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Introduction

Exfoliating layered zeolite MFI into unilamellar
nanosheets in solution as precursors for the
synthesis of hierarchical nanocomposites and
oriented films+
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Zeolites have many uses and are continually developed for catalysis and separations as highly active,
selective and thermally stable materials with microporous framework structures of various topologies.
Among approximately 250 known frameworks about 20, but possibly all eventually, produced 2D forms
with layers of thickness up to a few nanometers. Recently, layered forms of the zeolite MWW and a ferrier-
ite-related one have been exfoliated directly by a soft-chemical treatment into solutions of unilamellar
nanosheets. They enable the synthesis of layer-based hierarchical and nanocomposite materials with
diverse compositions that are unfeasible with solid 3D and 2D forms. The efficiency and yield of zeolite
exfoliation can be inhibited by intergrowth so each topology presents a separate challenge. The MFI
zeolite can provide particular benefits as one of the most active and versatile frameworks. It has per-
meable layers due to perpendicular channels and has been used as a membrane. This article describes
exfoliation of the layered MFI produced by the bifunctional template developed by Ryoo et al. It affords
unilamellar MFI nanosheets in solution with a uniform hydrated thickness of 3.6 nm confirmed by AFM,
X-ray diffraction and TEM. The nanosheets can be reassembled top-down into self-standing b-oriented
discs or films, proven by X-ray powder diffraction. They preserve high acid site concentration and porosity.
The basal spacing contracts from 3.6 nm to 2.8 nm upon calcination. Oriented MF| films were also
formed by the evaporation/calcination of nanosheet solutions and surfactant composites enabling simple
fabrication on various substrates for application in catalysis and separations.

oped for further expansion especially as eco-oriented
applications.®'® There are now over 250 known zeolite topolo-

Aluminosilicate zeolites and related molecular sieves are gen-
erally known and applied in practice as crystalline materials
with microporous framework structures that show exceptional
benefits as catalysts, selective sorbents and ion exchangers.'™
They contain uniform micropores, typically less than 1 nm, in
combination with strong acid sites.*® Zeolites are used in
various industrial processes,®® and are continuously devel-
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gies but only about 20 of them have been developed techno-
logically."* Originally zeolites were found in only one form, a
rigid immutable framework extended in all three dimensions.
In a surprising twist it was found that the same structure can
produce a second form, 2-dimensional layers with thickness of
up to a few nanometers."”"* In one embodiment these layers
can be stacked as semi-ordered (layered) precursors and upon
heat treatment they condense to produce the corresponding
complete frameworks."”>™>'® Unlike the original rigid 3D
forms, the layered 2D zeolites have flexible structures that can
be modified, especially to provide expanded or re-organized
materials."”° Recently two of the layered zeolites, MWW and
a ferrierite-related one denoted as bifer, have been completely
separated into monolayers in solution by soft-chemical exfolia-
tion with tetrabutylammonium hydroxide (TBAOH). They pro-
duced suspensions of unilamellar nanosheets in solution®' ">
effectively as a third zeolite form, which enables unpre-
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cedented synthetic opportunities as a homogeneous liquid
phase reagent. In Fig. 1 the 3 different zeolite forms have been
compared and the unique synthetic possibilities enabled by
the zeolite layers in solutions have been highlighted.

Zeolite nanosheets in solution can be used in synthesis as
nanosized building blocks, individually or with other func-
tional components, to generate diverse composite and hier-
archical materials that were unfeasible before with the 3D
form and even with solid 2D forms.> Illustrative examples
include mixed zeolite layers exemplified by already obtained
MWW and bifer composites,> intimate composites of layers
with nanoparticles (unpublished) and oriented disks,”*> as
shown in Fig. 1. The separation of 2D zeolites into single
layers is commonly referred to as delamination and initial
attempts relied on pre-expansion with surfactants (swelling).
There had been no indications nor proof of layer dispersion
into a solution by direct or simple treatments, like ultra-
sonication, in any of the previous reports.*>° In one study,
zeolite layers of MWW and MFI coated with surfactants were
indeed dispersed into monolayer nanosheets in solution but
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Fig. 1 Three different zeolite forms, the number of known topologies
for each, and modification potential with examples of unique products
enabled by the nanosheets dispersed in solution.
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through a multi-step process using twin-screw extrusion. It
produced very low yields of the dispersed layers, which
together with the surfactant coating and complicated prepa-
ration methodology presented very limited options for post-
synthetic exploitation.?*>°

There are two most prominent and valuable zeolites, FAU
and MFI, but only the latter is available in a 2D form, so its
exfoliation has a particular importance. Additionally, MFI
layers have perpendicular channels of roughly 0.5 nm dia-
meter, which may provide extra benefits in catalysis and mem-
brane-like separations.’’ The zeolite layers exfoliated to date,
MWW, bifer and RWR, are impermeable. The treatment with
TBAOH solutions provides a convenient and direct method of
exfoliation but the yield depends on the zeolite synthesis
method, i.e., gel composition and conditions, in a way that is
not well understood yet. Presumably, the layers can intergrow
and limit the complete separation potential. This should be
minimized during hydrothermal synthesis but the controlling
factors are unknown. In short, the successful exfoliation of
MFI and additional zeolites in meaningful yields depends on
identifying suitable preparations.

