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Zeolites are generally defined as 3D crystalline microporous aluminosilicates,
widely used for adsorption, separation, and acid catalysis in chemical and petrochemical
industry. Except for aluminum, other elements, such as B, Ti and Sn, also can be
incorporated into zeolite frameworks, bringing different Lewis acidities and conferring
various chemical properties. Although the zeolites are eco-friendly industrial-scale
catalysts, they are challenged in the catalytic processes involving bulky molecules. The
inaccessibility of active sites confined in zeolite micropores and slow mass transport lead
to inferior catalytic performances. In comparison to 3D zeolite, 2D zeolites, which are
endowed intrinsic properties of micropores and enhanced mass transport as well as active
site accessibility of mesopores, have gained enormous attention owing to their improved
performance.

This dissertation introduces several methods to prepare 2D zeolites and explores
their applications in catalysis and separation. Firstly, we reported a low-cost method to

prepare long-range ordering multilamellar titanium silicalite-1 (TS-1) zeolite. The



pillarization on multilamellar TS-1 zeolite has been achieved to preserve the mesoporosity,
while the influences of several synthesis parameters have been investigated to optimize the
synthesis conditions. Afterwards, aiming to advance the understanding of Lewis acidity in
these 2D TS-1 zeolites, we quantitatively described the concentration, strength and local
environment of these Lewis acid sites, and evaluated their kinetic behaviors. Besides, a
bottom-up method and a top-down method were introduced to prepare delaminated 2D
zeolite nanosheets. With the assistance of a special-designed structure-directing agent,
several heteroatom-containing 2D zeolite nanosheets have been directly synthesized. Their
structural and textural properties have been evaluated by various techniques. In the top-
down method, starting from multilamellar silicalite-1 (S-1) zeolites via exfoliation and
separation steps, the delaminated S-1 zeolite nanosheets can be obtained and used to
fabricate ultra-thin zeolite membrane applied in ethanol/water pervaporation. At last, we
have created a series of novel ultra-thin film photocatalytic light absorbers (UFPLAS) to
solve the long-standing trade-off between optical absorption and carrier transportation in
photocatalyst. The UFPLASs have significantly boosted the activities in photocatalysis, in
comparison to the benchmark Aeroxide®P25 catalyst, such as photocatalytic carbon

dioxide reduction and photocatalytic chemical war agent simulant detoxification.
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Chapter 1: Introduction

1.1Zeolites

Zeolites are generally defined as crystalline microporous aluminosilicates, in which
silicon (Si**) and aluminum (AI**) are coordinated tetrahedrally with oxygen to form
various frameworks and pore channels. The natural zeolites often formed in sedimentary
tuffs and marine sediments as a result of geological exploration. In 1756, stilbite, a type of
natural zeolite, was first discovered by the Swedish mineralogist Axel Fredrick Cronstedt.
Subsequently he named this mineral as zeolite, which can be derived from two Greek words,
“zein” and “lithos” meaning “to boil” and “a stone”.} After the discovery of zeolite, the
first human-made zeolite, levynite, was synthesized by St. Claire Deville in 1862, by
heating potassium and sodium silicates at 443 K in a sealed glass tube.! After long-term
practical investigations, scientists started to recognize the applications of zeolites in
adsorption and ion-exchange area by the end of the 19" century.® It was found that some
cations in natural zeolites can be exchanged to other metal cations, indicating the ion-
exchange properties among natural zeolites. In the meanwhile, its adsorption capability
was demonstrated on chabazite zeolite, which can selectively adsorb water, methanol,
ethanol and formic acid vapor, but hardly adsorb acetone, diethyl ether and benzene. Then,
zeolites were widely used as adsorbents and desiccants from 19" century to now.* Besides
the applications in ion-change and adsorption, it was only with the advent of synthetic
zeolites, zeolites began to play an important role in catalysis. A landmark event was
introduced in the year of 1962, the synthetic faujasite zeolites acted as a catalyst in fluid
catalytic cracking of heavy petroleum distillates. Compared to the previous amorphous

silica-alumina catalysts, the faujasite zeolites were not only orders of magnitude more



active, but also showing a significant increase in the yield of the target products, motor
gasoline.® Given this enormous success, Richard Barrer and Robert Milton hydrothermally
synthesized a series of zeolite in laboratories by mimicking of the geothermal formation of
natural zeolites, and also firstly classified the known zeolites based on molecular sizes.®
Later on, many other zeolites have been reported, as it is evidenced by the rapidly growing
number of zeolite frameworks from International Zeolite Association (IZA) structure
database. It is shown that the number of recognized zeolite frameworks is increasing
significantly, from 27 in 1970, to 38 in 1978, 64 in 1988, 98 in 1996, 133 in 2001, 174 in
2007 and 245 in 2020.7

Zeolites, as a class of solid porous materials, are usually classified as three different
groups based on the pore size/pore diameter. If the pore size is smaller than 2 nm, this
zeolite is categorized as a microporous zeolite. The mesoporous zeolite has a pore size in
the range of 2 - 50 nm, while macroporous one has a pore size larger than 50 nm. Natural
zeolites all are microporous materials, since the pore size is normally smaller than 1 nm.
However, with the development of novel synthetic techniques and zeolite structure-
directing agents, the mesoporous and macroporous zeolites have been invented in

laboratories.

1.2 Zeolite structure

Zeolites are crystalline aluminosilicate or silica polymorph consisting of infinitely
extending three-dimensional, four-connected framework of SiO4 and AlO4 tetrahedra (also
name as TO4, T = Si or Al) with corner-sharing oxygen ions. The TOs tetrahedra are the

basic structure building units of a zeolite framework. Each T atom (yellow ball) is



coordinated to four oxygen atoms (red ball) in a tetrahedral geometry as shown in Figure
1.1a. The TOq4 is connected by sharing a corner oxygen atom (Figure 1.1b) to form
secondary building unit. For example, as illustrated by Figure 1.1c, four TO4 units are
connected by sharing 4 corner oxygen atoms to form a 4-member-ring building unit,
containing 4 tetrahedra in a ring structure. The number in bold indicates the number of T
atoms in a ring structure. The secondary building units are further interconnected to form
the three-dimensional zeolite structures.

As described in Section 1.1, zeolite framework bears negative charges and can be
counterbalanced by a group IA or group IlA cation, such as hydrogen, sodium, potassium,
magnesium and calcium. The cations are mobile in zeolite channel and can be easily
replaced by an ion exchange step. Except for cations, the zeolite channels and
interconnected voids are also occupied by water molecules, which can be removed by heat.

Based on IUPAC commission on zeolite nomenclature, a three-capital-letter code
is assigned to each zeolite framework in alphabetical order. A code generally abbreviates
from the name of the material and is only assigned to an established structure which
satisfied the rules of the IZA structure commission. For examples, the three-capital-letter

code, MFI, is the abbreviation of Zeolite Socony Mobil - five.




Figure 1.1 (a) TO4 tetrahedron; (b) TO4 tetrahedra sharing an oxygen atom; (c) 4-

member-ring secondary building unit.

1.31somorphous substitution in zeolite

For a long time, zeolite have been only thought as crystalline microporous
aluminosilicates. The similar ionic radii, T-O bond lengths and T-O-T bond angles between
Si** and AP, render AI** to be a perfect candidate of isomorphous substitution of Si** in
zeolite.® Besides, heteroatoms such as B, Fe, Ga, Ge, Sn, Ti, V, W, Mo, among others, have
been gradually demonstrated as a suitable element to be introduced into zeolite frameworks
during last fifty years.® The existence of heteroatoms other than Al in zeolite frameworks
tailored the intrinsic Brensted/Lewis acid sites, introduced other chemical properties and
offered new application opportunities to the zeolites.

The selection of compatible T atoms in zeolite framework can be predicted based
on several empiric criteria.®> According to Pauling’s first rule, tetrahedral coordination of T
atom applied to ionic bond in coordination polyhedra and structures with maximum
compactness, only if the cation radius to oxygen anion radius ratio stays between 0.225
and 0.414 or near these limits. The rule is valid in ionic compound, but it is not quite
suitable for the case of zeolites, since the mixed ionic and covalent character of T-O bond
in zeolite. Besides, the heteroatom in zeolite framework also can exist as six-coordinated
octahedral structure as the formation of structural defects, instead of tetrahedral structure.
Another empiric rule is that the mean charge of one TO4 unit lies between -1 and 0 in the
resulting framework. Positively or highly negatively charged framework are not preferable.

In addition, here are some empiric restrictions from thermodynamics perspectives.



Considering the energy consumption for the deformation of the crystal lattice due to
incorporation of atoms with different sizes and charges and the energy increase resulted
from the growth of configuration entropy with decreasing system ordering and increasing
variety of elements in the system, the differences in radii of ions should be smaller than
15%, and the differences of the electronegativity of ions should be no more than 0.4 a.u.

on the Pauling scale.®

1.4 Acidity in zeolite

When a trivalent atom such as B, Al, Ga, or Fe were isomorphically incorporated
into zeolite framework, the TO4 tetrahedra will bear a negative charge. If the charge is
compensated by a proton, the resulting domain will act as a Brensted acid site. In addition
to Brensted acid sites, these zeolites also can possess Lewis acid sites, which can be
generated by dehydration of zeolite structure.

As shown in Figure 1.2, in contrast to trivalent elements, incorporation of
tetravalent elements such as Ti*, Sn**, into silica zeolite framework also can generate
highly dispersed and well-defined single-site Lewis acid sites. The Lewis acid property
arises from the partial positive charge on the metal atom when covalently bind with
adjacent framework oxygen atoms, which can accept electron pairs from reactants without

inducing a charge balance in zeolite framework.



Bronsted acid site

7N,

® )

i o
o o o o o o Substitution of o (|) o 0.0 (|) o
\Si/ \Si/ \Si/ \Si/ \SI/ Si4+ WithA137 \AI/ \Si/ \Si/ \Al/ \Sl/
/N /\ /N /N /N 3 /N 7N\ /N /\ / N\
0O OO0 OO OO 00 O O 00O OO OO OO0 O
Substitution of H-0 Lewis acid sit
- E€WIS acla site
Si** with M** :
o__o_.0Yo_ __oH o o0o&.o__0__0 0
FOROMT M A S s A
O 00 OOIOO 00 O O 00O OO OO OO ©

Lewis acid site

Figure 1.2 Brensted acid sites and Lewis acid sites in zeolite framework.

Furthermore, in the case of TS-1 zeolite, it was observed that the Ti-O-Si bond in
zeolite framework can reversibly hydrolyze to Si-OH and Ti-OH species. The formation
of first Ti-OH specie can minimize the framework distortion and stabilize the metal ion in
framework. However the further hydrolysis of Ti-O-Si bonds to generate HO-Ti-OH
species was extremely energetically unfavorable, as confirmed by computational studies.°
Beside Ti-containing zeolites, the closed and open acid sites were also observed in other
tetravalent heteroatom containing zeolites. As reported in literature, the open acid sites
would be more active for epoxidation of olefins over TS-1 zeolites and Baeyer - Villiger

oxidation of cyclic ketones over Sn-BEA zeolites.!
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Figure 1.3 Closed and open Lewis acid site in zeolite framework.
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1.5 Two-dimensional (2D) zeolite

In comparison to conventional zeolite or three-dimensional (3D) zeolites, two-
dimensional zeolite are an emerging type of nanoporous materials with potentially high
technological impact.1?*® They are made of layers with thickness limited to several nm
(equivalent to 1-2 unit cells), and weakly linked through hydrogen bonds or van der Walls
forces between the surface silanol group or through the interaction with organic/inorganic
species at the interlayer gallery. The weak interlayer interactions in 2D layered precursors
determine a variety of structural and chemical modifications that can be potentially applied
within the gallery of adjacent layers while preserving the original layer integrity. Therefore,
2D layered zeolite precursors can be post-modified via intercalation, exfoliation, pillaring,
etc. to make delaminated!®3® and pillared?® 342 structures. These materials contain
hierarchical micro- and mesoporosity within and between adjacent nanosheet layers. The
organic/inorganic pillars introduced during post-modifications enable the structural
flexibility, compositional flexibility, and multi-functionality of 2D zeolites for various
applications.

In the area of catalysis, the defining characteristic of 3D zeolites is the presence of
strong Brensted acid sites, which are dispersed within regular pores of molecular
dimensions. The confined space around the active sites and the restricted access to and
from the internal surface give rise to the widespread use of zeolites as shape selective
catalysts. In contrast, 2D zeolites contain extremely thin nanosheet slices of crystals that
produce high external surface areas (up to 50% of total surface area compared to ~2% in
micron-sized 3D zeolite) and expose a large amount of their active sites on external

surfaces. Therefore, they enable beneficial effects on adsorption and reaction in processing



bulky molecules. There are many reports about enhanced performance that can be achieved
in catalysis when using 2D zeolite materials, especially for delaminated and pillared zeolite

materials.*2-48

1.6 The evolution of 2D zeolite precursors and their derivatives

The development of 2D zeolite materials consists of three stages: accidental
occurrence during hydrothermal synthesis,*® rational design of 2D zeolite nanosheets via
templating,° and rational preparation of 2D zeolites via
assembly—disassembly—organization—reassembly (ADOR) processes.’! Figure 1.4 shows
a brief review of the history of 2D zeolite development. The appearance of 2D zeolites first
occurred by accidental discovery during the hydrothermal synthesis of a 3D zeolite in the
1960s, when researchers developed ilerite to produce an ordered silicate.*® It was not until
40 years later that this material was discovered to be a 2D zeolite precursor (RUB-18),%
and it was then used to hydrothermally synthesize RUB-24,> a 3D RWR-type zeolite. In a
similar scenario, the 2D AST zeolite precursor, a B-helix-layered silicate (B-HLS), was first
synthesized by Akiyama et al. in 1999,> and its structure was identified by Ikeda et al. two
years later.> The successful topotactic conversion of B-HLS into the AST-type zeolite was
reported by Asakura et al. in 2014.%

Nu-6(1), a precursor of zeolite type NSI, was the first officially reported 2D zeolite
material, prepared in 1983 for synthesizing its 3D calcined counterpart, Nu-6(2).> In the
early stages of zeolite studies, complete understanding of the crystallization mechanism
was lacking, and thus proper control of the crystallization process and resultant zeolite

morphology was infeasible. The emergence of 2D zeolite materials did not arouse intensive



research interests until MCM-22 (MWW topology) was reported in the 1990s.%8 Following
this discovery, EU-19 (NSI-CAS intergrowth),>® RUB-15,%° RUB-39%! and PREFER®?
precursors for producing EU-20b, siliceous SOD zeolite, RUB-24, RUB-41 and Ferrierite
(FER), respectively, were discovered in similar synthesis processes. The implication of the
layered MCM-22 zeolite material was to recognize that 2D zeolite precursors such as
MCM-22(P) and others mentioned above could be modified into various hierarchical
zeolite structures to include properties that differentiated them from conventional 3D
zeolite materials with rigid structures. The first successful investigation into the design of
a unique 2D layered zeolite used a basic reagent to produce swollen MCM-22(P), followed
by the insertion of a silica precursor to stabilize the increased interlayer spacing via
pillaring, resulting in a new material, MCM-36.3! The inorganic pillaring process was
modified and applied to additional zeolite structures such as ITQ-36%° and MCM-39(Si).®

In the past two decades, the construction of 2D zeolite materials from designed
synthesis approaches has been an important research milestone in 2D zeolite history. One
remarkable breakthrough in recent years was the discovery of 2D MFI nanosheets, which
was achieved by adopting Gemini-type bifunctional surfactants as organic SDA in
hydrothermal synthesis.>® These nanosheets have been treated using varying techniques to
produce exfoliated 2D zeolites, which exist as stable single-sheet zeolite materials.t® 2% 24
6365 Another notable development in the application of 2D zeolites is the ADOR
(assembly-disassembly-organization-reassembly) mechanism, which was reported in 2010
and used 2D zeolite as an intermediate between the breakdown of one 3D parent zeolite
structure and reconfiguration into new 3D or 2D materials.3’-%6-5” With improved synthetic

techniques, 2D zeolite materials are not only increasing in number, but they are also



expanding in composition and structure. One-step synthesis of unilamellar and self-pillared
zeolite nanosheets with heteroatom compositions other than Al has been recently pursued.
For example, MIT-1% and self-pillared pentasil (SPP)* % have been prepared using the
templating method in a one-step crystallization processes. Other aluminosilicate zeolites,
such as MEL,® FAU,"*® TON,”* MOR?® and MRE™, with 2D lamellar structures have
also been explored, although the obtained layer structures have not been downsized into
the unit-cell thickness level. According to the IZA, about 5% of the current more than two
hundred documented zeolite structures have been synthesized as 2D structures.'® Several

review articles have been excellently written on the topic of 2D zeolite materials.12 1415 76-

77

1964 wemllemm Silicate ilerite (15t synthesized 2D zeolite precursor)
1983 weumm NU-6(1) 2D NSI precursor

1988 i FU-19 2D CAS precursor

1990 s M CM-22(P) 2D MWW precursor

1995 el MCM-36 pillared MWW (1% pillared 2D zeolite)
1995 e Pillared RWR

1996 weemm PREFER 2D FER precursor

1996 wemgmmm RJB-15 2D SOD precursor

1998 wemlemm TQ)-2 exfoliated MWW (1% exfoliated zeolite)
1999 e HT.S 2D AST precursor

2000 ITQ-36 pillared FER

2000 = [TQ-6 exfoliated FER

2000 sl \{CM-47 2D CDO precursor

200] sl ITQ-18 exfoliated NSI

2006 wellemm [F, Tet-A]-AIPO-1 2D AFO precursor
2007 e RUB-39 2D RRO precursor

2009 el 21> MFT precursor

2010 el Pillared MFI

2011 v Fxfoliated MFI

2011 vl M CM-39(Si) pillared NSI

2011 e Fxfoliated RWR

2011 el [PC-1P 2D UTL, PCR, OKO precursor
2012 el Self-pillared MFI

2012 sl HUS-2 2D HEU precursor

2014 el TPC-5P 2D TWW precursor

2014 e HPM-2 21D MTF precursor

2015 el CIT-10 2D RTH precursor

2017 e 21> MOR precursor

2017 e PKU-22 2D STI precursor

2018 sl 2D MRE precursor

2018 e EMM-9 2D SFO precursor

v
Figure 1.4 Timeline of the development of 2D layered zeolite precursors and their

derivatives.
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1.7 Acidity properties of 2D zeolites

The catalytic advantages of 2D zeolite materials, compared to their 3D analogues,
are derived from the presence of active sites with appropriate acidity and improved
accessibility. Acid sites are formed when heteroatoms are incorporated into zeolites via
isomorphous substitution of Si with other elements during direct hydrothermal synthesis
or post-modification. The composition and coordination of heteroatoms determine the
acidity type (i.e. Brensted and Lewis) and strength. Enhanced acid site accessibility
indicates the capability of 2D zeolites to process bulky molecules in catalysis. Relative to
the multilamellar 2D zeolite precursors, increased acid site accessibility can be realized by
delamination and pillarization of 2D zeolite precursors; delamination increases external
surface area and exposes the acid sites along the outward surface, and pillarization
maintains and/or expands the gallery space between two adjacent zeolite layers, thus
enhancing the accessibility of external acid sites. Many studies have shown that higher
conversions are achieved in catalytic reactions over 2D zeolites than their 3D microporous

analogues.* 78

1.8 Techniques for Acidity Characterization of 2D Zeolite Materials

The acid site type and strength influence the activity and selectivity of 2D zeolite
materials in catalysis, which are correlated to the coordination environment of heteroatoms.
The most widely studied heteroatom in 2D zeolites is Al, therefore 2’Al-MAS-NMR is
commonly used to probe its coordination structures. In this method, the tetrahedrally
coordinated framework Al atoms exhibit a signal in the range 51.5-65 ppm (depending on

the type of zeolite and Si/Al ratio), while the octahedrally coordinated Al species (denoted
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extra-framework Al) exhibit a chemical shift of 0 ppm.”®° In addition, a weak signal
around 30 ppm is sometimes reported and ascribed to penta-coordinated Al species.’8 8182
It is said that the shape and signal position of the 2’ AI-MAS-NMR spectra are independent
of the crystal size, shape and dimensionality of a particular zeolite.83%* The 2D zeolites,
whether in delamination and pillarization form, however, often have higher fractions of
extra-framework Al compared to their 3D analogues.

FTIR spectroscopy of hydroxyl (-OH) groups or adsorbate probe molecules is a
well-established technique for evaluating the nature and strength of acid sites in zeolite
materials. Depending on the zeolite framework and dimension, there are several types of
hydroxyl groups, including (i) lattice termination silanol (-SiOH) groups, (ii) -OH groups
occurring at defect sites (hydroxyl nests), (iii) -OH groups attached to extra-framework
heteroatoms and (iv) bridging -OH groups (i.e. Brensted (Si-OH-Al) acid sites). These
hydroxyl groups give rise to bands in the fundamental stretch region at ~3740, ~3720,
~3680, ~3600 - 3650 cmL, in sequence.®>*° The precise position of the -OH group in the
Brensted acid site varies with the zeolite framework structure and dimensionality®°2. The
FTIR spectra of adsorbed probe molecules on acid sites in zeolites can provide information
on the acid type and strength. These probe molecules are often organic bases and should
be small enough to access all acid sites enclosed within the zeolite micropores. Pyridine,
with a kinetic diameter of 5.4 A%** is a commonly used. The FTIR spectrum of adsorbed
pyridine produces one band at around 1545 cm™ due to formation of pyridinium ions on
Brensted acid sites and another band at 1454 cm™ due to pyridine ions on Lewis acid sites.

The FTIR spectra of adsorbed pyridine can quantify the acid site concentration by
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combining the band intensity with the corresponding molar extinction coefficients using
the Lambert—Beer equation.

