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ABSTRACT: The synthesis of ultra-thin BPH zeolite nanosheets from an aluminosilicate colloidal suspension usmg exclu-

sively inorganic structure directing agents under mild conditions is reported.
The improved synthesis yields nanosheets of 4-7 nm and a Si/Al ratio of 1.5;
combined 3D electron diffraction and DFT calculations reveal the spatial
distribution of extra-framework cations throughout the microporous struc-
ture. The ultra-thin BPH nanosheets exhibit high and regular inter-sheet
mesoporosity, and substantially improved thermal stability. The notable
mesoporosity bestows exceptional water adsorption behavior typically un- | -
seen for zeolites; the as-prepared material consists of up to 49% adsorbed | 3
H20 by weight, and adsorbs up to 32 wt% H:0 at 90% relative humidity. 2H |=
MAS NMR spectroscopy identifies different types of O?H environments as-
cribed to silanol species exhibiting two motion behaviors. H20 sorption anal- W 00300 =08
ysis demonstrates reproducible behavior over multiple cycles and low tem-
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perature regeneration, making the ultra-thin BPH nanosheets attractive candidates for gas drying and membrane applica-

tions.

Synthetic zeolites are fundamental to the production of
petrochemicals, gases, and consumer products, upon
which modern society depends.? 2 As the increasing de-
ployment of renewable energy displaces fossil-derived
electricity and fuels, the product slate of refineries will
need to adjust to lower fuel and higher chemical produc-
tion while simultaneously managing the integration of
renewable biomass-derived feedstocks, CO: valorization,
and process electrification.?¢ In addition to the aforemen-
tioned scenarios, synthetic zeolites also remain a source of
interest for biomedical and environmental remediation
applications.” 8 In light of the variety of applications pre-
sented, the ability to intelligently design a zeolite with a
specific set of properties which are essential for a particu-
lar role is of fundamental importance.®!* However, be-
cause of the intertwined nature of various synthesis pa-
rameters, the simultaneous tailoring of the morphological,
physical and chemical properties of zeolite crystals to

obtain a desired outcome is immensely challenging.'?-15 In
particular, the hydrophilic properties of zeolites will be
influenced not only by the framework topology, but also
the framework composition (Si/Al ratio) and extra-
framework population.’® Analogously, the topology and
structural composition (metal centers, linkers) are im-
portant controls for tuning the hydrophilicity of other
crystalline microporous materials such as metal-organic
frameworks.'7-20 In comparison, the hydrophilicity of gel
composites can be tuned by incorporated polymers and
hygroscopic salts,?! whereas carbons can be tuned through
their surface functional groups.??

Here we describe the synthesis and characterization of a
new BPH nanozeolite exhibiting ultra-thin nanosheet mor-
phology, which confer upon it exceptional adsorption abili-
ties and two silanol environments showing a kind of or-
dered motion.2>25> Qur earlier procedure for BPH
nanosheets, described as thin-BPH (T-BPH) nanosheets
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served as the basis of the synthetic strategy, whereby the

optimization of the synthesis lies within the tuning of the

Figure 1. (a) HR Low magnification bright field TEM images showing analysis of the UT-BPH nanosheets. Depending on their crys-
tallographic orientation, the nanosheets appear either as sheets (dashed blue line) or as bundles of rods (solid blue lines). (b) HR
TEM image of fragments of nanosheets with the c-axis oriented out-of-plane. The lattice parameter corresponding to the unit high-
lighted in blue is about 1.3 nm. (c) HR TEM image of two isolated sheets (~ 6 nm thick) corresponding to fragments of nanosheets
with the c-axis oriented in-plane. Inset: the line profile perpendicular to the thickness of the upper sheet allows an estimation of
the c lattice parameter of 1.3 nm. (d) N2 (diamonds) and Ar (squares) adsorption (full) and desorption (empty) isotherms recorded

at -196 °C and -186 °C respectively.

ratio of the alkali metal cations (Na*, K* and Cs*) while
maintaining a similar level of alkalinity in order to sustain
a high rate of nucleation.?¢ Essentially, the Na* content was
decreased while the K* and Cs* content was increased. X-
ray powder diffraction (XRPD) analysis of the zeolite
product confirms the BPH framework structure and indi-
cates the formation of nanosheets with small crystalline
domains due to the low intensity and broadening of the
reflections, principally the (001) reflection at 6.15° 26
(Figure S1). Le Bail refinements of the XRPD pattern reveal
that the ultra-thin BPH (UT-BPH) nanosheets possess a
smaller lattice parameter and unit cell volume than that of
the T-BPH nanosheets (Figure S2, Table S1). This is con-
sistent with the elemental analysis results whereby the

