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Zeolite Nanosheets

Amorphous Aluminosilicate Nanosheets as Universal Precursors for
the Synthesis of Diverse Zeolite Nanosheets for Polymer-Cracking
Reactions

Koki Sasaki, Jose A. Hernandez Gaitan, Tsuyoshi Okue, Shotaro Matoba, Yuki Tokuda,
Koji Miyake, Yoshiaki Uchida,* and Norikazu Nishiyama

Abstract: Zeolites catalyze some reactions in their
molecular-sized pores, but large molecules can react
only on their external surface. Zeolite-nanosheets (NSs)
have been developed as catalysts for large molecules.
The previously reported methods to synthesize zeolite-
NSs are specialized for each zeolite type. Here we
propose a new method to synthesize various zeolite-NSs
from the same amorphous aluminosilicate NSs (AAS-
NSs) as a universal precursor. We successfully synthe-
sized the unprecedented AAS-NSs in the hydrophilic
space of the stable hyperswollen lyotropic lamellar (HL)
phase. The four zeolite types could be obtained from the
single-species AAS-NSs. These results imply that this
method enables us to synthesize almost all types of
zeolite-NSs. Moreover, the synthesized CHA-NSs have
great potential for various applications because of their
thickness and large external surface area.

Introduction

Zeolites are crystalline aluminosilicates with molecular-sized
pores (0.3–1.2 nm diameter). The porous structures lead to
unique functions: catalysts, catalyst supports, adsorbents,
ion-exchangers, membranes and membrane reactors. There-
fore, various zeolites tailor-made for each application have
been artificially synthesized.[1] One of the uses of some
zeolites with strong Brønsted acid sites like CHA-type
zeolites is to catalyze cracking reactions that are indispen-
sable for petrochemical industries. The cracking of waste
polymers could make recycled monomers desirable in green
chemistry and SDGs;[2] however, polymers are too large to
react in the pores of such zeolites, and the reaction occurs

only on the external surfaces of zeolites. Large external
specific surface area (Sext) contributes to the increase of the
reaction rates of the polymer cracking.[3] To increase Sext, the
downsizing of the zeolite crystals is effective; zeolite
nanoparticles,[4] nanowires[5] and nanosheets (NSs)[6] gener-
ally catalyze the reactions of large molecules better than the
corresponding bulk crystals.[7,8]

The synthesis method of the zeolite-NSs has been
developed according to the feature of each crystal structure.
The first-generation strategy of the zeolite-NSs synthesis is
the exfoliation of layered zeolites.[9,10] Whereas the first
zeolite-NS, ITQ-2, was synthesized by exfoliating an MWW-
type zeolite,[6] this method could not apply to most other
non-exfoliable zeolites. The second-generation strategy is
anisotropic crystal growth. It uses the difference in the
growth rates of crystal planes.[11–19] Some zeolite-NSs with
anisotropic crystal structures can be obtained in the hydro-
thermal (HT) treatments using amphiphilic growth inhib-
itors that covalently bind structure-directing moieties. The
amphiphilic moiety inhibits the growth of a specific crystal
plane, and the structure-directing moiety decides the crystal
structures. Meanwhile, the NSs synthesis of zeolites with
cubic or pseudo-cubic lattices showing isotropic growth
needs another appropriate method.
To synthesize zeolite-NSs, one must control two aspects:

external shape and crystal structure. We conceived the two-
step procedure to make the former and latter sequentially,
as shown in Figure 1. The first step is an anisotropic growth
of isotropic amorphous aluminosilicate (AAS) to give AAS-
NSs as a universal precursor of zeolite-NSs. The second step
is converting it to zeolite-NSs using commonly used
structure-directing agents (SDAs). Zeolite-NSs have to be
prevented from aggregating during the second step. As a
synthesis method of amorphous NSs, the “two-dimensional
reactor in amphiphilic phases (TRAP) method” is
useful.[20–25] Hyperswollen lyotropic lamellar (HL) phases,
consisting of many bilayers with several nm thicknesses,
work as independent TRAPs for amorphous NSs.[26] The
TRAPs prevent NSs from aggregating because they keep
several hundred nm intervals. The crystallization methods of
AAS to zeolites are divided into HT and dry gel conversion
(DGC) methods. The latter crystallizes AAS in the steam
treatment,[27] and it can better suppress the aggregation of
zeolite particles than the former.[28]

