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Exploiting the full potential of layered materials for a broad range of applications requires delamination into
functional nanosheets. Delamination via repulsive osmotic swelling is driven by thermodynamics and represents
the most gentle route to obtain nematic liquid crystals consisting exclusively of single-layer nanosheets. This
mechanism was, however, long limited to very few compounds, including 2:1-type clay minerals, layered titanates,
or niobates. Despite the great potential of zeolites and their microporous layered counterparts, nanosheet pro-
duction is challenging and troublesome, and published procedures implied the use of some shearing forces. Here,
we present a scalable, eco-friendly, and utter delamination of the microporous layered silicate ilerite into single-layer
nanosheets that extends repulsive delamination to the class of layered zeolites. As the sheet diameter is preserved,
nematic suspensions with cofacial nanosheets of ~9000 aspect ratio are obtained that can be cast into oriented

films, e.g., for barrier applications.

INTRODUCTION
Layered or two-dimensional (2D) materials represent a versatile tool
with a variety of properties. The pronounced anisotropy in bonding
strength of layered solids like graphite (1), clay minerals (2), transi-
tion metal dichalcogenides (3), lepidocrite-type titanates (4), perovskite-
type niobates (5, 6), or NaFeO,-typ cathode materials (7) leads to a
platy morphology and, in many cases, to intracrystalline reactivity.
The latter is frequently taken advantage of to increase the basal spacing
and thus weaken the adhesion between layers. This then sets the
stage for liquid-phase exfoliation by ultrasonic (US) treatment, which
nowadays is established as the standard approach to produce nanosheets
that are applied in a plethora of applications (8-10). Some applica-
tions like the formation of heterostructures (11), permselective micro-
porous membranes (12), textured (barrier) films, or composites (13)
require a uniform nanosheet thickness and a large aspect ratio (ratio
of nanosheet diameter to thickness). US treatment clearly does not
offer this degree of control as it inevitably leads to broad distribu-
tion of thicknesses and platelet breakage, thus the maximum aspect
ratio inherent to the pristine platelet diameter will not be achieved (8, 9).
Contrary to brute-force liquid-phase exfoliation, nanosheets of
some charged layered materials may alternatively be obtained by
thermodynamically allowed delamination via so-called repulsive
osmotic swelling [see (14) for a definition of exfoliation versus de-
lamination]. This was, however, long limited to a handful of layered
compounds such as titanates (15, 16), niobates (5, 6), antimonates
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(17), manganese oxides (18), tungsten oxides (19), and clay minerals
(20, 21). The process resembles the dissolution of ionic crystals while
being limited to one dimension because of the anisotropic bonding
situation. In summary, osmotic swelling requires separation above
a certain threshold value where entropic contributions of interlayer
species convert the initial adhesion into repulsion. While this repul-
sive swelling is rare, many cases are known where solvation of pristine
or exchanged interlayer cations leads to so-called crystalline swell-
ing. In this swelling regime, uptake of solvent resembles a first-order
phase transition and is limited to distinct values even in excess of
swelling agent because the interaction of adjacent layers remains
attractive (21). Although crystalline swelling weakens the adhesion
in the ionic crystal, exfoliation is not a spontaneous process and
requires external (shearing) forces. Exfoliation gives a broad distri-
bution of multilayers aside of monolayers and because of the forces
applied bears the risk of breaking platelets and thus reducing the
aspect ratio. The ultimate defining signature for repulsive swelling
is the formation of a liquid crystalline, nematic suspension of nano-
sheets, which is indicated by the presence of sharp reflections in its
X-ray scattering patterns at small scattering angles, corresponding to
large periodicities (22). The occurrence of a homogeneous and single
liquid crystalline phase critically depends on the complete, thermo-
dynamically driven delamination of the pristine crystallites in the solvent.

If the pristine platelets have appreciable diameters, even dilute
suspensions obtained by repulsive osmotic swelling will not be iso-
tropic. Rather, nematic liquid crystalline phases are formed because
the rotation of nanosheets, which are separated to large distances
(>10 nm) by swelling at low concentrations, is hindered (21, 23, 24).
As no mechanical input is required for repulsive osmotic swelling,
the process is most gentle and preserves the lateral extension of the
parent crystal in the nanosheets, and hence, the aspect ratio is max-
imized. For (synthetic) clay minerals, spontaneous delamination into
high-aspect ratio nanosheets has recently been extended to high—charge
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density vermiculite-type materials, and it was realized that bulky
interlayer cations induce separation above the threshold separation
distances and trigger delamination (23, 25).

