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In this study, layered JDF-L1 zeolites with Si/Ti ratios down to 2.0
were in situ synthesized by using transition metal dichalcogenides
as metal precursors. Employment of layered TiS, as metal
precursors led to an unprecedented wide range of Si/Ti ratios and
effective suppression of the formation of a TiO, impurity phase.

Relying on the presence of versatile Ti species within the
framework, titanosilicate zeolites have gained widespread
attention in the fields of catalysis, adsorption, separation and
ion exchange." Facile control of contents, locations and
coordination states of Ti species represents one of the most
significant challenges for titanosilicate zeolite synthesis,
which requires stringent control over the nucleation and
growth kinetics.> At present, manipulation of the
microstructure and chemical composition (i.e., Si/Ti ratio) of
titanosilicate zeolites is still based on trial-and-error, owing to
the fast hydrolysis of commonly used titanium precursors
(such as TPOT, TBOT or TiCl,)."* In addition, since common
titanium precursors are vulnerable to water vapour even upon
transient exposure to air, their storage, transportation and
utilization conditions must be accurately controlled to
prevent the formation of any undesired by-products (like
TiO,) and the incorporation of extra-framework Ti species
into the framework.

The use of moisture/water stable titanium precursors
represents an effective approach to overcome the above
challenges.> Heterometallic single-source precursors have
been employed to form mesophases. This approach not only
afforded desired compositions in preparation of mesoporous
nanocrystals but also effectively alleviated undesired metal
segregation.® It was therefore anticipated that the slow
hydrolysis rate of titanium precursors under hydrothermal
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conditions enabled us to precisely tailor the nucleation and
growth kinetics so that their microstructures and chemical
compositions could be accurately controlled; in addition, the
formation of impurity phases may be effectively suppressed.
In this regard, TiO, has been considered as a potential
candidate for water stable titanium precursors which,
however, is still far from maturity.*>*” For instance, Xin et al.
successfully prepared TS-1 zeolites with TiO, precursors;
nevertheless, a complicated pretreatment process was
required to prevent the formation of extra-framework Ti
species.® Recently Ti-CHA zeolites were synthesized from
TiO, precursors which, however, could not be completely
converted even under harsh hydrothermal conditions.’
Therefore, facile preparation of qualified titanosilicate
zeolites from moisture/water stable titanium precursors
remained a great challenge.

In recent decades transition metal dichalcogenides
(TMDCs) as emerging two-dimensional layered materials have
attracted tremendous attention.® Our recent research
indicated that TMDCs could serve as competent metal
sources for metal organic frameworks (MOFs), owing to their
outstanding air/moisture stability, unique layered structure
and decent M-X bonding strength.” The competence of
TMDCs as metal precursors for zeolites (like titanosilicate
zeolites), however, has not been explored so far. In
comparison with Ti-MOFs, synthesis of qualified
titanosilicate zeolites requires not only uniform distribution
of Ti species within the framework, but also effective
suppression of the formation of undesired impurity phases.
In addition, both their microstructures and chemical
compositions should be facilely adjusted.

JDF-L1 zeolites as a representative of titanosilicate zeolites
consist of unique TiOs square pyramids, each of which is
linked to SiO, tetrahedra forming continuous sheets.® JDF-L1
zeolites possess a typical layered structure with an in-plane
pore size of ~3 A, making them promising candidates for H,
selective adsorbents or membranes.’ In this study, we
reported facile hydrothermal synthesis of JDF-L1 zeolites by
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employing layered TiS, as a titanium precursor and a related
mechanism associated with the formation of JDF-L1 zeolites
was hypothesized (Scheme 1). It was noted that the prepared
JDF-L1 zeolites exhibited a record-breaking framework Ti
content (Si/Ti ratio down to 2.0); moreover, besides JDF-L1
zeolites, diverse titanosilicate zeolites (like ETS-4) could be
facilely prepared from layered TiS, precursors therefore
demonstrating the great potential of TMDCs as precursors
for transition-metal containing zeolites.

