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crystallization pathways of TS-1 zeolite: implication
on titanium distribution and catalysis†
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In theMFI zeolite crystallization process, the classical crystallization mechanism based upon the addition of

silica species is often concomitant with the nonclassical route that is characteristic of the attachment of

silica nanoparticle precursors. However, the factors that govern the preferences for each mechanism

remain unclear. In this work, we present the impact of switching between these two crystallization

pathways on the active sites and the resulting catalytic performance of the titanosilicate TS-1 zeolite. By

controlling the self-assembled precursor structures in the early crystallization stage which are mediated

by the Ti and H2O in the reaction system, we could achieve the preferred modes of crystal growth of the

TS-1 zeolite. We indicate that by directing the predominant crystallization path from the classical to the

nonclassical route, it is possible to generate more stable bridging peroxo species upon reaction with

hydrogen peroxide, as confirmed by 17O solid-state nuclear magnetic resonance spectroscopy, thus

substantially increasing the catalytic performance of the resulting TS-1 for olefin epoxidation.
Introduction

Zeolites are a class of crystalline microporous materials, char-
acterized by well-dened micropore architectures, and have
brought breakthrough innovations in heterogeneous catal-
ysis.1–9 The diameter and nature of pores and cavities give rise to
the unique shape selectivity of zeolites, e.g., by limiting the
diffusion of substrates into and out of zeolites based on their
molecular size, or by stabilizing transition states.10–12 These
facts have stimulated studies in crystal engineering of zeolites
to enhance the accessibility and diffusivity of bulky molecules
with larger dimensions and to achieve the “ab initio” design of
the channels and cavities needed for stabilizing preestablished
transition states.13–16 Meanwhile, controlling the distribution of
active sites in zeolites is of paramount importance in improving
the catalytic performances. However, at present, there is still
a lack of sufficient fundamental knowledge on zeolite nucle-
ation and crystallization that would allow us to prepare zeolites
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with predictable active sites and catalytic properties.17,18 The
lack of systematic understanding of zeolite crystallization
mechanisms severely impedes the judicious selection of
synthesis conditions.

In the past few decades, efforts to elucidate the crystalliza-
tion mechanism have mainly concentrated on the identication
of primary building units in the zeolite synthesis gel, such as the
monomers, oligomers, precursors, etc.19–21 Then, based on the
species for nucleation and crystal growth, classical and
nonclassical crystallization modes have been proposed for
zeolite synthesis.22,23 Classical routes usually involve sponta-
neous nucleation and are dened by the addition of monomers
(atoms or molecules) from the growth solution to kink, step,
and terrace sites on crystal surfaces, resulting in crystals with
smooth surfaces.24 Nonclassical processes encompass the
addition and attachment of precursors, which range from
oligomers to primary particles or even fully developed nano-
particles, comprising disorder-to-order transformation
processes, leading to the formation of crystals with an irregular
morphology, rough crystal surfaces, and mesoscopic struc-
tures.25,26 Crystallization by particle attachment (CPA)27 is
characteristic of a nonclassical mechanism, and has been found
in diverse biominerals such as sea urchin spines,28 vertebrate
bones,29 mammalian tooth enamel,30 mollusk larval shells,31

proteins,32 magnetite,33 noble metals,34 and zeolites (such as
CHA,MFI, LTL, andMTW).23,35–39 Controlling the CPA processes
could hence be an efficient method to optimize the physico-
chemical properties of zeolite crystals. Recent studies regarding
the crystal engineering of zeolites have demonstrated that the
© 2022 The Author(s). Published by the Royal Society of Chemistry
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morphology and size of zeolite crystals can be selectively altered
by using zeolite growth modiers (e.g., amines, polymers, etc.),
which could bind to specic facets of zeolite crystals or interact
with amorphous precursors, thus promoting or inhibiting the
CPA processes.40–42 For instance, the crystal size of SSZ-13 (CHA)
can be tailored from 1 mm to 100 nm with polyethylenimine as
the zeolite growth modier or to 20 mm through the modica-
tion with poly(diallyldimethylammonium chloride).35

It is worth noting that, in some cases, the classical processes
are juxtaposed with nonclassical pathways in governing the
formation of crystals through CPA routes. Fig. S1† depicts the
putative evolution pathways of silicalite-1 (S-1, MFI) zeolite,
comprising the addition of monomers as well as the aggrega-
tion and subsequent reconstruction of the as-synthesized and
evolved nanoparticles.22,23,43,44 Particularly, the addition of
monomers can gradually take the predominant role when
decreasing the concentration of precursors.23,45,46 For example,
studies by Rimer and co-workers on the crystallization mecha-
nism of silicalite-1 (MFI) zeolite by using in situ atomic force
microscopy (AFM) reveal that both silica molecules and silica
nanoparticle precursors act as the growth units during crystal-
lization.23 Hence, the aggregation of silica precursors, the
disorder-to-order evolution of attached particles, and the addi-
tion of silica monomers are concerted events occurring during
the whole crystallization process. Recently, Zhang and co-
workers further conrmed that the crystallization process of
an MFI zeolite in clear solution indeed comprised both aggre-
gative growth of particles and single-molecule condensation,
and they also demonstrated that the formation of high order
Fig. 1 Schematic illustration of the crystallization pathways of TS-1 ze
silicalite-1 zeolite (b) and TS-1 zeolites with Ti/Si ¼ 0.01 (c), 0.025 (d), an

