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ABSTRACT

Zeolites are generally synthesized by the hydrothermal method, where temperature is an important parameter.
Previous studies have shown that aging can accelerate the synthesis of zeolites; however, while the phenomena
have been well investigated, medium-range structural evolution of the aluminosilicate species during the
zeolite synthesis has not been fully understood yet, leaving the underlying mechanism unclear. Herein, zeolite
X (FAU-type framework) is selected as an example to reveal the role of temperature in zeolitization, and the
structural evolutions during the induction and crystallization process of zeolite X under different temperatures
are comparatively investigated by the advanced in-sifu high-energy X-ray total scattering (HEXTS) technique,
combined with UV-Raman spectroscopy and ex-situ HEXTS. Zeolite X is synthesized in a home-made reactor,
by aging the reactants at 70 °C prior to the hydrothermally treatment at 90 °C. At an aging temperature of
70 °C, 4-rings (4Rs) and double 6-ring (d67) units are formed in the amorphous matrix, which are subsequently
assembled to form ordered large structures (12Rs and sod-cages) at 90 °C, triggering the formation of a
crystalline framework. In comparison, when the reactant is only treated at 90 °C without aging, an SOD-type
framework is formed instead of the targeted FAU-type due to the lack of d6r units. Our findings demonstrate
that a suitable aging temperature is crucial for zeolite synthesis, and temperature significantly influences the

local structural evolutions during the formation of zeolites.



1. INTRODUCTION
Zeolites are microporous materials constructed from the three-dimensional connection of TO4 (T = Si, Al, etc.)
tetrahedra !. Owing to the large specific surface area, uniform microporosity, solid acidity and ion exchange
capacity, zeolites have been widely applied as catalysts, adsorbents, and ion-exchangers in chemical industry
as well as emerging applications such as exhaust gas treatment, biomass conversion and carbon capture in
sustainable chemistry 2. Zeolites can be artificially synthesized from Si and Al sources, water, mineralizers,
and structure-directing agents in batch systems under hydrothermal conditions. To fulfill the increasing
industrial demands, rational synthesis of zeolites with controllable crystallization process is considered
crucially important. However, the crystallization mechanism of zeolites is still a black box, due to the
complexity of zeolite formation process which cannot be simply explained by the classical nucleation and
crystal growth models following a monomer-to-cluster pathway °. Instead of monomers, a vast number of
species may be present in the synthesis mixtures during the zeolite formation process, including nanocrystals,
colloids, amorphous nanoparticles, gel-like islands, oligomers, etc. . The ubiquitous presence of amorphous
intermediates throughout crystallization makes zeolites quintessential examples of materials that are
crystallized via non-classical mechanisms. It is generally considered that during the crystallization process of
zeolites, a primary amorphous material is formed after the initial reactants are mixed with each other. After a
period of time, the primary amorphous material is converted into the secondary amorphous material, which is
a pseudo-steady-state intermediate due to the equilibration reactions °. In the final stage of the synthesis
(usually at an elevated temperature for a prolonged period), the secondary amorphous material is converted
into the crystalline zeolite product. Understanding of such non-classical mechanisms, however, is still limited
because of the inadequate analytical techniques available to observe the dynamic processes with sufficient
spatiotemporal resolution .

Among the various synthetic parameters, temperature is a crucial factor in the hydrothermal synthesis of
zeolites. Zeolite crystallization typically occurs between 70 °C and 200 °C. Temperatures lower than 70 °C are
likely to produce amorphous products, while temperatures above 200 °C can lead to the formation of non-

zeolitic dense phases . Generally, a targeted zeolite phase can only be formed within a certain range of
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temperature, and the temperature has a phase-selective effect even with the same composition of the reactants,
such as the phase selection between sodalite (SOD) and zeolite A (LTA), zeolite P (GIS) and zeolite X (FAU),
and ZSM-5 (MFI) and mordenite (MOR) ®°. Aging is necessary for the synthesis of some zeolites such as
zeolite Y (FAU) !, and the temperature of aging also significantly influences the outcome of synthesis !!.
It has been reported that elevating the aging temperature to 90 °C enables the ultrafast synthesis of AFX-type
zeolite, while a lower aging temperature at 25 °C results in the formation of ANA-type zeolite with a slower
crystallization rate '2. Temperature not only affects the phase of the product, but also the nucleation and
crystal growth pathways. An increase in the hydrothermal temperature typically results in both accelerated
nucleation and crystal growth, as previously reported by the increased crystal growth rate of zeolite X (FAU)
with the temperature  '*!'4. Besides, it is indicated by atomic force microscopy (AFM) that the crystal growth
pathways of zeolite W (MER) might vary with the synthesis temperature '°. These above-mentioned studies
have cast light on the phase-selective effect, as well as effects of temperature on the crystal growth pathways
at a meso-scale. However, so far, the effects of temperature on the medium-range structural evolutions—
typically involving the secondary building units (SBUs) such as rings, structural units, and cages at a scale of
5-20 A '—are still unclear, due to the complexity of disorder-to-order transition of zeolites and the
incapability of characterizing the local structures in an amorphous matrix.

