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ABSTRACT

Controlling the anisotropic growth of crystals to achieve desired morphology is a challenge in zeolite crystalli-
zation, which often requires the use of bulky organic surfactants or additional crystal growth modifiers. Here,
MOR crystals with tunable c-axis thickness (12-MR channel direction) were readily synthesized with commercial
tetraethylammonium hydroxide (TEAOH) as an organic-structure directing agent (OSDA). It is revealed that the
relative growth rates of different crystal faces of MOR zeolite can be tuned by the crystallization temperature and
TEAOH amount in the developed gel system. Higher temperature and lower TEAOH concentration can effectively
retard the growth of MOR crystals along the c-axis, yielding MOR nanosheets with short c-axis thickness (ca. 40
nm). Investigation on the crystallization process demonstrates that the crystal growth follows a particle
attachment mechanism. Theoretical calculation was further employed to elucidate the c-axis thickness variation
of MOR zeolite under different conditions. A kilogram-scale synthesis of MOR nanosheets has been realized with
a 10 L autoclave, achieving high solid yield of 92 %. The MOR nanosheets, offering short 12-MR diffusion path,
exhibit substantially enhanced catalytic activity and stability in the dimethyl ether (DME) carbonylation to
methyl acetate reaction.

1. Introduction

complicating the synthesis process. In addition, nanosized zeolites are
hard to be collected by filtration or centrifugation due to its ultra-small

Zeolites have been widely used in chemical industry [1-5] owing to
their tunable acidity and high (hydro)thermal stability. The ordered
microporous channels of zeolites endow them with unique selectivity
[6-8]. However, the channels of molecular dimension may impose re-
strictions on mass transport, causing a decreased catalytic activity and
stability [9-11]. To enhance mass transport in zeolites, two well-known
strategies have been developed, i.e., i) introduction of meso-/macro-
pores into the crystals [12-15], ii) synthesis of nanosized crystals
[16-18]. However, both strategies generally involve the utilization of
expensive mesoporogens or additives, increasing the cost and

particle size. Alternatively, preparation of 2-dimensional (2D) or quasi-
2D crystals with limited crystal growth in the direction along channels of
interest is another effective approach to improve diffusion behaviors
[19-22]. Considerable efforts have been devoted to 2D zeolite synthesis,
particularly 2D ZSM-5, predominantly via the employment of designed
bulky organic surfactants or organic structure directing agents (OSDAs)
[23-27].

MOR zeolite is an important member of zeolite family that has
received significant attention in recent years due to its excellent per-
formances in dimethyl ether (DME) carbonylation[28], syngas/
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methanol to ethylene[7,29,30], and low-temperature oxidation of
methane to methanol[31,32], as well as selective gas adsorption[33,34].
In particular, the zeolite-catalyzed DME carbonylation process has
realized its industrialization in 2017, which offers a novel route to
produce methylacetate (MAc) and its hydrogenation product ethanol
from natural gas and coal. The MOR framework consists of 12-MR and
elliptical 8-MR channels along the c-axis, connected by 8-MR side
pockets along the b-axis[6,35]. As molecules can only enter through the
12-MR channels, MOR is commonly regarded as a unidimensional
zeolite. It has been demonstrated that the mass transfer limitation in
MOR zeolite could significantly inhibit reaction activity and stability
[11,361, despite its relatively superior performance in reactions such as
DME carbonylation. Therefore, MOR crystals with truncated c-axis
dimension and hence shortened diffusion length are highly desired.

Although extensive efforts have been devoted to the morphology
control of MOR zeolite, the tailored synthesis of 2D MOR nanosheets
with truncated c-axis length, remains a challenge[35,37-43]. The
employment of expensive organic surfactants and/or designed OSDAs is
common, and in most cases, the a-axis and b-axis crystal lengths have
been shortened with limited improvement of diffusion[42,44,45]. To
the best of our knowledge, only Shen et al.[46] and Shvets et al.[40]
synthesized MOR nanosheets with shortened c-axis crystal length under
the assistance of specially designed bulky bifunctional surfactants,
difficult for the scale-up production due to the high cost. On the other
hand, numerous researches have demonstrated that a variety of syn-
thetic parameters, including charge-balancing cations, mineralization
agents, silica/alumina sources and crystallization conditions, can also
affect the growth habits of zeolite materials[47]. Yet, it is still chal-
lenging to rationally control the morphology of zeolites due to the lack
of in-depth understanding of their growth habits under specific condi-
tions, which is also the case for MOR zeolite.

