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The synthesis of zeolites with nanosheet morphology has been attracting extensive attention. Despite the
steady progress, the direct synthesis of ultrathin nanosheets of FER zeolite with thickness of less than 10 nm
is still a great challenge. Herein we report a facile synthesis of FER zeolite nanosheets (named SCM-37) by
using octyltrimethylammonium chloride (OTMAC) and 4-dimethylaminopyridine (4-DMAP) as dual organic
templates. The effects of synthesis parameters, including initial molar ratio of SiO,/AlL,Os3, crystallization
temperature and time were investigated. It turned out that the crystallization field of SCM-37 was
narrow. A two-step crystallization method was utilized to obtain pure and completely crystallized SCM-
37 zeolite. SCM-37 was characterized by multiple techniques, including X-ray powder diffraction (XRD),
scanning electron microscopy (SEM), transmission electron microscopy (TEM), nitrogen physisorption,
Fourier transform infrared (FTIR), ammonia-temperature programmed desorption (NHs-TPD) and nuclear
magnetic resonance (NMR), and compared with the conventional FER zeolite (C-FER). The two most
significant features of SCM-37 are the ultrathin crystal nanosheet and extremely high external surface
area. The thickness of SCM-37 along the a-axis is 4~7 nm, while that of C-FER is over 20 nm. The
external surface area reaches 198 m? g%, which is over ten times larger than that of C-FER. The catalytic
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Although possessing a lower amount of total acid sites, SCM-37 showed higher conversion of TiPB, as
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well as selectivity to the deep cracking products. The superior performance of SCM-37 was attributed to
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Introduction

Zeolites are a class of crystalline microporous materials
composed of SiO, and AlO, tetrahedras,"* which are widely
used in many fields such as catalysis, ion exchange, and
adsorption/separation owing to their tunable chemical
composition, strong acidity, excellent thermal/hydrothermal
stability and uniform apertures.>® The nanopores of zeolites,
diameters of which are usually below 1 nm, offer excellent
places for shape-selective catalysis."»'> However, zeolites also
suffer from intracrystalline diffusion limitations because of the
poor accessibility of confined active sites. To shorten the
diffusion path and boost the diffusion efficiency consequently,
significant efforts have been made to prepare nanosized
zeolites, such as nanoparticles, nanoneedles, nanosheets,
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structure." ™’

FER zeolite is composed of 10-membered ring (10-MR)
channels (0.43 x 0.55 nm) in the [001] direction and 8-MR
channels (0.35 x 0.48 nm) in the [010] direction to form a two-
dimensional (2D) channel system (Scheme 1).>*** The 6-MR
channel parallel to the 10-MR channel intersects with the 8-MR
channel to form an ellipsoidal cage of 0.6 to 0.7 nm (fer
cage).?>* 1t is effective in diverse catalytic processes, such as
skeletal isomerization,**?® benzylation,> NOx reduction*® and
carbonylation of dimethyl ether.”*** To overcome diffusion
limitation, FER zeolites with nanosized crystals are highly
desirable. Although FER =zeolites can be hydrothermally
synthesized using various organic structure-directing agents
(OSDAs),**¢ also called templates, researches on the direct
synthesis of ultrathin nanosheets of FER zeolite are still rather
limited. The general strategy for preparing ultrathin FER
zeolites nanosheets is to employ elaborately designed OSDAs or
introduce surfactants as additive. Using piperidine (PI) and
tetramethylammonium hydroxide (TMAOH) as cooperative
OSDAs, FER nanosheets with hierarchical pores were synthe-
sized. The size of crystals was about 10~15 pm, while the
thickness was less than 50 nm.* Hong and coworkers used
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Scheme 1 Structure of FER in the [001] and [010] directions.

choline as a single organic template to synthesize nano-needle
like FER zeolite (FER nanoneedles) with a diameter of
10 nm.*” Corma and coworkers prepared FER nanocrystals with
be flane as low as 10 x 10 nm with the presences of both PI and
cetylmethylpiperidinium bromide (C;sMPip) as OSDAs.*® FER
nanosheets with a thickness of about 10 nm were synthesized by
using PI as OSDA and cetyltrimethyl ammonium bromide
(CTAB) as morphology regulator.* Xiao and coworkers reported
a method to synthesize the ultrathin FER nanosheets using N,N-
diethyl-cis-2,6-dimethyl piperidinium (DMP) as OSDA, which
not only directed the crystallization of FER zeolite structure, but
also inhibited the growth of FER zeolite in [100] direction.* Wu
and coworkers synthesized highly delaminated FER nanosheets
using a simple imidazole molecule as the single OSDA.**