© 2022 The Author(s). Published by the Royal Society of Chemistry
nuclei was the indispensable premise of the fast crystal
growth.38 By manipulating the evolution degree of amorphous
silica precursors, which could be mediated by the organic
structure directing agents in the zeolite synthesis gel, Rimer and
co-workers have achieved the regulation of classical and
nonclassical growth routes of silicalite-1 zeolite; the more
structurally developed the amorphous silica precursor is, the
more nonclassical processes are enhanced.44

Here, we have studied the putative crystallization processes
of an industrially relevant zeolite TS-1. In this case, it is foreseen
that controlling the crystallization may control Ti incorporation
and distribution, so that zeolite TS-1 samples can have different
catalytic properties despite having the same composition and
morphological characteristics. We will show here that the
synthesis of TS-1 involves intertwined classical and nonclassical
mechanisms. The switch of the predominant crystallization
mode of TS-1 zeolite from the addition of monomers to the
attachment of nanoparticle precursors can be achieved by
controlling the crystallization kinetics, which is done by delib-
erately controlling the evolution rate of the titanosilicate
precursors during synthesis (Fig. 1a). Furthermore, we will show
the strong impact of the crystal growth mechanism on the
stabilization of key catalytic intermediates and nally, its
inuence on the catalytic activity of TS-1 for epoxidation of
olens (1-hexene, 2-methyl-2-butene, and cyclohexene) and
oxidation of 4,6-dimethyldibenzothiophene. This work
demonstrates a facile crystallization pathway regulated route for
controlling the structures of active sites in zeolite catalysts to
optimize catalytic performance.
olite through classical and nonclassical processes (a). TEM images of
d 0.035 (e) in the synthesis gel.

Chem. Sci., 2022, 13, 10868–10877 | 10869
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Results and discussion

As shown in Fig. 1b, the transmission electron microscopy
(TEM) image of the silicalite-1 (S-1) zeolite, synthesized by using
tetraethyl orthosilicate (TEOS) as the Si source and tetrapropy-
lammonium hydroxide (TPAOH) as the organic template with
a molar composition of 1.0SiO2 : 0.2TPAOH : 10H2O under
hydrothermal conditions at 170 �C for 24 h, presents a single
particle coffin-shaped morphology with smooth crystal
surfaces, suggesting that the classical crystallization pathway is
the dominant crystallization route. It is notable that with the
introduction of Ti atoms (with tetrabutyl orthotitanate (TBOT)
as the Ti source (Ti/Si ratios of 0.01, 0.025, and 0.035 in the
synthesis gel)), the obtained TS-1 zeolites consist of highly
aggregated small nanocrystals with a rough crystal surface
(Fig. 1c–e), showing that the nonclassical growth pathway has
prevailed. Themore Ti atoms are incorporated, the more loosely
the particles are aggregated. X-ray diffraction (XRD) patterns
reveal that all the prepared S-1 and TS-1 zeolites have MFI
structures and high crystallinity, without detectable impurities
or residual amorphous raw materials (Fig. S2†). N2 adsorption–
desorption results indicate that with the incorporation of Ti and
the increase of Ti amount in the synthesis gel (from Ti/Si ¼ 0 to
Ti/Si ¼ 0.035), the external surface area and the mesoporous
volume increase from 137 m2 g�1 and 0.23 cm3 g�1 to 203 m2

g�1 and 0.29 cm3 g�1 (Fig. S3 and Table S1,† see also the TEM
results for crystal size and shape).

To further investigate the role of Ti in guiding the zeolite
crystallization pathways, we have also used tetraethyl orthoti-
tanate (TEOT) and tetra-2-ethylhexyl orthotitanate (TEHOT) as
the Ti source to prepare TS-1 zeolites (with the gel composition
of 1.0SiO2 : 0.025TiO2 : 0.2TPAOH : 10H2O, at 170 �C for 24 h);
Fig. 2 TEM images of TS-1-TEOT (a), TS-1-TBOT (b), and TS-1-TEHOT
(c). AFM images of TS-1-TEOT (d), TS-1-TBOT (TS-1-TBOT-10) (e), and
TS-1-TEHOT (f). DLS curves of the growth solution suspensions of TS-
1-TEOT, TS-1-TBOT, and TS-1-TEHOT, with the synthesis gel
composition of 1.0SiO2 : 0.025TiO2 : 0.2TPAOH : 10H2O, before
crystallization (g) and after crystallization for 1 h (h), and the average
hydrodynamic diameter changes, showing the increase percentage of
the evolved Ti-nanoparticles (i).

10870 | Chem. Sci., 2022, 13, 10868–10877
the prepared TS-1 zeolite samples are named TS-1-TEOT and TS-
1-TEHOT, respectively. XRD patterns conrm that the obtained
samples have an MFI structure (Fig. S4†). TEM images of TS-1-
TEOT (Fig. 2a), TS-1-TEHOT (Fig. 2c), and TS-1-TBOT (Fig. 1d
and 2b, prepared by using TBOT as the Ti source and with the
same amount of Ti as TS-1-TEOT and TS-1-TBOT) suggest that
the TS-1-TEOT and TS-1-TBOT samples are composed of a larger
number of smaller nanoparticles and have rougher crystal
surfaces than the TS-1-TEHOT sample. It is noteworthy that the
particle size of TS-1-TEHOT is smaller than that of TS-1-TEOT
and TS-1-TBOT (prepared with TBOT as the Ti source with Ti/
Si ¼ 0.025), which could be related to the steric hindrance
caused by the long alkyl group of iso-octanol from TEHOT,
affecting the crystal growth to some extent. The zeolite crystal
morphology of TS-1-TEOT, TS-1-TBOT, and TS-1-TEHOT
samples suggests that the nonclassical crystallization mecha-
nism affects the former two samples more than the last one, as
also conrmed by the atomic force microscopy (AFM) images
(Fig. 2d–f).

