3D study of morphology and dynamics of zeolite nucleation
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Abstract

The principle aspects and constrains of the dynamics and kinetics of zeolite nucleation in
hydrogel systems are analyzed on the basis of a model Na-rich aluminosilicate system. A detailed
time-series EMT-type zeolite crystallization study in the model hydrogel system is performed in
order to elucidate the topological and temporal aspects of zeolite nucleation. A comprehensive set
of analytical tools and methods is employed to analyze the gel evolution complementing the
primary methods of transmission electron microscopy (TEM) and nuclear magnetic resonance
(NMR) spectroscopy. TEM tomography reveals that the initial gel particles exhibit a core-shell
structure. Zeolite nucleation is topologically limited to this shell structure and the kinetics of
nucleation is controlled by the shell integrity. The induction period extends to the moment when
the shell is consumed and the bulk solution can react with the core of the gel particles. These new
findings, in particular the importance of gel particle shell in zeolite nucleation, can be used to
control the growth process and properties of zeolites formed in hydrogels.

Introduction

Aluminosilicate zeolites are amongst the most widely used heterogeneous catalysts and molecular
sieves in petroleum refining, petrochemistry, fine chemical production and pollutant
abatement.!!?] Their application in large scale chemical processes and environmental protection is
equally important. Hence, the engineering of zeolite materials remains a challenge that motivates
academic and industrial researchers. This challenge is particularly important nowadays with the
changes in quality and constitution of available fossil hydrocarbons that remain the most
important energy sources, as well as the new implemented environment protection regulations.[!
Often the zeolite crystals are subjected to post-synthesis modification in order to face the
requirements of a particular chemical process.'¥! The successful use of post-synthesis methods,
however, strongly depends on the intrinsic characteristics of zeolite crystals, that is, the way the
crystals are synthesized. Thus, the fine control of zeolite formation is indispensable for the
preparation of high quality materials and their further use.

The general model describing the zeolite formation mechanism was established long time ago.[!
More detailed information on the mechanism of zeolite nucleation and schematic presentation of
most important stages can be found in review articles.[®”! The classical theory used for describing
the nucleation under hydrothermal conditions postulates that the system is expected to reach a
certain level of supersaturation before the first nuclei are formed.?®! Further, the viable nuclei
grow at the expense of nutrient dissolved and transported via the supernatant to growing
crystal.’-!!l However, contemporary growth models agree that zeolite formation does not follow
the classical model of crystallization in supersaturated systems.!!?] Something more, the reaction
pathway depends on the initial composition and reactants used and may differ even for a
particular zeolite.l3] A zeolite framework type can be synthesized from different initial systems,
ranging from optically clear water solutions through hydrogels to very thick gels. Although,
structurally the products obtained from such systems are similar, their physical and chemical
features usually are different.!'*! For instance, the particle size, morphology and the level of
aggregation will be different for each of the above described initial systems. The zeolite
nucleation is usually controlled by employing different initial systems ranging from very diluted
solutions to extra dense gels.[>!61 Microwave radiation or ultrasonic treatment are also used to
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promote a uniform nucleation in the system. Another commonly used approach is the
introduction of zeolite seeds in the zeolite precursor system, thus controlling the issue of the
synthesis kinetics of the process and the size of ultimate zeolite particles.[!”-!¥] Further, the
chemical composition and the distribution of framework cations are controlled also by the
employed initial systems. Therefore, the control of the nucleation process and the following
crystallization steps is indispensable if the goal is the rational control of zeolite properties.

The understanding of zeolite growth mechanism has advanced substantially during the last
decade. The use of very diluted systems containing well defined discrete particles allowed to shed
more light in the formation of primary particles and their aggregation into larger units that exhibit
long range order.[-33] Most of these studies were performed on transparent solutions obtained by
mixing TPAOH - TEOS - H;O that yield silicalite-1 (MFI-type). Very recently, again such a
solution was employed in an in situ AFM study with the goal to discriminate the species
participating in the growth process.**] According to this study both silica molecules and
preformed nanoparticles participate in the growth process showing again that the zeolite
formation may include both classical and non-classical crystallization pathways.

Hydrogels containing alkali metal cations are used in the industrial mass production of zeolites.
Such systems are not uniform; they exhibit distinct solid and liquid parts. Besides their physical
appearance, the hydrogels are not uniform in chemical composition, which is due to uncontrolled
polymerization of the silica/alumina species after mixing of the reactants.l>>*° The so-called
autocatalytic nucleation model was applied by Suboti¢ and co-workers to explain crystal growth
in such system.[*!] According to their model the nuclei are formed in the gel and liberated in the
mother liquor before the growth ensues. Increase in the surface area of the growing nuclei
accelerates the reaction rate. Thompson revised this model and postulated that the dormant nuclei
are located near the surface of the gel particles.[*”] Our studies on very small initial gel particles
showed that the nucleation and growth can take place via propagation of crystalline phase
through the amorphous network.[*3] Nucleation and growth was observed in discrete gel particles
that do not change substantially their size during the transformation of amorphous into crystalline
material. The system used in the latter case was rich of organic structure directing agent and the
crystallization was performed at room temperature. Lately, this crystallization mechanism was
extended to organic template-free initial systems.[*4#3] The careful preparation of the initial
systems allowed stabilization of the discrete gel particles, although the systems contained large
amounts of sodium hydroxide. However, such conditions are difficult to be utilized on an
industrial scale and the process of nucleation in mass production of zeolites is highly
uncontrolled. Consequently, the crystalline products differ in size and level of aggregation. A
better understanding of the mechanism of zeolite nucleation in conventional hydrogel system
would allow better control of the growth process and consequently the properties of the final
crystalline product.

