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The crystallization of zeolites in gel-based systems, the cornerstone of their industrial synthesis, has long
remained a “black box” due to the inability to characterize specific aluminosilicate species within the
amorphous network. This obscurity precludes rational design. Herein, we report a deconstruction-
dialysis methodology that disassembles the gel and isolates the entire suite of particulate intermediates.
Applying this to the MTW-type zeolite, we quantitatively identify a hierarchy of species: long-range-
ordered crystals (MTW-t-C), short-range but highly ordered precursors (MTW-t-HOP), poorly ordered
particles (POPs), and monomers/oligomers. We demonstrate that HOPs are the primary building blocks
for crystal growth via nonclassical particle attachment. More importantly, by tracking the evolution of
these species and combining with the Kolmogorov—Johnson—-Mehl-Avrami (KIMA) model, we delineate
the crystallization into three stages: nucleation, particle attachment, and molecular addition. We reveal

that the final properties of the zeolite are governed by a dynamic competition between the rate of HOP
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temporal evolution of defects, porosity, and composition. Our work dismantles the gel black box by
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Introduction

Zeolites, microporous crystalline aluminosilicates, are indis-
pensable in modern industrial processes™” such as petroleum
refining,® environmental remediation,*® and green energy
technologies.” Their exceptional catalytic activity and
molecular-sieving capabilities align with the principles of green
chemistry, sustaining a global market valued at $3.42 billion
and projected to reach $6 billion by 2030. However, the rational
design of cost-effective, high-performance zeolites is impeded
by fundamental gaps in understanding their crystallization
mechanisms. This is particularly true for gel-based systems,
which are the workhorse of industrial production yet remain

“Department of Chemistry, College of Smart Materials and Future Energy, State Key
Laboratory of Porous Materials for Separation and Conversion, Shanghai Key
Laboratory of Molecular Catalysis and Innovative Materials, and Laboratory of
Advanced Materials, Fudan University, Shanghai 200433, P. R. China. E-mail:
yitang@fudan.edu.cn

*Key Laboratory of Silicate Cultural Heritage Conservation (Ministry of Education),
Institute for the Conservation of Cultural Heritage, School of Cultural Heritage and
Information Management, Shanghai University, Shanghai, 200444, China. E-mail:
zhang-hongbin@shu.edu.cn

“State Key Laboratory of Green Chemical Engineering and Industrial Catalysis,
SINOPEC Shanghai Research Institute of Petrochemical Technology, Shanghai
201208, China

+ Kexin Yan and Feng Lin contributed equally.

© 2026 The Author(s). Published by the Royal Society of Chemistry

understanding in complex media and thereby paving the way for the precise synthesis of zeolites.

largely a “black box” at the meso- and microscopic scales in gel-
based systems.?

To overcome this fundamental barrier, current mechanistic
understanding of zeolite crystallization stems first from studies
of clear-solution syntheses. The low concentrations, homoge-
neity, and optical transparency of these systems enable real-
time monitoring and the application of advanced in situ char-
acterization techniques. Seminal contributions from several
groups have observed short-range ordered precursor species,’
elucidated nucleation pathways and precursor dynamics in
such systems, revealing intricate interplays between classical
and nonclassical crystallization mechanisms.*** Nonetheless,
clear-solution routes are applicable to only a limited range of
zeolite frameworks and provide minimal insight into the
industrially predominant gel-based processes.

In contrast, industrial production scenarios favored gel-
based systems because of their cost efficiency and high
yields.®* However, characterized by high aluminosilicate
concentrations and complex hydrogen-bonded networks, >
gel-based systems present a formidable analytical challenge.
These systems are often heterogeneous, forming solid-like
blocks with spatially non-uniform concentration profiles.
Consequently, nucleation events, driven by local supersatura-
tion, are inherently stochastic, uncontrollable, and notoriously
difficult to observe directly. While techniques such as trans-
mission electron microscopy (TEM)*™* and in situ atomic force
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microscopy (AFM)* have identified nascent crystalline
domains, these nuclei remain embedded within a vast excess of
amorphous gel, obscuring their initial form and evolution. The
primary obstacle lies in the lack of long-range order in key
precursor species, which renders them indistinguishable from
the amorphous network using conventional characterization
methods. Consequently, critical information regarding the
species governing nonclassical and classical growth pathways is
effectively lost within the gel.