Layered MFI materials can be obtained by the method
invented by Ryoo et al®* It uses bifunctional templates with
long hydrocarbon tails that prevent structure continuation in
the 3™ dimension during synthesis. These templates are
integrated into the layer but the tails line the surface and
inhibit interaction with TBAOH, thus preventing exfoliation.
We resolved this problem by thermal degradation of the
organics at 350 °C. The final yields of exfoliated MFI layers
are lower than that of the previous two cases, MWW and
bifer, but it is still a significant advance as a demonstration
and it enables film fabrication. Increasing the yield will be
a matter of finding a more suitable synthetic procedure for
the starting layered MFI. This report has two parts. The first
describes the exfoliation of MFI into solutions of unilamel-
lar nanosheets and the confirmation based on atomic force
microscopy (AFM), X-ray powder/film diffraction (XRD) and
electron microscopy. The second part focuses on proving
the formation of oriented films that can show the useful-
ness and novel practical potential, e.g., for sieving and cata-
lytic applications.>® Zeolites available as layers in solution
can be considered for the development of advanced appli-
cations, where polycrystalline forms are less useful. Specific
examples include membrane separations, low-k materials,
protective coating and sensing.*® Structured zeolite materials
prepared via exfoliation can be also useful for the investi-
gation of fundamental catalytic and mass transport
properties.

Results and discussion

The structure of zeolite MFI and the thickness of its layer are
discussed first because of the ambiguity of the latter, since
both 1- and 1.5-unit cell values have been cited for apparently
equivalent materials.?**>34

This journal is © the Partner Organisations 2023
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Structure and thickness of MFI layers

The framework of the zeolite MFI shown in Scheme 1 is gener-
ated by the stacking and fusion of pentasil slabs along the
crystallographic b direction.?® The formal unit cell along b con-
tains 2 such slabs and the corresponding lattice constant
(b-axis) is equal to 2 nm. This generates two types of channels:
straight 10-rings with an approximate diameter of 0.5 nm in
the b direction (vertical) and sinusoidal in the a direction
(horizontal, perpendicular). Layers are terminated in the
regions of reduced framework density, which in this case is
between the slabs but it is not evident how many slabs per
layer can be expected. This seems to be determined by the
structure directing agents (SDA, template), which are designed
to have (i) head groups that template the layers and remain in
the pores and (ii) long hydrocarbon chains protruding outside,
lining the surface, and preventing structure propagation in the
3™ dimension during growth. The corresponding bifunctional
templates (SDAs) have a general formula RN(CH,),,NC,,,Hy,,+1,
with +2 charge. The most common SDA, which is also used in
this work has R = C,,H,s, and n and m equal to 6; it is desig-
nated C22-6-6. The typical as-synthesized product is multi-
layered with a basal spacing of ca. 6 nm, indicated by a strong
010 reflection in the XRD, resulting from stacked MFI layers
separated by the organic region. The exact thickness of each
region is hard to determine directly. MFI zeolite layers are typi-
cally seen with two rows of pores in the cross-sectional view in
TEM.?*?* As shown in Scheme 1 this is produced by 3 pentasil
slabs and corresponds to 1.5-unit cells with approximate
overall theoretical (anhydrous) thickness of around 3 nm.****
This fusion of 3 slabs to produce an MFI layer has been ration-
alized based on the packing of the templates.>® The same
thickness is observed in the MFI nanosheets studied herein
and was also determined in the prior work on MFI delamina-
tion.>® Isolated MFI nanosheets produce typical MFI powder
XRD patterns, even when disorganized, identified by promi-
nent doublets at 260 values of 8-9° and near 23° (Cu Ko radi-
ation, used throughout unless specified otherwise). This
allows easy and instantaneous identification as shown in
Fig. 2. More detailed analysis and assignments are discussed
later in connection with the oriented films.