In this work, we report a mesoporogen-free approach for the syn-
thesis of MOR nanosheet assemblies with short c-axis length (12-MR
channel direction) by using commercial TEAOH as an OSDA. The crystal
thickness along the c-axis can be facilely tuned in the range of 40 nm to
800 nm by controlling the OSDA concentration and crystallization
temperature. On the basis of designed experiments and theoretical
calculation, the intrinsic reason for the oriented growth habits of MOR
crystals was elucidated. The obtained MOR nanosheets afford an
enhanced catalytic activity and stability in the DME carbonylation
reaction.

2. Experimental section
2.1. Materials and reagents

Sodium hydroxide (NaOH, 99.9 wt%, Shanghai Aladdin Industrial
Co.); sodium aluminate (NaAlO,, 36.6 wt% Na,0, 47.6 wt% Al,0O3, 15.8
wt% Hy0, Tianjin Guangfu Chemical Co.); silica sol (27.5 wt% SiOo,
72.5 wt% H,0, Qingdao Chengyu Chemical Co.); tetraethylammonium
hydroxide (TEAOH, 35 wt% in H,O, Shanghai Annaiji Chemical Reagent
Co.); tetramethylammonium hydroxide (TMAOH, 25 wt% in H3O,
Shanghai Annaiji Chemical Reagent Co.); hexamethyleneimine (HMI,
98 wt%, Shanghai Annaiji Chemical Reagent Co.); triethylamine (TEA,
99 wt%, Tianjin Damao Chemical Reagent Co.); pseudoboehmite (67 wt
% Aly03, 33 wt% H0); phosphoric acid (85 wt% H3PO4, 15 wt% Hy0,
Sichuan Xianfeng Chemical Co.), commercial MOR (Si/Al = 12, ZR
CATALYST Co., Ltd.); reactant gas (DME/CO/Ny = 5/35/60, Dalian
Guang Ming Special Gas Co., Ltd.).

2.2. Zeolites synthesis and catalyst preparation

A hydrothermal synthesis method was carried out for the preparation
of MOR zeolites. NaOH, NaAlO5, OSDA (TEAOH or HMI), and H,O were
first introduced into a beaker at room temperature and stirred until
dissolved completely. Silica sol was then introduced in drops under
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intense agitation. Subsequently, commercial MOR zeolite used as seeds
(4 wt% relative to SiO3) was added into the above mixture. The specific
compositions of the synthetic gel have been shown in Table S2-S6. After
aging for 1 h under stirring, the final gel was transferred into an auto-
clave (100 mL) and heated under tumbling conditions (details for spe-
cific gel ratio and crystallization conditions are shown in SI).
Afterwards, the crystallized product was centrifuged for recovery,
washed with distilled water and dried at 120 °C.

For the scale-up synthesis of MOR-P, a gel with molar composition of
1Si04: 1/33A1,03: 0.2NaOH: 0.07TEAOH: 16.7H50 with the addition of
4 wt% MOR seeds was carried out. In detail, 96.41 g NaAlO,, 74.48 g
NaOH and 441 g TEAOH solution were added to 1821 g deionized water,
to form a clear solution. 3292 g silica sol was slowly added into the clear
solution under stirring. 36 g MOR seeds were added into the gel and then
aged for 1 h under strong agitation at room temperature. The final
mixture was charged into a 10 L stainless steel Parr auloclave, which was
then sealed and heated up to 190 °C in 120 min. The crystallization was
conducted under stirring (100 rpm) at 190 °C for 13 h. After crystalli-
zation, the product was centrifuged for recovery, washed with distilled
water and dried at 120 °C.