Present study was performed on an EMT-type zeolite yielding system. EMT zeolite is the
hexagonal counterpart of FAU-type material, the latter being the most important zeolite from
industrial point of view. Similar to the FAU-type material, the EMT framework topology exhibits
a three-dimensional large (12-membered ring) pore system. The major difference between two
materials is that the cubic FAU polymorph features only one type of supercage (with a volume of
1.2 nm?), whereas the different stacking of faujasite sheets creates two cages in the EMT zeolite:
a hypocage (0.61 nm®) and a hypercage (1.24 nm?).1*¢! Thus the EMT material shows catalytic
activity and selectivity different from FAU as a FCC catalyst. [47*8] The objective of the present
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study is to explore the nucleation process in a conventional hydrogel system. More precisely, the
goal is to determine the temporal and spatial aspects of the formation of the first nuclei by
following the chemical and physical evolution of the solid phase. In order to reach this goal a
system yielding a zeolite with great industrial potential was employed. The crystallization was
performed at a temperature close to ambient conditions to slow down the crystal growth kinetics
in order to distinguish between different crystallization steps The decrease of the crystallization
temperature does not change the crystallization mechanism, but the kinetics of the reaction, as
has been shown in previous studies performed with similar initial systems.[**441 Methods
commonly used in the characterization of crystalline porous materials were employed. The study
was primarily based on complementary TEM methods, as electron tomography (ET), high
resolution TEM (HRTEM), and energy filtered TEM (EFTEM). TEM analyses were combined
with hyper-polarized '2Xe NMR, which was used to determine the first zeolite cages formed in
the solid. Thus, a complete picture of physical and chemical changes in gel precursor was
obtained.

Results
General characterization

The crystal growth kinetics was studied by XRD analysis. The obtained solids appeared
amorphous up to 18 h of hydrothermal treatment (See Figure S1). Distinct diffraction peaks
associated with EMT-type zeolite emerged after 24 h of hydrothermal treatment (Figure S1). The
crystallinity increased gradually to 36 h of synthesis. Further extension of crystallization time did
not result in a product with higher X-ray crystallinity. The XRD peaks were relatively large
phenomenon, which was attributed to the small size of the crystalline domains. The Si/Al ratio of
the highly crystalline EMT-type zeolite obtained after 36 h, determined by ICP analysis, was 1.2.

The SEM analysis of the samples confirmed that the gel and zeolite particles are very small and it
was difficult to distinguish their detailed morphology. The zeolite crystals from longer run
durations form complex aggregates with random shapes (Figure S2).

N2 sorption measurements corroborated the XRD data. The isotherms of the sample taken
between 0 and 18 h are typical of non porous materials with negligible micropore volume. The
specific surface area of these samples was also low. The initial gel exhibited a Sger of 12 m? g’!
that corresponds to spherical particles with diameter of about 350 nm. The specific surface area
slowly increased during the induction period from 16 to 48 cm?g™! for the samples synthesized for
6 and 18 h, respectively. Substantially different surface and porous characteristics could be
observed after the formation of crystalline phase. The sample from run duration of 24 h exhibits
type I isotherm (Figure S3). After rapid uptake at low relative pressure a slight inclination of the
curve and a second uptake at high relative pressure could be observed. These particularities of the
isotherm, which are not typical of crystalline microporous materials, revealed the presence of
some mesopores. The samples synthesized for 30 and 36 h showed a slight increase of micropore
volume, but the differences with the sample from the 24 h experiment were not significant.
Therefore it could be concluded that the mass transformation from amorphous into crystalline
EMT-type material took place between 18 and 24 h of treatment. The sample obtained after 24 h
of hydrothermal treatment exhibits a Sger of 478 cm?g™! and micropore volume of 0.19 cm3g.

TEM study



The crystal growth kinetics of the system yielding EMT-type zeolite was followed by means of
transmission electron microscopy. A collection of representative TEM images of amorphous
precursors and crystalline product is shown in Figure 1.

Through conventional TEM imaging we were able to follow the morphological changes of the
solid phase. The initial gel (Figure la) is built of oval gel particles creating more complex
aggregates. The mesopores appear as “white spots” inside the gel network.[*”] These mesopores
are filled with liquor from the mother solution as shown in the Movie 1 (Supplementary
information). To verify this interpretation the high energy electron beam was focused in a probe
with small diameter and high beam current on a nanometric gel particle causing rapid increase in
the temperature of the irradiated zone. This led to disappearance of most of the mesopores by
forcing the liquid outside the pores and inducing secondary phase growth (see Movie 1,
Supplementary information).

ok 4

Figure 1. TEM images of the solid phase obtained in the system yielding EMT-type zeolite at 313
K: a) initial gel (0 h), b) 6 h, ¢) 12 h, d) 18 h, e) 24 h, f) 36 h. The white ellipsoids (c) and arrows
(d) highlight the presence of crystalline non-porous areas (see the insets).

The morphology of the gel changed after 6 h of hydrothermal treatment (Figure 1b). The
individual gel particles could be distinguished more easily and the presence of straight edges
points towards development of certain order within the solid. The “white spots” attributed to
mesopores were observed as well. Crystalline particles aggregates with size of about 50 nm built
up by very small crystallites were clearly identified after 12 h of crystallization (Figure 1c-white
ellipsoids). Very few crystalline particles could be identified in the solid, while the amorphous
particles did not change substantially their physical appearance in respect to the 6 h sample. The
area occupied by the crystalline regions and their abundance continued to increase for the 18 h
sample (Figure 1d-white arrows). It is worth recalling that the XRD pattern of the sample did not
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reveal presence of crystalline phase at this stage (Figure S1). The mass of crystalline phase and
the size of the crystallized domains are obviously below the detection limit of XRD technique,
which is between 3 and 5 wt. %. The product obtained after 24 h consisted mostly of crystalline
zeolite (Figure le). Porous amorphous particles were replaced completely by apparently non-
porous crystalline aggregates. An image of the completely crystallized zeolite obtained after 36 h
of treatment is presented in Figure 1f.

The data above provides only a macro-morphological description of the solid phase without
offering an insight into the nanoscale features (molecular level). Since conventional TEM
imaging provides essentially a 2D projection of 3D objects and features, it offers limited
information about the topology, size distribution, and spatial connectivity in the case of a
complex porous network inside aggregates such as we have in the studied samples. We have
attempted to resolve this limitation by utilizing the capabilities of electron tomography (ET).
Further to ensure that the porous structure is preserved intact and not modified by electron beam
interaction, cryo-TEM at 203 K was utilized to collect TEM images for tomography
reconstruction.
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Figure 2. a) Conventional TEM image of a gel particle form the initial run (0 h) used for cryo-ET;
b) XY slice through the reconstructed volume of the gel particle; c) general view after
segmentation of the gel particle (pores are represented in dark grey and the gel body in semi-
transparent grey); d) pore size distribution in the gel particle extracted from the cryo-ET
segmented data.