Compared to clay minerals, layered zeolites carry reactive silanol
groups at the microporous basal surface, which renders zeolite nanosheets
highly attractive for fabricating functional films and membranes (26-29).
RUB-15 nanosheets, for example, were exfoliated by shear forces in
a polymer melt and then used to cast into thin permselective mem-
branes for hydrogen separation with a H,/CO; selectivity of up to
100 (12). Alternatively, MCM-22P was already exfoliated following
ion exchange with tetrapropylammonium hydroxide in water. The
monolayer yield was 15 to 20%, and typical aspect ratios of =20 were
observed (30). More recently, by ion exchange with tetrabutylammonium
hydroxide (TBAOH) of MCM-56 and ZSM-55, aqueous dispersions
of nanosheets were obtained with 40 and 70% yield, respectively,
and typical aspect ratios of <200. Films of zeolite nanosheets could
be casted following this approach (27, 31).

Here, we present a scalable, eco-friendly, and utter delamination
of ilerite (RUB-18) into nanosheets by repulsive osmotic swelling
(Fig. 1A). As ilerite can easily be crystalized in quadratic plates of
>6 um diameter, upon its gentle delamination, nanosheets with ex-
ceptional aspect ratios (=®9000) are obtained. As a first example of
its application potential, all-inorganic high-barrier films were fabri-
cated by simply doctor-blading the nematic suspension.

RESULTS AND DISCUSSION

To trigger osmotic swelling, adjacent layers in a layered ionic crystal
need to be separated by incorporation of solvent to a certain thresh-
old value (21, 23). At this stage, the translational entropy of the inter-
layer species (solvent and interlayer cations) becomes dominating
over the electrostatic attraction of the negatively charged layers, and
the interlayer cations and adjacent layers in the crystal repel each
other. The threshold separation may be achieved only through the
solvation enthalpy of interlayer cations, as is the case with clay minerals
of low charge density like hectorite (32). For higher charge density,
the threshold separation may still be achieved by supplementing hy-
dration forces with a steric pressure exerted by bulky interlayer cat-
ions (20, 23). The steric pressure arises once the equivalent area of
the interlayer cation exceeds the charge density of the underlying
anionic layer. While, for 2:1-type clay minerals like montmorillonite
or hectorite, this charge density is permanent and independent of
pH, for compounds like layered titanates (33, 34) or zeolites (35, 36),
acidic OH groups are exposed at the basal surfaces and thus the charge
density will alter with pH. For ilerite (Nag[Si3»O64(OH)s]-32 H,0),
only half of the acidic protons are replaced by Na* during crystallization.
These interlayer cations can be readily exchanged by a hydrophilic and
sterically demanding cationic amino sugar N-methyl-D-glucamonium
(meglumine). As the organocation is a base, the charge density is modified
concomitantly with the ion exchange.

Ilerite is a 2D microporous silica-based material with a layered
structure built from [5] cages resembling the building units of zeo-
lites. While each layer has a polar structure, the stacking is centro-
symmetric. The layer charge originates from half of terminal silanol
bonds being deprotonated at the pH of synthesis (pH 13) and is
balanced by chains of edge sharing [Na(H,0)e] octahedra in the in-
terlayer space (37). The single layer exhibits a network of four- and
six-membered rings, making ilerite nanosheets potentially interesting
for the fabrication of permselective hydrogen membranes (Fig. 1B).
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Ilerite grows as characteristic square-shaped platelets (Fig. 1C) with
appreciable lateral extension (>6 um).

