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ABSTRACT: The structure-directing eﬀect of C18H37
N + (CH 3) 2C 6 H 12 N +(CH 3 ) 2 C 6H 13 (Br −) 2 surfactant
(C18−6−6) for the formation of MFI zeolite nanosheets was
investigated under various synthesis conditions containing a
small amount of C18−6−6 in the presence or absence of Na+.
Each synthesis mixture after heating for a diﬀerent period at
413 K was analyzed by X-ray powder diﬀraction, electron
microscopy, and argon adsorption. The synthesis with Na+
yielded a small amount of 2.5 nm thick zeolite nanosheets at
an early reaction time, while most of the silica source remained
as an amorphous phase. As the reaction time increased, the
thickness of the zeolite nanosheets gradually increased, along
with the depletion of the amorphous silica phase. When Na+ was not present, the initial synthesis result also showed a small
amount of 2.5 nm zeolite nanosheets, but the zeolite thickness did not change since then on. Hence, the C18−6−6 surfactant was
able to rapidly generate the 2.5 nm zeolite nanosheets and, subsequently, Na+ ions gradually participated in the structuredirecting process to increase the zeolite thickness. By properly balancing the structure-directing eﬀects of C18−6−6 and Na+, it was
possible in the present work to control the thickness of the MFI zeolite nanosheets systematically (e.g., to 20 nm).

1. INTRODUCTION

which dehydrates the zeolite and burns the SDA at high
temperature.5,6
Among the various synthetic zeolites discovered so far, ZSM5 is one of the most important materials used as catalysts in
petrochemical processing.7−9 This zeolite has the MFI type
framework, which is built by connecting pentasil aluminosilicate
layers. The MFI structure has a sinusoidal system of
intersecting straight channels that form a three-dimensional
pore system. Both channels are open to exteriors through pore
apertures of a 10-membered oxygen ring (10MR). The pore
diameters in the two channels are 5.3 × 5.6 Å2 and 5.1 × 5.5
Å2.10,11 ZSM-5 was ﬁrst synthesized by Argauer and Landolt in
1969 using tetrapropylammonium (TPA+) as an SDA.12 The
TPA cations are located at the channel intersections and
stabilize the MFI structure by van der Waals interactions. Later,
Bellussi et al. succeeded in synthesizing the MFI zeolite, using
inexpensive Na+ ions instead of TPA+.13 Both Na+ and TPA+
yielded the MFI zeolite in the form of micrometer-sized
crystals. The microcrystallites are called “bulk” MFI crystals,

