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Titanium silicalite-1 (TS-1) nanosheets can be synthesized from the precursor gels containing a diquaternary
ammonium template in hydroxide form. The TS-1 nanosheets tend to form unilamellae interconnected in dis-
ordered aggregates. Pillaring of TS-1 nanosheets preserves the mesoporosity, but lacks long-range order of na-
nosheet layers. Here, we report synthesis of multilamellar TS-1 (M-TS-1) with long-range order of nanosheet
layers from the precursor gels containing hexanediamine (C¢DN) and diquaternary ammonium template in

bromide form (Cz2.6.6Br2). Pillaring of M-TS-1 produced pillared TS-1 (P-TS-1) with well-preserved mesoporosity
and long-range order of layers. The influences of concentrations of Cy5.6.6Br2, C¢DN, and Ti precursor as well as
crystallization time, on the resultant M-TS-1 were investigated. The physicochemical properties of the M-TS-1
and P-TS-1 were studied and compared to the conventional TS-1 zeolite. The presence of mesopores in P-TS-1
enhanced the catalytic performance in reactions involving bulky molecules.

1. Introduction

Zeolites are generally defined as crystalline microporous alumino-
silicates, in which silicon (Si**) and aluminum (AI**) are coordinated
tetrahedrally with oxygen to form various framework types and pore
connectivities [1,2]. The presence of aluminum (AI®") in zeolites im-
poses net negative charges on the framework, which are often coun-
terbalanced by organic/inorganic cations or protons. Therefore, zeolites
are endowed with ionic exchange capability as well as Brgnsted acidity,
widely used for adsorption [3,4], separation [5,6], and catalysis [7,8].
Besides aluminum, other elements [9-13] also can be introduced into
zeolite frameworks, which confer chemical properties different from
the negative charges and consequent Brgnsted acidity caused by the
presence of aluminum. For example, the isomorphic substitution of ti-
tanium (Ti*") in tetrahedral coordination in zeolite frameworks offers
Lewis acidity and redox properties [14-17]. Titanium silicalite-1 (TS-
1), discovered by EniChem researchers by isomorphic substitution Ti**
in MFI framework [18] is the first heterogeneous catalyst for the se-
lective oxidation of hydrocarbons with hydrogen peroxide (H,O») oxi-
dizing agent in industrial processes [19-21].

Although TS-1 is an important eco-friendly industrial-scale
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oxidation catalyst, it is challenged in the catalytic processes involved
with bulky organic molecules. The inaccessibility of molecules to active
sites confined in TS-1 micropores and slow mass transport led to in-
ferior catalytic performances [22]. Synthesis of Ti-containing zeolite
polymorphs (or called titanosilicate) with large micropores have been
practiced to mitigate the mass transport limitation and active site in-
accessibility issues. For example, the isomorphic substitution Ti in
zeolite BEA [23], MWW [24,25], UTL [26], ZSM-12 [27], ITQ-7 [28,29]
and ITQ-17 [30] have been achieved, and the resultant catalysts
showed improved performance in oxidation reactions. Another effort in
synthesis of titanosilicate with improved mass transport and acid site
accessibility is to prepare Ti-containing zeolite nanosheets. As the
characteristic length of zeolites shrinks down to the single-unit-cell
level to form nanosheets, the active site accessibility and mass transport
can be enhanced. Thus, Ti-containing zeolite nanosheets in the MWW
and FER framework types, designated as Ti-ITQ-2 [31-33] and Ti-ITQ-6
[34,35], respectively, have been prepared. Recently, the multilamellar
Ti-containing MEL (TS-2) nanosheets were prepared under the assis-
tance of mixed templates of cetyltrimethylammonium tosylate and
tetramethylammonium hydroxide [36]. The Ti-containing zeolite na-
nosheets showed high activities in the epoxidation of cyclohexene with
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tert-butyl hydroperoxide and/or phenol hydroxylation reactions
[37-40].

Other than the MWW, FER and MEL framework type of Ti-con-
taining zeolite nanosheets, titanosilicate nanosheets of MFI framework
(i.e., TS-1) have also been reported. In particular, the TS-1 nanosheets
were synthesized under the assistance of a di-quaternary ammonium
surfactant template in the hydroxide form
[(C16H33—N*(CH3)2—CgH12—N* (CH3)>—C6H13)(OH)s,  Ci6.6.6(0OH)2]
[39]. The as-obtained TS-1 nanosheets stayed as disordered thin pla-
telets with a single unit-cell thickness. Replacement the template from
Ci6.66(OH)2 to (CooHas—N ™ (CH3)a—CeHi2—N* (CH3)2—CsHi3)(OH),
(C22.6.6(OH),), extension of the synthesis time from 10 days to 20 days
and temperature from 413K to 423K led to the formation of multi-
lamellar TS-1 nanosheets [38]. Pillaring of multilamellar TS-1 has been
explored by Prech's and Gléaser's groups [37,41], but the resultant
product lacks the long-range order of layered structure. It should be
noted that all the previous studies used the di-quaternary ammonium
template in the hydroxide-form, which was obtained by ion-exchange
of template in bromide form using an anionic exchange resin.

In TS-1 synthesis, the presence of alkali metal cations, even in a very
small amount, in the synthetic gel prevents incorporation of titanium
into the zeolite framework [42-44]. Thus, organic templates in the
hydroxide form are often employed for the synthesis process. The ca-
tionic component of the template acts as the structure directing agent,
while the anionic hydroxide (OH™) ion is the mineralization agent. In
this way, the alkali metal cations in the synthesis gel can be avoided by
elimination of inorganic alkali base that is often required for the zeolite
crystallization [18,20,45,46]. For example, the conventional TS-1 is
commonly prepared by employing the tetrapropylammonium hydro-
xide (TPAOH) template [47-49]. Similarly, the TS-1 nanosheets were
synthesized under assistance of organic surfactant templates that were
particularly ion-exchanged into hydroxide from bromide form using an
anionic exchange resin [38,39]. The synthesis of TS-1 nanosheets by
employing templates in other forms has not been attempted, but has
potential to lower the cost by eliminating the ion-exchange step in
template preparation.