The industrial reliance on gel-based synthesis underscores
the critical need to demystify these systems. Gel matrices host
heterogeneous and multiphasic intermediates, such as worm-
like precursors (WLPs),*"*” whose structural evolution has
been inferred only indirectly from bulk-phase analysis or non-
selective etching.****** Fundamental questions thus remain
unresolved: how do disordered aluminosilicate species transi-
tion into ordered crystalline frameworks? What factors govern
precursor assembly and phase selection? Addressing these
questions demands breakthroughs in the speciation and anal-
ysis of gel-confined intermediates.

Herein, we report a transformative methodology that
unlocks the “black box” of zeolite gel-system crystallization by
achieving its complete deconstruction. Using MTW-type zeolite
as a model system, we introduce a protocol that isolates and
characterizes all particulate species present during crystalliza-
tion. This approach reveals a well-defined hierarchy of alumi-
nosilicate intermediates, comprising (1) long-range-ordered
early crystals (C), (2) short-range but highly ordered particle
precursors (HOPs), (3) poorly ordered particles (POPs), and (4)
monomers/oligomers. We conclusively identify HOPs as the
critical building blocks for crystal growth and elucidate their
dynamic transformation pathways at the mesoscopic and
molecular scales. Our work establishes a novel paradigm for
decoding speciation and nonclassical crystallization mecha-
nisms in gels, bridging the long-standing gap between indus-
trial synthesis practices and fundamental materials science.

Results and discussion

“Deconstruction-dialysis” method to unlock the gel black box

We select the MTW-type zeolite synthesized under low H,0/SiO,
conditions as a model system to investigate the gel crystalliza-
tion mechanism, because our previous research indicates that
this MTW system might be deconstructed, due to its formation
via nanoparticle assembly and the presence of intermediate
species with distinct size differences.> The crystallization
kinetic curve (Fig. 1a) was obtained by combining the relative
crystallinity variation (Fig. S1). After the induction period, the
system forms a solid-like bulk gel within ca. 24-40 hours
(Fig. 1a-I and Fig. S2a-d), due to extensive cross-linking and
agglomeration of aluminosilicate species. Upon further hydro-
thermal processing, the gel transitions from translucent to
milky white and eventually collapses into a free-flowing solution
after 40 hours (Fig. 1a-II and S2e), indicative of the progressive
conversion of the gel into MTW zeolite. The final product MTW-
72 (Fig. 1a-III and S2f) comprises mesocrystals of 1200-
1500 nm, which are aggregates of nanocrystalline domains (<50
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nm) with highly rough surfaces (Fig. S3f and S4f), suggesting
a nonclassical crystallization pathway dominated by particle
attachment.”

However, direct visualization of the intact gel network
(MTW-t-Gel) by SEM and TEM fails to clearly resolve the MTW
crystals or aluminosilicate precursors embedded within the
amorphous network (Fig. S3 and S4), impeding mechanistic
analysis. To address this, we sought to develop a method for
classifying and extracting the distinct particulate species from
the gel. Inspection of MTW-28-Gel by TEM (Fig. S4b and G-I)
revealed well-defined MTW crystals with clear lattice fringes at
the edges, suggesting that larger, crystalline entities could be
distinguished from the surrounding, lower-contrast precursors.
Furthermore, by conducting sectioning on the MTW-28-Gel, the
same differences between the crystalline domains and the
amorphous gel could be observed (Fig. S5). This once again
indicates the presence of potential crystal species within the gel.
These observations, coupled with the known particle size
evolution during crystallization,* suggested that centrifugal
separation based on particle size could effectively isolate large
MTW crystals from the worm-like precursors (WLPs). But this is
not enough. The XRD of the early MTW-t-Gel samples showed
peak formation at 5-10°, which was completely different from
that of the amorphous SiO, samples, suggesting that there
might be some short-range ordered species in the gel.** There-
fore, a critical challenge remained: identifying dissolution
conditions that disrupt the gel network without compromising
the structural integrity of short-range ordered intermediates.