Quantitative analysis of the external acid sites in 2D zeolites is important to
understand these materials’ catalytic performances in processing bulky reactant molecules.
The measurement approach, resulting from the combination of a small organic base probe
molecule, which can access all of the acid sites, and a bulky analogue, which cannot enter
the system of micropores, provides information about the sites located on the external
surface of the 2D zeolites. A range of organic base molecules, as summarized in Table 1.1,
have been paired together for this purpose. In the measurement, the uptake of small organic
base molecules determines the density of total acid sites in the material, while the uptake
of the large molecules measures the concentration of external acid sites. The ratio of
adsorbed large base molecules to the small ones is the accessibility (or fraction) of external
acid sites in the analyzed 2D zeolites. This technique is often combined with FTIR
spectroscopy, or GC or MS measurement to quantify the adsorbed organic bases. In
addition, 3'P MAS NMR spectroscopy of adsorbed phosphine oxides is a powerful tool for
quantifying the external acid sites and acid site strength.®8-84 % The method takes advantage
of the strong adsorption of basic phosphine oxides (TMPO or TBPO) on Brensted acid
sites in zeolite framework, resulting in a one-to-one ratio. The interaction between a
Brensted (Si-OH-Al) acid site and an oxygen atom from phosphine oxide results in a 3!P
MAS NMR chemical shift that increases with the acid strength. Therefore, the chemical
shifts of 3'P MAS NMR signals indicate the acid strength, while the peak area suggests the

quantity of the acid sites with the identified acid strength. TMPO and TBPO probe the total
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and external surface acid sites in zeolites, respectively, and the ratio of adsorbed TBPO to

TMPO defines the accessibility of acid sites in the measured 2D zeolite.

Table 1.1 Representative organic base molecules used in acidity determination in 2D

zeolites.
. Kinetic diameter Accessibility to .-
Organic base (A acid sites in zeolites Acidity type
CcoO 3.8 >6 MR Brensted; Lewis
DME 4.7 >6 MR Brensted
CDsCN 4.8 >6 MR Brensted; Lewis
IPA 5.3 >8 MR Brensted
Pyridine 54 >8 MR Brensted; Lewis
Pivalonitrile 6.2 >10 MR Brensted
2,6-lutidine 6.7 >12 MR Brensted; Lewis
2,4,6-collidine 7.4 >12 MR Brensted; Lewis
DTBP 7.9 >12 MR Brensted
DMQ 8.3 >12 MR Brensted
TPP 9.4 >12 MR Brensted
TMPO 55 >8 MR Brensted; Lewis
TBPO 8.2 >10 MR Brensted; Lewis

1.9 Titanium silicalite -1 zeolite

The commercial application of zeolites are mainly focused on aluminosilicate
zeolites, however titanosilicate zeolites have also gained industrial use as selective
oxidation catalysts. TS-1 zeolite, discovered by EniChem researchers via isomorphic
substitution Ti** in MFI framework®® is the first heterogeneous zeolite catalyst for phenol
hydroxylation,®”-%° cyclohexanone ammoximation'®-19 and propylene epoxidation®1% in
industrial processes. Besides, the TS-1 catalyst is also studied for benzene
hydroxylation,%”-1% linear/cyclic olefins epoxidation,'%-1!4 terpenes epoxidation'*? %5 and

allyl alcohol/chloride epoxidation*6-1!8 reactions.
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Although TS-1 is an important eco-friendly industrial-scale oxidation catalyst, it is
challenged in the catalytic processes involved with bulky organic molecules. When the
kinetic diameters of the reactants are larger than the zeolite micropores (10MR, 0.51 <0.55
nm along a-axis and 0.53 < 0.56 nm along b-axis), their transport to the Ti-active centers
during catalysis are severely restricted. The inaccessibility of molecules to active sites
confined in TS-1 micropores and slow mass transport led to inferior catalytic
performances.!!® Synthesis of titanosilicate with large micropores have been practiced to
mitigate the mass transport limitation and active site inaccessibility issues. For example,
the isomorphic substitution of Ti in zeolite BEA,*** MWW, 12122 YT, 123 ZSM-12,124 ITQ-
7125126 and 1TQ-17%2" 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 128130 and Ti-ITQ-6,1132 respectively, have been prepared. Recently, the
multilamellar Ti-containing MEL (TS-2) nanosheets were prepared under the assistance of
mixed templates of cetyltrimethylammonium tosylate and tetramethylammonium hydroxide.**
The Ti-containing MEL zeolite nanosheets showed high activities in the epoxidation of
cyclohexene with tert-butyl hydroperoxide and phenol hydroxylation reactions. 1?11

Other than the MWW, FER and MEL framework type of Ti-containing zeolite
nanosheets, titanosilicate nanosheets of MFI framework have also been reported. The

synthesis of TS-1 nanosheet structures, including unilamellar,*® multilamellar!4-115 134

15



and pillared> 13 architectures, have been reported recently. In these TS-1 nanosheet
materials, the Ti-centers are positioned tetrahedrally in zeolite framework (similar to that
of 3D microporous TS-1 zeolite), which are realized by isomorphic substitution of silicon
element during hydrothermal crystallization.**> The high external surface area of TS-1
zeolite nanosheet architectures enables the post-synthetic method to introduce Ti-active
sites. For example, Ti-active centres can be grafted on the external surface unilamellar TS-
1 nanosheets.'? Similarly, the delaminated siliceous MWW-type zeolites, ITQ-21281% angd
UCB-4,57 were grafted with Ti-sites from the titanocene and calix[4]arene-Ti' precursors.
These post-synthetic methods created Ti-sites with increased accessibility to bulky
molecules. The pillarization treatment of multilamellar TS-1 nanosheets can also introduce
additional Ti-active sites besides those inherently present in the framework. For instance,
the intercalation of pillaring precursors by dispersing 2D zeolite in an alkoxide liquid (a
mixture of TBOT and TEOS) and hydrolyzing entrapped alkoxide formed the silica/titania
(SiO2/TiOy) pillars in pillared MWW or TS-1 zeolite. These pillared zeolites showed
improvement in converting bulky reactants in epoxidation reactions, when comparing to
their non-pillared counterparts, 15 134 138-139

In TS-1 synthesis, the presence of alkali metal cations, even in a very small amount,
in the synthetic gel can prevent incorporation of titanium into the zeolite framework.40-142
Thus, organic templates in the hydroxide form are often employed in the synthesis process.
The cationic 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.®® 14314 For example, the conventional TS-1
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is commonly prepared by employing the TPAOH template.}*¢1%¢ 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.}®114 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.

Although extensive studies on the synthesis and catalysis tests of 2D TS-1 zeolites
have been reported in literature, quantitative assessment on accessibility and catalytic
behavior of Lewis acidic Ti-centers have been rarely explored. Comparing to those
established works for Brensted acidity'**1%2 in 2D zeolites, quantification of Lewis acidity,

local Lewis acid site environment and activity in catalytic reactions are limited.

1.10 Zeolite membrane and its applications in pervaporation

Pervaporation is an abbreviation of the terms permeation and evaporation, defined
by Philip Kober in the 1910s.1* This is a membrane-based separation technology,
providing competitive advantages over conventional separation techniques, such as
extraction, distillation and absorption. Pervaporation have been specifically used in the
area of azeotropes, close-boiling-point mixtures, and thermally sensitive compounds
separation. As shown in Figure 1.5, the desired component in the liquid-form feed
permeates through a membrane, evaporates while passing through the membrane, and
concentrates at the permeate side as a vapor. The membrane, acting as a selective barrier
between the liquid phase feed and vapor phase permeate, allows the desired components

of the liquid phase feed to transfer through it by vaporization. The permeate side is kept at
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vacuum while the feed side is kept at atmospheric or elevated pressure to maintain the
driving force, pressure gradient over the membrane, for the pervaporation process.’>* The
separation process by pervaporation method can be categorized to three major fields:
dehydration of agqueous — organic mixture, removal of trace volatile organic compounds
from aqueous solution and separation of organic — organic solvent mixture. Nowadays,
more than 100 pervaporation systems have been used industrially in the world. Only one
of these removed sulfur compounds from naphtha streams, several others removed volatile

organic compounds from water, the others dehydrated organic solvents.t>>6
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Figure 1.5 Overview of the pervaporation process for aqueous organic mixture.

The pervaporation process typically uses a semi-permeable membrane, which
consists of a dense, thin active layer as the main separation barrier on top of one or several
porous support layers that provide necessary mechanical strength. The active layer of the
semi-permeable membrane is required to have long-term stability, high permeability,
superior contaminant rejection, and fouling resistance. Different types of semi-permeable

membranes have been used for pervaporation, such as polymeric membranes, ceramic
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membranes and composite membranes. Current semi-permeable membranes, however,
still exhibit significant deficiencies in permeability, selectivity, fouling resistance, and
chemical stability (e.g., in presence of chlorine or harsh condition). Therefore, the creation
of an ideal semi-permeable membrane has been a top priority for pervaporation process.
Rapid advances in nanotechnology have brought about numerous nanomaterials
with superb properties that are potentially useful in membrane technology. Among these
nanomaterials, zeolite has exhibited many unprecedented properties that can be
promisingly exploited to make novel membranes with much enhanced performance. As
discussed above, 2D zeolite is a microporous crystalline material with a well-defined
framework and unit-cell level thickness. Such a framework typically forms interconnected
micropores with dimensions ranging typically from 0.3 to 1.0 nm, thus a continuous zeolite
film can effectively reject small-molecule contaminants. In addition, the zeolite nanosheets
consists of tunable constitutions (aspect ratio and orientation of micropore channels) and
compositions (Si/Al molar ratio and surface functional groups), thereby promisingly
enabling both architectural and compositional functionalities in hydrophilic/hydrophobic
membranes. The Si/Al ratio of the unit-cell-thick zeolite nanosheets can be tailored from
20 to practically infinity to tune the hydrophilic-hydrophobic properties. Filtration or
Langmuir coating techniques can be used to assemble the zeolite nanosheets to be aligned
in the flow direction so that permeability can be maximized. The high aspect ratio (ranging
from 50 to 200) and nanometer-range thickness can conform zeolite nanosheets to the
substrate surface. Therefore, 2D zeolite is an ideal material to make as membrane in
pervaporation process with high permeability as well as superior rejection of small

contaminants.
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1.11Ultrathin -film photocatalytic light absorber (UFPLA) and photocatalysis

Photocatalysis plays a crucial role in a broad range of applications that include
disposal of toxic chemical agents,*62-163 water purification!®41% and solar production of
fuels.1®-1%9 TiO, has been the most frequently employed photocatalyst due to its inherent
environmental friendliness and low cost. The current photocatalytic processes, however,
are highly inefficient, particularly in the case of solar activation. This inefficiency arises
because the charge carrier (electrons/holes, e/h*) extraction efficiency in photocatalysts is
far too low!®” 170172 and the photocatalytic processes over photocatalyst such as TiO;
requires UV irradiation.'”®1* The charge carriers are generated by light irradiation to
initiate the catalytic reactions, but their recombination rates are much faster than utilization,
which highly limits the activity of photocatalysts. In addition, the majority of the energy in
sunlight is not in the ultraviolet (UV) regime. Catalyst materials and design strategies that
have potential to enhance e/h* extraction efficiency, light absorption, and the resultant
catalytic activity and efficiency in photocatalysis are highly desired.

Considerable efforts have been placed on the development of nanostructured
catalysts such as TiO2 nanoparticles (nanowires, nanotubes or nanosheets)*>18! and Ti-
oxide single sites anchored in porous materials'’® 82187 to promote efficiency in
photocatalysis. The nano-sized TiO2 structures provide diffusion path along their
geometrical axe!8-1%, disfavoring the recombination of e/h* and enhancing multi-electron
transfer for photocatalytic reactions. The adsorption of reaction and their corresponding
products in TiO> catalysts may block the oxygen adsorption and thus inhibits the catalyst
activity and stability. The design of TiO2 species within the porous matrix such as zeolite

framework or cavities is effective in enhancing photocatalytic activity and avoid catalyst
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deactivation. The molecular-sized Ti-oxide sites or TiO2 clusters are spatially isolated and
tetrahedrally coordinated in porous matrix, resulting in formation of trapped electron
(Ti**)-hole (O°) pairs upon UV irradiation, which are particularly favorable for
photocatalytic reactions.'1"1% The adsorption in porous support enriches the reactants and
removes products from TiO> catalysts, contributing to the increase in catalytic activity and
stability. An enhancement in activity and selectivity in photocatalytic reactions over
nanostructured TiO»-based catalysts has been observed, but the photoconversion efficiency
is still low, mainly due to lack of sufficient light absorption in nanostructured photocatalyst
materials.}’* 194202 |n addition, the powder-formed TiO; catalyst particles cause significant
light scattering and inhibit effective optical absorption from solar spectral radiance.

One promising scheme to enhance the optical absorption without sacrificing the
catalytic activity/selectivity in nanostructured catalysts would be to employ light trapping
strategies on photocatalysts. Recently, planar thin film interference in lossy ultra-thin
layers attracted intensive interests?%3-2%4, In particular, this mechanism has been employed
to enhance the optical absorption of planar ultra-thin photocatalytic a-Fe2Oz films for
efficient water splitting?®*. By controlling the planar cavity structure, we have
demonstrated that the optical absorption within 1.5-nm-thick Ge film?® and MoS;
monolayers?% can be enhanced significantly, opening the door to high-efficiency ultrathin-
film energy conversion materials, structures and devices?®’. Importantly, this principle is
general and can be implemented into photocatalytic systems to boost the photoconversion
efficiency.

Ultrathin-film photocatalytic light absorber (UFPLA) have been made by

sequential deposition of an aluminum (Al) reflector and a TiO> thin film (< 30 nm) on a
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glass substrate, to resolve the intrinsic trade-off between optical absorption and charge
carrier extraction efficiency, i.e., a solar absorber should be thick enough to absorb majority
of the light allowable by its band gap but thin enough to allow charge carrier extraction for
reactions. The TiO2/Al films introduced the active sites, and manipulated the phase of the
reflective partial waves to realize the destructive interference. Therefore, the light
absorption capability of the TiO2 thin film was maximized, significantly increasing
catalytic efficiency by generating much more surface charge carriers. Figure 1.6 shows the
general principle of the TiO2/Al UFPLA. The UFPLA is designed based on the thin-film
interferometer constructed by a TiO> film on a highly reflective Al film. Since the Al layer
is highly reflective, no light is transmitted through the UFPLA. Instead, the light is reflected
back and forth at the air/TiO2 and TiO2/Al interfaces. Specifically, when light reaches the
top air/TiO> interface, part of this incident light will be reflected back to air, which is
denoted as i . The other part of the incident light is transmitted into the TiO2 film,
propagates until it is reflected by the bottom TiO/Al interface, and continue to propagate
to the air/TiO2 interface. At this interface, the light is divided into two parts again. One part
exits back to air, which is denoted as i . The rest of the light repeats the previous process
and bounces back and forth between the air/TiO. and TiO2/Al interfaces. The following
partial waves transmitted back to air are denoted asi ,i ,1 , etc Except for the first
partial wave, all other partial waves propagate in the TiO layer at least one round-trip.
Light propagation results in phase change of light, which can be determined by the
thickness of the TiO film. Thus, in order to enhance the light harvesting capability of

UFPLAs, the thickness of the TiO; film can be intentionally tuned to create destructive
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interference among these partial waves, leading to a complete suppression of total

reflection, i.e., perfect absorption.

Figure 1.6 Schematic of the two-layered TiO2/Al UFPLA structure.

To achieve the destructive interference at the air/TiO> interface, the Fresnel
equation was adopted to design the thickness of TiO2 layer in the proposed nanocavity.
With a normal incident light, the reflection components for a two-layer system shown in

Figure 1.6 can be described by:

i g (Eq.1.1)
i BigwQ (Eq.1.2)
i Digigd'Q (Eq.1.3)
i Digigd'Q (Eq.1.4)
where ig —— 8 ——. ¢ ¢ Wand¢ ¢ @ are the complex
refractive indices of layer x and layer vy, respectively. | —¢& "Q, where Q is the
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thickness of layer 2. Using this formalism, more reflection components can be calculated

accordingly.

-
<&

22 nm TiOz

17 nm TiO:z

12 nm TiO2

22 nm TiOz

=
-

Absorption
-0

oo

X =

3 3

3 3

o =

S

Absorption
oo

-0
oo

-
oo

oo
a0
oo

0.0 :W 0.0 M
100 2 hm Tio2 100 2 nm Tio2
0.0 . : 0.0 \ :
250 350 450 250 350 450
Wavelength (nm) Wavelength (nm)

Figure 1.7 Modeled (a) and measured (b) optical light absorption as a function of the

thickness of TiO- films in the TiO2/Al UFPLA.

Figure 1.7a indicates the modeled optical absorption of the UFPLA at each
wavelength from 210 nm to 450 nm as the function of the thickness of TiO> films. It can
be seen that strong resonant absorption peaks over 90% from 270 nm to 325 nm can be
obtained in the optimized TiO: film thickness region of 12~19 nm. Beyond this range, the
overall absorption will decrease with thinner or thicker TiO2 layers. In order to validate
this theoretical prediction, the measured optical absorption spectra of the UFPLA structures
with TiO; thickness varied from 2, 7, 12, 17 to 22 nm in sequence, as shown in Figure 1.7b.
The increase in thickness of TiO> layer enhances and then suppresses the optical absorption
of the entire UFPLA structures. The obvious peak resonant absorption over 90% from 270

nm to 325 nm can be obtained in the optimized TiO> film thickness region of 12-17 nm.
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At the optimized TiO: film thickness, the super strong optical absorption was realized,

agreeing well with the theoretical prediction shown in Figure 1.7a.

1.12 Thesis overview

This dissertation, which focuses on synthesis of 2D MFI zeolite nanosheets,
understanding of Lewis acidity environment and its influence on site reactivity in 2D
lamellar zeolites, preparation of delaminated 2D zeolite nanosheets, fabrication of ultrathin
zeolite membrane and exploration of 2D zeolite devices in photocatalysis application, is
divided into 8 chapters.

Chapter 2 introduces the synthesis of multilamellar TS-1 zeolite by directly using
the diquaternary ammonium template in bromide form (C22.6.6Br2) mixed with the
hexanediamine molecule in the zeolite synthetic solution. Pillaring of the multilamellar TS-
1 produced pillared TS-1, which showed a well-preserved mesoporosity and long-range
ordering zeolite nanosheet layers. The influences of several synthesis parameters, such as
concentrations of Cz2.6.6Br2, hexanediamine, and Ti precursor in the synthetic gel as well
as crystallization time, on the resultant TS-1 nanosheet products were investigated. In
chapter 3, three hierarchical 2D lamellar TS-1 zeolites, which included multilamellar TS-
1, SiOz-pillared TS-1 and SiO2/TiO2-pillared TS-1 zeolites were synthesized from the same
precursor, multilamellar TS-1 precursor, that was made by the method introduced in
chapter 2. By the investigation of these three hierarchical 2D TS-1 materials, together with
the control sample (conventional 3D TS-1 zeolite), we conducted quantitative assessment
on local environment and catalytic behavior of Lewis acidic Ti-centers in these materials.