Layered TiS,-derived JDF-L1 zeolites were prepared by
facile hydrothermal growth using a precursor solution with a
molar composition of 4.5Na,0:5.5 SiO,:TiO,:258 H,O
(detailed experimental procedures are presented in SI-1,
ESIt). The whole reaction can be expressed as eqn (1):

TiS, + Si0, + Na,O + H,0 — Na,Ti,Sig0,,-4H,0 + H,S 1 (1)
TiSz + Hzo - Ti02 + HZS T (2)

It was noted that accompanied with the formation of JDF-
L1 zeolites, other undesired side products (like TiO,) may
also be generated under hydrothermal conditions (eqn (2),
details are shown in the ESIt). Nevertheless, as will be shown
below, the formation of a TiO, impurity phase could be
effectively avoided when layered TiS, is employed as a
titanilum  precursor.  Moreover, spontaneous  phase
segregation of H,S from the aqueous reaction medium
favored the complete conversion of layered TiS, precursors.

As shown in the XRD patterns (Fig. 1a), diffraction peaks
derived from products matched well with those reported in
the literature,® therefore indicating that obtained products
indeed belonged to pure JDF-L1 phase. The SEM image
further indicated that square plate-shaped JDF-L1 crystals
with grain sizes ranging from 5 to 10 pm tended to stack
together along the largest facets (Fig. 1b). In addition,
prepared JDF-L1 zeolites exhibited type II isotherms with low
N, adsorption capacity since their pore size was too small to
allow the entrance of N, molecules (ca. 3 A, Fig. 1¢).'® As a
result, the BET surface area and pore volume were calculated
to be only 14.32 m* g™* and 0.0570 cm® g™, respectively. As
indicated in the UV-vis spectrum (Fig. 1d), prepared JDF-L1
crystals exhibited an absorption peak around 230 nm,
which could be assigned to five-coordinated Ti species,
which was unique for JDF-L1 zeolites.** Simultaneously,
characteristic ~ diffraction peaks derived from hexa-
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Scheme 1 Synthesis of JDF-L1 titanosilicate zeolites from layered TiS;
(left: blue, Ti atoms; yellow, S atoms; right: grey, TiOs square pyramids;
dark green, SiO, tetrahedra; green, Na* ions; HO molecules have
been omitted for clarity).
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Fig. 1 (a) XRD patterns, (b) SEM image, (c) N, adsorption/desorption
isotherms and (d) DR UV-vis spectrum of JDF-L1 titanosilicate zeolites
obtained at 200 °C (inset: five-coordinate Ti species of JDF-L1
zeolites).

coordinated Ti (270 nm) or anatase (330 nm) could not be
discerned,"’ suggesting that Ti species have been fully
incorporated into the framework. The five-coordination site
for Ti species could be further identified by FT-IR
spectroscopy (Fig. Sla, ESIf)."> TGA results indicated that
prepared JDF-L1 crystals maintained a negligible weight loss
up to 780 °C under atmospheric conditions (Fig. S1b, ESIY)
therefore indicating a high thermal stability. In addition, no
distinct changes in crystallinity and morphology were
observed for JDF-L1 zeolites even under harsh alkaline
conditions, which was quite advantageous for their practical
applications (Fig. S2, ESIf).

In the next step, the structural evolution process of JDF-L1
zeolites under hydrothermal conditions was systematically
investigated. Pristine layered TiS, exhibited a typical sheet-
like morphology (Fig. 2a, 3a and S3, ESIf). Upon
hydrothermal crystallization for only 1 h, diffraction peaks
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Fig. 2 XRD patterns of JDF-L1 zeolites obtained at 200 °C at different

crystallization times: (@) 0 h - TiS,, (b) 1 h, (c) 8 h, (d) 18 h, (e) 24 h, (f)
36 h, (g) 48 hand (h) 72 h.
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Fig. 3 SEM images of JDF-L1 titanosilicate zeolites obtained at 200 °C
at different crystallization times: (a) 0 h - TiS2, (b) 1 h, (c) 8 h, (d) 18 h,
(e) 24 h, (f) 36 h, (g) 48 h and (h) 72 h.