In the present work, we report the synthesis of multilamellar TS-1
by directly using the di-quaternary ammonium template in bromide
form (CaoHas—N " (CH3)2—CeHi2—N " (CH3),—CeHi3)(Br )2, Can.6.6Br2)
and pillaring of multilamellar TS-1 to form pillared TS-1 with long-
range order of nanosheet layers. A mixture of C,,6.¢Bry and hex-
anediamine (C¢DN), in which the former served as the structure di-
recting agent and the latter provided alkalinity, was used for multi-
lamellar TS-1 crystallization. The intercalation of tetraethyl
orthosilicate (TEOS) followed by a hydrolysis in multilamellar TS-1 led
to the formation of pillared TS-1. The physicochemical properties of the
multilamellar TS-1 and pillared TS-1 were studied and compared to the
conventional TS-1 zeolite. The preservation of mesoporosity between
adjacent zeolite layers and long-range order of zeolite nanosheets in
pillared TS-1 were confirmed by structural characterizations. The pil-
lared TS-1 showed an improved active site accessibility and catalytic
activity than the conventional and multilamellar TS-1 in reactions in-
volved with bulky molecules.

2. Experimental
2.1. Materials

Titanium (IV) n-butoxide (TBOT, 99% purity), sodium hydroxide
(NaOH, 97.0% purity), 1-butanol (BuOH, 99% purity) and tetra-n-
propylammonium hydroxide (TPAOH, 40 wt% solution) were supplied
by Alfa Aesar. Tetraethyl orthosilicate (TEOS, 98% purity), hex-
anediamine (CgHi¢N,, 98% purity), and phenol (99% purity) were
purchased from Sigma-Aldrich. Cyclooctene (95% purity) was pur-
chased from TCI. Hydrogen peroxide (H,O,, 30wt% solution) was
purchased from EMD Millipore Corporation. Deionized (DI) water was
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used throughout the experiments. Di-quaternary ammonium surfactant
template (Cyz.6.6Br) was synthesized based on the reported method
[50] and the synthesis procedure has also been explained in our pre-
vious publications [51,52].

2.2. Synthesis of multilamellar TS-1 zeolite

In a typical synthesis, 2.02g of C¢DN was dissolved in 20 mL DI
water, followed by addition of 6.16 g TEOS. The resultant mixture was
magnetically stirred at room temperature until a homogeneous solution
was formed. This mixture was then cooled in an iced bath, and a freshly
prepared solution of 0.10 g TBOT in 0.64 g n-butanol was added drop-
wise under vigorous stirring. The above mixture was heated to 333K,
and a Cyz.6.6Brs solution that was prepared by dissolving 1.48 g Cao6.
¢Bro in 10.8 g DI water, was added dropwise under stirring. The re-
sultant gel was further aged at 333K for 3 h under stirring. The molar
composition of the gel mixture was 100Si05/60C¢DN/7Cos 6.¢Bra/
1TiO5/6000H,0/30BuOH. Afterwards, the synthetic gel was trans-
ferred into a Teflon-lined autoclave and crystallization of zeolite was
conducted at 513K for 10 days under tumbling condition at 50 rpm.
After crystallization, the zeolite sample was centrifuged, washed with
DI water, and dried at 343 K overnight. One portion of the as-synthe-
sized zeolite was calcined at 823K for 4h under flowing air
(1.67 mLs™ 1) to form multilamellar TS-1, while the other portion was
reserved for pillaring to form pillared TS-1 as described below. For
convenience, the multilamellar TS-1 is designated as M-TS-1 in the
remainder of the paper.

To study the effects of synthetic gel composition and hydrothermal
synthesis time on growth of M-TS-1, the molar composition of 100SiO5/
60C¢DN/7Cs5.6.6Bra/1Ti05/6000H,0/30BuOH was used as a standard
recipe, while the compositions of CgDN, Cys.6.¢Bra, TBOT (Ti pre-
cursor), and hydrothermal synthesis time were varied in sequence. The
as-synthesized zeolite is abbreviated as M-TS-1(x-y-z-m), where x, y, z
and m are defined in the general recipe, 100SiO5/XxC¢DN/yC25.6.6/
zTi05/6000H>0/30BuOH/m days. Table S1 in the Supporting In-
formation lists the detailed composition for each M-TS-1 sample.

2.3. Synthesis of pillared TS-1 zeolite

Pillaring of the as-synthesized M-TS-1 was performed as those re-
ported for pillaring of multilamellar MFI [52,53]. Typically, 1.0 g of the
M-TS-1, prior to calcination step, was dispersed in 5.0 g TEOS. The
mixture was sealed in a glass flask equipped with a septa under N,
atmosphere, heated to 351K in an oil bath and kept under magnetic
stirring at 351 K for 24 h. The solid sample was collected by filtration
and dried under ambient condition. Hydrolysis of entrapped TEOS in M-
TS-1 was carried out by dispersing the sample in a NaOH aqueous so-
lution (pH = 8). The weight ratio of NaOH aqueous solution to the solid
zeolite sample was 10. After stirring at 333K for 24 h, the sample was
collected by centrifugation, washed with DI water twice, and then dried
under ambient condition. Finally, the sample was calcined at 723 K for
6h under N, atmosphere (1.67 mL s™1) and 823K for 12h under air
atmosphere (1.67 mLs~1). The pillared TS-1 nanosheet structure is
denoted as P-TS-1.