Spectroscopic techniques, such as Fourier-transform infrared (FT-IR) spectroscopy, Raman spectroscopy,
and magic-angle spinning nuclear magnetic resonance (MAS NMR) spectroscopy can be applied to observe
the changes in chemical bonds and ring structures during the formation of zeolites '"?°. However,
spectroscopic method alone is insufficient to gain conclusive insights into the local structures of the amorphous
precursors. In addition to the spectroscopic methods, pair distribution function (PDF) analysis is considered as
a powerful tool for probing the atomic-scale to intermediate-range structures of materials including liquids,
polymers, glasses, ceramics, and zeolites  *'"%, To obtain scattering data for PDF analysis, high-energy X-ray
total scattering (HEXTS) measurement is usually performed using a synchrotron X-ray with a high spatial
resolution  2%?’. Our early work combining ex-situ HEXTS and reverse Monte Carlo (RMC) ?* methods

indicates that even numbered rings such as 4Rs and 6Rs already exist in the amorphous aluminosilicate
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precursors  %°. The abundance of 4Rs in the amorphous precursors is also evidenced by the UV-Raman spectra
results %, However, the above methods cannot provide a clear pattern of the relative changes in the local
structures with the time, and the impact of temperature on the formation of ordered structures has not been
elucidated. As shown in our recent work, in-situ HEXTS has the following advantages over the ex-situ method:
(1) preserving the rudimentary structures of the amorphous precursors that may be altered by the post-
treatments such as quenching and drying; (2) capability of observing the dynamic processes with a sufficient
time resolution; (3) ability to discern the minor structural changes by relative PDF analysis 332, A
combination of the techniques mentioned above, including the spectroscopic methods, ex-situ HEXTS and in-
situ HEXTS, is expected to be promising for investigating the local structural evolutions of amorphous zeolite
precursors towards the crystalline products during the hydrothermal synthesis.

Zeolite X is an FAU-type zeolite with a Si/Al ratio lower than 1.5, which has been widely applied in chemical
industry such as the selective adsorption of CO, from the gas streams, the pre-purification of air, and the
industrial air separation . A previous work has comparatively investigated the crystallization behavior of
zeolite X (FAU) in a silicate solution system and in a fumed silica system *°, demonstrating that the different
reactant systems kinetically affect the formation of short-range order, thus changing the nucleation rates and
crystal sizes. However, in either system the synthesis of zeolite X is conducted at the same temperature of
80 °C, which does not include information regarding the effects of temperature on the crystallization pathway.
In terms of the temperature-related effects, it has been reported that zeolite X can be synthesized at 80 °C,
while amorphous product is formed at temperatures below 70 °C, and undesired phases such as zeolite P (GIS)
and sodalite (SOD) are formed at higher temperatures ranging from 90 °C to 200 °C 34, But the evolutions
of short-to-medium-range order during the crystallization of zeolite X are beyond the scope of the above study
34 A rationally controlled aging process prior to crystallization could also play a critical role in the formation
of FAU-type zeolite, where an optimal aging time of 2 days at room temperature yields pure FAU with high
crystallinity *°. Si MAS NMR further shows the effects of aging on the short-range order in the solid
products, especially changes in the distribution of Al. However, the previous study has mainly focused on

aging for different periods at room temperature, without exploring the effects of varying aging temperatures
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In this work, the effect of temperature on the formation mechanism of zeolite X was comprehensively
investigated using a combination of in-situ HEXTS—PDF analysis, and other characterization techniques such
as ex-situ HEXTS and UV-Raman spectroscopy. The use of a home-made in-situ reactor allows real-time
tracking of structural evolution during both the induction and crystallization stages. Pure zeolite X is
synthesized by aging the precursor at 70 °C for 2.5 h followed by a hydrothermal treatment at 90 °C for 2.5 h.
It is shown that at 70 °C, 4Rs and d6r units are significantly formed in the amorphous matrix. These medium-
range structural units subsequently assemble into larger ordered structures (12Rs and sod-cages) during
hydrothermal treatment at 90 °C, enabling crystallization of the FAU-type framework. In comparison, direct
treatment at 90 °C for 5 h without aging leads to the formation of an alternative SOD-type framework without
doér, highlighting the role of pre-formed d6r units in phase selection and suggesting that a proper aging
temperature (70 °C) is important for the formation of zeolite X. Our findings clearly demonstrate how
temperature controls the evolution of medium-range structures in and provide mechanistic insight for zeolite

synthesis with rational control.

2. EXPERIMENTAL SECTION

2.1. Materials. Colloidal silica (LUDOX HS-40, Sigma-Aldrich), sodium aluminate (Al/NaOH = 0.79,
FUJIFILM Wako Pure Chemical Corporation), potassium hydroxide solution (KOHq), 50 wt % in water,
FUJIFILM Wako Pure Chemical Corporation), and sodium hydroxide solution (NaOHg), 50 wt % in water,
FUJIFILM Wako Pure Chemical Corporation) were used.