We established a rational disassembly protocol involving
TEAOH dissolution and centrifugal separation, yielding distinct
species based on size and structural order (Fig. 1b). Prior to
disassembly, a pre-water washing operation (Step I-1) was per-
formed on freeze-dried MTW-¢-Gel samples to remove soluble
species involved in the molecular addition (MA) process. The gel
was then dissolved using a TEAOH solution (the structure-
directing agent, SDA) (Step I-2), leveraging its efficacy in di-
srupting the gel network while preserving short-range order.
Subsequent centrifugation (Step II-1 and II-3) of the MTW-28-
Gel disassembly solution yielded the MTW-28-C species
(Fig. 1c). This species consists of particles ~600 nm in size,
exhibits enhanced MTW XRD diffraction intensity (Fig. 1e), and
possesses well-developed micropores (Fig. 1f), confirming the
successful isolation of well-crystalline MTW crystals.

Dialysis of the centrifuged supernatant (Step I1I-2) afforded
a distinctly different sample, MTW-28-HOP (Fig. 1d). In contrast
to MTW-28-C, MTW-28-HOP comprises much smaller particles
(~15 nm) and lacks long-range order, as evidenced by the
absence of MTW diffraction peaks in XRD (Fig. 1e). However, Ar
physisorption reveals the presence of primary micropores
(Fig. 1f and S6), indicating the formation of a short-range
ordered structure with incipient pore channels.

The successful isolation of MTW-28-C and MTW-28-HOP
allowed us to validate the robustness of the “deconstruction-
dialysis” method. Control experiments demonstrated that
omitting the pre-water washing step did not alter the yield of
MTW-28-C and HOPs (Fig. S7a), confirming that the MA process
was effectively eliminated by washing and that the washing step

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 The crystallization kinetics of MTW zeolite, and the schematic diagram and rationality of the deconstruction-dialysis method. (a) Crys-
tallization kinetics curves of typical MTW synthesis systems, inset: optical images of macroscopic morphology and TEM images of microscopic
morphology of the samples. (b) Schematic diagram of the “deconstruction-dialysis” decomposition method. TEM images of (c) MTW-28-C and
(d) MTW-28-HOP; inset: particle size distribution. (e) XRD and (f) Ar adsorption and desorption isotherms of MTW-28-C and MTW-28-HOP.

does not impact the insoluble gel-bound species. This finding
also implies that the protocol can be simplified if the focus is
solely on obtaining the particulate intermediates C and HOPs.
Furthermore, varying the TEAOH concentration within
a specific range during disassembly had a negligible effect on
the yields of MTW-t-C and HOPs (Fig. S7b), even when the
concentration was increased to nearly twice that of the synthetic
system (1.5 M), indicating that the separation is governed by
intrinsic physicochemical barriers (e.g., size and structural
order) within the gel, rather than being an artifact of the
disassembly conditions. However, at a lower concentration (0.1
M), we abnormally collected more species by centrifugation.
TEM observation revealed that these species simultaneously
included well-crystallized C species and unreconstructed gel
parts (Fig. S8), indicating that sufficient alkaline conditions are
still required to completely deconstruct the gel.

TEM imaging of the disassembly solution prior to dialysis
revealed MTW-28-HOP particles interconnected by colloidal
species (Fig. S9), which were removed after dialysis. This
observation indicates that the disassembly process breaks down
a significant fraction of poorly ordered, insoluble species into
monomeric and oligomeric aluminosilicates, which are elimi-
nated during dialysis. To achieve a complete mass balance and

© 2026 The Author(s). Published by the Royal Society of Chemistry

fully deconstruct the gel, we quantified this fraction by sub-
tracting the masses of C, HOPs, gel-bound water, and template
from the total mass of MTW-28-Gel. This poorly ordered
particulate fraction was denoted as MTW-28-POP (poorly
ordered particles).

Ultimately, the optimized deconstruction-dialysis method
(Fig. 1b) enables the comprehensive fractionation of the gel into
four distinct categories based on size and structural order
(Table 1): MTW-t-C (long-range and highest ordered crystals),
MTW-t-HOP (short-range but highly ordered precursors), MTW-
t-POP (poorly ordered particles), and soluble monomers/
oligomers. This complete speciation provides the foundation
for a detailed analysis of the crystallization pathway, as di-
scussed in the crystallization analysis section.

Novel zeolite intermediates MTW-t-C and HOPs

Applying the deconstruction-dialysis method to MTW-t-Gel
samples at various crystallization times yielded a series of MTW-
t-C (Fig. 2) and HOP (Fig. 3) samples. This represents the first
successful isolation and concurrent analysis of distinct inter-
mediate species directly from a zeolite-forming gel, enabling
a direct comparison of their structural evolution.