Here we report a new dual-template method for the direct
synthesis of ultrathin FER zeolite nanosheets, designated as
SCM-37 (Sinopec Composite Material No. 37), by using both
octyltrimethylammonium chloride (OTMAC) and 4-dimethyla-
minopyridine (4-DMAP) as templates. Compared to conven-
tional FER zeolites (C-FER), SCM-37 showed significantly better
performance in the -catalytic cracking of 1,3,5-triisopro-
pylbenzene (1,3,5-TiPB).

Experimental
Synthesis of zeolite

In a typical synthesis of SCM-37, colloidal silica solution
(40.0 wt% SiO,, LUDOX HS40, Aldrich), sodium aluminate
(=41% Al,0;, China Medicine (Group) Shanghai Chemical
Reagent Co., Ltd), NaOH (99.5% NaOH, China Medicine
(Group) Shanghai Chemical Reagent Co., Ltd), octyl-
trimethylammonium chloride (OTMAC, 99 wt%, Aladdin), 4-
dimethylaminopyridine (4-DMAP, 99 wt%, TCI shanghai) and
deionized water were mixed in a certain order to obtain the
synthesis mixture with molar composition of 1.0 SiO,: 0.04
Al,O3: 0.18 NaOH: 0.30 OTMAC: 0.20 4-DMAP: 20 H,O. After
stirring at room temperature for 3 h, the final synthesis mixture
was transferred into a Teflon-lined stainless steel autoclave and
crystallized dynamically (20 rpm) at 150 °C for 6 days followed
by at 170 °C for 3 days. The obtained solid product was
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recovered by centrifugation, washed repeatedly with deionized
water, and dried overnight at 90 °C. The product was calcined at
550 °C for 6 h to remove the organic species. The obtained
sample was denoted as SCM-37.

The conventional FER zeolite (denoted as C-FER) was
prepared according to the previous literature, where cyclohex-
ylamine (CHA) was used as OSDA.** The molar composition of
the initial gel was 1.0 SiO,: 0.04 Al,O3: 0.20 NaOH: 0.20 CHA: 20
H,0.

The H-form zeolite samples were obtained by ion-
exchanging the calcined samples in 0.5 M NH,CI solution at
70 °C for 2 h with solid-to-liquid weight ratio of 1 : 20. The ion-
exchange procedure was repeated twice. After that, the solid was
recovered by centrifugation, washed, and then dried overnight
at 90 °C and calcined at 550 °C for 6 h.

Physicochemical characterization

X-ray powder diffraction (XRD) patterns were recorded on
a PANalytical X'Pert PRO diffractometer (Holland) with Cu Ko
radiation (1 = 1.54 A), operating at 40 kV and 40 mA. The data
were collected in 26 range of 3-50° at a speed of 10° min™".

The morphology and size of zeolite sample were observed by
scanning electron microscopy (SEM) on a Hitachi S-4800
microscope under accelerated voltage of 3.0 kv.

The high-resolution transmission electron microscopy
(HRTEM) images were collected under a Cs-corrected STEM
(FEI Titan Cubed Themis G2 300) operated at 300 kV with
a convergence semi-angle of 25 mrad.

Nitrogen adsorption/desorption analysis was carried out at
—196 °C on a BELSORP-MAX instrument after the sample was
degassed under vacuum at 300 °C for 5 h. The specific surface
area was calculated with the BET equation while the micropo-
rous volume was distinguished from the mesoporous one by the
¢t-plot method.

Acidity was measured by temperature-programmed desorp-
tion of ammonia (NH;3-TPD) with an Altamira AMI-3300 chem-
isorption equipment equipped with a thermal conductivity
detector (TCD). Typically, 100 mg of sample was pre-treated in
the helium stream (30 mL min~') at 550 °C for 1 h. The
adsorption of NH; (30 mL min~ ") was carried out at 100 °C for
30 min. The sample was flushed with helium at 100 °C for 1 h to
remove the physisorbed NH; from the catalyst. The TPD profile
was recorded at a heating rate of 10 °C min~* from 100 °C to
600 °C.