MFI exfoliation with tetrabutylammonium hydroxide (TBAOH)

The reported earlier exfoliation of MWW and bifer as unilamel-
lar nanosheets in solution occurred through the direct treat-
ment of the as-synthesized samples with TBAOH solutions.
The as-synthesized MFI with surfactant templates embedded

MFI layer, 3.0 nm
3 pentasil slabs

Scheme 1 Structure of the MFI zeolite as the stacking of pentasil slabs
viewed along the [100] axis with the unit cell shown in blue.
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Fig. 2 XRD patterns of the as-synthesized layered MFI (bottom), cal-
cined at 350 °C (second from bottom), and exfoliated nanosheets recov-
ered by acidification, uncalcined, and calcined (top).

in the layers and hydrocarbon tails lining the surface did not
exfoliate directly with TBAOH, so the idea was to remove the
excess organic first. As mentioned above, the previous
attempts at dispersing MFI layers into solutions employed a
multistep procedure with the template left in, which involved:
melt-blending with polymers in a screw extruder, extraction
and purification.”® The yield of dispersed MFI layers was low
and probably insufficient for more general use in synthesis.
The remaining embedded surfactant was removed by oxidation
with the piranha solution as the last step.’* Our approach
involved the elimination of the surfactant tails by thermal
degradation, which had to be performed at a relatively low
temperature and 350 °C was chosen based on TG-DTG, as
shown in ESI Fig. S1,f to minimize condensation of surface
silanols and layer crosslinking. This produced a red-brown
solid with less than 5% of the residual coke (average content N
0.46%, C 3.82% and H 0.36%). The XRD patterns showed a
structural contraction from 6 nm to ca. 3 nm as shown in
Fig. 2. The original as-synthesized MFI with the template
shows reflections at a 20 value of 1.4° (not shown) and 4.2°
(corresponding to 6 nm and 2 nm d-spacing and 010 and 030
indices) and also the characteristic peaks for MFI, ie., the
doublets at 26 value of 8-9° and near 23° as mentioned above.
After being heated at 350 °C the low angle basal reflections dis-
appeared but the pattern resembled that of a typical MFI with
reflections above 8°, matching those of the standard MFI and
the starting material, with an increased intensity (Fig. 2).
These pre-calcination conditions were the same for all prep-
arations but there may be room for the optimization of the
temperature and other conditions, especially if preparations
affording higher exfoliation yields can be identified.

The exfoliation was started by mixing the solid with 10%
TBAOH in water for a few hours and centrifuging at 10 000
rpm. All solids were flocculated due to the high ionic strength,
and after the decantation of the supernatant, they were mixed
with water. The slurry was centrifuged again producing the
nanosheets in solution as confirmed below. This cycle of water

Inorg. Chem. Front., 2023, 10, 1511-1521 | 1513
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addition, centrifugation and decantation can be repeated
several times to increase the recovery of the MFI nanosheets in
an amount of 50-100 mg when starting with 0.5 to 1 g of the
layered zeolite (MWW and bifer could be obtained in yields up
to 70% in the second step alone). The obtained MFI
nanosheets in solution could be isolated for characterization
and practical use by acidification, micro-filtration or floccu-
lated with cations, as elaborated below. When isolated as
solids they produce MFI-like XRD patterns as shown in Fig. 2.
As shown below, they also exhibit acidic properties and poro-
sity typical of an MFI.

Subsequent characterization confirmed that the nanosheets
have a uniform thickness based on the 3 nm inorganic core,
i.e., 1.5xp-axis of the MFI, with variations due to hydration and
related phenomena. These characterization studies include
AFM followed by in-plane XRD and TEM, from which the MFI
structure was confirmed. The uniform unilamellar thickness
of the layers was also revealed in their products, especially the
oriented films, individually and as composites with surfac-
tants, as described below.

Determining uniform layer thickness by AFM

AFM imaging confirmed the uniform thickness of the
nanosheets in solution after they were spin-cast on a silicon
wafer modified by coating with positively charged polyethyl-
eneimine (PEI). The analyzed images, presented in Fig. 3(a—c),
show that majority of the layers are roughly 3.6 nm thick, as
highlighted by the cross-section height profiles (Fig. 3c). The
complete analysis was carried out by the calculation of the
height histogram (Fig. 3d) generated from five AFM topogra-
phy images captured in different places on the sample surface.
The histogram in Fig. 3d shows 2 distinct maxima at 0.0
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Fig. 3 AFM topography images of the MFI nanosheets deposited on PEI|
modified silicon wafers (a and b); cross-section height profiles along the
marked dotted lines in the topography image a (c); the height histogram
with cumulative height distribution generated from five AFM images
captured in various places on the sample surface, including the 0 level,
and an inset highlighting the dominant 3.6 nm height (d).
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(support) and 3.6 nm. The latter was adopted as the average
hydrated layer thickness value. It matches with the value of 3.4
+ 0.3 nm reported previously,”® and is consistent with the
recognized 1.5 unit cell thickness of the MFI layers, and not
one unit cell thickness that is often assigned in the literature.
The images also show sporadic regions of higher thickness.
The total contribution of the objects thicker than 4.5 nm, esti-
mated from the histogram, is 12-13% of all structures
observed on the surface. The thicker particles can be layers
connected due to association or successive deposition, or
unexfoliated integrated fragments. The planar dimensions of
the observed nanosheets are in the range of tens to several
hundred nanometers.

