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ABSTRACT
Theminimized diffusion limitation and completely exposed strong acid sites of the ultrathin zeolites make it
an industrially important catalyst especially for converting bulky molecules. However, the
structure-controlled and large-scale synthesis of the material is still a challenge. In this work, the direct
synthesis of the single-layer MWW zeolite was demonstrated by using hexamethyleneimine and
amphiphilic organosilane as structure-directing agents. Characterization results confirmed the formation of
the single-layer MWW zeolite with high crystallinity and excellent thermal/hydrothermal stability.The
formation mechanism was rigorously revealed as the balanced rates between the nucleation/growth of the
MWWnanocrystals and the incorporation of the organosilane into theMWWunit cell, which is further
supported by the formation of MWWnanosheets with tunable thickness via simply changing synthesis
conditions.The commercially available reagents, well-controlled structure and the high catalytic stability for
the alkylation of benzene with 1-dodecene make it an industrially important catalyst.
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INTRODUCTION
Zeolites are microporous crystalline aluminosili-
cates with excellent thermal/hydrothermal stability,
diverse pore topologies and tunable acidity in a
wide range, which enable their extensive applica-
tion in catalysis especially in petroleum refining
[1–3]. However, zeolite catalysis is still chal-
lenged by the diffusion limitation and the ther-
mal/hydrothermal stability of the materials [4–8].
To this end, a single-unit-cell nanosheet of zeolites
is efficient to minimize the diffusion limitation
and to expose more external acid sites [9–13].
Thus, the post-exfoliation of layered MWW zeolites
[9,14–17] and the structure-directing agent (SDA)
assisted direct synthesis [10,18–21] are commonly
investigated to fabricate single-layer MWW (SL-
MWW) zeolites. Among these routes, the direct
synthesis is preferred because of its simple proce-
dure, high solid yield, and more importantly the
high structural integrity [22–27]. Although zeolites
MCM-56 [17,28,29], ITQ-30 [30] and EMM-10
[31] with disordered MWW layers along the c-axis

can be synthesized directly without the assisted
SDA, the MWW layers are not fully delaminated to
SL-MWW zeolites as revealed from the commonly
lower external surface areas.

By using a rationally designed bifunctional SDA,
Ryoo et al. pioneered the directly synthesizing
single-unit-cell nanosheets of MFI zeolite [10].
With a similar strategy, the delaminated MWW
zeolite nanosheets named MIT-1 are recently re-
ported [18]. In addition, the delaminatedMWWze-
olite (DS-ITQ-2) containing a large proportion of
MWWmonolayers is directly synthesized byhexam-
ethyleneimine (HMI)-assisted bifunctional SDAs
[19]. Nevertheless, these specially designed SDAs
requiring complicated synthetic procedure can only
be used for a specific zeolite, which limits their po-
tential industrial application [22–27,32].Therefore,
the readily available and affordable SDA is desir-
able for the controlled synthesis of ultrathin MWW
nanosheets.

In essence, the common feature of previous
works is that the functional groups of the bifunc-
tional SDA molecules are embedded in the zeolite
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Scheme 1. Illustrative scheme for the formation of single-layer and multiple-layer MWW zeolite.

layers while the long alkyl chains prevent their stack-
ing along the c-axis [22,23]. Indeed, the structure
of the commercially available amphiphilic organosi-
lane is very similar to that of specially designed
SDA i.e. the methoxysilyl moiety can incorporate
into MWW layers via covalent bonds with grow-
ing crystals while the bulky hydrophobic tail can re-
strict the ordered stacking of MWW layers along
the c-axis. Although the strategy is seemingly simple,
unfortunately only multilayered MWW nanosheets
(15–60 nm) can be synthesized by using HMI and
amphiphilic organosilane as dual-SDAs [33,34]. By
using similar organosilane as co-SDA, comparable
results are obtained in the cases for synthesizing
Ti-MWW [35] and SAPO-34 zeolite nanosheets
[36]. If these related reports are analyzed, one can
find that changing the molar ratio of TPOAC/SiO2
and/or the chain length of the organosilane is com-
monly applied to tune the crystal size or the meso-
pore size of zeolite [6,33,36–38]. In contrast, the
other key factor, i.e. the balance between the rates
for the formation of the nanocrystals from the in-
organic aluminosilicate precursor and the incorpo-
ration of the organosilane into the nanocrystals, is
largely omitted. In fact, the rate for the crystallization
of the inorganic aluminosilicate is generally higher
than that of the organosilane in this dual-SDAs sys-
tem. As a result, when inorganic aluminosilicates are
used as silicon/aluminum sources, larger nanocrys-
tals are expected to be rapidly formed at the initial
stage of crystallization, which expels the organosi-

lane from the aluminosilicate domain. Thus, the di-
rect synthesis of the controlled andhighly crystalized
single-unit-cell nanosheets is still challenging, espe-
cially in cases using the amphiphilic organosilane as
a co-SDA.