A conventional TEM image at 0° tilt of the specimen from the initial run (0 h) is shown in Figure
2a. The existence of the porous structure can be observed clearly. However, useful information is
difficult to extract due to the 2D nature of the TEM images and the overlap of features positioned
at different depth along the electron beam direction. Figure 2b shows a XY slice (thickness of
0.25 nm normal to the plane of view) extracted digitally from a cryo-tomogram created by
acquiring tilt-series of images from the gel particle shown in Figure 2a. It can be observed easily
that the pores, between 3 and 20 nm in diameter are uniformly distributed throughout the gel
particle volume. It is important to note, that the pores do not communicate directly with the
external surface of the gel particle. A non-porous zone with a thickness of about 7 to 15 nm
covers the entire gel particle and seals the pores inside. To assess the detailed 3D topology of the
pore structure the gel particle volume was reconstructed from the tilt-series images. Figure 2c
represents an image of the reconstructed gel particle, obtained after segmentation, where the
pores are represented in dark grey and non-porous part in semi-transparent grey. The generated
model (see Movie 2, Supplementary information) shows clearly that the surface of the gel particle
is depleted of pores, which tend to be concentrated in the particle center. A quantitative porosity
analysis (see Materials and Methods) reveals an overall porosity of about 22%. The pore size
distribution (represented as a function of the frequency of abundance) extracted from the
reconstructed volume is centered on ~6 nm with more than 40% of the pores having a diameter
between 5 and 7 nm.

The gel treated hydrothermally for 6 h showed the same porous features as the initial gel obtained
at room temperature (Figure 3a). However, the appearance of small faceted non-porous regions
(dashed rectangles) with straight edges reveals that the crystallization process had already started.
The extreme instability of these crystalline-appearing features under the electron beam even
under cryo-TEM conditions precluded direct confirmation by electron diffraction or lattice
imaging of a long-range order for the sample treated for 6 h. However, analysis of the subsequent
evolution stages of the crystallization process showed clearly that the zeolite’s crystallization
starts within these faceted regions. The regions with faceted morphology did not contain any
pores (Figure 3a). At the 6 h stage a few of these crystalline particles were observed. They form
10-20 nm aggregates situated in the peripheral part of much larger amorphous aggregates. It is
difficult to determine whether the crystalline particles are isolated or a continuous part of the
amorphous aggregate they are attached to. Most of them are isometric suggesting that
crystallization most probably took part around a single crystallization center. The size and
abundance of these faceted non-porous regions increased for the sample treated for 12 h
suggesting a more extensive process of reorganization and condensation of the aluminosilicate
species. Figure 3b presents a particle from the 12 h experiment with such a dual morphology. A
HR-TEM confirmed unambiguously the crystalline order and the presence of zeolite micropores
(Figure 3c inset). The regions comprising these primary zeolite crystals are localized exclusively
in areas free of pores and in the shell of the original gel particles (Figure 2c).



The XY slices (Figure 3c and d) through the reconstructed volume of a particle clearly show the
difference in morphology between porous and non-porous regions in the sample treated for 12 h.
Furthermore, the morphology of the non-porous regions had changed by developing rough
faceted exterior surfaces with an acicular aspect and the abundance and relative volume of these
regions had increased compared with the 6 h sample. Interestingly, a small fleck is situated inside
each mesopore (from the amorphous area) close to its center. The presence of small flecks in the
mesopores was observed in each of five gel particles subjected to analysis. Evidently these flecks
were formed in the process of gel evolution in the time interval between 6 and 12 h. It can be
inferred that the mother liquor imprisoned during the initial gel formation has reacted with the
aluminosilicate network and has yielded these solid particles. The attempts to obtain high
resolution images or selected area electron diffraction (SAED) of such particles were not
successful due to their instability under the electron beam. It was not possible to determine their
chemical composition either. The solid particles observed inside the mesopore space could be a
metastable phase that disappears in the process of zeolite formation.

Figure 3. a) TEM image of a 6 h zeolite particles with a dual morphology: porous and non-porous
(dashed rectangles); b) 12 h zeolite sample with a dual morphology (the inset is a HRTEM image
of the microporous cages formed in the non-porous regions (dashed rectangle); ¢) and d) XY
slices through the reconstructed volume of a 12 h zeolite sample.



Cryo-electron tomography (cryo-ET) was performed on the 12 h sample in order to obtain
quantitative information about the morphology, topology, distribution, and size of the mesopores.
Figure 4a shows a conventional TEM image of a gel particle at 0° tilt, while Figure 4b shows a
XY slice through its reconstructed volume. The pore distribution inside the 12 h hydrothermally
treated particle is similar to the initial gel particle (0 h). The cavities are isolated and do not
communicate with the external surface of the gel particle (see Figure 4c and Movie 3,
Supplementary information). Moreover, the pore size distribution is also centered around 6 nm
but with a small (5%) decrease in number for the 5-7 nm region and a 10% increase for the 3-5
nm region. The porosity of the core part for the 12 h sample is lower (~17%) than the initial gel
porosity (~22%). The overall porosity, including the non-porous crystalline regions, is about
14%. The pore size distribution is centered around 5 nm.
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Figure 4. a) Conventional TEM image at 0° tilt of a gel particle from the sample treated
hydrothermally for 12 h; b) XY slice through the reconstructed volume of the particle in Figure
4a obtained by cryo-ET; c) digitally reconstructed gel particle after segmentation: pores are
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represented in dark grey and the gel body in semi-transparent grey; d) pore size distribution of the
12 h sample extracted from the cryo-ET data.

The solid particles exhibit the same dual morphology after 18 h of hydrothermal treatment
(Figure 1d). However, the volume fraction of the non-porous regions has increased at the expense
of porous ones. The mass transformation of amorphous into crystalline type material took place
between 18 and 24 h. As can be seen in Figure 5a, the solid particles of the 24 h sample are
aggregates of nanosized crystallites. In the core of aggregates the crystals are smaller (10 — 20
nm) and do not exhibit a defined morphology, while at the periphery the typical for EMT-type
zeolite hexagons with platy morphology can be seen. The surface of aggregates has jagged
outlines due to the well developed faces of individual crystals. Figure 5b shows a XY slice
through a zeolite aggregate particle from the 24 h sample reconstructed digitally from cryo-ET
data. It highlights the exterior surface roughness and the complete disappearance of mesopores
abundant in the amorphous precursor. The morphology of the zeolite aggregates obtained after 30
h of treatment resembles those from the 24 h sample. However, the formation of prismatic
elongated nanostructure (highlighted by white dotted lines) on their surface can be observed
easily (Figure 5c). As the HR-TEM images in Figure 5d shows, the zeolite crystallization seems
to have been completed after 30 h.
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Figure 5. a) TEM image of a 24 h zeolite sample with its FFT inset; b) XY slice through the
reconstructed volume of a 24 h zeolite sample, grey dotted line outlines the jagged outer edges of
the aggregate particle; ¢) conventional TEM image of a 30 h zeolite sample with the prismatic
structure highlighted with white dotted lines; d) ABSF filtered HRTEM image of a 30 h sample
with its FFT inset.