Chem. Sci.
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Table 1 Yield (%) of the MTW-t-C, MTW-t-HOP, MTW-t-POP and monomer/oligomer samples in the gel system

Time/h 24 28 32 36 40 44 48 72
MTW-t-C 3.2 10.4 17.5 33.8 47.6 75.7 81.2 86.2
MTW-t-HOP 14.7 14.1 22.2 10.4 6.4 0.5 Trace —
MTW-t-POP 40.4 28.5 19.6 20.5 7.32 0 0.7 0
Monomers/oligomers 9.3 10.0 9.40 9.50 12.0 12.3 5.0 1.9
H,0 + SDA 32.3 371 31.3 25.7 26.7 15.0 13.0 13.0

The MTW-t-C series represents the early crystalline fraction
of the gel. All MTW-¢-C samples exhibit XRD patterns (Fig. 2b)
consistent with those of the pure MTW phase, with significantly
enhanced crystallinity compared to the parent gels (Fig. S1).
This is corroborated by FT-IR spectra (Fig. 2c), where the char-
acteristic vibration of the 12-membered ring channel system at
576 cm ™! is present in all samples, while the band at 950 cm™*
associated with structural defects®* diminishes with pro-
longed  crystallization, underscoring the
development.

Electron microscopy (Fig. 2a) reveals that all MTW-¢-C are
mesocrystals assembled from nanocrystalline domains,
unequivocally supporting a nonclassical crystallization pathway
via particle attachment. The assembly process evolves from
a loose, open structure in MTW-24-C (~520 nm) with visible,
unattached nanocrystals at its periphery (Fig. 2a-1), to
progressively denser and larger particles, culminating in MTW-
40 (~884 nm, Fig. 2a-3).

This structural evolution is quantitatively captured by Ar
physisorption (Fig. 2d and e). The type I/IV hybrid isotherms

framework

confirm micro-mesoporous architectures.**** Interestingly, the
texture properties do not change monotonically with the crys-
tallization time (Table S1). This may be related to the crystalli-
zation details, which will be analyzed in depth later. MTW-24-C
shows the highest uptake at high relative pressure, indicating
its loose texture. The subsequent contraction in mesopore size
distribution and the eventual development of a dense micro-
structure in MTW-72 reflect the continuous densification and
structural consolidation during crystallization. Thus, the gel
deconstruction-dialysis method provides direct access to crys-
talline zeolite intermediates with tunable particle size, porosity,
and density from a single synthesis system.

In parallel, the MTW-¢-HOP species represents a novel, short-
range ordered precursor previously unidentified within worm-
like precursors of the gel due to the lack of appropriate sepa-
ration methods. These particles, with consistent sizes of
~10 nm (Fig. 3a), are effectively separated from large-sized
MTW-¢-C by simple centrifugation. Their structural nature is
defined by a combination of techniques. XRD patterns (Fig. 3b)
display broad peaks in regions corresponding to MTW zeolite

a c
MTW-72
-~
L N MTW-48-C
—
J A A } A MTW-44-C
_ MTW40C
E: M M MTW-36-C
m; 4v¥__,)zv Mo MTW-32.C
ma—
MTW-28-C
Py MTW-24-C MTW-28-C —— MTW-32-C
= s | [ S — e —mac
2 %} 5 10 15 20 25 30 35 40 45 50 1200 1000 800 600
) q
© 2 Theta (degree) e  Wavenumber (cm-1)
Y . AT VA H e L | LR 0.034
.wg MTW-72 4700 0008 209933330999 y P . mrw-rz
p— i ppmeven= T 0.00
f‘ 2 13335999 i ::::: y MTW-48-C
B b "' 0034
s % 000 MTW44C
Q MTW-40-C ’400_“ 33333335 333 g 0.03 4 e
a (=] S‘ g:gg ] MTW-36-C
U < § oso e
3 99T MTW-32-C
MTW-28-C +100 g 0.00 4
MTW-24.C +0 £ 0037 MTW-28C
0.00 4
aoo 1000 1200 0.03 1 MTW-24-C
Dlameter (nm) 0.00
00 02 04 06 08 10 10 20 30 40

Relative pressure (P/Pg) Pore diameter (nm)

