The use of
additives can also effectively tailor the aspect ratio of zeolite crystals. Different types of additives,

1,**% " tributylphosphine oxide,” graphene oxide,** peptoids,*” and amino acid

including alcoho
arginine,*® were employed to modify crystal morphology of different types of zeolites. Although some
positive results were published, a dramatic change in the aspect ratio between different faces was not
reported to the best of our knowledge. None of these studies guide how one can tune the crystal
morphology to nano-size range in a particular crystallographic direction.

Fluorine ion (F) is the alternative OH™ as a mineralizing agent in zeolite synthesis.**** It is usually



used in the synthesis of high- or all-silica zeolites in a quasi-neutral medium. It was reported that
fluoride could also be used to achieve the oriented growth of thin zeolite films.*® Hence, we selected the
ammonium fluoride (NH4F) as a zeolite synthesis modifier to change the crystal face aspect ratio
between the faces of the crystals.

The present study aims to obtain ultra-thin zeolite plates, keeping the other crystals dimension in the
micron-size range. Fulfilling this goal would provide a relevant approach to zeolites with improved
accessibility and decreased diffusion limitations, avoiding the wuse of complex organic
structure-directing agents (SDA) and multi-step procedures. Our approach is exemplified by preparing
MFI-type crystals with controllable aspect ratios between different crystal faces. We selected the
MFI-type zeolite because it is an industrially relevant zeolite,*” and exhibits two different channel
systems, highlighting the effect of crystal morphology on zeolite accessibility and transport through the

channels.

Results and discussion

Substantial preliminary work has been executed to adjust the ratio between different reactants and
pre-synthesis aging conditions. The reference, NH4F-free synthesis, with a molar composition of 0.1
TPAOH: 1.0 SiO,: 30 H,0O was performed at 90 °C for 72 h under static condition. A highly crystalline
product was obtained (Figure S2f). The crystal size was close to 1 um, as each crystal contained a 90°
twin crystal, a morphological feature often observed for the MFI-type material (Figure S3a). The impact
of NH4F on the MFI crystal morphology was studied with a gel of composition 0.1 TPAOH: 1.0 SiO:
0.8 NH4F: 30 H,O (see Supporting Information for details). This system yielded well-shaped, very thin
plate-like crystals. The XRD pattern, Ar physisorption analysis, and representative TEM and SEM
images of the crystals are shown in Figure 1. The product was highly crystalline, according to the XRD
study (Figure 1a). This result was confirmed by the type | physisorption isotherm, with fast uptake at
low relative pressure, characteristic of a zeolite type material (Figure 1b). The micropore volume (0.14
cm®g) and specific surface area (430 m%g) of the plate-like MFI zeolite crystals are characteristic of
highly crystalline MFI-type material (Table S1). The high crystallinity of the single-crystalline plate-like

zeolite is also illustrated by the well-defined lattice fringes and the selected area electron diffraction



(SAED) pattern in the HR-TEM image (Figure 1f and 1g). Microscopy study (Figure 1c, 1d and le)
reveals that crystals’ length-width dimensions are in the micron scale. Meanwhile, the thickness of the
obtained crystals was ~100 nm. Thus, the crystals are well-shaped with developed (100) and (OKI) faces,
while the (010) face is very short. In the enlarged view HAADF-STEM image (Figure 1f), the zeolite

channels along the b-axis can be clearly observed.
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Figure 1. General features of silicalite-1 obtained in the 0.1TPAOH:1.0Si0,:0.8NH4F:30H,0 system:
(a) XRD pattern of as-synthesized solid products; (b) Ar physisorption isotherm of the calcined product
with pore size distribution shown as an inset; (c) SEM and (d, e) low-magnification HAADF-STEM
images of silicalite-1 crystals; (f) high-resolution TEM images, (g) the selected area electron diffraction

(SAED) pattern; (h) high-magnification HAADF-STEM image of silicalite-1 crystals after calcination.