For the synthesis of OFF zeolites, KOH, Al,03, TEAOH, TMAOH and
H,0 were introduced into a beaker in sequence and stirred until dis-
solved completely. Silica sol was then introduced under intense agita-
tion. The molar compositions of the synthetic gels have been shown in
Table S8. After aging for 1 h under stirring, the final gel was transferred
into an autoclave and heated under static conditions. Afterwards, the
crystallized product was centrifuged for recovery, washed with distilled
water and dried at 120 °C.

For the synthesis of SAPO-5, pseudoboehmite was added into a so-
lution containing phosphoric acid and water under stirring. The mixture
was stirred for 5 h, and then silica sol was added into the mixture and
stirred for 30 min. After further addition of TEA, the resulting mixture
was transferred into an autoclave, which was heated to crystallization
temperature and kept at the designed temperature for 24 h under
rotation. After the crystallization, the solid product was centrifuged for
recovery, washed with distilled water and dried at 120 °C.

In order to obtain H-type zeolite samples, the as-made samples were
first calcined at 550 °C. Subsequently, the calcined samples were ion-
exchanged with NH4NO3 solution (1 mol/L, 80 °C for 1 h). The ion-
exchange procedure was repeated three times and dried at 120 °C.
Finally, the exchanged sample was calcined at 550 °C for 4 h under dry
air.

2.3. Characterization

X-ray diffraction (XRD) patterns were obtained on an X-ray diffrac-
tometer of PANalytical X’Pert PRO with Cu Ko radiation operating at 40
kV and 40 mA (scanning region: 5 ~ 50°). The relative crystallinity of
the samples was calculated according to the sum of the peak height at 20
=9.78°,19.73° and 22.40°. For each recipe, the sample with the highest
values was defined as standard sample with a relative crystallinity of
100 %. The morphologies of zeolites were acquired using Hitachi
SU8020 scanning electron microscope (SEM). Selected area electron
diffraction (SAED) patterns were taken from JEOL JEM-2100 trans-
mission electron microscopy (TEM). High-angle annular dark-field-
scanning transmission electron microscopy (HAADF-STEM) and inte-
grated differential phase contrast (iDPC) images were recorded on FEI
Titan Cubed Themis ETEM G3 300. The 4-quadrant DF4 detector were
used to acquire the iDPC-STEM image. The convergence semi-angle for
the iDPC image is 9.8 mrad and the collection semi-angle is 2-14 mrad.
The probe current is ~ 1 pA. The dwell time is 2.5 ps/pixel, pixel size is
0.184 A and the calculated dose is ~ 460 e /A% The HAADF-STEM
images were acquired with 10-63 mrad collection semi-angle and
0.184 A2 pixel size. Textural properties of the samples were obtained on
a Micromeritics ASAP 2020 analyzer through N adsorption and
desorption measurements. Thermal analysis were determined on a TA Q-
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Fig. 1. General features of MOR nanosheets (MOR-P) obtained in the 1SiO5: 1/33Al,03: 0.2NaOH: 0.07TEAOH: 16.7H,0 system (190 °C, 15 h). (a) Framework of
MOR zeolite viewed along [001]; (b) the pore system in the MOR crystal; (c) XRD pattern; (d) Al MAS NMR spectrum; (e) Ny, physisorption isotherm; (f, g, h) SEM
images of the MOR-P; (i) TEM image and SAED pattern; (j) HAADF-STEM image and (k) iDPC-STEM image of the MOR-P taken along the c-axis; (1) Illustration of the

channel system in MOR-P.