In particular, the different titanium sources used in the three
synthesis systems exhibit different hydrolysis rates (TEOT >
TBOT > TEHOT),47,48 and dynamic light scattering (DLS) was
used to monitor the evolution process of the TS-1 zeolite
precursors with TEOT, TBOT, and TEHOT as the Ti source; the
particle size of the titanosilicate precursors extracted from
growth solutions could give information on the evolution
process of the soluble monomer and/or oligomer species of
silicon, titanium, and titanosilicate. Aer the hydrolysis of all
the raw materials, the average hydrodynamic diameters of the
TS-1-TEOT, TS-1-TBOT, and TS-1-TEHOT precursors are nearly
4.2, 4.2, and 5.6 nm, respectively (Fig. 2g); aer incubation at
170 �C for 1 h, the three synthesis systems remain water clear,
but the precursor particle sizes increase to �5.6, 6.5, and
10.1 nm, respectively (Fig. 2h and S5–S7†). To eliminate the
inuence of the alkyl group length and conguration of the
different Ti sources, we calculated the increase percentage of
the evolved Ti-nanoparticles which could indicate the change in
the microstructure (Fig. 2i).

By evaluating the percentage increase of the nanoparticle
size, it may be possible to obtain some insights on the effects of
the Ti source on the evolution of the titanosilicate precursors.
TEOT and TBOT, which induce the nonclassical crystallization
route, yield a size increase percentage of the titanosilicate
precursor of 34% and 55%, respectively; while TEHOT, which
intertwines more the classical crystallization route with the
nonclassical crystallization pathway, yields a nanoparticle size
increase percentage of 80%, which is much higher than that of
TEOT and TBOT. Next, we also tracked the growth process of the
TS-1 zeolite crystals at different crystallization times. The
photographs (Fig. S5–S7†) and XRD patterns (Fig. S8–S10†)
reveal that the TS-1 zeolite crystals prepared using TEOT and
TBOT can be obtained when crystallized for 2 h at 170 �C, while
TEHOT slows down the appearance of TS-1 crystals to 3 h. Based
on the above observed results, we can conclude that the faster
the hydrolysis rate of the Ti sources, the shorter the induction
period during the zeolite crystallization process, and hence the
faster the zeolite crystal formation. In addition, the TEM images
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 TEM images of TS-1-TBOT-20-24h (a), TS-1-TBOT-40-4h (b),
and TS-1-TBOT-40-24h (c). AFM images of TS-1-TBOT-20-24h (d),
TS-1-TBOT-40-4h (e), and TS-1-TBOT-40-24h (f). DLS curves of the
growth solution suspensions of TS-1-TBOT-10, TS-1-TBOT-20, and
TS-1-TBOT-40, with the synthesis gel composition of 1.0SiO2-
: 0.025TBOT : 0.2TPAOH : 10–40H2O, before crystallization (g) and
after crystallization for 1 h (h), and the average hydrodynamic diameter
changes, showing the increase percentage of the evolved Ti-nano-
particles (i).
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of TS-1-TEOT-2h, TS-1-TBOT-2h, and the TS-1-TEHOT-3h indi-
cate that the smaller titanosilicate precursors formed through
the fast hydrolysis of the Ti sources (TEOT and TBOT in this
case) tend to build zeolite crystals with relatively loose struc-
tures (Fig. S11†). In the TEOT and TBOT synthesis systems, the
dominant particle size distributions are smaller than that in the
TEHOT case, but extend to diameters largely exceeding the one
observed in the TEHOT case, indicating that the precursors in
the former two synthesis systems may be at higher degrees of
derivatization, that is, more regulated zeolite framework struc-
tures can be developed. In the case of TEHOT, the slower crys-
tallization process can be ascribed to two factors: (1) the
nanoparticles are less ordered in the system; (2) the hydrolysed
product, iso-octanol, may be adsorbed on the surface of the
zeolite nucleus or particles, inhibiting the attachment of olig-
omers or atoms.

It is notable that hydrolysed organics (such as butanol from
TBOT and iso-octanol from TEHOT) could be adsorbed on the
nanoparticle/crystal surfaces, which may have an impact on the
microstructure of the titanosilicate precursor formed in the
induction period of the zeolite crystallization process (i.e., on
nucleation) and on the subsequent crystallization process,
respectively. We synthesized TS-1 zeolite by using TEOT as the
Ti source in the presence of additional butanol or iso-octanol
(the hydrolysis product of TBOT or TEHOT, respectively). The
photograph of TS-1-TEOT-iso-octanol zeolite crystallized at
170 �C for 1 h and 2 h (Fig. S12†) showed that solid products
emerged at the crystallization time of 2 h, and the XRD pattern
indicated the formation of an MFI zeolite structure (Fig. S13†),
which was similar to the pure TEOT synthesis system (zeolite
solid products rst appear at 2 h of crystallization) and superior
to the TEHOT synthesis system (zeolite solid products rst
appear at 3 h of crystallization), indicating that the zeolite
precursor nanoparticles evolved in the TEOT synthesis system
might exhibit more ordered microstructures, that is, the
adsorption of iso-octanol had little effect on the nucleation
process. The scanning electron microscopy (SEM) and TEM
images of the obtained zeolite product suggest that the pres-
ence of additional butanol or iso-octanol could signicantly
change the morphology and reduce the particle size of the
nally obtained zeolite crystals (Fig. S14 and S15†). In the
synthesis system with TEOT only, the obtained zeolite particles
are composed of a larger number of smaller nanoparticles,
exhibiting rough crystal surfaces and the particle size concen-
trated around 250 nm. The addition of butanol or iso-octanol to
the synthesis gel could reduce the particle size (�150 nm in
both cases of butanol and iso-octanol), but the zeolite particles
are still composed of many small nanoparticles, with smoother
surfaces in comparison to the pure TEOT sample (Fig. S15†).
The above mentioned results suggest that the adsorbed organic
molecules could tailor the crystal morphology and slightly
regulate the zeolite growth pathway.