2.2. Synthesis of Zeolite X and Precursors. The reactant mixture of zeolite X was prepared with the molar
composition of 2.93Na,0: 0.88K,0: 0.35A1,03: 1Si0,: 50H,0. A transparent Al-containing alkaline solution
(2.93Na;0: 0.88K,0: 0.35A1,0;: 50H20) was prepared by adding the sodium aluminate to a mixture of
NaOHq), KOH(q), and deionized water, followed by the agitation at a rate of 400 rpm for 10 min using a
magnetic stirrer. Then, colloidal silica was added dropwise to the Al-containing solution under continuous

stirring at 400 rpm for 10 min to obtain a milky white mixture. Approximately 5 g of the reactant mixture was
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transferred to a homemade hydrothermal reactor system (capacity: ca. 10 mL, Fig. S1a) and then subjected to
a programmed hydrothermal treatment. Fully crystalline zeolite X was synthesized via a three-step
hydrothermal program, with an agitation rate of 30 times/min and an initial air pressure of 0.25MPa: the
reactant mixture was first kept at 30 °C for ca. 1800 s (30 min), followed by an aging process at 70 °C for ca.
9000 s (2.5 h), and in the final step the temperature was raised to 90 °C and kept constant for ca. 9000 s (2.5
h). After the synthesis, the as-obtained product was cooled down to ambient temperature by flowing air and
was subjected to centrifugation (14000 rpm X 5 min) to separate the solid and liquid phases. The liquid phase
was collected and diluted 5000 times for elemental analysis. The solid product was recovered by filtration,
thoroughly washed with deionized water until the pH value of the filtrate became close to neutral, and dried
overnight at 80 °C. Similarly, amorphous and partially crystalline precursors of zeolite X were also prepared
using the above method with varying temperature profiles.

2.3. Characterizations. The powder X-ray diffraction (XRD) patterns of the solid products were collected
using a Rigaku Ultima IV X-ray diffractometer (Cu Ka radiation source, 4 = 0.15406 nm) at 40 kV, 40 mA
with a scanning range of 26 = 3°-50° and a scanning speed of 10° min™'. The relative crystallinity of the
products was calculated based on the peak area of the selected Bragg peaks between 20° and 35° (26). The
sample which was aged under 70 °C for 2.5 h and hydrothermally under 90 °C treated for 16 h was used as the
reference for 100% crystallinity. The chemical compositions of the liquid phase and the solid product were
determined by inductively coupled plasma-atomic emission spectroscopy (ICP-AES) using a Shimadzu ICPE-
9820 spectrometer. The morphology of the solid products was observed using a JEOL JSM-7000F field
emission scanning electron microscope (FE-SEM) under an accelerating voltage of 15.0 kV. The ultraviolet
(UV)-Raman spectra of the solid samples were measured by a LabRAM Odyssey UV-Raman microscope
(HORIBA) with an excitation wavelength of 325 nm. Solid-state magic-angle spinning nuclear magnetic
resonance (MAS NMR) measurement for 2’Al nuclei was conducted using a JEOL ECA-500 spectrometer.
The A1 MAS NMR spectra were obtained at a resonance frequency of 130.33 MHz with a n/2 pulse width of
3.2 ps, a relaxation delay of 5 s, and a spinning frequency of 14 kHz.

2.4. Ex-situ and In-situ HEXTS Measurements and PDF Analysis. The ex-sitzu HEXTS measurements
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on the solid products were conducted on the BL04B2 synchrotron XRD beamline at SPring-8, Japan (incident
beam energy E = 61.339 keV, wavelength 2 = 0.2021 A) with a horizontal two-axis diffractometer. The powder
samples (ca. 0.1 g) were held in Kapton® glass capillaries with a diameter of 1.0 mm, and exposed to the
synchrotron X-ray radiation for 10 min under ambient temperature and vacuum conditions. The maximum
scattering vector Q (Q = 4msin@)/) for the ex-situ HEXTS measurement was 25.7 A The in-situ HEXTS
measurements were performed on the BLO8W high-energy XRD beamline at SPring-8, Japan (£ =114.13 keV,
2.=0.1086 A), equipped with a PerkinElmer XRD 1621 CN3 flat-panel detector. The homemade reactor was
fixed in the beamline, and the position of the synchrotron X-ray beam was adjusted to pass through the glass
sample vial. The optical setups were calibrated as described in the previous study *'. The scattering data was
recorded at intervals of 30 s, by averaging 30 frames of the imaging data collected for an exposure time of 1.0
s per frame. The maximum O was set to be 21.0 A™.

Obtained X-ray total scattering data went through well-established analytic procedures including absorption,
background, Compton scattering corrections, followed by normalization to obtain Faber-Ziman total structure
factor, S(Q). The obtained S(Q) went through Fourier transformation to give a real-space PDF expressed as the

Eq. (1) *:

2 Qmax
60y == f QIS(Q) — 1] sin(Qr) dQ (1)

Qmin

G(7) describes the probability of finding two atoms from a certain distance 7 in the system, which can be further
interpretated to solve the local atomic arrangements of disordered materials. In the in-situ HEXTS

measurements, the relative PDF, dG(r), was further calculated according to the following Eq. (2) and Eq. (3)

36.