The catalytic properties of external and internal acid sites were evaluated by rigorous
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kinetics analysis of CgH14 epoxidation with H20.. Chapter 4 and 5 described a top-down
method and a bottom-up method to synthesize delaminated zeolite nanosheets,
respectively. In chapter 4, siliceous MFI (silicalite-1, S-1) zeolite nanosheets were prepared
by a top-down method starting from multilamellar silicalite-1 zeolite precursor through
exfoliation by piranha solution treatments and purification by density gradient
centrifugation. The as-obtained delaminated silicalite-1 zeolite nanosheets were used as
seeds to fabricate ultrathin MFI zeolite membrane on U-shaped a-Al203 hollow fiber
supports via a secondary growth process. The ultrathin zeolite membrane with a thickness
less than 1pm exhibited a better ethanol/water pervaporation performance, compared to
conventional silicalite-1 zeolite membrane. The bottom-up synthesis of silicalite-1 zeolite
nanosheets has been reported by Tsapatsis’s group in 2018. This siliceous MFI zeolite
nanosheets, however, do not have any Brensted or Lewis acidity, which prohibited their
applications in catalysis. In chapter 5, following Tsapatsis’s group work, we presented a
one-pot synthesis method to produce titanium, iron, tungsten and molybdenum
isomorphically substituted MFI zeolite nanosheets with the assistant of bis-1,5(tripropyl
ammonium) pentamethylene diiodide as SDA. These heteroatoms bring Lewis
acidity/Brensted acidity and confer various chemical properties to 2D zeolite nanosheets.
These as-obtained 2D MFI zeolite nanosheets were confirmed by structural and textural
property analyses. Chapter 6 and 7 reported the design and fabrication of a novel TiO»-
based photocatalyst, ultra-thin film photocatalytic light absorber (UFPLA), and explored
its application in photocatalysis. In chapter 6, we created a novel UFPLA comprised of
sequential photocatalytic/absorptive TiO> thin films, an optional alumina (Al.O3) spacer

layer and a bottom aluminum (Al) reflector layer to design efficient photocatalytic CO>
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conversion processes. The as-obtained structures significantly improve TiO2 photocatalytic
activity and selectivity to oxygenated hydrocarbons than the benchmark photocatalyst,
Aeroxide® P25. This work demonstrated a powerful strategy to control light absorption
and catalysis in CO2 conversion and, therefore, creates new and potentially transformative
ways of converting solar energy and greenhouse gas to alcohol fuels/chemicals, alternative
to fossil fuels used today. In chapter 7, another kind of UFPLA, comprised of sequential
deposition of an aluminum (Al) reflector and a TiO- thin-film (< 30 nm) on a glass substrate,
was created. For the first time, the UFPLA was employed for the photocatalytic
detoxification of chemical war agent (CWA) simulant, dimethyl methylphophonate
(DMMP). The performance of UFPLA with different TiO2 thin-film thicknesses in
photocatalytic decomposition of DMMP vapor was studied. This UFPLA can significantly
boost TiO2 photocatalytic activity compared to the benchmark Aeroxide®P25 catalyst. The
effects of reactant (i.e. DMMP, water and oxygen, respectively) partial pressure and
reaction temperature on DMMP decomposition were measured. The kinetic parameters
were analyzed from these kinetic data by using the Langmuir-Hinshelwood model, which
can guide further understanding on DMMP and CWA decomposition behavior over
UFPLA structures. Last but not least, in Chapter 8, some concluding remarks are made

discuss potential future work for the project.
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Chapter 2: Multilamellar and Pillared Titanium Silicalite-1 with Long-Range

Order of Zeolite Nanosheet Layers: Synthesis and Catalysis

2.1 Introduction

Zeolites are generally defined as crystalline microporous aluminosilicates, in which
silicon (Si**) and aluminum (AI**) are coordinated tetrahedrally with oxygen to form
various framework types and pore connectivities 2°22%, The presence of aluminum (AI*)
in zeolites imposes net negative charges on the framework, which are often
counterbalanced by organic/inorganic cations or protons. Therefore, zeolites are endowed
with ionic exchange capability as well as Brensted acidity, widely used for adsorption 2%
211 separation 212213 and catalysis 24'°, Besides aluminum, other elements 216-22° also can
be introduced into zeolite frameworks, which confer chemical properties different from the
negative charges and consequent Brensted acidity caused by the presence of aluminum.
For example, the isomorphic substitution of titanium (Ti**) in tetrahedral coordination in
zeolite frameworks offers Lewis acidity and redox properties 222-2%4, TS-1, discovered by
EniChem researchers by isomorphic substitution Ti*" in MFI framework ??° is the first
heterogeneous catalyst for the selective oxidation of hydrocarbons with H20. oxidizing
agent in industrial processes 14% 226227,

Although TS-1 is an important eco-friendly industrial-scale 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 inferior catalytic performances '°. Synthesis of Ti-containing zeolite

polymorphs (or called titanosilicate) with large micropores have been practiced to mitigate
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the mass transport limitation and active site inaccessibility issues. For example, the
isomorphic substitution Ti in zeolite BEA 120, MWW 121122 yTL 123 ZSM-12 12 |ITQ-7
125126 and ITQ-17 27 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 128130 and Ti-ITQ-6 13132 respectively, have been prepared. Recently, the
multilamellar Ti-containing MEL (TS-2) nanosheets were prepared under the assistance of
mixed templates of cetyltrimethylammonium tosylate and tetramethylammonium hydroxide 3.
The Ti-containing zeolite nanosheets showed high activities in the epoxidation of
cyclohexene with tert-butyl hydroperoxide and/or phenol hydroxylation reactions 11211°,
Other than the MWW, FER and MEL framework type of Ti-containing 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 [(CisH33-N*(CHa)2-
CeH12-N*(CH3)2-CeHi3)(OH)2, Ci6-6-6(OH)2] 2. The as-obtained TS-1 nanosheets stayed
as disordered thin platelets with a single unit-cell thickness. Replacement the template from
Ci16-6-6(OH)2 to (C22Has-N*(CH3)2-CsH12-N*(CHz3)2-CsH13)(OH)2 (C22-6.6(0H)2), extension
of the synthesis time from 10 days to 20 days and temperature from 413 K to 423 K led to
the formation of multilamellar TS-1 nanosheets 4. Pillaring of multilamellar TS-1 has

been explored by Piech’s and Gl&er’s groups > 228, put the resultant product lacks the
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long-range ordering 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!4%-42,
Thus, organic templates in the hydroxide form are often employed for the synthesis process.
The cationic 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 143 145225 229 Eqor example, the conventional
TS-1 is commonly prepared by employing the TPAOH template!#6-148, 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
resint’3114 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 (C22Has-N*(CH3)2-CeH1o-
N*(CHz3)2-CeH13)(Br)2, C226.6Br2) and pillaring of multilamellar TS-1 to form pillared TS-
1 with long-range order of nanosheet layers. A mixture of C2.6.6Br2 and hexanediamine
(CsDN), in which the former served as the structure directing agent and the latter provided
alkalinity, was used for multilamellar TS-1 crystallization. The intercalation of TEOS

followed by a hydrolysis in multilamellar TS-1 led to the formation of pillared TS-1. The
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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 pillared TS-1 showed an improved active
site accessibility and catalytic activity than the conventional TS-1 in reactions involved

with bulky molecules.

2.2 Experimental
2.2.1 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,
40wt% solution) were supplied by Alfa Aesar. Tetraethyl orthosilicate (TEOS, 98% purity),
hexanediamine (CeHisN2, 98% purity), and phenol (99% purity) were purchased from
Sigma-Aldrich. Cyclooctene (95% purity) was purchased from TCI. Hydrogen peroxide
(H202, 30 wt% solution) was purchased from EMD Millipore Corporation. Deionized (D)
water was used throughout the experiments. Di-quaternary ammonium surfactant template
(C22-6-6Br2) was synthesized based on the reported method *° and the synthesis procedure

has also been explained in our previous publications %230,

2.2.2 Synthesis of multilamellar TS1 zeolite
In a typical synthesis, 2.02 g 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
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iced bath, and a freshly prepared solution of 0.10 g TBOT in 0.64 g n-butanol was added
dropwise under vigorous stirring. The above mixture was heated to 333 K, and a C22.6-6Br2
solution that was prepared by dissolving 1.48 g C22.6-6Br2 in 10.8 g DI water, was added
dropwise under stirring. The resultant gel was further aged at 333 K for 3 h under stirring.
The molar composition of the gel mixture was 100SiO2/60CsDN/7C22-6-
6Br2/1TiO2/6000H,0/30BUOH. Afterwards, the synthetic gel was transferred into a Teflon-
lined autoclave and crystallization of zeolite was conducted at 413 K 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-synthesized
zeolite was calcined at 823 K for 4 h under flowing air (1.67 mL s™) 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 100SiO2/60CeDN/7Cz2-6-
6Br2/1TiO2/6000H,0/30BUOH was used as a standard recipe, while the compositions of
CeDN, C226.6Br2, TBOT (Ti precursor), 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, 100SiO2/xCe¢DN/yC22-6.6/zTi02/6000H.0/30BuOH/m

days. Table 2.1 lists the detailed composition for each M-TS-1 sample.

Table 2.1 Compositions for synthesis of M-TS-1 zeolites using the general recipe of

100SiO2/xCsDN/yC22-6-6/2Ti02/6000H,0/30BuOH/m days.
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Composition in molar ratios

Zeolite Sio, C,DN Corss Tio, H,0 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)

2.2.3 Synthesis of pillared TSL zeolite

Pillaring of the as-synthesized M-TS-1 was performed as those reported for
pillaring of multilamellar MF1.1%% 2 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 N2 atmosphere, heated to 351 K 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 solution (pH = 8). The weight ratio of NaOH aqueous solution
to the solid zeolite sample was 10. After stirring at 333 K for 24 h, the sample was collected
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by centrifugation, washed with DI water twice, and then dried under ambient condition.
Finally, the sample was calcined at 723 K for 6 h under N2 atmosphere (1.67 mL s) and
823 K for 12 h under air atmosphere (1.67 mL s). The pillared TS-1 nanosheet structure
is denoted as P-TS-1.

For comparison, the conventional TS-1 zeolite was synthesized according to a
previous procedure.? 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
100SiO2/15TPAOH/1TiO2/1500H.0. 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. All the samples,
including M-TS-1, P-TS-1 and C-TS-1, were ion-exchanged three times using 1 M aqueous
NHsNO3s (weight ratio of zeolite to NH4sNO3 solution = 1:10) at 353 K for 4 h, and
subsequently, centrifuged, washed with DI water, and dried at 343 K overnight. All
samples were treated in dry air (1.67 mL s?) by increasing the temperature from ambient

to 823 K at 0.167 K s and holding for 4 h, prior to the characterization and catalytic tests.

34



2.2.4 Materials characterization

Powder X-Ray diffraction (XRD) patterns were recorded using a Bruker D8
Advance Lynx Powder Diffractometer (LynxEye PSD detector, sealed tube, Cu Ka
radiation with Ni B-filter). Scanning electron microscopy (SEM) images were taken on a
Hitachi SU-70 electron microscope to visualize the zeolite morphologies. Transmission
electron microscopy (TEM) images were obtained on a JEM 2100 LaB6 electron
microscope. N2 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 inductively 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.

2.2.5Catalytic 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
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heated on a stirring hot plate. The reactions were run at autogenous pressure and magnetic
stirring (0.5-inch stirring 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.O> (30wt % aqueous solution) in sequence. After sealing the reactor, it was
placed into a pre-heated (353 K) copper cylinder shape incense holder and kept for desired
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, 50.0 m %320 pm >0.52 pm) connected to
a flame ionization detector (FID). The cyclooctene epoxidation reaction was conducted at
the same conditions except that the reaction temperature was controlled at 333 K and the
reaction mixture contained 50 mg catalyst, 526 mg cyclooctene, 8 mL acetonitrile and 255

mg H20 (30wt % aqueous solution).

2.3. Results and discussion
2.3.1 Synthesis and characterization of M'S-1 zeolites

Here, we firstly explored the synthesis of M-TS-1 nanosheets by using a mixture
of C22.6.6Br. and CeDN templates, in which Cz.6.6Br. and CsDN provide the structure
directing agent and alkalinity functionalities, respectively. The molar composition of
100Si02/60CeDN/7C22-6-6/1Ti02/6000H.0/30BUuOH was used as the standard recipe. The
concentrations of C22.6.6Br2, CsDN, 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 physicochemical properties. Individual experimental variables were

changed, and the effects of changing these variables were investigated by comparing the
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products to that obtained with the standard synthesis recipe. Below, we discuss the effects

of these synthesis variables in sequence.

2.3.1.1 Effects of CeDN concentration

To study the effects of CéDN on M-TS-1 synthesis, we employed the C¢DN
concentration from 0 to 120, i.e,, x =0, 30, 60 and 120, respectively. Figure 2.1 shows the
SEM images of the obtained M-TS-1 samples. The absence of CsDN (x = 0) in the synthesis
gel in Figure 2.1(a) led to amorphous product, reflected by the featureless particles in the
SEM image. The addition of CeDN (x = 30 in Figure 2.1(b)) promoted the growth of
needle-like particles. The further increase in Ce¢DN content enhanced the TS-1
crystallization, and the product morphology transformed into nanosheet aggregates, as
shown in Figure 2.1(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

Ci6-6-6(OH)2 templates 113,




Figure 2.1 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

CesDN concentrations.

Figure 2.2 shows the physicochemical properties of TS-1 nanosheets presented in
Figure 2.1. The high-angle XRD peaks in Figure 2.2(a) are characteristic 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 26 = 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 calcination. While with the insufficient alkalinity in the synthetic gel
(x = 0 and 30), the obtained samples did not have the ordered zeolite nanosheet structure,
indicated by the absence of XRD peaks at low-angle range in Figure 2.2(a). The variation
in CeDN content in M-TS-1 synthesis suggests that a higher alkalinity is needed to
guarantee the mineralization of zeolite framework and the long-range ordering of zeolite
nanosheets.

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

of Ti-species in the M-TS-1 samples, as shown in Figure 2.2(b). For comparison, C-TS-1
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sample was measured at the same condition and included in this figure. When CsDN 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 3. 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 coordinated framework Ti-species 13, appeared. In M-TS-
1(60-7-1-10) and M-TS-1(120-7-1-10) samples, the band at 278 nm completely
disappeared 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 N2 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 calculated from the adsorption branches of N>
isotherms by a NLDFT method, assuming an equilibrium kernel for cylindrical pores of
siliceous zeolite. In Figure 2.2(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 ~50 cm® g N uptake at
P/Po = 0.05, while the other two M-TS-1 crystalline samples have ~110 cm® g N
adsorption at the same relative 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/Po=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 CsDN content
in the synthesis. Figure 2.2(d) quantitatively reflects the mesoporosity change across these

four samples.
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Figure 2.2 (a) Low- and high-angle XRD patterns, (b) DR UV-Vis spectra, (c) N2
isotherms and (d) NLDFT pore size distributions of M-TS-1 samples synthesized by

using different CsDN concentrations.

2.3.1.2 Effects o0fC226-6Br2 concentration

To study the effects of Coa266Br2 concentration on M-TS-1 synthesis, the
concentration of Cx..6.6Br2 was varied fromy = 1, 4, 7 to 9 in sequence. 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), accordingly. The SEM images in Figure 2.3 shows the sample
contains featureless amorphous particles when y = 1 (Figure 2.3(a)). The increase in Czo-6-
eBr> concentration (y = 4, 7 and 9) led to crystallization of M-TS-1, reflected by the

presence of nanosheet aggregates (Figure 2.3(b)-(d)). The thickness of nanosheets and size
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of aggregates seem to increase when y was increased from 4 to 9. The XRD data in Figure
2.4(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 Cz2.6-6Br2 concentration in the synthesis, as
indicated by the sharpness of the first and third reflection 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).

Figure 2.3 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 using different C2..6.6Br> concentrations. The

SEM image of (c) M-TS-1(60-7-1-10) is represented here for comparison purpose.

Figure 2.4(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
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other three M-TS-1 samples predominantly have tetrahedrally coordinated Ti-species. The
N> isotherms (Figure 2.4(c)) and NLDFT pore size distributions (Figure 2.4(d)) further
suggested the fully crystallization of M-TS-1 when the C2..6.6Br2 concentration was high.
The existence of mesopores was found in both amorphous and crystallized M-TS-1
samples when the C22.6.6Br2 concentration was varied, different from the low mesoporosity

in the sample synthesized with low CsDN concentrated in Figure 2.4(d).
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Figure 2.4 (a) Low- and high-angle XRD patterns, (b) DR UV-Vis spectra, (c) N2
isotherms and (d) NLDFT pore size distributions of M-TS-1 sample synthesized at
different C22.6-6Br> concentrations. The characterization data M-TS-1(60-7-1-10) is

represented in each plot for comparison purpose.
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2.3.1.3 Effects of TBOT concentration

In synthesis of M-TS-1 zeolites with variant Ti-species concentrations, TBOT, the
Ti-precursor, was controlled asz =1, 2, 3 and 4, respectively, in the synthesis recipe. Figure
2.5 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. Figure 2.6(a)-(d) present the XRD patterns, DR UV-vis,
N2 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
nanosheets. They also have quite similar N2 uptake and pore size distributions. 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 Figure 2.6(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 2.2, 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.?33-2%
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Figure 2.5 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 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 2.6 (a) Low- and high-angle XRD patterns, (b) DR UV-Vis spectra, (c) N2
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.

2.3.1.4 Effects ohydrothermal 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 (Figure 2.7(a) and Figure 2.8(a)).
The increase of synthesis time to 5 and 7 days has led to crystallization of TS-1 nanosheets
(Figure 2.7(b) and (c)). Figure 2.8(c) and (d) shows the textural properties of these samples
collected at different synthesis times. The high N2 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 2%, All other three samples have quite similar N, adsorption
properties. The DR UV-vis data in Figure 2.8(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 1%,
When the hydrothermal synthesis time increased, the band at 284 nm suppressed and the
band at 210 nm became more obvious, which was assigned 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-
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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 231, The studies on effects of synthesis parameters on growth of multilamellar TS-
1 nanosheets indicate the synthesis conditions can be optimized to form desired TS-1
nanosheet structure and composition. The as-synthesized structures have excellent long-
range ordering of TS-1 layers, in comparison to that of TS-1 nanosheets synthesized by

using templates in hydroxide form 13,

Figure 2.7 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 2.8 (a) Low- and high-angle XRD patterns, (b) DR UV-Vis spectra, (c) N2
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.

Table 2.2 Textural properties of TS-1 zeolite samples determined from N2 adsorption-

desorption isotherms.

zeolte R i A AL AR
((“,’_'7'_Tfi%) 0 0 118 118 0283 0283 56
Goriie 0031 51 242 190 0427  0.39 81
Gortiey 0113 263 466 203 0452 0339 101
(borade 017 270 514 244 0788 0671 104
(07210 0108 258 432 174 0362  0.254 52
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M-TS-1

(60-7-3-10) 0.106 247 416 170 0.354 0.248 40
(Coraip 0082 186 357 171 0336  0.254 26
(001.2.10) 0 0 106 106 0198 0198 125
(6“("};1T_f_'110) 0.103 248 399 151 0312 0209 110
coorie 0105 256 410 153 0308 0203 111
(2"(;_5{_2) 0 0 559 559 1365  1.365 111
007-15) 0106 244 498 254 0435 0329 107
(2"(;;_?'_% 0.111 249 474 205 0417 0306 107

C-TS1 0159 301 464 73 0236 0077 108

P-TS-1 0118 120 595 475 0521 0403 147

apetermined fom tplot method® Determined from Brunauer, Emmett, and Teller (BET) mett@alculated
by Sxt= Seeti Snicro ¢ Calculated by Nadsorption at P/B= 0.95; ©Determined from Meso= Vi1 Vmicro; f Determined

by ICR-OES analysis.

2.3.2 Synthesisand characterization of RTS-1 zeolite

In order to preserve the long range ordering structure of TS-1 nanosheets 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 Figure
2.9 shows the morphologies of the calcined P-TS-1, together with M-TS-1 and C-TS-1
samples. The C-TS-1 sample (Figure 2.9(a)) consists of short cylinder-like bulk particles
with an average width of ~250 nm and thickness of ~200 nm and well-crystallized smooth
surfaces. The lattice fringe can be clearly seen in the TEM image of this sample (Figure
2.9(b)). To show the morphology of the M-TS-1 nanosheets after calcination treatment, we
selected M-TS-1 (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 ~1.2 nm (Figure 2.9(c) and (d)). The P-TS-1 sample (Figure 2.9(e))
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has similar morphology to that of M-TS-1, but the interlayer distance was increased to 3.0
nm, as shown in Figure 2.9(f), due to the inclusion of silica pillars between adjacent zeolitic

TS-1 layers.

Figure 2.9 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.)

Figure 2.10(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 destruction of TS-1 structure since the high-angle
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XRD peaks are characteristic of the crystalline MFI zeolite. The low-angle XRD peaks
indicate that the preservation of the layered structure after the pillaring treatment. After
calcination, the layered structure in M-TS-1 was collapsed, while the structure was kept in
P-TS-1 sample. The presence of both first order (26 = 1.45°) and third order (20 = 4.50°)
reflections suggests the TS-1 nanosheet layers have long range ordering, very different
from pillared TS-1 reported in literature . 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, ~3.4 nm) 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 Figure 2.10(b), the pillaring did not influence 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
structure in the zeolite framework. The textual properties of TS-1 zeolites were analyzed
using N2 isotherms and the results were shown in Figure 2.10(c). The C-TS-1 has a type Il
isotherm, while M-TS-1 and P-TS-1 have type IV isotherm with hysteresis loops. The
NLDFT pore size distributions (Figure 2.10(d)) of these samples determined from the
adsorption branches of their isotherms illustrate that P-TS-1 has a very strong peak centered
at 4.25 nm, in comparison with M-TS-1 and C-TS-1 samples. Table 2.2 summarizes the
textural properties of all the C-TS-1, M-TS-1 and P-TS-1 samples that were determined
from the N2 isotherms. It can be seen that the external surface area (Sext), mesopore volume
(Vmeso), total pore volume (Vi) and BET surface area (Sget) were dramatically increased

after pillaring treatment of M-TS-1 zeolite.

50



1.0

a Calcined M-TS-1 b —— M-TS-1
— Uncalcined M-TS-1 ——C-TS-1
—P-TS-1 —P-TS-1
—C-TS-1 08}
0 210nm
= :
—~ =}
3_ x
c
< 5
2 =
g <
2 [}
£ E
¥4
. M 00 ) )
1 3 5 7 10 20 30 40 200 250 300 350 400 450 500
2q (degrees) Wavelength (nm)
800 3.0
c —— M-TS-1 d — M-TS-1
——P-TS-1 —P-TS-1
— —C-TS1 25k —CTs-1
2 600
£ —
o p 20
° £
[}
O
2 400} = 15p
2 3
3 =)
2 10+
(] =
E 3
S 200
o L
g 05
=
0 L L L L 0.0k R R T
0.0 0.2 0.4 0.6 0.8 1.0 0 2 4 6 8 10
p/P Pore width (nm)
0

Figure 2.10 (a) Low- and high-angle XRD patterns, (b) DR UV-vis spectra, (c) N2
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.

2.3.3 Catalytic performance of RTS-1 zeolite

Alkali metal cations in the TS-1 synthetic gel prevent incorporation of titanium into
the zeolite framework4%141. The organic templates in hydroxide form can be obtained by
reaction of quaternary ammonium halide with silver oxide, by ion-exchange with
potassium hydroxide, or electro-electrodialysis?®®24°, All of these methods, however,

require additional processing step. Attempts have been made to replace quaternary
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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'® 241243 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 understand if their activity is influenced by the aforementioned reasons.

For comparison purpose, the same reactions were run over C-TS-1 zeolite.