A systematic study of the ammonium fluoride content on the MFI morphology was performed using
the system: 0.1 TPAOH: 1.0 SiO,: y NH4F: 30 H,O, where y was varied between 0 and 1.6. The
morphology of twin crystals obtained without NH,F (Figure S3a) changed gradually with the increase of
NH4F content in the gel. The most noticeable change was the disappearance of 90° twin crystal (Figure
S3d). The other significant change was the change of the aspect ratio between (010) and (100) faces.
This effect is a consequence of the decrease in the size of (100) face. The increase of y value to 1.2 and
1.6 further accentuated the morphological changes of MFI-type material, as crystal’s thickness reached

several tens of nanometers (Figure S3e and S3f). Noteworthy, the crystals synthesized in the



NH4F-containing medium are larger than that of the reference sample. Thus, the silicalite-1 crystals
grow from ~700 nm to ~3000 nm along the c-axis, at the same time decreasing the thickness from ~500
nm to ~100 nm along the b-axis (Figure 2a). These morphological changes are better presented via the
aspect ratio between different faces. The ratio between c- and a-axis (L./Ls) as well as between c- and
b-axis (L/Lp) was used to evaluate the changes in the (100) and (010) faces, where the pore mouths of
zig-zag and straight channel appears on the surface, respectively. The L /L, aspect ratio increased from
~2.5 to ~26, when NH4F content in the gel changed from 0 to 1.6 (Figure 2c). At the same time, as can
be observed from Figure 2b, the change in the L./L, was not dramatic (from ~1.3 to ~2.7), revealing that
the growth in b direction was greatly affected by the NH4F addition. The zeolite crystallinity also
depends on the NH4F content in the gel, as can be seen in Figure S2. At low NH4F content (y = 0.05 and
0.2), an amorphous phase containing a few MFI crystals was observed, even though the crystallization
was extended to 168 h (Figure S3b and S3c). In contrast, a highly crystalline product was obtained
within 72 h when y increased to 0.8. Further increasing y to 1.2 and 1.6 shortens the crystallization time
to 48 h and 24 h, respectively. However, it did not bring substantial change in the crystalline product
(Figure S3e and S3f), showing a threshold of NH4F concentration, after which the morphology is not
impacted. The best result in terms of high L./Ly aspect ratio and short crystallization time was obtained
with y = 0.8. In this case, the average crystal thickness along b-axis was ~100 nm, and the crystalline
product was obtained within 72 h. The set of experimental results unambiguously shows that the NH,F
concentration has a direct effect on the MFI crystal growth, including both the crystallization kinetics

and the crystal morphology.

It should be noted the effect of the 90 °C aging prior to the addition of NH4F to the gel, which plays a
crucial role in the formation of plate-like MFI zeolite crystals. Without this aging step, the gel with a
similar molar composition (0.1 TPAOH: 1.0 SiO,: 0.8 NH4F: 30 H,0) did not yield crystalline material
up to 168 h crystallization (Figure 2e). In order to get an insight into the 90 °C aging on gel structure,
we performed IR analysis. The FTIR spectra of the samples collected after aging at 90 °C for 12 h are
shown in Figure S4. Compared to the amorphous silica, the sample taken after 12 h exhibits a broad
band at ~550-570 cm™, which reveals that elements of pentasil structure are already present in the

solid.*® Increasing the aging time from 12 to 24 and 36 h changed the growth rate, and thus the



crystallization time was reduced to 72 h, 36 h and 24 h, respectively. However, 90° twin crystals were
yielded instead of single plate-like crystals when the aging time was extended to 24 and 36 h (Figure

2e).

It is known that the aging process impacts zeolite nucleation and thus crystal growth.*® In this work,
the aging step was necessary to obtain MFI crystals in the NH4F containing gel as 12 h was the optimal
aging time yielding very thin plate-like crystals. The crystal morphology is impacted by the species
generated during the aging process. We anticipate that the plate-like morphology is a consequence of a
high concentration of precursors species with similar development and a particular mechanism of
oriented aggregation, which leads to the preferential growth along the a- and c-axis, and results in a
highly developed (010) face. However, the intimate mechanism laying behind this particular growth is
difficult to be elucidated.

The impact of the SDA content on the crystal morphology was studied using the system: x TPAOH:
1.0 SiO,: 0.8 NH4F: 30 H,0, where x was varied in the range of 0.08-0.35. As shown in Figure S5, with
the increase of SDA content, MFI crystals’ size decreased. This is the expected effect due to the more
abundant nucleation in TPA-rich systems.11 Meanwhile, a decrease from ~30 to ~20 of the L./Ly, ratio
can be observed when x is below 0.125. After that, no change of the L¢/L,, ratio was detected (Figure S6).
However, the L/L, was not influenced too much by the SDA concentration. It remained in the range of
1.8-2.8 (Figure S6). The decrease of the overall crystal dimension resulted in much thinner along b-axis
crystals. Thus crystallites with an impressive thickness of ~10 nm along the b-axis without using any
organic modifier were obtained (Figure 2d and S5). These results show that the SDA content has a
limited influence on the aspect ratio between different faces. However, the TPAOH content exhibits a
noticeable impact on the crystallinity zeolite products, as shown in Figure 2d. For instance, at x = 0.08,
the relative crystallinity of 72 h synthesized sample is ~63 %. It can be improved by extending the
crystallization time to 120 h (Figure S7). Increasing x from 0.08 to 0.35 led to highly crystalline zeolite
crystals, which was obtained within 72 h.

