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Tomographic imaging of pore networks and
connectivity of surfactant-directed mesoporous
zeolites†
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Zeolites of MFI, MTW, *MRE and beta frameworks were synthesized by a method using micropore–
mesopore dual generating surfactants. The porous texture of the zeolites was characterized by electron
tomography and argon adsorption after the removal of the surfactant by calcination. For high-contrast
tomography, the zeolites were supported with platinum. The resultant tomograms showed disordered
and interconnected networks of Pt nanowires and nanosheets, which corresponded to the shape of the
surfactant-directed mesopores. In the calcined zeolites, both the mesopores and zeolitic micropores
were fully accessible for argon adsorption. Before calcination, however, no pores were accessible even
after being thoroughly washed with solvent. The result indicated that the surfactant head could be tightly
encased within the micropores after guiding the formation of the zeolite framework as a part of the
mesopore wall, so that the surfactant was diﬃcult to remove by solvent washing. After calcination, the
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micropores and mesopores could be connected through an aperture in which the neck of the surfactant
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molecule had been located. Neohexane was adsorbed very rapidly due to the micropore–mesopore
connectivity. The hierarchical pore connectivity is an important and characteristic feature of the
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surfactant-directed zeolites for application in high performance adsorption and catalysis.

1. Introduction
Zeolites are a family of microporous (<2 nm in diameter) crystalline silica or aluminosilicate materials,1,2 which are widely
used as acid catalysts, supports for transition metal catalysts,
and adsorbents for gas separation. However, when zeolites are
solely microporous, they can suﬀer from serious diﬀusion
limitations.3 In an attempt to synthesize large-pore zeolites free
of diﬀusion limitations, in 1992 Kresge et al. investigated the
use of quaternary ammonium surfactants as structure-directing
agents (SDAs).4 In the presence of SDAs, the synthesis yielded
amorphous silica and aluminosilicate materials rather than
crystalline zeolites. Despite their amorphous frameworks, the
products (denoted as MCM-41 and MCM-48) exhibited an
ordered arrangement of uniform mesopores (i.e., pore diameters in the range of 2–50 nm). The pore diameters were much
larger than those of zeolite micropores obtained until then.
Furthermore, the mesopore diameters were controllable by
regulating the diameter of the surfactant micelles. Since then,
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the strategy of using surfactant micelles as the pore template
has been adopted to generate various materials with diﬀerent
mesopore shapes, connectivity, and framework compositions.
These mesoporous materials caused a big sensation as catalyst
supports for bulky molecular reactions, drug delivery vehicles,
and templates for other nanostructured materials such as
mesoporous carbons and metals.2,5,6 However, owing to the
amorphous nature of their frameworks, MCM-41-type mesoporous materials are less stable under hydrothermal conditions
than crystalline zeolites. Besides, these amorphous frameworks
possess only weak acid sites, hindering their application in
various catalytic processes requiring the strong Brønsted acidity
of zeolites.7 To solve these issues, numerous attempts have been
made to synthesize mesoporous materials with zeolitic walls.
In 2009, 17 years aer the report on MCM-41 by Kresge et al.,
Ryoo et al. for the rst time synthesized an organic surfactant
whose head portion truly acted as a zeolite SDA while the tails of
many surfactant molecules agglomerated to form a micelle.8
The rst such surfactant was a long-chain diammonium with
a structural formula of C22H45–N+(CH3)2–C6H12–N+(CH3)2–
C6H13. Using this surfactant, the researchers synthesized MFI
zeolite nanosheets of only 2.5 nm thickness.8 The formation of
such zeolite nanosheets was due to the MFI zeolite structuredirecting eﬀect of the surfactant head in the lamellar micelle.