For comparison, the conventional TS-1 zeolite was synthesized ac-
cording to a previous procedure [54]. Details on the synthesis proce-
dure are included in S1 of the Supporting Information. The conven-
tional TS-1 zeolite is designated as C-TS-1 for convenience of name
abbreviation. All the samples, including M-TS-1, P-TS-1 and C-TS-1,
were ion-exchanged three times using 1 M aqueous NH4NO;3 (weight
ratio of zeolite to NH4NO3 solution = 1:10) at 353K for 4 h, and sub-
sequently, centrifuged, washed with DI water, and dried at 343K
overnight. All samples were treated in dry air (1.67mLs™!)by in-
creasing the temperature from ambient to 823Kat 0.167 Ks~' and
holding for 4 h, prior to the characterization and catalytic tests.
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Fig. 1. SEM images of (a) M-TS-1(0-7-1-10), (b) M-TS-1(30-7-1-10), (c) M-TS-1(60-7-1-10) and (d) M-TS-1(120-7-1-10), respectively, synthesized by using different

CeDN concentrations.

2.4. Materials characterization

Powder X-Ray diffraction (XRD) patterns were recorded using a
Bruker D8 Advance Lynx Powder Diffractometer (LynxEye PSD de-
tector, sealed tube, Cu Ka radiation with Ni -filter). Scanning electron
microscopy (SEM) images were taken on a Hitachi SU-70 electron mi-
croscope to visualize the zeolite morphologies. Transmission electron
microscopy (TEM) images were obtained on a JEM 2100 LaB6 electron
microscope. N, adsorption-desorption isotherms of the samples were
measured using an Autosorb-iQ analyzer (Quantachrome Instruments)
at 77 K. The samples were outgassed at 573 K for 8 h at 1 mmHg
pressure prior to measurements. Brunauer, Emmett and Teller (BET)
method was used to determine the specific surface areas of the samples.
Si and Ti contents of the zeolite samples were determined by in-
ductively coupled plasma optical emission spectroscopy (ICP-OES,
Perkin Elmer Optima 7000). Diffuse reflectance (DR) Ultraviolet-Visible
(UV-Vis) spectra were obtained using an Ocean Optics USB2000 +
spectrometer equipped with an 1S200-4 integrating sphere detector,
and the white high reflectance sphere material (manufactured from
Polytetrafluoroethylene (PTFE) based bulk material) was used as the
reference.

2.5. Catalytic reactions

The liquid phase phenol hydroxylation and cyclooctene epoxidation
were carried out to test the catalytic performance of P-TS-1 zeolite. For
comparison, the same experiments were carried out using the M-TS-1
and C-TS-1 zeolite catalyst. All reactions took place in 20 mL thick-
walled glass reactors sealed with crimp tops (PTFE/silicone septum).
The reactors were placed inside the holes of a copper cylinder shape
incense holder that was heated on a stirring hot plate. The reactions
were run at autogenous pressure and magnetic stirring (0.5-inch stir-
ring bar, 500 rpm stirring speed) condition. For phenol hydroxylation
reaction, the glass reactor was charged with 50 mg catalyst, 500 mg
phenol, 10 mL DI water and 600 mg H>0- (30 wt % aqueous solution) in
sequence. After sealing the reactor, it was placed into a pre-heated
(353K) copper cylinder shape incense holder and kept for desired

416

reaction time. Afterwards, the reaction was shut down by quenching the
reactor in an ice bath. The reaction mixture was analyzed by a gas
chromatograph (GC, Agilent 7890A) equipped with a methylsiloxane
capillary column (HP-1, 50.0m X 320 ym X 0.52um) connected to a
flame ionization detector (FID). The cyclooctene epoxidation reaction
was conducted at the same conditions except that the reaction tem-
perature was controlled at 333K and the reaction mixture contained
50 mg catalyst, 526 mg cyclooctene, 8 mL acetonitrile and 255 mg H,O5
(30wt % aqueous solution). The representative GC micrographs for
both reactions have been shown in Fig. S9 of the Supporting Informa-
tion.

3. Results and discussion
3.1. Synthesis and characterization of M-TS-1 zeolites

Here, we firstly explored the synthesis of M-TS-1 nanosheets by
using a mixture of Cy56.6Bra and C¢DN templates, in which Cos.¢.6Brs
and C¢DN provide the structure directing agent and alkalinity func-
tionalities, respectively. The molar composition of 100SiO»/60C¢DN/
7Ca2.6.6/1Ti02/6000H,0/30BuOH was used as the standard recipe.
The concentrations of Cys6.6Bra, C¢éDN, TBOT (precursor of Ti), and
hydrothermal growth time were varied via a series of experiments to
investigate their influences on M-TS-1 crystallization and physico-
chemical properties. Individual experimental variables were changed,
and the effects of changing these variables were investigated by com-
paring the products to that obtained with the standard synthesis recipe.
Below, we discuss the effects of these synthesis variables in sequence.

3.1.1. Effects of CsDN concentration

To study the effects of C¢DN on M-TS-1 synthesis, we employed the
C¢DN concentration from 0 to 120, ie, x =0, 30, 60 and 120, re-
spectively. Fig. 1 shows the SEM images of the obtained M-TS-1 sam-
ples. The absence of CsDN (x = 0) in the synthesis gel in Fig. 1(a) led to
amorphous product, reflected by the featureless particles in the SEM
image. The addition of C¢DN (x = 30 in Fig. 1(b)) promoted the growth
of needle-like particles. The further increase in CsDN content enhanced
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Fig. 2. (a) Low- and high-angle XRD patterns, (b) DR UV-Vis spectra, (c) N, isotherms and (d) NLDFT pore size distributions of M-TS-1 samples synthesized by using

different C4DN concentrations.

the TS-1 crystallization, and the product morphology transformed into
nanosheet aggregates, as shown in Fig. 1(c) and (d), where x equaled to
60 and 120, respectively. The morphology of crystallized nanosheets
are similar to those reported in literature by using Cig.6.(OH)> tem-
plates [39].