As MFI-type zeolites are often synthesized at elevated temperatures (T>150 °C), we have studied the
impact of synthesis temperature on the morphology of the plate-like crystals. Noteworthy, plate-like

MFI crystals can be obtained over a temperature range of 90-180 °C using the system 0.1 TPAOH: 1.0



SiO,: 0.8 NH4F: 30 H,O (Figure S8). As shown in Figure S8 and S9, increasing the crystallization
temperature from 90 to 180 °C resulted in a slight increase in the crystal size. Thus the length along the
c-axis changed from ~2600 nm to ~3500 nm, while along the b-axis, the increase was only from ~100
nm to ~150 nm. Meanwhile, the length along a-axis did not show any obvious change. Consequently,
the aspect ratios, L¢/L, and L¢/Ly, remained nearly unchanged (Figure S9d). Thus the crystallization
temperature shows a weak influence on the aspect ratio between different crystal faces. The
corresponding relative crystallinity increased from ~85 to ~100%, with the temperature rising from
90 °C to 180 °C (Figure S9a).

Summarizing the set of experimental results, one can state that an aging step of 12 h generating nuclei
in the system before the addition of NH4F is indispensable for the formation of plate-like MFI crystals.
Further, with precise control of NH4F content and tuning the synthesis parameters, single-crystalline

plate-like MFI zeolite with adjustable thickness can be obtained (Figure 2).
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Figure 2. Synthesis parameters relevant to the formation of plate-like MFI zeolite crystals from the
synthesis system x TPAOH: 1.0 SiO,: y NH4F: 30 H,0O crystallized at 90°C: (a) the length along the
three axes; (b) L./L, and (c) L./Ly aspect ratios; (d) effects of TPAOH content on the relative
crystallinity and b-axis thickness of MFI zeolite; (e) XRD patterns of solid products subjected to 0 h, 12
h, 24 h, and 36 h aging time (the crystallization time is shown in parentheses) from the system with x =

0.1, y =0.8. Inset (e): representative SEM images of solid products.



Mechanism of plate-like MFI crystals formation

The mechanistic analysis of plate-like MFI formation was performed using an all-silica system with
molar composition 0.1 TPAOH: 1.0 SiO;: 0.8 NH4F: 30 H,O. The intermediates formed in the course of
zeolite synthesis were studied to shed light on the process. As pointed out above, the gel was aged at
90 °C for 12 h, then dissolved NH4F was added, and the resultant mixture stirred at 90°C for 12 h more.
Finally, the synthesis was performed under static conditions at 90 °C for 48 h, as a sample was taken
after 3, 6, 9, 12, 16, 24, 36, and 48 h.

The XRD pattern of the 12 h aged gel showed that it is amorphous (Figure S10). After the addition of
NH4F, the first MFI trace, indicated by the characteristic diffraction line at 23.1° Two Theta, appeared
after 3 h crystallization. The crystalline phase developed rapidly, and a highly crystalline material was
obtained after 48 h synthesis. Meanwhile, the amorphous phase gradually decreased and fully
disappeared after 48 h crystallization (Figure S12).

The obtained intermediates, as well as the 12 h aged precursor, were inspected by transmission
electron microscopy. After 3 h aging, only bulk, uniform in texture gel particles were observed (Figure
S13). No substantial changes in the gel structure were found after 12 h aging (Figure 3a). Upon the
addition of NH;F and 3 h hydrothermal treatment at 90 °C, the gel precursor structure changed
dramatically. Bulk gel disintegrated, and small nanometric particles appeared in the system. We attribute
this effect to the fluorine ions' mineralizing ability, which breaks the gel structure and reorganizes silica
species. Small, 10-20 nm in size isometric particles with oval shape was the only phase observed in the
product (Figure S14). The formation of nanoparticles certainly changes the exchange between the solid
and liquid phase and contributes to the reaction kinetics in general. We anticipate the structure/chemistry
of newly formed upon the fluorine addition nanoparticles contributes to the formation plate-like zeolite
crystals. However, we do not have experimental prove supporting our suggestion. These tiny
nanoparticles continue existing up to 12 h hydrothermal treatment. However, some changes in their
textural organization occur. Namely, the particles agglomerate and built agglomerates with an elongated
shape. The individual 10-20 nm nanoparticles are still well distinguishable in the aggregates (Figure 3Db).
Plate-like particles appear in the solid after 12 h treatment at 90 °C (Figure 3c). According to the XRD