That is, the surfactant acted as a dual SDA in the two structural
levels of the micro-zeolite and meso-lamella. Ryoo et al. reported that the zeolite nanosheets exhibited a remarkable
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catalytic longevity for the conversion of methanol to hydrocarbons (MTH). Since then, the dual SDA surfactant-directed
synthesis has been extended to other zeolites having various
frameworks, such as MTW, *MRE, and beta.9,10 Here, the
asterisk mark preceding MRE indicates the intergrowths of
various crystal polymorphs. The morphology of zeolites has also
been varied to hexagonal nano-honeycombs and disordered
nanosponges.11,12 Among the surfactant-directed nanomorphic
zeolites, nanosponges attracted considerable attention for
catalytic applications. Nanosponges had a highly mesoporous
texture with a narrow distribution of mesopore diameters,
which was comparable to that of MCM-41, despite the disordered pore arrangement. The mesopore walls had strong
Brønsted acid sites, allowing the zeolites to catalyse various
reactions (e.g., MTH conversion, hydrocarbon cracking, Friedel–
Cras alkylation and acylation, and aldol condensation)
involving small or bulky organic molecules.10,13–15 Moreover,
transition metal (e.g., Pt or Co) nanoparticles were supported
inside the mesopores to generate catalytic functions for
hydrogenation,
dehydrogenation
and
Fischer–Tropsch
synthesis.16 According to these reports on mesoporous textures
and catalytic results, zeolite nanosponges may be classied as
a family of mesoporous materials having zeolite catalytic functions both inside and on the mesopore walls. However, because
of the disordered nanosponge-like structure, it was diﬃcult to
determine the detailed structures of the pores, including the
mesopore shapes, openings, interconnection, and connectivity
to micropores.
The detailed pore structures are important factors aﬀecting
the diﬀusion properties of zeolites and, accordingly, their
catalytic performance. Particularly, in MTH reactions using
hierarchical MFI zeolite (i.e., microporous MFI zeolite having
inter- or intra-crystalline mesopores arranged hierarchically
with respect to the micropores) catalysts, the catalytic lifetime
increased only when facile diﬀusion through mesopore openings to the exterior was possible.17–20 Therefore, in the present
study, we undertook the characterization of the detailed pore
structures of the surfactant-directed zeolite nanosponges (MFI,
*MRE, beta and MTW). For clarity, we categorized the local pore
structures as ‘mesopore openings to the exterior,’ ‘micropore–
mesopore connectivity,’ and ‘mesopore branching and interconnectivity.’ The mesopore openings were investigated using
high-resolution scanning electron microscopy (SEM) with a low
landing voltage.12 The connections between the mesopores and
micropores at the surface of the mesopore walls were characterized by the adsorption rate of neohexane, which had a similar
molecular diameter to the zeolite micropores.
To examine the mesopore shape and interconnectivity, we
performed three-dimensional (3D) transmission electron
microscopy (TEM) tomography aer supporting platinum on
zeolite nanosponges. Initially, we attempted to visualize the
mesopores of the zeolite without Pt. However, in the case of our
nanosponge zeolites, numerous mesopores were arranged in
a crowded and complex manner. With simple TEM or even 3D
TEM tomography, it was diﬃcult to distinguish individual pores
in the complicated overlapping images, unlike the conventional
cases where mesopores are sparsely distributed in a zeolite
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particle.20–24 To solve this problem, we adopted a TEM technique
to obtain an image of supported Pt metal in a mesopore.25 The
Pt metal was supported in a controlled manner, so that the
presence of Pt metal was localized within a narrow region
containing no more than a few mesopores while the other pores
remained empty. Thus, the Pt allowed us to obtain a clear TEM
image of the mesopores, and to characterize the mesopore
shapes and connectivity via 3D TEM tomography. Many TEM
images of the same zeolite particles containing a Pt region were
obtained at various tilt angles. The images were integrated to
form a 3D tomogram.