For the layeredMWWzeolite, a recent non-local
density functional theory (DFT) study reveals that
the ordered staking of MWW layers of MCM-22
is mainly controlled by the inductive effects of
HMI through forming strong hydrogen bonds with
surface silanols [39]. Following this mechanism,
the formation of multilayered zeolite structure
in the dual-SDAs system is mainly determined
by the competitive interaction between the HMI
and naked MWW layers. Accordingly, to prevent
the inductive effects of HMI, the co-SDA must
be embedded in or grafted on every single MWW
layer, each of which are formed at the initial stage
of the synthesis. In contrast, the naked MWW
layers will be assembled intomultilayered structures
providing the inductive effects of HMI. Thus, by
simply balancing (i) the formation rate of the single-
unit-cell nanosheet via the nucleation and growth of
aluminosilicate with (ii) the speed for incorporating
the organosilane into the single-unit-cell nanosheet,
highly pure SL-MWW zeolites are reasonably
expected. Almost simultaneously to our work, 2D
MWW nanosheets with 1–2 unit cells are reported
by just changing the amount of hexadecyltrimethy-
lammonium bromide (CTAB) added into the
synthesis gel of MCM-22 zeolite [40].
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Figure 1. Structure of single-layer MWW zeolite. (a) XRD patterns and (b) N2 adsorption-desorption isotherms for SL-MWW0.1/0.35 and MCM-22;
(c) 29Si MAS NMR spectra of as-synthesized SL-MWW0.1/0.35, calcined SL-MWW0.1/0.35 and MCM-22; (d) SEM and (e and f) TEM images of
SL-MWW0.1/0.35.

Herein, using HMI and commer-
cially available amphiphilic organosilane
([(CH3O)3SiC3H6N(CH3)2C18H37]Cl, TPOAC)
as combinational SDAs, we demonstrate the con-
trolled direct synthesis of the SL- to ML-MWW
zeolite via regulating the rates for the formation of
the single-unit-cell nanosheet and the incorporation
of the organosilane. Following the proposedmecha-
nism (Scheme 1), well-structured SL-MWW zeolite
with excellent thermal/hydrothermal stability was
obtained. Moreover, the thicknesses and arrange-
ment of MWW layers could be well regulated by
simply changing the concentration of alkalinity and
HMI under a constant molar ratio of TPOAC/SiO2
in the synthesis gel (Scheme S1 in the online Sup-
plementary Materials). Significantly, it is expected
that this proposed mechanism could be used for
realizing the direct synthesis of single-layer zeolites
with different topologies.

RESULTS AND DISCUSSION
Synthesis of the SL-MWW zeolite
The synthesis of a SL-MWW zeolite was demon-
strated by using a synthesis gel of 0.1 Na2O/1
SiO2/0.033 Al2O3/0.35 HMI/0.04 TPOAC/45
H2O with 14 days crystallization (denoted as
SL-MWW0.1/0.35, where 0.1 and 0.35 represent
the molar ratios of Na2O to SiO2 and HMI to
SiO2 in the synthesis gel, respectively). Powder
X-ray diffraction (XRD) was used to identify the

thickness and arrangement of MWW layers in the
2θ range of 6–10◦ [13,20]. As shown in Fig. 1(a),
the MCM-22 presents two intense and discrete
(101) and (102) reflections at 2θ of 8 and 10o,
indicating the thick and ordered staking of MWW
layers. For the zeolite MCM-56 (Fig. S1a), the
(101) and (102) reflections are clearly visible
although the peak valley is increased to a certain
extent, which indicates the partial condensation
of the adjacent MWW layers after calcination as
explained in the references [29,39]. In the case of
calcined SL-MWW0.1/0.35, the (101) and (102)
reflections are transformed into a broad peak due
to the disordered arrangement of single-unit-cell
MWW nanosheets along the c-axis (Fig. 1(a)).
Moreover, only the (hk0) reflections are sufficiently
sharp for indexing for the diffraction pattern due to
the smaller thickness along the c-axis, which is in
good agreement with the previous simulated and
experimental XRD patterns of MWW nanosheet
with single-unit-cell thickness [18–21,41].