600 thermogravimetric analyzer (TG). The bulk Si/Al ratios were
measured on an X-ray fluorescence (XRF) spectrometer of Philips Magix-
601. The temperature-programmed desorption of ammonia (NH3-TPD)
was performed using 100 mg powder of samples on Micromeritics
AutoChem II 2920 equipped with a thermal conductivity detector. Prior
to the measurement, the sample was pretreated under He flow at 450 °C
for 1 h. The adsorption of NH3 was carried out at 100 °C, which was
followed by desorption from 100 to 700 °C. A Bruker Tensor 27 spec-
trometer (MCT detector) was adopted for the measurement of fourier
transform infrared spectra (FTIR). The MOR samples were pressed self-
supported wafers and placed into the in situ quartz cell. Subsequently,
the wafers were dehydrated at 400 °C in a vacuum for 30 min to remove
the water physisorbed. After cooling to room temperature, the spectra
were collected by a MCT detector in the range of 400-4000 cm ™! with a
resolution of 4 cm 1. 2’Al and 2°Si MAS NMR spectra were recorded on a
Bruker Avance III 600 MHz spectrometer. 2’Al spectra were collected at
156.4 MHz with a spinning rate of 12 kHz, a recycle delay of 2 s and ©/8
pulse width of 0.75 ps. 2°Si spectra were recorded at 119.2 MHz with a
n/4 pulse width of 2.5 ps, a 10 s recycle delay and an 8 kHz spinning rate.
The liquid 3C NMR analysis was performed on Bruker Avance III 400
using D20 as deuterated reagent. Before NMR analysis, the as-
synthesized sample was dissolved by 50 wt% HF acid solution (Mass
zeolite/HFoution = 1/8), and the liquids were analyzed.

2.4. Computational method

To obtain the distribution of TEA™ in MOR slab, Monte Carlo method
was firstly employed to obtain the distribution of TEA™ in the unit cell of
bulk MOR zeolite. Subsequently, 2D slab of 96 T was created by building
supercell and deleting the atoms at the cell edge, and the three slabs of
(001), (010) and (100) faces were established with at least 15 A

vacuum layer. The slab was terminated with ~OH groups, and OSDAs at
the surface of slab were kept unchanged. The loading of TEA™ and the
number of ~OH groups in the slab were summarized in Table S7. Based
on the constructed slab (slab_TEA™) containing OSDAs, the empty slab
(slab) was created by deleting all OSDAs. To calculate the binding en-
ergy between slab and OSDA, the geometrical structures of two kinds of
slabs (slab_TEA" and slab) were fully optimized by density functional
theory (DFT) method, PBE functional[48] with Grimme’s dispersion
correction (DFT-D)[49] was used and all atoms were described by DNP
basis set by DMOL3 software.[50].
The interaction energy (AE) was calculated by the formula:

AE = (Egu_teat — Egap — 0¥ Eqga+ ) /0

Eqab_ospas Esiapy and Epspa are the energy of optimized structures of
slab_TEA™, slab, and TEA", n is the number of OSDA in slab_TEA™.
Herein, the MOR slab is all silicon to avoid the complicate discussion to
Al distributions, especially multiple Al atoms in a slab, and thus both
slab_TEA" and TEA" are positively charged, which may lead to the
underestimation of binding energy (AE) due to the ignoration of charge
transfer between slab and TEA™, but it will not change the qualitative
relationship of different slabs on AE.

2.5. Catalysis test

The DME carbonylation activity and stability of catalysts were
evaluated in a fixed bed reactor (diameter = 8 mm). The H-MOR samples
(0.25 g, 40-60 mesh) were pretreated with N5 in the reactor at 400 °C for
2 h. Afterwards, the temperature was cooled to reaction temperature
(200 °C), and a mixture of reactant gas (DME/CO/N; = 5/35/60) was
introduced. The reaction was carried out at 2.0 MPa with a GHSV of
3600 mL/g/h. The products analysis was carried out using an Agilent
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Fig. 2. Effect of (a) crystallization temperature and (b) TEAOH amount on the
c-axis thickness of MOR zeolites. (c-f) The evolution of relative crystallinity,
solid yields, normalized solid inorganic elemental compositions (measured by
XRF), and OSDA contents (measured by TG) in the systems of Recipes 1-3. The
gel molar composition for syntheses is 1SiO5: 1/33Al,03: 0.2NaOH: xTEAOH:
16.7H,0 For (a), x = 0.1. For Recipe 1, 2 and 3 in (c-f), x = 0.1 (190 °C), 0.1
(160 °C) and 0.05 (160 °C), respectively.

7890B gas chromatograph equipped with Pora PLOT Q capillary column
and FID detector.