2.
2.1

Experimental
Zeolite synthesis

An MFI zeolite nanosponge was hydrothermally synthesized
using a [C18H37–N+(CH3)2–C6H12–N+(CH3)2–C4H9(Br)2] surfactant as the zeolite SDA. The surfactant formula is abbreviated to
C18-6-4. We followed a previously reported synthesis procedure,12
except for the substitution of the hexyl chain in C18-6-6 with the
n-butyl group in C18-6-4. The molar composition of the zeolite
synthesis gel was 100 SiO2:1 Al2O3:7.5 C18-6-4:28 Na2O:16
H2SO4:5000 H2O. The gel was aged at 333 K for 6 h, and heated
in an autoclave at 423 K for 2.5 d with tumbling. Aer being
cooled to room temperature, the precipitated product was
collected by ltration, dried in an oven at 373 K, and calcined
under a ow of air (50 cm3 min1) at 823 K.
MTW, *MRE, and beta zeolite nanosponges were hydrothermally synthesized by using a gemini-type surfactant with
a formula of [C18H37–N+(CH3)2–C6H12–N+(CH3)2–CH2–(C6H4)–
CH2–N+(CH3)2–C6H12–N+(CH3)2–CH2–(C6H4)–CH2–N+(CH3)2–
C6H12–N+(CH3)2–C18H37](Br)2(Cl)4 as the zeolite SDA, via
previously reported synthesis procedures.10 The surfactant
formula is abbreviated to C18–N6–C18. The starting gel compositions were 100 SiO2:1 Al2O3:3.33 C18–N6–C18:13 Na2O:4500
H2O for the MTW zeolite, 100 SiO2:0.5 Al2O3:1.67 C18–N6–C18:13
Na2O:3000 H2O for the *MRE zeolite, and 100 SiO2:3.33
Al2O3:3.33 C18–N6–C18:11 Na2O:5500 H2O for the beta zeolite.
Aer aging for 6 h at 333 K, the MTW and *MRE gels were
heated at 423 K for 5 d, while the beta gel was heated for 5 d at
413 K.
Bulk MFI, beta, *MRE, and MTW zeolites were synthesized
following the literature procedures.26
2.2

Supporting platinum on zeolites

We dissolved 25 mg of [Pt(NH3)4](NO3)2 (Sigma-Aldrich,
99.99%) in 100 mg of deionized water at 373 K, using a 5 mL
glass vial. This solution was used to impregnate 50 mg of a fully
dehydrated zeolite sample via an incipient wetness method. A
wide-mouthed vial containing the zeolite sample and the 5 mL
vial containing the Pt precursor solution were heated at 353 K
with hot water in a Petri dish to prevent the precipitation of the
Pt compound. During the heating, the Pt precursor solution was
added in a slow dropwise manner to the zeolite powder. The
zeolite was uniformly mixed via rubbing with a Teon coated
spatula aer every drop. Aer the mixing was completed, the
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zeolite was dried at 373 K for 4 h and transferred to a U-type
Pyrex® reactor. Then, the Pyrex® reactor was heated to 573 K
with a ramp rate of 5 K min1 under an H2 ow (ow rate: 60
cm3 min1 g1) and maintained for 2 h.
2.3

Characterization

Powder X-ray diﬀraction (XRD) was measured using a Rigaku
SmartLab diﬀractometer with Cu Ka radiation (l ¼ 0.15406 nm)
in a Bragg–Brentano geometry. Argon adsorption–desorption
isotherms were obtained using an ASAP 2020 at 87 K. Prior to
the adsorption measurements, all the samples were degassed at
573 K for 6 h. The pore-size distributions were derived from the
adsorption branch of the argon isotherms using non-linear
density functional theory (NLDFT), with the assumption of
cylindrical pores. The specic surface area was calculated using
the Brunauer–Emmett–Teller (BET) equation in the relative
pressure range of 0.05–0.20. High-resolution SEM images were
acquired using a back-scattered electron detector with an
acceleration voltage of 5.0 kV and a working distance of 3.9 mm,
using an FEI Verios instrument. The primary electron beam was
decelerated to a low landing voltage of 1.0 kV to obtain true
surface images without a metal coating.27 TEM and scanning
TEM (STEM) images were obtained using an FEI Titan ETEM G2
microscope equipped with a Cs corrector and a monochromatic
electron beam at an acceleration voltage of 300 kV. High-angle
annular dark-eld (HAADF) STEM images for 3D tomography
were collected using the soware Tomography 4.0™. For each
datum, a tomographic video was recorded from 60 to 60
with a tilt step of 1 . The images were reconstructed into 3D
rendered images using Inspect 3D™. The Avizo™ program was
used to analyse the 3D images. To obtain high-contrast images
of the Pt, the zeolite framework images were removed through
high-pass ltering in the tomogram.
2.4

