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Zeolites, microporous crystalline aluminosilicates, play a vital role in
catalysis and adsorption. Cation positioning strongly affects their
properties but is difficult to determine in nano-zeolites due to
limitations of conventional diffraction techniques. In this study,
precession electron diffraction tomography (PEDT) was used to
localize K* cations in synthetic nano-faujasite. Applying dynamical
theory enabled accurate nanoscale characterization despite small
crystal size. The experimental results were successfully compared
with distributions from Monte Carlo simulations.

Cations in zeolites compensate for the negative charges arising
from aluminium substitution for silicon in the crystal lattice.
Optimizing zeolite functionality strongly depends on their
distribution. However, locating cations—especially in nano-
zeolites—is challenging due to the limitations of conventional
X-ray diffraction (XRD) and small crystal sizes. The latter
precludes single-crystal XRD, while overlapping peaks in powder
XRD reduce accuracy. Cation distribution within pores is
influenced by factors such as temperature, cation concentration
per unit cell (u.c.), cation type, and the presence of adsorbed
molecules. To describe this distribution, we refer to Smith's*
classification of cation sites as shown in Fig. 1.

This research aims to address these challenges using
three-dimensional electron diffraction (3D ED),** which
enables structural characterization of zeolites at the
nanoscale. These techniques reduce dynamical effects and
allow high-quality data collection from small crystals. While
previous studies have investigated K' cation locations in Y
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zeolites with FAU topology,”” none have examined cation
distribution in nano-zeolites of this type.

Conventional X-ray diffraction techniques are unsuitable for
investigating nanometric crystals, highlighting the importance of
using 3D ED for materials of this type. In this study, we used 3D
ED with precession on a transmission electron microscope
(TEM) to examine the distribution of K' in a nano-Y zeolite.
Initially, nano-Y zeolite was synthesized according to the protocol
established by Borel et al.® and reported in the section 1.1 of the
experimental procedure in the ESL} After synthesis, the product
was characterized by powder X-ray diffraction (PXRD) and
scanning electron microscopy (SEM), confirming that the sample
is a nano faujasite Y with an average crystal size of about 300 +
200 nm (sections 1.2 and 1.3 and Fig. S1 and S2 in the ESI{).

Fig. 1 Specific cation sites (SI, SI', SU, SlI, Slll, SIII', SIV and SV) in the
faujasite zeolite structure following the nomenclature proposed by
Smith.! The hexagonal prisms and truncated octahedra (sodalite cages)
are represented as blue and yellow polyhedra, respectively.
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In a second step, the nano faujasite Y in its sodium form
was exchanged with KCl in order to produce the potassium
form K-Y. Energy dispersive X-ray spectroscopy (EDX) analysis
determined the molar composition of the exchanged Y
zeolite, K-Y: Ks; ¢[Si134,4Al57,60384] (Fig. S3 in the ESIT). The
Le Bail fit performed on the PXRD pattern of the hydrated
exchanged Y zeolite confirms the sample's purity (Fig. S4 in
the ESI{). Thermogravimetric analysis of the fully hydrated
sample conducted in air reveals a total weight loss of ~18%,
corresponding to the presence of about 167 adsorbed water
molecules per unit cell (section 1.4 and Fig. S5 in the ESIf).
Of these, 95% are desorbed in a single step between room
temperature and 210 °C, while the remaining 5% (=8.3
molecules per u.c.) are released in a second step occurring
between 210 and 380 °C.

Then, 3D electron diffraction (ED) measurements were
performed in precession electron diffraction tomography
(PEDT) mode on a crystal measuring about ~200 x 285 nm
(section 1.5 and Fig. S2 in the ESIf). The data were then
processed using the PETS2.0 software,” which provides an
initial assessment of data quality and prepares them for
further structural analysis (section 2.1 in the ESIf).
Reconstructed reciprocal-space sections hhl, 0kl and hkl are
shown in Fig. 2. Kinematical and dynamical refinements
were next performed using the JANA2020 software (section
2.2 in the ESI})."°