UT-BPH nanosheets have an increased Si/Al ratio of 1.5 in
comparison to the T-BPH nanosheets with an Si/Al ratio of
1.3 (Table S2). High resolution transmission electron mi-
croscopy (HR TEM) clearly reveals the ultra-thin morphol-
ogy of the nanosheets, primarily between 4-7 nm thick
(Figures 1a-c). This represents a significant reduction
compared to the thickness of the T-BPH nanosheets (up to
19 nm). The high crystallinity of UT-BPH nanosheets ena-
bles lattice parameters, consistent with those obtained
from PXRD, to be estimated. This confirms that the ob-
served rod or sheet bundles are in fact UT-BPH nanosheets
oriented differently. The morphology is comparable to
ultra-thin FER nanosheets and nanocrystalline like PST-
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12,27 28 yet no organic molecules are required to achieve
the ultra-thin morphology of the UT-BPH nanosheets.

In situ variable temperature XRPD analysis in air shows a
dramatic improvement in the thermal stability of the UT-
BPH nanosheets, up to ~500 °C (Figure S3), consistent
with the increased Si/Al ratio determined by elemental
analysis. The intensity of the most intense Bragg reflection
at 7.6° 20 increases until 200 °C, which is associated with
the removal of physisorbed water; above 200 °C the inten-
sity decreases. There is no evidence to suggest a change in
the morphology of the UT-BPH nanosheets during the
variable temperature treatment as there are no signs of
recrystallisation or interzeolite conversion from the in situ
XRPD results. Analysis of the UT-BPH nanosheets by 2°Si
MAS NMR spectroscopy reveals a spectrum with at least
five peaks, similar to that of the T-BPH nanosheets. The
Si/Al ratio obtained after the deconvolution of the 29Si
spectrum is equal to 1.3, note that the five peaks observed
were assigned to different Al coordination of the Si nuclei
(Figure S4). 27Al MAS NMR spectroscopy shows a band at
63 ppm indicative that all of the aluminum atoms in the
UT-BPH nanosheets are tetrahedrally coordinated (Figure
S5). The textural properties, determined by N2 sorption at
-196 °C and Ar sorption at -186 °C, are presented in Fig-
ures 1d, S6-7, and Table S3. The specific surface area was
determined using the updated Rouquerol criteria in the
BETSI software (Figures S8-11).2° While the micropore
volume is comparable to the T-BPH nanosheets, the UT-
BPH nanosheets possess high external surface area and
exhibit  significant  interparticle, or inter-sheet,
mesoporosity (P/Po >0.8) similar to what has been ob-
served for ultra-small (10 nm) FAU nanocrystals.3? This
interparticle mesoporosity is related to the reduced thick-
ness of the nanosheets in the [001] direction, increasing
the surface area to volume ratio.

Structural information about the location of the extra-
framework cations was first obtained from continuous
rotation 3D electron diffraction performed on isolated UT-
BPH nanosheets (see Supporting Information for
details).31 32 From the electrostatic potential density maps
obtained from ab initio structure determination (Figure 2),
three extra-framework cation positions are identified: EF1
within the side-pocket of the 12 membered-ring channel,
EF2 within the 8 membered-ring formed from the inter-
linking of t-afo units in the [001] direction, and EF3 within
the trigonal t-afo cage. Using this model, subsequent struc-
ture refinement (kinematical approximation) confirms the
presence of extra-framework cations for these three posi-
tions. The precise chemical identity of each cation could
not be determined (see Supporting Information for de-
tails), however, the proposed locations of the extra-
framework cations are consistent with earlier analyses of
beryllophosphate-H and Linde Q.33 3* Hence, DFT calcula-
tions were performed on several possible structural con-
figurations to get insights on the location of the extra-
framework cations (Table S4, Figure S12). First, calcula-
tions confirmed that the potassium cations are located in
the 8 membered-ring formed from the interlinking of t-afo
units while the sodium cations are located in the trigonal t-
afo cage. Some (1 out of 3 per formula unit) potassium
cations can the substitute sodium cations. Moreover, the

cesium cations are located in the 12 membered-ring chan-
nels, but some of them (1 out of 4 per formula unit) can
substitute potassium cations in the 8 membered-rings. The
substitutions are equal in terms of energy between all
possible sites. The obtained all-electron
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Figure 2. Electrostatic potential map (isosurfaces in yellow
ovoid-like shapes) obtained from the ab initio structure solu-
tion using UT-BPH nanosheets 3D ED data sets, and projected
along the directions (a) [001] and (b) [110] of the unit cell.
The proposed extra-framework (EF) cation positions (purple
spheres) and BPH framework structure (TOs tetrahedra) are
overlaid.