Si0,/Al,0; molar ratio (SAR) of the prepared FER zeolites was
quantified by inductive coupled plasma atomic emission spec-
trometer (ICP-AES) on a Varian 725-ES after dissolving the
samples in HF solution.

IR spectra of hydroxyl (4000-2800 cm™ ") stretching were all
recorded on a Nicolet 5700 FTIR spectrometer.

The nature and concentration of acid sites of the samples
were characterized by Fourier transformed infrared spectra
after adsorption of pyridine molecule (Py-IR), using a Nicolet
Nexus spectrometer equipped with an in situ vacuum system
containing a secondary vacuum. Wafers with a weight of 15 mg
and a diameter of 13 mm were pre-treated under vacuum at

© 2022 The Author(s). Published by the Royal Society of Chemistry
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400 °C for 2 h (background spectrum). Then the samples were
cooled to 150 °C to adsorb pyridine probe molecules. After that,
the samples were thermally desorbed at different temperatures
(150 °C and 350 °C) followed by the spectra recording. The
concentrations of Brensted acid sites (B acid) and Lewis acid
sites (L acid) were calculated by comparing the integrated areas
of the bands at 1545 cm™ ' and 1455 cm™'. For calculation,
integration distinct molar extinction coefficients of 1.67 and
2.22 cm for pyridine interacting with B acid and L acid centers
were used, respectively.

27Al and '3C solid-state magic angle spinning solid nuclear
magnetic resonance (MAS NMR) spectra were recorded on
a JNM-ECZ500R/S1 (JEOL) spectrometer under one-pulse
condition. The ">*C MAS NMR spectra were recorded at a '*C
frequency of 125.765 MHz and a spinning rate of 18.0 kHz with
a /2 rad pulse length of 5.0 us, ">C chemical shifts were re-
ported relative to adamantane (ADA). The *’Al MAS NMR
spectra were recorded at a *’Al frequency of 130.322 MHz and
a spinning rate of 18.0 kHz with a /2 rad pulse length of 1.4 ps,
the >’Al chemical shifts were referenced to an Al(NO;); solution
(1 M).

Catalytic test

Cracking of 1,3,5-triisopropylbenzene (TiPB) was used as the
probe reaction to evaluate the catalytic property of zeolite. The
reaction was carried out in a fixed-bed pulse microreactor with
an inner diameter of 6 mm equipped with an Agilent automatic
liquid sampler (ALS). Before catalytic test, zeolite powder was
pressurized into wafers and crushed and sieved to 40-60
meshes. In a typical test, 50 mg catalyst was mixed with 100 mg
of quartz sand and loaded in the reactor, 1 pL of TiPB was
injected via ALS at certain temperature (250 °C, 275 °C, 300 °C,
325 °C, and 350 °C). The result of the first pules at each
temperature was analyzed using Agilent 8840 gas chromato-
graph (GC) apparatus equipped with a flame ionization detector
(FID).

The conversion of TiPB and selectivity to isopropylbenzene
and benzene (iPB + Bz) were calculated as follows:

Conversion% = (1 - CZT’PCB) x 100% (1)

.. Cipg + CB;
Selectivity% = —=———— x 100% 2
e Z Ci — CTiPB ’ ( )

C; represents the molar concentration of product i with ben-
zenic ring in the effluents.

Results and discussion

The effect of initial molar ratio of silica to alumina (SAR) on the
products was studied. Fig. 1 illustrates the XRD patterns of as-
synthesized zeolites with different SAR, as well as that of C-
FER sample and the simulated pattern of FER zeolite. All the
samples show patterns corresponding to FER type structure
with characteristic diffraction peaks at 26 of 9.4°, 22.3° and
25.2° ascribed to (200), (031) and (040) plane, respectively. No
visible diffraction peaks assigned to other zeolites were

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 XRD patterns of simulated FER (a), as-synthesized C-FER (b) and
SCM-37 zeolites with different SAR of 15 (c), 20 (d), 25 (e).

detected, which suggests the purity of all FER zeolite materials.
The full width at half maximum (FWHM) of the peak at around
9.4° associated with (200) becomes obviously higher with the
increase of SAR, which suggests a remarkable loss of ordering
along the [100] direction and a decrease of crystal thickness.>*
The broadening of the (200) plane associated peak was also
observed in the preparation of other FER zeolites with nano-
sheet morphology.* After calcination, SCM-37 samples kept the
FER framework without any skeleton collapse or the appearance
of impurity phase (Fig. S1(b-d)f), which proves their
outstanding thermal stability. The reflection peak correspond-
ing to (200) plane does not shift to higher 26 region, suggesting
that the nanocrystalline nature along g-axis are well kept during
the calcination.