The structural solution obtained using the charge-flipping
algorithm implemented in JANA2020, applied to the extracted
intensities, directly revealed the positions of the Si, Al, and O
framework atoms of the zeolite. However, additional steps were
necessary, including an iterative process of difference Fourier
map calculations, to accurately determine the positions of the
extra-framework species (K™ cations and adsorbed water
molecules). The results of the kinematical refinements,
presented in the supplementary documents, indicated a cation
distribution similar to that reported in the literature, as well as
in subsequent dynamical refinements, though with a relatively
high R,ps (0.22, Table S1 in the ESIT). This high value suggests a
significant discrepancy between the observed and calculated
intensities, potentially due to unaccounted dynamical effects in
the kinematical refinement. For a more accurate model based
on electron diffraction data, it is essential to incorporate

hhl Okl hk1

Fig. 2 Reconstructed reciprocal-space sections along three different
directions confirming the reflection conditions of space group Fd3m
(hhl: h + [ =2n; Okl: k + | = 4n, and k, | = 2n; hkl: h + k = 2nand h + [,
k+[=2n).
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dynamical effects into the refinement process. A dynamical
refinement was then carried out, aligning with the dynamical
theory of diffraction, which accounts for the influence of both
the structure factors and the crystal's orientation and thickness
in the observed intensities. This adds complexity to the
correlation between observed intensities and calculated
structure factors, requiring the inclusion of multiple parameters
during refinement to accurately account for these effects."*

The initial kinematical refinement suggested a partial co-
occupation of sites I and I', but at the end of the refinement,
the occupancies converged to 6.24 and 15.04 per unit cell
(Table S2 in the ESI}), respectively. As a consequence, no
crowding effect specific to “fully dehydrated” potassium-
exchanged faujasite Y’ and X,"" is observed. The crowding
is observable in several types of highly dehydrated faujasites
with different Si/Al ratios. The extent of this crowding
increases with the aluminum content (from K-Y to K-X)”'>"?
reaching a maximum in the case of K-LSX,"'* where 16 K" ions
occupy the SI site—slightly shifted from the centre of the
hexagonal prism—and another 16 K' ions occupy the SI' site.

Due to an incomplete dehydration inside the TEM sample
chamber despite a high vaccum," a restriction on the site
occupation factors was introduced, with a starting distribution
of 5.36 cations in site I and 18.11 in site I’ according to the
structure of the dehydrated K-Y proposed by Mortier and
Bosmans.® Subsequently, the cation distribution obtained
from the dynamical refinement led to 7.70 K* in position I,
16.58 K" in position T', 3.8 water molecules in position IT', and a
full occupancy in site I with 32 K (Table S3 in the ESI}). The
different cation sites obtained from the dynamical refinement
are shown in Fig. 3.

The water molecules at site II' within the sodalite cages form
a tetrahedral cluster. When they interact, water at site II' and K"
cations at site I', they adopt a cubic arrangement (Fig. 3). These
results align with the general trends found in the literature.®"”
Furthermore, the kinematical and dynamical 3D ED refinement
of the potassium exchanged nano-Y zeolite confirm the
reliability of the methodology for determining the distribution
of cations. Even with varying dehydration conditions and crystal
sizes, the crystallographic sites I, I', and II remain consistently
occupied by K' cations in K-Y, with only slight variations in
occupancy rates.

The bond distances and angles observed after the
dynamical refinement of the K-Y nano FAU in 3D ED are
reported in Table S4 of the ESIj they are in line with those
published,>” further reinforcing the reliability of 3D ED for
locating extra framework species in nano faujasites. The final
Rops Was determined to be 0.11, and the refined composition
was identified as Siq34.40Al57.600359.03K56.25- Further statistical
indicators and details of the refinement parameters are
shown in Table S1 of the ESL}

To validate the 3D ED model, a Rietveld refinement was
performed using high-resolution powder diffraction data
collected at the ID22 beamline'® of the European Synchrotron
Radiation Facility (ESRF) on our sample dehydrated in situ
(see experimental details in section 1.3 and 2.3 in the ESIf).

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 Perspective view of the cation sites in nano-faujasite K-Y following
dynamical refinement. Top: A supercage showing potassium cations
occupying only site Il. Bottom: A sodalite cage with an adjacent hexagonal
prism, where cations are localized at sites | and I'. The refined occupancy
factors are 0.481(1) for K(I), 0.518(1) for K(I'), 1 for K(ll), and 0.1570(3) for
Owl. The number of water molecules is estimated as 75% of the refined
occupancy factor of the Owl atom, assuming two hydrogen atoms per
water molecule, giving approximately 3.8 H,O per unit cell (0.157 x 32 x
0.75 = 3.8 H,O per u.c.).