Qmax
dG(r)=; f AF(Q) sin(Qr) dQ (2)
Qmin
_ _QAlo (3)
M@ = yir oy

where (f(Q)) represents the sum of atomic form factors, NV represents the number of scattering atoms, and Al
is the difference between the scattering data of the sample and the reference. dG(r) is calculated as the Fourier

transform of the difference in total structure factor AF(Q) between a time-evolving sample and the reference
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sample. Since N and (f{Q)) are constants for a given system, the essential definition of the relative PDF dG(r)
lies in the difference of raw scattering intensities, Ali(Q), showing how the local structures evolve relative to
the reference state. The subtraction /:(Q)- 1o(Q) is performed in the O-space prior to Fourier transformation,
rather than in the real-space. This ensures that the calculated dG(r) represents only the evolving interatomic
correlations, while contributions from the background signals and the unchanged structures are effectively
removed .

In this work, for each temperature (30 °C/70 °C/90 °C) during the heating program, the first scattering data
after reaching the designated temperature was selected as the reference. The reference was adjusted for each
temperature due to changes in water density with the temperature. Before the calculation of PDFs, the
scattering due to the glass sample vial was subtracted from all the total scattering data. The calculated dG(r)

patterns thus sensitively capture the development of short-range to medium-range structures—such as 4Rs,

6Rs, and d6r units—prior to the formation of a long-range order.

3. RESULTS

3.1 Ex-situ Characterizations. The syntheses were performed using the homemade reactor for the in-situ
HEXTS measurement (Fig. S1), according to the temperature profile shown in Fig. 1a. Colloidal silica and
sodium aluminate were used as the Si and Al sources, respectively. Throughout the synthesis, the reactant
mixture was well mixed by agitating at a rate of 30 rpm. The relative crystallinity of the solid product and the
Si/Al ratio throughout the synthesis are listed in Table S1. As shown in the XRD patterns (Fig. 1b), no zeolitic
structure is formed during the aging period at 30 °C for 30 min and subsequently at 70 °C for 2.5 h. After 2.5 h
at 70 °C, several diffraction peaks could be observed in the range of 22°—45°, which are not zeolitic products
but considered to be derived from aluminum hydroxide species. At this stage, the center of the amorphous
silica band shifts from 27.8° to 29.5°, suggesting a decrease in the average interatomic distances, presumably
due to the formation of an increasingly compact structure in the amorphous aluminosilicate matrix 7.

Diffraction peaks of the FAU phase start to appear after the reactant is hydrothermally treated at 90 °C for 0.5

h, and the fully crystallized FAU-type zeolite can be obtained after the hydrothermal synthesis time at 90 °C
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is extended to 2.5 h. Elemental analysis via ICP-AES (Fig. 1¢) shows that in the initial (0 h) solid product is
mainly composed of amorphous silica, with the majority of the Al species remaining in the solution phase.
During the agitation under 30 °C, the Al species are incorporated into the amorphous silica framework,
evidenced by the drastic increase in the percentage of Al in the solid product (Fig. 1¢). After the reactants are
treated under 70 °C for 30 min, 99% of Al has been incorporated into the amorphous solid network to form an
amorphous aluminosilicate precursor. Meanwhile, a decrease in the fraction of Si in the solid product suggests
the release of Si atoms into the liquid phase, possibly due to the depolymerization of the silica source. From
this point forward, the fraction of Si and Al in the solid product remains stable (Fig. 1b), suggesting the
formation of a primary amorphous material °. As the synthesis proceeds to the stage of hydrothermal
treatment under 90 °C, the relative crystallinity of the solid product starts to increase (Fig. 1d), while the
elemental compositions of both solid and liquid phases remain stable, with ca. 1% of Al and ca. 33-38% of Si
species existing in the liquid phase. The changes in crystal morphology are observed by the scanning electron
microscopy (SEM) (Fig. S2). By the end of the hydrothermal synthesis, uniformly-sized crystals with an
octahedral shape and a size of ca. 3 um are formed (Fig. S2f), verifying the formation of well-crystalline zeolite

X.
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Fig. 1. Ex-situ characterizations of the solid products collected throughout the formation process of zeolite X.
(a) Temperature profile of the hydrothermal synthesis conducted in the homemade reactor. (b) Powder X-ray
diffraction (XRD) patterns. The colors of the XRD patterns are in accordance with the points in the temperature
profile. (c) Si/Al ratios in the solid product, and the molar percentages of the elements in the solid product

relative to the whole system. (d) Crystallization curve of zeolite X.

11



515
a ‘<> b | Fwhm Peak

(ppm) (ppm)

30°C0.5h—70°C25h
»90°C25h

34 622

295 383 b D 36 622
: i 1130°C05h—70°C25h
_ " ,90°C 25h _ 46 624
3 ! ! i 3
© i | w’ '\ 30°C05h—70°C25h 8
T [ ™ ISR S| 59 625
= . 7 ;
E 4905 E 103 602 _30°C05h—-70°C25h
£ : A= - B
E 30°C0.5h —70°C 0.5 h 104 60.0
10.6 58.9 30°C0.5h — 70 °C 05N

1
1
' 30°C0.5h
1

: 1.1 60.1 —
Mm
82 554 /\_ on
200 300 400 500 600 700 800 120 100 80 60 40 20 0

Raman shift (cm™) Chemical shift (ppm)

Fig. 2. (a) UV-Raman spectra of the solid products collected throughout the formation process of zeolite X. (b)

2TA1 MAS NMR spectra of the as-collected solid products.