Measurement of neohexane uptake

The uptake rate of neohexane (2,2-dimethylbutane) by the
zeolite was measured using a volumetric apparatus built with
Pyrex® glass in the laboratory. Prior to the uptake measurement, 30 mg of zeolite powder was degassed in a vacuum for 2 h
at 573 K. Aer cooling to 393 K, the sample was dosed with
a known volume of 10 mmHg neohexane vapour. Over the next
6 h, the pressure change was accurately monitored. The amount
of neohexane uptake by the zeolite was calculated according to
the pressure decrease at each measurement, with the assumption of ideal gas behaviour. To minimize the eﬀect of the
pressure variation on the uptake rate, the sample quantity and
the initial dose volume were appropriately chosen so that the
nal pressure was at least 8 mmHg.28

3.
3.1

Results and discussion
Porous textures by argon adsorption

Fig. 1 shows powder XRD patterns, Ar isotherms, and pore-size
distributions of the MFI, MTW, *MRE, and beta zeolite samples
which were synthesized using zeolite structure-directing
surfactants. The XRD patterns in Fig. 1a are consistent with
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the nanosponge zeolite structures, as reported in our previous
studies.9,10,12 The XRD reections coming from nanocrystalline
domains are broader than those of their bulk counterparts. In
the case of the beta nanosponge, the XRD reections look
particularly much broader than those of other zeolite nanosponges. This extra broadening is attributed to the intergrowth
of polymorphs A and B.9 The Ar adsorption isotherms of the
zeolite samples shown in Fig. 1b exhibit a very steep increase in
the adsorption amount in the low-pressure region of P/P0 < 0.01.
The low-pressure adsorption is consistent with the adsorbate
lling in the zeolite micropores, except that the adsorption
quantities in this step were 20–30% smaller than those for bulk
zeolites. The 20–30% lower adsorption is characteristic of
ultrathin frameworks in the case of zeolite nanosheets or
nanosponges. In the case of nanosponge morphologies, the
void space between adjacent frameworks becomes mesoporous
with a fairly narrow pore-size distribution. The Ar adsorption
isotherms in Fig. 1b show a moderately steep increase in the
region of 0.4 < P/P0 < 0.8. This adsorption step indicates capillary condensation in the mesopores. Another notable feature of
the Ar adsorption isotherms is a continuous increase of the
adsorption in the range of 0.8 < P/P0 < 0.95. The gradual but
signicant increases at high relative pressures are attributed to
the Ar condensation in the large pores, which were probably
macroscopic void spaces between nanosponge zeolite particles
of irregular sizes. Evidently, the adsorption isotherms with two
distinct ranges corresponding to micropores and mesopores are
characteristic of the gas adsorption on zeolite nanosponges
possessing micropores and mesopores in a hierarchical
manner. In particular, the high step of micropore lling indicates that the entire sample is composed of zeolite frameworks.
A mixture of bulk zeolite and MCM-41-like mesoporous silica
would also exhibit a mesopore condensation step, but in that
case, the micropore lling step should be noticeably lower than
those shown in Fig. 1b.
Fig. 1c shows the pore-size distributions of the four zeolite
nanosponges, which were derived using NLDFT from the
adsorption branches of the Ar adsorption isotherms presented
in Fig. 1b. The mesopore size distributions all exhibit a sharp
peak with a mode value of 4.7 nm. This indicates that the
nanosponge samples had a narrow distribution of mesopores
between the nearest-neighbouring frameworks, although the
mesopores were not as uniform as MCM-41 mesoporous silicas.
The 4.7 nm mesopores are consistent with a mesopore diameter
that can be templated by the surfactant micelles. Table 1 shows
the cumulative mesopore volumes obtained from the NLDFT
pore size distribution, which were determined from the
adsorption branches of the Ar isotherms. The mesopore
volumes of the zeolites increased in the order of *MRE < MTW
 MFI < beta. The beta nanosponge had a mesopore volume of
0.78 cm3 g1, which was three times larger than that of the
*MRE zeolite. This diﬀerence was puzzling as all the three
nanosponge zeolite samples (beta, MTW, and *MRE) were
synthesized with the same C18–N6–C18 surfactant. If 100% of the
zeolite frameworks had been generated by the same structuredirecting portion in the C18–N6–C18 surfactant, all the zeolites
should have had similar values of mesopore volume. However,
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Fig. 1 (a) XRD patterns, (b) Ar adsorption–desorption isotherms, and (c) NLDFT pore size distribution of MFI, *MRE, MTW and beta zeolite
nanosponges. Representative XRD peaks were indexed according to previous papers. The Ar isotherms of MTW, *MRE, and beta zeolite
nanosponges are vertically oﬀset by 100, 200, and 300 cm3 g1, respectively.