In-plane XRD and TEM of exfoliated layers

In-plane XRD generates only /0! reflections, which can provide
the a-c planar dimensions. Fig. 4 shows the XRD pattern after
the pre-processing of the synchrotron data as discussed in
detail in the Experimental section. All visible peaks could be
indexed based on a 2D rectangular unit lattice with refined cell
parameters of 2.006(2) x 1.340(1) nm?. These values match
with the unit cell of the precursor MFI phase, indicating that
the MFI host framework was preserved upon exfoliation and
being transferred into solution.

TEM evaluation, presented in Fig. 5, provides details of the
layered structure, and confirms the MFI topology based on the
corresponding crystallographic parameters and pores. The low-
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Fig. 4

In-plane XRD for MFI nanosheets.

Fig. 5 TEM imaging of the layers. (a) Low-magnification TEM image, (b)
selected area electron diffraction (SAED) pattern, and (c) high-resolution
TEM image of a nanosheet with in-plane orientation.
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magnification TEM image (Fig. 5a) reveals a regular porous
pattern, extending to the whole nanosheet with a size of
around 100 nm. The selected area electron diffraction (SAED)
pattern (Fig. 5b) could be indexed as a single crystalline MFI
structure along the [010] zone axis with approximate lattice
constants (dypo ~ 1.06 nm and dyy, ~ 0.69 nm with ~90°
angle). The high-resolution TEM (HRTEM) image of the in-
plane structure (Fig. 5c) is overlapped with the atomic model
and shows their congruence in the pore arrangement and the
atomic framework.

Edge-on images shown in Fig. 6 were obtained with
oriented discs that are discussed in the next section.

Oriented MFI films

The solutions obtained by the above procedure could be fil-
tered under vacuum to produce discs or films, e.g., with a dia-
meter of 1.5 cm.?>?° A Millipore glass filtration set (25 mm dia-
meter) was used with filters of pore sizes down to 0.025 pm.
This produced regular self-standing discs, as shown in Fig. 1,
bottom, which could be calcined at 540 °C and ion-exchanged
with ammonium nitrate to obtain acid forms for quantitative
evaluation by FTIR (vide infra). The as-synthesized films are
typically red-brown due to organic coke but turn white or clear
by calcination at 540 °C. Their identity was confirmed first by
XRD after calcination, which showed patterns indicating the
MFI structure with perpendicular b-axis orientation.

Given the high aspect ratio of zeolite layers it is natural to
expect their oriented packing face-to-face upon multilayer
deposition, e.g., during filtration, but the anticipated b-orien-
tation must be confirmed. The evidence is provided by the
XRD pattern of a calcined disc, presented in Fig. 7. The cal-
cined disc or film (top two patterns in Fig. 7) shows only the
second of the two principal MFI reflections with 26 values at
8° and 8.9° (Fig. 7, second plot from the bottom). Because in a
b-oriented film only 0kO reflections should be visible, the first
one, at a 20 value of 8°, assigned to 101/011, must be extinct,
while the second, at a 26 value of 8.9°, combining the 200 and
020 reflection, should remain. This is indeed the case here, as
shown in Fig. 7, in agreement with the literature.>® There is an
additional scattering at around a 26 value of 23°, which may
be related to the prominent high intensity doublet at 26 values
of 23.2° and 23.8° (501, 051 and 151, 303, respectively) of the
regular MFI. These reflections are not expected to be visible so

Fig. 6 The edge-on STEM-ABF image of an MFI disc. Arrows point to
single MFI layers, 3 nm thick with clearly observed two rows of pores.
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Fig. 7 XRD patterns of calcined MFI discs, b-oriented highlighted in
red, compared to polycrystalline layered MFI. The literature pattern was
adapted with permission from ref. 36 (Z. Wang et al., Fabrication of a
Highly b-Oriented MFI-Type Zeolite Film by the Langmuir—Blodgett
Method, Langmuir, 2014, 30, 4531-4). Copyright 2014 American
Chemical Society.

the observation of this scattering may indicate some deviation
from the ideal b-orientation in some parts of the film, but
other explanations or unknown effects cannot be ruled out. In
fact, the literature pattern shown in Fig. 7 also shows a small
peak in this region.>®