Changes in the short-range order during the formation of zeolite X are investigated by ex-situ UV-Raman
spectroscopy (Fig. 2a), which is capable of showing the ring structures in the zeolite framework %, For zeolite
X with an FAU-type framework, Raman shifts at ca. 515 cm™ are typical of the vibration of 4-rings (4Rs), and
the double peaks at 295 and 383 cm™' can be attributed to the d6r units '8, A1 MAS NMR spectra (Fig. 2b)
provide complementary information regarding the local structure and chemical environment of Al in the
network. The initial solid product at 0 h (Fig. 2a, 0 h) shows a broad Raman band at approximately 350—650
cm!, and the center of the band is located in the 4R-region (ca. 490 cm™'), suggesting that 4Rs and other larger
ring structures are originally included in the amorphous solid (basically the colloidal silica source), among
which the 6Rs might exist in abundance, as reported in the previous studies '8. 2?A1 NMR spectrum of the
same sample (Fig. 2b, 0 h) shows that the Al atoms are already tetrahedrally coordinated in the initial solid
product, evidenced by the peak centered at ca. 55.4 ppm and the absence of signal near 0 ppm  3°. During the

heating treatment under 30 °C and the first 1 h under 70 °C, in spite of the slight changes in the relative
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intensities and shapes of the Raman band, the center of the Raman band remains at a similar position of 490
cm ! (Fig. 2a, 30 °C 0.5 h to 70 °C 1 h). Meanwhile, peak center in the 2’ A1 NMR spectra (Fig. 2b, 0 h and
30 °C 0.5 h) significantly shifts from 55.4 to 60.1 ppm during the 30 °C stage, indicating a decrease in the
average T-O-T angle which is presumably due to the formation of Si~O-Al bonds 3°. Combined with the
elemental analysis (Fig. 1¢), the formation of Si—O—Al structure at 30 °C is presumably due to the incorporation
of Al into the amorphous silica network and probably triggers the subsequent formation of Al-rich rings. By
the end of the 70 °C stage (Fig. 2a, 70 °C 2.5 h), the formation of well-defined 4Rs is indicated by the shift of
Raman peak from ca. 490 cm™! to 512 cm™!, and the formation of d6r units is implied by the enhanced Raman
signals at 295 and 383 cm™'. Nevertheless, it is noteworthy that more changes in the local structures might have
occurred during the aging stage, while the low intensities of the Raman signals, due to the low crystallinity of
the solid products, make these changes indiscernible from the Raman spectra. Full width half-maximum
(FWHM) of the NMR peaks decreases from 11.1 to 10.3 ppm during the 70 °C stage (Fig. 2b, 30 °C 0.5 h to
70 °C 2.5 h), suggesting that the amorphous aluminosilicate framework becomes increasingly ordered at 70 °C.
However, the NMR data does not provide sufficient details to reveal this structural ordering process. After the
hydrothermal treatment under 90 °C for 2.5 h, significantly enhanced sharp peaks of 4Rs (515 cm™") and d6r
units appear in the UV-Raman spectra (Fig. 2a, 90 °C 2.5 h), which are typical fingerprints of the crystalline
zeolite X. ?’Al NMR spectra also indicate the formation of crystalline phase at 90 °C (Fig. 2b, 70 °C 2.5 h to
90 °C 2.5 h), evidenced by a significant decrease in the FWHM (from 10.3 to 3.4 ppm) and an increase in the
chemical shift (from 60.2 to 62.2 ppm).

3.2. Ex-situ and In-situ HEXTS Measurements and PDF Analysis. The local structures of the fully-
crystalline zeolite X and its amorphous precursors are further characterized by an ex-situ HEXTS—PDF
analysis (Fig. 3a). The topological structure of FAU-type zeolite framework and its ring structures and
structural units are illustrated in Fig. 3b. The interatomic correlations and their corresponding interatomic
distances are summarized in Table S2  *°. The three eminent peaks at 1.6, 2.6, and 3.1 A are attributed to the
first-neighboring T-O, O-0, and T-T correlations, respectively. The T—O 2™ correlation in the 4Rs appears at

ca. 3.7 A, while the T-O 2™ correlation in the 6Rs is located at both ca. 3.9 A and ca. 4.4 A, with that in the
13



12Rs located at ca. 4.4 A. From the ex-situ HEXTS-PDF patterns, the existence of even numbered rings (4Rs
and 6Rs) in the aluminosilicate precursor formed after 30 min at 70 °C can be observed, which is in accordance
with previous reports  2**°. The peak at 3.7 A becomes increasingly pronounced and ordered throughout the
formation process of zeolite X, indicating the continuous formation of 4Rs during the zeolite formation process.
Clear information of the ring structures, however, cannot be obtained from the peaks at ca. 3.9 A and 4.4 A,
due to the overlap of signals which could be assigned to various possible structures including the T-T 2™
correlation in the 4Rs/d6r units, or the T—O 2™ correlation in the 6Rs/d6r units. The peak at ca. 5.1 A can be
exclusively attributed to the T—O 3™ correlation in the 6Rs, which already exist in the initial silica source (0 h)
and decrease during the aging period. The signal at ca. 6.9 A is assigned to the T-O 4™ correlation in the d6r
units, which becomes increasingly pronounced at the aging stage and appears as a clear peak in the final
crystalline product. The two peaks at ca. 8.5 A and 9.4 A are fingerprints of the sod-cages, owing to the T-O
5% correlation and the T—O 6™ correlation/ T-T 5™ correlation, respectively. Additionally, the peak centered at
11.4 A can be assigned to the T-O 6", T-T 5%, and T-T 6™ correlations in the 12Rs. The existence of sod-