Table 1

Textural properties of MFI, MTW, *MRE, and beta zeolite nanosponges obtained by Ar adsorption analysis

Sample

SBETa (m2 g1)

Vmicrob (cm3 g1)

Vmesoc (cm3 g1)

Vtotald (cm3 g1)

MFI nanosponge
Bulk MFI
MTW nanosponge
Bulk MTW
*MRE nanosponge
Bulk *MRE
Beta nanosponge
Bulk beta

580
440
380
280
350
160
660
440

0.13
0.20
0.12
0.16
0.08
0.12
0.13
0.20

0.52
—
0.20
—
0.27
—
0.78
—

0.78
0.22
0.48
0.16
0.49
0.13
1.05
0.27

a
SBET is the specic BET surface area (m2 g1), which was obtained in the relative pressure (P/P0) range of 0.05–0.20. b Vmicro (micropore volume,
cm3 g1) is the cumulative volume over the range of P/P0 < 0.1. c Vmeso (mesopore volume, cm3 g1) is the cumulative volume over the range of 0.4 < P/
P0 < 0.6. d Vtotal is the total pore volume (cm3 g1), which was obtained at P/P0 < 0.95.

the present *MRE and MTW zeolite nanosponges had mesopore
volumes much smaller than that of the beta-zeolite sample. To
explain this discrepancy, we considered the following two
possibilities. The rst was the mixed formation of bulk zeolite
crystals and nanosponges. However, this turned out not to be
the case, as SEM analysis claried the absence of the bulk
zeolite phase (Fig. S2†). The second possibility was that the
mesopore walls of the MTW and *MRE zeolites were substantially thicker than that of the beta zeolite. Regarding this
possibility, we refer to the report of Kim et al., who synthesized
MFI zeolite nanosheets using a limited amount of C18-6-6
surfactant under Na+-rich conditions.29 They reported that 2.5
nm-thick MFI zeolite nanosheets were synthesized in a short
hydrothermal synthesis time. When the hydrothermal
synthesis time was increased suﬃciently, the zeolite thickness
increased to 20 nm. This change was explained by a secondary
structure-directing eﬀect of Na+ aer the initial formation of
the 2.5 nm zeolite nanosheets. Thus, we speculate that the
present synthesis using C18–N6–C18 under Na+-rich conditions
could yield the MTW and *MRE zeolites with a thick
framework.