Fig. 2 shows the physicochemical properties of TS-1 nanosheets
presented in Fig. 1. The high-angle XRD peaks in Fig. 2(a) are char-
acteristic of crystalline MFI zeolite in M-TS-1(30-7-1-10), M-TS-1(60-7-
1-10) and M-TS-1(120-7-1-10) samples. The broadening in peak width
around 20 = 23.30° in M-TS-1(30-7-1-10) indicates that the material
was not fully crystallized. The absence of sharp XRD diffraction peaks in
M-TS-1(0-7-1-10) suggests that the sample is amorphous, consistent
with the SEM data. It should be noted that no peak assigned to anatase,
rutile or brookite TiO, phase was observed for all the samples. The low-
angle XRD patterns exhibited the first-order (26 = 1.45°) and third
order (20 = 4.50°) reflections in M-TS-1 samples synthesized with
x = 60 and 120, respectively, indicating the presence of the long-range
structural order of zeolite nanosheets. It should be noted that the low-
angle XRD data were measured before the template removal by calci-
nation. While with the insufficient alkalinity in the synthetic gel (x = 0
and 30), the obtained samples did not have the ordered zeolite na-
nosheet structure, indicated by the absence of XRD peaks at low-angle
range in Fig. 2(a). The variation in C¢DN content in M-TS-1 synthesis
suggests that a higher alkalinity is needed to guarantee the miner-
alization of zeolite framework and the long-range order of zeolite na-
nosheets.

The DR UV-Vis analysis was conducted to identify the coordination

environment of Ti-species in the M-TS-1 samples, as shown in Fig. 2(b).
For comparison, C-TS-1 sample was measured at the same condition
and included in this figure. When C¢sDN was not used in synthesis, a
peak centered at 278 nm was observed in M-TS-1(0-7-1-10), which can
be ascribed to the extra-framework Ti species [55]. When the CsDN
concentration was increased to x = 30, the band at 278 nm suppressed
and a band centered at 210 nm, corresponding to tetrahedrally co-
ordinated framework Ti-species [55], appeared. In M-TS-1(60-7-1-10)
and M-TS-1(120-7-1-10) samples, the band at 278 nm completely dis-
appeared and the band at 210 nm became sharp and significant, which
is comparable to that of C-TS-1 sample. These results indicate that a
high alkalinity of the synthetic gel is required to promote incorporation
of Ti-species into the framework of M-TS-1 nanosheets.

The N, isotherms and non-local density functional theory (NLDFT)
pore size distributions were used to understand the textural properties
of the obtained M-TS-1 samples. The pore size distributions were cal-
culated from the adsorption branches of N, isotherms by a NLDFT
method, assuming an equilibrium kernel for cylindrical pores of silic-
eous zeolite. In Fig. 2(c), the amorphous M-TS-1(0-7-1-10) and partially
crystallized M-TS-1(30-7-1-10) samples have nearly zero and
~50cm®g~! N, uptake at P/P, = 0.05, while the other two M-TS-1
crystalline samples have ~110cm®g~! N, adsorption at the same re-
lative pressure. This is consistent with XRD, DR UV-vis and SEM data
discussed above. The hysteresis loop in M-TS-1(120-7-1-10) sample at
relative pressure range of P/P, = 0.45-0.90 is more obvious than other
samples, suggesting the presence of mesopores in M-TS-1 nanosheets
and change of mesopores with C¢DN content in the synthesis. Fig. 2(d)
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quantitatively reflects the mesoporosity change across these four sam-
ples.

3.1.2. Effects of C22.6.6Br> concentration

To study the effects of C,5.6.¢Brs concentration on M-TS-1 synthesis,
the concentration of Cy5¢¢Bro was varied fromy =1, 4, 7 to 9 in se-
quence. The obtained samples were named as M-TS-1(60-1-1-10), M-
TS-1(60-4-1-10), M-TS-1(60-7-1-10) and M-TS-1(60-9-1-10), accord-
ingly. The SEM images in Fig. S1 shows the sample contains featureless
amorphous particles when y = 1 (Fig. S1(a)). The increase in Cys.6.¢Bra
concentration (y = 4, 7 and 9) led to crystallization of M-TS-1, reflected
by the presence of nanosheet aggregates (Fig. S1(b)-(d)). The thickness
of nanosheets and size of aggregates seem to increase when y was in-
creased from 4 to 9. The XRD data in Fig. S2(a) confirmed the presence
of amorphous material in M-TS-1(60-1-1-10) and crystallized TS-1
phases in the other samples. The long range ordering of the zeolite
nanosheets was enhanced by the increase in Cy5.¢.¢Br, concentration in
the synthesis, as indicated by the sharpness of the first and third re-
flection peaks in the low-angle range of M-TS-1(60-7-1-10) and M-TS-
1(60-9-1-10) samples, compared to M-TS-1(60-4-1-10).

Fig. S2(b) shows the coordination status of Ti-species in these four
samples. Except for M-TS-1(60-1-1-10) that has both extra-framework
and framework Ti-species, reflected by the presence of DR UV-Vis peaks
at 268 nm and 210 nm, respectively, the other three M-TS-1 samples
predominantly have tetrahedrally coordinated Ti-species. The N iso-
therms (Fig. S2(c)) and NLDFT pore size distributions (Fig. S2(d)) fur-
ther suggested the fully crystallization of M-TS-1 when the Cos.¢.6Bro
concentration was high. The existence of mesopores was found in both
amorphous and crystallized M-TS-1 samples when the C,s.6.¢Bry con-
centration was varied, different from the low mesoporosity in the
sample synthesized with low C¢DN concentrated in Fig. S2(d).