Contrary to common layered zeolites [e.g., MFI (29), MCM-56
(38), or MCM-22 (39)], the synthesis of the microporous layered
silicate ilerite requires no structural directing agent and can be per-
formed under mild conditions (40-42). Phase-pure ilerite was ob-
tained in a water-based sol-gel route by the simple mixing of NaOH
pellets with H,O and a colloidal SiO; dispersion in a defined molar
ratio (Na,O:SiO,:H,0 ratio of 1:4:37) followed by annealing (4 weeks)
at 100°C in a closed vessel. Upscaling of layered sodium silicates, in
general, is straightforward and has been established in industry
(Chemiekombinat Bitterfeld, CWK Bad Kostritz, and Hoechst AG).
The moderate synthesis temperature of 100°C requires no high-
pressure autoclaves; rather, the synthesis can be conducted in low-
cost, closed, glassy carbon crucibles or stainless steel vessels. Phase
purity of the synthesized ilerite was checked with powder X-ray dif-
fraction (PXRD; Fig. 1D). The PXRD pattern could be completely
indexed in space group I4,/amd (no. 141), indicating phase purity,
and refinement of lattice parameters yielded a = b = 7.333(3) A and
¢=4431(4) A in accordance with Vortman et al. (37). The particle size
was determined with static light scattering, resulting in a narrow
particle size distribution and a median particle size of 6.7 pm (fig. S1).

As previously mentioned, quantitative delamination via repulsive
delamination requires cation exchange with a bulky organocation
like meglumine. The ternary amine is a strong base, allowing the
exchange to be performed at high pH where the zeolite is perfectly
stable and the base is still protonated. Simple ion exchange of inter-
layer Na* of the as-synthesized material with an aqueous solution of
meglumine at pH 9 and subsequent reduction of the ionic strength
gave nematic dispersions of ilerite monolayers (Fig. 1A).

In a typical procedure, the synthesized ilerite was repeatedly
treated with a 1 M solution of meglumine in water to ensure a com-
plete ion exchange of interlayer Na* with meglumine to obtain
meglu-ilerite. The pH of the meglumine solution was adjusted to 9
by addition of HCI. Upon ion exchange, the basal spacing increased
from 11.0 to approximately 14.9 A (fig. S2). Ton exchange was com-
plete and no residual interlayer Na* could be detected by energy-
dispersive X-ray (EDX) spectroscopy (table S1). CHN analysis
confirmed the intercalation of meglumine and was also used to cal-
culate the amount of intercalated meglumine. Meglu-ilerite was found
to contain 2.16 mmol/g of the organocation, which is notable less
than the Na* content of the pristine ilerite (2.83 mmol/g). This
indicates that, as expected at the lower pH of ion exchange, some
silanol groups get protonated, resulting in a lowering of the charge
density of the silicate layers. Nevertheless, the remaining charge
density of meglu-ilerite is still high enough to generate steric pres-
sure to assist expansion of the interlayer space beyond the threshold
separation, as clarified when considering the charge equivalent areas.
Meglumine has an equivalent area of 77 A” per charge, which is
larger than the charge density of the ilerite at pH 9 of 70 A? per
charge (for details of the calculation, see the Supplementary Materials).
Neither the pristine ilerite nor other hydrophilic organocations like
TBAOH, 2-ammonium-2-(hydroxymethyl)-1,3-propanediol,
cyclohexylammonium, piperidine, 2-ammonium-3-(1H-imidazol-4-yl)
propanoic acid (histidine), 2-(trimethylammonium)ethyl methacrylate,
or 4-(dimethylammonium)pyridine allow for osmotic swelling be-
cause the hydration enthalpy is too low and the equivalent areas
(table S2) are too small to take the basal spacing beyond the thresh-
old separation.
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Fig. 1. Characterization and delamination of ilerite into nanosheets. (A) Schematic illustration of the delamination process by cation exchange of interlayer Na*
against a bulky organocation meglumine and subsequent reduction of the ionic strength triggering osmotic swelling. (B) Structure of ilerite nanosheets. (C) Scanning
electron microscopy (SEM) images of the pristine ilerite. Inset: The selected area of the structure. (D) Completely indexed PXRD pattern of ilerite indicating a phase pure
material. Ticks indicate the theoretical reflections of ilerite. a.u., arbitrary units. (E) Nematic phase with characteristic birefringes formed upon delamination into nanosheets
(0.5 volume %). (F) SAXS pattern proving complete delamination. Observed swelling upon addition of water to a highly concentrated gel with a solid content of 7.04 wt
% (A) to 3.47 wt % (B), 2.81 wt % (C), 1.67 wt % (D), and 1.42 wt % (E), respectively. The corresponding d-spacings of 10.6, 18.0, 21.5, 28.5, and 30.0 nm, respectively, were
obtained applying a simplified disc model. (G) Only single ilerite nanosheets could be found in the AFM with a characteristic square shape of the parent compound.