study, the solid is still amorphous at this stage (Figure S11). Upon autoclave treatment, the number of



plate-like particles increases, and they evolve into plate-like crystals with the MFI-type morphology.
The first XRD trace of MFI-type material is detected after 3 h hydrothermal treatment in the autoclave
(Figure S12). With the crystallization time extension, the amount of crystals increases at the expense of
the isometric 10-20 nm particles (Figure 3d-f). These data show that the small colloid species with oval
shape, observed at the beginning of the crystallization process, serve as nutrients for the crystal growth
process. In the last stages of crystals growth (24-48 h), substantial growth of zeolite crystals is observed
(Figure 3g-i). At this later stage, there is almost no amorphous phase in the system. Therefore, the
growth is a consequence of the Ostwald ripening of the crystals, which does not change crystal
morphology. Thus plate-like with very high L./Ly aspect ratio MFI crystals are obtained (Figure 3i).
The combined XRD-TEM investigation revealed that the addition of NH4F and the treatment at 90 °C
changed the gel structure substantially. Our interpretation is that the fluoride species break the gel
structure, and thus, very small nanoparticles are formed, which form larger agglomerates. First zeolite
crystallites are formed during this stage, most probably by the oriented aggregation of precursors
particles.®® We do not have molecular level information of the mechanism leading to the formation of
extra-thin MFI-type crystals and the preferential growth along a- and c-axis leading to the
well-developed (010) face. However, we clearly identify the formation of first crystallites during the
90 °C aging prior to the autoclave treatment, as indicated by the splitting of the pentasil vibration at
540~570 cm™ in the FTIR spectra (Figure S4).°" The autoclave treatment just accelerates the growth rate
without altering the growth mechanism. Thus, the particular morphology is a result of the preliminary
90 °C aging of the gel in the presence of NH4F. On the ground of collected results, the system’s

evolution leading to plate-like MFI crystals is presented in Scheme 1.
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Figure 3. TEM analyses of products at different stages of zeolite synthesis: (a) After aging for 12 h at
90 °C. After the addition of NH4F and stirring at 90 °C for 6 (b) and 12 h (c). After hydrothermal
treatment in the autoclave for 6 (d), 9 (e), 12 (f), 24 (g), 36 (h) and 48 h (i). Scale bar: 2 um. Insets:

views of single plate-like MFI zeolite crystal (marked with yellow) and the selected area electron

diffraction patterns (marked with red).
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yielding plate-like MFI crystals.

Additional experiments were conducted to reveal the role of NH4F in the formation of plate-like MFI
crystals. NaF and KF were used as fluoride sources to replace NH4F. The use of both fluoride sources
resulted in the formation of oval shape 90° twins with a size of about 1 um (Figure S15). Since the
fluoride content in the systems is similar, the observed effect raises the question about NH,4" cation role.
Sodium and potassium exhibit a structure-directing effect, and many zeolites are synthesized solely
using these two alkali metals. In contrast, ammonium itself cannot generate a zeolite type material due
to the weak charge and, consequently, limited interactions with the negatively charged silica species.
Hence, we consider ammonium itself does not play an essential role in the growing process and thus
does not disturb the formation of plate-like crystallites. Meanwhile, the NH4F is a buffer that controls
the pH. After its addition, the pH of the gel changed from ~12.3 to ~8.5. The introduction of similar
molar contents of NaF or KF, adjust the pH value to ~9.7 and ~10.1, respectively. The great decrease of
pH value from ~12.3 to ~8.5 certainly decreases the solubility of silicate species, and thus
macromolecular colloid species are generated.’? Therefore, the addition of NH.F has two
well-established effects on the initial gel: i) breaking the gel structure and generation of nanoparticles
that play an important role in forming plate-like crystals; and ii) decreasing the pH and thus changing
the solubility of the silica species. The consequence of these two effects is the preferred growth in a-
and c-directions, owing to the face with the slowest growth rate is the largest,>® leading to substantial
development of the (010) face. The ultimate result is the formation of ultra-thin crystals with a high

aspect ratio between different crystal faces. It is worthy to note that the F" is vital for promoting the



crystallization of MFI zeolite crystals. In a similar synthesis system, where the NH4ClI replaced NH,4F,
only an amorphous product was obtained after two weeks of crystallization (Figure S16).