This can be further confirmed by the N2
adsorption-desorption results (Fig. 1(b)). Com-
pared to the MCM-22, the adsorption isotherm
of SL-MWW0.1/0.35 presents a sharp increase in
uptake of nitrogen in the relative pressure ranges
>0.9, indicating the presence of intercrystalline
meso/macropores formed by the intergrown and
‘house of cards’ disposition of MWW layers. More-
over, the uptake of nitrogen for SL-MWW0.1/0.35 in
the relative pressure ranges of 10−6 < P/P0 < 10−3
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Table 1. Textural properties of MCM-22, MCM-56 and ultrathin MWW zeolites.

SBET Sexta Sext/SBET Vtotal Vmicro
a

Sample (m2/g) (m2/g) (%) (cm3/g) (cm3/g)

MCM-22 550 119 22 0.66 0.17
MCM-56 448 183 41 0.75 0.13
ML-MWW0.15/0.5 532 248 47 0.75 0.14
ML-MWW0.1/0.5 595 417 70 1.03 0.09
SL-MWW0.1/0.35 640 446 70 1.21 0.09
ML-MWW0.1/0.35/0.03 465 164 57 0.83 0.10

aSext (external surface area) and Vmicro (microporevolume) calculated using t-plot method in the 3.5–5.0 Å thickness range.

is lower than that for MCM-22 (the inset of
Fig. 1(b)), indicating the absence of 12-MR
supercages over the delaminated structure of
SL-MWW0.1/0.35 [15,18,19]. The external sur-
face area and pore volume of SL-MWW0.1/0.35
(446 m2/g and 1.21 cm3/g) are significantly in-
creased compared to that of MCM-22 (Table 1).
Figure 1(c) shows the 29Si magic-angle spinning
nuclear magnetic resonance (MAS NMR) spectra
of as-synthesized and calcined SL-MWW0.1/0.35.
A clear signal at −65 ppm derived from R-
Si(OSi)n(OAl)3-n is detected for the as-synthesized
sample, confirming that the organosiloxanes are
connected to the framework or the surface ofMWW
layers [36,42]. After calcination, the resonance
signal at−65 ppm is disappeared due to the removal
of organic groups.Moreover, theQ3 (Si(OSi)3OH)
resonances at about −100 ppm for calcined SL-
MWW0.1/0.35 are significantly increased compared
to that for MCM-22, which further confirms the
single-layer structure with higher density of silanol
due to the formation of 12-MR cups on the external
surface.

The scanning electron microscope (SEM)
image (Fig. 1(d)) shows that the SL-MWW0.1/0.35
prepared here presents an ultrathin flake-like
morphology in a ‘house of cards’ disposition,
which is very different to the MCM-22 and thick
plate-like morphology of MCM-56 (Fig. S2).
Transmission electron microscope (TEM) images
(Fig. 1(e) and (f); Fig. S3) reveal that most of
the crystals for the SL-MWW0.1/0.35 prepared here
present a single MWW layer with single-unit-cell
thickness (2.5 nm) along the (001) direction.
However, MWW nanosheets with few bilayered
structures (Fig. S3) in the SL-MWW0.1/0.35 are
inevitable under the synthesis conditions used here.
In addition, no amorphous formwas detected in the
SEM and TEM visualization.

Mechanism of the ML- to SL-MWW
zeolites
The proposed formation mechanism of the MWW
nanosheets in the dual-SDAs system can be verified