Zeolites are a family of microporous crystalline aluminosilicate
minerals, consisting of more than 200 structural types with
diﬀerent pore shapes, connectivity, and diameters. Zeolites are
important as adsorbents and catalysts due to their highly
microporous structures with uniform pore diameters, high
framework stability, ion-exchange capacity, and acidity.1−3
Some zeolites occur naturally in volcanic regions through
geo-hydrothermal processes.4 However, most industrially
important zeolites are artiﬁcially synthesized via hydrothermal
crystallization from amorphous aluminosilicate gel under basic
conditions. The crystallization process is analogous to common
salt precipitation in an aqueous solution, from the aspect that
the aluminosilicate anions and alkali metal cations (or organic
quaternary ammoniums) form periodically alternating crystal
arrays. However, the zeolite formation is distinguished from
ordinary salt formation in that the aluminosilicate portion is
inﬁnitely networked through covalent bonding. Here, the
hydrated alkali metal cations and quaternary organic
ammoniums are called “zeolite structure-directing agents
(SDAs)”. The regions occupied by SDAs in a zeolite crystal
can be converted to micropores through a calcination process,
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which means that the crystal sizes are much larger (∼103 times)
than the pore diameters. Such bulk crystals often suﬀer
diﬀusion limitations when used as catalysts or adsorbents.14,15
To solve the diﬀusion limitations of zeolite, there have been
various approaches of decreasing the crystal dimension along
the main channels (i.e., crystal thickness) crystal thickness or
generating mesopores to penetrate through the bulk
crystal.14−27 For example, zeolite can be synthesized inside a
mesoporous carbon template. The zeolite obtained after
removal of the template possessed mesopores, so that diﬀusion
could occur rapidly into a thin layer of microporous zeolite via
mesopores.16,17 Another approach was to synthesize bulk
zeolite crystals containing carbon nanoparticles or ﬁbers.18,19
When the carbon ﬁbers were removed by burning, the
previously carbon-ﬁlled spaces were converted to rapiddiﬀusion channels. Other approaches to alleviate diﬀusion
limitations were to synthesize zeolite in a form of tiny
nanocrystals or mesoporous particles, using organosilane
surfactants, crystal-surface-capping multiammonium surfactants,
and zeolite structure-directing multiammonium surfactants.20−26 Among these approaches, the synthesis method
using zeolite structure-directing surfactants has attracted much
attention in recent years, as it has the advantage of yielding
uniform mesopore diameters.22−26 Furthermore, the pore-wall
thickness can be tailored by the number of structure-directing
modules in the surfactant headgroup.24,25 This is because each
headgroup can function as a zeolite SDA, while a number of
surfactant molecules participate in the formation of a micelle.
Under these circumstances, the zeolite framework continues to
grow along the surfaces of the micelle, but not into the
direction of the surfactant tail, which serves as a barrier against
crystal growth. For example, Ryoo and co-workers obtained
MFI zeolite nanosheets of 2.5 nm thickness using C22H45
N+(CH3)2C6H12N+(CH3)2C6H13 (in short, C22−6−6) as
a surfactant.22 The thickness of the zeolite nanosheets increased
to 4.5 nm when triammonium C22−6−6−6 was used, and further
increased to 6.5 nm when using C22−6−6−6−6.24 However, this
strategy was not suitable for zeolite thicknesses beyond 6.5 nm,
probably because of the bending ﬂexibility of the long head
groups.
It was reported that the C22−6−6 surfactant was able to
generate MFI zeolite nanosheets under both Na+-rich and Na+free hydrothermal synthesis conditions.22,23 The zeolite
formation under Na+-free conditions, however, took about 3
times longer than the synthesis under Na+-rich conditions. The
Na+-free synthesis also required 30% more surfactant.23 This
result indicated that Na+ ions can function as an SDA or
promoter in the synthesis. Recently, Xu et al. reported the
synthesis of similar MFI zeolite nanosheets using a bolaformtype monoammonium surfactant under Na+-containing condition. However, when Na+ ions did not exist, the surfactant
failed to generate zeolite nanosheets.27 On this basis, we tried
to obtain a deeper understanding of the behavior of Na+ ions in
the synthesis of zeolite nanosheets. Particularly, in the present
work, by exploiting the zeolite structure-directing ability of Na+
ions under Na+-rich conditions, we focused on the possibilities
of synthesizing 2.5 nm MFI nanosheets using a very small
amount of structure-directing surfactant. We chose C18−6−6
surfactant because it was less expensive to synthesize than
C22−6−6. We attempted to substitute a signiﬁcant portion of the
required C18−6−6 quantity with inexpensive Na+. However,
diﬀerent from our expectation, the synthesis yielded MFI
nanocrystals of 20 nm thickness. To solve this puzzle, we

investigated zeolite formation under various conditions
containing diﬀerent amounts of C18−6−6 and Na+ ions. This
investigation revealed that C18−6−6 and Na+ generated the 20
nm zeolite nanocrystals from the concerted eﬀects of structure
direction. Furthermore, it was possible to control the zeolite
thickness over a range of 2.5−20 nm according to the amount
of C18−6−6.