Because repulsive osmotic delamination is based on electrostatic
repulsion, which is screened in ionic backgrounds, it tolerates only
low ionic strengths (typically <0.02 M) (21). The ionic background
was therefore lowered by repeated washing/centrifugation cycles or
alternatively by dialysis. Both eventually triggered delamination of
meglu-ilerite, and birefringent, nematic, aqueous suspensions con-
sisting of zeolite-like silica-based monolayers could be obtained
(Fig. 1E). Please note that, during washing/centrifugation, no
coarse-grained, not delaminated material was discarded. The single-
phase nature of the liquid crystal can easily be inspected by eye via
a homogeneous birefringent appearance of the suspensions. The
nanosheets in the nematic domains are separated to large distances,
which are determined by the solid content of the suspensions. The
separation of single nanosheets in a concentrated gel of 7.04 weight
% (wt %) was determined by small-angle X-ray scattering (SAXS).
Because of strong electrostatic repulsion, the negatively charged ile-
rite nanosheets adopt a cofacial arrangement (21, 24) leading to a
rational 00 [ series in the SAXS pattern with a periodicity of 10.6 nm
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(Fig. 1F). The separation of 10.6 nm was obtained by fitting the scat-
tering curve with a simplified disc model (for details, see fig. S3).
Moreover, the observed g2 scaling of the scattering intensity is typical
for thin, platy scattering objects (21). The lack of basal reflections in
the range of 1° to 10° 20, where ilerite and meglu-ilerite basal reflec-
tions would be expected, indicates complete delamination into
monolayers (fig. S4).

Upon dilution of the highly concentrated gel, a continuous shift
to lower g values was observed, indicating an increasing separation
of the layers (Fig. 1F). The shift in the d-spacing from 10.7 to 30.0 nm
corroborates the delamination mechanism that is based on repulsive
osmotic swelling, because additional water is used to increase the distance
between adjacent layers, minimizing the repulsive interactions of the
negatively charged zeolite layers (15, 25). While, for the highly concen-
trated gel, an intense 00 [ series is clearly visible, the intensity decreases
after further dilution. As previously observed for hectorite suspensions,
upon increasing the separation distance, the thin and flexible nanosheets
gradually loose the coplanarity by local undulations, etc. (21).
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Quantitative conversion into high-aspect ratio monolayers was
further confirmed with atomic force microscopy (AFM). For imaging,
a highly diluted aqueous dispersion of ilerite was drop-casted on an
ammonium modified Si wafer. For a single layer of ilerite, a height
of 0.74 nm was calculated on the basis of the crystal structure of the
parent compound. Because delaminated meglu-ilerite nanosheets
have bulky, hydrated meglumine attached at the external surfaces,
the height of 1.5 nm observed in AFM (fig. S5) is in good agreement
with expectations and in line with the basal spacing of meglu-ilerite
(Fig. 1G). Meglumine is slightly elliptical with an estimated diameter
of 0.7 to 0.8 nm, adding to the nanosheet thickness of 0.74 nm. The
nanosheet height of 1.5 nm observed with AFM (fig. S5) would
therefore indicate a meglumine monolayer to be adsorbed only on
the upper basal surface. On closer inspection of the AFM image,
rectangular, nanoscopic holes become apparent. It is unclear whether
they are inherited from defects in the pristine ilerite or whether they
are etched into the nanosheets during the delamination. In any case,
these represent pinholes that are expected to be detrimental to the
barrier performance, as discussed later. Figure 1G and fig. S5 reveal
another interesting feature: While crystalline ilerite is centrosymmetric,
individual ilerite single-layer nanosheets have a polar structure
meaning that the two basal surfaces are different. Ilerite nanosheets
thus represent patchy platelets and consequently tend to roll up at
the edges when cast on a planar support. This behavior tends to make
preparation of AFM samples difficult and requires positively charged
groups to be attached to the substrate surface by silylation.