3. Results and discussion
3.1. Synthesis of MOR nanosheets and the control of their c-axis thickness

Considerable synthesis efforts have been conducted to tune the
crystal morphology of zeolite MOR by changing the gel compositions
and crystallization conditions. MOR nanosheets (named MOR-P, Fig. 1)
were obtained in high yield (~90 %) from an initial gel with molar
composition of 1SiOy: 1/33A1,03: 0.2NaOH: 0.07TEAOH: 16.7H,0 after
crystallization at 190 °C for 15 h under tumbling conditions. The XRD
pattern of the sample shows characteristic reflections of zeolite MOR
with high crystallinity (Fig. 1c). Al MAS NMR spectrum in Fig. 1d
evidences the absence of octahedrally coordinated aluminum species,
which are related to extra-framework aluminum. The bulk Si/Al ratio
was measured to be 14.0 (XRF), similar to the framework Si/Al ratio
(13.4) derived from 2°Si MAS NMR spectrum (Fig. 51). 13C MAS NMR
spectrum confirms the intact presence of TEA™ in the micropores of
MOR-P (Fig. S1). Ny physisorption analysis of the calcined sample gives
type I physisorption isotherm, with a micropore volume of 0.17 cm®/g
and BET surface area of 423 m2/g (Fig. le, Table S1). A microscopy
study shows that the MOR-P has a morphology of nanosheet assemblies
(Fig. 1f-h and Fig. S2). The nanosheets have a thickness of around 40 nm
with length and width dimensions in micrometer scale. Corresponding
selected area electron diffraction (SAED) pattern reveals that the
shortest dimension of the crystals runs along the c-axis (Fig. 1i). The 12-
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MR pores of the MOR-P nanosheets can be clearly identified from iDPC-
STEM image in Fig. 1k. These results demonstrate that MOR nanosheets
with high crystallinity and impressive thickness of ca. 40 nm along the c-
axis has been prepared by one-pot method without using bulky surfac-
tants or modifiers.

A systematic investigation of the influence of synthetic conditions on
the morphology of MOR zeolite was carried out based on a gel system of
1Si04: 1/33A1,03: 0.2NaOH: 0.1TEAOH: 16.7H50 (Table S2-S6, Fig. S3-
S9). One of the important parameters for the achievement of MOR
nanosheets is found to be the crystallization temperature. The MOR
crystals present a gradually decreased thickness along the c-axis from
more than eight hundreds to several tens of nanometers, when the
temperature rises from 140 °C to 190 °C (Fig. 2a, S3, Table S2). Mean-
while, no substantial variation is observed for the crystal length along
the a-axis and b-axis, resulting in a dramatic change of crystal
morphology from rod-like shape to nanosheet shape. Further increasing
the crystallization temperature to 200 °C, impurities start to appear, and
the crystal thickness doesn’t show appreciable decrease.

The impact of OSDA amounts on the anisotropic growth of MOR
crystals has never been reported in previous works. Herein, it is inter-
esting to show that the increase of TEAOH amount has a negative effect
on the crystal thickness, which is independent of crystallization tem-
perature (Fig. 2b, S4, Table S3). However, excessively low TEAOH usage
is not favorable for the synthesis of pure MOR phase. When the x
(TEAOH/SiO») falls to 0.05, impurities start to occur. In addition, the
effect of NaOH amount (Table S4, Fig. S5) is also examined. In the
investigated range of NaOH/SiOz = 0.16 ~ 0.22, the change in NaOH
amount shows little impact on the crystal thickness. Fig. S6 summarizes
the variation of crystal thickness along the c-axis with the gel alkalinity.
The inconsistent trends between two curves imply that gel alkalinity is
not the crucial factor in determining the crystal thickness. It is specu-
lated that the concentration of TEA™ cation may be more important for
tuning the anisotropic growth of MOR crystals, which was further evi-
denced by designed experiments. As shown in Table S5 and Fig. S7, the
MOR crystal thickness presents an obviously increasing trend following
the addition of TEACI. Additionally, the MOR nanosheets are not strictly
constrained by gel Si/Al ratio. Its variation in the range of 12.5 to 38.5
can deliver pure MOR product with nanosheets morphology (Table S6,
Fig. S8). Fig. S9 further displays the effect of seed amounts on the
products. Without the addition of seeds, the gel with the same compo-
sition as that of Recipe 1 cannot yield pure MOR product. Following the
increase of seed amounts (2-8 wt%), a gradually shortened time for
complete crystallization can be observed, but it does not yield significant
impact on the c-axis thickness of crystals.