Analytical TEM investigations

The spatial distribution of the Si and Al was investigated using energy filtered TEM (EFTEM).
The instability of the specimens under the high energy electron beam, especially for the
amorphous particles, limited the analysis to Si and Al. Oxygen and sodium maps were not
acquired. The statistical analysis of the Si and Al distributions (between 5 and 10 grains selected
for each sample) showed that both elements are homogeneously distributed in the individual gel
particles and crystalline aggregates throughout the entire hydrothermal treatment. Supplementary
Figure S4a shows elemental maps of a gel particle while in Figure S4b the maps of a 12 h sample
with a dual porous and non-porous morphology is presented. As can be observed there is no
difference in the elemental distribution between the porous region (amorphous) and the non-
porous one (crystalline). The almost fully crystalline 24 h zeolite grain (Figure S4c) shows the
same homogeneity. Nevertheless, a small increasing in the Al concentration on the grains edges
is occasionally observed. The energy dispersive X-ray spectroscopy (EDS) showed a small
change in the concentration of the alumina and silica species between the initial gel and the final
zeolite sample. The average anhydrous composition normalized to 100% and excluding NaO is
AlOs3 43.6 wt. % and SiO2 56.4 wt % for the particles in the initial gel, while after 30 h of
treatment the composition is 45.7% Al,O3 and 54.3% SiO»

Raman study

Raman spectroscopy is used often to study the extent of polymerization of the SiO4 tetrahedra,
their connectivity and the formation of different ring structures in zeolite materials. We have
employed Raman analysis to examine the changes in the solid during the induction period (from
0 to 24 h treatment). During the first 12 h no substantial changes in the gel structures were
detected (Figure S5). Only a broad peak at about 500 cm™ was observed which is characteristic
for four member rings (4MRs) in tectosilicate structures formed by four Si(Al)O4 tetrahedral
sharing two common oxygen atom.*®! Obviously these are the units that dominate the amorphous
material. The intensity of the peak at 500 cm™ is increased significantly for the 18 h sample
suggesting that the 4MRs have become more rigid, statistically more prominently present and
they are most probably integrated in larger structures. The broad character of the peak is
preserved confirming that there is still significant degree of disorder and randomness in the
polymerization among the aluminosilicate tetrahedra. Two additional new weak peaks can be
distinguished in the spectrum of this sample. The one at 380 cm™ could be attributed to 6-
member rings typically present in sodalite cages.°!! The second peak, at 290 cm, is
characteristic for rings formed by more than 6 tetrahedra. In the present case this peak could be
attributed to 12-member ring pore opening typical for the EMT-type structure.!! The appearance
of these two peaks suggests that a certain number of EMT-cages have been formed in the solid
after 18 h of treatment. The XRD pattern of this material (Figure S1) lacks any peaks indicating
that the polymerization of the aluminosilicate tetrahedra has mostly short range extent and it
lacks the extended long range periodicity typical for crystalline matter. Based on these results,
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one can conclude that, the starting gel has undergone significant reorganization after 18 h of
treatment and EMT-type units are formed and stably present in the amorphous gel particles but
the connectivity between the individual units is limited and no long-range order exists. The fast
crystalline growth between 18 and 24 h of hydrothermal treatment supports this interpretation.

The characterization of the synthesis run products in this study by XRD and TEM showed that
after 24 h of hydrothermal treatment the samples are crystalline. Although the 30 h sample is
highly crystalline we have used the 36 h synthesized sample for 2Xe NMR study in order to
further minimize any possible interference by amorphous material. Variable-temperature
(between 296 and 128 K) spectra of the sample measured with hyperpolarized xenon are
presented in Figure 6. At 296 K, in addition to the gas phase line at 0 ppm, the spectrum exhibits
a single line, at 85 ppm, corresponding to adsorbed xenon. This shift is completely consistent
with the '2Xe NMR spectrum that we recorded with a reference EMT-type sample synthesized
with 18-crown-6 ether as templating agent.’?l As temperature decreases, its chemical shift
increases and the signal splits into two components which become broader. Spectra were also
recorded with the lasers off at temperatures below 213 K. Under such conditions one peak is
present corresponding to the high chemical shift line of the HP spectra. This peak is due to purely
thermally-polarized Xe below 193 K proving that the HP Xe nuclei lose their polarization rapidly
in the zeolite pores and are not exchanged by HP Xe during the time delay between two
subsequent radiofrequency pulses. The low-chemical-shift peak, appearing when temperature is
decreased, can be attributed to the fraction of Xe atoms exchanging between the gas phase and
adsorbed phase. This line is characteristic for HP Xe, since it disappears when the laser is
switched off. The presence of such an exchange is not surprising since the crystals have
nanometric size and the Xe atoms may diffuse in and out of the crystallites during the NMR
measurement timescale. If the pore space or gaps between the crystalline particles are reduced,
for example when the powder sample is compressed, then the intensity of this peak decreases and
ultimately disappears at 7 < 173 K (Figure S6).

At room temperature, the two peaks cannot be distinguished because all the adsorbed Xe atoms
are in exchange with the gas phase. As the temperature decreases, the mobility of Xe atoms
decreases and one can consider two parts in zeolite crystals: an inner part where the Xe atoms
cannot exchange with the outer gas phase and a peripheral one where the Xe atoms can
exchange.®3]

The EMT zeolite structure presents large pores. Therefore, a rapid diffusion of adsorbed Xe
atoms is expected. As a result, an exchange with the gas phase within the acquisition time (few
ms) would not be surprising especially when crystals are small, even at low temperature. The
presence of two lines at T< 213 K shows that it is not the case. This observation could be
explained by the high Na* content in the synthesized low silica EMT zeolite. Most probably the
Na cations hinder the movement of Xe inside the crystals.
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Figure 6. 'Xe NMR spectra versus temperature of xenon adsorbed in the sample from the 36 h
run duration. On the right hand side, spectra recorded with the lasers off (for 7' < 213 K). A
spectrum of EMT sample synthesized with 18-crown-6 ether is shown by a dashed line. The
intensity of the spectra is arbitrary.