2. EXPERIMENTAL SECTION
2.1. Zeolite Synthesis. An aqueous solution of sodium silicate
(Si/Na = 1.75, 29 wt % SiO2) was obtained from Shinheung Chem. as
a silica source. Aluminum sulfate octadecahydrate [Al2(SO4)3·18H2O,
98%] was purchased from Aldrich as an alumina source. C18−6−6
surfactant was synthesized in our laboratory, to use as a zeolite SDA
instead of C22−6−6. These reactants were mixed with dilute sulfuric acid
and distilled water in proper ratios as described in a previous
report,22,23 to give a gel composition of 100 SiO2/1 Al2O3/n
C18−6−6Br2/28.6 Na2O/18.6 H2SO4/6000 H2O in molar ratios. The
amount of C18−6−6 was changed over n = 1.0−7.5 for each synthesis. In
some synthesis experiments, lithium hydroxide monohydrate (LiOH·
H2O, Aldrich) was used to give 28.6 Li2O instead of 28.6 Na2O. Each
gel mixture was heated at 413 K for a given period in an autoclave. The
resulting mixture was saved for further experiments, or ﬁltered to
collect the products. In the latter case, the products were ﬁltered,
washed with distilled water, and dried at 373 K. The samples were
characterized as synthesized or after calcination at 823 K in air.
2.2. Characterization. X-ray powder diﬀraction (XRD) patterns
were obtained using a Rigaku Multiﬂex diﬀractometer equipped with
Cu Kα radiation (40 kV, 30 mA). Argon adsorption−desorption
isotherms were measured at liquid argon temperature (87 K) using a
Quantachrome Autosorb iQ instrument. Prior to the measurement,
samples were degassed for 3 h at 573 K. The speciﬁc surface areas were
calculated using Brunauer−Emmett−Teller (BET) equation from the
adsorption data in the relative pressure range of 0.05−0.20. The
external surface areas were estimated by the t-plot method. The pore
size distributions and the micropore volumes were determined by
nonlinear density functional theory (NLDFT) method using the
adsorption branches. The total pore volumes were calculated from the
amount of argon adsorbed at relative pressure of 0.95. Scanning
electron microscopy (SEM) images were obtained using a FEI Verios
460L instrument operating at 1 kV without metal coating. Transmission electron microscopy (TEM) images were taken with a Philips
F30 Tecnai instrument at an accelerating voltage of 300 kV. Thickness
distributions of zeolites were derived from TEM images using Digital
Micrograph software distributed by Gatan.

3. RESULTS AND DISCUSSION
3.1. Na-Rich Synthesis with Reduced Surfactant Level.
Figure 1 shows TEM images of the aluminosilicate precipitates
collected at various times while the synthesis gel with a molar
composition of 100 SiO2/1 Al2O3/1 C18−6−6Br2/28.6 Na2O/
18.6 H2SO4/6000 H2O was heated in an autoclave at 413 K.
The gel composition and the heating condition were the same
as in a typical synthesis of 2.5 nm MFI zeolite nanosheets,23
except that the amount of structure-directing surfactant was
decreased from 7.5 to 1 C18−6−6. As shown in Figure 1, the
precipitate collected at 3.0 d of heating contained a small
portion of mesoporous phase with a noncrystalline framework
in an amorphous aluminosilicate phase. No zeolite phases were
detected by TEM, SEM, and XRD (Figures S1 and S2 of the
Supporting Information). The 3.0-d precipitate exhibited a lowintensity XRD peak at 2θ = 1.8°, attributable to a mesoporous
phase coming from the micellar templating action of
C18−6−6.22,26 This mesoporous phase disappeared at 4.0 d
and, consequently, a mesoporous sponge-like phase built of 2.5
nm thick MFI zeolite nanosheets appeared. While the change
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Table 1. Structural Properties of MFI Zeolites Synthesized
with Diﬀerent Amount of C18‑6‑6
na

average crystal
thickness (nm)

SBETb
(m2 g−1)

Sextc
(m2 g−1)

Vtotald
(cm3 g−1)

Vmicroe
(cm3 g−1)