3.2. Formation mechanism of MOR nanosheets

To learn the formation mechanism of MOR nanosheets and under-
stand the intrinsic reason of crystallization temperatures and OSDA
amounts in affecting the crystal thickness, three synthetic recipes were
chosen and studied comparatively. The crystallization curves of the
three systems are shown in Fig. 2c. They all present similar crystalliza-
tion process with the existence of induction period and fast crystal
growth period. Both higher temperature and larger TEAOH amounts are
helpful for the shortening of induction period and the acceleration of
crystal growth. From Fig. 2d-f, the three systems have high yields of
more than 80 % with little fluctuation during the entire crystallization
period. The contents of silica and alumina in solid phase are barely
changed, while the contents of equilibrium cations (TEA* and Na™)
show an opposite variation trend with the crystallization of zeolite MOR.
More TEA™ cations are gradually incorporated into the solid phase with
the discharge of Na™.

The intermediate solids were further inspected by SEM and TEM
(Fig. 3 and Fig. S10-513). um-sized amorphous materials consisting of
tiny particles are formed at the very initial stage of all three systems. As
the crystallization proceeds, for Recipe 1, small plate-like crystals start
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Fig. 3. SEM images of the MOR products at different crystallization stages. (a-d) Recipe 1 for 3 h, 6 h, 9 h and 12 h; (e-h) Recipe 2 for 4 h, 9 h, 19 h and 24 h; (i-])
Recipe 3 for 4 h, 9 h, 19 h and 30 h. (m) Illustration of the evolution process of MOR nanosheets. The gel molar composition for Recipe 1, 2 and 3 is 1SiO2: 1/33Al503:
0.2NaOH: xTEAOH: 16.7H,0 with x = 0.1 (190 °C), 0.1 (160 °C) and 0.05 (160 °C), respectively. The arrows in the (m) show the crystal growth direction along the a-

, b- and c-axis.

to emerge on the surface of amorphous particles, suggesting that het-
erogeneous nucleation should be responsible for the formation of crys-
tals. Afterwards, the crystals show preferential growth in the a- and b-
axis directions, while the growth in the c-axis direction is rather limited.
High-resolution SEM images show that the surface of nanosheets is
rough and covered with squamous plates. Also, amorphous particles can
be observed to be attached on the surface as well as at the edges of the
nanosheets (Fig. 3c and S11). Given the less changed solid yields and
solid Si/Al ratios during the crystallization, it is speculated that the
nanosheets grow via the addition of amorphous particles. In the later
stage of crystallization, the classic pathway of monomer addition may
occur owing to Oswald ripening, as deduced from the reduced surface
roughness of the final well-crystallized nanosheets[51]. Indeed, previ-
ous works on ZSM-5 have revealed that the growth of MFI crystals in-
volves both molecule attachment and particle attachment followed by
disorder-to-order transition[51,52].

Compared with Recipe 1, Recipe 2 has a lower crystallization tem-
perature of 160 °C. At the initial stage, slender cylindrical crystals
emerge on the amorphous particles with their “tail” rooting in the par-
ticles (Fig. 3f). The crystals grow large with no preferential growth in
specific direction at the expense of amorphous materials (Fig. 3g). It is
noted that the cylindrical crystals have highly coarse surface, except for
their smooth “top” belonging to (100) face. A large number of