2.3.3.1 Phenol hydroxylation reaction

The phenol hydroxylation in the presence of H2O. oxidant has been studied
extensively to produce catechol (CAT) and hydroquinone (HQ) that are widely used in
industry as important intermediates for synthesis of medicines, perfumes, inks, polymer
inhibitors, etc.?*-24 TS-1 zeolite has been studied as a heterogeneous catalyst for phenol
hydroxylation, which showed excellent catalytic activity®” 216 225 248 Here, we firstly
employed this reaction to test the catalytic performance of synthesized P-TS-1 catalyst.
Figure 2.11 and Figure 2.12(a) shows the phenol conversion and product selectivity as a

function of the reaction time. The phenol conversion ("Q is calculated by the equation, "Q

—— p 1 m, twhere Co and C are the initial and local concentrations (mol mLt) of phenol,

respectively. The product selectivity (Y) is defined as"Y ——————— @p 1t 11, IYhere

Ci is the product (i) concentration (mol mL™), i is the product type, i.e., CAT, HQ, or

benzoquinone (BQ) byproduct.
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Figure 2. 11 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 H20,, 10 mL DI water. BQ: benzoquinone. CAT: catechol. HQ:

hydroquinone.)
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Figure 2. 12 (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.
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The phenol conversion increased with reaction time over either P-TS-1 or M-TS-1
zeolite catalyst, as shown in Figure 2.11(a) and (b). The M-TS-1 led to slightly higher
conversion than P-TS-1 catalyst at each reaction time. Figure 2.12(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 24920 js comparable to the micropore size (0.56 nm x 0.53 nm straight
channel and 0.55 nm x 0.51 nm zigzag channel) ! 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 Figure 2.11 could be due to the low concentration of Ti sites in the former
sample, as indicated by the elemental composition of samples in Table 2.2. The same
reason leads to slightly higher phenol conversion in C-TS-1 than P-TS-1 zeolite. In addition,
the location of Ti sites, within micropores versus on external surface or mesopores, in TS-
1 zeolites could contribute to the differences in phenol conversion!*14, 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 Figure 2.13, 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. Figure 2.11(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 and decreased with the reaction
time. This phenomenon could be caused by the high concentration of H>O2 oxidant in the
beginning of the reaction since BQ is the by-product from sequential oxidation of HQ

product?®22%* With the progress of reaction, the sum of CAT and HQ selectivities was >
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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 synthesized

by using C22.6.6Br2 and CsDN templates is active in catalytic oxidation reaction.
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Figure 2. 13 Phenol conversion and product selectivity over C-TS-1, M-TS-1 and P-TS-1
with Si/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 H202, 10 mL DI water, 4 h reaction time)

2.3.3.2 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»O. oxidant.

Epoxidation is an important reaction for production of both fine and commodity chemicals,
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such as resins, plasticizers, etc 2°2%0, For example, the epoxycyclooctane product from
the cyclooctene epoxidation can be used as key building in organic synthesis and
pharmaceuticals?® 261-262

Figure 2.14(a) and (b) as well as Figure 2.12(b) showed the conversion of
cyclooctene as a function of reaction time and catalyst type. The increase in reaction time
led to higher cyclooctene conversion. Different from the phenol hydroxylation reaction, P-
TS-1 (Figure 2.14(b)) had a much higher conversion than that of M-TS-1 (Figure 2.14(a))
and then C-TS-1 (Figure 2.12(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 selectivity increase.
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Figure 2. 14 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 catalyst,
526 mg cyclooctene, 255 mg H20», 8 mL acetonitrile. Epoxide: cyclooctene oxide. Diol:

1,2-cyclooctanediol)

24. Conclusions

By employing a mixture of Cz2.6.6Br2 and CsDN templates, TS-1 nanosheets with
multiple layers assembled in a long-range order were successfully synthesized. The effects
of C22.6.6Br2and CsDN concentrations, Ti precursor content, as well as synthesis time on
structural and textural properties of M-TS-1 nanosheets were investigated. An increase in
Cx-6-6Br2 and/or CsDN concentration promoted the crystallization and long-range ordering
of M-TS-1 nanosheets. High concentration of Ti-precursor in the synthesis gel led to
formation of extra-framework Ti-species. A synthesis time of 7 days is required to
crystallize 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
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layered structure in P-TS-1 zeolite. 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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Chapter 3: Local Environment and Catalytic Property of Lewis Acid Sites in

Hierarchical Lamellar Titanium Silicalite-1 Zeolites

3.1 Introduction

Since the first disclosure of titanium silicalite-1 (TS-1) zeolite from Enichem in
1983,2%3 tremendous efforts have been devoted to study its Lewis acidity from titanium (Ti)
centers and catalytic performance in oxidation reactions. Lewis acid catalyzed phenol
hydroxylation,®° cyclohexanone ammoximation!®-19 and propylene epoxidation®%4-10
have been practiced at the industrial scale. The TS-1 catalyst is also studied for benzene
hydroxylation,%”-1% linear/cyclic olefins epoxidation,'®-1!4 terpenes epoxidationt*? 1% and
allyl alcohol/chloride epoxidation!*®*® reactions. TS-1 zeolites, however, exhibit poor
catalytic performance for the conversion of bulky reactants, when the kinetic diameters of
these reactants are larger than the zeolite micropores (10-membered ring (10MR),
0.51>0.55 nm along a-axis and 0.53>0.56 nm along b-axis) and, as a result, their transport
to the Ti-active centers during catalysis are severely restricted. In order to overcome this
constraint, attempts to alter the transport properties through synthetic strategies such as
synthesizing Ti-containing zeolites with extra-large (i.e. 12MR and 14MR) micropore
apertures'?3 264266 or hierarchical TS-1 zeolite architectures!**1*> have been explored.

Hierarchical zeolites, consisting of dual meso-/micropores, have shown remarkable
catalytic performance for reactions involving bulky molecules in the past decades.>
Among the hierarchical zeolites, 2D zeolite nanosheet and its assembly structures are
unique. The assembly increases the external surface area by introducing interlayer

mesopores. Such structures markedly increase the accessibility of reactant to the active
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sites and at the same time retain the microporosity within zeolitic layers, often required for
catalysis.

The synthesis of TS-1 nanosheet structures, including unilamellar?,
multilamellart4115 134 and pillared'!* ** architectures, have been reported recently. In
these TS-1 nanosheet materials, the Ti-centers are positioned tetrahedrally in zeolite
framework (similar to that of 3D microporous TS-1 zeolite), which are realized by
isomorphic substitution of silicon element during hydrothermal crystallization.'® The high
external surface area of TS-1 zeolite nanosheet architectures enables the post-synthetic
method to introduce Ti-active sites. For example, the unilamellar TS-1 nanosheet was
grafted with Ti-active centres from the titanium(1V) butoxide precursor on its external
surface'?. Similarly, the delaminated siliceous MWW-type zeolites, ITQ-21%8 1% and
UCB-47, were grafted with Ti-sites from the titanocene and calix[4]arene-Ti'V precursors.
These post-synthetic methods created Ti-sites with increased accessibility to bulky
molecules. The pillarization treatment of multilamellar TS-1 nanosheets can also introduce
additional Ti-active sites besides those inherently present in the framework. For instance,
the intercalation of pillaring precursors by dispersing 2D zeolite in an alkoxide liquid (a
mixture of TBOT and TEOS) and hydrolyzing entrapped alkoxide formed the silica/titania
(SiO2/TiOy) pillars in pillared MWW or TS-1 zeolite. These pillared zeolites showed
improvement in converting bulky reactants in epoxidation reactions, when comparing to
their non-pillared counterparts, 15 134 138-139

Besides the above studies on the synthesis and catalytic activity of 2D TS-1 zeolites,
quantitative assessment on the local environment and catalytic behavior of Lewis acidic

Ti-centers is also needed. Comparing to those established for Brensted acidity'#%-1°2 in 2D
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zeolites, quantification of Lewis acidity, local Lewis acid site environment and activity in
catalytic reactions are limited. A recent work by Shamzhy etc. quantified the Lewis acidity,
acid strength and accessibility of 2D TS-1 zeolites using the Fourier-transform infrared
(FTIR) studies of adsorbed organic bases?®’. Here, we made an effort to characterize the
acid site local environment including coordination status of Ti-atom, speciation of
hydroxyl (-OH) group that hints for the degree of acid site confinement, site strength,
accessibility to bulky molecules, and activity of Lewis acidic Ti-sites, in hierarchical 2D
TS-1 zeolites that include multilamellar TS-1 (M-TS-1), SiOz-pillared TS-1 (Si-TS-1) and
SiOo/TiOz-pillared TS-1 (Si/Ti-TS-1). The combination of spectroscopic measurement,
organic base titration and in-situ poisoning of catalytic epoxidation of CgHi4 with H2O2
was used for this purpose.

In addition, the consequences of the local acid site environment on its activity were
investigated by running CgHis-H2O: reactions. The kinetics of CgH14 conversion probes
exclusively the catalytic activity of Ti-centers on external surface and in mesopores (i.e.
external Ti-sites, herein denoted as Tiext) because CgHu4 is too bulky (kinetic diameter of
0.77 nm)*** 268 tg access to those enclosed within the 10 MR micropores. In contrast, H20;
consumption occurs via the catalytic epoxidation with CgHis and undesired, non-
productive catalytic decomposition by Ti-sites and non-productive thermal decomposition,
the latter occurs even without a catalyst. Kinetic decoupling of these three concomitant
H20. conversion pathways enabled the assessment on the catalytic behavior of Ti-sites in
both micropores (i.e., internal Ti-sites and denoted as Tiint) and Tiex-sites, all in together,
defined as Tiwal, Of TS-1 zeolites since H20; is small (kinetic diameter of 0.28 nm)?2%9-270

enough to transport also in micropores. The present study, for the first time, evaluated both
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the local environments and their consequences on catalytic behaviors of Lewis acid sites

in hierarchical 2D TS-1 zeolites.

3.2. Experimental
3.2.1. Materials

Tetrabutoxytitanium (TBOT, 99% purity), sodium hydroxide (NaOH, 97.0%
purity), 1-butanol (BuOH, 99% purity), tetra-n-propylammonium hydroxide (TPAOH,
40wt% solution) and methylphosphonic acid (MPA, 98% purity), sulfuric acid (H2SO4, 95%
purity), pyridine (ultrapure, 99.5% purity) and potassium titanium (IV) oxalate (K:
C409Ti 2H20, 98% purity) were supplied by Alfa Aesar. Tetraethyl orthosilicate (TEOS,
98% purity) and hexanediamine (CeHisN2, 98% purity) were purchased from Sigma-
Aldrich. Cyclooctene (95% purity) was purchased from TCI. Hydrogen peroxide (H20-,
30 wit% solution) was purchased from EMD Millipore Corporation. Ethanol (200 proof)
was purchased from Pharmco. Deionized (DI) water was used throughout the experiments.
Diquaternary ammonium surfactant ([C22Has-N*(CHs)2-CeH12-N*(CH3)2-CsHi3]" O, (C22-
6-6)) Was synthesized following previously reported method,* and the synthesis procedure

has also been described in detail in our previous publications. 134 151, 230

3.2.2. Synthesis of T4 zeolites

The multilamellar TS-1 zeolite was used as the precursor material of hierarchical
lamellar TS-1 zeolites (designated as M-TS-1(P)). It was synthesized using the method
reported in our previous work.3* In the synthesis, 2.02 g of hexanediamine was dissolved

in 20 cm® of DI water, followed by adding 6.16 g TEOS. The resultant mixture was
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magnetically stirred at room temperature until a homogeneous solution was formed. Then,
the mixture was cooled in an iced bath, and a freshly prepared solution of 0.10 g TBOT in
0.64 g 1-butanol (BuOH) was added dropwise under vigorous stirring. The mixture was
then heated to 333 K and added with Cz2-66 solution that was prepared by dissolving 1.48
g C22.6.61n 10.8 g water. The resultant zeolite synthesis gel was aged at 333 K for 3 h under
stirring. The molar composition of the zeolite synthetic gel mixture was 100SiO2/7C22-6-
6/1T102/6000H.0/30BuOH/60CsH16N2. Lastly, the synthetic gel was transferred into a
Teflon-lined autoclave and crystallization of zeolite was conducted at 413 K for 10 days
under tumbling condition (30 rpm speed). After crystallization, the zeolite sample was
centrifuged, washed with DI water, and dried at 343 K overnight. One portion of M-TS-
1(P) was calcined at 823 K for 4 h under air atmosphere to produce M-TS-1 zeolite. The
other portion of M-TS-1(P) was processed with following methods to form pillared TS-1
zeolites.

The silica pillared TS-1 nanosheet (defined as Si-TS-1) was prepared by dispersing
the M-TS-1(P) precursor in a TEOS solvent at a M-TS-1(P)-to-TEOS solvent weight ratio
of 5. The resultant suspension was sealed in a flask equipped with a septum under the N>
atmosphere and kept at 351 K in an oil bath for 24 h. The zeolite sample was collected by
filtration and dried under ambient condition. Hydrolysis of the as-obtained zeolite sample
was carried out by dispersing in an aqueous basic NaOH solution with pH of 8 at a NaOH
solution to solid zeolite weight ratio of 10. After stirring the mixture at 333 K for 24h, 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 6 h under N2 atmosphere

and 823 K for 12 h under air atmosphere. The SiO./TiO> pillared TS-1 (abbreviated as
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Si/Ti-TS-1) zeolite was prepared using the same method as that of Si-TS-1, except that the
TEQOS solvent was replaced by TEOS/TBOT mixture. The molar ratio of TEOS/TBOT was
controlled at 100.

The conventional microporous TS-1 (named as C-TS-1) zeolite was used as a
control sample and synthesized following previously established protocol, as described in
detail elsewhere.'®* The molar composition of the C-TS-1 zeolite precursor was
100SiO2/15TPAOH/1TiO2/1500H20. Typically, 10.00 g TEOS was mixed with 3.59 g
TPAOH (40wt% purity) and 10.54 g DI water. After stirring for 1 h, 0.16 g TBOT in 0.74
g isopropanol solution was added dropwise into the solution. The mixture was heated to
353 K under stirring to remove isopropanol. The obtained zeolite synthesis gel was
transferred into a Teflon-lined autoclave and placed in a convective oven at 443 K for 72
h under static condition. After crystallization, the zeolite sample was centrifuged, washed
with DI water, and dried at 343 K overnight. Finally, the zeolite was calcined using the
same procedure as M-TS-1 zeolite.

All the TS-1 samples, including C-TS-1, M-TS-1, Si-TS-1 and Si/Ti-TS-1, were
ion-exchanged three times using 1M aqueous NHsNOs (weight ratio of zeolite to
NH4NOs3 solution = 1:10) at 353 K for 4 h, and subsequently, centrifuged, washed with DI
water, and dried at 343 K overnight. All samples were then treated in dry air (1.67 cm®
s 1) by increasing the temperature from ambient to 823 K at 0.167 K s * and holding for 4 h,

prior to the characterization and catalytic tests.
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3.2.3. Materials characterization

Powder X-Ray diffraction (XRD) patterns were recorded using a Bruker D8
Advance Lynx Powder Diffractometer (LynxEye PSD detector, sealed tube, Cu Ko
radiation with Ni B-filter). Scanning electron microscopy (SEM) images were taken on a
Hitachi SU-70 electron microscope to visualize the zeolite morphologies. Transmission
electron microscopy (TEM) images were obtained on a JEM 2100 LaB6 electron
microscope. N2 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 mm Hg pressure prior to measurements. Si and Ti contents of the
zeolite samples were determined by inductively 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. Fourier transform infrared (FTIR) spectra of
zeolite samples were recorded using a spectrometer (Nicolet Magna-IR 560) with a

resolution of 2 cm™.

3.2.4. Acidity determination in TS1 zeolites

The types of acidity in hierarchical lamellar TS-1 and C-TS-1 zeolite samples were
identified by Fourier transform infrared (FTIR, Bruker Vertex 70) of adsorbed pyridine.
The measurement was carried out on self-supported zeolite wafers (10 mg cm) of original

samples previously activated at 673 K and 102 Pa for 2 h. After wafer activation, the
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background spectrum was recorded, and then pyridine (650 Pa) was introduced into the
vacuum IR cell and adsorbed onto the zeolite at 423 K. Desorption of physisorbed pyridine
was performed by heating under vacuum for over 1 h period, followed by an IR
measurement at room temperature.

To quantify the acid site concentrations in TS-1 zeolites, chemical titration using
pyridine titrant was carried out in a tubular packed-bed quartz reactor (10 mm inner
diameter) under atmospheric pressure. A resistively heated furnace (National Electric
Furnace FA120 type) was used to heat the reactor to desired temperatures. In the
experiment, the catalyst sample (0.100 g) was supported on a coarse quartz disk inside the
reactor and was treated in N2 (0.5 cm® s, ultrapure, Airgas) at 773 K (ramp rate of 0.0167
K s1) for 3 h prior to cooling to the titration temperature. Titration studies were carried out
at two temperatures, 423 and 373 K. Liquid pyridine (0.5 g) and ethanol (15.0 g) were
mixed and then introduced continuously into a heated vaporizer, kept above 383 K, using
a syringe pump (Cole Parmer 74900 series). In the vaporizer, the mixture was evaporated
and mixed with the Ar flow stream to generate a vapor pyridine/ethanol/Ar feed stream
(4.97 <10 mol st pyridine, 2.37 x10° mol s ethanol and 0.8 cm3 s Ar (99.99% purity,
Airgas)), which was introduced continuously into the catalyst. All gas transfer lines were
heated above 383 K to prevent condensation of pyridine/ethanol. Pyridine adsorption was
recorded by measuring the effluent using a gas chromatograph (Agilent 6890 GC) equipped
with DB-WAX column connected to a flame ionization detector. After adsorption
saturation, the injection of pyridine/ethanol mixture was stopped, and the physisorbed
pyridine was continuously removed by purging with Ar (0.8 cm® s?) for 3 h. The

concentrations of acid sites were calculated from the pyridine adsorption and desorption
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curves, assuming that each Ti center binds to a pyridine molecule (pyridine/Ti ratio = 1)

271

3.2.5. Catalyticcyclooctene epoxidationreaction
3.2.5.1 Cyclooctene epoxidation in the absence of organic titrant

The liquid phase cyclooctene epoxidation with H20, was carried out in an
isothermal batch reactor made of thick-walled glass sealed with crimp tops (20 cm?,
PTFE/silicone septum). The reactor was placed inside the hole of a copper cylinder shape
incense holder that was heated on a stirring hot plate. The reaction was run at autogenous
pressure under constant magnetic stirring (0.5-inch stirring bar, 500 rpm stirring speed). During
the experiment, the glass reactor was charged with 0.050 g catalyst, 0.526 g cyclooctene,
6.288 g acetonitrile and 0.255 g H202 (30 wt% aqueous solution) in sequence. After sealing
the reactor, it was placed into the copper cylinder shape incense holder that was pre-heated
at 333 K and kept for the desired reaction time. Afterwards, the reaction was terminated by
quenching the reactor in an ice bath. The influence of external mass transfer limitations on
the reaction was ruled out by running the reaction at a high stirring speed, showing a further
increase in the stirring speed did not enhance the reaction rate anymore.

The conversion of cyclooctene reactant was traced by analyzing the cyclooctene
concentration with a gas chromatograph (Agilent 7890A) equipped with a methylsiloxane
capillary column (HP-1, 50.0 m %320 um >*0.52 um) connected to a flame ionization
detector (FID). The conversion of H20: in the reaction was tracked via a
spectrophotometric method?’? on a HP 8453 UV-visible spectrophotometer. The UV-

absorption centered at 398 nm in the spectra can be ascribed to the titanium (IV) - peroxide
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complex formed from the reaction between H.O> and potassium titanium (1) oxalate stock
solution. The stock solution was prepared by adding 27.2 cm? sulfuric acid (95% purity,
Alfa Aesar) and 3.54 g potassium titanium (V) oxalate (98% purity, Alfa Aesar) into 30
cm?® DI water. Afterwards, additional DI water was added such that the total volume of the
stock solution equaled 100 cm?®. For the analysis of each sample, 0.040 g reaction mixture
was mixed with 20 cm?® DI water and 0.500 g potassium titanium (1V) oxalate stock solution
to form the titanium (IV) - peroxide complex and the complex solution was analyzed using
the UV-visible spectrophotometer to obtain the HO2 concentration.

To verify the pathways for H.O, decomposition, two control experiments were
conducted in the similar reaction conditions to that of CsH14 epoxidation. In the first control
experiment, the reaction was carried out as described above without any catalyst. This test
is used to examine the non-catalytic thermal decomposition of H2O- in the reaction. In the
second control experiment, the CgH14 reactant was not used, but other conditions remained
the same. The H20. consumption in these control experiment was caused strictly by
thermal and catalytic decomposition, respectively, and not via epoxidation with CgHi4. The
rates obtained from these control experiments, together with that of H.O> consumption in
epoxidation, allow us to decouple all H.O> reaction pathways, discern their individual rates,

and isolate from these rates the catalytic activity of individual Ti-sites in the TS-1 catalysts.

3.2.5.2 Cyclooctene epoxidation in the presence wiethylphosphonic acid (MPA)
organic titrant
To probe the accessibility of active sites in hierarchical lamellar TS-1 samples, the

acid site titration by MPA molecules in the cyclooctene epoxidation reaction was
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conducted. The experimental set-up and reaction conditions were the same as those
described in Section 3.2.5.1 except that, in this series of experiments, MPA was added. In
an experiment, the zeolite catalyst, desired amount of MPA, DI water and cyclooctene were
first added into the reactor in sequence, and then the resultant mixture was stirred at room
temperature for 3 h before H,O; addition. The 3 h mixing prior to H20. addition ensured
MPA molecules to be adsorbed onto all accessible active sites of TS-1 zeolites. The
reaction mixture was sampled at the reaction time of 2 h to obtain the rate in presence of
MPA molecules in CgHi4- H2O> reaction. The rate was then divided by the rate that was
measured in the absence of any MPA molecules to calculate for a normalized rate. A series
of experiments with different MPA concentrations, which correspond to different MPA/Ti
ratios, were conducted on each TS-1 zeolite. The extrapolation of the normalized rate to
zero in the plot of normalized rate versus MPA/Ti ratio is the accessibility of Ti-sites to

bulky MPA molecules in the CgH14- H202 reaction.