derived from layered TiS, disappeared implying that it had
been completely amorphized (Fig. 2b); simultaneously, the
obtained solid products exhibited an irregular morphology,
which was in accordance with their amorphous nature
(Fig. 3b, S4 and S5, ESIf). Element analysis results indicated
that the Si/Ti ratio reached 2.2 while the sulfur content
decreased significantly (Fig. S6 and S7, ESIt). Simultaneously,
the pH value also decreased since a substantial amount of
OH™ anions had been consumed accompanying with rapid
dissolution of solid precursors (Table S2, ESIf).
Simultaneously, new bands appearing at 230 nm and 275 nm
in the UV-vis absorption spectra could be assigned to the
dehydrated Ti in the hydrophilic silica surface’ and
incipient oligomerization Ti species (Fig. S8, ESIf)."* These
results indicated the fast hydrolysis rates of layered TiS,
precursors and gradual attachment of SiO, gels to the surface
of layered TiS, precursors. After hydrothermal treatment for 8
h, the grain size of solid products became uniform (Fig. 3c)
despite still being amorphous. Further prolonging the
crystallization duration to 18 h led to the generation of weak
diffraction peaks (25.7°) derived from JDF-L1 zeolites,
implying that the nucleation of the JDF-L1 phase had
occurred (Fig. 2d). SEM images further demonstrated that
plate-like JDF-L1 nuclei had been generated and
assembled into 2 pm-sized flower-like aggregates sparsely
distributed on amorphous intermediates (Fig. 3d).
Simultaneously, as shown by FT-IR, the appearance of a new
band at 675 cm™', which could be assigned to symmetric
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stretching vibrations of tetrahedral SiO, units,*”'* also
suggested the formation of JDF-L1 nuclei (Fig. S9,
ESIY). Further prolonging the crystallization duration to 24 h
led to the generation of a large amount of JDF-L1 crystals
with a larger grain size (ca. 10 um, Fig. 2e and 3e). During
the time interval, the pH value slowly increased due to the
gradual release of OH™ anions in the process of
rearrangement of intermediate precursors (Table S2, ESI}).
After hydrothermal treatment for 36 h, majority of
amorphous gels had been converted to JDF-L1 zeolites with
not only a larger grain size but also a well-developed
morphology (Fig. 3f); nevertheless, a substantial amorphous
phase still existed (Fig. S10, ESIf). The FT-IR spectra
indicated that several characteristic bands associated with
JDF-L1 zeolites appeared simultaneously (Fig. S9, ESI}).
These results revealed that well-crystallized JDF-L1 zeolites
had been formed. To quantify the phase change from
amorphous precursors to crystalline JDF-L1 crystals, the
relative crystallinity of JDF-L1 zeolites at different
crystallization times was calculated. Fig. 4 shows that all the
obtained solid precipitates exhibited low relative crystallinity
in an early stage (0-2.8%). After hydrothermal reaction for 36
h, the relative crystallinity sharply increased to 39.7% which
clearly indicated an abrupt phase change from amorphous
precursors to crystalline JDF-L1 zeolites. Further prolonging
the crystallization time to 72 h led to complete conversion of
amorphous gels to JDF-L1 zeolites as was confirmed by XRD,
SEM, FT-IR and relative crystallinity results (Fig. 2g and h,
3g and h, 4 and S4-S9, ESIt). In addition, the appearance of
a new band located at 230 nm in the UV-vis spectra could be
assigned to five-coordinated Ti species of JDF-L1 zeolites,
while the absence of a band located at 330 nm further ruled
out the formation of other impurity phases like TiO, (Fig. S8,
ESIf)."