This journal is © The Royal Society of Chemistry 2017

In the microporous range, the mode values of the micropore
diameters of the MFI, *MRE, MTW, and beta-zeolite samples
were 0.55, 0.55, 0.58, and 0.61 nm, respectively. These values
match well with the pore diameters of the bulk zeolite counterparts of the samples (Fig. S1†). As previously mentioned, the
amounts of argon adsorption corresponding to the micropore
lling were 20–30% smaller than those for bulk zeolites (Table
1). The decrease of the micropore volume is attributed to the
loss of micropore volume at the external surfaces of the ultrathin zeolite framework. For example, in the case of the 2.5 nmthick MFI zeolite, each nanosheet is composed of three pentasil
layers, in which only two micropore layers exist without direct
exposure to the external surfaces. The framework portions
exposed to the external surfaces become the surface of mesopore walls and thus do not contribute to the micropore volume.
On the other hand, in bulk MFI zeolite, the micropore-topentasil layer ratio is 1. Calculating the diﬀerence, the zeolite
nanosponge should have a 33% lower micropore volume than
bulk zeolite. This diﬀerence agrees well with the measured
values of the micropore volume: 0.13 cm3 g1 for the MFI
nanosponge, and 0.20 cm3 g1 for bulk MFI (Table 1).
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EM investigation and tomography

Fig. 2 shows the high-resolution SEM images of the MFI, *MRE,
MTW, and beta zeolite nanosponge samples at a low landing
voltage. Each image shows an irregular arrangement of mesopores (dark portions), which are open to the exterior. The bright
portions between nearest-neighbouring mesopores correspond
to the mesopore walls. We investigated the structure of the
mesopore walls of the MFI zeolite using high-resolution TEM.
The TEM images indicate the lattice fringes corresponding to the
zeolite frameworks (Fig. 3 and S3†). Roughly, the TEM images
exhibited two types of representative morphologies as shown in
Fig. 3. Both types were disordered in the arrangement of the
zeolite frameworks and mesopores. However, the two types
exhibited a distinct diﬀerence in the degree of disorder. The
morphology shown in Fig. 3a had somewhat oriented arrangements of 2.5 nm-thick MFI frameworks. This morphology
accounted for approximately 80% of the total sample. The second
morphology, which is shown in Fig. 3b, represented 20% of the
sample. This morphology exhibited substantially higher structural disorder, which seemed to cause a broad distribution of
mesopore diameters. The highly disordered portion of the
sample may have contributed to the broad tailing over 5–10 nm
in the pore-size distribution (Fig. 1c).
To investigate the detailed structure of the zeolite mesopores
(shapes and connections), we used Pt as a contrast agent for
STEM imaging. Specically, we supported Pt metal in the form of
nanowires or a network of branched nanowires, by lling pores
continuously over a localized zone (not as sporadically scattered
nanoparticles). Such Pt nanowires can be obtained by the reduction of Pt(NH3)42+ to Pt using H2 gas. An early reduced portion of
the Pt precursor formed a tiny Pt nanoparticle. This nanoparticle
dissociated an H2 molecule into H atoms on its surface, acting as

Fig. 2 SEM images of zeolite nanosponges exhibiting open mesopores. (a) MFI, (b) MTW, (c) *MRE, and (d) beta nanosponges.

11090 | J. Mater. Chem. A, 2017, 5, 11086–11093

TEM images of MFI zeolite nanosponges with diﬀerent
morphologies: (a) oriented arrangement of 2.5 nm-thick MFI frameworks and (b) disordered arrangement of the MFI frameworks.