Here, we report the effects of the increase of Sext on the
cracking reactions of low-density polyethylene (LDPE) with
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the unprecedented CHA-type zeolite-NSs (CHA-NSs) syn-
thesized from the AAS-NSs as the universal precursor that
we synthesized inside the hydrophilic TRAPs in a decane
solution of an amphiphile. We also discuss the retention of
the external shapes during the DGC method from the AAS-
NSs to CHA-NSs. Moreover, we synthesized SOD-type and
MFI-type zeolite-NSs (SOD-NSs and MFI-NSs) as other
examples to demonstrate the universality of the two-step
method. Besides, we demonstrate the performance of the
SOD-NSs and MFI-NSs as acid catalysts.

Results and Discussion

We synthesized AAS-NSs in an HL phase with hydrophilic
TRAPs consisting of sodium p-octylbenzenesulfonate
(SOBS). First, we confirmed the stability of the HL phases
against the presence of the ingredients of AAS.[23,24] Hydro-
phobic ingredients, tetraethyl orthosilicate (TEOS) and
aluminum isopropoxide (Al(O-i-Pr)3), and hydrophilic in-
gredients, sodium hydroxide (NaOH) and water, can be
dissolved in the TRAP solution and do not affect the
stability of the HL phases, as shown in Figure 2a and
Figure S1. After stirring the reaction mixture for 24 h at
60 °C, we obtained a suspension of the products, which still
showed an HL phase. We estimated the particle size
distributions of the products in the TRAPs by using a
dynamic light scattering (DLS) method. The suspension
contained few aggregates, as shown in Figure 2b.
Then, we centrifugated the reaction mixture, washed the

obtained white powder with methanol, and dried it. Its X-
ray diffraction (XRD) pattern shows only one broad peak
around 2θ=15–30°, as shown in Figure 2c. Therefore, the
obtained powder seems amorphous. The transmission elec-

tron microscopy (TEM) photographs for the powder
indicate that it consists of NSs, as shown in Figure 2d. We
measured the thickness and horizontal width of the NSs to
be 1.96�0.67 nm and 395�137 nm, respectively, using
atomic force microscopy (AFM), as shown in Figure 2e. The
nitrogen adsorption results indicate that the Sext of AAS-NSs
was larger than that of AAS bulk samples, as shown in
Figure 2f and Table S1, respectively. The scanning electron
microscope-energy dispersive X-ray spectroscopy (SEM-
EDX) of the NSs suggests the presence of silicon, aluminum,
sodium and oxygen, as shown in Figure S2. Sulfur from the
amphiphilic SOBS was absent. We can conclude that the
hydrophilic TRAP method synthesizes AAS-NSs using not
chemical inhibition of the particle growth but physical
confinement.[23] However, removing SOBS was likely to
induce the aggregation of AAS-NSs, as shown in Figure S3.
The crystallization of the AAS-NSs without SOBS in the
DGC process gave large particles, as shown in Figure S4.
We examine if SOBS inhibits the aggregation of NSs as a

dispersant for AAS-NSs in the DGC process. The first step
of the DGC process is the preparation of the dry gels of

Figure 1. Schematic illustration of the synthesis procedure for the
zeolite-NSs. We synthesize AAS-NSs as the universal precursor for
defining the external shape of zeolite-NSs. And then, we crystallize
AAS-NSs to zeolite-NSs using the DGC method without changing the
NS shape.