3.1.3. Effects of TBOT concentration

In synthesis of M-TS-1 zeolites with variant Ti-species concentra-
tions, TBOT, the Ti-precursor, was controlled as z = 1, 2, 3 and 4, re-
spectively, in the synthesis recipe. Fig. S3 shows the SEM images of the
obtained samples. All four samples have similar nanosheet aggregate
morphology, suggesting that the Ti concentration did not influence the
formation of TS-1 nanosheets. Fig. S4(a)-(d) present the XRD patterns,
DR UV-vis spectra, N5 isotherms and NLDFT pore size distributions of
the M-TS-1(60-7-1-10), M-TS-1(60-7-2-10), M-TS-1(60-7-3-10) and M-
TS-1(60-7-4-10) samples. All of them share the characteristics of XRD
peaks of MFI framework and the long-range ordering of TS-1 na-
nosheets. They also have quite similar N, uptake and pore size dis-
tributions. The DR UV-vis data, however, suggest that the increase in Ti-
species content in the synthesis gel led to formation of extra-framework
Ti-species, indicated by the increase in peak around 300 nm in Fig.
S4(b). For samples M-TS-1(60-7-1-10) and M-TS-1(60-7-2-10) that have
Si/Ti ratios of 100 and 50, the DR UV-vis peaks are similar to that of C-
TS-1 (Si/Ti = 100). The actual Si/Ti molar ratios are shown in Table S2,
which are very close to those used in the synthesis recipe. The results
indicate that Ti-species can be incorporated into the TS-1 nanosheet
framework when the Si/Ti ratio was above 50, and existed as both
framework and extra-framework species if the ratio is below 50. This is
consistent with conventional TS-1 synthesis with variant Si/Ti ratios
reported in literature [56-60].

3.1.4. Effects of hydrothermal synthesis time

The effects of hydrothermal synthesis time on TS-1 nanosheets were
monitored by sampling M-TS-1(x = 60, y = 7 and z = 1) at time of
m = 2, 5, 7 and 10 days, respectively. The same characterizations as
those discussed above for other synthesis parameter variations were
conducted on this series of samples. After 2 days of hydrothermal
crystallization, the sample was still in an amorphous stage (Fig. S5(a)
and Fig. S6(a)). The increase of synthesis time to 5 and 7 days has led to
crystallization of TS-1 nanosheets (Figs. S5(b) and (c)). Figs. S6(c) and
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(d) shows the textural properties of these samples collected at different
synthesis times. The high N, uptake and large peak in the pore size
distribution plot in M-TS-1(60-7-1-2) are caused by the mesopores in
the structure similar to MCM-41 material [61]. All other three samples
have quite similar N, adsorption properties. The DR UV-vis data in Fig.
S6(b) demonstrate an obvious peak centered at 284 nm in TS-1(60-7-1-
2), which can be ascribed to the extra-framework Ti species [55]. When
the hydrothermal synthesis time increased, the band at 284 nm sup-
pressed and the band at 210 nm became more obvious, which was as-
signed to the insertion of Ti-fragments into the zeolite framework. After
7-day synthesis, the Ti-species were dominantly formed as tetrahedrally
coordinated status in the zeolite framework. A combination of all these
characterization data indicates that a 7-day synthesis time is sufficient
for formation of M-TS-1 nanosheets, while the longer synthesis time
promotes the crystallinity and formation of framework Ti-species in the
obtained samples due to the solution-mediated ripening process [53].
The studies on effects of synthesis parameters on growth of multi-
lamellar TS-1 nanosheets indicate the synthesis conditions can be op-
timized to form desired TS-1 nanosheet structure and composition. The
as-synthesized structures have excellent long-range order of TS-1 layers,
in comparison to that of TS-1 nanosheets synthesized by using tem-
plates in hydroxide form [39].

3.2. Synthesis and characterization of P-TS-1 zeolite

In order to preserve the long-range ordering structure of TS-1 na-
nosheets upon template removal by calcination, we synthesized P-TS-1
zeolite by the intercalation of M-TS-1 by TEOS followed by hydrolysis
to form silica pillars. The TEM images in Fig. 3 shows the morphologies
of the calcined P-TS-1, together with M-TS-1 and C-TS-1 samples. The
C-TS-1 sample (Fig. 3(a)) consists of short cylinder-like bulk particles
with an average width of ~250nm and thickness of ~200nm and
well-crystallized smooth surfaces. The lattice fringe can be clearly seen
in the TEM image of this sample (Fig. 3(b)). To show the morphology of
the M-TS-1 nanosheets after calcination treatment, we selected M-TS-1

20nm
- TR

Fig. 3. TEM images of C-TS-1 (a, b), M-TS-1 (c, d) and P-TS-1 (e, f) samples,
respectively. (The template in each sample has been removed by calcination
treatment.)
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Fig. 4. (a) Low- and high-angle XRD patterns, (b) DR UV-vis spectra, (c) N, isotherms, (d) NLDFT pore size distributions of M-TS-1, P-TS-1 and C-TS-1 respectively.
The characterization data of M-TS-1 (i.e., M-TS-1 (60-7-1-10)) is represented in each plot for comparison purpose.

(60-7-1-10) sample and examined its morphology under TEM. The
sample exhibits an ordered arrangement of layered TS-1 nanosheets,
but the interlayer distance is as close as ~1.2nm (Fig. 3(c) and (d)).
The P-TS-1 sample (Fig. 3(e)) has similar morphology to that of M-TS-1,
but the interlayer distance was increased to 3.0nm, as shown in
Fig. 3(f), due to the inclusion of silica pillars between adjacent zeolitic
TS-1 layers. For comparison purpose, more TEM images taken from M-
TS-1 and P-TS-1 have been included in Fig. S7 and S8, respectively.