The chemical shift variation of the characteristic NMR peaks of EMT is plotted versus
temperature for the series of samples prepared for different synthesis time and the reference
sample synthesized with 18-crown-6 ether (Figure 7). The shape of the curves is generally normal
and within the expected behavior and the low-field signal can be attributed to the EMT structure.
The increase in chemical shift with decreasing temperature, occurring essentially at temperatures
below 220 K, is due to the increase in the residence time of the Xe atoms on the surface and the
increase in the Xe-Xe interactions on the surface as well. The variable-temperature experiments
are performed with HP '®Xe under continuous flow, thus the sample remains at adsorption
equilibrium at any temperature and the amount of adsorbed Xe becomes rather large when the
temperature approaches the temperature of phase transformation of the bulk phase (about 115 K
at 8 Torr Xe pressure).

There are some small deviations from the expected behavior in the high-temperature region, for
instance the curves for all samples are at higher ppm values than the reference EMT sample. The
differences could be attributed to reduction in the average size of the channels possibly due to
structural distortions or/and to difference in the accessibility of the cages due to the interference
of the increased Na® content. In the low-temperature region, the chemical shifts of the run
products are smaller than that of the reference. This might be a consequence of slightly reduced
volume of the EMT cages caused by distortions or specific position of Na* cations.
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Figure 7. Chemical shift variation of the NMR peaks versus temperature for the experimental
samples obtained in different synthesis run duration (h) compared to the reference EMT sample
synthesized with 18-crown-6 ether.

The intensity of the NMR peaks from the EMT structure was fairly intense after 6 h of
hydrothermal treatment. In order to determine when the first EMT cages appear in the solid phase
we have studied the samples subjected to 2 and 4 h hydrothermal treatment. First traces of EMT-
like cages were detected for the 4 h sample at 7' < 233 K. At higher temperature, the amount of
Xe adsorbed in the EMT phase is smaller and the signal is too weak to be observed.

Figure 8 shows the spectra recorded at 193 K of samples synthesized at different synthesis times.
The signal characteristic of EMT-type material, around 145 ppm, is highlighted by a square on
each spectrum. For the samples synthesized between 4 and 18 h the signal is broad, possibly due
to the exchange of Xe between the EMT cages and larger cavities, the latter could be the intrinsic
gel mesopores or the textural mesopores between the gel particles.

The other signals, at lower chemical shifts, differ drastically from one sample to another. They
are due to Xe atoms interacting with an amorphous phase having a more or less structured
mesoporosity and exchanging between various environments and the gas phase. One cannot
derive precise information from this part of the spectra because it depends on many parameters
including the morphology of the voids, their relative amount, their connectivity and the degree of
polarization of the Xe nuclei. The presence of a narrow and intense signal observed in the fully
amorphous sample reveals the existence of well-defined meso-voids in the initial gel. The
average size of these voids can be estimated from the chemical shift of the signal measured at 296
K (22 ppm) and using the relationship between the chemical shift, o, and the mean pore size, D,
established by Terskikh et al.># for silica gels: 5=118/(1+D/122). A value of 5.3 nm is obtained.
We attribute this signal to the mesocavities in the rim of gel particles. This suggestion is
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Figure 8. 12Xe NMR spectra recorded at 193 K of xenon adsorbed in the initial gel and samples
obtained after various synthesis times. The signal characteristic of the EMT structure is
highlighted with squares and the lines corresponding to amorphous phase not well structurally
organized are surrounded by a rectangle. The intensity of the spectra is arbitrary.

supported by the fact that this signal decreases for the 4 h sample, when first zeolite cages are
detected. Hence, one may speculate that the mesopore cages close to the surface might be a
preferential place for the zeolite nucleation. In any case, the process of reorganization is limited
to the shell of gel particles and includes negligible part of the mass of the solid because the other
methods employed, that is, XRD for long range order and Raman spectroscopy for short range
order, did not detect any changes in this stage of gel evolution.

After 4 h of hydrothermal treatment a low-field shift and broadening of the mesopore peak is
observed (Figure 8). This trend is much pronounced in the 6 h sample. These are clearly
indications that some changes in the solid phase take place that change the structure of
mesoporous voids and their accessibility by gas phase Xe. After 18 h of hydrothermal treatment
the peaks corresponding to Xe exchange with mesopores are not observed in the spectra, although
still amorphous phase containing mesopores is present as shown by TEM tomography analysis.
This fact is due to increased mass of microporous phase (EMT), where the Xe atoms are
preferentially adsorbed.

Discussion

It is common knowledge at present that zeolite nucleation is a heterogeneous reaction, which is
supported by both theoretical®>-%l and experimental**->7) studies. All zeolite yielding systems are
heterogeneous in nature, comprising a solid and liquid phase. The nucleation process is a
consequence of the reactions between these parts of the system. Chemical concentration and
potential gradients between solid and liquid phase are the driving force for the exchange of
species that leads to certain degree of homogenization of the system. Ultimately the dissolution,
transport and precipitation of the reactive species produce supersaturation that induces
nucleation. Such intense exchange between the solid and liquid parts of one hydrogel continues
during the crystal growth process until complete exhaustion of nutrients in the system. Thus, the
solid and liquid parts in a zeolite yielding system are equally important, as each part has a
specific function. Investigating the reactions in the liquid part is difficult, even by in-situ
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methods, because of the heterogeneity of the zeolite precursors and the numerous metastable
equilibrium steps that a system passes through. The evolution of the gel leading to crystalline
final products can be tracked more easily by studying the solid part of the gel. Furthermore, up
till now direct observation of the process of birth of the first zeolite cages has been observed only
in a solid phase, although in a very particular zeolite yielding system.[*3] The main objective of
the present study as motivated by the preceding considerations was to study in depth the changes
in the solid phase pertinent to zeolite nucleation. The polymerization reaction between the two
initial solutions was designed as a way to form aggregated zeolite particles, which are easy to
separate from the mother liquor. Certainly sub-colloidal particles remained in the liquid phase,
but their impact on the overall process of zeolite formation is considered negligible.