It's worth mentioning that FER zeolite could not be obtained
in the absence of either OTMAC or 4-DMAP (Fig. S27), sug-
gesting these two compounds might play a cooperative role in
the crystallization of SCM-37 zeolite. **C NMR spectra of the as-
synthesized SCM-37 and corresponding OTMAC and 4-DMAP
are shown in Fig. 2. It can be seen that the chemical shifts at 13,
22, 25, 28, 31, 52 and 66 ppm in the ">C MAS NMR spectra are
assigned to OTMA", which means the SCM-37 zeolite contains
a large number of OTMA", but the signals at 37, 106 and
~145 ppm belong to 4-DMAP is relatively weak. Meantime,
some small signals can be seen in the **C solid-state MAS NMR
spectra, the reason is not certain, it may be caused by the
decomposition of a part of organic OTMAC and 4-DMAP in the
synthesis process under high temperature and high pressure.

o] 1
.

200 180 160 140 120 100 80 60 40 20 0 -20
Chemical Shift (ppm)
Fig. 2 C MAS NMR patterns of the as-synthesized SCM-37 zeolite
(a), OTMAC solution (b), and 4-DMAP (c).
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Fig. 3 XRD patterns of the as-synthesized SCM-37 zeolites crystal-
lized for different time.

The result suggests that OTMA" and 4-DMAP participate in the
formation of SCM-37 zeolite as OSDA, while only a small
amount of 4-DMAP entered the framework of zeolite. The 8-MR
channel is possible to accommodate OTMAC, however, neither
of the 8-MR or 10-MR channels can accommodate 4-DMAP.
Thus, the ammonium head group of OTMA" is likely located in
8-MR, 10-MR channels and fer cages, whereas the 4-DMAP
enables spacing the stacked crystals in the agglomerates.*>*
Therefore, 4-DMAP might be located between the FER layers,
preventing crystal growth in the a-direction.

The effect of crystallization temperature and time on the
synthesis of SCM-37 has also been investigated. XRD patterns of
samples collected after different crystallization times are shown
in Fig. 3. The samples exhibit no obvious characteristic reflec-
tion peaks of FER zeolite when the crystallization time was less
than 4 days at 150 °C, indicating the forming of amorphous
phase. Weak diffraction peaks corresponding to FER structure
appears at 5-30° when the crystallization time prolonged to 6
days. The relative crystallinity gradually improved with the
increase of synthesis time.

Nevertheless, the crystallization process did not accomplish
after 9 days, while prolonging the heating time to 11 days
resulted in the emergence of MOR zeolite as impurity (Fig. S37).
This observation implied a narrow crystallization field of FER
zeolite. We then employed a two-step crystallization procedure.
The initial gel was heated at 150 °C for 6 days and then at 170 °C
for various times. The intensities of diffraction peaks
strengthened with the prolonged heating period and SCM-37
zeolite with high crystallinity could be obtained after crystaliz-
ing at 150 °C for 6 days followed by at 170 °C for 3 days. MOR
zeolite emerged after the gel was heated at 170 °C for 3.5 days. If
the crystallization temperature was fixed at 160 °C or 170 °C,
only amorphous phases would be obtained, regardless of the
crystallization time. It is speculated that the preparation of
SCM-37 requires a period of crystallization at low temperature
to ensure the formation of sufficient crystal nucleus. Shortening
the time of crystallizaion at low temperature would result in
a decrease in crystallinity probably because of reduced number
of crystal nuclei generated at the initial stage. Taking advantage
of the two-step crystallization method, SCM-37 zeolite with FER
framework was successfully prepared.
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Fig.4 SEM (A and B) and HRTEM (C-F) images of C-FER (A, C, E) and
SCM-37 (B, D, F). The inserted images in panel E and F are the selected
area electron diffraction (SAED) patterns.