Based on the aforementioned results, we can speculate that
although the titanosilicate precursors grow slower in size in the
TEOT and TBOT synthesis systems, the evolved nanoparticles
may exhibit more ordered structures than those in the TEHOT
synthesis system, thus leading to faster crystallization
© 2022 The Author(s). Published by the Royal Society of Chemistry
processes. Although the hydrolysed molecules, such as butanol
and iso-octanol, had some effect on tailoring the crystal
morphology, they had little effect on the nucleation process.
Moreover, the evolved nanoparticles with more ordered struc-
tures may have lower barriers to the attachment to crystals,
facilitating the nonclassical crystallization processes, which is
in accordance with the characteristic differences in the crystal
morphology (Fig. 1 and 2).23,44

It is widely accepted that the concentration of alkali in the
zeolite synthesis gel can dramatically inuence the hydrolysis
rate of TEOS and TBOT, and hence we adjusted the H2O/SiO2

ratio in the synthesis gel from 10 to 20 and 40 (with molar
compositions of 1.0SiO2 : 0.025TiO2 : 0.2TPAOH : xH2O (x¼ 10,
20, and 40) and crystallized under hydrothermal conditions at
170 �C for 24 h; the obtained samples are identied as TS-1-
TBOT-x, where x represents the H2O/SiO2 ratio in the synthesis
gel). As shown in Fig. 3, TEM analyses indicate that the reduc-
tion of the H2O/SiO2 ratio decreases the crystal sizes (TS-1-
TBOT-40, �500 nm, TS-1-TBOT-20, �350 nm, and TS-1-TBOT-
10,�230 nm) and enriches themesoporosity of the obtained TS-
1 zeolite samples. TS-1-TBOT-10, prepared in a system with
rapid hydrolysis of TEOS and TBOT, exhibits a morphology of
nanoparticle aggregation with a rough crystal surface, suggest-
ing that the nonclassical crystallization mechanism dominates
the crystallization process (Fig. 1d); when the H2O/SiO2 ratio
increases to 20 or 40, the hydrolysis rate of the raw materials
decreases and the crystal surface of the obtained zeolite
samples becomes smoother, illustrating that the classical
growth pathway leads the crystallization process in this case
(Fig. 3). AFM images of TS-1-TBOT-10, TS-1-TBOT-20, and TS-1-
Chem. Sci., 2022, 13, 10868–10877 | 10871
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Fig. 4 TEM images of TS-1-TBOT zeolites crystallized for different
crystallization times. (a) 2 h; (b) 6 h; (c) 9 h; (d) 12 h; (e) 24 h. The inset in
(a) is the FFT pattern of the area enclosed by the yellow dotted line.
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TBOT-40 depict a substantial difference in morphology and
surface structures, further conrming the different choices of
main crystallization mechanisms in different synthesis systems
(Fig. 2e and 3d–f). It is worth mentioning that the initial solid
zeolite product that appeared during the crystallization process
of the TS-1-TBOT-40 synthesis system, TS-1-TBOT-40-4h,
displays a rough surface and a morphology of small particle
aggregation; as the crystallization process progresses, the
crystal surfaces become smoother, indicating that both
nonclassical and classical mechanisms could contribute to the
crystallization behaviour (Fig. 3b, c, e and f).

DLS reveals that before crystallization, the particle sizes of
the titanosilicate precursors in the growth solutions of TS-1-
TBOT-10, TS-1-TBOT-20, and TS-1-TBOT-40 are all nearly
4.2 nm while aer crystallization for 1 h, the average hydrody-
namic diameters increase to 6.5, 8.7, and 10.1 nm, respectively
(Fig. 3g and h). In the concentrated alkaline synthesis system
(1.0SiO2 : 0.025TiO2 : 0.2TPAOH : 10H2O), the increase in
percentage of the titanosilicate precursor was 55%; upon
decreasing the alkali concentration, the particle increase
percent increased by 108% (1.0SiO2 : 0.025TiO2-
: 0.2TPAOH : 20H2O) and 141% (1.0SiO2 : 0.025TiO2-
: 0.2TPAOH : 40H2O). The growth processes of these TS-1
zeolites were also investigated. TS-1 zeolite crystals can be ob-
tained at 2 h of crystallization in the cases of TS-1-TBOT-10 and
TS-1-TBOT-20, while in the TS-1-TBOT-40 synthesis system, the
crystal formation time was prolonged to 4 h (Fig. S6, S9, and
S16–S19†). The faster crystallization behaviour in the high
alkaline concentration synthesis system indicates that although
the growth of the titanosilicate precursor size is slower, the
formed particles may exhibit much more ordered structures
than those developed in a low alkaline concentration growth
solution. Besides, compared to TS-1-TBOT-10-2h, which is
composed of loosely aggregated nanoparticles, TS-1-TBOT-40-
4h presents a denser aggregated particle morphology (Fig. 3b).
The structurally developed precursors not only ease the zeolite
crystallization process but also make the nonclassical crystalli-
zation dominate the crystallization process. Therefore, it can be
reasonably deduced that the evolution degree of the titanosili-
cate nucleus may determine the dominant crystallization
process between the nonclassical route and classical pathway.