The validity of the 3D ED model is corroborated by the
Rietveld refinement, which yields low R-factors and a
satisfactory fit in the Rietveld plot (Table S5 and Fig. S6 in
the ESIT). The refined composition of the nanozeolite after
dehydration is Sij34.40Al57.600387.87K56.05 (Tables S5 and S6 in
the ESIT), which closely matches the composition obtained in
the TEM chamber. As in the 3D ED study, the supercage does
not contain water molecules. However, in the powder sample,
the cationic distribution within the sodalite cages shows
slight variations (Table S6 in the ESIt). This can be attributed
to the higher dehydration temperature used on beamline
ID22, which resulted in greater water loss, as evidenced by
Rietveld refinement showing 2.9 water molecules per unit
cell. Site I' is split into two distinct sub-sites, I'a and I'b, each
associated with a different oxygen coordination environment,
as illustrated in Fig. 4. Site I is slightly less occupied than in
the 3D ED study, while site II remains fully occupied,
consistent with the 3D ED findings.

In addition to the experimental approach, we have applied a
Monte Carlo (MC) simulation technique, with a procedure
successfully used for potassium X-type faujasite,'® in order to
describe the distribution of both potassium cations and water
molecules along their crystallographic sites. The room
temperature (298 K) canonical ensemble (NVT) MC simulations

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 Perspective view of the different cations environment in the
sodalite cage of nano-faujasite K-Y following the Rietveld refinement
at room temperature after dehydration in situ at 150 °C. Top: A
sodalite cage with the non-hydrated site K(la’) represented. Bottom:
The same with only site K(I'b) represented. The refined occupancy
factors are 0.373(3) for K(I), 0.470(5) for K(l'a), 0.121(4) for K(I'b) and
Owl and 1 for K(Il). The number of water molecules is estimated as
75% of the refined occupancy factor of the Owl atom, assuming two
hydrogen atoms per water molecule, giving approximately 2.9 H,O per
unit cell (0.121 x 32 x 0.75 = 2.9 H,O per u.c.). Selected bond lengths
and angles are presented in Table S7 of the ESL}

have been performed, with the 8.2.3 version of the Towhee
code.?*** To conceive the microscopic model for the K-Y zeolite
framework, the atomic positions for the T and oxygen atoms
were taken from the IZA database and the unit cell parameter of
the K-Y was set to the value of a = 24.85 A, according to the
literature data for a Y-type zeolite.?* Then, 56 aluminum atoms
were distributed along the T atoms, in accordance with the
Loewenstein rule,> so that the unit cell chemical composition
is given by the formula KsSi;36Al560354. The potassium cations
distribution in the initial configuration, was set-up in a random
manner. Interactions involving the zeolite atoms and water
molecules were modeled using a sum of a 12-6 Lennard-Jones
(LJ) term and a coulombic term electrostatic contribution.
Lennard-Jones parameters and partial atomic charges
describing zeolite atoms were taken from the Clay force field.**
H,0 molecules were described by the TIP5P model.>* The whole
set of applied parameters is detailed elsewhere.'* The
potassium cations distribution in the initial configuration, was
set-up in a random manner. The MC simulations were
performed for several systems, varying by the number of water
molecules per unit cell, comprised between 0 (totally
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dehydrated zeolite) and 100. During the MC simulations, the
framework atoms were maintained fixed, thus solely potassium
cations and water molecules underwent displacements. In order
to sample the configurational space, atom translation and intra-
box swap MC moves were applied to potassium cations whereas
water molecules were allowed to undergo centre-of-mass (COM)
translation, COM rotation and intra-box swap. A MC run
consisted 10" MC steps for the equilibration phase, followed by
2 x 10" MC steps for the production phase. During the
production stage we recorded a configuration every 4000 MC
steps. 2500 configurations generated in such manner were then
analysed in order to describe the K* and H,O distribution for
each K-Y zeolite.

Table S8 in the ESIf summarizes the distributions of
potassium cations for investigated water loadings, established
through MC simulation. Inspecting how cationic distributions
evolve with water content reveals a decrease of number of K"
localized in small cages (i.e. hexagonal prism and sodalite cage,
with cationic sites I, I' and II'), passing from ~20 in dehydrated
K-Y to ~14 in the 100 H,O per u.c. containing K-Y. The number
of cations in the large cage (i.e. supercage, with cationic sites II,
I and IIT') follows an opposite trend, increasing from 33.6 in
dehydrated K-Y to 39.1, in the most hydrated one. This
consistent evidence® is supported by cations coordinating
water molecules, thus partially substituting the K'---O zeolite
interactions, allowing cations to stabilize within the supercage,
with increasing hydration. Moreover, the MC simulation results
are illustrated in Fig. 5 and S7,;f showing the snapshots
cumulated through the 2500 configurations recorded across the
production phase of the MC simulation runs.