3.3. Results and discussion
3.3.1. Structural and textural properties

Figure 3.1 shows the schematic structures of hierarchical 2D lamellar M-TS-1, Si-
TS-1 and Si/Ti-TS-1 zeolites, together with 3D TS-1 for comparison. It should be noted
that all these three 2D TS-1 zeolites are derived from the same precursor, i.e. M-TS-1(P).
The M-TS-1 zeolite was obtained by direct calcination of M-TS-1(P), while Si-TS-1 and
Si/Ti-TS-1 zeolites were obtained by pillaring of M-TS-1(P) using SiO2 and SiO2/TiO:
pillar precursors, respectively. Therefore, these three 2D TS-1 zeolites have the same Lewis

acidic Ti-sites in their 2D zeolitic layers as those of M-TS-1(P). The difference between
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M-TS-1 and Si-TS-1 is that the latter has a long-range ordering of 2D layered zeolitic
structure and thus higher mesoporosity due to intercalation of SiO: pillars between adjacent
zeolitic layers, whereas the M-TS-1 loses the long-range ordering of zeolitic layers and has
a lower mesoporosity due to partial collapse of 2D zeolitic layers during calcination. The
Si/Ti-TS-1 contains Ti-species in the SiO2/TiO; pillars besides those derived from the
zeolitic layers of M-TS-1(P). It also has a higher mesoporosity compared to M-TS-1. All
these three hierarchical 2D TS-1 zeolites have higher mesoporosity than the 3D C-TS-1

zeolite.
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Figure 3.1 Schematic representation of the synthesized C-TS-1, M-TS-1, M-TS-1(P), Si-

TS-1 and Si/Ti-TS-1 samples, respectively.
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Figure 3.2 presents the XRD patterns of the conventional 3D C-TS-1 and 2D
hierarchical M-TS-1, Si/Ti-TS-1 and Si-TS-1 zeolites. The wide-angle XRD peaks of these
materials are nearly the same with the characteristics of a crystalline MFI zeolite
structure.®® 113 In the low-angle range, the diffraction peaks show the long-range ordering
of 2D nanosheets in the pillared TS-1 samples (i.e. Si/Ti-TS-1 and Si-TS-1), consistent
with the structure schemes shown in Figure 3.1. Comparing the peak intensity of Si/Ti-TS-
1 to that of the Si-TS-1sample, Si/Ti-TS-1 exhibited a lower peak intensity, suggesting
partial loss of the long-range ordering in TS-1 nanosheets upon pillarization with the
TBOT/TEOS mixture. The C-TS-1 and M-TS-1 do not have any nanosheet ordering

structure, as indicated by the absence of low-angle XRD peaks.
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Figure 3.2 Low-angle and wide-angle XRD patterns of synthesized C-TS-1, M-TS-1, Si-

TS-1 and Si/Ti-TS-1 samples, respectively.
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The morphology of all the TS-1 zeolites was examined by SEM and TEM, and the
representative micrographs are shown in Figure 3.3. The 3D C-TS-1 has short cylinder-
like particles with an average width of D250 nm, a thickness of D200 nm and well-
crystallized smooth surfaces (Figure 3.3a). The lattice fringe can be clearly seen in the
TEM image (Figure 3.3e). The M-TS-1 (Figure 3.3b and 3.3f) sample has a plate-like
morphology. Each plate contains a few TS-1 nanosheet layers, and interlayer distance is
close to 1.2 nm. Both Si-TS-1 (Figure 3.3c and 3.3g) and Si/Ti-TS-1 (Figure 3.3d and 3.3h)
samples have similar plate-like morphology to M-TS-1, but the interlayer distance is much
larger (~3.0 nm), due to the incorporation of SiO2 and SiO2/TiO; pillars between adjacent
zeolitic layers. The 2D zeolitic layers in Si-TS-1 has more ordered structure than that of

Si/Ti-TS-1 sample.

72



Figure 3.3 SEM (on the left side) and TEM (on the right side) images of C-TS-1(a, e),

M-TS-1(b, f), Si-TS-1(c, g) and Si/Ti-TS-1(d, h) samples, respectively.

The N2 isotherms and pore size distributions were measured on these TS-1 samples
to understand their surface area and porosity properties. As shown in Figure 3.4a, at the
relatively low pressures (for example, P/Po < 0.02), all TS-1 samples exhibit similar N2
uptakes and thus similar microporosities. At a higher relative pressure range (0.02 < P/Po
< 0.9), the volume of N, adsorbed and the related mesoporosity increased significantly in
the order of C-TS-1 < M-TS-1 < Si/Ti-TS-1 < Si-TS-1. The non-local density functional
theory (NLDFT) pore size distributions (Figure 3.4b) further underscore the changes in the
textural properties of the TS-1 zeolites. The plots of pore size distributions were determined
from the adsorption branches of N. isotherms using cylindrical-type pore and zeolite
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adsorbent model. Broad peaks in the range of 2-5 nm with different intensities detected in
these zeolite samples reflect the existence of different mesoporosities. The M-TS-1 has a
broad and less intense peak, analogous to that of C-TS-1, suggesting the collapse of
multilayer structure after calcination. The peak corresponding to mesopores was presented
in both pillared TS-1 samples. When comparing the peak of Si-TS-1 to that of Si/Ti-TS-1,
the former is much narrower and sharper, suggesting the formation of more uniform
mesopores, when pillaring solvent does not contain TBOT. Table 3.1 summarizes the
textural properties of all the C-TS-1, M-TS-1, Si-TS-1 and Si/Ti-TS-1 samples that were
determined from the N2 isotherms. It can be seen from Table 3.1 that the external surface
area (Sext), mesopore volume (Vmeso), total pore volume (Vi) and BET surface area (Sget)
were dramatically increased after pillaring treatment of M-TS-1(P) zeolite.
Commensurately, micropore surface area (Smicro) decrease after the pillarization of 2D TS-

1 nanosheets into hierarchical meso-/microporous structures.
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Figure 3.4 N isotherms (a) and NLDFT pore size distributions (b) of C-TS-1, M-TS-1,

Si-TS-1, and Si/Ti-TS-1 samples, respectively.

74



Table 3.1 Textural properties of C-TS-1, M-TS-1, Si-TS-1 and Si/Ti-TS-1 zeolites

determined from N adsorption-desorption isotherms.

Zeolite Vmicroa Smicroa SBETb SextC th Vmesoe
(cm’gh) (m’gh) (m*gh) (m*g") (cm’g’) (cmg?)

C-TS-1 0.121 308 464 156 0.236 0.115

M-TS-1 0.113 263 466 203 0.452 0.339

Si-TS-1 0.118 120 595 475 0.521 0.403

SI/Ti-TS-1 0.108 137 514 377 0.452 0.344

3Determined from-plot method®Determined from Brunauer, Emmett, and Teller (BET) method;
Calculated by §:= Sget - Smicro, “Calculated from Nadsorption at P/B=0.95; *Determined using weso=
Vt - Vmicro-

3.3.2. Composition and coordination status of Fatoms

Table 3.2 summarizes the Si and Ti contents in C-TS-1, M-TS-1, Si-TS-1 and Si/Ti-
TS-1 zeolites. The Si/Ti ratios measured from the elemental analysis are similar to those
shown in the synthesis recipes of C-TS-1 and M-TS-1 zeolites. The pillarization treatment
with TEOS led to an increase in the Si/Ti ratio in the Si-TS-1 zeolite, while the usage of
TEOS/TBOT mixture solvent decreased the Si/Ti ratio in Si/Ti-TS-1 zeolite, when
compared to the reference M-TS-1 zeolite. From the Si/Ti ratio difference between M-TS-
1 and Si-TS-1 zeolites, the amount of SiO> pillar introduced in Si-TS-1 was determined to
be 29 wt%. Similarly, the SiO2 and TiO2 contents in the pillars of Si/Ti-TS-1 were
evaluated. The Si/Ti ratio in pillars of Si/Ti-TS-1 is calculated to be 48, which is much
lower than the starting Si/Ti ratio (i.e., 100) in the TEOS/TBOT mixture solvent. This
indicates that TBOT, the Ti precursor, has a higher tendency than TEOS, the Si precursor,
to be incorporated into the M-TS-1(P) zeolite, consistent with our previous report on
SiO2/TiO; pillared ZSM-5 lamellar zeolite?”®. Apparently, the interlayer pillars in Si/Ti-

TS-1 contain higher concentration of Ti-sites than that of the zeolitic layers.
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The Si-TS-1 and Si/Ti-TS-1 zeolites are both derived from the same precursor, M-
TS-1(P). By comparing elemental compositions of Si-TS-1 or Si/Ti-TS-1 to that of M-TS-
1, the pillar compositions in Si-TS-1 and Si/Ti-TS-1 can be estimated. Table 3.2 shows that
the Si/Ti ratio of M-TS-1 is 101, which corresponds to 14.50 mmol g** Si and 0.14 mmol
gl Ti, respectively. If we take 1 g of M-TS-1 as a basis in the composition analysis, 14.50
mmol SiO2 and 0.14 mmol TiO; exist in 1.00 g M-TS-1 zeolite. After SiO2 pillarization
treatment, the Si/Ti ratio of Si-TS-1 was increased to 147 (Table 3.2). It is known that Ti
content was not increased or consumed in the pillarization. Therefore, the TiO2 quantity
should be kept as 0.14 mmol in the Si-TS-1 zeolite. The increase in Si/Ti ratio in Si-TS-1
was caused by SiO> uptake into M-TS-1 in the pillarization treatment. On the basis of 0.14
mmol Ti and Si/Ti ratio of 147 in Si-TS-1, the SiO> content was calculated to be 21.24
mmol in Si-TS-1. This corresponds to 1.29 g of Si-TS-1 after the pillarization treatment.
The 29 wt% weight gain, compared to M-TS-1, should be attributed to the pillars
introduced into Si-TS-1 zeolite. The Si/Ti ratio of the pillars is expected to be infinity.

Given the high TEOS/TBOT ratio of 100 in the mixture solvents in pillaring M-
TS-1 to Si/Ti-TS-1 zeolite, we assumed that the weight gain into Si/Ti-TS-1 zeolite was
the same as that of Si-TS-1 zeolite, which is 29 wt%. The elemental analysis has indicated
the Si/Ti ratio of 75 in Si/Ti-TS-1 zeolite (Table 3.2). By comparing to Si/Ti ratio of 101
in M-TS-1 zeolite, the Si and Ti contents introduced in the pillarization treatment were
5.09 mmol g and 0.11 mmol g2, respectively. If we assume all the SiO, and TiO; species
are formed as pillars in Si/Ti-TS-1, the Si/Ti ratio of pillars was calculated to be 48.

Figure 3.5 shows the DR UV-Vis spectra of these four TS-1 samples which were

used to identify the coordination environment of Ti-sites. The C-TS-1 and M-TS-1 have
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comparable absorption peak features: one major peak centered at ~206 nm and a shoulder
peak stayed around 229 nm. The sharp and narrow band at ~206 nm corresponds to Ti-
species with tetrahedral coordination structure (Ti(OSi)s) in the zeolite framework, while
the shoulder peak is caused by the existence of extra-framework Ti species
(Ti(OH)(0Si)3).1%> 13927 The slightly higher intensity in the shoulder peak of M-TS-1 than
that of C-TS-1 reflects that the formal contains a slightly higher fraction of extra-
framework Ti-atoms. The shrinkage of the TS-1 zeolite from 3D crystalline structure to 2D
nanosheet (~ 3 nm thickness in b-axis direction) creates more defects in M-TS-1, and
consequently forms slightly more extra-framework Ti species. The pillarization of M-TS-
1(P) to form Si-TS-1 increases the SiO> contents, because SiO; pillars account for ~29 wt %
of the sample weight, and decreases the Ti-site concentration commensurately, as
confirmed from the decrease in the peak intensities at ~206 and ~229 nm after the SiO>
pillaring treatment. It should be noted that the pillarization by TEOS created a small
amount of non-tetrahedrally coordinated Ti-atoms, reflected by the slight increase in the
peak intensity in the region of 280 — 330 nm in its DR UV-vis spectrum (higher than that
of C-TS-1 in this region). The pillarization of M-TS-1(P) with SiO2/TiO- apparently forms
more types of coordination states of Ti-sites in the pillars between two adjacent zeolitic
layers. Besides the peaks at ~206 and ~229 nm, two more peaks located at ~272 and ~328
nm appeared. These new peaks correspond to octahedral coordination state
(Ti(OH)2(H20)2(0Si)2)) and anatase-like TiO.112 114-115.133, 232,275 The gverall spectrum of
Si/Ti-TS-1 zeolite has a higher intensity than other samples due to increased Ti-site
concentration (Table 3.2). This SiO2/TiO> pillarization process led to a higher Ti-site

concentration and diverse types of Ti-coordination structures.
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Table 3.2 Composition analysis for C-TS-1, M-TS-1, Si-TS-1 and Si/Ti-TS-1 zeolites.

_ Zet?lite Iay.er_ | si/Ti ratio Interlayer pillar We(;ghttgain
Zeolite SifTiratio | Si/Tiratio | jp overall | TEOS/TB | SirTi illal:?za?ion
used in inzeolite | particle® | OT ratiod atio P :
synthesis layer (Wt%)
C-TS-1 100 - 108 - - -
M-TS-1 100 101 101 - - -
Si-TS-1 100 101 147 ) 00 29
Si/Ti-TS-1 100 101 75 100 48 29¢

3Determined by ICRDES analysisPMolar ratio of TEOS/TBOT in the mixed alkoxide solveft;

Assumed to be the same as that

of Bi.
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Figure 3.5 DR UV-Vis spectra of C-TS-1, M-TS-1, Si-TS-1 and Si/Ti-TS-1 samples,

respectively.

A Gaussian curve fitting program (Peakfit software) was used to deconvolute these

DR UV-vis peaks. Figure 3.6 shows the deconvoluted peaks and the fitted peaks for all

these four TS-1 zeolites. Four peaks centered at 206, 229, 272 and 328 nm, corresponding

the framework Ti(OSi)s, extra-framework Ti(OH)(OSi)s, octahedrally coordinated
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Ti(OH)2(H20)2(0Si); and anatase-like TiOz structures?’* 276278 = respectively, were

obtained. The peak area at each location was integrated and normalized to that of the entire

spectrum.
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Figure 3.6 Experimental and deconvoluted DR UV-Vis spectra of (a) C-TS-1, (b) M-

TS-1, (c) Si-TS-1 and (d) Si/Ti-TS-1 zeolites. A Gaussian curve fitting program (Peakfit

software) was used to deconvolute these peaks.

Table 3.3 summarizes the peak area percentage in each TS-1 zeolite, reflecting the

relative quantity of each coordination environment of Ti-sites. Clearly, from C-TS-1 to M-

TS-1 and Si-TS-1, the percentage of non-tetrahedrally coordinated Ti-atoms increases
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slightly. The Si/Ti-TS-1 has ultra-high percentage of extra-framework, octahedrally
coordinated Ti-atoms and anatase-like TiO> than the 3D (C-TS-1) and other 2D (M-TS-1

and 2D Si-TS-1) zeolites.

Table 3.3 Quantification for Ti-sites with different coordination environments in C-TS-

1, M-TS-1, Si-TS-1 and Si/Ti-TS-1 zeolites.

Jeolite Ti(OSi)s | Ti(OSi)sOH | Ti(OH)2(H20)(0Si). | Anatase-like TiO2
(%) (%) (%) (%)
C-TS-1 90.12 9.88 0.00 0.00
M-TS-1 80.96 19.04 0.00 0.00
Si-TS-1 86.21 8.78 5.01 0.00
SiTI-TS-1 25.54 57.25 14.16 3.05

3.3.3. Confinement environment of silanol and titanol groups

The local environment and extent of confinement of silanol (Si-OH) and titanol (Ti-
OH) groups in 3D C-TS-1 and hierarchical 2D M-TS-1, Si-TS-1 and Si/Ti-TS-1 zeolites
are analyzed by the hydroxyl vibration (v(OH)) in the 3000-4000 cm™ region of their
DRIFT spectra, as shown in Figure 3.7. Three bands centered at 3740, 3675 and 3520 cm ™!,
respectively, were observed. The band at 3740 cm™ corresponds to the stretching vibration
of v(OH) in isolated Si-OH and Ti-OH groups, located at the external surface and within
the zeolite micropores?”™ 279281 \where they are not confined by either the shallow cavities
on external surface or micropores. Next, the peak at 3675 cm™ is assigned to the H-bonded
Si-OH and Ti-OH groups that are partially confined in micropores and shallow cavities on
external surfaces.?’%82 The broad band centered at 3520 cm™! is associated with Si-OH
and Ti-OH groups with strong and mutual H-bonding that exist in micropores or on

external surface.?’® 28228 |t js clearly seen that C-TS-1 has the highest concentrations of
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confined Si-OH and Ti-OH groups among all samples. M-TS-1 has partially collapsed 2D
zeolitic layers (Figure 3.1) and therefore higher concentrations of free isolated Si-OH and
Ti-OH groups than C-TS-1. After pillarization treatment, Si-TS-1 and Si/Ti-TS-1 zeolites
acquire the highest concentrations of the free, isolated Si-OH and Ti-OH groups than M-
TS-1 and C-TS-1 zeolites, because pillarization treatments create more mesopore walls and
thus generate more external surfaces on the 2D nanosheets that are terminated by these Si-

OH and Ti-OH groups®,

——C-TS-1
— M-TS-1
3740cm™ —— Si-TS-1
— SilTi-TS-1
3
&
-1
9 3520cm
c .
©
2
(@]
(2}
O
<
" 1 ' " 1 " 1 "
3800 3600 3400 3200 3000

Wavenumber (cm™)
Figure 3.7 DRIFTS spectra of —-OH groups in C-TS-1, M-TS-1, Si-TS-1 and Si/Ti-TS-1

zeolites, respectively.

For each TS-1 zeolite, the peaks corresponding to Si-OH and Ti-OH groups in
different confinement extents was normalized to the Si-O-Si overtone band at 2000 cm™

and then deconvoluted (Figure 3.8) to obtain their areas by integration. The peak areas were
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then divided by the total peak area in the 3000-4000 cm™ region to obtain their respective
percentage, assuming that these species exhibit identical extinction coefficients. Table 3.4
summarizes the fraction of each type of Si-OH and Ti-OH species in their confined and
unconfined environments within the zeolite samples. Overall, all four TS-1 zeolites have a
mixture of unconfined and confined Ti-OH and Si-OH species, but the fraction of
unconfined -OH species decreases according to the following order of Si/Ti-TS-1 ~ Si-TS-

1>M-TS-1>C-TS-1.

a C-TS-1 Experimental data b M-TS-1 Experimental data
- — Fitted peak - — Fitted peak
Peak at 3520 cm™ Peak at 3520 cm™
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Figure 3.8 Experimental and deconvoluted DRIFT spectra of (a) C-TS-1, (b) M-TS-1,
(c) Si-TS-1 and (d) Si/Ti-TS-1 zeolites. A Gaussian curve fitting program (Peakfit

software) was used to deconvolute these peaks.
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Table 3.4 Quantification for —OH group in silanol and titanol groups in different

environments in C-TS-1, M-TS-1, Si-TS-1 and Si/Ti-TS-1 zeolites.

seolite Free isolated (-OH) | Slightly bonded (-OH) Mutually bonded (-OH)
(%) (%) (%)
C-TS-1 22.77 6.81 70.42
M-TS-1 49.04 12.04 38.92
Si-TS-1 60.28 39.72 0.00
Si/Ti-TS-1 60.73 39.27 0.00

3.3.4. Quantification for the concentration and strength of Lewisaddic Ti-sites

FTIR spectra of adsorbed pyridine were firstly collected to identify the nature of
acid sites in each TS-1 zeolite, following previously established methods?3+2%, Figure 3.9
shows spectra of adsorbed pyridine of C-TS-1, M-TS-1, Si-TS-1 and Si/Ti-TS-1 samples.
The absence of an absorption band centered at 1550 cm™, which is ascribed to protonated

pyridinium ions!®0:282.286-287 ' confirms that these samples do not contain any Brensted acid

site. Instead, the absorption feature at at 1446 cm™ confirms the presence of Lewis sites

2% \We did not infer, from the peak intensity in Figure 3.9, on the actual or relative Lewis

acid site concentration, because of the difficulty in determining the accurate extinction

coefficient for each sample.
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Figure 3.9 FTIR spectra of pyridine adsorbate on C-TS-1, M-TS-1, Si-TS-1 and Si/Ti-

TS-1 zeolites, respectively.

Instead, the concentration of Lewis acidic Ti-sites was quantified with pyridine
chemical titration at 373 K. To verify the validity of this method, we firstly carried out the
titration on the proton-form ZSM-5 (Zeolyst, CBV 8014) and commercial Aeroxide®P25
titania (TiO2) samples. The proton-form ZSM-5 has framework and/or extra-framework
Al-sites that have strong Brensted and/or Lewis acidity. On this sample, the pyridine uptake
(as pyridine per mass of zeolites) is comparable to that of Al content determined from
elemental analysis (data not shown). The similar pyridine uptakes and Al contents in ZSM-
5 sample translate to a pyridine to total acid site ratio, which includes the Brensted and
Lewis acid sites, of near unity, thus validating the pyridine titration method for accurate,
quantitative site titration. Pyridine titration on the Aeroxide®P25 TiO2, a non-porous

material gave an uptake of 19.00 umol g~!, which is nearly 30 times lower than the surface
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Ti-atom concentration, determined by considering only the geometric surface of the
Aeroxide®P25 TiO> particles.

Aeroxide®P25 titania has nearly spherical particle morphology and the average
particle size is ~21 nm in diameter (D), meaning 10.5 nm in radius (R).2**%% The volume

(V) of one single Aeroxide®P25 titania particle can be calculated by,
W I“'Y L. pBWE Q T T wp TE &
o o
Since pyridine only can reach the external surface Ti-sites in Aeroxide®P25 titania
in the titration experiment, the geometric external surface Ti concentration was estimated.
Assume the depth of the external surface Ti-layer in Aeroxide®P25 titania equals to the

bond length (L) of Ti-O (i.e. 1.635 A)?+2% the volume of external surface Ti-layer
(@ ) is,
@ 1“'Y L Y O C& omp e &
o o
Therefore, the volume fraction of external Ti ("Q in the entire Aeroxide®P25

particle is,

w
Q — 1® o
w

Assume the density (") of Aeroxide®P25 is 4.26 "0 & ,2%52% the mass (m) of

one single particle is thus to be,

4 0" TPTpTNEd T8 ¢ga c8rtooepm Q
Given that the molecular weight (M) of Aeroxide®P25 titania is 79.866 g mol™,
the quantity of external Ti in one particle is,

o
5

PP WTIPp T A€ a
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Thus the concentration of external Ti in surface of Aeroxide®P25 titania is

calculated to be,

0 —a VX Pda £@

The Ti concentration in the Aeroxide®P25 TiO» particle is,
6 F P®EAE®

When considering all Ti atoms in Aeroxide®P25 TiO2, the measured pyridine
uptake would be 659 times lower than the total Ti-atom concentration. Aeroxide®P25 is
the TiO2 metal oxide that has neither framework nor extra-framework Ti-sites. This
exceptionally low pyridine uptake on Aeroxide®P25 confirmed that pyridine is unlikely to
adsorb onto anatase-like TiOz, thus the use of pyridine titrant selectively titrates the Lewis
acid site concentration in TS-1 samples.