Figure 2. Reaction conditions and characterization of obtained AAS-
NSs. a) Liquid crystalline texture of the hyperswollen lyotropic lamellar
phase of a decane solution of SOBS (0.95 wt%), 1-pentanol (8.4 wt%),
and water (1.1 wt%) with NaOH (9.4×10� 3 wt%), TEOS (0.25 wt%)
and Al(O-i-Pr)3 (1.2×10� 2 wt%) at 60 °C. Samples are placed between
crossed polarizers. b) DLS analysis of AAS-NSs dispersed in the TRAP
solutions. c) XRD pattern of the AAS-NSs. d) TEM photograph of one
of the synthesized AAS-NSs. e) AFM photograph and cross-section of
one of the synthesized AAS-NSs. f) Nitrogen adsorption isotherms of
AAS-NSs and AAS bulk samples.
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AAS-NSs. To obtain the AAS-NSs coated with SOBS, we
added ethanol to the TRAP solution instead of methanol in
the purification process of the synthesized AAS-NSs.
Because SOBS is insoluble in ethanol, adding ethanol
destabilized the HL phase, and the SOBS precipitated with
AAS-NSs. We did the centrifugal separation of the solution
and obtained AAS-NSs. The SEM-EDX of the AAS-NSs
suggests the presence of sulfur, as shown in Figure S5. The
AAS-NSs were probably coated with SOBS.
Next, we should confirm whether SOBS works as a

dispersant in the DGC process to give CHA-type zeolites.
The coated AAS-NSs were soaked in the aqueous solutions
of N,N,N-trimethyladamantan-1-aminium hydroxide (TMA-
daOH), which is a typical SDA to synthesize CHA-type
zeolites. After drying the mixture at 90 °C, the dried
precursor gel was put in a Teflon-lined stainless-steel
autoclave with water separately, where the reaction took
place with the steam produced at 160 °C for 96 h. The
product was washed with water, dried, calcinated and
purified by filtration to give a white powder. Its XRD
pattern is typical of CHA structures, as shown in Figure 3a.
Meanwhile, the powder obtained after 48 h crystalliza-

tion exhibited an XRD pattern typical of PHI structures, as

shown in Figure S6a. These results suggest that AAS-NSs
were transformed into a PHI-type zeolite and were further
transformed into a CHA-type zeolite.[29] This type of
polymorphic transition often occurs for bulk zeolites. The
full width at half maximum (FWHM) of each XRD peak for
the obtained CHA crystals was broader than that of conven-
tional CHA crystals, as shown in Table S2. The FWHM of
each of the XRD peaks for the obtained PHI crystals was
also broader than that of conventional PHI crystals, as
shown in Table S3. These results also show that the growth
inhibition of a certain crystal plane does not occur. The
Williamson-Hall plots shown in Figures S7 and S8 indicate
that the crystallite size of the obtained powder is smaller
than that of conventional zeolite crystals.[30]

The TEM photographs for the PHI-type and CHA-type
zeolites exhibit NSs similar to the AAS-NSs, as shown in
Figures 3b, S6b, S9a–S9c, and S10a–S10c. The selected area
electron diffraction (SAED) patterns for the PHI-type
zeolite-NSs (PHI-NSs) and CHA-NSs indicate that they are
polycrystals consisting of small crystals; each shows concen-
tric circles, as shown in Figures S9e and S10e. We measured
the thickness and horizontal width of the PHI-NSs to be
2.20�1.08 nm and 416�241 nm, respectively, and those of
the CHA-NSs to be 2.13�0.60 nm and 528�106 nm,
respectively, using AFM, as shown in Figures 3c, S6c, S9f,
S9g and S10f–S10j. We measured 15 NSs and calculated the
average and standard deviation of the size and thickness.
When we prepared the sample for AFM, the ethanol
suspension was dripped onto the substrates, and the
suspension was sucked out. The sucking process was not
applied for TEM. Therefore, we could prevent NSs from
aggregation and observe the unstacked NSs using AFM. The
round shape of observed NSs in AFM images looks different
from the angular shape of NSs in TEM images. It perhaps
comes from the difference in the observation method that
the amorphous sites at the edges can disappear in TEM
because amorphous sites are particularly sensitive to elec-
tron beams.[31] We can observe the cracking and shape
deformation of CHA-NSs during TEM observation. After
filtration, we estimated the particle size distributions of the
PHI-NSs and CHA-NSs by DLS measurements. These
results suggest the absence of the aggregates, as shown in
Figures 3d and S6d. The SEM-EDX spectra of the CHA-
NSs and PHI-NSs indicate that Si/Al ratio is about 9 and 3,
as shown in Figures S11 and S12, respectively. These results
indicate that SOBS prevents AAS-NSs from deformation
and aggregation during the DGC process.
To estimate the amount of Brønsted acid sites of the