Fig. 4(a) shows the XRD patterns of the P-TS-1 sample, as well as
those of M-TS-1 before and after calcination treatment. The pillaring
treatment did not cause the formation of new materials phases or de-
struction of TS-1 structure since the high-angle XRD peaks are char-
acteristic of the crystalline MFI zeolite. The low-angle XRD peaks in-
dicate that the preservation of the layered structure after the pillaring
treatment. After calcination, the layered structure in M-TS-1 was col-
lapsed, while the structure was kept in P-TS-1 sample. The presence of
both first order (206 = 1.45°) and third order (26 = 4.50°) reflections
suggests the TS-1 nanosheet layers have long range ordering, very
different from pillared TS-1 reported in literature [37]. The average
interlayer distance between two zeolitic layers can be calculated by
subtracting the thickness of the layer (along with b-axis direction of
MFI, ~3.4nm) from interlayer spacing distance that was calculated
from Bragg's law, which was around 2.8 nm, consistent with the HR-
TEM observation.

From the DR UV-Vis spectra in Fig. 4(b), the pillaring did not in-
fluence the coordination environment of Ti-species since the absorption
peak of P-TS-1 is similar to that of C-TS-1 and M-TS-1 samples. The
sharp and narrow band at 210 nm observed in the DR UV-Vis spectra
indicated that the Ti-species stayed with tetrahedral coordination
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structure in the zeolite framework. The textual properties of TS-1 zeo-
lites were analyzed using N, isotherms and the results were shown in
Fig. 4(c). The C-TS-1 has a type II isotherm, while M-TS-1 and P-TS-1
have type IV isotherm with hysteresis loops. The NLDFT pore size dis-
tributions (Fig. 4(d)) of these samples determined from the adsorption
branches of their isotherms illustrate that P-TS-1 has a very strong peak
centered at ~3.8 nm, in comparison with M-TS-1 and C-TS-1 samples.
Table S2 in the Supporting Information summarizes the textural prop-
erties of all the C-TS-1, M-TS-1 and P-TS-1 samples that were de-
termined from the N, isotherms. It can be seen that the external surface
area (Sexy), mesopore volume (Vpeso), total pore volume (V,) and BET
surface area (Spgr) were dramatically increased after pillaring treat-
ment of M-TS-1 zeolite.

3.3. Catalytic performance of P-TS-1 zeolite

Alkali metal cations in the TS-1 synthetic gel prevent incorporation
of titanium into the zeolite framework [42,43]. The organic templates
in hydroxide form can be obtained by reaction of quaternary ammo-
nium halide with silver oxide, by ion-exchange with potassium hydro-
xide, or electro-electrodialysis [62,63]. All of these methods, however,
require additional processing steps. Attempts have been made to re-
place quaternary ammonium hydroxide with a mixture of quaternary
ammonium halide and amine or diamine in the conventional TS-1
synthesis. The resultant TS-1 products, however, often have inferior
catalytic performance that has been ascribed to the large size of TS-1
crystals or low content of active Ti species in TS-1 zeolites [55,64-66].
Since the template in bromide form was used in our study, we examined
the catalytic performance of M-TS-1 and P-TS-1 nanosheets to
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Fig. 5. Phenol conversion and product selectivity over (a) M-TS-1 and (b) P-TS-1 catalysts as a function of reaction time. (Reaction condition: 353 K, 50 mg catalyst,
500 mg phenol, 600 mg H,0,, 10 mL DI water. BQ: benzoquinone. CAT: catechol. HQ: hydroquinone).

understand if their activity is influenced by the aforementioned reasons.
For comparison purpose, the same reactions were run over C-TS-1
zeolite.

3.3.1. Phenol hydroxylation reaction

The phenol hydroxylation in the presence of H,O, oxidant has been
studied extensively to produce catechol (CAT) and hydroquinone (HQ)
that are widely used in industry as important intermediates for synth-
esis of medicines, perfumes, inks, polymer inhibitors, etc. [67-70]. TS-1
zeolite has been studied as a heterogeneous catalyst for phenol hy-
droxylation, which showed excellent catalytic activity [9,18,71,72].
Here, we firstly employed this reaction to test the catalytic performance
of synthesized P-TS-1 catalyst. Fig. 5 and Fig. S10(a) shows the phenol
conversion and product selectivity as a function of the reaction time.
The phenol conversion (f) 1is calculated by the equation,
f= COC—_C X 100%, where Cy and C are the initial and local concentra-
tions (mol mL ™ ") of phenol, respectively. The product selectivity (S;) is
defined as S; = mxwo%, where C; is the product (i) con-
centration (mol mL™1), i is the product type, i.e., CAT, HQ, or benzo-
quinone (BQ) byproduct.