Fig. 3

a powerful reducing agent for the Pt(NH3)42+ ions nearby. Thus,
the Pt nanoparticle catalysed its own growth into nanowires along
a mesopore. Due to this phenomenon, the Pt nanowire can
continue to grow and ll along the mesopore until all of the Pt
precursor available nearby is depleted.30,31 Fig. 4 shows representative STEM images of such Pt nanowires, which we prepared
within MFI, *MRE, MTW, and beta-zeolite nanosponges. To
enhance the Z-contrast between the Pt and aluminosilicate
frameworks, an HAADF detector was used for the STEM imaging.
In the HAADF STEM images, the Pt nanowires and zeolite
frameworks appear as bright and dark portions, respectively
(Fig. 4). Such STEM images were acquired many times in a tilt
series. The data collection took 4 h, and the Pt nanowires were
stable even at an electron dose rate of 20 e Å2 s1. The whole set
of images was then processed into a 3D tomogram, which claried the Pt nanowire shapes and interconnectivity.
Video S1† shows a 3D tomogram of a Pt/MFI nanosponge
taken from a zone represented by Fig. 3a. Fig. 5 shows the 3Dreconstructed surface images. The surface image in Fig. 5a

STEM images of the Pt replica in zeolite nanosponges: (a) MFI,
(b) *MRE, (c) MTW and (d) beta.

Fig. 4

This journal is © The Royal Society of Chemistry 2017
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plane. In summary, according to the tomographic data, the
mesoporous structure of the zeolite consisted of self-supported
or self-pillared 2.5 nm-thick MFI nanosheets. Particle by
particle, the nanosheets appeared to be more or less disordered
owing to the variation of the inter-sheet distances, nanosheet
areas, and orientations.
3.3

Fig. 5 Reconstructed tomographic images of the Pt network in MFI
zeolite nanosponges: (a) interconnected Pt networks shown, (b)
magniﬁed image of the Pt network, and (c) and (d) slice images of the
middle of the tomogram.

indicates that the supported Pt metal had the porous
morphology of a 3D nanosponge. The surface image is magnied in Fig. 5b, revealing the shape of the individual Pt frameworks. Here, we observe several Pt frameworks that were aligned
roughly in the same direction (x-axis in Fig. 5c) and had attish
nanoplate-like shapes. The thicknesses of the Pt platelets varied
but were largely in the range of 3–7 nm. These parallel Pt
platelets were self-connected through short vertical Pt spacers.
The formation of this Pt nanosponge is interpreted as a result of
the Pt lling in the slit-shaped mesopores (i.e., the mesopore
space between nearest-neighbouring zeolite frameworks of
2.5 nm thickness), but not in the micropores inside the mesopore walls. Some of the mesopores were completely replicated
by Pt, without any noticeable contraction or deformation of Pt
nanowires during the pore-lling process, but others remained
empty or partially lled. In this respect, the attish nanoplates
in the Pt nanosponge correspond to the slit-shaped mesopores
in the zeolite. The 3–7 nm thickness of the Pt platelets is close to
the mesopore diameter of 4.7 nm, which was derived from the
Ar-adsorption isotherms of the zeolite. Fig. 5c and d show two
cross-sectional images of the 3D reconstructed tomogram. The
images shown in Fig. 5c and d are the slice images of the
tomogram in the xy and xz planes, respectively. These two
perpendicular cross-sectional images clearly reveal how the Pt
nanoplates (hence, the mesopores) were oriented and interconnected. As shown in Fig. 5c, the mesopores were mostly
oriented in the x direction. The mesopores were interconnected
to each other through secondary mesopores, which took
a cylindrical shape rather than being ink bottle-like pores. On
the other hand, the xz plane image shown in Fig. 5d reveals
a fully disordered arrangement of mesopores. The mesopores
exhibited a wide distribution compared with the case of the xy