The physicochemical properties of SCM-37 and C-FER zeolite
materials were systematically studied and compared. For each
SCM-37 sample, the peak at 9.4 ° is broader than that of C-FER,
proving a shorter dimension along the [100] direction. This
demonstrates that SCM-37 crystals are much thinner than C-
FER crystals. The relative crystallinity of SCM-37 seems to be
a bit lower than that of C-FER, due to the broadening of the
diffraction peaks. The comparison of the crystal thickness of
SCM-37 and C-FER samples can be realized by SEM and TEM
techniques. As depicted in Fig. 4, C-FER consists of typical
rectangular flake-like crystals, while SCM-37 (SiO,/Al,0; = 25)
crystals are characterized by a nanosheet-like morphology. No
amorphous phase or other zeolitic crystals could be found in
the samples. TEM images (Fig. 4C) show that the thickness of C-
FER zeolite along the g-axis exceeds 20 nm. In the contrary, the
thickness of SCM-37 zeolite crystals is 4~7 nm, confirming the
ultrathin nature of the nanosheets. This observation is in line
with the result inferred from XRD patterns. Crystals with clear
lattice fringes could be observed through the HRTEM images,
indicating the high crystallinity of both materials (Fig. 4E and
F). In addition, sharp and clear diffraction spots in the selected
area electron diffraction (SAED) indicated that the FER nano-
layers are ordered and packed in the [100] direction.

—s—Q
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Fig. 5 N, adsorption—desorption isotherms of C-FER (a) and SCM-37
(b).
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Table 1 Textural properties of C-FER and SCM-37 zeolites
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Sample Si0,/AL0;" Sger” (m* g™) Sex” (M g™ Smicro” (M* g™ Viotal’ (em® g™ Viniero® (cm® g77)
C-FER 23.9 359 18 341 0.28 0.14
SCM-37 23.1 475 198 277 0.93 0.12

% Measured by ICP. b Calculated from BET method. ¢ Calculated from t-plot method. d Smicro = SBeT —

adsorbed at P/P, = 0.99.

The N, adsorption-desorption isotherms of C-FER and SCM-
37 (Si0,/Al,0; = 25) are displayed in Fig. 5, and the textural
properties are summarized in Table 1. C-FER exhibits a type I
isotherm which is characteristic of microporous materials. The
total BET surface area (359 m” g~ ), total pore volume (0.28 cm®
g ") and micropore volume (0.14 cm® g~ ') are all close to those
reported in the previous researche.’® The external specific
surface area is 18 m> g~ ', which contributes little to the total
specific surface area. In contrast, SCM-37 shows a type IV
isotherm along with a moderate uptake of N, in a medium
relative pressure range, as well as a remarkable capillary
condensation step above a relative pressure of 0.9 due to the
inter-crystal voids arising from the stacking of nanosheet crys-
tals. The micropore volume and micropore surface area of SCM-
37 are comparable, although slightly lower, to those of C-FER.
However, the external surface area of SCM-37 reaches 198 m?>
g~ !, which is over ten times larger than that of C-FER.

The NH;-TPD curves of both FER zeolite materials (Fig. S47)
display two obvious desorption peaks at ca. 200 °C and 425 °C,
corresponding to the weak and strong acid sites of the zeolites,
respectively. Although the two zeolites possessed similar SAR
(Table 1), the total acid amount of SCM-37 was lower than that
of C-FER sample (955 pmol g~ ' vs. 1349 pmol g ). Fig. S51
shows the Py-IR spectra of the FER zeolites. The calculated
amounts of acid sites were listed in Table S1.f The concentra-
tions of both B and L acid sites of C-FER are higher than those of
SCM-37. The reason might lie in the slight lower relative crys-
tallinity of SCM-37.** Furthermore, >’Al MAS NMR spectra
(Fig. S6t) prove that almost all Al species in both FER zeolites
are isomorphically incorporated into the framework as deduced
from the presence of the resonance at 53 ppm and the absence
of octahedrally coordinated resonance around 0 ppm. After

—b
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Relative Intensity (a.u.)

T T T T T
4000 3800 3600 3400 3200 3000 2800
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Fig. 6 FT-IR spectra of OH-stretching vibration of C-FER (a) and
SCM-37 (b).