1.0
2.5
3.5
7.5

20
8
4.5
2.5

440
550
560
580

180
350
370
420

0.55
0.91
0.74
0.85

0.16
0.14
0.11
0.09

a

The molar equivalent of C18−6−6 in the gel composition, 100SiO2/1
Al2O3/n C18−6−6/28.6 Na2O/18.6 H2SO4/6000 H2O. bBET surface
areas calculated at P/P0 = 0.05−0.20. cThe external surface areas
determined using t-plot method. dThe total pore volumes estimated at
P/P0 = 0.95. eThe micropore volumes determined from the DFT
cumulative volume in the pore diameter range of d < 2 nm.

remained amorphous for 10 d under heating at 413 K,
exhibiting no zeolite phases.
In the second experiment, the gel composition was 100
SiO2/1 Al2O3/1 C18−6−6Br2/28.6 Li2O/18.6 H2SO4/6000 H2O,
which was the same as the Na+-rich synthesis composition used
in Section 3.1 except for the substitution of NaOH by LiOH.
The choice of LiOH in this composition was made to avoid the
zeolite structure-directing eﬀects of Na+ while maintaining a
strong basicity of the synthesis mixture (Li+ is not an eﬀective
SDA for MFI zeolite).29 Up until 4 d of hydrothermal heating,
this Na+-free gel composition gave a result very similar to that
of the Na+-rich condition shown in Figure 1. That is, the
precipitate collected at 3 d exhibited a small portion of
mesoporous phase with noncrystalline framework, while the
major portion was still completely amorphous. At 4 d, the
mesoporous phase disappeared and a small amount of 2.5 nm
zeolite nanosheets appeared within a large amount of
amorphous background. After 4 d, however, the Na+-free
synthesis result became markedly diﬀerent from the case of the
Na+-rich composition. In the case of the Na+-rich composition,
shown in Section 3.1, all of the precipitate was completely
converted to zeolite, while the zeolite crystal thickness
increased from 2.5 to 20 nm. On the contrary, the Na+-free
condition in this section maintained the initially formed, small
amount of 2.5 nm zeolite nanosheets within a large amount of
amorphous phase until 10 d. From these results, we were able
to conﬁrm that LiOH can increase the basicity of the synthesis
mixture to a suﬃcient level for the formation of the zeolite
nanosheets, but Li+ did not act as a zeolite SDA.
In the third experiment, hydrothermal heating was started
with the same gel composition of 100 SiO2/1 Al2O3/1
C18−6−6Br2/28.6 Li2O/18.6 H2SO4/6000 H2O, as used in the
aforementioned, second experiment. The resultant precipitate
at 4 d exhibited a small amount of 2.5 nm zeolite nanosheets
within a large amount of amorphous background. Then, at 4 d,
the composition was changed to 100 SiO2/1 Al2O3/1 C18−6−6/
28.6 Li2O/20 NaCl/28.6 H2SO4/6000 H2O, by addition of 20
NaCl. The mixture was heated again to 413 K, and the resultant
precipitation samples were collected for TEM analysis at
various times of heating. The TEM images obtained in this
experiment indicated that the zeolite thickness began to
increase after the addition of NaCl. Similar to the results
presented in Section 3.1, the zeolite thickness increased with
continuous decreases of the amount of amorphous portion. At
5 d from the addition of NaCl, the amorphous phase
disappeared completely, and the crystal growth stopped at
approximately 20 nm (Figure S4). Thus, the 2.5 nm zeolite
nanosheets, which were initially formed under Na+-free gel,

Figure 1. TEM images of aluminosilicate precipitates collected from
the synthesis gel with a molar composition of 100 SiO2/1 Al2O3/1
C18−6−6Br2/28.6 Na2O/18.6 H2SO4/6000 H2O after various heating
times at 413 K. White arrows indicate amorphous aluminosilicate
phases.