by the fact that the thickness of MWW nanosheets
could be tailored by regulating the ratio of either
Na2O to SiO2 or HMI to SiO2 while keeping a
constant concentration of TPOAC in the synthesis
gel. As shown in Fig. 2, MCM-22(P), where P is
for the MCM-22 precursor, presents a clear (002)
diffraction peak and distinct (101) and (102)
reflections at 2θ values of 8◦ and 10◦, indicating
a highly ordered staking of MWW layers. For the
duel-SDAs system, using the same concentration of
Na2O and HMI (x = 0.15 and y = 0.5) with that
of MCM-22, only ML-MWW zeolite (denoted as
ML-MWWx/y, where x and y represent the molar
ratios of Na2O to SiO2 and HMI to SiO2 in the
synthesis gel, respectively) can be obtained, which
can be validated by the distinct (002) and discrete
(101) and (102) reflections for the as-synthesized
ML-MWW0.15/0.5 although the intensity is de-
creased (Fig. 2). It should be noted that the discrete
(101) and (102) reflections emerge even after only
six days crystallization (Fig. S4), indicating the for-
mation of a multilayered structure at the early stage.
However, an additional signal at −52 ppm derived
from R-Si(OSi)n(OAl)2-n(OH) is present from the
29Si MASNMR results (Fig. S5).This indicates that
the condensation rate of the silanol in an organosi-
lanemolecule is lower than the formation rate of the
single-unit-cell MWWnanosheet by inorganic silica
and alumina source (Scheme S1b). As a result, the
multi-layered MWW nanosheets are formed due to
the inductive effects ofHMI through forming strong
hydrogen bonds with surface silanols, although the
thickness of MWW nanosheets is decreased com-
pared to theMCM-22(P). In contrast, if the ratio of
Na2O to SiO2 is decreased (x= 0.10 and y= 0.50),
the intensity of (002) peak obviously decreases and
(101) and (102) peaks become weaker and broader
forML-MWW0.1/0.5 (Figs 2 and S6), suggesting that
the thickness of MWW nanosheets is further de-
creased. This result can be reasonably explained by
the decreased formation rate of the single-unit-cell
MWWnanosheets, which is gradually matched with
the incorporation rate of TPOAC (Scheme S1c).
With an optimal concentration of Na2O and HMI
(x = 0.10 and y = 0.35), the (002) diffraction
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Figure 2. XRD patterns and proposed arrangement of MWW layers for the as-
synthesized samples using a synthesis gel of x Na2O/1 SiO2/0.033 Al2O3/y HMI/z
TPOAC/45 H2O.

peak of SL-MWW0.1/0.35 is very weak and is nearly
invisible in the XRD patterns (Fig. 2). This clearly
indicates that most of the crystals are single-layered
structures although bi- or multi-layered structures
cannot be ruled out. Moreover, the (101) and
(102) reflections are transformed into a broad
peak due to the disordered arrangement of the
MWW layer grafted with organosilanes along the
c-axis. These observations indicate that the rates
between the nucleation/growth of the MWW
nanocrystals and the incorporation of TPOAC
into the single MWW unit cell was matched very
well, the SL-MWW zeolite with ‘house of cards’
depositionwas obtained (Scheme S1d). In addition,
if the concentration of TPOAC in the synthesis gel
is decreased (z = 0.03), the as-synthesized sample
shows a clear (002) reflection and a broad peak in
the 2θ range of 8–10◦ (Figs 2 and S7), which reflect
the multilayered MWW nanosheets with vertically
misaligned structure like UJM-1P [20]. This in-
dicates that a minimum coverage of incorporated
TPOAC is required for disoriented layers along the
c-axis (Scheme S1e). This is further supported by
the clearly lower Sext/SBET of ML-MWW0.1/0.35/0.03
(57%) (Table 1) than that of SL-MWW0.1/0.35
(70%).

The evolution of MWW layer thickness when
changing the composition of the synthesis gel was

further proved by the N2 adsorption-desorption
(Fig. S8 and Table 1), SEM and TEM (Fig. S9) re-
sults. As shown in Table 1, the external surface area
of MCM-22 and MCM-56 is lower than that of ul-
trathinMWWzeolites prepared by usingTPOACas
co-SDA. Significantly, the external surface area of ul-
trathin MWW zeolites is increased with decreasing
the ratio of either Na2O to SiO2 or HMI to SiO2
in the synthesis gel (Table 1), which indicates that
the thickness of MWW nanosheets is gradually de-
creased.Moreover, the almost identical Sext/SBET for
SL-MWW0.1/0.35 andML-MWW0.1/0.5 indicates that
few bilayer MWW nanosheets are coexisted with
the prevailing single-layer MWW nanosheets over
SL-MWW0.1/0.35, which is in good agreement with
the XRD and TEM results. From SEM and TEM
images of MCM-22 (Fig. S9a), the agglomerate
morphology is observed with thick plates of MWW
crystals. After the introduction of TPOAC to the
synthesis gel of MCM-22, the ML-MWW0.15/0.5 ex-
hibits plate-like morphology with more open dis-
position, but the mean thickness of the MWW
nanosheets is about 10.0 nm (Fig. S9b). If the ra-
tio of Na2O to SiO2 is further decreased (x = 0.1
and y = 0.5), the ML-MWW0.1/0.5 exhibits flake-
like morphology with obvious intergrowth disposi-
tion of thinner MWW nanosheets (about 5.0 nm)
(Fig. S9c). Indeed, 2D MWW nanosheets with 1–
2 unit cells can be synthesized by just changing the
concentration of CTAB in the dual-SDAs system
[40]. If the synthesis process is analyzed, the work
essentially supports our proposed mechanism, i.e.
the decrease in formation rate of the MWW unit
cell by increasing the concentration of CTAB results
in CTAB being adsorbed on MWW nanosheets,
which are formed at the initial stage of the synthe-
sis. These results further confirm the proposed for-
mation mechanism of the MWW nanosheets in the
dual-SDAs system, i.e. the balanced rates between
the nucleation/growth of the MWW nanocrystals
and the incorporation of the organosilane into the
MWW unit cell. Following this mechanism, the di-
rect synthesis of MWW nanosheets with controlled
thickness was achieved.