Silicalite-1 synthesized, according to the present procedure in a mixed OH/F" medium was compared
with the counterparts synthesized in OH™ and F medium by means of solid-state NMR. The comparative
study was based on #Si MAS, #°Si{*H} CPMAS NMR, ?°Si{**F} CPMAS NMR, and °*F MAS NMR
analyses. All the samples display resonances in the [-107 ppm; —120 ppm] region corresponding to Q*
species. However, the sample synthesized in pure F- medium (Figure S17a3) shows well-resolved peaks
corresponding to Q* (Si(OSi)s) silicon species, reflecting different crystallographic T positions in
MFI-structure. The Q* resonances in samples synthesized in a mixed OH/F (Figure S17al) and OH"
(Figure S17a2) media are broader because of a less ordered three-dimensional Si(OSi), network. This
effect is due to local disordering, with a distribution of Si-O-Si angle and distance for each
crystallographic silicon T site, leading to a broadening of the well-resolved peaks observed for a
high-ordered 3d-network.>*>> It is even more obvious in the case of OH” medium synthesized silicalite-1
(Figure S17a2), where almost no discontinuity of the spectral line is observed. In addition, a broad
resonance at —103 ppm corresponding to Q° (Si(OSi)sOH) is recorded for the silicalite-1 synthesized in
mixed (OH/F) (Figure S17al and S17bl) and pure OH medium (Figure S17a2 and S17b2). This
resonance is a consequence of discontinuity between SiO, tetrahedron of the zeolite framework, leading
to the formation of Si-OH bonds, and thus defects Q°. Nevertheless, the fitting of 2°Si MAS spectra
pointed out a higher amount of defects for silicalite-1 synthesized in OH" medium (25 %) than for
silicalite-1 synthesized in mixed medium (8 %). No Q> species are observed in the case of the sample
synthesized in NH.F medium (Figure S17a3), confirmed by no Q® signals enhancement in the *Si{*H}
CPMAS spectrum (Figure S17b3), indicating a lack of Si-OH defects for this sample and reinforcing the
idea of a well-ordered 3d-structure.

Furthermore, a broad peak appears at —125 ppm for the silicalite-1 sample synthesized in F* medium,
which is not observed for the pure OH medium synthesized counterpart. This peak is attributed to the
fluoride ions, which have certain mobility between SiO4, tetrahedron. The large signal is typical of
framework silicon sites that undergo dynamic exchange between 4- and 5-coordinated environments due

to fluoride ion mobility.*® This signal is not observed in the sample synthesized in mixed (OH/F)



medium (Figure S17al and S17bl). However, this broad resonance at —125 ppm appears and is
enhanced by ?°Si{**F} CP transfer (Figure S17c1), suggesting the mobility of F™ ions between SiOu;
tetrahedron. The resonances at —109 and —117 ppm are also broadened slightly by ?°Si{**F} CP process,
pointing out that these silicon sites are affected by a disordering of silicon atoms at the vicinity of F', or
an influence of the mobility of the F" ion but to a lesser degree. Furthermore, the resonance attributed to
Q3 defects disappears in “’Si{**F} CPMAS spectrum, in agreement with this assignment.

Figure S18 shows the *°F MAS NMR spectra of silicalite-1 synthesized in NH,F and mixed (OH/F)
medium (Figure S18a and S18b). The spectrum area in the dotted line is emphasized in the inset. Both
spectra exhibit two isotropic signals at —79 ppm and —64 ppm (with a higher intensity for the latter),
indicating two environments for fluoride ions. Fits of these spectra show integrated intensities of 99.5 %
and 89 % for the main signal for silicalite-1 synthesized in NH4F and mixed medium, respectively.