The phenol conversion increased with reaction time over either P-
TS-1 or M-TS-1 zeolite catalyst, as shown in Fig. 5(a) and (b). The M-TS-
1 led to slightly higher conversion than P-TS-1 catalyst at each reaction
time. Fig. S10(a) presents the phenol conversion and product selectivity
in the same reaction occurred on C-TS-1 zeolite, which has compelling
performance to that of M-TS-1 or P-TS-1. It is known that the kinetic
diameter of phenol [73,74] is comparable to the micropore size
(0.56nm x 0.53nm straight channel and 0.55nm x 0.51 nm zigzag
channel) [75] of TS-1. The reaction can take place in both micro- and
mesopores of TS-1 zeolite. The slightly inferior performance of P-TS-1
to M-TS-1 in Fig. 5 could be due to the low concentration of Ti sites in
the former sample, as indicated by the elemental composition of sam-
ples in Table S2 in the supporting information. The same reason leads to
slightly higher phenol conversion in C-TS-1 than P-TS-1 zeolite. In ad-
dition, the location of Ti sites, within micropores versus on external
surface or mesopores, in TS-1 zeolites could contribute to the differ-
ences in phenol conversion [38,39]. To verify these explanations, we
have purposely synthesized M-TS-1 and C-TS-1 samples that have the
same Si/Ti ratio as that of P-TS-1. As shown in Fig. S11, M-TS-1 and P-
TS-1 have comparable catalytic performance, and this performance is
slightly inferior to C-TS-1 in the phenol hydroxylation. For C-TS-1 or M-
TS-1 with different Si/Ti ratios, the one with lower Si/Ti ratio, i.e.,
higher Ti content, has higher phenol conversion. Fig. 5(a) and (b) also
illustrate the product selectivity as a function of reaction time and
catalyst type. In the initial stage of the reaction, BQ selectivity was high
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and decreased with the reaction time. This phenomenon could be
caused by the high concentration of H>O, oxidant in the beginning of
the reaction since BQ is the by-product from sequential oxidation of HQ
product [76-78]. With the progress of reaction, the sum of CAT and HQ
selectivities was > 95% in P-TS-1 zeolite. The selectivity comparison
between these two TS-1 zeolites shows that P-TS-1 slightly favors
bulkier CAT product, which might be due to its large mesoporosity.
Overall, the phenol hydroxylation reaction indicates that P-TS-1 syn-
thesized by using Cos.6.6Bro and C¢DN templates is active in catalytic
oxidation reaction.

3.3.2. Cyclooctene epoxidation reaction

The phenol hydroxylation indicated the catalytic activity of active
sites in the synthesized P-TS-1 zeolite, but the reaction takes place in
both micro- and mesopores of the catalyst. To demonstrate the catalytic
capability of P-TS-1 in processing bulky reactant molecules, we studied
the cyclooctene epoxidation in the presence of H,0, oxidant.
Epoxidation is an important reaction for production of both fine and
commodity chemicals, such as resins, plasticizers, etc. [79-84]. For
example, the epoxycyclooctane product from the cyclooctene epox-
idation can be used as key building in organic synthesis and pharma-
ceuticals [80,85,86].

Fig. 6(a) and (b) as well as Fig. S10(b) showed the conversion of
cyclooctene as a function of reaction time and catalyst type. The in-
crease in reaction time led to higher cyclooctene conversion. Different
from the phenol hydroxylation reaction, P-TS-1 (Fig. 6(b)) had a much
higher conversion than that of M-TS-1 (Fig. 6(a)) and then C-TS-1 (Fig.
S10(b)) zeolite, due to the catalytic activity is restricted on the external
surface. It should be noted that P-TS-1 has higher Si/Ti ratio than that
of M-TS-1 and C-TS-1 samples. If all the samples have the same Si/Ti
ratio in this reaction, the advantage of P-TS-1 in promoting the reaction
of bulky molecules will be even more obvious. The P-TS-1 possessed a
higher epoxide selectivity. This was attributed to the advantage of
uniform mesoporous structure and the long-range ordering structure.
When the epoxide was generated, it was easier to diffuse out from the
external surface to uniform mesopores network, which consequently
resulted in epoxide ring open possibility suppression and epoxide se-
lectivity increase.

4. Conclusions

By employing a mixture of Cy;6.¢Br. and C¢DN templates, TS-1
nanosheets with multiple layers assembled in a long-range order were
successfully synthesized. The effects of Cos.66Bra and C¢DN con-
centrations, Ti precursor content, as well as synthesis time on structural
and textural properties of M-TS-1 nanosheets were investigated. An
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Fig. 6. Cyclooctene conversion and product selectivity over (a) M-TS-1 and (b) P-TS-1 catalysts as a function of reaction time. (Reaction condition: 333 K, 50 mg
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increase in Cy;.¢.6Bry and/or C¢DN concentration promoted the crys-
tallization and long-range order of M-TS-1 nanosheets. High con-
centration of Ti-precursor in the synthesis gel led to formation of extra-
framework Ti-species. A synthesis time of 7 days is required to crys-
tallize the M-TS-1 nanosheets from the synthetic gel. The pillaring
treatment of M-TS-1 before template removal led to preservation of
mesoporosity and long-range order of layered structure in P-TS-1 zeo-
lite. The P-TS-1 shows superior catalytic activity to M-TS-1 and C-TS-1
zeolites in reaction involving bulky molecules.
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S1. Synthesis of TS-1 zeolites
1.1 Compositions for synthesis of M-TS-1 zeolites

Table S1. Compositions for synthesis of M-TS-1 zeolites using the general recipe of
100S102/xCsDN/yC22.6.¢/2T102/6000H,0/30BuOH/m days.

Composition in molar ratios

Zeolite SiO , C 6DN C 26t TiO N H 2O BuOH Time
®) ) ® (m days)

M-TS-1 100 0 7 1 6000 30 10
(0-7-1-10)

M-TS-1 100 30 7 1 6000 30 10
(30-7-1-10)

M-TS-1 100 60 7 1 6000 30 10
(60-7-1-10)

M-TS-1 100 120 7 1 6000 30 10
(120-7-1-10)

M-TS-1 100 60 7 2 6000 30 10
(60-7-2-10)

M-TS-1 100 60 7 3 6000 30 10
(60-7-3-10)

M-TS-1 100 60 7 4 6000 30 10
(60-7-4-10)

M-TS-1 100 60 1 1 6000 30 10
(60-1-1-10)

M-TS-1 100 60 4 1 6000 30 10
(60-4-1-10)

M-TS-1 100 60 9 1 6000 30 10
(60-9-1-10)

M-TS-1 100 60 7 1 6000 30 2
(60-7-1-2)

M-TS-1 100 60 7 1 6000 30 5
(60-7-1-5)

M-TS-1 100 60 7 1 6000 30 7
(60-7-1-7)