was locally observed in small portions of the precipitate, the
major phase was still amorphous until 4.0 d. Then, suddenly, at
4.3 d, the amount of the amorphous phase decreased sharply.
At the same time, the zeolite framework thickness increased.
This change proceeded very rapidly, and at 5.0 d the
amorphous phase disappeared completely (Figure 1 and Figure
S1). Consequently, the 5-d precipitate exhibited only crystalline
MFI zeolite particles of approximately 20 nm thickness along
the b-axis of b = 1.9738 nm (Figure 1 and Figure S3). Since
then, while the heating time was extended to 10 d, the zeolite
phase maintained the 20 nm crystal morphology.
On the basis of the silica recover, the ﬁnal yield of the zeolite
particles was 90%, which was similar to common yields in MFI
zeolite syntheses using TPA+ as an SDA.28 When characterized
by argon sorption analysis (Figure S3), the nanocrystalline
zeolite product exhibited a Type IV isotherm, indicating the
presence of mesopores. Pore size analysis using the DFT
method gave a broad pore-size distribution peak over 2−20 nm
in diameter. These mesopores were consistent with the void
spaces between the zeolite nanocrystals. Further structural
analysis using argon sorption gave a BET surface area of 440 m2
g−1 and total pore volume of 0.55 cm3 g−1 (see the ﬁrst row in
Table 1).
3.2. Na-Free Synthesis with Reduced Surfactant Level.
In this section, we analyze the hydrothermal precipitates
obtained from the three other gel compositions. In the ﬁrst
experiment, Na+ was excluded from the gel composition used in
Section 3.1. To this end, bromide anions in the C18−6−6
surfactant were replaced with OH− using an anion-exchange
resin. As far as possible, sulfuric acid was not used at all to
increase the pH of the synthesis mixture. The synthesis gel
composition obtained in this manner was 100 SiO2/1 Al2O3/1
C18−6−6(OH)2/6000 H2O. However, this Na+-free gel composition turned out to have insuﬃcient basicity for the formation
of zeolite nanosheets. As a result, the whole synthesis mixture
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Figure 2. SEM images (left column) and TEM images with diﬀerent magniﬁcations (middle and right column) of aluminosilicate precipitates
obtained by heating the gel mixture of 100 SiO2/1 Al2O3/1 C18−6−6/1 TPABr/28.6 Na2O/18.6 H2SO4/6000 H2O at 413 K.

particles remained in the precipitate. Even when the heating
was continued for 10 d, the precipitate did not exhibit any
further noticeable changes. This result indicated that TPA+
acted as a very eﬀective SDA to generate bulk MFI crystals
rapidly within 1.0 d, overwhelming the zeolite structuredirecting functions of C18−6−6 and Na+.
3.4. Zeolite Thickness Control by Surfactant Levels.
The results in Sections 3.1−3.3 indicate that the C18−6−6
surfactant was an eﬀective SDA for the formation of 2.5 nm
MFI nanosheets in the early stage. Thereafter, the zeolite
thickness increased due to the presence of Na+ ions. Here, we
are interested in the MFI structure-directing eﬀect of Na+ itself.
To investigate this eﬀect, we heated a mixture of 100 SiO2/1
Al2O3/28.6 Na2O/18.6 H2SO4/6000 H2O to 413 K. The
results show crystallization of the bulk MFI zeolite after heating
for 7 d (Figure S6). We interpret this result as follows: C18−6−6
is a rapidly acting MFI-SDA compared with Na+. At a relatively
early stage of heating (∼4 d), the C18−6−6 surfactant
accomplishes the formation of 2.5 nm MFI zeolite nanosheets,
regardless of the presence of Na+. If Na+ ions are not present in
the synthesis mixture, then the zeolite formation stops at this
stage, providing only a small yield of zeolite nanosheets and a
large amount of remaining amorphous precipitate. If Na+ is
present, then the Na+ ions dissolve the amorphous residues to
form an anionic aluminosilicate species, which eventually are
arranged to build MFI frameworks. In this step, Na+ ions do
not generate new zeolite crystals exhibiting bulk crystal
morphologies, rather they build the zeolite frameworks using