The signal at —64 ppm is typical of as-synthesized F-MFI. It is known to result from F located in
[4'5%67] cavity types, where F~ ions are subjected to a dynamic exchange between penta-coordinated Si
sites ([SiO42F]).%® *® The second site at —79 ppm can be due to the SDA (TPA" ) in the straight channels,
encountering F ions in the cavities. This signal is also attributed to fluorine close to defects. However,
the last assignment is in disagreement with the fact that the fluoride medium synthesized silicalite-1
does not contain framework defects, as illustrated in Figure S17b3 (*Si{*"H} CPMAS spectrum). Thus,
the most plausible interpretation of these two signals would be that there exist two **F environments,
resulting from different interactions of [SiO4,F]” with the TPA™ branches with different conformations
in straight and sinusoidal channels.®® This assignment is also in agreement with other existing

studies.>"®

Large-scale synthesis of plate-like MFI zeolite

Upscaling synthesis is a challenging and often difficult exercise. A number of parameters are changed
when upscale from laboratory to semi-industrial or large scale vessels. For instance, the contact surface
between gel and autoclave, heat transfer, concentration gradients, vapor disengagement, and reagent
grade.”® Thus, there exists a large gap between the laboratory-scale synthesis and their industrial

implication. Consequently, scale-up is a key problem in zeolite production, which greatly limits the



industrial application of zeolites with various topologies.

The ultra-thin plate-like silicalite-1 can be easily synthesized at low temperature and under ambient
pressure, the conditions gracefully suitable to large-scale synthesis. The applicability of our approach to
a large scale synthesis was verified by using a 20 L open glass reactor (Figure 4a). The transparent glass
reactor allows monitoring the physical changes in the synthesis system, as shown in Figure 4b. Also, the
crystallization process in the employed open synthesis system can be easily monitored by sampling at
different times. The scale-up experiment was successful, and ~1320 g dry zeolite powder was obtained
(Figure 4c, after calcination). The product yield is calculated to be ~97% based on silica conversion,
which is impressively high for the large-scale zeolite synthesis. The XRD patterns (Figure 4d) and SEM
images (Figure 4e) revealed that the crystallization in the 20 L glass reactor was completed within 96 h,
noticeable longer than that in the 20 mL autoclave. This was the only negative effect of the scaled-up
synthesis, which we attribute to the slightly lower temperature employed (88+2 versus 90 °C) and a
slower rise of the temperature in the larger vessel. Nevertheless, the quality of the final product was just
as good as the counterpart obtained with laboratory equipment (Figure 1 and 4). The result of scaled-up
synthesis clearly indicates that the synthesis strategy developed in this work is readily applicable to

industrial scale.
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Figure 4. Large-scale syntheses of plate-like MFI zeolite from a gel with composition: 0.1 TPAOH: 1.0
SiOy: 0.8 NH4F: 30 H,O; T = 88+2 °C, crystallization time 96 h. (a) Picture of a 20 L glass reactor for
large-scale synthesis; (b) Visualization of synthesis process from the initial synthesis gel (upper level) to
crystallized product (lower level); (c) Silicalite-1 product after calcination; (d) XRD patterns of solid
products obtained after different synthesis time; (e) SEM images of solid products obtained after

different synthesis time.

Synthesis of heteroatom-containing plate-like MFI



The catalytic applications of zeolites require the presence of active sites. In this section, we report the
synthesis of Al-MFI (ZSM-5) and Ga-MFI counterparts of silicalite-1. The procedure used for the
synthesis of plate-like silicalite-1 was employed as a heteroatom was introduced in the initial gel (see
Supporting Information for details). Thus a gel with Si/Al ratio 50 was prepared and subjected to
hydrothermal treatment at 90 °C. All obtained materials were highly crystalline. The initial gel with
Si/Al ratio of 50 yielded crystalline ZSM-5 crystals with Si/Al of 72 (Table S1). The framework Al
content did not increase even when an initial gel with Si/Al ratio of 25 was employed. This result

pointed out a threshold of the framework Al incorporation under our synthesis conditions. The most
plausible reasons limiting the Al incorporation in the ZSM-5 crystals are: i) the presence of F~ ions that

compensate the positively charged TPA™; ii) the absence of alkali cations; and iii) the low synthesis
temperature. The synthesized ZSM-5 contained, namely, tetrahedral Al as shown by the dominant
resonance at 55 ppm in the 2’Al MAS NMR spectrum (Figure S19). The as-obtained plate-like ZSM-5
has similar physicochemical characteristics with the industrial ZSM-5 nanocrystalline sample (Figure
S20 and Table S1). Compared with plate-like silicalite-1 crystals, the ZSM-5 counterpart exhibits
similar morphology and textural properties (Figure 1c, 5a, S21 and Table S1).