The TEM investigation revealed that the initial mixing of the two starting solutions produced
relatively large gel aggregates although the mixing was performed under vigorous stirring. The
internal part of the gel aggregates comprised abundant mesopores and mesocavities. Mother
liquor was imprisoned in these meso-voids. Considering the initial gel composition and the fact
that most of the aluminosilicate precursors polymerize almost instantly, the liquid in voids must
be rich in Na" and OH™ and low-weight silica/alumina species. Each particle has a shell, which
contains only a few mesocavities. This shell built of densely polymerized aluminosilicates is not
permeable to fluids. The high stability of the shell structure is proven by the fact that it survives
the purification procedure, the drying, and even the N> adsorption experiments. The low specific
surface area of the initial gel supports further the latter statement. Only under focused high
energy electron beam the shell was destroyed liberating the imprisoned fluid as can be seen in
Movie 1 (Supplementary information). This new finding reveals that in the beginning of the
nucleation process only the external surface of the gel particles is accessible for the bulk liquid.
Therefore, the relative fraction of solid surface reacting with the mother liquor is limited
considerably in the beginning of the process. This is the most probable reason for the long
induction period and limited crystallization during the first 18 h of hydrothermal treatment.
Progressively, the non-porous domains of the gel were converted in zeolite type crystals,
decreasing the thickness of the impermeable gel shell. After 18 h of hydrothermal treatment most
of the particles shell is dissolved and the access to the core rich in mesocavities is opened. This is
the exact temporal location in the sequence of reaction events that the mass transformation from
amorphous into crystalline zeolite-type material takes place. After 24 h the major part of the solid
has been converted into EMT-type zeolite.

Two crystallization mechanisms were observed in this study. The first one includes the
propagation of crystalline phase through the gel network, which is confined spatially in the
peripheral part of the gel particle (Figure 3). This mechanism dominates during the first stage of
zeolite formation. The second mechanism proceeds via aggregation around a crystallization
center and further growth of individual zeolite particles. This latter type of growth is considered a
result of autocatalytic nucleation, where the viable nuclei liberated in the solution continue
growing into crystals. We base this conclusion on the morphological features of the zeolite
particles, which are dominated by round isometric aggregates. The isometric shape of crystalline
aggregates (Figure 5) is a proof for non-confined growth that takes place in mother liquor. This
mechanism dominates the second stage of zeolite formation when the mass transformation of
amorphous to crystalline material takes place.

The physical evolution of the solid yielding EMT-type zeolite was investigated in details by a
combination of electron microscopy techniques. Even this powerful technique could not identify
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the location and reveal the structure of the first zeolite cages. The appearance of the latter is a
proof that particular zeolite structure has been formed and that most likely it will continue to
grow into crystals. In order to correlate the spatial analysis by TEM with the temporal analysis of
zeolite nucleation, we employed spectroscopic techniques that provided information on the
formation of the first zeolite units. However, the Raman study did not provide valuable
information for the induction period. The formation of larger ring structures that could be related
to the formation of sodalite and EMT cages was detected only after 18 h of hydrothermal
treatment.

In contrast, the hyperpolarized '2Xe NMR analysis revealed important changes in the pore
structure of the solid in the very early stages of gel evolution. It was established that the first
EMT cages are formed after 4 h of hydrothermal treatment. We estimate that the amount of Xe
nuclei that can be detected by hyperpolarized '2Xe NMR is around 10'¢. Using the Xe adsorption
isotherm on EMT reference sample, we calculate that this amount corresponds to a few tens of
micrograms of fully crystalline zeolite, which demonstrates the unraveled sensibility of
hyperpolarized '?*Xe NMR analysis. In other words, since we have analyzed about 0.1 g of the 4
h sample, the method allows detecting the zeolite at concentration below 0.1 wt% from total mass
of the sample. For instance, a method as powder XRD analysis which sensibility is between 3 and
5 wt% of the mass content cannot determine such amount, even in the case of highly crystalline
product. The sensibility of Raman spectroscopy is similar to XRD analysis, which explains much
earlier detection of zeolite phase by '2Xe NMR analysis. The amount of crystalline material in
the solid remains very low up to 18 h of synthesis. The slow nucleation in the system is a
consequence most probably to the limited total volume of the shell, where initial nucleation takes
place and the large particle size that hampers fast access of the reactant species to the core of the
gel. The initial gel particles have a rim, built of heavily polymerized aluminosilicate, during the
induction period this shell starts to get dissolved slowly as in certain areas the conditions for
nucleation is attained. These areas, however, are limited in number because of the limited
accessible surface of the gel. The interpretation that the nucleation takes place preferentially in
the dense shell of gel particles is further supported by the changes of the mesopores in this part of
the gel revealed by HP 12°Xe NMR.

We have observed the formation of particles in the voids deep inside the gel core (Figure 3c).
These particles, which are most probably metastable sodium aluminate/silicates, are not likely to
play key role in zeolite nucleation. Moreover, these particles are confined to the gel core and
there is no communication between the mesopores and mother liquor. Thus, again our conclusion
is that the nucleation was limited to the shell of the gel particles that in the present system was
between 10 and 40 nm thick.

The applied value of this finding is that nucleation is a function of the size and morphology of
initial gel particles. More precisely, by varying the conditions of preparation initial gel particles
different in size and aggregation could be designed. This is supported strongly by a recent study
based on a system similar to the one employed in the present one.[**] Slow mixing of the sodium-
silicate and sodium-aluminate solutions at 277 K resulted in colloidal suspension of discrete gel
particles; upon moderate heating the gel particles were converted in ultra small (15 x 2 nm) EMT
crystals. The crystals were single, non-aggregated with well-defined crystal morphology. In the
present study the instant mixing of the two starting solutions at room temperature resulted in the
large core-shell particles as described here. The ultimate product is heavily aggregated as the
particles are much larger in size. The importance of initial gel preparation was further confirmed
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by the synthesis of ultra small FAU-type in Na-rich organic template-free free system.[*’] Again a
suspension of very small gel precursor particles was stabilized by careful preparation of initial
gel. The small discrete gel particles provide large accessible surface that leads to abundant
nucleation in the system. The aggregation is also limited in such a system since each individual
particle yields a single crystal.