densities satisfactorily correspond to the experimental
electron density maps (Figure S13), based on the formula
unit determined from ICP-MS measurements.

Surprisingly, thermogravimetric (TG) analysis of the UT-
BPH nanosheets reveals an incredibly large mass loss
event centered at ~100 °C. This is ascribed to the removal
of physisorbed H20 at the external surface and within the
micropores; the total mass loss of the sample was 49%
(Figure 3a). Asymmetry of the first derivative curve above
~150 °C is attributed to desorption of a portion of
microporous H20 which is strongly coordinated, but corre-
sponds to 5.4% of the total loss of mass only. In situ FTIR
analysis of the UT-BPH nanosheets confirms that the ma-
jority of adsorbed H20 can be removed below 100 °C (Fig-
ure 3b). After remaining under high vacuum at 25 °C over-
night the sample still retains a significant amount of water
evidenced by the intense broad band between ~3700-
2500 cm! representative of H-bonding, and the sharper
H20 bending band at 1661 cm. A band at 1417 cm! is
associated with a negligible amount of carbonate species
and completely disappears at 350 °C. The shift of the
silanol bands are indicative of isolated species (Figure
S$13);35 weak proton donor and acceptor species are pre-
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sent below 100 °C due to the significant amount of
physisorbed H20 molecules.

Volumetric equilibrium H20 adsorption analysis of the
UT-BPH nanosheets reveals that adsorption within the
micropores (P/Po < 0.1) and on the external surface, or
inter-sheet mesopores (0.6 < P/Po < 0.9), accounts for
~40% each
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Figure 3. (a) Weight loss (black) and first derivative (blue)
curves obtained from the thermogravimetric analysis of the
UT-BPH nanosheets. (b) In situ FTIR spectra of the UT-BPH
nanosheets subjected to dehydration from 25 °C to 350 °C.

of the total adsorption amount (Figures 4 and S14). This
permits the UT-BPH nanosheets to have significant work-
ing capacity in both low and high humidity environments,
and greater uptake of H20 than the T-BPH nanosheets due
to the reduced sheet thickness, ie. greater adsorption of
H:0 on the external surface. Cyclic gravimetric equilibrium
H20 adsorption experiments presented in Figure 4b
demonstrates the stability of the zeolite over multiple
adsorption and desorption steps, and that the majority of
adsorbed H20 (70% of the total adsorption capacity) can
be removed at mild temperatures under inert atmosphere.
The relatively low temperature required to remove the
majority of the H20 from the UT-BPH nanosheets is at-
tributed to the significant amount of the H20 being located
on the external surface of the zeolite, and the presence of
Cs* extra-framework cations which have a lower enthalpy
of hydration compared to Na* and K*.36-38