Ga-MFI counterpart of silicalite-1 was also successfully obtained (Figure S22). The materials showed
Si/Ga ratio close to 100 (Si/Ga = 98), high crystallinity, and pore volume similar to silicalite-1
synthesized under the same conditions (Table S1). The crystals still exhibited plate-like morphology
(Figure S23 and S24), however, compared to the crystals of silicalite-1, smaller crystals with increased
thickness along the b-axis can be observed. The aspect ratio of L /Ly for Ga-MFI was ~10, which is

much lower than silicalite-1 synthesized under the same conditions.

Catalytic performance of plate-like ZSM-5 in the MTH reaction

Methanol-to-hydrocarbons (MTH) is often used as a important model reaction for exploring the
improved diffusion behaviors of morphology-controlled zeolite catalysts.®*®® Herein, the catalytic
performance of plate-like HZSM-5 crystals, in comparison with commercial ZSM-5 nanocrystals with a
similar number of Brgnsted acid sites (Table S1), was evaluated in the MTH reaction. As shown in

Figure 5b, plate-like HZSM-5 samples exhibit an ultra-long lifetime of 250 h (methanol



conversion >99%), which is five times longer than that of commercial ZSM-5 nanocrystals under
identical reaction conditions. The extended lifetime is attributed to the shorter diffusion path along the
straight channel of ZSM-5 crystals. The plate-like crystals of thickness around 100 nm improve the
mass transfer significantly and slow down the coke accumulation. According to the time-dependent
product distribution in MTH reaction (Figure 5c-d), higher propylene selectivity (~30% versus ~26%)
but lower BTX selectivity (~14% versus ~17%) was obtained on plate-like ZSM-5 samples in
comparison with commercial ZSM-5 nanocrystals, as a result of the diffusion control. Therefore, the
plate-like HZSM-5 is a high performing acid catalyst for the industrial MTH reaction, and it also holds

promises for other catalytic applications, especially when dealing with bulky molecules.®
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Figure 5. Comparative study of the MTH performance of plate-like HZSM-5 crystals and commercial
ZSM-5 nanocrystals: (a) XRD patterns of calcined plate-like HZSM-5 (top, Si/Al = 72) and commercial
ZSM-5 nanocrystals (bottom, Si/Al = 74); Inset: representative SEM images of solid products; (b)

Methanol conversion as a function of reaction time over two different ZSM-5 samples; Product



selectivity as a function of time over commercial ZSM-5 nanocrystals (c) and plate-like HZSM-5 (d) in

MTH reaction. Reaction conditions: 0.4 g catalyst, WHSV = 2 h™, T = 425 °C, ambient pressure.

Conclusions

A synthetic approach yielding ultra-thin plate-like MFI-type crystals without using special
structure-directing reagents or organic growth-modifiers is developed. The crystal thickness along the
straight channel (b-axis) can be effectively tuned to several tens of nm, thus shortening the diffusion
path. This simple approach also allows tuning the aspect ratio between different crystal faces, thus
developing the crystal face with the channel system of interest. Consequently, the number of pore
openings per unit crystal surface is maximized, and the diffusion limitations’ impact is minimized.

The synthetic approach combines preliminary aging in F-free medium with a fluoride-assisted
low-temperature crystallization process. Thus the nucleation process is split from the crystallization,
which takes place in F-containing medium. A suitable aging time (12 h) is indispensable for the
formation of viable MFI nuclei, while the crystallization is controlled by the presence of fluorine
mineralizer. The specific effect of F~ on the precursor gel structure, the pH of the gel, and thus the
solubility of the silica species, resulting in an alteration of the growing mechanism, leads to the
formation of ultra-thin crystals with high L/L, aspect ratio.

The above-described synthesis strategy is versatile, efficient, and applicable for the industrial
production of plate-like zeolites. We have obtained a similar result, i.e., ultra-thin plate-like FER-type
zeolite (Figure S25), which proves that a general strategy applicable to different zeolite types is
developed. It can be scaled up for the synthesis of kilogram-scale siliceous MFI zeolites in an open glass
reactor with an extremely high yield of ~97%, and it can also be extended to the synthesis of heteroatom

containing MFI zeolites like Al-MFI and Ga-MFI.

Associated content
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The supporting information is available for this paper, including Materials and Methods, Figures S1-S25

and Table S1.
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