The calcined MFI discs exhibited additional highly asym-
metric peaks in the XRD spectra (Fig. 7) located below a 26
value of 8° at 20 values of 3.2° and 6.4° with d-spacings of 2.8
and 1.4 nm. Such peaks are usually not observed for the MFI
structure but in this case can be explained as 010 and 020
reflections produced by stacking of the MFI layers with an
interlayer repeat distance equal to 2.8 nm. This value is
shorter than the recognized layer thickness equal to 3 nm but
there is no contradiction here. The latter thickness is based on
layers aligned and connected by vertical Si-O-Si bridges.
Exfoliated layers are expected to stack without alignment
resulting in SiOH groups located in troughs or indentations in
the surface such as pore openings. This can decrease an appar-
ent thickness and has been observed before with other zeolites
resulting in materials called sub-zeolites®” because their inter-
layer d-spacing is shorter than the layer thickness determined
on the basis of 3D structures with Si-O-Si bridges. As an
alternative assignment two low angle peaks were considered
together with a reflection at a 26 value of 8.9° as possible 010,
020 and 030 orders of the same basal spacing, i.e., 2.8 nm.
This was dismissed because the determined position of the
last reflection, at a 20 value of 8.9°, deviated too much from
the expected 20 value of 9.6°. Secondly, the peaks at 26 values
of 3.2 and 6.4° have a similar asymmetric shape that is com-
pletely different from the 3™ peak at a 26 value of 8.9°. The
former have a tail on the right side, which may be caused by
fluctuations in the horizontal interlayer distances as recog-
nized with clays.*® The corresponding XRD patterns of the
discs before calcination contain related low angle peaks but
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the interlayer distance is larger, 3.6 nm, and contracts to
2.8 nm upon calcination, which is discussed in the next
paragraph.

Table 1 provides a summary of the XRD pattern analysis
with assigned interplanar spacings and peak positions.

XRD patterns of the as-synthesized discs/films are domi-
nated by low angle peaks roughly at 26 intervals of 2.5° with
apparent orders of a 3.6 nm basal spacing. Additional smaller
maxima also appear as multiples of the 20 interval of 2.5° up
to the 26 value of 27.5° suggesting an oriented packing with a
roughly 3.6 nm repeating unit that is consistent with the thick-
ness of monolayers observed in AFM. This expansion is caused
by the additional water and intercalated organic layer, which
are removed upon calcination, accompanied by a color change
from brown to colorless or white and a contraction to the
2.8 nm repeat discussed above. As with the calcined disc, there
is also an additional pronounced scattering with a maximum
20 of around 23°, roughly corresponding to the most intense
reflections for the MFI. In the as-synthesized XRD pattern, the
020 peak at the 26 value of 8.9°, characteristic for the MFI
structure and the most prominent in the calcined form, is
barely visible if at all. This underscores the need for calcina-
tion to prove the preferred orientation layer.

The obtained exfoliated layers in solution can also produce
oriented films on being dried on a flat surface directly or after
flocculation as solids. A particularly notable case is that of the
films being produced by solids precipitated with cationic sur-
factants such as hexadecyltrimethylammonium. They have an
expanded ‘swollen’ structure with a basal spacing of 6 nm
(interlayer gallery of 3 nm), which is revealed after deposition
and drying on a flat surface. They are discussed in the next
section.

b-Oriented surfactant-MFI films with expanded basal spacings

The solutions of exfoliated MFI layers produce precipitates
upon mixing with surfactants such as hexadecyltrimethyl-
ammonium cations (HDTMA). These products are multilayer
composites akin to surfactant-swollen zeolites,*® with a regular
interlayer spacing of approximately 6 nm. Their structural fea-

Table 1 Summary of important XRD peak positions for MFI and its
layered derivatives

MFI layers with
hexadecyltrimethyl-

MFI layers ammonium cation

Basal spacing, nm (° 20 Cu Ku)

As-synthesized film 3.6 nm (2.5°) 5.7 nm (1.6°)
Calcined film 2.8 nm (3.2°) 2.8 nm (3.2°)
Layer thickness 3.0 nm (1.5-unit x

anhydrous 2.0 nm)

020 peak MFI 1.0 nm (8.9°) 1.0 nm (8.9°)

Observed selected reflections, © 20 Cu Ko
As-synthesized film 2.5° intervals
Calcined film 3.2, 6.4, 8.9°
Layered powder, as- 1.4, 4.2, 8.0, 8.9°
synthesized

Layered powder, calcined

1.6° intervals
3.2, 6.4, 8.9°

8.0, 8.9°
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tures were revealed in the XRD of the samples obtained by
depositing slurries on glass slides followed by drying, and
eventually calcination.

XRD patterns of the dried MFI-surfactant precipitate, pre-
sented in Fig. 8 top, 2™ from the bottom, show 3 orders of 0k0
reflections at ca. 20 intervals of 1.6°, which correspond to an
interlayer d-spacing of 5.7 nm. The 010 reflection is particu-
larly intense. After calcination, the XRD pattern is the same as
that for the calcined disc with b-oriented layers obtained by
vacuum filtration showing a basal spacing of 2.8 nm. This
proves a strict b-orientation that is preserved despite 50%
basal contraction upon calcination, which is hard to expect a
priori but can be rationalized by a high aspect ratio of the
layers that maintains their face-to-face orientation. This is sig-
nificant as an illustration of the possibility for preparation of
oriented films by simple deposition from suspensions and
drying/calcination, which may allow a convenient larger scale
film manufacture.

Acid and textural properties of MFI discs

The preservation of unique MFI qualities, viz. acidity and poro-
sity, during preparation and processing is essential for the
effective usage of the films in practical application. This was
confirmed by FTIR and gas adsorption studies, respectively.