Stability, acidity and catalytic
performance of SL-MWW zeolite
The composition, stability and acidity of the
SL-MWW0.1/0.35 synthesized here was further
characterized. The SiO2/Al2O3 ratios of MCM-22
and SL-MWW0.1/0.35 is 23 and 29 (Table S1),
respectively. Compared to MCM-22, the additional
TPOAC was added into the synthesis gel for the
preparation of SL-MWW0.1/0.35, resulting in a higher
SiO2/Al2O3 ratio. Moreover, no amorphous phase
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Figure 3. (a) 27Al MAS NMR spectra of Na-type as-synthesized and calcined
SL-MWW0.1/0.35, and MCM-22; (b) FT-IR spectra of H-type MCM-22, MCM-56 and
SL-MWW0.1/0.35 after adsorption DTBP.

was observable in the SEM and TEM images. Thus,
the higher SiO2/Al2O3 ratio of SL-MWW0.1/0.35
can be reasonably attributed to the incorporation of
TPOAC into theMWWlayers.The thermal stability
of the SL-MWW0.1/0.35 can be demonstrated by
the 27Al MAS NMR spectra of as-synthesized and
calcined sample (Fig. 3(a)). The proportion of
aluminum species remaining in tetrahedral coordi-
nation for calcined SL-MWW0.1/0.35 is about 92%,
which is significantly higher than that for MCM-22.
This result indicates that the SL-MWW0.1/0.35
exhibited excellent thermal stability, which may
be related to the lower crystallization rate of
SL-MWW0.1/0.35. Moreover, the hydrothermal
stability can be confirmed by the fact that approxi-
mately 90% of the initial tetrahedral Al is retained in
the framework of Na-type SL-MWW0.1/0.35 even af-
ter being heated in 100% steam at 680◦C (Fig. S10).
The total and external acid site density was mea-
sured by NH3-TPD and FT-IR spectroscopy with
di-tert-butyl-pyriding (DTBP) adsorption [43].
The NH3-TPD results (Fig. S11) show that the
total acid site density over SL-MWW0.1/0.35 is lower
than that over MCM-22 and MCM-56, which
can be attributed to the higher SiO2/Al2O3 ratio
of SL-MWW0.1/0.35 and the partly lost acidic site
located in the 12MR supercage. But the external
acid site density over SL-MWW0.1/0.35 is almost
two times higher than that over MCM-22 and
MCM-56 (Fig. 3(b) and Table S1). This result
further confirms the disorder and open structure of
SL-MWW0.1/0.35, and that a higher proportion of
the acid sites is located on the external surface over
SL-MWW0.1/0.35.

The Friedel-Crafts alkylation of benzene with
long chain α-olefin is an industrial process for the
preparation of linear alkylbenzene (LAB), which
can be catalyzed by different zeolites with 12MR
pores in the liquid phase [44]. However, the fast de-
activation of the zeolite catalysts due to the diffusion
limitation is currently a major hurdle for practical
applications [45]. Thus, the alkylation of benzene

Figure 4. Time-on-stream conversion of 1-dodecene over
the synthesized zeolites.

with 1-dodecene was used as a model reaction
to assess the catalytic activity and lifetime of
SL-MWW0.1/0.35. The batch reaction results re-
veal that the conversion of 1-dodecene over
SL-MWW0.1/0.35 (63%) and MCM-56 (65%)
is almost similar, which is higher than that over
MCM-22 (Table S2). It should be noted that the
turnover number (TON) value (per acid site) over
SL-MWW0.1/0.35 is almost twice that over MCM-22
and MCM-56 if the total acid sites are taken into
account. This result is consistent with the fact that
the number of external acid sites of SL-MWW0.1/0.35
is higher than that of MCM-22 andMCM-56. More
importantly, as shown in Fig. 4, the SL-MWW0.1/0.35
is deactivated far more slowly than MCM-22,
MCM-56 and ML-MWW0.15/0. 5 with the time on
stream, which can be reasonably attributed to the
decreased diffusion limitation over SL-MWW0.1/0.35
with single-layered structures [46].