amorphous nanoparticles can be observed to be attached on the uneven
surface (Fig. S12), implying the main growth pathway of the crystals via
particle addition. On the whole, the crystal growth behavior of Recipe 2
resembles that of Recipe 1 except for the increased crystal thickness in
the c-axis. Recipe 3 is similar to Recipe 2 except for the reduce of TEAOH
amount by half. It shows similar crystal growth behavior to Recipe 2
(Fig. 3i-1), but with obviously thin crystal thickness. In addition, the
dispersed immature crystals of Recipe 2 and 3 in Fig. S12-S13 present a
triangle morphology with larger “top” part than the “tail”, which sug-
gests that the crystal growth extends from the exterior to the interior of
amorphous particles along the a-axis direction, leading to the crossed
architectures of the final crystals. Based on the collected results, three
systems follow similar crystal growth mechanism in spite of their
different crystal morphology. The evolution of crystallization process to
MOR nanosheets is illustrated in Fig. 3m.

It has been recognized that quaternary amine cations in the gel tend
to be adsorbed on crystal surface due to the existence of surface hy-
droxyls and aluminum sites, which can affect the addition of anionic
monomeric/oligomeric species[19,53] and modify the growth rate of
crystal surface. Herein, in order to better understand the oriented
growth of MOR crystals, theoretical calculations were carried out to
investigate the adsorption of TEA™ cations on different crystal faces. A
MOR slab of 96 T was constructed to evaluate the binding energy (AE)
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Fig. 4. TEA™ distributions in 96 T MOR slabs of (100), (001) and (010) faces
and the corresponding binding energies between MOR slabs and TEA™.

between TEA" and different faces (see Supporting Information for de-
tails). The models of TEA™ distribution in MOR slab and the corre-
sponding AE are shown in Fig. 4 and Table S7, respectively. The
interaction strength between TEA' and the (001) face is obviously
stronger than that of TEA™ with (010) or (100) faces, as indicated by
the more negative AE on (001) face. This suggests a preferential
adsorption of TEA™ on (001) face, which is suspected to reduce the
concentration of inorganic sources therein and impede the growth of the
crystal face. Moreover, as shown in Fig. S14, the interaction strength
increases with the incremental thickness of MOR (00 1) slab, implying a
detrimental effect of TEA' adsorption on the growth of (001) crystal
face. As the stronger interaction between TEA' and the (001) face, the
density of TEA™ adsorbed on (001) face is less affected by the TEA™
concentration and temperature changes of the gel, compared with the
other two crystal faces. Therefore, when reducing the OSDA dosage or
increasing the crystallization temperature, the decrease of TEA™ density
on (001) faces is expected to be smaller than on other faces, which leads
to relatively slow growth rate of (001) face and thus the formation of
nanosheets morphology with short c-axis thickness (Fig. S15).

3.3. Application of the strategy in the c-axis thickness tuning of large-pore
zeolites

Inspired by the above results that the tunable thickness of MOR
crystals along the c-axis arises from the difference in binding energies
between TEA™ and different crystal faces, it is supposed that the present
strategies might be applicable for morphology control of MOR templated
by other OSDAs. Herein, we show that the crystal thickness of zeolite
MOR can be modified when using hexamethyleneimine (HMI) as an
OSDA. From Fig. S16, c-axis oriented MOR nanosheets are achieved by
adjusting the crystallization temperature. Furthermore, the strategies
are also found to be effective for the thickness control of 12-MR channels
of zeolite OFF and SAPO-5, as evidenced by the results shown in
Table S8 and Fig. S17-S18.

Chemical Engineering Journal 487 (2024) 150344

(b)

Solidyield: 92%
Product Si/Al ratio: 14.5

1) M [

5 10 15 20 25 30 35 40 45 50
2 theta (degree)

Intensity (a.u.)

Fig. 5. The scale-up synthesis of MOR-P. (a) Photograph of 10 L parr autoclave,
(b) XRD pattern and (c, d) SEM images of the solid product from 10 L autoclave.
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Fig. 6. (a) NH3-TPD, (b) FTIR spectra of the v(OH) vibration region and (c)
DME carbonylation performance of H'-form MOR-P and MOR-Ref catalysts.
Reaction conditions: DME/CO/N, = 5/35/60, GHSV = 3600 mL/g/h, 200 °C,
2 MPa.