cages and 12Rs in the crystalline product confirms its fully ordered framework structure.
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h (12071-21090 s). During stage (I) at 30 °C, there was no visible change in the local structure. During stage
(IT) at 70 °C, the increase in the 4Rs, decrease in the 6Rs, and the formation of d67 units are observed. During

the final stage (III) at 90 °C, ordered large structures including 12Rs and sod-cages are formed.

Time-resolved PDF analysis based on the in-situ HEXTS measurement is a promising approach for
investigating the structural evolutions in the disordered materials  *°. During the synthesis of zeolite X, a time-
resolved pattern of total structure factor S(Q) is shown in Fig. S3, and a time-resolved PDF is illustrated in Fig.
S4. However, relative changes in the PDF with time are not significant enough to identify due to the abundance
of water molecules in the reactant system. Therefore, relative PDFs, noted as dG(7), are calculated to make the
relative changes in local structures more discernible (Fig. 4). It is observed by in-situ high-energy XRD
(HEXRD) that no diffraction peak is formed during the 30 °C and 70 °C stages (Fig. S5). Again, it can be
confirmed that no zeolitic structure is formed before reaching the 90 °C stage. When the reactant mixture is

agitated at 30 °C, there is no significant signal in the relative PDF pattern, suggesting that no obvious changes
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in the local structure occur at this relatively low temperature. As the temperature increases to 70 °C, the peak
at ca. 3.6 A (T—O 2" correlation in the 4Rs) is significantly enhanced, verifying the formation of ordered 4Rs,
which is in accordance with the findings from the ex-sizu PDF analysis. The increasingly pronounced band
between 6.9 A and 7.2 A is assigned to the T—O 4™ correlation in the d6r units, confirming the formation of
d6r units before the diffraction peaks appear. Meanwhile, a reduction in the band of ca. 5.1-6.1 A suggests
that the 6Rs were initially abundant in the Si source but relatively decreased during the 70 °C-aging stage.
During the hydrothermal treatment under 90 °C, the d6r units formed during the aging period decreased, and
the appearance of three bands at ca. 8.6 A, 9.5 A and 11.4 A are the exclusive fingerprints of the sod-cages and
12Rs, respectively. The 8.6 A can be attributed to the T—O 4™ correlation in the 12Rs as well as the T-O 5%
correlation in the sod-cages. The peak at 9.5 A is assigned to the T—O 6™ correlation of sod-cages, and the peak
centered at 11.4 A is due to the T-T 5™ correlation/ T-T 6™ correlation in the 12Rs. The time when the large
structures (12Rs, sod-cages) were formed and when the crystalline peaks appeared are comparatively
demonstrated in Fig. S5. At 90 °C, the formation of 12Rs, sod-cages, and the appearance of crystalline peaks
in the in-situ HEXRD pattern occurred simultaneously. The formation of sod-cages along with the ordered
12Rs might indicate the formation of a unit cell where several connected sod-cages collectively form a
supercage at their center with 12R-openings. Commonly, a nucleus is defined as a stable and structurally-
ordered cluster of atoms that serves as the basis for crystal growth *!. Based on this definition, the formation
of ordered large structures, including the largest rings (12Rs) and the well-defined sod-cages, can be considered

as an important sign of the nucleation of zeolite X and possibly triggered the subsequent crystal growth.

4. DISCUSSION

Based on the ex-situ characterizations mentioned above, information regarding the changes in relative
crystallinity, chemical composition, crystal morphology, as well as the formation of certain ring structures
during the formation of zeolite X could be obtained. Elemental analysis showed that the incorporation of Al
species into the solid matrix and the dissolution of Si species started from the beginning of the synthesis and

was completed after 30 min at 70 °C (Fig. 1c), when a primary amorphous material was presumably formed.
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From the change in relative crystallinity, it is clear that the formation of zeolite X crystal could only occur at
the 90 °C stage, approximately between 1152 s and 2367 s (Fig. 1b, 1d, and S5). Using the current synthesis
conditions, treating the precursor constantly at lower temperatures ranging from room temperature (22 °C) to
70 °C for ca. 18900 s (5 h 15 min) cannot produce zeolite X crystals (Fig. S6), suggesting that a sufficiently
high temperature is critical to the crystallization. Furthermore, SOD-type zeolite rather than zeolite X was
formed after treating the same precursor at 90 °C constantly for 5 h 15 min (Fig. S6), indicating that the aging
stage is also essential to the zeolite X formation process. On a microscopic scale, ex-situ UV-Raman
spectroscopy (Fig. 2a) provides insight into the formation of rings and structure units during the synthesis of
zeolite X. No significant structural change was observed at 30 °C, while at 70 °C and 90 °C, the 4Rs
continuously increased. d6r units could be observed by the end of the aging process and became more
pronounced after the hydrothermal treatment. In addition, >’Al MAS NMR spectra (Fig. 2b) confirm that all
the Al atoms are tetrahedrally coordinated in the solid framework. It is further suggested by NMR spectra that
the Si—O—Al structure is probably formed at 30 °C due to the incorporation of Al into the amorphous network,
which might trigger the formation of Al-rich rings and the structural ordering process at the subsequent 70 °C
stage. Ex-situ HEXTS measurements (Fig. 3) further confirmed the above findings from UV-Raman spectra.
Additionally, the existence of 6Rs in the Si source and the formation of sod-cages and 12Rs during the
crystallization process were detected by ex-situ HEXTS.