Conclusions

The formation of EMT-type zeolite from an organic-template-free Na-rich gel system was
studied. Complementary methods providing information on the long- and short-range structural
order of the solid phase as well on the textural properties were employed. The crystal growth
kinetics of EMT type was subjected to a detailed analysis. First zeolite cages were detected by
HP '2Xe NMR analysis as early as 4 h of hydrothermal treatment. The induction period was
relatively long (18 h), which is attributed to the small reaction surface area between the solid and
mother liquor. The mass transformation of amorphous into crystalline material took place
between 18 and 24 h of treatment.

An important finding that has critical implications on the kinetics and mechanism of both
nucleation and growth is that the initial gel particles exhibit a core-shell structure. The core is rich
of mesopores containing trapped mother liquor. The aluminosilicate shell is dense, impermeable
for fluids and contains very limited number of mesocavities. This shell seems to be relatively
stable and inert because after 18 h of hydrothermal treatment the core-shell structure is still
preserved for most of the gel particles. The progressive erosion of the shell during the induction
period opens access to mesopore volume of the gel. It was established that the moment when
reactive species in the liquid part of the gel gain access to the core marks the moment of a radical
surge in the rate of crystallization.

The time-series synthesis experiments in this study complemented by detailed characterization
allowed to reveal the dynamics and kinetics of the process of zeolite nucleation and to localize
spatially and temporally the formation of first nuclei. Our results prove unambiguously that
inception of zeolite nucleation is localized in the shell of gel particles. The extremely thin surface
zone is the place where the first nuclei are formed on. Thus the external surface area of the
primary gel particles plays important role in the nucleation process and determines the kinetics of
zeolite nucleation. Ensuing major implication of this study is that important zeolite properties
such as size and level of aggregation can be controlled by proper design of the initial gel
particles.

The mechanism observed in the crystalization of EMT-type zeolite could be generalized for
aluminosilicate zeolites formed from alkali metal rich hydrogel systems.

Materials and Methods

Synthesis of EMT-type zeolite: Solutions of sodium aluminate and sodium silicate were
prepared. The sodium aluminate solution (Solution A) was prepared by dissolving needed
amounts of the sodium aluminate (Sigma-Aldrich, w(Al,O3) = 56%, w(Na2O) = 40%) and sodium
hydroxide (Prolabo, 97%) in distilled water under vigorous stirring to give a clear solution. The
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sodium silicate solution (Solution B) was prepared by mixing appropriate amounts of sodium
silicate (Prolabo VWR, w(SiO2) = 27%, w(Na2O) = 8%, distilled water and sodium hydroxide.
The two solutions were instantly mixed at room temperature and vigorously stirred for 1 h to
homogenize. The final molar oxide gel composition was 18.45Na>0:1.0A1203:5.155102:240H>0.
Aliquots of initial gel were transferred in polypropylene vessels and the synthesis was conducted
at 313 K for 2, 4, 6, 12, 18, 24, 30, and 36 h. The obtained solid phase was washed with
demineralized water and dried at room temperature. A portion of initial gel (0 h) was washed and
dried in similar manner.

Characterizations

12%Xe Nuclear magnetic resonance (NMR) spectroscopy. Prior to the NMR measurements
samples were placed in an NMR tube with two Young valves, heated at 30 K/h rate to 493 K, and
treated at this temperature overnight. All NMR experiments were carried out on Bruker AMX-
300 spectrometer (magnetic field: 7.04 T, 'Xe resonance frequency 83.03 MHz). Optical
polarization of xenon was achieved with an apparatus similar to that described by Nossov et al.
(with the only difference, that the optical pumping cell was not in the fringe field of the
spectrometer magnet, but inside the Helmholz coils).[’8! The Xe-He mixture containing 1% of
129X e polarized up to several percent at total pressure of 760 Torr was delivered at 300 cm?/min
flow rate to the samples via plastic tubing. 64-512 FIDs were accumulated with 10 ps (7/2
pulses) and 1 s delays. Some low-temperature experiments were performed without optical
polarization (just by switching the lasers off) to distinguish the signals arising from thermally
polarized xenon. The chemical shifts were referenced to the signal of xenon gas at ca. 8 Torr.

Unlike conventional or thermal '2Xe NMR in which the nuclear spin polarization is governed by
Boltzmann equilibrium, laser-polarized '2Xe NMR is based on magnetic nuclear
hyperpolarization obtained by magnetization transfer from Rb alkali-metal electronic spins
optically pumped. The Xe signal sensitivity is enhanced by a factor of 10°~10°. Thus, the
hyperpolarized (HP) '?Xe NMR technique is particularly useful for systems with low surface
areas and/or long spin—lattice relaxation times (71), and has found widespread applications, for
example, in characterization of surfaces, nanocrystals or thin films, porous materials, magnetic
resonance imaging and medical imaging, sensors, ete.[3253-39-611

Transmission electron microscopy (TEM) study. Conventional TEM imaging was performed at
the Central Facility for Advanced Microscopy and Microanalysis of the University of California
at Riverside with an FEI CM300 TEM equipped with LaB¢ cathode, and EDAX Genesis EDS
system fitted with 30 mm? Si(Li) detector with resolution of 128 nm at MnK,, at 200 and 300 kV
accelerating voltages. Samples were prepared by putting some of the unground synthesis powders
in distilled water, dispersing them using ultrasonic agitation, and depositing a droplet of the
resulting suspension onto Cu grids coated with a thin holey carbon support film. Images were
recorded on Gatan MSC794 CCD camera in low-dose mode.