Figure 3.10a shows the Lewis acid site concentration in each TS-1 sample measured
by the pyridine titration method. At 373 K, C-TS-1, M-TS-1, Si-TS-1 and Si/Ti-TS-1
contain 133.7, 102.2, 74.9 and 61.4 pmol g~' of Lewis acid sites, respectively. Taken
together with the Ti content in 3D C-TS-1, determined from elemental analysis, of 149.1
umol g~ (Table 3.5), the pyridine uptake gives the ratio of Lewis acid sites to Ti content
of 89.7% (Figure 3.10b). This ratio is consistent with the percentage of tetrahedrally
coordinated Ti-sites in C-TS-1, as shown in Figure 3.5 and Table 3.3, further confirming
that the pyridine titration method allows quantitative counting of all Lewis acid sites in the
framework of TS-1 zeolites. Following the same calculation method, the Lewis acid site-
to-Ti ratios in M-TS-1, Si-TS-1 and Si/Ti-TS-1 were 70.6%, 79.4% and 25.6%,

respectively. The slight decrease in the Lewis acid site concentrations (Figure 3.10a) and
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the ratio of Lewis acid site-to-Ti content (Figure 3.10b) in M-TS-1 and Si-TS-1, compared
to those of C-TS-1, indicate that the hierarchical 2D TS-1 zeolites have weaker acidity than
3D C-TS-1 zeolite. This is reflected by the slight increase in the percentages of non-
tetrahedrally coordinated Ti-sites in both M-TS-1 and Si-TS-1 zeolites (Figure 3.5 and
Table 3.3). The significant drop in Lewis acid site concentration (or Lewis acid site-to-Ti
ratio) in Si/Ti-TS-1 suggests that the SiO2/TiO. pillarization not only created non-
tetrahedrally coordinated Ti-sites in pillars but also distorted a portion of the tetrahedral
coordination environment of Ti-sites in zeolitic layers. The distortion of Ti-sites in zeolitic
layers is reasoned from the Ti content in both zeolitic layers and SiO2/TiO> pillars in Si/Ti-
TS-1, where the zeolitic layers have framework Ti-site densities similar to that of M-TS-1.
Overall, this is consistent with the high percentages of extra-framework, octahedrally
coordinated Ti-sites and anatase-like TiO2 in Si/Ti-TS-1 after the SiO2/TiO: pillarization

post-synthesis treatment.

Table 3.5 Quantification for Ti-sites in different locations of C-TS-1, M-TS-1, Si/Ti-TS-

1 and Si-TS-1 zeolites.

SET LT T L TN

Zeolite (emolg (emolgl) (emol gb) (%) (emolgd) (emol g?)
9
C-TS-1 149.1 76.2 133.7 7.1 124.2 95
M-TS-1 144.7 60.9 102.2 26.8 74.8 27.4
S-TS-1 94.3 37.8 74.9 63.3 275 47.4
SilTi-TS-1 240.1 47.2 61.4 37.7 38.2 23.1

aDetermined by ICROES analysis; Measured by pyridine titration at 423Measured by pyridine
titration at 373K Determined byactive site poisoning by MPA duringld;4 epoxidation reaction®nternal

active Tisites,0 0 j p —— :'External active Tsites,6 0 "

The strength of Lewis acidity in these TS-1 zeolites was further probed by

measuring pyridine uptakes at 423 K (Figure 3.10a) and compared to that adsorbed at 373
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K (Figure 3.10b). First of all, the pyridine uptakes at 423 K on all samples are less than
those measured at 373 K. The ratios of pyridine adsorbed at 423 K to that at 373 K were
57.0%, 59.6%, 50.5% and 76.9%, respectively, in C-TS-1, M-TS-1, Si-TS-1 and Si/Ti-TS-
1. The lower pyridine uptakes at the higher temperature suggests that pyridine does not
adsorb on all Lewis sites at the higher temperature, likely because a portion of the Lewis
sites has a weaker acid strength. For instance, FTIR studies of adsorbed pyridine on ZSM-
5 zeolites have established that the pyridine adsorbs much more weakly on Lewis than
Brensted sites and, for this reason, the amount of pyridine adsorbed on Lewis sites
decreases markedly as the adsorption temperature increases.>%°-3% The same trend has been
observed by the FTIR studies of adsorbed pyridine on TS-1 zeolites by Shamzhy et al?®’.
Secondly, a close examination on the various descriptors of acid strength, represented
either by the acid site-to-Ti ratio, based on pyridine titration at 373 K, or the pyridine uptake
at 423 K over that at 373 K (Figure 3.10b), reveal that a small variation exists among C-
TS-1, M-TS-1 and Si-TS-1 zeolites. The Si/Ti-TS-1 zeolite, however, has a very different
acid strength from the other three TS-1 materials. The derivation of M-TS-1 and Si-TS-1
from the same precursor material and no inclusion of Ti-sites in the post-synthesis
treatment should contribute to the small variation in acidity strengths between M-TS-1 and
Si-TS-1 zeolites. As noted by Shamzhy et al. in their FTIR studies of adsorbed pyridine in
Si/Ti-TS-1 zeolite?’, the Ti(OH)(OSi)s group could form on the external surface of the
TS-1 layers in the post-treatment, which causes a different acidity strength than other 2D

TS-1 or 3D C-TS-1 materials.
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Figure 3.10 (a) Lewis acid site concentration determined by pyridine adsorption and (b)
acid site strength indicated by ratio of pyridine adsorbed at 373 K-to-Ti concentration
(determined by ICP analysis) and pyridine adsorbed at 423 K-to-that at 373 K on C-TS-1,

M-TS-1, Si-TS-1 and Si/Ti-TS-1 zeolites.

3.3.5. In-situ acidic site titration and kinetics of cyclooctene epoxidation withd202
The liquid phase catalytic epoxidation of cyclooctene with H2O> in acetonitrile
solvent was examined rigorously, through (1) in-situ MPA titration to quantify the
instantaneous site density of Lewis acid sites located on the external surface and in
mesopores and (2) understand the multiple reaction pathways during CgHi4-H2O> reactions
and correlate the rates of each pathway to the type of catalytic sites in the hierarchical 2D

TS-1 catalysts.

3.3.5.1 Insitu Lewis acid site titration by MPA titrant molecules
Epoxidation of CgHi4 exclusively occurs on the Tiex sites in TS-1 zeolite, because
CsH14 cannot access the Ti-sites located within the micropores (Tiint), as confirmed in our

previous publication®®*. The organic MPA titrant molecule has a kinetic diameter of ~0.65
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nm that is larger than the micropore (0.51>0.55 nm along a-axis and 0.53>0.56 nm along
b-axis) of TS-1 zeolite. Therefore, MPA selectively adsorbs on and titrates the Tiex Sites,
including those present within the mesopores, on external geometric surface of TS-1
particles and on surface of TiO2/SiO- pillars (for the case of Si/Ti-TS-1 zeolite), making
Tiext Sites unreactive for epoxidation catalysis in the CgH14-H20> reaction mixture. The in-
situ MPA titration study would provide a direct, quantitative assessment on the relative
abundance of the external Lewis sites in the 2D TS-1 zeolites.

Figure 3.11 shows the normalized CgH14 epoxidation rates, defined as the CgHi4
conversion rates measured with different MPA quantities over that measured without MPA
added, as a function of the quantity of MPA added into the reaction mixtures, expressed in
terms of the MPA-to-Ti site ratio (i.e. MPA/Ti (%)), for the four catalyst samples. The
normalized epoxidation rates decreased proportionally as the MPA/Ti ratio increased, but
as the normalized rates approached zero, where the added MPA titrated nearly all the active
external Ti sites, the normalized rates deviated from this linearly trend in rate decrease.
Bulky, pre-adsorbed MPA at the sites may hinder the diffusion of other MPAs and impose
steric hindrance of another MPA to adsorb on neighboring sites. The x-axis intercepts,
determined by extrapolating the normalized rates to zero, reflect the case of complete
coverages of Tiexx by MPA. Since each MPA occupies one site, these MPA-to-Ti ratios
equal to the fractions of external Ti-site in each TS-1 catalyst, as indicated by dotted lines
in Figure 3.11. The fractions of external Ti-sites are 7.1, 26.8, 63.3 and 37.7% for C-TS-1,
M-TS-1, Si-TS-1 and Si/Ti-TS-1, respectively. These fractions, together with the Lewis
acid site density determined by pyridine titration at 373 K, give the concentrations of

external active Ti-sites, shown in the last column of Table 3.5. The increase in the
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concentration of Tiex-sites parallels the increase in zeolite mesoporosity, as expected, as

summarized in Table 3.2.

—m—C-TS-1
—0— M-TS-1
- ¥ Si/Ti-TS-1
- A& Si-TS-1

Normalized rate

20 40 60 80 100
[MPA]/[Ti] (%)

Figure 3. 11 Normalized rate for CgH14 consumption as a function of MPA-to-Ti
(MPA/TI) ratio over C-TS-1, M-TS-1, Si-TS-1 and Si/Ti-TS-1 zeolites in epoxidation of
CgHais with H2O2. (Normalized rate is defined as turnover rate at each MPA/Ti ratio
divided by that in the absence of MPA in CgH14-H2O- reaction. The dashed lines
represent extrapolation of experimental data to MPA/Ti (x-axis) where the normalized

rate (y-axis) is set as zero in the presence of the MPA titrant.)

3.3.5.2 Catalytic properties of Lewis acidic Tisites in 2D TS1 zeolites prded by
kinetics of cyclooctene epoxidation with HO2

Multiple, concomitant reaction pathways occur during CgHis-H2O> reactions in
acetonitrile solvent with TS-1 zeolites, as depicted in Figure 3.12, of (i) CgH14 epoxidation
(Pathway 1), which catalyzed exclusively by external Tiex: Sites, because CgH14 cannot gain

access to the Ti sites inside the micropores (ii) catalytic H.O, decomposition (Pathway 2),
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occurred at both internal (Tiint) and external sites, because unlike CgH14, H202 has a small
kinetic diameter of 0.28 nm?°%27° and thus can travel into micropores to access both
external and internal active Ti-sites, and (iii) non-catalytic thermal decomposition
(Pathway 3), which occurs homogeneously, even without the presence of a catalyst. The
multiple catalytic pathways, each occur with distinct site requirements, warrant a thorough
Kinetic examination. Previous studies!!31!> 3% focused only on comparing the alkene
conversions on hierarchical TS-1 zeolites. In contrast to these studies, we aimed to analyze
the entire reaction network, accounting for all reactions involving CgHiws and H20,
deciphering the individual rates and connecting these rates to the different types of active

Ti-sites in hierarchical 2D TS-1 zeolites.

O OO + HZO CgH, 4 epoxidation 1)
X

oo
H,0, N TV H,0 + 0.50; Catalytic H,0, decomposition @

L7/
e, Sor

HZO + 0.5 02 Non-catalytic thermal decomposition A3)

Figure 3. 12 Reaction scheme of H20, consumption in epoxidation of CgH14 with H20,.

The individual rates of the three reaction pathways are:

i —— N 0Q 6 6 (Eq3.1)
[ — 0y 00 (Eq 3.2)
[ ——— 0y 6 (Eq 3.3)
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wherei ,i j andi  are the reaction rates (mol L s') for CsHi4 epoxidation,
catalytic H>O> decomposition and non-catalytic thermal decomposition of H>O: via
Pathways (1)-(3), respectively. 0 is the cyclooctene concentration in solution (mol L
D: 6 is H20, concentration in solution (mol L); t is the reaction time (s); O (mol Ti)
is the total number of mole of Lewis acidic Ti-sites used in each experiment, determined
by pyridine titration at 373 K; "Q;  is the percentage of external Ti-sites (Table 3.5); Q |
Oy AT ; aretherate constant for epoxidation (per external surface Lewis acid site
(L mol™) [mol Tiex]™ s?), for catalytic H,O, decomposition (per Lewis acid site, [mol
Tiow]™? s1) and for H,0, thermal self-decomposition (s?), respectively. The term of

0 "Q; inequation (3.1) accounts for the fact that only external Ti-sites in TS-1 zeolites

contribute to the epoxidation reaction. The ——— and ————in equations (3.2)

and (3.3) stand for H20> consumption rates due to the reaction pathways (2) and (3),
respectively, in Figure 3.12.

Because all three reaction pathways contribute to H2O2, consumption, the rate for
net H20, consumption (i, mol L s in CgH1s-H20; reactions equals the sum of the

individual rates of the three pathways,

Qp 06 QR 006 Q0 G 6%"%4'5 (Eq 3.4)

. . D5 p .
where the subscript “1-2-3” in —0‘49‘;; term represents the consumption rate of H,O»

due the reaction pathways (1), (2) and (3) in this reaction. The rate for non-productive H20-
consumption (due to thermal and catalytic decomposition, i ﬁ i ,molLts?Y

in the absence of CgH14 is
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i M M — Q4 0 Qr 0O (Eq 3.5)
in which the subscript “2-3” in %L’E‘-;—" term represents both reaction pathways (2) and

(3) contribute to the rate of i M i In the reaction. The integral formats of

differential equations (3.3) and (3.5) are shown in equations (3.6) and (3.7) below.

ae—— Q4 0 (Eq 3.6)
ae—— Qf Q0 0o Qo0 (Eq3.7)
where 0 is the initial H,O, molar concentration (att=0s)and™@ ™Q ; Q ;

In combination of differential equations (3.1) and (3.4), equation (3.8) can be obtained:
6 6 6 6 —I T— (Eq 3.8)

in which 6 is the initial CsH14 molar concentration (att=0s)and Q@ Q 0 "G
Appendix A illustrates the details on the rate equation derivation. The rate constants, Q f
"Q and "Q can be evaluated from the kinetics data collected from epoxidation of CsHi4 in
H20- in the absence of catalyst, absence of CgHi4 (with H20> as the sole reactant) and in
the presence of both TS-1 catalyst and CgHu4, respectively. Appendix B summarizes the
details on the rate data analysis and rate constants determination.

Table 3.6 summarizes the rate constants for CsHis and H20. consumptions
evaluated from the CgHi4-H>O> reactions. First, the rate constant for H>O> thermal
decomposition, Q  , was determined from controlled experiments without any catalyst.
It has a value of 5.03 x 10° s. This rate constant for homogeneous H,O, thermal
decomposition will remain to be the same for all experiments across the different TS-1

catalysts. Next, the rate constant of non-productive catalytic H.O> decomposition on Ti-
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sites ('Q ), obtained from the control experiments in the absence of CgHi4 reactant,
increases from C-TS-1, M-TS-1 to Si-TS-1 zeolite. Finally, the rate constant of CgHi4
epoxidation ("Q ), obtained from catalytic CgHi4-H,O, reactions, exhibits an opposite
trend to that of "Q ;  on these three TS-1 zeolites. An exception occurs for the Si/Ti-TS-
1 zeolite. It has an exceptionally high™Q ; andQ values than both the 3D (C-TS-1)
and other 2D (M-TS-1 and Si-TS-1) zeolites. These results indicate that the activity of
Titta-sites for catalytic H.O2> decomposition follows the order of C-TS-1 < M-TS-1 < Si-
TS-1 << Si/Ti-TS-1, whereas the activity of external Tiex-Sites for CgHi4 epoxidation

follows the sequence of Si-TS-1< M-TS-1 < C-TS-1 << Si/Ti-TS-1.

Table 3.6 Rate constants of CgH14 epoxidation and H.O> decomposition in CgH14-H20>

reactions on C-TS-1, M-TS-1, Si/Ti-TS-1 and Si-TS-1 zeolites.

D -.'Q . —.'Q TQ h ’:"Q TQ ((Lrl’znOll)

(=<10° Sy Sene | (0%[mol | = | (><10°L s

mola | (A0°s7)° | (0%sY) Tioal 750 | & | moltsy | Mol I)'S“] s
C-TS-1 6.69 5.03 7.22 3.28 3.13 2.31 4.87
M-TS-1 5.11 5.03 8.17 6.14 1.50 5.45 3.98
Si-TS-1 3.74 5.03 18.72 36.58 2.52 6.21 3.14
Si/Ti-TS-1 3.07 5.03 40.86 116.81 0.37 110.02 95.13

aCalculated byd 0 & T8I L OO O 6 ;PRate wonstant of unproductive,Gh thermal

decomposition Q@ Q; Q 0 ; 9alculated byQ j . eCalculated by Q

h

In TS-1 zeolites, the activity of Lewis sites is influenced by the type of Ti-atom
coordination, the acid site strength and the confining environment. Previous studies?’62""
304-306 have reported that the tetrahedral framework Ti(OSi)s sites, extra-framework
Ti(OSi)30H and octahedrally coordinated Ti(OH)2(H20)2(0Si): sites are all effective for

alkene epoxidation. Indeed, non-tetrahedrally coordinated sites are much more effective
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than that of framework Ti(OSi)s sites?’®277. 3%. 307 For C-TS-1, M-TS-1 and Si-TS-1
zeolites, they all have similar percentages of non-tetrahedrally coordinated Ti-sites (see
Section 3.3.2) and acid site strengths (discussed in Section 3.3.4). Therefore, the activity
trend in CgH14 epoxidation in these three zeolites is not likely attributed to the difference
in Ti-site coordination type or acid site strength. The degree of partial confining
environment of silanol and titanol groups in C-TS-1, M-TS-1 and Si-TS-1, as discussed in
Section 3.3.3, however, follows the order of C-TS-1 > M-TS-1 > Si-TS-1, same as that of
activity trend. The degree of partial confining environment of external Tiex-sites in these
zeolite is likely to be equivalent to the degree of partial confining environment of silanol
and titanol groups. Figure 3.13a shows the linear dependence between the activity of Tiex-
site and the degree of partial confinement for silanol and titanol groups in C-TS-1, M-TS-
1 and Si-TS-1 zeolites. This suggests that the Ti-site confining environment could be
responsible for the observed activity trend in CgH14 epoxidation reaction. The 2D TS-1
zeolite nanosheet has shallow cavities in external surface than that of well crystallized 3D
TS-1, and thus it has less degree of partial confinement for active Ti-sites and lower activity
in CgH14 epoxidation. It should be noted that the existence of partial confinement of 2D
zeolite nanosheet surface has been recently reported by Katz group®’, and the surface site
confinement can be used to control activity of grafted Ti**-centers on 2D SSZ-70
nanosheets in cyclohexene epoxidation. From the perspective of site confining effect
(Figure 3.7) and acidity strength (Figure 3.10), Si/Ti-TS-1 should have the lowest activity
among these four TS-1 zeolites. The ultra-high activity of Si/Ti-TS-1 in CgH14 epoxidation,
however, should be caused by the high concentrations of non-tetrahedrally coordinated Ti-

sites, as shown in Table 3.3 and Figure 3.7 in Section 3.3.2 above. As mentioned previously,
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the epoxidation activity of non-tetrahedrally coordinated sites are much higher than that of
framework Ti(OSi), sites?76-277, 305307,

For non-productive catalytic H.O> decomposition, the reaction takes places on both
internal and external active Ti-sites since H202 can access to both types of sites in these
TS-1 zeolites. The activity of Titta-Sites in C-TS-1, M-TS-1 and Si-TS-1 increases with
increasing site accessibility (Figure 3.13), non-tetrahedrally coordinated Ti-sites (Figure
3.5) and free isolated Si-OH and Ti-OH groups (Figure 3.7) in these catalysts, which are
all resulted from the enhancement in mesoporosity by intercalating zeolitic nanosheets in
the hierarchical 2D TS-1 zeolites. Therefore, a linear correlation between the site activity
and relative mesoporosity (defined as Sext/Sser) in these three TS-1 zeolite is observed, as
shown in Figure 3.13b. Again, the Si/Ti-TS-1 showed the ultra-high activity than the other
three TS-1 zeolites in this reaction. The high percentages of extra-framework, octahedrally
coordinated Ti-site and anatase-like TiO2 and high free isolated —OH groups should be the
reason. The control experiments indicate that titania oxide catalyzes non-productive H20-
decomposition (Figure 3.14a) and the increase in -OH groups in 2D silicalite-1 nanosheet
(Figure 3.14b) also speeds up the decomposition reaction. Overall, the site local
environment determines the activity differences observed in both CgH14 epoxidation and

H20, decomposition in these hierarchical 2D TS-1 zeolites.
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34. Conclusions
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In summary, the local environment and catalytic behavior of Lewis acid sites in
hierarchical 2D lamellar TS-1 zeolites were studied by a combination of physicochemical
property characterization and catalytic kinetics. The hierarchical 2D TS-1 zeolites,
including M-TS-1, Si-TS-1 and Si/Ti-TS-1, were derived from the same multilamellar TS-
1 precursor (M-TS-1(P)) and prepared by direct calcination or pillarization, with SiO2 or
Si02/TiO2 mixture pillars, of the precursor, respectively. The local environment of Ti-sites,
in terms of coordination status of Ti-atom, speciation of hydroxyl (-OH) group that
suggests degree of acid site confinement, acid site strength and accessibility to bulky
molecules, were collectively assessed. In comparison to 3D C-TS-1, all the hierarchical 2D
TS-1 zeolites have higher mesoporosity due to the constitution of intercalated layer
structure. The C-TS-1, M-TS-1 and Si-TS-1 mainly contain tetrahedrally coordinated Ti-
sites, while Si/Ti-TS-1 comprises of high fraction of non-tetrahedrally coordinated Ti-sites
due to inclusion of SiO2/TiO; pillars. The truncation of the third dimension to form 2D TS-
1 zeolite nanosheets creates high concentrations of free isolated surface silanol and titanol
groups that hint diminishment of acid site confinement environment compared to that
enclosed in micropores. All the hierarchical 2D TS-1 zeolites have lower concentrations of
strong Lewis Ti-sites than C-TS-1. The accessibility of Ti-sites to bulky molecules,

however, increases with increasing mesoporosity in these hierarchical 2D TS-1 zeolites.