However, the above-mentioned ex-situ methods have some limitations. In UV-Raman spectroscopy, the
broad and diffused Raman shift band involving a variety of rings makes it challenging to identify the ring
structures at the amorphous stage. Moreover, as a limitation of the ex-sifu approach, the recovery of the solid
samples from the as-obtained mixture involves several procedures including quenching, washing, filtrating
and drying, which might affect the original structures of the samples. Therefore, in-situ HEXTS
characterization was conducted to further reveal the structural evolutions during the zeolite formation process.
Results from in-situ HEXTS-PDF analysis confirmed the formation of 4Rs, 6Rs and sod-cages as demonstrated
by ex-situ HEXTS and UV-Raman spectroscopy. Meanwhile, it is noteworthy that some structural changes

were exclusively observed by the in-situ HEXTS method. According to the in-situ HEXTS-PDF results (Fig.
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4), the formation of d6r units and the decrease of 6Rs during the aging stage at 70 °C were observed, which
could not be detected by the ex-situ UV-Raman or HEXTS methods. Additionally, the formation of ordered
large structures (12R and sod-cages) was clearly observed by in-situ HEXTS during the hydrothermal
treatment at 90 °C between ca. 1152 s and 2367 s, simultaneous with the appearance of Bragg diffraction peaks
(Fig. S5). The formation of such ordered large structure is considered to be linked to the formation of crystalline
phase.

To further clarify the impact of temperature on the local structural evolutions during the zeolite synthesis,
additional in-situ HEXTS measurements are conducted at a series of constant temperatures (22 °C/30 °C
/50 °C/70 °C/90 °C) for ca. 18900 s (5 h 15 min). The increase in 4Rs is observed at all the temperatures (Fig.
S7-S11), which may be related to the incorporation of Al in the amorphous framework to form ordered Al-rich
4Rs. The formation of d6r units is observed within the temperature range of 30 °C to 70 °C. At 30 °C and
50 °C, the formation of d6r units can be slightly observed, with durations of ca. 3966 s and ca. 3774 s,
respectively (Fig. S8, S9). At 70 °C, the d6r units are continuously formed for ca. 11299 s, showing a
significantly more active formation process compared to the ones at lower temperatures (Fig. S10). These
findings indicate that a rational control of the aging temperature is crucial for the formation of d6r units. In
addition, the temperature-controlled experiments showed that the large rings (12R) and structure units (sod-
cages) could only form at a relatively high temperature of 90 °C (Fig. S11) and could not form at lower
temperatures (Fig. S7-S10) with the current reactant system. This suggests that temperature probably favors
the formation of certain structures, thus controlling the crystallization pathways. In addition to syntheses at
various constant temperatures, gradient experiments were also performed by aging the same precursor at other
temperatures (30 °C or 50 °C) for 2.5 h prior to the hydrothermal treatment at 90 °C for 2.5 h (30 °C: Fig. S12;
50 °C: Fig. S13). In both cases, pure zeolite X was not obtained; instead, the products consisted of a mixture
of FAU and LTA phases, which is due to the insufficient formation of d6r units during the aging stage, as
evidenced by in-situ HEXTS-PDF data (Fig. S12b, S13b). In particular, structural evolutions during the aging
process at room temperature (ca. 22 °C) for up to 2.5 h were also investigated. Same as aging at 70 °C, the

products remained amorphous throughout the process, as evidenced by PXRD patterns (Fig. S14a) and SEM
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images (Fig. S15a-d). However, the incorporation of Al into the amorphous silica matrix was significantly
slower at room temperature than at 70 °C (Fig. S16). Moreover, the formation of 4-membered rings (4Rs)
appeared less pronounced, and no d6r units or larger ordered structures were formed at room temperature, as
confirmed by both ex-situ HEXTS (Fig. S17a) and in-situ HEXTS results (Fig. S7, S10). The lack of d6r units
could explain why pure zeolite X was not obtained when the aging was conducted at room-temperature. These
results show direct evidence that the aging temperature has a significant impact on the synthesis outcomes by
controlling the local structure evolutions during aging, especially the formation of d6r units.