Fig. 2 Characterization of the MTW-t-C species. The (a) high resolution TEM images, inset: the size distributions of MTW-t-C. The (b) XRD and
(c) FTIR spectrograms of MTW-t-C. The (d) Ar absorption isotherm curves of MTW-t-C, and the (e) pore size distribution in the mesopore range.
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Fig. 3 Characterization of the MTW-t-HOP species. The (a) high resolution TEM images, inset: the size distributions of MTW-t-HOP. The (b) XRD
and (c) FTIR spectrograms of MTW-t-HOP. The (d) Ar absorption isotherm curves of MTW-t-HOP, and the (e) pore size distribution in the

micropore range.

reflections, distinct from the featureless SiO, sol, indicating the
emergence of short-range order. As FT-IR spectra (Fig. 3c)
confirmed, the absence of the 576 cm ™' band precludes a fully
formed 12-MR channel, but the significantly weakened
950 cm™ ' band relative to structure defects signifies a struc-
tured, non-amorphous state. Direct evidence comes from TEM
images (Fig. S10c and d), where lattice fringes become apparent
in later-stage MTW-t-HOP samples (¢ = 40-48), albeit limited to
small (20-30 nm) or distorted over large (about 40-50 nm)
domains. Critically, Ar physisorption (Fig. 3d and e and Table
S2) unambiguously demonstrates the development of primary
micropores within these nanoparticles. The narrowing micro-
pore size distribution, which progressively converges towards
that of the mature MTW zeolite, reflects the continuous
enhancement of short-range order during crystallization—
a trend also mirrored in the evolving mesopore structure
(Fig. S11). The existence of this defined, yet non-crystalline,
microporous structure explains the retention of HOP species
during dialysis and infers them as the crucial building blocks in
the nonclassical assembly process. The existence of this type of
short-range ordered precursor species is consistent with the
phenomena predicted in recent molecular simulations.®**¢
These unique short-range ordered precursors, possessing
incipient zeolitic micropores and high external surface areas,
present promising opportunities as novel catalytic carriers.
The acidic properties of the isolated intermediates, crucial
for catalysis, were probed by NH;-TPD and Py-IR. The MTW-¢-C
series exhibited a progressive development of acidity alongside

© 2026 The Author(s). Published by the Royal Society of Chemistry

crystallinity (Fig. S12a and b). Both the population and strength
of weak and strong acid sites increased with crystallization
time. In addition, all MTW-t-C samples contained both
Brensted (B) and Lewis (L) acid sites, with the B/L ratio
increasing systematically as the framework matured, reflecting
the formation of a more defined and fully connected alumino-
silicate network.

Disentangling and simulating the interwoven crystallization
in gels

The quantitative tracking of all isolated species (MTW-t-C,
HOPs, POPs, and monomers/oligomers; Table 1) and MTW-¢-C
size (Fig. S13) allows for a more comprehensive reconstruction
of the crystallization pathway (Fig. 4a) than does the crystalli-
zation kinetic curve. Analysis of the relative crystallinity and
species dynamics reveals three distinct stages: (i) prolonged
induction and nucleation (before 24 h), (ii) particle attachment
(24-40 h), and (iii) molecular addition (after 40 h). Throughout
the whole induction period, the entire system retains an
extremely low degree of relative crystallinity. It is only after
entering the attachment period that the crystallinity and the
yield of MTW-¢-C increase rapidly. This may be due to the rapid
formation of crystal nuclei at locally supersaturated sites within
the gel*”*® in the end of the induction period. Given the chal-
lenge of probing the uncontrollable nucleation stage, we focus
our mechanistic analysis on the subsequent growth periods.
The temporal evolution of the species yields provides direct
evidence for the interweaving of non-classical (particle
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Fig. 4 Disentangling and simulating the interwoven crystallization. (a) The yield (black curve) and size (red curve) of MTW-t-C samples, and the
yield of the other species involved with different hydrothermal times in the gel. (b) The actual curve of the MTW-t-C zeolite samples' relative yield
(blue line) or relative volume (red line), and the curve of the ratio of the relative yield to the relative volume (purple line); the fitting curve of relative
yield (orange line) and corresponding fitting growth rate (light blue line) when the relative yield of MTW-t-C simulated by the KIMA model is 24—
40 hours of hydrothermal treatment. (c) The growth patterns of different £ values. (d) Schematic diagram of MTW zeolite growth in the gel.