The reactivities of external and internal Ti-sites in the hierarchical 2D TS-1 zeolites
were evaluated from CgHis4 epoxidation after decoupling three parallel pathways, i.e.
catalytic CgHis epoxidation with H202, non-productive thermal and catalytic
decomposition of H20,. For CgH14 epoxidation, it only occurs on external active Ti-sites.

The activity of external Ti-site decreases with increasing mesoporosity from C-TS-1, M-
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TS-1 to Si-TS-1, which can be attributed to the lower degree of site confinement on the
external surface of 2D TS-1 nanosheet than that of 3D structure. The non-productive
catalytic H20O. decomposition happens on both external and internal Ti-sites. The activity,
however, increases from the C-TS-1, M-TS-1 to Si-TS-1, which is caused by the increasing
non-tetrahedrally coordinated Ti-sites and -OH groups in these materials. Distinct from C-
TS-1, M-TS-1 and Si-TS-1 zeolites, the Si/Ti-TS-1 has much higher CgH14 epoxidation
and non-productive catalytic H2O, decomposition reactivities. Besides framework Ti-sites,
extra-framework, octahedrally coordinated Ti-sites and even Ti-sites in metal oxide (TiO>)
all contribute to CgHis or H202. consumptions. The present study, for the first time,
evaluated the local environments and their consequences on reactivities of Lewis acid sites
in hierarchical 2D TS-1 zeolites by decoupling the reaction pathways of CsH14 epoxidation
with H2O>. This work will guide in-depth and quantitative studies for Lewis acidity in other
2D zeolite materials, a topic falling behind with Brensted acidity of the same type of

materials.
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Chapter 4: Preparation of Ultrathin MFI Zeolite Membranes on U-shaped a-

alumina Hollow Fibers for Ethanol/water Pervaporation

4.1 Introduction

Separation of organic compounds from water by pervaporation have gained great
attention in recent years. Pervaporation is a membrane-based separation technique used to
recover liquid organic compound in vapor phase by creating a negative pressure at the
permeate side. This method can be used to separate azeotropic, close-boiling mixtures,
isomers, and thermal-sensitive compounds. One potential application for pervaporation is
to extract bioethanol, which is a clean and renewable industrial raw material, from
biomass fermentation.3%® Compared with other conventional separation methods such as
extraction, distillation and adsorption, membrane-based pervaporation is a highly
effective and economic technique for bioethanol recovery from biomass fermentation due
to its low energy consumption, simple operation, cost-effectiveness, and low
environmental impact.3%°-31! For the recovery of bioethanol from biomass fermentation,
hydrophobic polymer membrane 312-318 have been proven to be the most effective due to
its high flux and selectivity in pervaporation of ethanol. However, they are restricted to
only certain feed mixtures because of their low chemical stability and thermal stability.3*°
Alternatively, zeolite membranes have been utilized for pervaporation due to their high
flux, selectivity, and chemical and mechanical stability.320-3%

Zeolites are crystalline microporous aluminosilicates with well-defined pore size
and shape that have been widely used as catalysts, adsorbents, and membranes in many

industrial processes, such as fluid catalytic cracking, natural gas upgrading, and
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bioethanol purification.327-32° When the thickness of zeolite crystal shrinks down to
nanometer-level, the diffusion length along its thin dimension can be dramatically
suppressed.’” 339331 For example, in the hydrophobic siliceous MFI zeolite (silicalite-1),
the diffusion coefficient along the straight [010] channel is approximately three times
higher than that on the channel perpendicular to this direction332-33, Thus, b-oriented MFI
zeolite membranes with straight and short [010] channels are highly desired to maximize
permeance and separation factor simultaneously, and they have become of high interest
for pervaporation applications.*? !’ The first nanosheets-based zeolite membrane®* was
prepared from exfoliated MFI zeolite nanosheets through melting-blending®®, filtration
deposition and secondary growth processes, exhibiting record-high permeance and
separation factor in xylene isomer separation. After this demonstration, some
improvements have been applied in exfoliation/separation®*® process and secondary
growth®3’ process, leading to better performances on the fabricated membranes. In
addition, the discovery of piranha-solution-exfoliation method governed the fabrication
of nanosheets-based zeolite membrane on flexible porous polymer support338,

Except the aforementioned top-down method, zeolite nanosheets also can be
prepared by a bottom-up synthesis method by a specially designed organic structure-
directing agent (OSDA). The membrane prepared by this nanosheets exhibited improved
performance in xylene isomer separation.?!® Further investigation have also been
implemented on seed deposition®3! and secondary growth®* process to improve the
membrane performance. In addition, the hollow-fiber-form nanosheets-based MFI
membrane3*® and alumina-containing hydrophilic nanosheets-based MFI membrane®*

have also been achieved in recent years.
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Most of the zeolite membranes for ethanol/water pervaporation reported in
literatures were mostly synthesized on flat plates or large diameter tubular supports. The
thick wall of the support leads to high resistance of the permeate transport through the
support. Disk-shaped membranes have a very limited membrane area, while the thickness
of tubular membrane is relatively higher, which leads to a low permeation flux due to the
large resistance of diffusion in the membranes. Alternatively, in recent years, large
research efforts have been placed on linear hollow fiber membrane, which provide more
effective membrane area per volume with thinner thickness around 200 pm, and
therefore, beneficial to suppress the diffusion length. However, linear hollow-fiber
membrane has sealing problems at varying temperatures. When both ends of the linear
hollow fiber are tightly fixed on the outer host tube at different sides, the linear hollow
fiber will easily break due to the expansion during increasing temperature. As a special
geometry of hollow fiber, the U-shaped hollow fiber membranes can solved the problems
mentioned above. Two ends of the hollow fiber can be fixed on the same side in a
permeation module, which can avoid the mechanical break during heating and cooling
process due to its free expansion or shrinkage at varying temperatures.

In the present work, we synthesized silicalite-1 nanosheets by the piranha-
solution-exfoliation method and use these silicalite-1 nanosheets as seeds to fabricate
MFI zeolite membrane on U-shaped a-Al>O3 hollow fiber supports by a secondary
growth method. We demonstrated for the first time that nanosheets-based silicalite-1
membrane can be fabricated on U-shaped a-Al203 hollow fiber supports, exhibiting an
enhanced permeance and separation factor in ethanol/water pervaporation with respect to

conventional silicalite-1 membrane.
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4.2. Experimental
4.2.1. Materials

Sodium hydroxide (NaOH, 98.0% purity), aluminum oxide a-phase (a-Al20s3,
99.95% purity), chlorobenzene (99% purity) and tetra-n-propylammonium hydroxide
(TPAOH, 40 wt% solution) were supplied by Alfa Aesar. Sulfuric acid (H2SOa, 95% purity)
was purchased from Fisher. Tetraethyl orthosilicate (TEOS, 98% purity), polysulfone (PS,
average MW~ 35,000) and Poly(diallyldimethylammonium chloride) solution (PDDA,
average MW~ 100,000-200,000, 20wt% in water) were purchased from Sigma-Aldrich.
Polyvinylpyrrolidone K30 (PVP, average MW~ 40,000) was purchased from TCI. 1-
Methyl-2-pyrrolidinone (NMP), chloroform (99.8% purity) and dichloromethane (99.5%
purity) were purchased from BDH. Hydrogen peroxide (H202, 30 wt% solution) was
purchased from EMD Millipore Corporation. Ethanol 200 proof (EtOH) was purchased
from Pharmco. Deionized (DI) water was used throughout the experiments. Di-quaternary
ammonium surfactant template (C22-6-6Br2) was synthesized based on the reported method>°

and the synthesis procedure has also been explained in our previous publicationst3* 151,230

4.2.2. Preparation of Ushaped hollow fiber supports.

The U-shaped a-Al.O3 hollow fibers were fabricated using a wet-spinning/sintering
method3#. First, the starting solutions were prepared for spinning the hollow-fiber-
membrane precursors. A calculated quantity of PS with the additive PVP was dissolved in
the weighted NMP solvent in a 250 ml round bottom flask. After the polymer solution had
formed, the weighted amount of a-Al.O3 powder was added gradually under stirring to

ensure the powder was dispersed uniformly in the polymer solution. The stirring was
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carried out continuously for at least 96 h before spinning. After the starting solution was
degassed at room temperature for 1h, it was then transferred to a syringe. A spinneret with
an orifice diameter and inner diameter of 1.5 mm and 1.0 mm, respectively, was used to
obtain the hollow-fiber precursor. Ethanol and tap water were used as the internal and
external coagulants, respectively. The forming hollow fiber precursors were immersed in
deionized water bath at room temperature to complete the solidification process. The a-
Al>03 hollow fiber precursors were cut into 0.3m pieces and bended into a U-shaped
geometry. After drying in air at room temperature for more than 24 h, the U-shaped a-
Al>03 hollow fiber precursors were sintered to remove all polymers. The sintering profile
can be referred to Figure 4.1. The operating conditions used in the preparation of U-shaped

a-Al>O3 hollow fiber are summarized in Table 4.1.

Table 4.1 Preparation conditions for the U-shaped a-Al>O3 hollow fiber

Parameter value
Composition of the starting solution
a-Al,O3 powder (wt%) 56
PS (Wt%) 7
NMP (Wt%) 35
PVP, K30 (Wt%) 2
Spinning temperature(3 ) 25
Injection rate of a-Al203 solution (mL/min) 0.1
Injection rate of internal coagulant (mL/min) 0.15
Air gap (cm) 0
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Figure 4.1 The sintering profile of U-shaped a-Al203 hollow fiber (a) and silicalite-1

membrane on U-shaped a-Al2O3 hollow fiber (b), respectively.

4.2.3 Preparation of seed crystals
4.2.3.1 Peparation of multilamellar silicalite-1 zeolite

In a typical synthesis, 0.53 g 95 wt% H>SO4 was added into 4.00 mL DI water,
followed by addition of 0.72 g NaOH in 4.00 mL water solution dropwise. Then 6.27 g
TEOS was added to the above solution with vigorous stirring. The resultant mixture was
magnetically stirred at room temperature for 24 hours. A Cz2.6.6Br2 solution that was
prepared by dissolving 2.18 g C226.6Br2 in 13.60 g DI water, was added to above TEOS
solution dropwise under stirring. The resultant gel was further aged at room temperature
for 3h under stirring. The molar composition of the gel mixture was
100Si02/30Na20/10C22-6.6Br2/18H2S04/4000H20. Afterwards, the synthetic gel was
transferred into a Teflon-lined autoclave and crystallization of zeolite was conducted at
423 K for 5 days under static condition. After crystallization, the zeolite sample was

centrifuged, washed with DI water, and dried at 343 K overnight.

4.2.3.2 Preparation of conventional silicalitel zeolite
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Typically, the synthesis was performed by mixing 5.08 g of 40 wt% TPAOH with
11.50 g Dl-water. Then 5.78 g TEOS was added to the mixture, which was stirred
vigorously at room temperature for 10 h. The resultant gel was transferred into a Teflon-
lined stainless steel autoclave, followed by hydrothermal synthesis for 120 h under
tumbling condition at 423 K. After crystallization, the zeolite product was centrifuged,
washed with DI water, and dried at 343 K overnight. The zeolite sample was calcined in

flow air (100 mL min') at 823 K for 6h.

4.2.4 Exfoliation of multilamellar silicalite -1 zeolite by piranha solution treatment
In a typical procedure, 0.1 g of multilamellar silicalite-1 was dispersed in 4 mL of
30 wt% H20:> in a 50-mL Pyrex glass bottle by a 10-minute sonication. Then, 12 mL of
95% H>SO4 was added into above suspension dropwise under vigorous stirring to release
the generated heat. The resultant suspension was stirred at room temperature for 1 hour and
subsequently transfer to a 353 K oil bath for another 24-hour stirring. After cooling down,
the suspension was centrifuged at 20,000 g for 1h to recover the solid cake. The obtained
zeolite slurry was treated by piranha solution for three more times according to the
procedure described above. After 4th cycle piranha solution treatment, the obtained zeolite

sediment was dispersed in 20 mL EtOH by sonication for 30 min.

4.2.5 Purification of nanosheets to remove unexfoliated zeolites
In a 50-mL PTFE centrifuge tube, 5 mL chloroform (p = 1.48 g/mL), SmL
dichloromethane (p = 1.33 g/mL), 10 mL chlorobenzene (p = 1.10 g/mL) and 20 mL of

obtained zeolite in EtOH suspension after piranha treatment were sequentially placed from
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bottom to top. After centrifugation at 12,000 g for 30 min, the top EtOH fraction was
transferred to a 20 mL glass vial. The vial with nanosheets in EtOH suspension was placed
at ambient condition to evaporate EtOH solvent until its volume decreased to 10 mL. The
zeolite nanosheets in 10 mL EtOH dispersion was used as seed solution in future seeding

step.

4.2.6 PDDA coating onU-shapedU-Al20s3 hollow fiber

A surface modification of the U-shaped a-Al>Os hollow fiber with a cationic
polymer PDDA, was carried out to create a positively charged support surface and to
promote adhesion of the zeolite nanosheets, which are negatively charged in the EtOH
solvent. A modification solution was prepared by dissolving 5 g PDDA solution in 45 mL
DI water and applying a sonication for 5 min to homogenize the mixture. The U-shaped a-
Al>03 hollow fiber was immersed in the PDDA solution for 30 min, followed by rinsing

with DI water to remove excess polymer.

4.2.7 Seeding process
4.2.7.1 Nanosheet seed deposition ondthapedU-Al 203 hollow fiber

The PDDA modified U-shaped a-Al203 hollow fiber was seeded by the dip-coating
method with above prepared nanosheet in EtOH suspension prior to the membrane
fabrication. The hollow fiber support was dipped into the seed suspension and kept in it for
10 seconds to adsorb nanosheet seeds onto the support external surface and dried at room

temperature for 20 min. Repeated the dip-coating process for 10 more times the same way
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as described above. The seeded U-shaped a-Al>03 hollow fiber was calcined at 753 K for

4 hours at 0.5 K/min heating and cooling ramping rate.

4.2.7.2 Conventional silicalitel seed deposition on t$hapedU-Al203 hollow

The seed suspension for dip-coating process was prepared by dispersing 10mg
silicalite-1 zeolite in 10 mL DI water and applying a sonication for 30 min for
homogenization. The U-shaped a-Al203 hollow fiber (without PDDA coating) was seeded
by the dip-coating method with the above prepared silicalite-1 seed suspension. The hollow
fiber support was dipped into the conventional silicalite-1 seed suspension and kept in it
for 10s to adsorb seed crystals onto the external surface of hollow fiber and dried at 343 K

for 2h.

4.2.8 Preparation of zeolite membrane

The solution used for secondary growth was prepared by mixing TEOS, TPAOH
and DI water with a molar composition of 60SiO2/9TPAOH/8100H20. The solution was
stirred at ambient condition for 4 h and aged at 363 K for 6 h in a Teflon-lined autoclave.
Then the seeded U-shaped a-Al>O3 hollow fiber was vertically placed in this aged zeolite
sol, and heated at 393 K for 11 h in a Teflon-lined autoclave under static condition. The
obtained membrane was rinsed with DI water and dried at 333 K for 6h. The dried
membrane was then calcined at 753 K for 4h with heating and cooling ramping rate of 0.5

K min?t,
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4.2.9 Characterization

The microstructure and morphology of membranes were characterized by Hitachi
SU-70 electron microscope. X-ray diffraction (XRD) patterns of the catalyst samples were
obtained on Bruker D8 Advance Lynx Powder Diffractometer (LynxEye PSD detector,
sealed tube, Cu K, radiation with Ni b-filter).

The U-shaped a-Al2.O3 hollow fiber porosity can be obtained using soaking method

and calculated by Eq. (4.1), following the procedure in the literature343-344,

- (Eq 4.1)

where - is the porosity,a (9) and & (g) are the corresponding membrane weight
before and after soaking in the water. ” (g/cm®) and ” (g/cm?3) are the density of
water and a-Al.Oz at room temperature, respectively.

The a-Al>O3 hollow fiber bending strength was measured by Tinius Olsen 10st
materials testing machine. The bending strength of the a-Al>Os hollow fiber can be

calculated by using Eq. (4.2).
” — (Eq 4.2)

where ,, is the bending strength (MPa), "Ois the force at fracture of hollow fiber (MPa), L
the is the length of the span (mm), O and ‘O are the outer and inner diameter of the a-

Al>03 hollow fiber, respectively.

4.2.10 Pervaporation
Pervaporation performances of zeolite membranes were evaluated using the

homemade setup. Zeolite membranes on the hollow fiber support were connected into a
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non-porous stainless steel tube by silicone sealant and connected to the pervaporation setup.
The ethanol aqueous solution (20wt %) in a flask was kept at 343 K in a water circulating
bath (Lauda Brinkmann RMG6). The permeate was collected in a liquid nitrogen cold trap
for 1 hour. The permeate was weighed and its composition was analyzed by a gas
chromatograph (Agilent Technologies 6890N) equipped with a thermal conductivity
detector (TCD) and a 3.0 m x3.18 mm packed column (Agilent HAYESEP DB). The total

flux (J) and separation factor (o) are defined as follows:
o — (Eq 4.3)
| T [ T T J(A) (Eq 4.4)
where J is the flux (kg m2 h'), W is the total weight of the permeate (kg), A is the
separation area of the zeolite membrane (m?), t is the collecting time (h), | T

is the separation factor, X and Y are the weight fraction of species in the feed and permeate,

respectively.

4.3. Results and discussion
4.3.1 Structure and morphology of conventional and multilamellar silicalitel zeolites
The conventional silicalite-1 zeolite consists of short cylinder-like bulk particles

with an average width of ~250 nm and thickness of ~200 nm, as shown in Figure 4.2a. As

indicated in Figure 4.2b, multilamellar silicalite-1 zeolite have a cauliflower morphology,

the plate-like zeolite layers aggregated into flower-like structure. After the exfoliation and

purification processes, the zeolite nanosheets exhibited a plate-like morphology with large

lateral dimensions (~ 1 um). The XRD patterns in Figure 4.3 indicated that both

conventional and multilamellar silicalite-1 exhibited the characteristic peaks of MFI zeolite
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without other crystalline phase or amorphous species. The low-angle XRD peaks on
multilamellar silicalite-1 at 260 = 1.59°, 3.33° and 4.65° corresponded to the first-order,
second-order and third-order reflections of the layered MFI precursor, which can

demonstrate the long-range ordering multilamellar structural feature.

Figure 4.2 SEM images of conventional silicalite-1 (a), multilamellar silicalite-1(b) and

exfoliated silicalite-1 nanosheets, respectively.
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Multilamellar silicalite-1
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Figure 4. 3 XRD patterns of synthesized conventional silicalite-1 and multilamellar

silicalite-1 samples, respectively.

4.3.2 Structure and morphology of comnentional and nanosheetdased silicalitel
membrane

Figure 4.4 shows SEM top-view images of the bare support, nanosheets seeded
support and 2D zeolite membrane and conventional zeolite membrane. The bare a-Al.O3
support shows compacted spherical particle stayed together with clear grain boundary.
After PDDA surface modification, zeolite nanosheets dip-coating and calcination
processes, the close packed MFI nanosheets were locally observed on the a-Al>Oz support
with a relative low coverage. After 11 hours of secondary growth at 393 K in Teflon-lined
autoclave, the MFI nanosheets coating formed a continuous membrane. As shown in Figure
4.4c, and the MFI nanosheets maintained their flat morphology with some intergrowth. For
comparison propose, the conventional MFI membrane was also fabricated and featured in
Figure 4.4d. The conventional MFI membrane constructed with coffin-shaped crystals,
which a characteristic of an MFI-type zeolite membrane. It is clearly seen that silicate
crystals showed a good intergrowth behavior with less interzeolitic spaces. However some

dome-like defects were also observed, which is similar to the previous report>*®.
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Figure 4.4 Top-view SEM images of bare U-shaped a-Al>O3 hollow fiber (a), zeolite
nanosheets seeded U-shaped a-Al203 hollow fiber (b), nanosheets-based silicalite-1
zeolite membrane on U-shaped a-Al2O3 hollow fiber (c) and conventional silicalite-1

zeolite membrane on U-shaped a-Al,O3 hollow fiber (d), respectively.

The bare a-Al203 hollow fiber support has a 1.47 mm outer diameter and a 1.25
mm inner diameter in Figure 4.5a. It can be seen that the hollow fiber shows a typical
structure with both finger-like pores and sponge-like pores from a magnified image in
Figure 4.5b. The cross-sectional view SEM images revealed that the thickness of ultrathin
zeolite membrane is about 800 nm, which is much thinner than the 3D membrane with ~
3.3 um thickness, in Figure 4.5¢ and Figure 4.5d, respectively.

As it can be seen from the XRD patterns in Figure 4.6, both obtained conventional
and ultrathin zeolite membrane exhibited the characteristic XRD diffraction patterns of

MFI-type zeolites.
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Figure 4.5 Cross-sectional SEM images of bare U-shaped a-Al203 hollow fiber (a, b),
nanosheets-based silicalite-1 zeolite membrane on U-shaped a-Al203 hollow fiber (c) and
conventional silicalite-1 zeolite membrane on U-shaped a-Al2O3 hollow fiber (d),

respectively.
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Figure 4.6 XRD patterns of conventional and nanosheets-based silicalite-1 membrane on

U-shaped a-Al>O3 hollow fiber, respectively.
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4.3.3 Pervaporation separation performance

The pervaporation performance of the fabricated 2D and 3D silicalite-1 membrane
on the U-shaped a-Al,O3 hollow fiber supports were measured with respect to 20 wt%
ethanol/water mixture at 343 K. We fabricate each type zeolite membrane and perform the
ethanol/water pervaporation measurement more than once to ensure the membrane
reproducibility. As shown in Table 4.2, the bare a-Al>O3 hollow fiber exhibited a larger
flux without any selectivity, varying from 143~211 kg m h%. This can be ascribed to the
non-selective large pores existed on the a-Al2O3 hollow fiber. After seeding and secondary
growth procedures, both conventional and nanosheets-based silicalite-1 membrane
exhibited a dramatically decrease in flux but an enhancement in separation factor, which
indirectly indicated the formation of continuous zeolite membrane on a-Al2O3 support after
secondary growth process. The nanosheets-based silicalite-1 membrane showed a high flux,
compared to the one on conventional silicalite-1 membrane. This suggested that the
nanosheets-based silicalite-1 membrane indeed suppress the transport resistance through
the membrane by shortening the membrane thickness. Both conventional and nanosheets-
based membranes showed comparable separation factors, because both of them are

siliceous MFI zeolite membrane, sharing similar hydrophobicity and crystallinity.