CHA-NSs, we measured ammonia’s temperature-pro-
grammed deposition (NH3-TPD) patterns for the synthe-
sized CHA-NSs and conventional CHA crystals. The NH3-
TPD patterns have two peaks; the higher temperature peak
corresponds to the amount of Brønsted acid sites.[32] As
shown in Figure 3e, the amount of Brønsted acid sites for
the CHA-NSs was estimated to be 0.230 mmolg� 1, nearly
equal to that for the conventional CHA crystals
(0.257 mmolg� 1). The higher temperature peak for the
CHA-NSs is smaller than that of the conventional crystals.
These results imply that the crystallinity of the CHA-NSs is

Figure 3. Characterization of the synthesized CHA-NSs. a) XRD pattern
of the CHA-NSs. b) TEM photograph of one of the synthesized CHA-
NSs. c) AFM photograph and cross-section of one of the synthesized
CHA-NSs. d) DLS analysis of the CHA-NSs. e) NH3-TPD profiles of the
CHA-NSs after filtration and conventional CHA crystals. f) Product
distribution in LDPE cracking reaction of no catalyst, conventional CHA
crystals (10 wt%), and CHA-NSs (10 wt%).
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lower than the conventional CHA crystals. The Williamson-
hall plot for the CHA-NSs suggests that the NSs grow as a
collection of small crystals with various orientations, as
shown in Figure S7. These results indicate that the crystal-
lization begins at some points in the same NS, and each
crystallite grows individually in size and direction. It should
result in the residual amorphous sites at the boundaries
between the crystallites, as shown in Figure S13. Field
emission transmission electron microscopy (FE-TEM) also
supports it; the smaller crystallites increase the volume of
amorphous sites in their interstitial spaces, as shown in
Figure S14.
Moreover, the higher temperature peak for the CHA-

NSs is on the lower temperature side than that of the
conventional CHA crystals. It is because the desorption
energy for the external surface is lower than that for the
internal surface in the pores. There are probably more
Brønsted acid sites at the external surface for the CHA-
NSs.[33] To evaluate the Sext, we measured the nitrogen
adsorption for both samples. The Sext of the CHA-NSs was
larger than that of conventional CHA crystals, as shown in
Table 1 and Figure S15, respectively. This result is consistent
with the above expectation for the Brønsted acid sites at the
external surface. The CHA-NSs probably have many
Brønsted acid sites at the external surface.
We also measured the NH3-TPD patterns for the PHI-

NSs and conventional PHI crystals, as shown in Figure S16.
The PHI-NSs have Brønsted acid sites (0.186 mmolg� 1),
while the conventional PHI crystals have few Brønsted acid
sites (0.003 mmolg� 1). The remarkable difference should be
attributed to a cage in the PHI-type structure. The conven-
tional PHI crystals contain sodium and potassium ions as
counter cations, as shown in Figure S12a. It suggests that the
ions in the cages cannot leave, and ammonium ions cannot
enter the cages because their pore size is smaller than the
ion. It is consistent with the NH3-TPD pattern. Meanwhile,
some PHI-NSs contain fewer counter cations, as shown in
Figure S12b. Whereas the unit size of PHI-type zeolite is
0.98 nm×1.41 nm×1.40 nm, the thickness of the synthesized
PHI-NSs is about 2.2 nm. Therefore, the cage of the PHI-
NSs seems to be exposed on the surface. Because the PHI-
NSs have exchangeable counter cations, ammonium ions can
reach the acid sites.