To confirm the integrity of the structure of the ilerite monolayers,
the nanosheets (fig. S6) were characterized with electron diffraction
(ED) analysis. The experimentally observed diffraction pattern is in
good agreement with simulated patterns of a single-layer ilerite,
showing reflections at d-spacings of 7.32 and 5.18 A [i.e., (100) and
(110)]. These reflections are systematically absent in the ED pattern
of the 3D bulk material (Fig. 2) because of the centrosymmetric
stacking. Comparison of the ED pattern of a single-layer and a few-
layer-thick bulk material, obtained by increasing the concentration,
proves the sensitivity of ED to detect incomplete delamination or
restacking. In particular, as the layer stacking in the bulk ilerite is
centrosymmetric, reflection conditions imposed by the center of sym-
metry (i.e., hkO: h,k = 2n) are lifted for a single-layer nanosheet and
reflections like 110 are observed (Fig. 2D). While the ED pattern of
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a single ilerite layer shows only discrete reflections, higher concen-
tration of ilerite suspensions lead to a turbostratic restacking of
monolayers resulting in an overlay of misoriented diffraction
patterns from single layers, corroborating the successful delamina-
tion (fig. S7, A to C).

The obtained nanosheets are purely electrostatically stabilized
without any steric contribution. Small molecular counter cations on
the surface of the nanosheets can be easily replaced. Meglumine de-
sorbs, for example, upon deposition of the nanosheets on the posi-
tively charged Si wafer from the bottom side of the surface. Moreover,
because of the gentle delamination driven by thermodynamics, the
large particle diameter of the parent ilerite may be transformed into
an exceptional aspect ratio. Assuming the diameter of the parent ile-
rite as determined by light scattering to be preserved, the aspect ratio
can be estimated (32). The height of the bare monolayers as found in
the crystal structure is 0.74 nm, resulting in an estimated aspect ratio
of more than 9000. Given this large aspect ratio, any type of casting
on a planar substrate will inevitably result in textured, monodomain
films with band-like structures formed because of partial overlap of
adjacent nanosheets (Fig. 3A, inset). This renders ilerite most appro-
priate for applications such as barrier coatings. Liquid dispersions of
the layered zeolite can easily be processed into highly oriented thin films
applying common fabrication techniques like filtration, doctor blading,
slot-die, or spray coating. In the following, we exemplify their high value
in the field of barrier coatings. As the barrier improvement factor scales
with the square of the aspect ratio, the gentle nature of repulsive
osmotic delamination assuring maximum aspect ratios is key. The full
potential inherent to the large diameter of the pristine ilerite crystals
can be completely used because nanosheets are seldom broken during
the delamination process.

Defect-free, thin ilerite films were obtained with doctor blading
of a nematic nanosheet dispersion onto polyethylene terephthalate
(PET) substrates (Fig. 3A). The casted film is optically clear, render-
ing it suitable for packaging of optoelectronic devices. EDX mapping
of a film cross section shows the ilerite coating of ~1.5 pm on the
PET substrate (Fig. 3B and fig. S8). The high stacking order along
the ¢ axis of the nanosheets of the textured films is confirmed in the
PXRD pattern, giving a basal spacing of 13.8 A (Fig. 3C and fig. S9).
Barrier performance of the coating was tested for H,O, O,, and He
gases at a high relative humidity (r.h.) of 75% and 23°C for an ilerite

Fig. 2. ED analysis of ilerite nanosheets. (A) Structure of crystalline ilerite (top) and of a single layer (bottom) each displayed in two different orientations. (B) Simulated
diffraction pattern of 3D crystalline ilerite compared to (C) a simulated diffraction pattern of a single-layer nanosheet of ilerite without Na* counter cations, both viewed
perpendicular to the layer(s). Red circle marks the (200) reflection (i.e., 3.66-A d-spacing) for comparison. (D) Experimental nanobeam ED pattern, with observed reflec-
tions, i.e., at 7.32 and 5.18 A, corresponding to the reflections (100) and (110) in the simulated pattern of a single-layer ilerite. These reflections are absent with the cen-
trosymmetric stacking of bulk ilerite. Width of diffraction patterns (B to D) is 10.17 nm™" at 200 kV.
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Fig. 3. Casting of thin zeolite films. (A) Doctor-bladed thin and clear ilerite film on a PET substrate, formed by overlapping, self-assembled coplanar ilerite nanosheets
as schematically shown in the inset. (B) SEM image of a cross section of the film (1.5-um thickness) with element mapping of Si. (C) Upon self-assembly, a 1D crystalline

monodomain is obtained with a basal spacing of 13.8 A as determined by PXRD.