were able to grow to 20 nm thickness via the consumption of
amorphous aluminosilicate in the presence of Na+ ions.
3.3. Tetrapropylammonium with Surfactant. TPA+ ion
is the best-known SDA for MFI zeolite synthesis.12 It is
therefore interesting to ask what would happen if TPA is added
to the Na-rich synthesis mixture discussed in Section 3.1. It
would be particularly interesting if TPA+ caused the zeolite
formation in competition or cooperation with C18−6−6.
Regarding this question, we prepared a gel mixture of 100
SiO2/1 Al2O3/1 C18−6−6Br2/1 TPABr/28.6 Na2O/18.6 H2SO4/
6000 H2O by adding 1 TPABr to the Na-rich synthesis
composition used in Section 3.1. This mixture was heated to
413 K, and the resultant precipitates were analyzed by SEM,
TEM, and XRD.
Figure 2 shows representative SEM and TEM images of the
resultant aluminosilicate precipitates collected after various
heating times. As shown in the EM images, bulk MFI zeolite
particles with diameters of about 2−3-μm appeared after
heating for 1.0 d, whereas the major portion of the precipitate
was amorphous. The presence of bulk zeolite in the amorphous
precipitate was conﬁrmed by XRD (Figure S5). Upon heating
for 3.0 d, the precipitate exhibited 2.5 nm MFI nanosheets,
which were agglomerated at the surface of the initially formed
bulk MFI particles. However, the major portion of the
precipitate was still amorphous. Upon heating for 4.0 d, both
the amorphous portion and the 2.5 nm MFI nanosheets
disappeared completely, and the major product became 20 nm
MFI nanocrystals. However, the initially formed bulk zeolite
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the preformed 2.5 nm zeolite nanosheet as a base for zeolite
crystal growth (Scheme 1). To do this, the C18−6−6 molecules
Scheme 1. Formation of MFI Zeolite Nanocrystals by
Cooperative Structure Direction of C18‑6‑6 Diammonium
Surfactants and Na+ Ions

Figure 3. SEM (left column) and TEM (right column) images of MFI
zeolites synthesized at 413 K from the gel composition of 100 SiO2/1
Al2O3/n C18−6−6: 28.6 Na2O/18.6 H2SO4/6000 H2O, when n was 7.5,
3.5, and 2.5.

should be able to undergo a dynamic equilibration at the
interface between the solution and the zeolite crystals through
dissolution-recrystallization processes. Most of the surfactant
molecules seem to exist on the zeolite surface, controlling the
crystal growth. Thus, the 20 nm zeolite thickness can be a
consequence of balanced structure-directing eﬀects between
Na+ and C18−6−6.
On the basis of the balanced structure directing eﬀects of
C18−6−6 and Na+, it was reasonable to assume that the thickness
of the MFI zeolite nanocrystals would be controlled by the
C18−6−6/Na+ ratio in a synthesis composition. To test this
hypothesis, we prepared synthesis gel mixtures of 100 SiO2/1
Al2O3/n C18−6−6/28.6 Na2O/18.6 H2SO4/6000 H2O, where n
was varied from 7.5 to 3.5 and 2.5. Figure 3 provides
representative SEM and TEM images of the resultant products
after full zeolite crystallization for 5 d. As these results show,
when 7.5 C18−6−6 was used, MFI nanosheets with uniform
thickness of 2.5 nm were obtained with a nanosponge-like
morphology. Under the synthesis condition, the amount of
C18−6−6 was suﬃciently high for the complete formation of 2.5
nm MFI nanosheets without leaving amorphous residue for Na
to participate in zeolite formation. As the C18−6−6 amount (n)
was decreased to 3.5 and 2.5, the crystal thickness increased
while the overall sample appearance of sponge-like morphology
was maintained. The average thickness of the resultant zeolite
products was 4.5 nm when n = 3.5, and 8 nm when n = 2.5
(Figure S7). Argon sorption analysis revealed that all three
zeolite products (n = 7.5, 3.5, and 2.5) had a signiﬁcant
mesoporosity, but each zeolite exhibited diﬀerent pore size