Further TEM imaging and electron tomography were performed using a JEOL 2100F microscope
working at 200 kV, equipped with a Cs probe corrector and a GATAN Tridiem imaging filter.
For the analyses, the zeolite samples were dispersed in ethanol (99.9%) and then a drop of
solution was deposited on a TEM grid covered by a holey carbon membrane. The emission
current was kept constant at ~160 pA.
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Electron tomography is using complex mathematical algorithms in order to extract the 3D
information embedded in a tilt series of conventional 2D TEM projections. An ET analysis
requires four major steps: 1) tilt series acquisition (tilting the object inside the microscope and
imaging the object at different tilting angles); ii) tilt series alignment (arranging all the images
acquired with respect to a number of pre-defined fixed points); iii) reconstruction (using different
mathematical algorithms to reconstruct the 3D structure of the object); iv) segmentation
(removing the background signal from the reconstruction). What ET offers at the end of this
procedure is a complete 3D representation of the object including surface topography and inside
morphology.” Conventional electron tomography series were acquired using a Gatan high tilt
holder in the +65° tilt range with a tilt step of 1.5°. The beam current at the fluorescent screen
level was kept at ~5 pA (measured at 40 kx magnification). After each 2 images acquired (~30 s
direct exposure) the beam was electronically blocked (blanking) for 1 minute allowing the
accumulated charge to be dissipated, assuring minimal sample damage. The cryo-electron
tomography was performed using a Gatan high tilt liquid nitrogen cryo-transfer holder at 203 K
in the +60° tilt range with a tilt step of 2°. The beam current at the fluorescent screen level was
set at ~8 pA (measured at 40 kx magnification). The tilt series alignments were performed with
the IMOD software using 5 nm gold NPs as fiducial markers.[?! The iterative reconstruction
technique (SIRT) implemented in the Tomo3D program running on multicore computers was
used for image reconstruction of the tomography data.[*] The size of the TEM projections used
for the reconstruction was 2k x 2k pixels with a pixel size of 0.26 nm x 0.26 nm. The tomograms
segmentation and porosity analysis was performed using Slicer3D program while the pore size
distribution was calculated using the 3D object counter plugin in ImageJ software. Energy
filtered TEM (EFTEM). Energy filtered TEM analysis was performed using a post-column Gatan
Tridiem filter. The elemental maps for Si an Al were acquired using the three windows method in
Gatan elemental map setup. The exact position of each window was: Si (111 eV, 100 eV, 90eV)
with a 10 eV slit and Al (75 eV, 59 eV, 44 eV) with a 15 eV slit. All the EFTEM images were
1024 x 1024 pixels in size.

Complementary Methods

Powder X-ray diffraction (XRD) analysis. The crystallinity of the samples was measured using a
PANalytical X Pert Pro diffractometer with Cu K, radiation (1 = 1.5418 A, 45 kV, 40 mA).
Scanning electron microscopy (SEM). The crystal size and morphology of the samples were
studied by SEM. Electron micrographs were taken on a MIRA-LMH (TESCAN) scanning
electron microscope equipped with a field emission gun. Dynamic light scattering (DLS)
analysis. The hydrodynamic diameters of the nanoparticles in the suspensions were determined
with a Malvern Zetasizer Nano. The analyses were performed on samples with original
concentrations without any pretreatment of the colloidal suspensions (scattering angle 173°,
HeNe laser with 3 mW output power at 632.8 nm wavelength). Chemical analysis. Elemental
analysis of crystalline samples was performed by inductively coupled plasma—atomic emission
spectroscopy (ICP-AES) using an OPTIMA 4300 DV (Perkin—Elmer) instrument. N: sorption
analysis. The porosity of the samples was determined by recording the nitrogen
adsorption/desorption isotherms using a Micrometrics ASAP 2020 volumetric adsorption
analyzer. Samples were degassed at 573 K under vacuum overnight prior to the measurement.
The specific surface area was calculated by the BET equation (Sger) and the micropore volume
was evaluated by the #-plot method. Raman spectroscopy. Raman spectra of the samples were
measured using Jobin Yvon Labram 300 spectrometer equipped with a confocal microscope. The
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measurements were done using a He-Ne laser with 632.8 nm wavelength. Each Raman spectrum
was acquired for 60 s. For each sample 5 spectra were collected and summed together for better
signal resolution.
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Scheme and figure captions

Figure 1. TEM images of the solid phase obtained in the system yielding EMT-type zeolite at 313
K: a) initial gel (0 h), b) 6 h, ¢) 12 h, d) 18 h, e) 24 h, f) 36 h. The white ellipsoids (c) and arrows
(d) highlight the presence of crystalline non-porous areas (see the insets).

Figure 2. a) Conventional TEM image of a gel particle form the initial run (0 h) used for cryo-ET;
b) XY slice through the reconstructed volume of the gel particle; c) general view after
segmentation of the gel particle (pores are represented in dark grey and the gel body in semi-
transparent grey); d) pore size distribution in the gel particle extracted from the cryo-ET
segmented data.

Figure 3. a) TEM image of a 6 h zeolite particles with a dual morphology: porous and non-porous
(dashed rectangles); b) 12 h zeolite sample with a dual morphology (the inset is a HRTEM image
of the microporous cages formed in the non-porous regions (dashed rectangle); c) and d) XY
slices through the reconstructed volume of a 12 h zeolite sample.

Figure 4. a) Conventional TEM image at 0° tilt of a gel particle from the sample treated
hydrothermally for 12 h; b) XY slice through the reconstructed volume of the particle in Figure
4a obtained by cryo-ET; c) digitally reconstructed gel particle after segmentation: pores are
represented in dark grey and the gel body in semi-transparent grey; d) pore size distribution of the
12 h sample extracted from the cryo-ET data.

Figure 5. a) TEM image of a 24 h zeolite sample with its FFT inset; b) XY slice through the
reconstructed volume of a 24 h zeolite sample, grey dotted line outlines the jagged outer edges of
the aggregate particle; ¢) conventional TEM image of a 30 h zeolite sample with the prismatic
structure highlighted with white dotted lines; d) ABSF filtered HRTEM image of a 30 h sample
with its FFT inset.

Figure 6. 12Xe NMR spectra versus temperature of Xenon adsorbed in the sample from the 36 h
run duration. On the right hand side, spectra recorded with the lasers off (for 7 < 213 K). A
spectrum of EMT sample synthesized with 18-crown-6 ether is shown by a dashed line. The
intensity of the spectra is arbitrary.

Figure 7. Chemical shift variation of the NMR peaks versus temperature for the experimental
samples obtained in different synthesis run duration (h) compared to the reference EMT sample
synthesized with 18-crown-6 ether.

Figure 8. 12Xe NMR spectra recorded at 193 K of xenon adsorbed in the initial gel and samples
obtained after various synthesis times. The signal characteristic of the EMT structure is
highlighted with squares and the lines corresponding to amorphous phase not well structurally
organized are surrounded by a rectangle. The intensity of the spectra is arbitrary.
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View inside zeolite precursor gel particle. Longitudinal slice through the reconstructed volume
of a zeolite precursor gel particle and its 3D model representing the intraparticle pores (blue) and
the gel body (transparent red) was obtained using TEM tomography. The principle aspects and
constrains of the dynamics and kinetics of zeolite nucleation in hydrogel systems are analyzed on
the basis of a model Na-rich aluminosilicate system.
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