TS-1-TBOT zeolite samples were prepared at different crys-
tallization times to assess the evolution of zeolite structures. We
can see that the textural porosities and the microporous surface
area measured from N2 adsorption–desorption measurements
increase and the external surface area decreases when the
crystallization time is prolonged from 2 h to 24 h, demon-
strating the growth process of the microporous structures in
zeolites (Fig. S20 and Table S1†). UV-visible spectra illustrate the
coordination states of titanium in these TS-1 zeolite samples
(Fig. S21†). The absorption bands at 210 nm and 260 nm are
ascribed to the tetra-coordinated Ti and hexa-coordinated Ti,
respectively.49,50 As can be seen, the amount of hexa-coordinated
Ti decreases when increasing the crystallization time, and for
the TS-1-TBOT-24h sample, a new absorption peak at 330 nm
appears which can be ascribed to the presence of anatase-like
species. The changes in Ti species provide information on the
10872 | Chem. Sci., 2022, 13, 10868–10877
evolution of the TS-1 zeolite microstructure and suggest that in
addition to Si atoms, Ti atoms also participate in the entire TS-1
zeolite crystallization process. As veried by inductively coupled
plasma-optical emission spectroscopy (ICP-OES), the Si/Ti
ratios of the TS-1 samples crystallized for 2 h, 9 h, and 24 h
are 63, 48, and 47, respectively, which indicates that the
attached Si and Ti atoms may come from both Ostwald ripening
and the hydrolysed raw materials.

TEM images show that the formed TS-1-TBOT zeolite crystal
has a nanoparticle aggregated morphology (Fig. S22†). The
high-resolution image shows that the nanoparticles in the ob-
tained zeolite crystal at 2 h is orientedly attached, and the fast
Fourier transform (FFT) image demonstrates some discrete
spots, suggesting the single crystalline nature of the crystals
(Fig. 4a). Particularly, Fig. 4a also reveals the direct titanosilicate
precursor attachment to the crystals, as highlighted by the red
marks in the image, exactly conrming the nonclassical growth
route, which is characterized by the addition of small particles
during the crystallization process of the crystal. This image also
presents the time-resolved intermediate stages of TS-1 crystal-
lization. The attached titanosilicate precursors marked as “1”
and indicated by red arrows in Fig. 4a are about 7 nm, and do
not show any crystal lattice fringe lines, indicating the absence
of long-range ordered zeolite framework structures; while the
larger part, named “2” and marked by a red polygon, shows
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (a and c) WURST QCPMG 17O NMR spectra of the TS-1 zeolites
obtained via classical (left) and nonclassical (right) pathways after
impregnation with aqueous hydrogen peroxide (1.6 M) for 15 min and
3 h; (b and d) deconvoluted reconstructed echo spectrum to deter-
mine the amount of each presented species (the individual quad-
rupolar line shapes were fitted on samples/time points with only one
species present).
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clear crystal lattice fringe lines, which presents an identical
crystal orientation with the bulky crystal particle, indicating the
existence of long-range ordered zeolite structures. Therefore,
the process of the early crystallization stage can be depicted as
the attachment of small precursor particles to the crystal
surfaces, which grow larger by the attachment of other nano-
particle precursors, and evolve into crystals with long-range
ordered zeolite structures through the solid-transformation
process.

When the crystallization time was prolonged from 2 h to
24 h, the zeolite particle size slightly increases from�190 nm to
�240 nm and the crystal surfaces become smoother, implying
that it is mainly the addition of Ti or Si monomers rather than
the attachment of precursor particles that occurs during this
ripening stage. In other words, the classical mechanism
(including the attachment of the Ti or Si monomers) directs the
late stage of the crystallization process. Therefore, the whole
crystallization process of TS-1-TBOT involves both the
nonclassical mechanism based on the attachment of precursor
nanoparticles and the classical route on the basis of Ti and Si
monomer addition. In addition, the selected area electron
diffraction (SAED) patterns of TS-1-TBOT-24h display discrete
spots, verifying the single-crystalline nature of the zeolite
sample (Fig. S23†).

The above experimental results suggest that the dominant
crystallization process of TS-1 zeolite can be adjusted by kinet-
ically regulating the evolution of nucleus structures (Fig. 1a).
With TEOT or TBOT as the Ti source or in a concentrated
alkaline synthesis system (e.g., H2O/SiO2 ¼ 10), the raw mate-
rials undergo a fast hydrolysis process, facilitating the forma-
tion of relatively small titanosilicate precursors with some
ordered zeolite structures. With the crystallization progressing,
these small nuclei attach and form loosely aggregated zeolite
nanoparticles, which are further developed by solid-state rear-
rangement and ripening through the addition of Ti and Si
monomers, and eventually evolve into crystals with mesoscopic
structures.

The whole crystallization process is dominated by the clas-
sical crystallization route with TEHOT as the Ti source or in
a low alkaline concentration synthesis system. In this case, the
raw materials experience a slow hydrolysis rate, leading to the
formation of titanosilicate precursors with less developed
ordered structures, and resulting in the formation of densely
aggregated zeolite nanoparticles. With the crystallization
process proceeding, these densely attached nanoparticles
nally grow into crystals with microporous structures, namely,
classical crystallization is the dominant pathway in this case.