CONCLUSION
The concise SL-MWW zeolite with high thermal/
hydrothermal stability was successfully synthesized
by using the commercially available HMI and
TPOAC as co-SDAs, and its high catalytic perfor-
mance was demonstrated by the alkylation of ben-
zene with 1-dodecene as a model reaction. More-
over, the mechanism for the formation of the SL- or
ML-MWW zeolites, which depends on the rates for
the formation of the single-unit-cell nanosheet di-
rected by HMI and the incorporation of TPOAC,
was rigorously revealed. Following the proposed
mechanism, ultrathin MWW nanosheets with tun-
able thickness were obtained by simply changing
the synthesis conditions.The commercially available
reagents and easily controlled structure make the
synthesis strategy very promising for a large-scale ap-
plication. More importantly, the direct synthesis of
single- to multiple-layer zeolites with varied topolo-
gies can be reasonably expected according to the
proposed mechanism.
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METHODS
Chemicals
Hexamethyleneimine (HMI, 99 wt%), col-
loidal silica (Ludox, AS-40, 40 wt% sus-
pension in H2O) and dimethyloctadecyl[3-
(trimethoxysilyl)propyl]ammonium chloride
(TPOAC, 42 wt% in methanol) were purchased
from Sigma-Aldrich. Sodium metaaluminate
(NaAlO2, AR, 41 wt% Al2O3), sodium hydroxide
(NaOH, AR), ammonium nitrate (NH4NO3,
AR), benzene (AR) and 1-dodecene (AR) were
purchased from Sinopharm Chemical Reagent Co.
Ltd (China). All reagents were used as received
without fruther purification.

Synthesis of MWW zeolites
SL- to ML-MWW zeolites were prepared by using
dual organic templates, specifically HMI as the SDA
for directing the formation of MWW unit cells, and
commercially available TPOAC as the assisted SDA
for preventing their stacking along the c-axis. The
TPOACwasmixed with colloidal silica, sodium alu-
minate, NaOH, HMI and distilled water, to give
a gel molar composition of x Na2O/1 SiO2/0.033
Al2O3/y HMI/z TPOAC/45 H2O, where x = 0.1
or 0.15; y= 0.35 or 0.5, and z= 0.03 or 0.04.The re-
action mixture was transferred into a 50 ml Teflon-
lined stainless steel autoclave, which was rotated at
60 r/min and heated at 150◦C for the required time.
The conventional MCM-22 and MCM-56 was syn-
thesized according to the reported procedure in the
literature [17].

Material characterizations
XRD patterns were obtained using X-ray diffrac-
tometer (SmartLab SE, Rigaku) at 40 kV and
40 mA. N2 adsorption-desorption isotherms were
measured with Micromeritics ASAP 2460 instru-
ment at −196◦C. TEMmicrographs were obtained
on FEI Tecnai G2 F20 S-TWIN at an acceler-
ation voltage of 200 kV, and SEM observations
were performed on Carl Zeiss Sigma with a field-
emission gun operated at 5.0 kV. 27Al and 29Si
MAS NMR experiments were performed on Bruker
AVANCE III 600 spectrometer at a resonance fre-
quency of 156.4 MHz and 119.2 MHz, respectively.
NH3-TPD measurements were performed using a
BELCAT II (MicrotracBEL) instrument. Chemical
compositions were determined with ICP-OES on
an Optima 7000DV (PerkinElmer) spectrometer.
FTIR spectroscopy with 2,6-di-tert-butyl-pyriding
(DTBP)adsorptionwereobtainedonBrukerVertex
70 instrument. The band at 1615 cm−1 correspond-

ing to theprotonatedDTBPwasused to estimate the
amount of external Brønsted acid sites.

Catalytic measurements
The reaction of alkylation of benzene with
1-dodecene was performed in a continuous flow
fixed-bed reactor. Typically, the catalyst samples
(0.25 g catalyst (40–60 mesh) diluted with quartz
sands) were loaded into the reactor, and activated
in situ at atmospheric pressure in a flow of pure N2
(30 cm3/min) at 300◦C for 4 h. After this, the
reactor temperature was decreased to 78◦C
and the benzene and 1-dodecene (benzene/1-
dodecene = 20 : 1) was fed into the reactor under
the reaction conditions of atmospheric pressure,
78◦C and a space velocity of 2 h−1. The conver-
sion was calculated based on the mole of reacted
1-dodecene compared to the mole of 1-dodecene in
the feed.

SUPPLEMENTARY DATA
Supplementary data are available atNSR online.

FUNDING
This work was supported by the National Natural Science Foun-
dation of China (29178233 and 21536009), the China Postdoc-
toral Science Foundation (2016M600810 and 2017T100767)
and the Scientific Research Program of Shaanxi Provincial Edu-
cation Department (19JC039).