3.4. Scale-up synthesis of MOR nanosheets

It is well-known that scale-up synthesis of zeolites is important for
their practical application, but often full of challenges, especially for the
morphology control synthesis. Herein, the scale-up prodution of MOR-P
was performed using a 10 L Parr autoclave. The solid product can be
easily separated with the mother liquid and washed with a centrifuga-
tion of 5000 rpm. About 1050 g of zeolite powder was finally obtained,
corresponding to a high solid yield of ca. 92 %. As shown in Fig. 5, the
XRD pattern and SEM image confirm the good crystallinity, purity and
nanosheets morphology of the scale-up product, demonstrating the high
feasibility of the strategy developed in this work for large-scale
production.

3.5. Catalytic performance in DME carbonylation

The nanosheet morphology of zeolite MOR is anticipated to be
beneficial for catalytic applications due to the improved mass transfer
properties. Herein, the catalytic performances of MOR-P nanosheets in
DME carbonylation reactions were investigated. As a comparison, MOR
product from Recipe 2 (24 h) was used as the reference (named MOR-
Ref). The acid properties of the protonated MOR samples are dis-
played in Fig. 6a, 6b and Table S9. Two samples possess similar NH3-
TPD profiles, implying their comparable acid strength and acid amounts.
The acid amounts with moderate and strong were calculated to be 0.74
and 0.72 mmol/g for MOR-P and MOR-Ref, respectively. The distribu-
tions of Brgnsted acid sites (BASs) in the 12-MR and 8-MR channels of
the samples were investigated by FTIR spectra. On the basis of the
deconvolution results of the bridging hydroxyl groups (Fig. 6b), the
proportions of BASs in the 8-MR side pocket of MOR-P and MOR-Ref
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were 46 % and 48 %, respectively. These results demonstrate that the
MOR-P and MOR-Ref possess similar acid properties, including acid
amounts and acid distribution.

Fig. 6¢ displays the DME conversion and methyl acetate (MAc)
selectivity of the MOR catalysts as a function of time-on-stream. MOR-P
exhibits much better reaction activity and catalyst stability. The highest
conversion on MOR-P is 47 %, in sharp contrast with 19 % for MOR-
Ref. Meanwhile, the reaction period with MAc selectivity higher than 90
% lasts for 13 h on the former catalyst, but just 6 h on MOR-Ref. The
corresponding amount of DME converted on MOR-P is about 5.5 times
larger than on MOR-Ref (22.6 vs 4.1 mmolpyg/8cat)- After 20 h reaction,
the converted DME on MOR-P and MOR-Ref are 58.2 mmolpmg/gcat and
19.4 mmolpyg/geat respectively. Additionally, the spent catalysts after
20 h reaction were measured by TG-DTA and the curves are shown in
Fig. S19. The ratio of coke deposits to the converted DME is calculated to
be 0.043 gcoke/gpME for MOR-P and 0.128 gcoke/gpMe for MOR-
Ref. These results evidence the advantages of the shorter diffusion path
along the straight channel of MOR nanosheets, which reduces the
diffusion limitation, alleviates the occurrence of side reactions and
abates the blockage of by-products in the channels.

4. Conclusions

A facile strategy has been developed to tailor the anisotropic growth
of MOR zeolite without the assistance of mesoporogens and additional
modifiers. Both crystallization temperature and TEAOH concentration
are revealed to be key factors in tuning the c-axis thickness of MOR
crystals in the developed system. Higher temperature and lower TEAOH
concentration can help retard the crystal growth in the c-axis direction,
yielding MOR nanosheets product (~40 nm). Theoretical calculations
reveal that TEA™ has stronger interaction with the (001) face than with
other crystal faces, which impedes the growth in the c-axis direction and
thus leads to the nanosheets morphology under optimized conditions.
The obtained MOR nanosheets behave obviously enhanced catalytic
performance in DME carbonylation reaction owing to their short 12-MR
diffusion path. The facile strategy together with its successful scale-up
synthesis offers a prospect for the production and application of high-
ly efficient MOR nanosheets.
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