film dried at 100°C. The water vapor transmission rate was below
the detection limit (<0.05 g m2 dayil). For O, and He, transmis-
sion rates of 0.017 and 3.1 cm® m > day ' atm ™", respectively, were
observed. Compared to the ilerite-coated substrate, the neat PET sub-
strate shows a water vapor transmission rate of 4.42 g m™ > day ™' and
0, and He transmission rates of 31.9 and 1740 cm® m > day ™' atm ™"
(below 10% r.h.), respectively, confirming an excellent barrier per-
formance of the inorganic film.

In conclusion, by establishing appropriate conditions for repul-
sive osmotic swelling, an environmentally friendly, water-born, and
scalable process is introduced, producing functional zeolite-like nanosheets
with 100% yield and a huge aspect ratio of ~9000. By simple ion ex-
change of the layered parent zeolite-like layered silicate ilerite with an
affordable, bulky amino sugar meglumine, nanosheets can be obtained
quantitatively. The gentle nature of repulsive osmotic swelling pre-
serves the lateral extensions of the parent crystal, as well as the crystal
structure of single layers. Microporous, high-aspect ratio nanosheets
are obtained that carry silanol groups on the basal surface allowing for
further functionalization in future work. This makes ilerite nanosheets
a highly promising material for various applications ranging from gas
barrier applications to materials for permselective hydrogen membranes.

The process of repulsive osmotic swelling should generally work
for charged layered compounds. Onset of repulsive osmotic swell-
ing is triggered by the contribution of interlayer species to transla-
tional entropy and requires the interlayer gallery to be enlarged
beyond a sufficient threshold. In most cases, solvation enthalpy is
not sufficient to achieve this but needs to be supplemented by steric
stress exerted by bulky interlayer cations. As layered zeolites carry
acidic groups on the basal surfaces, the charge density is, however,
dependent on the pH of the dispersion medium. The lower the pH,
the lower the charge density will be and the bulkier the interlayer
cation has to be to exert internal pressure. If amines are applied as
interlayer cations, then the pH moreover is coupled to the pKg value. As
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zeolites have a stability window in respect to low and high pH, identi-
fication of appropriate conditions for repulsive delamination might,
in practice, turn out to be troublesome and require adjustment for
every zeolite candidate. Last, materials to be delaminated must be
truly 2D. Intergrown or self-intercalated structures will not work.

MATERIALS AND METHODS

Synthesis methods

Synthesis of ilerite

Ilerite was synthesized by applying a published procedure (40, 41).
Briefly, NaOH pellets (=98%, Sigma-Aldrich) were dissolved in de-
ionized water and added to colloidal SiO; (30 wt %, Késtrosol 1030 KD)
under vigorous stirring, giving a molar Na,O:Si0,:H,O ratio of 1:4:37.
Typically, 99.85-g NaOH pellets (=98%, Sigma Aldrich) were dissolved
in 131.95-g deionized water and then added to 1000-g colloidal SiO,.
The layered zeolite was obtained after synthesis under hydrothermal
conditions at 100°C for 4 weeks in a closed crucible. Ilerite was obtained in
the form of a gel, washed with deionized water, and lastly dried in air.
Preparation of the colloidal dispersion

For preparation of the colloidal dispersion, ilerite was treated with
an aqueous solution of meglumine (N-methyl-D-glucamine, >99.0%,
Sigma-Aldrich). Before the treatment, meglumine was dissolved in
deionized water, titrated to a pH of approximately 9 using HCI
(32 wt %), and dissolved with purified water to yield a 1 M solution.
Typically, 500 mg of the dried ilerite was suspended in 40 ml of a
1 M solution of meglumine, corresponding to a 28-fold excess of the
cation exchange capacity (theoretically 284 meq/100 g). This treat-
ment was repeated five times. The treated ilerite was separated from
the liquid by centrifugation (10,000g, 10 min), and the supernatant
solution was discarded and replaced by fresh 1 M solution of meglumine.
Separation during the washing was performed by centrifugation
(12,000g, 30 min). The obtained treated ilerite was washed with
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deionized water to reduce the ionic strength, allowing the delami-
nation into a delaminated layered zeolite dispersion as a gel.
Preparation of zeolite thin films

A layered zeolite dispersion, prepared as described above, was diluted
to a concentration of approximately 2 wt %. Thin films of layered
zeolite nanosheets were prepared by doctor blading on a PET foil
using an automated device (Zehntner ZAA 2300, Zehntner GmbH
Testing Instruments, Switzerland), followed by drying at 100°C in air.