AUTHOR CONTRIBUTIONS
Z.-W.L. and Q.-Q.H. proposed and supervised the project.
Q.-Q.H., Z.-W.L. and J.-Q.C. conceived and designed the experi-
ments. J.-Q.C. and Y.-Z.L. carried out the synthesis, most of the
structural characterizations and the catalytic performance test.
H.C. and C.D. performed the TEM characterizations. J.-Q.C.,
Q.-Q.H., Z.-W.L., Z.-T.L., J.Z. andX.M. co-wrote themanuscript.
Q.-Q.H. and Z.-W.L. finalized the manuscript. All authors dis-
cussed the results and participated in analyzing the experimental
results.

Conflict of interest statement.None declared.

REFERENCES
1. Cundy CS and Cox PA. The hydrothermal synthesis of zeo-
lites: history and development from the earliest days to the
present time. Chem Rev 2003; 103: 663–702.

2. Shi J, Wang YD and Yang WM et al. Recent advances of pore
system construction in zeolite-catalyzed chemical industry pro-
cesses. Chem Soc Rev 2015; 44: 8877–903.

3. Corma A. State of the art and future challenges of zeolites as
catalysts. J Catal 2003; 216: 298–312.

4. Moller K and Bein T. Mesoporosity-a new dimension for zeo-
lites. Chem Soc Rev 2013; 42: 3689–707.

Page 7 of 8

https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwaa236#supplementary-data
http://dx.doi.org/10.1021/cr020060i
http://dx.doi.org/10.1039/C5CS00626K
http://dx.doi.org/10.1016/S0021-9517(02)00132-X
http://dx.doi.org/10.1039/c3cs35488a


Natl Sci Rev, 2021, Vol. 8, nwaa236

5. Zhang K and Ostraat ML. Innovations in hierarchical zeolite synthesis. Catal
Today 2016; 264: 3–15.

6. Choi M, Cho HS and Srivastava R et al. Amphiphilic organosilane-directed syn-
thesis of crystalline zeolite with tunable mesoporosity. Nat Mater 2006; 5:
718–23.

7. Peng P, Yan Z-F and Mintova S et al. Diffusion and catalyst efficiency in hierar-
chical zeolite catalysts. Natl Sci Rev 2020; 7: 1726–42.

8. Yue Y, Zhu H and Wang T et al. Green fabrication of hierarchical zeolites from
natural minerals. Natl Sci Rev 2020; 7: 1632–4.

9. Corma A, Fornes V and Pergher SB et al. Delaminated zeolite precursors as
selective acidic catalysts. Nature 1998; 396: 353–6.

10. Choi M, Na K and Kim J et al. Stable single-unit-cell nanosheets of zeolite MFI
as active and long-lived catalysts. Nature 2009; 461: 246–9.

11. Corma A. Catalysts made thinner. Nature 2009; 461: 182–3.
12. Dı́az U and Corma A. Layered zeolitic materials: an approach to designing ver-

satile functional solids. Dalton Trans 2014; 43: 10292–316.
13. Roth WJ, Nachtigall P and Morris RE et al. Two-dimensional zeolites: current

status and perspectives. Chem Rev 2014; 114: 4807–37.
14. Maheshwari S, Jordan E and Kumar S et al. Layer structure preservation during

swelling, pillaring, and exfoliation of a zeolite precursor. J Am Chem Soc 2008;
130: 1507–16.

15. Ogino I, Nigra MM and Hwang S-J et al. Delamination of layered zeolite pre-
cursors under mild conditions: synthesis of UCB-1 via fluoride/chloride anion-
promoted exfoliation. J Am Chem Soc 2011; 133: 3288–91.

16. Ouyang X, Hwang S-J and Runnebaum RC et al. Single-step delamination of
a MWW borosilicate layered zeolite precursor under mild conditions without
surfactant and sonication. J Am Chem Soc 2014; 136: 1449–61.

17. Roth WJ, Sasaki T and Wolski K et al. Liquid dispersions of zeolite monolayers
with high catalytic activity prepared by soft-chemical exfoliation. Sci Adv 2020;
6: eaay8163.

18. Luo HY, Michaelis VK and Hodges S et al. One-pot synthesis of MWW zeolite
nanosheets using a rationally designed organic structure-directing agent.Chem
Sci 2015; 6: 6320–4.

19. Margarit VJ, Martı́nez-Armero ME and Navarro MT et al. Direct dual-template
synthesis ofMWWzeolite monolayers.Angew Chem Int Ed 2015; 54: 13724–8.