attachment) and classical (molecular addition) mechanisms.
During the particle attachment stage (24-40 h), the constant
level of monomers/oligomers (Fig. 4a, grey bar) implies their
negligible involvement. Instead, the synchronous increase in
MTW-#-C yield (black line) and particle size (red line) is driven
by the attachment of particulate species. Additionally, the
particle size of MTW-¢-C increases linearly during the particle
attachment period (red curve in Fig. 4a), which means that the
dynamic behaviour of attachment species is consistent, and
they are uniformly attached to the zeolite surface layer by layer
in each dimension, resulting in rapid crystal growth. The MTW-
t-HOP yield (blue bar) initially increases (24-32 h) as its
formation from POPs (light blue bar, whose yield is constantly
decreasing) surpasses its consumption to C and then decreases
(32-44 h) as consumption outstrips supply. This inverse corre-
lation highlights POPs as the nutrient reservoir for HOPs, while
HOPs in turn serve as the direct building blocks for crystal
growth. The molecular addition stage (after 40 h) is triggered by
gel collapse. This is marked by a surge and subsequent
consumption of monomers/oligomers, alongside a continued
rise in MTW-¢-C yield (black line) despite the depletion of HOPs
and stabilization of crystal size. The mass balance confirms that

Chem. Sci.

the crystallinity increase in this stage is primarily due to
molecular addition.

To quantitatively analyze the kinetics of the particle attach-
ment stage, we applied the Kolmogorov-Johnson-Mehl-Avrami
(KJMA) model.**-** The relative yield of MTW-¢-C during the 24-
40 h interval was used as the transformed fraction, a, for fitting
(Fig. 4b). The excellent agreement between the model (orange
curve) and experimental data (R> = 0.994, Fig. S14) validates the
application of the KJMA model to this stage. The significant
deviation after 40 hours provides quantitative confirmation of
the mechanistic shift to molecular addition. The Avrami expo-
nent, n, offers insight into the crystallization mode (Fig. 4c).
Given the three-dimensional growth of MTW crystals ({ = 3), the
fitted parameter indicates instantaneous nucleation (6 = 0),
meaning that all nuclei were generated before 24 h. This is
highly consistent with the “barrierless nucleation” mechanism
proposed in recent classical nucleation theory calculations and
coarse-grained molecular simulations, which suggest that the
nucleation barrier for zeolite formation from amorphous
precursors is extremely small, allowing instantaneous nucle-
ation.**?*® The yield growth rate (light blue curve, Fig. 4b) peaks
at the point where HOP species become depleted and the gel
collapses. This correlation confirms that HOPs are the key

© 2026 The Author(s). Published by the Royal Society of Chemistry
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attached species governing the growth rate, as the demand for
HOPs increases with the cube of the crystal size during 3D
growth, eventually outpacing supply, which caused a trans-
formation in the crystallization mechanism.

Further supporting the instantaneous nucleation mecha-
nism derived from the KJMA model, we analyzed the correlation
between the relative yield and relative volume of MTW-¢-C
samples (Formula S1). Assuming constant particle density in
the particle attachment stage, a yield-to-volume ratio of 1
implies a constant number of growing crystals. As depicted in
Fig. 4b, the relative yield of MTW-¢-C (blue curve) and its relative
volume (red curve) have a synchronous increase, and their ratio
(purple curve) is close to 1 throughout the particle attachment
process. The notable deviation for MTW-24-C is consistent with
its initially loose and poorly densified structure, as previously
observed. Once this initial stage passes, the stable ratio
confirms that no new nuclei form after 24 hours, and the entire
growth process proceeds solely via the attachment of species,
primarily MTW-t-HOP, to these pre-existing nuclei. However,
after 40 hours, the molecular addition stage started. As the
particle size of MTW-¢-C species remained unchanged, the
monomer/oligomer species were continuously added to the
zeolite framework leading to an increase in the density of MTW-
t-C, resulting in a continuous increase in the ratio of relative
yield to relative volume. This decoupling of nucleation and
growth stages validates the MTW gel system as a robust model
for disentangling crystallization mechanisms in complex gels.

To sum up, by deconstructing the gel and quantitatively
tracking all species, we have delineated the crystallization of
MTW zeolite into three consecutive stages: nucleation, particle
attachment, and molecular addition, as schematically summa-
rized in Fig. 4d.

1. The gel initially forms a solid-like network that confines
the mobility of aluminosilicate species. Our data, including the
KJMA model analysis and the constant yield-to-volume ratio of
MTW-t-C, confirm that instantaneous nucleation occurs before
24 h, generating all crystal nuclei upfront (Fig. 4d-I).