Characterization

Powder X-ray diffraction

PXRD patterns were recorded in sealed glass capillaries on a STOE
Stadi P powder diffractometer equipped with a MYTHENIK de-
tector using Cu K, radiation (1.5406 A). Textured samples were
measured in Bragg-Brentano geometry on a PANalytical Empyrean
diffractometer with Cu K, radiation (A = 1.5406 A) equipped
with a PixCell1D-Medipix3 detector.

Small-angle X-ray scattering

SAXS data of the gels were measured using a “Double Ganesha
AIR” (SAXSLAB, Denmark). The X-ray source of this laboratory-
based system is a rotating copper anode (MicroMax 007HF, Rigaku
Corporation, Japan) providing a microfocused beam. The data were
recorded by a position sensitive detector (PILATUS 300 K, Dectris).
Samples of the treated layered zeolite were prepared by washing the
meglumine-treated ilerite with a diluted aqueous solution of me-
glumine (0.05 M, pH 9) three times. The swelling experiment was
conducted upon addition of a defined amount of ultrapure water to
the highly concentrated gel. SAXS pattern is recorded after equili-
bration for 1 day in 1-mm glass capillaries. The circularly averaged
data are normalized to incident beam, sample thickness, and mea-
surement time. Background subtraction was performed by using
the SAXS pattern of a water-filled capillary. Fitting of the scattering
curve was performed by using the program scatter (version 2.5).
Atomic force microscopy

AFM was performed on a Bruker Dimension Icon, equipped with a
NanoScope V controller. A ScanAsyst-Air silicon nitride tip (Bruker)
was used in PeakForce mode. Samples were prepared by dropping a
dilute aqueous dispersion (5 mg/liter) in Millipore water onto sili-
con wafers. The silicon wafers were cleaned with a snow jet, silylated
with 3-(ethoxydimethylsilyl)propylamine via gas phase overnight
and rinsed with ultrapure water prior application of the samples.
The images were analyzed with a NanoScope Analysis 1.8 software.
Transmission electron microscopy

The samples for the electron microscopic characterization were
prepared by dissolution in water, mixed thoroughly, and deposited
on holey-carbon gold grids (Quantifoil Au 1.2-1.3). The prepared
samples were then characterized in a transmission electron micro-
scope (TEM) Titan 80-300 operated at 200 kV. The model structure
of ilerite (37) was delaminated manually using the VESTA software
(43). ED simulation was made using the software ReciPro taking
kinematical and excitation error for intensity calculation.
Scanning electron microscopy and EDX spectroscopy

Scanning electron microscope images were recorded on a Zeiss
1530. Completeness of the ion exchange was checked with EDX on
a Zeiss 1530 equipped with an EDX INCA 400 unit (Oxford) and a
detection limit of 1 atomic %.

CHN analysis

An Elementar Unicode equipped with a combustion tube filled with
tungsten (VI) oxide granules was used at a combustion temperature
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of 1050°C. Before the measurement, the delaminated gel of ilerite
was freeze-dried, followed by drying at 80°C.

Gas permeation test

Oxygen transmission rates were determined applying a Mocon
OX-TRAN 2/21 M10x instrument with a lower detection limit of
0.0005 cm® m™2 dayi1 atm™!. A mixture of 95% N, and 5% H, was
used as carrier gas, and pure O; (>99.95%, Linde Sauerstoff 3.5) was
used as permeate gas. The measurement was conducted at 23°C and
75% r.h. Water vapor transmission rates were measured on a
Mocon PERMATRAN-W Model 3/33 with a lower detection limit
of 0.05 g m > day ™" at 23°C and 75% r.h. Helium transmission rates
were measured applying the pressure difference method with a gas
transmission tester of Brugger Feinmechanik GmbH and a measure-
ment limit of 0.5 cm® m ™ day ™" atm™.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abn9084
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