£ 80
S MFI-surfactant film
E calcined, d = 2.8 nm
b=
3
©
3‘- 40+
é MFl-surfactant film, d = 5.7 nm
5
MFI disc, d = 3.6 nm
04
5 10
20,°
2
c
=)
> 40+ MFI-surfactant film calcined
©
s
i)
=
© MFl-surfactant film
z
wv
c
3
£
MFI disc
04
5 10 15 20 25 30

20,°
Fig. 8 Low angle (top) and high angle (bottom) XRD patterns for as-

synthesized and calcined films of surfactant-flocculated MFI layers com-
pared to an as-synthesized MFI disc.
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The discs obtained via filtration were calcined at 540 °C and
statically ammonium exchanged by immersing 2-3 times in 1
M ammonium nitrate solution for a few hours and repeated
washing with water. The results are presented in Table 2.
There is no change in the BAS (Bronsted acid sites) and LAS
(Lewis acids sites) concentration in comparison to the original
zeolite powder, proving viability for catalysis.

Similarly, nitrogen adsorption studies showed that the
micropores were also preserved despite various treatments
(Table 2). Especially notable is the hysteresis loop at p/p”> 0.4
as shown in Fig. 9. It suggests slit-like pores, consistent with
SEM images shown below, with an increased accessibility,
which can be conducive to an enhanced interaction with bulky
molecules.

SEM and STEM-ADF images of the MFI discs

Structure of the discs is revealed by SEM and TEM images
shown in Fig. 10. The SEM images show relatively uniform
thickness of the disc equal to approximately 30 um, controlla-
ble during the preparation, and macroscopic smoothness
without excessive defects. Its layered structure is observed in
the close-up cross-sectional view shown in Fig. 10c, but it is
uncertain if the observed features represent individual layers.
The latter have been revealed by STEM-ABF (Fig. 6 and 10d-f).
Fig. 6 shows stacks of aligned porous layers, not ideally but
with minor bends and discontinuities. Parts of single
nanosheets with 3 nm thickness can be discerned in some
places as pointed by arrows. In STEM, Fig. 10d-f, individual
nanosheets of approximately 3 nm thickness can be discerned.
These images show stacking of the layers (white strips) but
with gaps visible as darker parts that suggest slit-shape voids.
They are consistent with the interlayer mesopores observed by
nitrogen sorption. SEM of the original MFI is provided in the
ESI, Fig. S2.t

Significance and uses of (oriented) zeolite films

Solutions of zeolite monolayers and films that can be readily
produced with them provide opportunities to develop zeolites
in new directions beyond those possible or contemplated with

View Article Online
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Fig. 9 Nitrogen sorption isotherms for the original layered MFI and an
MFI disc (shifted vertically by 50 cm® g™4).

Fig. 10 Images of the fragments of the MFI disc obtained via exfolia-
tion: top, SEM of a self-standing zeolite film: (a) the macroscopic view of
the disc fragment, (b) closeups highlighting uniform thickness and
surface homogeneity of the film, (c) cross-section showing layers of
packing in the film. Bottom, STEM-ADF images of self-standing MFI
zeolite films, edge-on view: (d) general fragment of a film, (e) closeup
showing the arrangement of layers, (f) a high-resolution image with the
indicated MFI single-layer.

Table 2 Concentrations of Brensted (BAS) and Lewis (LAS) acid sites and textural properties of the layered MFI and an oriented disc produced via

exfoliation

Acid site concentration, pumol g~*

Si/Al, mol/mol

MFI zeolite form BAS LAS BAS + LAS BAS, % BAS+LAS BAS
Original layered 550 147 697 79 23 29
Disc 571 110 681 84 24 28

Textural properties

Surface area, m* g~*

Pore volume, cm® g~ *

MFI type BET Micropore ¢-plot Mesopore ¢-plot Micropore t-plot Single point at 0.95 p/p,
Disc 411 223 181 0.105 0.367
Original layered 447 280 167 0.130 0.420
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the conventional polycrystalline 3D or 2D forms. The promis-
ing areas include tailoring of the surface activity with particu-
lar active centers (metals) and functional groups, membrane-
like transport and separations, nanoscale insulation, in
optical, electric, etc. applications as supports or active media.
Zeolite films can be suitable for catalytic membrane reactors.
The specific uses of zeolite film applications indicated in the
literature®* are plate reactors and that preparation of
b-oriented zeolite films/membranes can improve mass transfer
efficiency and enhance the selectivity of products, catalytic
activity, and catalyst stability.””> One study has described the
processing of layer-based materials (the [Ru(bpy)s]**-
TiO,@clay nanoarchitecture) as a film to be mounted in a flow
reactor.*?