To evaluate the Sext, we measured the nitrogen adsorp-
tion for both samples. The Sext and the specific surface area
(Stotal) of the PHI-NSs were also larger than those of
conventional PHI crystals, as shown in Figure S17 and
Table S4. Although the nitrogen molecule is hardly ad-
sorbed on PHI-type zeolites,[34] it was adsorbed on the PHI-
NSs. It also indicates that the cages are exposed to the
surface.
We did an acid-catalyzed LDPE cracking test, which was

thought to be a suitable probe reaction for diffusion-limited
reactions, to evaluate the activity of the prepared CHA and
PHI-type zeolites, as shown in Figure S18. We prepared the
LDPE samples with 10 wt% of the CHA-NSs, conventional
CHA crystals, the PHI-NSs, or conventional PHI crystals.
The products of the LDPE cracking test are shown in
Figures 3f, and S20a, and Tables S5 and S6. We compare the
yield of products smaller than pentane because it is difficult
to distinguish olefin and paraffin larger than pentane. These
results show that adding zeolites increases the selectivity of
the lower olefins, as shown in Figures 3f, S19, and S20b and
Tables S5 and S6. The CHA-NSs and PHI-NSs raise the
ratio of lower olefine more than the same amount of
conventional CHA and PHI crystals, respectively. The
improved accessibility of the Brønsted acid sites at the
external surfaces positively influences the cracking perform-
ance. Therefore, we could conclude that an increase in Sext
promotes LDPE cracking.
To prove that the AAS-NSs can be transformed into the

zeolite-NSs with cubic lattice as a universal precursor, we
also synthesized SOD-NSs. The AAS-NSs were soaked in
NaOH solution, and we obtained the dried precursor gel
after drying the solution. After the DGC process at 180 °C
for 48 h, we collected a white powder. Its XRD pattern
suggests that the AAS-NSs transformed into SOD-type
structure, as shown in Figure 4a.[35] The FWHMs and the
Williamson-Hall plots shown in Table S7 and Figure S21,
respectively, indicate that the crystallite size of the obtained
powder is smaller than that of the conventional SOD
crystals. The TEM photographs for the white powder exhibit
discrete NSs similar to the AAS-NSs, as shown in Figures 4b
and S22a–S22c. The SAED pattern for the SOD-NSs
indicates that they are polycrystals consisting of small
crystals; it shows concentric circles, as shown in Figure S22e.
We measured the thickness and horizontal width of the
white powder to be 2.13�0.18 nm and 219�24 nm by AFM,
respectively, as shown in Figures 4c and S22f and S22g. We
measured 15 NSs and calculated the average and standard
deviation of the size and thickness, respectively. After
filtration, we estimated the particle size distributions by
DLS measurements of the SOD-NSs. It suggests the absence
of the aggregates, as shown in Figure 4d. The SEM-EDX
spectra of conventional SOD crystals and the SOD-NSs
indicate that Si/Al ratio is about 1 and 2, respectively, as
shown in Figure S23. These results indicate that this method
synthesizes the zeolite-NSs with cubic lattice.
We also measured the NH3-TPD patterns for the SOD-

NSs and conventional SOD crystals, as shown in Figure S24.
The SOD-NSs have Brønsted acid sites (0.012 mmolg� 1),
while the conventional SOD crystals have few Brønsted acid

Table 1: Specific surface area (Stotal), external surface area (Sext), and
pore volume (Vtotal) of conventional CHA crystals, CHA-NSs before
filtration, and CHA-NSs after filtration measured by nitrogen adsorp-
tion isotherms.