2. The subsequent particle attachment stage (24-40 h) is
dominated by a nonclassical mechanism. Within the confined
gel network, crystal growth proceeds primarily through the
direct attachment of short-range-ordered MTW-t-HOP parti-
cles—identified as the key building blocks—to the existing
nuclei (Fig. 4d-II). The consumption of HOPs is balanced by
their continuous replenishment from the reservoir of poorly
ordered POP species, maintaining a dynamic equilibrium.****

3. Ultimately, the large-scale conversion of precursors into
zeolites triggers gel disintegration at about 40 h, marking the
onset of the molecular addition stage. The collapse of the
network liberates confined species and water molecules,
transitioning the system to a solution-dominated environment
(Fig. 4d-1IT). This removes the spatial restrictions for MTW-¢-
HOP attachment and facilitates a classical crystallization
pathway via monomers/oligomers."* This mechanistic shift
explains the most significant boost in MTW-¢-C yield during 40—
44 h, even as the HOP population is nearly depleted.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Competing dynamics of particle attachment/structural
maturation

While the attachment of MTW-¢t-HOP precursors directly drives
the rapid increase in MTW-¢-C size, the non-monotonic evolu-
tion of texture properties (e.g., porosity and defects) points to
a more complex dynamic. We find that the final zeolite prop-
erties emerge from a continuous competition between the
kinetics of HOP attachment and the thermodynamics of struc-
tural rearrangement and dealumination.

The dynamic competition between attachment and matura-
tion is quantitatively captured by the evolving elemental
composition. The higher and fluctuating bulk Si/Al ratio of
MTW-t-C (38-55) reveals that significant dealumination must
occur after attachment to achieve the composition of the
mature MTW framework. However, at the same moment, the
surface Si/Al ratio of MTW-¢-C is always lower than the bulk
phase Si/Al ratio, indicating that the surface is relatively more
aluminium-rich (Fig. 5a). This is because MTW-t-HOP species
with a lower Si/Al ratio (16-21) are attached to the surface as
direct building blocks and then start to improve the structure
through the dealumination process, but the degree of deal-
umination is not as good as that inside the sample. This inside-
out Al gradient (also reflected in TEM element analysis in
Fig. S15 and Table S3) and the non-monotonic trend in bulk Si/
Al are direct signatures of the competing rates. During the early
particle attachment stage, slow attachment permits efficient
dealumination, raising the Si/Al ratio, whereas later rapid
attachment leads to the accumulation of Al-rich HOPs, lowering
the apparent ratio. Upon the transition to the molecular addi-
tion stage, the solution-phase environment enables efficient
dealumination, driving the Si/Al ratio upward as the crystal
approaches its thermodynamic equilibrium.

UV-Raman and solid-state NMR spectroscopy provide
molecular-level validation of this mechanism. The high relative
abundance of 4-membered rings (4 MR at 460 cm™')* in both
early MTW-t-C and MTW-t-HOP (Fig. 5b and c) confirms the
direct incorporation of HOP building blocks. The subsequent
surface enrichment***® of relatively silicon-rich 5 MR and 6 MR
at 403 cm ' and 362 cm™ ' respectively® in later-stage MTW-¢-C
signals the solution-phase-mediated reconstruction of the
framework into the correct MTW topology. Concurrently, >°Si
MAS NMR (Fig. 5d and e) traces the elimination of silanol
defects, shown by a steadily increasing Q*/Q> ratio (—104 ppm
for Si-OH defected Q°® (0Al) and —111 ppm for Q* (0Al)
species).* The stagnation at 1.5 of the Q*/Q’ ratio in MTW-t-C
during the period of rapid HOP attachment (28-40 h) reflects
the dominance of multi-defect HOPs' kinetic incorporation. The
marked increase in this ratio upon gel disintegration under-
scores the superior defect-healing capability of the solution-
phase molecular addition process. It is precisely this
molecular-level structural rearrangement ability that deter-
mines the final degree of defect healing and framework
improvement.**

This kinetic-thermodynamic competition is also vividly
captured by TEM (Fig. 6a and S16). In the early particle
attachment stage (24-32 h), the intermediate product of MTW-
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24-C exhibits irregular morphologies and misoriented lattice
domains, indicative of non-oriented HOP attachment (Fig. 6a-
1). As growth proceeds, the slow attachment rate allows for
sufficient structural reorganization, leading to improved crys-
tallinity and penetrating lattice fringes in MTW-32-C (Fig. 6a-2).
However, between 32 and 40 h, a surge in the HOP attachment
rate (evidenced by the rapid yield increase) outpaces the
restructuring capacity, re-introducing lattice disorder in MTW-
40-C (Fig. 6a-3).