This journal is © The Royal Society of Chemistry 2017

Solvent washing test

As described in the previous section, the presence of mesopore
openings to the exterior was conrmed using high-resolution
SEM. Next, we investigated whether the zeolite nanosponges
exhibited apertures on the surface of the mesopore walls. To this
end, we performed a solvent washing test using the as-synthesized
MFI-zeolite nanosponge sample. The sample was washed as
thoroughly as possible with ethanol, acetone, n-hexane, and
toluene at room temperature. However, none of these solvents
reduced the surfactant content of the zeolite to less than 25 C18-6-4
per gram. The washed zeolite had much smaller pore volumes
than the dry zeolite (micropore volume ¼ 0 cm3 g1 and mesopore
volume ¼ 0.47 cm3 g1, aer drying at 393 K). This is in contrast
with previous results, since when the MCM-41 and SBA-15 mesoporous silica samples were washed, the mesopore-directing
surfactant (i.e., cetyltrimethyl-ammonium bromide and P123)
was almost completely removed leading to the opening of the
mesopores.32,33 The results of this solvent washing test indicate
that the surfactant is inseparably bound to the zeolite. This could
be due to the fact that the surfactant head portions are tightly
encased within the zeolite micropores aer guiding the formation
of the zeolite framework. In such an as-synthesized state, the
surfactant tails can block the mesopores. If this is the case, the
combustion of the surfactant during calcination could lead to the
formation of not only mesopore but also micropore apertures,
which were previously lled with the surfactant heads.
3.4

Rapid diﬀusion of neohexane

Fig. 6 shows how fast the MFI zeolite nanosponge adsorbed
neohexane when the zeolite was placed in contact with the

Fig. 6 Neohexane uptake curves: bulk MFI zeolites (C) and the MFI
nanosponge (-) in 10 Torr neohexane at 393 K.
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hydrocarbon vapour at 10 mmHg at 393 K. Here, the y-axis
indicates the adsorption quantity, while the x-axis represents
the contact time. The slope of the plot indicates the adsorption
rate at a given time. As shown in the plot, the nanosponge
zeolite adsorbed neohexane far more rapidly than the bulk
zeolite. For example, at 1 min, the adsorption rate of the
nanosponge was 10 times higher than that of the bulk zeolite. At
60 min, the adsorption of the nanosponge had already reached
saturation, corresponding to 3.3  104 mol g1. In the case of
the bulk zeolite, the adsorption quantity kept increasing even at
330 min, towards a distinctly higher saturation value (i.e.,
maximum adsorption capacity) above 4  104 mol g1. The
adsorption plot indicates that the bulk zeolite had a higher
maximum adsorption capacity for neohexane than the nanosponge. This capacity diﬀerence is consistent with the diﬀerence in the micropore volume (see Ar adsorption described
above). The rapid uptake of neohexane by the zeolite nanosponge indicates that the adsorbate diﬀuses into the 2.5 nm
zeolite frameworks very rapidly through the sponge-like interconnected mesopores. The mesopores may be open to the
exterior, while the micropores can access the mesopores
through their open apertures.

4. Conclusion
As demonstrated by gas adsorption, electron tomography, and
solvent washing experiments, the surfactant-directed zeolites
synthesized in this study had a highly mesoporous texture with
a sharp distribution of the mesopore diameters. The mesopores
were interconnected through a nanosponge-like disordered
network of thin zeolite frameworks. The mesopores exhibited
openings to the exterior. Internally, the mesopores were connected to the zeolitic micropores within the framework, to form
a hierarchically porous system. The hierarchically porous
zeolites exhibited a rapid uptake or diﬀusion of adsorbate
molecules. Thus, it can be concluded that such hierarchically
porous structures could be a common feature of zeolite nanosponges that are synthesized using micropore–mesopore dual
generating surfactants. This conclusion is in agreement with
the hypothesis reported in recent studies associating a rapid
diﬀusion with the long catalytic lifetime, selectivity change, and
activity improvement of surfactant-directed zeolites in various
reactions, such as methanol-to-hydrocarbon conversion, and
Friedel–Cras alkylation and acylation. In addition to their use
as acid catalysts, the present structural information may be
useful for the future exploration of surfactant-directed zeolites
as supports for metal catalysts.
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