distribution (Figure S8). When n = 7.5, the mesopore size was
quite uniform at around 5.4 nm. When n = 3.5, the pore size
distribution exhibited a narrow peak centered at 4.4 nm with a
tailing shoulder with diameter in the range of 7−12 nm. When
n = 2.5, the pore size was distributed mostly over a broad range
from 2 to 30 nm. As the crystal thickness increased, the pore
size distribution broadened. From these results, we could
speculate that 2.5 nm MFI nanosheets initially with a uniform
mesopore structure were gradually reassembled in a randomly
interconnected manner while the crystal growth proceeded by
Na+ ions. Resultantly a broad mesopore size distribution was
obtained with thickened MFI nanocrystals. BET surface areas
and pore volumes were calculated from the argon adsorption
isotherms (Table 1). The results show a decrease of the
external surface area and an increase of the micropore volume
with zeolite crystal thickening.

4. CONCLUSIONS
We tested the possibility of synthesis of MFI zeolite nanosheets
of 2.5 nm thickness under various conditions using only a small
amount of the nanosheet structure-directing C18−6−6 surfactant.
In particular, we tried to minimize the use of C18−6−6 via the aid
of Na+ or TPA+. This attempt ended up as a failure; however,
we have discovered that the structure-directing functions of
C18−6−6 and Na+ can be used in a concerted manner to control
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(24) Park, W.; Yu, D.; Na, K.; Jelfs, K. E.; Slater, B.; Sakamoto, Y.;
Ryoo, R. Hierarchically Structure-Directing Effect of Multi-Ammonium Surfactants for the Generation of MFI Zeolite Nanosheets.
Chem. Mater. 2011, 23, 5131−5137.
(25) Na, K.; Jo, C.; Kim, J.; Cho, K.; Jung, J.; Seo, Y.; Messinger, R. J.;
Chmelka, B. F.; Ryoo, R. Directing Zeolite Structures into Hierarchically Nanoporous Architectures. Science 2011, 333, 328−332.
(26) Jo, C.; Cho, K.; Kim, J.; Ryoo, R. MFI Zeolite Nanosponges
Possessing Uniform Mesopores Generated by Bulk Crystal Seeding in
the Hierarchical Surfactant-Directed Synthesis. Chem. Commun. 2014,
50, 4175−4177.
(27) Xu, D. D.; Ma, Y. H.; Jing, Z. F.; Han, L.; Singh, B.; Feng, J.;
Shen, X. F.; Cao, F. L.; Oleynikov, P.; Sun, H.; Terasaki, O.; Che, S. N.
π-π Interaction of Aromatic Groups in Amphiphilic Molecules
Directing for Single-Crystalline Mesostructured Zeolite Nanosheets.
Nat. Commun. 2014, 5, 4262.
(28) Ghamami, M.; Sand, L. B. Synthesis and Crystal-Growth of
Zeolite (NH4, TPA)-ZSM-5. Zeolites 1983, 3, 155−162.
(29) Aiello, R.; Crea, F.; Nastro, A.; Pellegrino, C. Zeolite
Crystallization from High-Silica Monocationic or Bicationic Alkali
(Li, Na or K) Gels in Presence and in Absence of TPA Ions. Zeolites
1987, 7, 549−553.

the zeolite thickness. The C18−6−6 surfactants rapidly generate
2.5 nm MFI zeolite nanosheets. However, Na+ ions act as an
SDA for bulk MFI zeolite, which forms at a slower rate
compared to that of C18−6−6. When a small amount of C18−6−6
is present in a Na+-rich synthesis condition, C18−6−6 initially
generates 2.5 nm MFI zeolite nanosheets, and Na +
subsequently participates in the growth of the nanosheets.
Using this phenomenon, we were able to demonstrate that the
thickness of MFI zeolite could be systematically controlled at
over 2.5−20 nm. Compared to Na+, the structure-directing
action of TPA+ was too fast for the cooperative structure
direction with the surfactant. The present investigation
unraveled the complicated zeolite structure-directing eﬀects of
C18−6−6, Na+, and TPA+ in a same mixture. The strategy for the
zeolite thickness control found in this investigation might be
useful as a principle for the design of porous materials for
various applications such as adsorption, separation, and
catalysis.
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