To further understand the relationship between the ex-
ternal surface and the adsorption behavior of the ultra-thin
nanosheets, Hg porosimetry analysis was performed on
both the T-BPH and UT-BPH nanosheets (Figures S15-17).
Both zeolite samples exhibit compaction at the beginning
of the analysis followed by two intrusion events corre-
sponding to the porosity between the agglomerates of
nanosheets, or macropores, and the inter-sheet
mesoporosity (Figure S15). Interestingly, the UT-BPH
nanosheets exhibit a clearly defined demarcation between
the filling of the porosity between the nanosheet agglom-
erates (~4000 nm), smaller macropores (~300 nm) and
the beginning of the inter-sheet mesoporosity (~50 nm).
Analysis of the mesopore region shows that the UT-BPH
nanosheets exhibit both a higher absolute value (0.78 vs
0.72 mL/g) and more regular porosity compared to the T-
BPH nanosheets. Cycling extrusion and intrusion experi-
ments shows that both zeolite samples exhibit an expected
reproducible hysteresis, however, the UT-BPH nanosheets
appear to retain their mesoporous structure while the T-
BPH nanosheets lose part of their mesoporosity due to an
irreversible/inelastic alteration of the ‘macrostructure’
(Figures S16, S17). In combination with the zeolite chemi-
cal properties, we propose that the highly regular
interparticle mesoporosity of the UT-BPH nanosheets
permits the exceptionally high amount of surface-adsorbed
H20. This is reflected by the approximate doubling of the
adsorbed amount of H20 between 0.7 > P/Po > 0.9 for the
UT-BPH nanosheets compared to the T-BPH nanosheets
(Figures 4a, S14).
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Figure 4. Water sorption analysis of the UT-BPH nanohseets.
(a) Volumetric equilibrium H20 adsorption isotherms (full
symbols) and desorption isotherms (empty symbols), pre-
treated (350 °C, high vacuum) and measured (25 °C) multiple
times; first (black squares), second (red circles), third (blue
triangles), fourth (magenta inverted triangles). (b) Gravimet-
ric equilibrium H20 adsorption analysis at 25 °C, and desorp-
tion analysis at 70 °C under No.

The high content of framework aluminum and large
number of accessible extra-framework cations confers
hydrophilic behavior to the zeolite framework and within
the pore network, respectively. While extra-framework
cations located near the channel apertures may help facili-
tate adsorption near the zeolite surface, the presence of
silanols on the external surface (Figure S13) also provides
adsorption sites for H20. To obtain more information
about the silanol species, the UT-BPH nanosheets were
investigated by deuterium (?H) MAS NMR spectroscopy.
The use of deuterium in NMR analysis has been employed
previously to probe O-H site geometry and dynamics in
both organic and inorganic substances,? including zeolites,
whereby distinctions between different O-H environments
(Brgnsted acid sites and silanols) can be made.*0 41 Com-
bined with MAS, the first order quadrupole broadening is
partially averaged out. This permits the determination of
the isotropic chemical shift of different 2H environments
from the spinning side band pattern.4?#* The experimental
2H spectra and corresponding fits are presented in Figure
5. Analysis of the spectrum identified two main 2H (silanol,
SiOH) environments with a 4 ppm difference. The relative

proportions of the two environments were 80% and 20%;
environment 1 possessing a Co = 140 kHz, n7o= 0.8 and 6iso =
2 ppm, and environment 2 possessing a Co = 230 kHz, no=
0.1 and diso = 7 ppm. Similar to our observations from 2H
MAS NMR spectroscopic analysis of Na-X zeolite, the mo-
tion of O2H environments of the UT-BPH nanosheets ap-
pear well ordered due to the unique shape of the spectrum,
representative of a unique electric field gradient. A possi-
ble explanation for the two observed environments may be
the location of silanols at either the sheet faces or edges.
This is supported in principle by the by in situ FTIR obser-
vations of an intense silanol band which
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Figure 5. 2H MAS NMR analysis of the deuterated UT-BPH
nanosheets: (a) deconvolution of the central spinning side
band, and (b) experimental and fitted spectra.

appears to be composed of multiple species. However, we
have previously described how varying the extra-
framework Cs*/K* cation ratio can alter the population of
silanol groups in nano-sized chabazite.*>* We may speculate
that the spatial distributions of the Cs* and K* extra-
framework cations are also likely to wield some influence
over the environment and motion of the silanol species of
the UT-BPH nanosheets.*

While zeolites will continue to play fundamental roles in
the petrochemical industry and consumer products, the
energy transition and advances in biomedical applications
will require researchers to push the limits of zeolite syn-
thesis into unknown territory, in which nanozeolites will
be a key feature. In summary, here we have demonstrated
the synthesis of UT-BPH zeolite nanosheets with a Si/Al
ratio of 1.5 and improved thermal stability over its prede-
cessor, T-BPH nanosheets. The combined ultra-thin mor-
phology and high inter-particle mesoporosity, multi-
cationic composition, and hydrophilic nature permit the
UT-BPH nanosheets to exhibit exceptional water adsorp-
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tion behavior, with an adsorption capacity of 49 wt.% and
facile regeneration. This makes them not only interesting
candidates for membrane fabrication, but other applica-
tions requiring materials with combined thermal and
chemical stability, rapid diffusion properties, and high
surface areas to facilitate molecule and catalyst loading.
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