© 2022 The Author(s). Published by the Royal Society of Chemistry

Sext- ¢ Calculated from the N, volume

calcination, less than 5% of the Al species migrated to non-
framework sites while the majority of the Al species retained
within the framework, indicating excellent thermal stability of
both SCM-37 and C-FER materials.

Fig. 6 displays the FTIR spectra of OH-stretching vibrations
in the region between 3400 cm ™" and 3800 cm . Both zeolites
exhibit the characteristic bands at 3745 cm ™" ascribed to the
stretching vibration of terminal silanol groups and at
3602 cm™ ' contributed by bridging hydroxyl groups (Si-OH-Al).
In addition, there is a broad peak at 3640 cm™ " attributed to OH
groups connected to non-framework aluminum species.****” The
intense peak at around 3745 cm ™' for SCM-37 is significantly
stronger than that of C-FER, indicating that SCM-37 is partially
delaminated and an abundance of terminal silanol groups are
exposed on the external surface of crystals.

The catalytic performance of SCM-37 and C-FER were
comparatively evaluated by using the catalytic cracking of TiPB
carried out at different temperatures. As shown in Fig. 7, the
conversion of TiPB increased with the increasing of reaction
temperature for both catalysts. The conversion of TiPB over C-
FER zeolite was 27% at 250 °C and gradually rose to 50% and
94% as the reaction temperature raised to 300 °C and 350 °C. By
contrast, the conversion of TiPB over SCM-37 was 74% at reac-
tion temperature of 250 °C, which was pronouncedly higher
than that over C-FER. The conversion kept climbing up to 95%
at 300 °C and reached nearly 100% at 350 °C. It is widely
accepted that the cracking of TiPB is a diffusion-controlled
reaction and promoted accessibility of active sites is signifi-
cant beneficial to this process. Moreover, TiPB molecular with
a critical diameter of 0.95 nm is too bulky to diffuse into the
micropore of FER zeolite.”® The reaction occurs at the weak

100 H

/'//.__—* 1"

60 ~

®
=3

Y
3

Bz+iPB Selectivity (%)

40 4

TiPB Conversion (%)
8

»
S
1
!
»
S

250 275 300 325 350
Temperature (°C)

Fig. 7 Conversion of TiPB (asterisk line) and selectivity to Bz + iPB
(bars) over C-FER (black) and SCM-37 (red) at different reaction
temperatures.
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Bronsted acid located on the external surface.*** Taking into
account the similar SiO,/Al,O; molar ratio in both FER zeolites
and the less acid sites (especially Brgnsted acid) of SCM-37
zeolite, the superior catalytic performance of SCM-37 should
be related to its remarkably higher external surface area arising
from the ultrathin nanosheets. The primary products in the
cracking of TiPB are diisopropylbenzene (DiPB) and propylene,
while the deep cracking of DiPB gives isopropylbenzene (iPB)
and benzene (Bz). The selectivities to iPB and Bz over SCM-37
zeolite were always higher than those over C-FER under the
same condition (Fig. 7, Table S21). It suggests that the increased
external surface area of the FER zeolite catalyst not only favors
the cracking of TiPB, but also deep cracking of DiPB.

It is broadly believed that the high exposure of external
surface of zeolite materials is beneficial to the conversion of
organic molecules which are too bulky to be accommodated
within the sub-nanopores of zeolites. We believe SCM-37 with
ultrathin nanosheets opens up opportunity to make greater
contributions to industrial catalysis processes, especially those
involving heavy feeds.

Conclusions

In summary, we have developed an effective method for the direct
synthesis of ultrathin FER zeolite nanosheets. By using OTMAC and
4-DMAP as dual templates, SCM-37 zeolite with thicknesses along
the a-axis of 4~7 nm was successfully prepared. The synthesis field
of SCM-37 was narrow and a two-step crystallization approach
offered an opportunity for the successful synthesis of pure FER
zeolite with high crystallinity. This novel zeolite material is char-
acterized by remarkably higher external surface area compared to
conventional FER zeolites. Thanks to the enhanced accessibility of
active sites distributed on the external surface, SCM-37 exhibited
a superior performance in the catalytic cracking of TiPB. The new
method may also offers a good avenue for the development of other
zeolites with ultrathin nanosheets in the future.
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