The above experimental data inspired us to postulate a
JDF-L1 zeolite formation mechanism. At an early stage,
layered TiS, precursors were quickly amorphized upon
nucleophilic attack and their surface was covered with SiO,
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Fig. 4 Dependence of JDF-L1 zeolite relative crystallinity on
crystallization time (relative crystallinity is based on the peak intensity in
simulated XRD patterns, and the relative crystallinity of fully crystallized
JDF-L1 zeolites synthesized at 200 °C for 72 h is designated as 100%).
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gels. Consequently, nutrients located in amorphous gels were
rearranged and then wuniformly distributed under
hydrothermal conditions. In the next step, JDF-L1 zeolites
preferentially nucleated on the surface of solid amorphous
gels since the concentration of nutrients at the solution-
amorphous solid interface was the highest. Finally, JDF-L1
nuclei gradually grew larger, began to merge with each other
and finally converted to well-developed JDF-L1 zeolites along
with unceasing consumption of amorphous gel nutrients.
Possessing a wide range of Si/Ti ratios represents a critical
issue for titanosilicate zeolites. In this study, Si/Ti ratios in
both initial gels and corresponding JDF-L1 zeolites were
measured. Our research indicated that prepared JDF-L1
zeolites maintained high phase purity and crystallinity within
a broad range of Si/Ti ratios as was indicated in PXRD
patterns (Fig. 5) and FT-IR spectra (Fig. S11, ESIt). Moreover,
it was noted that the Si/Ti ratios of JDF-L1 zeolites increased
with increasing Si/Ti ratios in initial gels firstly, reached a
maximum value, and then decreased when the Si/Ti ratios in
initial gels exceeded 6.0 (Table S3, ESIf). In particular, pure
Ti-rich JDF-L1 zeolites with a Si/Ti ratio as low as 2.0 could
be easily synthesized (Fig. 6). To the best of our knowledge,
this represents the highest content of framework titanium
compared with those of any JDF-L1 titanosilicate zeolites
reported to date.®'*'? It is anticipated that increasing the Ti
content in the zeolite framework will enable further

Intensity (a.u.)
=y

20 (degree)

Fig. 5 XRD patterns of JDF-L1 zeolites obtained with various Si/Ti gel
ratios: (a) 10.0, (b) 8.0, (c) 6.0, (d) 5.5, (e) 5.0, (f) 4.0, (g) 3.0, (h) 2.5, (i)
2.0 and (j) 1.5, respectively.
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Fig. 6 Si/Ti molar ratios for JDF-L1 zeolites obtained at 200 °C with
different initial gels (measured by ICP) and comparison with other
JDF-L1 titanosilicate zeolites (the results are obtained from different Ti
sources: a-c, TiCls precursors;®” d-k, Ti(SO4)» precursors®10-12),

enhancement of its stability and application performance,
which is currently underway. In addition, it is interesting to
note that although further decreasing Si/Ti ratios in initial
gels (<2.5) inevitably led to the generation of an amorphous
Ti-rich phase along with the formation of JDF-L1 zeolites, the
generation of an undesired TiO, impurity phase was still
effectively avoided, even though the reaction was
thermodynamically favored (eqn (2), Fig. S12, ESIf). This
represents an obvious advantage over the use of other
common titanium precursors like TPOT and TiCl,.

To further verify the generality of this approach, herein we
tried to prepare other titanosilicate zeolites like ETS-4 by
using layered TiS, as a titanium precursor under
hydrothermal conditions. As shown in Fig. 7, both the XRD
pattern and SEM image of ETS-4 zeolites were in good
agreement with those reported in the literature,® therefore
demonstrating that layered TiS, was potentially a qualified
titanium precursor for diverse titanosilicate zeolites.

To summarize, in this study we presented a generalized
approach to synthesize titanosilicate zeolites from layered
TiS, precursors. Owing to their unique layered structure,
decent bonding strength and high water stability, high-
quality JDF-L1 zeolites could be facilely synthesized via in situ
hydrothermal treatment of layered TiS, precursors. A detailed
investigation of the crystallization process enabled us to

o
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Fig. 7 (a) XRD pattern and (b) SEM image of ETS-4 titanosilicate
zeolites.
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propose a multi-step mechanism referring to JDF-L1 zeolite
growth. More importantly, a record-breaking Si/Ti ratio (down
to 2.0) in JDF-L1 zeolites was obtained. Besides JDF-L1
zeolites, layered TiS, could be used to synthesize diverse
titanosilicate zeolites like ETS-4 so the toolbox for the
preparation of qualified titanosilicate zeolites was greatly
expanded. It was expected that with this method diverse
transition-metal containing zeolites could be prepared with
TMDCs as metal precursors.
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