Conclusions

A recently reported method for the exfoliation of zeolites to
produce a solution of unilamellar nanosheets>'** is extended
to the layered zeolite MFI, which is the most important frame-
work available as a modifiable layer that is also permeable.
The as-synthesized material was calcined at 350 °C, to degrade
the template covering the surface, and treated with TBAOH.
Solids were purified by high-speed centrifugation. The pres-
ence of unilamellar MFI nanosheets in the obtained solutions
has been proven by AFM, in-plane XRD, TEM microscopy, and
flocculation with organic compounds. The nanosheets pro-
duced oriented discs and films. They maintained the original
acid and textural properties and thus are suitable for catalytic
and sorption applications.

The reported direct exfoliation provides a simpler alterna-
tive to some of the previously published methods for produ-
cing zeolite films and membranes, which usually started with
surfactant-expanded layered precursors.”**° Zeolite membrane
preparation and testing are difficult and challenging tasks that
require special equipment, expertise and skills.*>*
Consequently, the development and evaluation of the potential
presented by the current exfoliation approach in the area of
membrane separation will require separate dedicated efforts.

Experimental methods
Synthesis of the template and layered MFI

The template (SDA) with the formula RN(CH,),,NC,,Hy,,+1BI,
R - C,,Hy5, n and m = 6, designated C22-6-6, was prepared as
reported earlier.*”

N,N,N',N'-Tetramethyl-1,6-diaminohexane (61.7 g, 0.357 mL,
from TCI) and 1-bromodocosane (19.9 g, 0.051 mol, TCI) were
dissolved in toluene/acetonitrile (300 mL, 1:1 vol/vol) and
heated at 65 °C for 20 h. After cooling to room temperature,
the product was filtered, washed with cold diethyl ether, and
dried in an oven at 60 °C. This product (27.2 g, 0.048 mol) was
combined with 1-bromohexane (12.0 g, 0.073 mol, from
Aldrich) dissolved in acetonitrile (200 mL) and refluxed at
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65 °C for 8 h. After cooling to room temperature, the product
was filtered, washed with cold diethyl ether, and dried in a
vacuum oven at 60 °C.

The first MFI sample was prepared with the gel Si/Al ratio
of 29/1 by mixing water (8.4 g), 50% NaOH (0.31 g), aluminium
nitrate nonahydrate (0.21 g) and tetraethyl orthosilicate (TEOS,
3.3 g), all reagents from Sigma Aldrich, and adding the above
C22-6-6 template (1.1 ). After rotation overnight, the mixture
was heated at 150 °C with rotation for 110 h, sampled and
reheated for additional 16 h. The as-synthesized product was
isolated by filtration, washed with water, and dried in air.

The second MFI sample with gel Si/Al = 23/1 was prepared
like above with the following corresponding weights of
reagents: water (8.72 g), 50% NaOH (0.32 g), aluminium
nitrate nonahydrate (0.255 g), TEOS (3.315 g) and the template
(1.137 g). The synthesis time was 102 h with one sampling at
92 h.

The as-synthesized zeolite was calcined at 350 °C for 10 h
with 10 h ramp to the holding temperature. The product was
red-brown and was first treated (1-1.5 g) with 20 mL of 10%
tetrabutylammonium hydroxide (TBAOH, Sigma Aldrich),
stirred for 1.5-2 h, centrifuged for >30 min at 10 000 rpm until
well settled. The red-brown supernatant was decanted and dis-
carded. The solid was mixed with 30 g of water, stirred for 1.5
to 20 h and centrifuged at 10 000 rpm; ca. 25 mL of the super-
natant was pipetted out and preserved, while the rest including
solid was mixed with water again and the sequence was
repeated 3-4 times, providing several solutions with exfoliated
zeolite MFI layers. If needed, the nanosheets were flocculated
by acidification with 1 M HC], and the solids were isolated by
centrifugation, combined or used separately. The flocculated
layers can be re-dispersed by stirring with a few mililitres of
0.02 M TBAOH (ca. 0.5%).

Basic characterization by X-ray powder diffraction, nitrogen
adsorption, FTIR and TG-DTG

Powder XRD patterns were collected using a Bruker AXS D8
Advance diffractometer equipped with a graphite monochro-
mator and a position sensitive detector (Vantec-1) in the
Bragg-Brentano geometry and a Rigaku MiniFlex diffract-
ometer in the reflection mode. The radiation source was CuKa
with 4 = 0.154 nm. The typical XRD step size was equal to a 20
value of 0.02° and the scan was at a 26 value of 2.0° or less per
minute.

Discs were mounted on a special silicon holder and pressed
to the surface with a transparent plastic film (both showing
reflections in the XRD in the 26 region of 25-30°).

Nitrogen adsorption/desorption isotherms were measured
on a Micromeritics 3Flex volumetric surface area analyzer at
—196 °C. Before the sorption measurements, all samples were
outgassed under the turbomolecular pump vacuum using a
Micromeritics Smart Vac Prep instrument; starting at an
ambient temperature up to 110 °C with a heating rate of 1 °C
min~" until the residual pressure of 13.3 Pa was achieved.
After heating at 110 °C for 1 h, the temperature was increased
to 250 °C (1 °C min~') and maintained for 8 h.