This imbalance is rectified upon gel collapse and the onset of
molecular addition (40-72 h). The solution-phase environment
facilitates rapid interfacial recrystallization, yielding MTW-44-
C/MTW-72 particles with uniform lattice fringes and sharp,
well-defined facets (Fig. 6a-4 and a-5), underscoring the critical
role of the solution phase in defect healing.

The pore structure evolution provides quantitative corrobo-
ration of this mechanism and can be explained now. The
micropore volume of MTW-t-C (Fig. 2d, Table S1) mirrors the
structural competition: it increases during the slow-attachment/
rearrangement-dominant phase (24-32 h), decreases when
rapid attachment introduces defects (32-40 h), and surges most
significantly after gel collapse due to the defect-healing action
of molecular addition. Further evidence comes from the

Particle attachment

View Article Online

Edge Article

dynamic changes in the micropore size distribution (Fig. S17).
The distribution first sharpens (24-32 h) as maturation creates
a uniform pore network, then broadens (32-40 h) due to
disordered stacking from fast attachment, and finally inten-
sifies without broadening post-40 h as molecular infusion
repairs the framework. Besides, mesopore volume follows
a complementary trajectory (Fig. 2e), initially decreasing from
densification, then increasing from disordered stacking, and
finally decreasing again as solution-phase processes promote
consolidation.

In conclusion, the crystallization of MTW zeolite in gels is
governed by the dynamic competition between the kinetics of
HOP attachment and the thermodynamics of structural matu-
ration and dealumination (Fig. 6b). This framework rationalizes
the roles of all species: long-range-ordered crystals (C) as an
interface for species attachment, poorly ordered particles
(POPs) as a nutrient pool, short-range but highly ordered
precursors (HOPs) as the primary building blocks for non-
classical growth, and monomers/oligomers as the agents for
classical crystal perfection. The gel collapse is identified as the
critical event that shifts the system from an attachment-limited,
solid-like regime to a rearrangement-facilitated, solution-
dominated regime. This mechanistic understanding, enabled

Molecular addition
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Fig. 5 Detailed characterization of the MTW-t-C intermediate species. (a) The bulk Si/Al ratio (black line) or surface Si/Al ratio (blue line) of MTW-
t-C zeolites and bulk (red line) or surface (green line) Si/Al ratio of MTW-t-HOP in the gel. The UV-Raman spectra of (b) MTW-t-C and (c) MTW-t-
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by our gel deconstruction approach, deciphers the complex
interplay of species and processes within the zeolite synthesis
“black box” in gel-based systems.

Conclusions

In this work, we have unlocked the “black box” of gel-based
zeolite crystallization by developing a generalizable
deconstruction-dialysis method. This approach enables the
quantitative isolation and characterization of all particulate
species—crystals (C), highly ordered precursors (HOPs), poorly
ordered particles (POPs), and soluble monomers/oligomers—
from a complex gel network.

This comprehensive speciation allows us to propose
a refined crystallization mechanism with three distinct stages:
(i) initial instantaneous nucleation, (ii) a nonclassical growth
stage dominated by the attachment of HOP particles to the
crystals, and (iii) a final molecular addition stage initiated by gel
collapse. Crucially, we identify HOPs as the key nutrient for
growth and POPs as their reservoir.

Beyond mapping the pathway, we uncover the central role of
kinetic-thermodynamic competition. The properties of the final
product (morphology, porosity and composition) are not

© 2026 The Author(s). Published by the Royal Society of Chemistry

predetermined but emerge from the dynamic competition
between the kinetics of HOP attachment and the thermody-
namics of structural rearrangement and dealumination. The gel
network modulates this competition by confining species
mobility, while its collapse releases this constraint, shifting the
dominant mechanism.

This study transforms the gel from an opaque medium into
a legible system where speciation and dynamics are quantifi-
able. The insights and methodologies presented herein provide
a foundational framework for the precursor-directed, rational
design of zeolites, bridging a long-standing gap between
industrial synthesis practices and fundamental materials
science. And it also exhibits potential generalizability in other
zeolite gels with different Si/Al ratios (Fig. S18 and S19) and
different topologies (Fig. S20).
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