Stotal
[a]

[m2g� 1]
Sext

[b]

[m2g� 1]
Vtotal

[b]

[cm3g� 1]

Conventional CHA crystals 820 7.5 0.30
CHA-NSs before filtration 635 22.6 0.22
CHA-NSs after filtration 260 51 0.06

[a] Surface area calculated using BET method (BET surface area)
applied to the nitrogen adsorption isotherm. [b] Sext and Vtotal

calculated using the t-plot method applied to the nitrogen adsorption
isotherm.

Angewandte
ChemieForschungsartikel

Angew. Chem. 2022, 134, e202213773 (4 of 7) © 2022 The Authors. Angewandte Chemie published by Wiley-VCH GmbH

 15213757, 2022, 46, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ange.202213773 by O

saka U
niversity, W

iley O
nline L

ibrary on [13/06/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



sites (0.004 mmolg� 1). The difference is much smaller than
that between the PHI conventional crystals and the PHI-
NSs. The conventional SOD crystals contain sodium ions as
counter cations, as shown in Figure S23a. Whereas the unit
size of SOD-type zeolite is 0.90 nm×0.90 nm×0.90 nm, the
thickness of the synthesized SOD-NSs is about 2.1 nm. The
fewer cages of the SOD-NSs should be exposed on the
surface than the PHI-NSs. It should lead to less acidity than
the PHI-NSs.
We measured the nitrogen adsorption for both samples

to discuss the difference between the SOD-NSs and PHI-
NSs. The Sext of the SOD-NSs was larger than those of
conventional SOD crystals like the PHI-NSs, as shown in
Figure S25 and Table S8, respectively. However, the Stotal of
the SOD-NSs was much smaller than the PHI-NSs. The
nitrogen adsorption isotherm shows that the SOD-NSs have
micro pores larger than nitrogen molecules. However, the
nitrogen molecule was hardly adsorbed in the cages of SOD-
type zeolite. It supports that the fewer cages of the SOD-
NSs should be exposed on the surface than the PHI-NSs.
The residual counter ions should deactivate the SOD-

NSs as an acid catalyst. To confirm the hypothesis, we did
an acid-catalyzed LDPE cracking test for the SOD zeolites.
When we prepared the LDPE samples with 10 wt% of the
SOD-NSs or conventional SOD crystals, these two samples
showed almost the same results as the LDPE without any
zeolites, as shown in Figure S26 and Table S9. It is
conclusive that the SOD-NSs have very few Brønsted acid
sites, as with usual SOD-type zeolites.
We examine if the AAS-NSs can be transformed into

the zeolite-NSs the second-generation strategy has already
synthesized;[11] we synthesized MFI-NSs. The obtained
AAS-NSs were soaked in tetrapropylammonium hydroxide
(TPAOH) solution, and we obtained the dried precursor gel

after drying the solution. After the DGC process at 180 °C
for 48 h, we collected a white powder. Its XRD pattern
suggests that the AAS-NSs transformed into an MFI-type
structure, as shown in Figure 5a.[36] The FWHMs and the
Williamson-Hall plots shown in Table S10 and Figure S27,
respectively, indicate that the crystallite size of the obtained
powder is smaller than that of conventional MFI crystals.
The TEM photographs for the white powder exhibit discrete
NSs similar to the AAS-NSs, as shown in Figures 5b and
S28a–S28c. The SAED pattern for the MFI-NSs indicates
that they are polycrystals consisting of small crystals; it
shows concentric circles, as shown in Figure S28e. We
measured the thickness and horizontal width of the white
powder to be 1.49�0.17 nm and 580�150 nm by AFM,
respectively, as shown in Figures 5c, S28f and S28g. We
measured 15 NSs and calculated the average and standard
deviation of the size and thickness. After filtration, we
estimated the particle size distributions by DLS measure-
ments of the MFI-NSs. It suggests the absence of the
aggregates, as shown in Figure 5d. These results indicate
that this method synthesizes the zeolite-NSs with anisotropic
crystal structures.
The SEM-EDX spectra of conventional MFI crystals