This journal is © the Partner Organisations 2023
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FTIR measurements of the acid site concentrations were
carried out by the adsorption of pyridine (Py) followed by IR
spectroscopy using Tensor 27 from Bruker, an MCT detector,
and a spectral resolution of 2 cm™. Calcined samples were
exchanged with an excess of 1 M ammonium nitrate solution
(>10:1), dried at 110 °C and pressed into self-supporting
wafers with a density of ca. 8 mg cm . They were activated
in situ at 450 °C for 1 h at high vacuum (10~° mbar). Excess of
pyridine vapor (ca. 20 mbar equilibrium pressure) was
adsorbed at 170 °C followed by desorption for 20 min at the
adsorption temperature. Spectra were recalculated to a wafer
mass equal 10 mg. Concentrations of Lewis (LAS) and
Bronsted (BAS) acid sites were evaluated from the intensities
of bands at 1454 cm™" (LAS) and at 1545 cm™" (BAS) using
absorption coefficients, determined earlier in our laboratory
using external standards (LAS) = 0.165 cm® pmol ™, and
£(BAS) = 0.044 cm® pmol™,** and the intensities of corres-
ponding pyridine maxima after pyridine desorption at 170 °C
to ensure the complete removal of weakly adsorbed species.
Discs were mounted in a holder and examined as above.

The TG-DTG measurement was carried out with the TGA/
DSC 3+ instrument (Mettler Toledo, Greifensee, Switzerland).
The TG and DTG profiles were obtained under a flow of syn-
thetic air (80 mL min~"), with a linear temperature increase of
10° per min in the temperature range of 30-1100 °C.

Atomic force microscopy

Branched polyethyleneimine (PEI, M,, ~ 600 g mol™) was pur-
chased from Sigma Aldrich. Ethanol (p.a.) and NaCl (p.a.)
were purchased from Chempur. All regents were used as
received.

Silicon wafer substrates were cleaned first by sonication in
ethanol for 10 min and then rinsed with ethanol, dried in a
stream of argon, and treated in a UV-ozone cleaner for 30 min.
Such cleaned substrates were placed in glass vials with a PEI
solution (concentration 1 g dm™) in 0.01 M NaClL The PEI
deposition was supported by pulse sonication (15 min). After
completion, the supports were rinsed with copious amounts of
deionized water and dried in a stream of argon. An MFI
nanosheet solution was spin-cast at 2 000 rpm for 120 s on the
PEI modified supports. Atomic force microscopy (AFM) images
were obtained with a Dimension Icon AFM (Bruker, Santa
Barbara, CA) working in the PeakForce Tapping® (PFT) and
QNM® modes. The probes were RTESPA-150 (Bruker, nominal
spring constant: 5 N m™', nominal tip radius: 8 nm), were
used in the measurements. The AFM topography images were
captured in air with a total resolution of 384 x 384 pixels.

In-plane XRD

The layers flocculated by HCl from the nanosheet solution
obtained from the second (23/1 Si/Al) preparation were redis-
solved in 0.5% TBAOH. The specimens were prepared by
depositing the nanosheets from their suspension on a Si sub-
strate through the Langmuir-Blodgett method (surface com-
pression at 11 mN m™" and lifting speed at 1 mm min™"),
described in detail elsewhere.***”
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XRD data were collected using synchrotron radiation X-rays
(4 = 0.11987(2) nm) at Photon Factory, BL-6C, KEK. The base-
line at a low angular range was removed and peaks having a
FWHM of ~0.2° 20 (4 = 0.11987(2) nm) were selected by the
standard software.

TEM

The structure of the MFI nanosheets was characterized by
TEM, using a JEM-ARM200F (accelerating voltage, 80 kV)
equipped with a Cs image corrector (CEOS). A solution with
MFI nanosheets was diluted 50-fold and dropped on a carbon-
coated grid to prepare the TEM specimen. The images and
selective area electron diffraction (SAED) patterns were
recorded with a Gatan OneView and a Gatan Orius CCD
camera, respectively.

STEM and SEM

STEM images were acquired using a JEOL NEOARM 200F
atomic resolution analytical electron microscope operating at
200 kv, using ABF and ADF detectors. For STEM, a sample was
crushed before the measurement to reduce the size to meet
requirements for the transmission electron microscopy.

SEM imaging of the discs was performed using a JEOL
IT-800 HR-SEM secondary electrons (SE) detector. The scan-
ning electron microscope (SEM) images of the original MFI
presented in Fig. S21 were collected with a VEGA 3 TESCAN
with a LaBg cathode. The measurements were performed on a
carbon sheet with gold sputtering.
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