The nucleation processes inuence the dominant crystalli-
zation mechanism of the TS-1 zeolite, but would it have some
effect on the structures and the dispersions of Ti species? It has
generally been accepted that the active Ti species in TS-1 zeolite
for the epoxidation of olens is mononuclear Ti, which activates
the oxidant, allowing the transfer of the oxygen atom to the
olen to form an olen oxide. However, recently, 17O solid-state
nuclear magnetic resonance spectroscopy in combination with
density functional theory (DFT) calculations has shown
evidence for the formation of a bridging peroxo species at
© 2022 The Author(s). Published by the Royal Society of Chemistry
dinuclear Ti sites, instead of isolated Ti(IV) sites, in TS-1 zeolite.
Such sites have been proposed to enable the low-energy epoxi-
dation of propylene.51 We have thus examined the TS-1 zeolites,
obtained through nonclassical and classical crystallization
pathways, by 17O solid-state nuclear magnetic resonance (NMR)
spectroscopy and studied the formation rate and stability of the
peroxo intermediates.

In order to probe peroxo formation rates, we rst established
a quantication protocol. Towards this goal, wideband,
uniform-rate and smooth-truncation pulse with quadrupolar-
CPMG (WURST QCPMG) experiments were performed and
subsequently the echo spectrum was reconstructed and then
deconvoluted into components associated with H2O, H2O2, and
peroxy species. To avoid overtting, we decided to t the
experimentally obtained spectrum of H2O, H2O2, and peroxo
individually using DM Fit.52 The initial guess for each compo-
nent was based on the previously DFT calculated NMR param-
eters51 and the relative intensity was optimized to converge to
a best t that provided the ratio of each species. Fig. 5a and
b show that hydrogen peroxide (the molar ratio between Ti and
H2O2 was xed at 1) is consumed immediately (within 15
minutes), when it comes into contact with TS-1 zeolite catalysts
constructed through the nonclassical crystallization mecha-
nism (TS-1-NC, prepared with TBOT, H2O/SiO2 ¼ 10, and crys-
tallized for 12 h at 170 �C, with a Si/Ti ratio equal to 46 as
measured by ICP-OES) and through the classical crystallization
mechanism (TS-1-C, prepared with TBOT, H2O/SiO2 ¼ 40, and
crystallized for 12 h at 170 �C, with a Si/Ti ratio equal to 47 as
measured by ICP-OES). The only signals observed are the ones
corresponding to the m2-bridging peroxo species and water. TS-
Chem. Sci., 2022, 13, 10868–10877 | 10873
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1-NC shows a slightly higher fraction of m2-bridging peroxo
species than TS-1-C (92% vs. 90%). Next, we also evaluated the
stability of the peroxo species formed in both catalysts by
recording the NMR spectra aer 3 h. In both cases, the peroxo
species were partially decomposed as evidenced by the presence
of a greater amount of 17O water, but TS-1-NC shows slightly
more stable peroxo species (84% vs. 80%) (Fig. 5c, d, and S24,
S25†). Overall, 17O solid-state NMR spectroscopy shows fast
formation of m2-bridging peroxo species regardless of the
preparation method, yet, points towards differences in the
stability of this key catalytic intermediate that could probably
lead to different catalytic performances.
Epoxidation of olens with H2O2

As the solid-state 17O NMR spectroscopy shows amore stable m2-
bridging peroxo species in TS-1-NC than in the TS-1-C zeolite
catalyst aer coming into contact with H2O2, we next evaluated
the catalytic performance in the epoxidation of olens with the
two catalysts, in which both the catalytic activity and the
epoxide selectivity were pursued. UV-vis spectra and UV-Raman
spectra of TS-1-NC and TS-1-C indicate that the former one has
slightly more hexa-coordinated Ti species than the latter (as
evidenced by the presence of absorption bands at 260 nm in the
UV-vis spectrum (Fig. 6a) and at 705 cm�1 in the UV-Raman
spectrum with an excitation wavelength of 266 nm laser line
(Fig. 6b)), and both are free of anatase species (the absence of
absorption bands at 330 nm in the UV-vis spectra and at 144,
390, 516, and 637 cm�1 in the UV-Raman spectra excited by
a 320 nm laser line (Fig. 6c)). STEM-energy-dispersive X-ray
Fig. 6 (a) UV-vis spectra, (b) UV-Raman spectra excited at 266 nm, and (c
catalysts. (d) Epoxidation of 1-hexene over TS-1-NC, TS-1-C, TS-1-NC-si
16 mmol; H2O2 (35 wt%), 4 mmol; methanol, 12 g; temp., 333 K, and 3 bar
1-NC and TS-1-C catalysts; reaction conditions: cat., 100 mg; olefin, 16 m
of N2. Arrhenius plots of the epoxidation of 1-hexene over (f) TS-1-NC
16 mmol; H2O2 (35 wt%), 4 mmol; methanol, 12 g, and 3 bar of N2.

10874 | Chem. Sci., 2022, 13, 10868–10877
spectrometry (EDX) analyses indicate that the titanium atoms
are distributed uniformly in both TS-1 zeolite catalysts
(Fig. S26†). The epoxidation of olens with different molecular
dimensions, shapes and intrinsic reactivity, such as 1-hexene, 2-
methyl-2-butene, and cyclohexene, was investigated with H2O2

as the primary oxidant, to elucidate the effect of the differences
in physical and chemical properties and the micro-
environments of the Ti in the catalyst structure on the cata-
lytic activity brought by the different zeolite crystallization
processes.