Furthermore, to confirm the role of d67 units in the formation process of zeolite X, a control experiment is
conducted using a potassium-free precursor (Fig. S18) at the same synthetic conditions, and sodalite (SOD-
type framework) was crystallized instead of zeolite X. Similarly, in-situ HEXTS measurement is conducted to
observe the whole synthesis process (70 °C: Fig. S19, 90 °C: Fig. S20). During the synthesis process, 4Rs and
sod-cages are formed while the d6r units cannot be formed, resulting in the formation of an SOD-type
framework without d6r units instead of the FAU-type. It has also been previously reported that K* cations may
promote the formation of d6r units  *?, and it is speculated that hydrated K* cations can facilitate the assembly
of 4Rs in the precipitated aluminosilicate species to form d6r units  *. Thus, it is indicated that d6r units play
an essential role in the formation of the FAU-type framework.

By summarizing all the above-mentioned findings, a possible scheme for the formation of zeolite X is
proposed (Fig. 5). During the first stage under 30 °C, no significant structural change could be observed, while
the incorporation of Al and the release of Si atoms have started. At the second stage, namely the aging process
under 70 °C, the incorporation of Al species is completed, resulting in the formation of ordered Al-rich 4Rs. It
can be speculated that 4Rs and 6Rs are already abundant in this amorphous aluminosilicate network %,
During the aging stage, 6Rs relatively decrease while 4Rs relatively increase in fraction. Simultaneously, a
significant increase in the d6r units in the amorphous aluminosilicate matrix is observed. The d6r units are
presumably formed through the reconstruction of the amorphous network via the cleavage and reconnection
of bonds, playing an essential role in the subsequent formation of large structures such as 12Rs and sod-cages.

Large rings (12Rs), however, cannot be formed throughout the aging treatment. As the temperature finally
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reaches the hydrothermal stage of 90 °C, ordered 12Rs and sod-cages are formed while Bragg diffraction peaks
appear, indicating the formation of a long-range order and the disorder-to-order transition. Meanwhile, the d6r
units formed in the previous stage decrease, suggesting that d6r units are assembled to form ordered large
structures including 12Rs and sod-cages, which possibly triggered the subsequent crystal growth of zeolite X.
It is clear that the temperature plays a crucial role in the formation of ring structures and structural units during

the formation of zeolite X.

Formation of
Al-rich 4Rs

Incorporation
of Al atoms

Formation of

d6r units /// ’ -\\ Assembly of d6r units to form Crystal growth
yd ; " large ordered structures . :

| | o oty > 3
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Low-temp (30 °C) Aging (70 °C) High-temp (90 °C)

Fig. 5. Proposed scheme of the formation process of zeolite X (FAU). During the 30 °C stage and the early-
70 °C stage, the incorporation of Al and release of Si atoms occurred. Then, during the aging stage at 70 °C,
Al-rich 4Rs are formed as a result of the Al incorporation. As the relative fractions of 6Rs reduced, the d6r
units were formed in the amorphous aluminosilicate network, which is presumably due to the reconstruction
of the network via cleavage and reconnection of bonds. Finally, at a hydrothermal stage of 90 °C, ordered
structures (12Rs and sod-cages) are formed by the assembly of the d6r units, evidencing the nucleation process

and triggering the subsequent crystal growth.

Additionally, to investigate the impact of temperature on other types of zeolites, a supplementary experiment
(Fig. S21) is conducted regarding the synthesis of zeolite A (LTA-type). The formation of 4Rs and 8Rs during
the synthesis can be verified by UV-Raman spectroscopy (Fig. S22). Detailed structural evolutions are further
investigated by the in-situ HEXTS measurements (Fig. S23, S24), and it is observed that large structures such

as d4r units  ** and 8Rs could only be formed when the temperature is elevated to a higher level of 100 °C,
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showing a similar model of local structural changes to that of zeolite X.

5. CONCLUSION

By combining a multi-step temperature profile with advanced in-situ HEXTS method and other
characterization techniques, this work has clearly demonstrated the sequential formation of medium-range
structures—rings (such as 4Rs), double rings (d6r and d4r units), and ordered large structures (8Rs, 12Rs and
sod-cages)—at different temperatures. This approach allows a clear observation of the impact of temperature
at different stages during the formation of zeolites. At an optimum aging temperature of 70 °C, an amorphous
precursor rich in d6r units is formed, enabling the subsequent formation of ordered large structures (12Rs and
sod-cages) at 90 °C, finally leading to the formation of the FAU-type zeolite framework. In comparison, direct
hydrothermal treatment at 90 °C without aging at 70 °C results in the formation of untargeted SOD-type zeolite
without d6r units. This work revealed the significant impact of temperature on the medium-range structure
evolutions during the formation of zeolites, thus demonstrating that rational design and synthesis of zeolites
can be achieved by a careful design of the temperature profile. This further opens up opportunities for the
discovery of zeolites with novel structures and compositions, and the development of new synthesis routes for

zeolites with wide applications in chemical industry.
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  G  ( r ) =  2  𝜋   ∫    Q min    Q max  Q  [ S  ( Q ) − 1 ]  sin ⁡   ( Q r ) d Q


  d G  ( r ) =  2  𝜋   ∫    Q min    Q max  ∆ F ( Q )  sin ⁡   ( Q r ) d Q


  ∆ F ( Q ) =   Q ∆   I tot    N  〈 f ( Q ) 〉 2