1.2 Synthesis of conventional TS-1 (C-TS-1) zeolite

The C-TS-1 sample was prepared following the recipe reported by Zhang, H. et al
[1]. In the synthesis, 10.00 g TEOS was added into a TPAOH aqueous solution that was
prepared by mixing 3.59 g 40wt% TPAOH with 10.54 g DI water. After 50 min stirring,
0.16 g TBOT in 0.74g isopropanol solution was added into above mixture dropwise under
stirring. The mixture was heated to 353 K under stirring to remove isopropanol. The molar
composition of the zeolite precursor was 100Si02/15TPAOH/1Ti02/1500H20. Finally, the
obtained zeolite synthesis gel was transferred into a Teflon-lined autoclave and placed in a
convective oven at 443 K for 3 days under static condition. After crystallization, the zeolite
sample was centrifuged, washed with DI water, and dried at 343 K overnight. The as-



synthesized C-TS-1 sample was calcined using the same procedure as described for P-TS-
1 zeolite.

S2. Textural properties of C-TS-1, M-TS-1 and P-TS-1 zeolite samples

Table S2. Textural properties of TS-1 zeolite samples determined from N> adsorption-
desorption isotherms.

zoie ol i) e ) ome) e
(3_4;3?;},) 0 0 118 118 0.283 0.283 56
(31},“_‘7TIS_'110) 0.031 51 242 190 0427  0.396 81
o i10) 0.113 263 466 203 0452 0339 101
aoraae 0117 270 514 244 0788 0671 104
(61},“_‘725_'110) 0.108 258 432 174 0.362 0.254 52
(61},“_‘725_' 110) 0.106 247 416 170 0354  0.248 40
(61},“_‘75“*_'110) 0.082 186 357 171 0336 0254 26
(61},“_‘:15_' 110) 0 0 106 106 0.198  0.198 125
Goarte 0103 248 399 151 0312 0209 110
oot 10) 0.105 256 410 153 0308  0.203 111
0. Si'_lz) 0 0 559 559 1.365 1.365 111
(gg;; Si'_ls) 0.106 244 498 254 0.435 0.329 107
0. Si'_17) 0.111 249 474 225 0417  0.306 107
C-TS-1 0.159 391 464 73 0236 0077 108
P-TS-1 0.118 120 595 475 0.521 0403 147

“ Determined firom t-plot method; ® Determined from Brunauer, Emmett, and Teller (BET) method; Calculated by Sew =
SBET — Smicro; ¢ Calculated by N: adsorption at P/Py= 0.95; € Determined fiom Vieso = Vi— Vinicro; ! Determined by ICP-
OES analysis.



S3. M-TS-1 zeolites synthesized at different conditions

Figure S1. SEM images of (a) M-TS-1(60-1-1-10), (b) M-TS-1(60-4-1-10) and (d) M-TS-
1(60-9-1-10), respectively, synthesized by using different Caz.6.sBr> concentrations. The
SEM image of (c¢) M-TS-1(60-7-1-10) is represented here for comparison purpose.
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Figure S2. (a) Low- and high-angle XRD patterns, (b) DR UV-Vis spectra, (c) N
isotherms and (d) NLDFT pore size distributions of M-TS-1 sample synthesized by using
different Ci.6.6Br> concentrations. The characterization data M-TS-1(60-7-1-10) is
represented in each plot for comparison purpose.

4



Figure S3. SEM images of (b) M-TS-1(60-7-2-10), (c) M-TS-1(60-7-3-10) and (d) M-TS-
1(60-7-4-10), respectively, synthesized by using different TBOT concentrations. The SEM
image of (a) M-TS-1(60-7-1-10) is represented here for comparison purpose.
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Figure S4. (a) Low- and high-angle XRD patterns, (b) DR UV-Vis spectra, (c) N
isotherms and (d) NLDFT pore size distributions of M-TS-1 samples prepared from the
synthetic gel containing different TBOT concentrations. The characterization data M-TS-
1(60-7-1-10) is represented in each plot for comparison purpose.



Figure S5. SEM images of (a) M-TS-1(60-7-1-2), (b) M-TS-1(60-7-1-5) and (c) M-TS-
1(60-7-1-7), respectively, synthesized at different hydrothermal growth time. The SEM
image of (d) M-TS-1(60-7-1-10) is represented here for comparison purpose.
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Figure S6. (a) Low- and high-angle XRD patterns, (b) DR UV-Vis spectra, (c) N
isotherms and (d) NLDFT pore size distributions of M-TS-1 samples synthesized at
different hydrothermal growth time. The characterization data M-TS-1(60-7-1-10) is
represented in each plot for comparison purpose.
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S4. TEM images of M-TS-1(60-7-1-10) and P-TS-1 zeolites

Figure S8. TEM images of P-TS-1 zeolite.



S5. Catalysis test results

(1) Representative GC micrographs in product analysis
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Figure S9. GC chromatograms for (a) phenol hydroxylation and (b) cyclooctene
epoxidation.

(2) Performance of C-TS-1 in phenol hydroxylation and cyclooctene epoxidation
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Figure S10. (a) Phenol conversion and product selectivity over C-TS-1 catalyst as a
function of reaction time. (b) Cyclooctene conversion and product selectivity over C-TS-1
catalyst as a function of reaction time.



(3) Catalytic performance of C-TS-1, M-TS-1 and P-TS-1 with different Si/Ti ratio in
phenol hydroxylation reaction
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Figure S11. Phenol conversion and product selectivity over C-TS-1, M-TS-1 and P-TS-1
with S1/Ti ratio (STR) of 147. The reaction data obtained from C-TS-1 and M-TS-1 with
STR of 100 are represented here for comparison purpose. (Reaction condition: 353 K, 50
mg catalyst, 500 mg phenol, 600 mg H.O,, 10 mL DI water, 4 h reaction time)
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