In the epoxidation of 1-hexene with H2O2 as the oxidant at
60 �C, the TS-1-NC catalyst gives 76.9% conversion of 1-hexene
(based on the maximum theoretical value) at 300 min, which is
only slightly higher than that of the classical mechanism-
dominated TS-1-C catalyst (73.7%) (Fig. 6d and Tables S2 and
S3†). However, in the initial stage of the reaction, for example, at
30 min of the reaction, the conversion of 1-hexene over the TS-1-
NC catalyst reaches 74.2%, which is signicantly higher than
that of the TS-1-C catalyst (48.7%), revealing the higher catalytic
activity of the TS-1-NC catalyst. TS-1-NC exhibits slightly higher
H2O2 efficiency and comparable epoxide selectivity in compar-
ison to TS-1-C (82.0 vs. 79.9%; 69.5 vs. 70.1%, respectively).

To further probe the catalytic performance difference
between the two catalysts that were obtained by predominantly
different crystallization mechanisms, we lowered the reaction
temperature to 50 �C and decreased the catalyst-to-1-hexene
ratio by a factor of three. TS-1-NC still shows higher initial
catalytic activity (39.4 vs. 33.8% at a reaction time of 30min), the
same or slightly higher H2O2 efficiency (75.3 vs. 73.5%), and
comparable epoxide selectivity (93.9 vs. 92.9%) in comparison
) UV-Raman spectra excited at 320 nm of TS-1-NC and TS-1-C zeolite
l, and TS-1-C-sil catalysts; reaction conditions: cat., 100 mg; 1-hexene,
of N2. (e) Epoxidation of 2-methyl-2-butene and cyclohexene over TS-
mol; H2O2 (35 wt%), 4 mmol; acetonitrile, 12 g; temp., 323 K, and 3 bar
and (g) TS-1-C catalysts; reaction conditions: cat., 33 mg; 1-hexene,

© 2022 The Author(s). Published by the Royal Society of Chemistry
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to TS-1-C (Tables S4 and S5†). Due to the low reaction temper-
ature and the low catalyst-to-feed ratio, glycol formation is
strongly reduced for the two TS-1 catalysts and the selectivity to
the epoxide is 93.9% for TS-1-NC and 92.9% for TS-1-C. In
addition, we silylated TS-1-NC and TS-1-C with dimethox-
ydimethylsilane to increase their hydrophobicity (the silylated
samples are named TS-1-NC-sil and TS-1-C-sil, respectively).
Fig. S27† shows that the silylation signicantly decreases the
number of –OH groups as measured by infrared spectroscopy
and inhibits the formation of glycol (Tables S6 and S7†).
Notably, the TS-1-NC-sil catalyst displays a similar initial cata-
lytic activity to TS-1-NC (conversion of 1-hexene at 30 min: 73.6
vs. 77.1%), which is still higher than that of TS-1-C (48.7%) and
TS-1-C-sil (48.1%), indicating that the amount of external sila-
nol groups does not play a signicant role in causing the
difference in catalytic activity for 1-hexene epoxidation
(Fig. 6d).53

From these results one would expect that the TS-1-NC sample
should have a lower activation energy for the olen epoxidation
reaction. Then, if we compare the apparent activation energy
values for epoxidation of 1-hexene on TS-1-NC (20.9 �
0.80 kJ mol�1) and TS-1-C (33.8 � 1.85 kJ mol�1), we can spec-
ulate that the TS-1 sample synthesized through the nonclassical
crystallization mechanism has a higher relative amount of
dinuclear Ti sites (Fig. 6f, g and S28†). Considering that the
solid-state 17O nuclear magnetic resonance spectroscopy of TS-
1-NC shows a slightly higher generation rate andmore stable m2-
bridging peroxo species than for the TS-1-C zeolite catalyst aer
coming into contact with H2O2, we can conclude that a fast
nucleation with the corresponding small nuclei, which facili-
tates the nonclassical crystallization mechanism, could favour
the formation of dinuclear Ti (Ti-pair) sites with respect to
isolated Ti(IV) sites. Nevertheless, this should be further inves-
tigated since the differences observed by the NMR technique are
very small.

To investigate the inuence of the different crystallization
mechanisms on the nucleation and the catalytic activity, we
took the titanosilicate zeolite precursors of TS-1-NC and TS-1-C,
which were obtained from crystallization at 170 �C for only 1 h,
as the seeds for further preparing TS-1 zeolites. The titanosili-
cate zeolite precursor seeds were XRD amorphous and exhibit
both tetra- and hexa-coordinated Ti species, as conrmed by the
UV-vis spectra (Fig. S29 and S30†). As shown in the Fourier
transform infrared spectra (FT-IR) in Fig. S31,† the two titano-
silicate zeolite precursor samples exhibit the absorption band at
550 cm�1, which is attributed to the stretching vibration of
double rings in theMFI structure, indicating that some ordered
structures have already formed during the 1 h incubation/
crystallization process of the two synthesis systems. The corre-
sponding TS-1 zeolites were named TS-1-NC-S and TS-1-C-S,
respectively. ICP-OES provides that the Si/Ti ratios of TS-1-NC-
S and TS-1-C-S are 332 and 346, respectively. XRD patterns
conrm the high crystallinity and the phase purity of the two
samples (Fig. S32†). TEM images indicate that TS-1-NC-S and
TS-1-C-S have a coffin-like morphology, exhibiting similar
crystal size and smooth crystal surfaces (Fig. S33†). UV-vis
spectra demonstrate that both the TS-1 zeolite samples mainly
© 2022 The Author(s). Published by the Royal Society of Chemistry
exhibit tetra-coordinated Ti species (Fig. S34†). The epoxidation
of 1-hexene was also evaluated over these two TS-1 catalysts to
give some indication of their Ti site structures. TS-1-NC-S
demonstrated higher catalytic activity than the TS-1-C-S
sample, suggesting that the former may possess more dinu-
clear Ti sites (Tables S8 and S9†). It is then of interest to further
investigate if the relative amounts of mono and dinuclear Ti
sites can be changed when changing the crystallization
mechanism.