Analysing the snapshots for the respective loadings of 5,
45 and 100 H,O per u.c. (Fig. 5 and S7t) one can remark the
presence of water molecules within both sodalite cages
(approximately 20% of water loading), and supercages along
all the reported hydration ratios. Within the sodalite cage,
H,0 molecules are primarily localized at the crystallographic
site designated as W1 by Hu et al.®® which corresponds to
Owl at site II' in the present crystallographic study. This
positioning allows water molecules to interact with cations
located at sites I'.

Moreover, a minor fraction of the water molecules within
the sodalite cages is located at crystallographic site I'. In the
supercage, H,O molecules are preferentially positioned near
the 12-membered ring (12-MR) that separates adjacent
supercages, where they interact with cations at site III'. These
water molecules contribute to the formation of the so-called
“ice-like structure”, characterized by specific ring geometries
within the 12-MR.>” Regarding the simulated data, with the
exception of K" cations at sites I, I', and II, and water
molecules within the sodalite cage at sites I' or II', all other
cations at sites III and III', as well as water molecules located
in the supercage, exhibit extremely low occupancy factors
when the symmetry of the space group Fd3m is considered.
Although the dehydration level of our sample within the TEM
is relatively high, it cannot be excluded—given the remaining
dynamical effect together with the extremely low occupancy
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Fig. 5 Snapshots of the MC simulation results showing the loadings of
5 H,O per u.c. in nano-faujasite K-Y. The yellow, orange, red, and cyan
spheres represent silicon, aluminum, bridging oxygen atoms of the
zeolite framework, and K* cations identified in the present 3D ED
study, respectively. Blue dots indicate the oxygen atoms of water
molecules, while cyan dots correspond to K*' cations locations
identified by simulations.

factors of some cations at sites IIT and IIT’, as well as residual
water molecules at general positions—that these species
cannot be reliably located using Fourier difference maps.

Conclusions

In conclusion, this study demonstrates the effectiveness of
advanced electron diffraction techniques in investigating cation
distributions in nano-zeolites. By employing 3D ED techniques,
we overcame the limitations of conventional methods when
applied to nanocrystals. Specifically, for nano-faujasite Y zeolite,
this technique allowed us to elucidate the distribution of K*
cations, which had previously been challenging due to the small
crystal size and the effects of dynamical scattering. The use of
precession electron diffraction (PED) in structural analysis,
followed by kinematical and dynamical refinements using
JANA2020, provided detailed insights into the distribution of K
cations across different crystallographic sites. In particular, the
dynamical refinement significantly improved upon the
kinematical results, yielding more accurate site occupancies,
lower R-factors, refined atomic positions, and enabling
localization of the majority of the remaining water molecules.
These 3D ED results are further supported by a Rietveld
refinement based on high-resolution synchrotron data collected
after in situ dehydration at 150 ©°C, although the cation
distribution within the sodalite cages differs slightly due to the
increased dehydration rate at this temperature. The results are

This journal is © The Royal Society of Chemistry 2025
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consistent with trends observed in previous studies on faujasite-
type zeolites with larger crystal sizes, even under different
dehydration conditions. Crucially, however, this work represents
the first comprehensive characterization of cation distribution
from 3D ED in faujasite, a material that has been difficult to
study with conventional methods. These findings underscore
the importance of advanced techniques like 3D ED for
investigating nanoscale zeolites. Moreover, these techniques lay
the foundations for future research aimed optimizing the
catalytic and/or adsorption properties of specific nano-zeolites
by offering deeper insights into their local structure. However,
the uncontrolled dehydration occurring within the TEM sample
chamber at room temperature should be emphasized. To
address this limitation, we plan—as a future direction of this
work—to employ a cryogenic sample holder for crystallographic
studies at higher hydration levels and varying temperatures.
This approach may provide deeper insights into the cation
migration process.

Data availability

Crystallographic data after the dynamical refinement and
after the Rietveld refinement have been deposited at CCDC
under deposition numbers CSD 2452355 and 2470815, they
can be obtained from https://www.cede.cam.ac.uk/structures/.
Other data supporting this article have been included as part
of the ESLf
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