20. Grzybek J, Roth WJ and Gil B et al. A new layered MWW zeolite synthe-
sized with the bifunctional surfactant template and the updated classification
of layered zeolite forms obtained by direct synthesis. J Mater Chem A 2019; 7:
7701–9.

21. Xu L, Ji X and Li S et al. Self-assembly of cetyltrimethylammonium bromide
and lamellar zeolite precursor for the preparation of hierarchical MWW zeolite.
Chem Mater 2016; 28: 4512–21.
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24. Přech J, Pizarro P and Serrano DP et al. From 3D to 2D zeolite catalytic materi-
als. Chem Soc Rev 2018; 47: 8263–306.

25. Xu L and Sun J-L. Recent advances in the synthesis and application of two-
dimensional zeolites. Adv Energy Mater 2016; 6: 1600441.

26. Xu L and Wu P. Diversity of layered zeolites: from synthesis to structural mod-
ifications. New J Chem 2016; 40: 3968–81.

27. Roth WJ, Gil B and Makowski W et al. Layer like porous materials with hierar-
chical structure. Chem Soc Rev 2016; 45: 3400–38.

28. Juttu GG and Lobo RF. Characterization and catalytic properties of MCM-
56 and MCM-22 zeolites. Microporous Mesoporous Mater 2000; 40:
9–23.

29. Roth WJ, Čejka J and Millini R et al. Swelling and interlayer chemistry of lay-
ered MWW zeolites MCM-22 and MCM-56 with high Al content. Chem Mater
2015; 27: 4620–9.

30. Corma A, Diazcabanas M and Moliner M et al. Discovery of a new catalytically
active and selective zeolite (ITQ-30) by high-throughput synthesis techniques.
J Catal 2006; 241: 312–8.

31. Roth WJ, Dorset DL and Kennedy GJ. Discovery of new MWW family zeolite
EMM-10: identification of EMM-10P as the missing MWW precursor with dis-
ordered layers.Microporous Mesoporous Mater 2011; 142: 168–77.

32. Gallego EM, Paris C and Martı́nez C et al. Nanosized MCM-22 zeolite using
simple non-surfactant organic growth modifiers: synthesis and catalytic appli-
cations. Chem Commun 2018; 54: 9989–92.

33. Tempelman CHL, Portilla MT and Martı́nez-Armero ME et al. One-pot synthesis
of nano-crystalline MCM-22. Microporous Mesoporous Mater 2016; 220: 28–
38.

34. RodriguesMV, Okolie C and Sievers C et al. Organosilane-assisted synthesis of
hierarchical MCM-22 zeolites for condensation of glycerol into bulky products.
Cryst Growth Des 2019; 19: 231–41.

35. Jin S-Q, Tao G-J and Zhang S-L et al. A facile organosilane-based strategy for
direct synthesis of thin MWW-type titanosilicate with high catalytic oxidation
performance. Catal Sci Technol 2018; 8: 6076–83.

36. Wang C, Yang M and Tian P et al. Dual template-directed synthesis of SAPO-
34 nanosheet assemblies with improved stability in the methanol to olefins
reaction. J Mater Chem A 2015; 3: 5608–16.

37. Chen H, Yang M and Shang W et al. Organosilane surfactant-directed syn-
thesis of hierarchical ZSM-5 zeolites with improved catalytic performance in
methanol-to-propylene reaction. Ind Eng Chem Res 2018; 57: 10956–66.

38. Dugkhuntod P, Imyen T and Wannapakdee W et al. Synthesis of hierarchical
ZSM-12 nanolayers for levulinic acid esterification with ethanol to ethyl levuli-
nate. RSC Adv 2019; 9: 18087–97.

39. Polozij M, Thang HV and Rubes M et al. Theoretical investigation of layered
zeolites with MWW topology: MCM-22P vs. MCM-56. Dalton Trans 2014; 43:
10443–50.

40. Zhou Y, Mu Y and Hsieh M-F et al. Enhanced surface activity of MWW zeo-
lite nanosheets prepared via a one-step synthesis. J Am Chem Soc 2020; 142:
8211–22.

41. Varoon K, Zhang X-Y and Elyassi B et al. Dispersible exfoliated zeolite
nanosheets and their application as a selective membrane. Science 2011; 334:
72–5.

42. Suzuki TM, Nakamura T and Sudo E et al. Enhancement of catalytic perfor-
mance by creating shell layers on sulfonic acid-functionalized monodispersed
mesoporous silica spheres. J Catal 2008; 258: 265–72.
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