Finally, we also studied here the impact of the crystallization
mechanism on the textural properties and the reactivity of the
nal samples obtained (Table S1†). Besides the nature and
concentration of active sites, the textural properties of the
catalyst can also inuence reactivity when the size of the reac-
tant approaches or even surpasses the diameter of the zeolite
pores. Indeed, the TS-1 sample synthesized through the
nonclassical crystallization mechanism (see Fig. 1a) shows
a higher external surface area and mesoporosity than the
sample synthesized through the classical mechanism (Table
S1†). The differences should yield a higher activity for the
former when reacting with larger molecules, which exhibit
diffusional limitations within the pores and will react at the
external surface or the pore mouth of the zeolite crystals.

To further assess the inuence of the textural properties on
catalytic performance, achieved by controlling the crystalliza-
tion mechanism, we also studied the epoxidation of 2-methyl-2-
butene and cyclohexene, which have strong diffusional limita-
tions through the channels of MFI structures and can only be
converted by the Ti active sites located at the crystal surfaces
and at the pore mouth of the channels. As expected, the initial
rate of the reaction, measured as the conversion of the
maximum attainable, divided by reaction time at 30 minutes, is
more than three times larger (Fig. 6e and Tables S10–S13†) for
the TS-1-NC sample, synthesized through the nonclassical
crystallization mechanism than for TS-1-C, synthesized through
the classical mechanism, as a consequence of the hierarchical
structure and the higher mesoporous surface area of TS-1-NC
(Table S1†).
Oxidative desulfurization (ODS)

Oxidation of the bulky organosulfur molecule 4,6-dimethyldi-
benzothiophene (4,6-DMDBT) was performed to evaluate the
catalytic activity of the TS-1 catalysts.54–57 TS-1-NC, which is
mainly constructed through the nonclassical crystallization
route, demonstrates signicantly superior catalytic activity
compared to TS-1-C, which is crystallized through the classical
mechanism (Fig. S35†). Considering that the two catalysts
exhibit similar Ti content (from ICP-OES) and Ti coordination
(from solid UV-vis spectra), the large difference in catalytic
activity indicates that the TS-1 zeolite crystallized with the
nonclassical mechanism as the dominant pathway exhibits
a hierarchical structure and is better adapted to convert bulky
molecules with dimensions larger than the zeolite micropores.
Signicantly, the TS-1-NC zeolite catalyst exhibits good recy-
cling stability during the oxidation of 4,6-DMDBT; the conver-
sion of 4,6-DMDBT is still as high as 90% aer 10 cycles
Chem. Sci., 2022, 13, 10868–10877 | 10875
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(Fig. S35†). XRD, TEM, and UV-vis spectroscopy imply that the
zeolite framework structure and the Ti microstructure are well
preserved (Fig. S36 and S37†). The above mentioned catalytic
results show the strong impact of the crystal growthmechanism
on the distribution of Ti atoms, the textural properties, and the
corresponding catalytic activities.

Conclusions

In summary, the dominant crystallization mode of TS-1 zeolite
could be switched between the nonclassical route and classical
pathway by regulating the kinetic process of crystal nucleation.
The crystallization of TS-1 via the attachment of titanosilicate
precursor particles could be achieved by improving the hydro-
lysis rate of the raw materials, that is, by accelerating the
nucleation process. The promoted nucleation process facilitates
the formation of nuclei with more ordered zeolite structures,
thus making the nonclassical mechanism guide the crystalli-
zation process. The obtained TS-1 zeolite catalyst with the
nonclassical route as the predominant mechanism is of single
crystalline nature, yields more stable bridging peroxo species
upon reaction with H2O2, and exhibits higher external surface
area. Finally, it is possible by controlling the crystallization
mechanism during the synthesis of TS-1 to improve the catalytic
activity, as shown here for the olen epoxidation and ODS, and
may provide some guidance for further optimization of other
heteroatom-containing zeolite catalysts (such as Al, B, Sn, etc.).

Data availability

All data associated with this article have been included in the
main text and ESI.†

Author contributions

A. C. and J. Y. conceived the project and directed the study. R. B.
carried out the synthesis and characterization of the zeolite
materials. L. L. and C. C. carried out the WURST QCPMG 17O
NMR measurements and the simulations. Y. S. helped in some
characterization studies. Y. Z. conducted the adsorption anal-
yses. Z. F. performed the UV-Raman spectroscopy measure-
ments. R. B. wrote the original dra, with further revisions by A.
C. and J. Y. All the authors discussed the results and contributed
to manuscript editing.

Conflicts of interest

The authors declare no conict of interest.

Acknowledgements

The authors thank the National Key Research and Development
Program of China (grant 2021YFA1501202), the National
Natural Science Foundation of China (grant 21920102005,
21835002 and 21621001), the 111 Project (B17020), the Euro-
pean Union through the European Research Council (grant
ERC-AdG-2014-671093, SynCatMatch), and the Spanish
10876 | Chem. Sci., 2022, 13, 10868–10877
Government through “Severo Ochoa” (SEV-2016-0683,
MINECO) for supporting this work. L. L. thanks the Scholar-
ship Fund of the Swiss Chemical Industry (SSCI) for funding.
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