and the MFI-NSs indicate that Si/Al ratio is about 10 and 6,
respectively, as shown in Figure S29. Since the Si/Al ratio of
the MFI-NSs is quite lower than the usual MFI-type zeolites,
aluminum atoms are probably concentrated in the amor-
phous regions. Therefore, the crystallinity of the MFI-NSs is
lower than that of the CHA-NSs, as shown in Figures 3a and
5a. Besides, we measured NH3-TPD patterns for the
synthesized MFI-NSs and conventional MFI crystals. The
amount of Brønsted acid sites for the MFI-NSs was
estimated to be 0.059 mmolg� 1, much lower than that for the
conventional MFI crystals (0.349 mmolg� 1), as shown in

Figure 4. Characterization of the synthesized SOD-NSs. a) XRD pattern
of the SOD-NSs. b) TEM photograph of one of the synthesized SOD-
NSs. c) AFM photograph and cross-section of the synthesized SOD-
NSs. d) DLS analysis of the SOD-NSs.

Figure 5. Characterization of the synthesized MFI-NSs. a) XRD pattern
of the MFI-NSs. b) TEM photograph of one of the synthesized MFI-
NSs. c) AFM photograph and cross-section of one of the synthesized
MFI-NSs. d) DLS analysis of the MFI-NSs.
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Figure S30. We also measured the nitrogen adsorption for
both samples. The Sext of the MFI-NSs was larger than that
of conventional MFI crystals, as shown in Figure S31 and
Table S11. The MFI-NSs probably have many Brønsted acid
sites at the external surface.
We did an acid-catalyzed LDPE cracking test. We

prepared the LDPE samples with 10 wt% of the MFI-NSs
or conventional MFI crystals. The LDPE cracking test shows
that adding the MFI-type zeolites increases the selectivity of
the lower olefins, as shown in Figure S32 and Table S12. The
effect of adding the MFI-NSs was almost the same as
conventional MFI crystals. The effect of the expansion of
Sext is small because the same reactions occur inside and
outside the pores. Even though MFI-type zeolite has weaker
acidity than CHA-type, coke production occurs more in the
MFI-NSs than the CHA-NSs, as shown in Figure S33. The
CHA-NSs produced other volatile components more than
MFI-type, which are likely longer alkanes or alkenes. These
results are attributed to the larger pores of MFI-type zeolites
than that of CHA and PHI-type zeolites. It supports that the
CHA-NSs react with the LDPE on their external surfaces,
whereas the MFI-NSs react with LDPE both on their
external surface and in the pores.

Conclusion

We have demonstrated a new method to synthesize various
zeolite-NSs from single-species AAS-NSs prepared by the
TRAP method. We successfully synthesized the unprece-
dented AAS-NSs by TRAP methods and the four zeolite
types from single-species AAS-NSs by DGC process with
SDAs. The coating with SOBS well transforms AAS-NSs
into the zeolite-NSs using the same SDAs as bulk synthesis.
These results imply that this method enables us to synthesize
almost all types of zeolite-NSs. NSs are optimal shape using
zeolite catalytic membrane reactors because the thickness of
the membrane is an important factor of the catalytic
membrane reactor. We expect this combinatorial synthesis
method to apply to other zeolites: e.g., nanoparticles, nano-
wires and nanorods. Moreover, the synthesized CHA-NSs
have great potential for various applications such as a
catalyst for methanol-to-olefins (MTO), cracking of poly-
mers, and separation membrane because of their thickness
and large external surface area.
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