Table 4.2 Pervaporation performance of conventional silicalite-1 membrane and

nanosheets-based silicalite-1 membrane on U-shaped a-Al>O3 hollow fiber

Membrane Flux Separation| Ethanol percentage
[kg/(m?-h)] factor in permeate (Wt%)
Bare a-Al>03 hollow fiber 143~211 1.00 20.00
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#1 Conventional silicalite-1
membrane on U-shaped a-
Al>O3 hollow fiber

0.40

34.59

66.28

#2 Conventional silicalite-1
membrane on U-shaped a-
Al>O3 hollow fiber

0.40

40.06

68.13

#1 Nanosheets-based
silicalite-1 membrane on U-
shape a-Al,O3 hollow fiber

0.57

40.72

68.18

#2 Nanosheets-based
silicalite-1 membrane on U-
shape a-Al,O3 hollow fiber

0.65

48.14

72.36

4 4. Conclusions

Ultrathin silicalite-1 membranes have been successfully prepared on delaminated
S-1 nanosheets seeded U-shaped a-Al.Oz hollow fiber support by secondary growth
method. The ultrathin zeolite membrane had a thickness of about 800 nm and exhibited the
higher pervaporation performance with a separation factor of 48.14 and a flux of 0.65 kg
m h* for 20wt% ethanol/water mixture at 343K, in comparison to conventional silicalite-
1 zeolite membrane with thickness of 3.3 um. The ultrathin silicalite-1 membrane prepared
in this study can concentrate ethanol from 20 to more than 70 wt%, and it is expected to
provide interesting strategies for the separation and refinement of bioethanol based on
membrane separation processes. Thus, this ultrathin zeolite membrane has great potential

to overcome the limitations that have prevented the widespread use of zeolite membranes

for biofuel separation.
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Chapter 5: One-pot Synthesis of Heteroatom-substituted MFI Zeolite

Nanosheets

5.1. Introduction

Zeolite are crystalline aluminosilicates with diverse topological structure, pore
channel connection and framework composition34¢-3%°, They are widely used as sorbents
and catalysts in adsorption, separation, ion-exchange and catalysis owing to their unique
hydrothermal stability, tunable acidity, and designable adsorption property?3 212-213, 229,334,
351-3%4 However, the small pores in zeolite (< 1 nm) often encounter active site accessibility
and mass transport limitations when involved heavy feedstocks or bulky molecules.34" 351
3%5-3% |In comparison to conventional zeolite, two-dimensional (2D) zeolites, which were
endowed intrinsic properties of micropores and enhanced mass transport as well as active
site accessibility of mesopores, has gained enormous attention owing to their improved
performance extended from separation to catalysis.'? 1> 78357 2D zeolites are often consist
of stacked sheets with one-to-two unit cell thick, which were assembled by weak van der
Waals forces or hydrogen bonds. The weak interlayer interaction provide 2D zeolites
various modification and post-treatment probabilities, thus a series of multilamellar,
swollen, delaminated and pillared 2D zeolite derivatives were reported in literature’-18: 42
44,90, 354, 358—362.

In the past decades, a range of 2D zeolites have been created, such as FERS? 363-366,
MW\W29: 367-370 -\ |41, 371874 T 37, 375-378 ot gl 2D MFI zeolite is one of the most
investigated 2D zeolites attributed to its high reproducibility, facile synthesis procedure

and well-established structure. The first 2D MFI zeolite was reported by Ryoo’s group
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using a rational-design bifunctional structure directing agent®’t. The generated 2D MFI
zeolite is in a multilamellar form with orderly stacked nanosheets. The thickness for each
nanosheets is about 3 nm (1.5 unit cells) in b direction and the length is about 100 — 500
nm in a and c direction. This multilamellar MFI zeolite can be post-treated by polystyrene
melting-blending to generate delaminated MFI nanosheets®343%¢, Besides, the delaminated
MFI nanosheets also can be obtained by telechelic liquid polybutadiene induced shearing
or sonication?® or by repetitive piranha solution and heating treatments®®, However, the
abovementioned top-down MFI zeolite nanosheets fabrication methods are time-
consuming, costly and low-yield, which hindered its large scale production for industrial
applications?'®. Afterwards, a creative bottom-up, zeolite nanosheets direct synthesis
method was reported by Tsapatsis’s group?®. Using bis-1,5(tripropyl ammonium)
pentamethylene diiodide as SDA in an extremely diluted zeolite synthetic gel under
hydrothermal condition, 5-nm-thick (2.5 unit cells) MFI zeolite nanosheets with larger
lateral dimension can be obtained. Although, the bottom-up synthesis method can produce
zeolite nanosheets in large scale, the studies are only concentrated on siliceous MFI zeolite
nanosheets. This siliceous MFI zeolite nanosheets do not have any Brensted or Lewis
acidity, which prohibited their applications in catalysis.

Isomorphous substitution of trivalent, tetravalent or pentavalent heteroatom into
siliceous zeolite framework can govern zeolite Brensted or/and Lewis acidity.
Consequently, these types of zeolites can be used as solid acid in industrial applications.®
379-382 For example, aluminum containing zeolite was used as a catalyst in fluid catalytic
cracking®®3-3%: titanium containing zeolite was used as a catalyst in selective oxidation

reaction3 386388 and iron containing zeolite was used as a catalyst in catalytic NOx
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reduction and methanol to olefin reactions®®9-3%2, Besides tungsten containing zeolite and
molybdenum containing zeolite have remarkable catalytic potential in methane
aromatization, unsaturated compounds hydroxylation, hydrodesulfurization, alkene
metathesis and NOy reduction®*4%, The unit-cell-thick zeolite nanosheets, which can
shorten the diffusion length for reactants or products, spontaneously extend the catalyst
lifetime and suppress coke formation®* 3% were an ideal catalyst. Indeed, the mesopores
at the gallery space between two adjacent zeolite layers can enhance the accessibility of
external acid sites and facilitate the reaction involving bulky molecules. Several type
heteroatom containing 2D MFI zeolites have been reported by different groups. Titanium
containing MFI zeolite nanosheets have been reported as unilamellar*®?, multilamellar®®®:
402-403 and pillared®? 4% forms under the assistance of diquaternary ammonium structure
directing agent. Fe containing MFI zeolite nanosheets have been reported from Hensen’s
group using diquaternary ammonium or multi-quaternary ammonium as structure directing
agent**13%2 However, the MFI zeolite nanosheets synthesis from tetrapropylammonium
(TPA) dimer, bis-1,5(tripropyl ammonium) pentamethylene, is not well investigated. The
first and the only exploration was achieved by Dong’s group®*, by injecting alumina
source, sodium aluminate, into zeolite synthetic gel under hydrothermal crystallization
condition, to produce MFI zeolite nanosheets with alumina-containing ZSM-5 surface. To
our knowledge, until now no more work on heteroatom containing MFI zeolite nanosheets
synthesized by TPA dimer have been reported.

Here, we report a one-pot synthesis of titanium, iron, tungsten and molybdenum
containing MFI zeolite nanosheets using bis-1,5(tripropyl ammonium) pentamethylene as

structure-directing agent (SDA). The structural and textural properties of these heteroatom
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containing 2D zeolites were characterized in detail by elemental analysis, scanning electron
microscopy (SEM), transmission electron microscopy (TEM), X-ray diaraction (XRD),
nitrogen adsorption-desorption isotherm, and diduse-reflectance UV—vis (DR-UV—vis).
This work provided an alternative method to synthesize MFI zeolite nanosheets without

the usage of multi-quaternary ammonium structure directing agent.

5.2. Experimental
5.2.1. Materials

Tetrabutoxytitanium (TBOT, 99% purity), sodium hydroxide (NaOH, 97.0%
purity), 1-butanol (BuOH, 99% purity), tetra-n-propylammonium hydroxide (TPAOH,
40wt% solution), ammonium molybdate tetrahydrate((NH4)sMo07024 4H20, 99% purity)
and tripropylamine (CoH21N, 98% purity) were supplied by Alfa Aesar. Tetraethyl
orthosilicate (TEOS, 98% purity), hexanediamine (CeH1sN2, 98% purity) and potassium
hydroxide (KOH, 100%) were purchased from Sigma-Aldrich. Sodium hydroxide (NaOH,
97% purity), hexane (CeH14, 99% purity) and ethyl acetate (C4HgO2, 99% purity) were
purchased from VWR. Sodium tungstate dehydrate (Na,WO. 2H20, 99% purity) was
purchased from Strem chemicals. Ethanol (200 proof) and isopropanol (99%) were
purchased from Pharmco. 1,5-Dibromopentane (CsH10Br2, 98% purity) and 1-iodopropane
(CsH7I1, 98% purity) were purchased from TCI America. Deionized (DI) water was used
throughout the experiments. Diquaternary ammonium surfactant ([C22Has-N*(CHs)2-
CoH12-N*(CH3)2-CsH13]" O, (C22-6-6)) Was synthesized based on the reported method"*

and the synthesis procedure has also been explained in our previous publications. 358 361404
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Bis-1,5(tripropyl ammonium) pentamethylene (dC5) diiodide was synthesized as reported

406-408 409-410

by Tsapatsis’s group?™® 4%  Okubo’s group and Moore’s group
5.2.2. Synthesi®f structure directing agent
5.2.2.1. Synthesis of dC5 SDA by nucleophilic substitution

The bromide form dC5 SDA was synthesized as follows: 9.2 g 1,5-Dibromopentane,
22.9 g tripropylamine and 200 mL isopropanol were added to a 500 mL three-neck round
bottom flask wrapped by aluminum foil. The mixture was heat in an oil bath at 363 K under
refluxing condition with magnetic stirring (500 rpm) for 4 days. After reaction, the mixture
was cooled down to room temperature and the isopropanol was removed by rotary
evaporation to generate light yellow semisolid. The semisolid was recrystallized in ethanol
and ethyl acetate. The purified product was washed with cold hexane and dry at room

temperature. The as-obtained yellow product was the SDA dC5 in bromide form.

5.2.2.2. Synthesis of dC5 SDA by exhaustive alkylation

The iodide form dC5 SDA was synthesized as follows: 16.9 g K2COs, 150 mL
ethanol and 5.0g hexanediamine were added to a 500 mL three-neck round bottom flask
wrapped by aluminum foil in sequence. 61.3 g 1-iodopropane was injected into the above
mixture using a syringe pump (Cole Parmer 74900 series) at 1 mL/min injection rate.
During the addition of 1-iodopropane, the hexanediamine, ethanol and K>COs dispersion
was kept under vigorous magnetic stirring at 500 rpm. Then, the reaction mixture was
slowly heated to 358 K under refluxing condition for 2 days. After reaction, the mixture

was cooled down to room temperature and the K.COs solid was removed by filtration. The
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filtrate was undergoing rotary evaporation to removed ethanol and white semisolid was
obtained. The white semisolid was further purified by recrystallization in ethanol. The
obtained solid was washed with cold hexane and dry at room temperature. The as-obtained

white product was the SDA dC5 in iodide form.

5.2.3. Zeolite synthesis
5.2.3.1. Synthesis of silicalitd zeolite seed

The silicalite-1 zeolite with 200 nm particle size was synthesized by following our
previous work®®, The molar composition of the silicalite-1 zeolite precursor was
100Si02/36 TPAOH/4000H.0. Typically, the synthesis was performed by mixing 5.08 g
TPAOH with 19.0 g DI water, followed by addition of 5.78 g TEOS. The resultant mixture
was stirred vigorously at room temperature for 10 h. The resultant gel was transferred into
a Teflon-lined stainless-steel autoclave, followed by hydrothermal synthesis for 120 h by
tumbling the autoclave vertically at 30 rpm in an oven heated at 423 K. After synthesis, the
zeolite product was filtered, washed with DI water, and dried at 343 K overnight. The
zeolite sample was calcined in dry air (1.67 cm®s™) by increasing the temperature from
ambient to 823 K at 0.167 K s tand holding for 4 h. The calcined zeolite was used as seed

in the following unilamellar zeolite synthesis.

5.2.3.2. Synthesis of T3 zeolites
The conventional microporous TS-1 (named as C-TS-1) zeolite was synthesized by
following our previous work.%! The molar composition of the C-TS-1 zeolite precursor

was 100Si02/15TPAOH/0.5Ti02/1500H20. Typically, 10.00 g TEOS was mixed with 3.59
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g 40 wt% TPAOH and 10.54 g DI water. After stirring for 1 h, 0.08 g TBOT in 0.74 g
isopropanol solution was added in dropwise. The mixture was heated to 353 K under
stirring to remove isopropanol. The obtained zeolite synthesis gel was transferred into a
Teflon-lined autoclave and placed in a convective oven at 443 K for 72 h under static
condition. After crystallization, the zeolite sample was centrifuged, washed with DI water,
and dried at 343 K overnight, designated as C-TS-1(P). Finally, the zeolite sample (C-TS-
1(P)) was calcined using the same procedure as silicalite-1 zeolite to produce C-TS-1
zeolite.

The unilamellar TS-1 (defined as U-TS-1) zeolite was synthesized by the
methodology reported by Tsapatsis’s group with modifications?!3. The molar composition
of the U-TS-1 zeolite precursor was 40SiO2/3.75dC5/0.2Ti02//25KOH/9500H.0/12BuUOH.
In the synthesis, 88.0 mg KOH and 143.0 mg dC5 were dissolved in 10.69 g H20, followed
by addition of 520.0 mg TEOS. The resultant mixture was vigorously stirred at room
temperature until the formation of homogeneous solution. Then a freshly prepared solution
of 4.3 mg g TBOT in 54.0 mg BuOH was added dropwise under stirring. The mixture was
then aged at 333K for 3h under stirring. After aging step, the white precursor sol was
filtered with 0.2-um polypropylene syringe filter and mixed with 0.4 mg silicalite-1 zeolite
seeds. The above mixture was sonicated in a bath sonicate at room temperature for 1h to
obtain a homogeneous dispersion. The mixture was transferred into a Teflon-lined
stainless-steel autoclave and hydrothermally treated at 448 K for 2 days under tumbling
condition (30 rpm speed). After crystallization, the zeolite sample was centrifuged, washed

with DI water, and dried at 343 K overnight, designated as U-TS-1(P). Finally, the zeolite
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precursor (U-TS-1(P)) was calcined using the same procedure as silicalite-1 zeolite to
produce U-TS-1 zeolite.

The multilamellar TS-1 zeolite was synthesized using the method reported in our
previous work.%®! In the synthesis, 2.02 g of hexanediamine was dissolved in 20 cm? of 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. Then, the mixture was
cooled in an iced bath, and a freshly prepared solution of 0.10 g TBOT in 0.64 g BUuOH
was added dropwise under vigorous stirring. The mixture was then heated to 333 K and
added with C22.6.6 solution that was prepared by dissolving 1.48 g Cx..6.6 in 10.8 g water.
The resultant zeolite synthesis gel was aged at 333 K for 3 h under stirring. The molar
composition of the zeolite synthetic gel mixture was 100SiO2/7Cz.6-
6/0.5Ti102/6000H20/30BUOH/60CsH16N>. Lastly, the synthetic gel was transferred into a
Teflon-lined autoclave and crystallization of zeolite was conducted at 413 K for 10 days
under tumbling condition (30 rpm speed). After crystallization, the zeolite sample was
centrifuged, washed with DI water, and dried at 343 K overnight, designated as M-TS-1(P).
The dry zeolite precursor was calcined using the same procedure as silicalite-1 zeolite to

produce M-TS-1 zeolite.

5.2.3.3. Synthesis of F¥IFI zeolites

The conventional microporous Fe-MFI (named as C-Fe-MFI) zeolite was
synthesized by following the work from Qu’s group with modification.*** The molar
composition of the C-Fe-MFI zeolite precursor was

80Si02/20TPAOH/0.2Fe203/4Na>0/2000H20. Typically, 0.32 g NaOH and 10.17g 40wt%
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TPAOH solution was added to 29.92g DI water , followed by addition of 16.67 g TEOS
and 0.16 g Fe(NO3)s 9H>O under stirring. The resultant mixture was aged at room
temperature for 1 day under vigorous stirring. The obtained zeolite synthesis gel was
transferred into a Teflon-lined autoclave and placed in a convective oven at 363 K for 12
h and then raised to 448 K under static condition. After crystallization, the zeolite sample
was centrifuged, washed with DI water, and dried at 343 K overnight, designated as C-Fe-
MFI(P). Finally, the zeolite sample (C-Fe-MFI(P)) was calcined using the same procedure
as silicalite-1 zeolite to produce C-Fe-MFI zeolite.

The unilamellar Fe-MFI (defined as U-Fe-MFI) zeolite synthesis procedure is
similar to the one in U-TS-1 zeolite synthesis. The molar composition of the U-Fe-MFI
zeolite precursor was 40Si02/3.75dC5/0.1Fe203/25KOH/9500H:0. In the synthesis, 88.0
mg KOH and 143.0 mg dC5 were dissolved in 10.69 g H-O, followed by addition of 520.0
mg TEOS and 5.1 mg Fe(NOs)s 9H20. The resultant mixture was vigorously stirred at
room temperature until the formation of homogeneous solution. The mixture was then
stirred vigorously at room temperature for 5h. After stirring, the yellow precursor sol was
filtered with 0.2-um polypropylene syringe filter and mixed with 0.4 mg silicalite-1 zeolite
seeds. The above mixture was sonicated in a bath sonicate at room temperature for 1h to
obtain a homogeneous dispersion. The mixture was transferred into a Teflon-lined
stainless-steel autoclave and hydrothermally treated at 448 K for 3 days under tumbling
condition (30 rpm speed). After crystallization, the zeolite sample was centrifuged, washed
with DI water, and dried at 343 K overnight, designated as U-Fe-MFI(P). Finally, the
zeolite precursor (U-Fe-MFI(P)) was calcined using the same procedure as silicalite-1

zeolite to produce U-Fe-MFI zeolite.
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The multilamellar Fe-MFI zeolite was synthesized using the method reported by
Hensen’s group with modification®®2, The molar composition of the zeolite gel mixture was
100Si02/7.5C22-6-6/11Na20/0.25Fe>03/4000H20. In a typical synthesis, 6.94 g TEOS and
67 mg Fe(NOs)3 9H,O were added to 12 g DI water under vigorous stirring, donated as
solution A. In the meanwhile, 1.82 g C22-6-6 and 0.29 g NaOH were dissolved in 12.0 g DI
water at 333 K and then cool down to room temperature, donated as solution B. Solution
B was added to solution A dropwise under vigorous stirring at room temperature. The
resultant mixture was further stirred at room temperature for 6h. After stirring, the resultant
zeolite synthesis gel was transferred into a Teflon-lined autoclave and crystallization of
zeolite was conducted at 423 K for 9 days under tumbling condition (30 rpm speed). After
crystallization, the zeolite sample was centrifuged, washed with DI water, and dried at 343
K overnight, designated as M-Fe-MFI(P). The zeolite precursor was (M-Fe-MFI(P))

calcined using the same procedure as silicalite-1 zeolite to produce M-Fe-MFI zeolite.

5.2.3.4. Synthesis of MOMFI zeolites

The unilamellar Mo-MFI zeolite synthesis procedure is similar to the one in U-TS-
1 zeolite synthesis. The molar composition of the Mo-MFI zeolite precursor was
40Si02/3.75dC5/0.4M003/25KOH/9500H0. In the synthesis, 88.0 mg KOH and 143.0
mg dC5 were dissolved in 10.69 g H20, followed by addition of 520.0 mg TEOS and 2.2
mg (NHs)sM07024 4H,O. The resultant mixture was vigorously stirred at room
temperature until the formation of homogeneous solution. The mixture was then stirred
vigorously at room temperature for 5h. After stirring, the zeolite precursor sol was filtered

with 0.2-um polypropylene syringe filter and mixed with 0.4 mg silicalite-1 zeolite seeds.
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The above mixture was sonicated in a bath sonicate at room temperature for 1h to obtain a
homogeneous dispersion. The mixture was transferred into a Teflon-lined stainless-steel
autoclave and hydrothermally treated at 448 K for 4 days under tumbling condition (30
rpm speed). After crystallization, the zeolite sample was centrifuged, washed with DI water,
and dried at 343 K overnight, designated as Mo-MFI(P). Finally, the zeolite precursor (Mo-
MFI(P)) was calcined using the same procedure as silicalite-1 zeolite to produce Mo-MFI

zeolite.

5.2.3.5. Synthesis of WMFI zeolites

The unilamellar W-MFI zeolite synthesis procedure is similar to the one in U-TS-
1 zeolite synthesis. The molar composition of the W-MFI zeolite precursor was
40Si02/3.75dC5/0.2W03/25KOH/9500H20. In the synthesis, 88.0 mg KOH and 143.0 mg
dC5 were dissolved in 10.69 g H-0, followed by addition of 520.0 mg TEOS and 4.1 mg
Na:WO4 2H20. The resultant mixture was vigorously stirred at room temperature until the
formation of homogeneous solution. The mixture was then stirred vigorously at room
temperature for 17h. After stirring, the zeolite precursor sol was filtered with 0.2-um
polypropylene syringe filter and mixed with 0.4 mg silicalite-1 zeolite seeds. The above
mixture was sonicated in a bath sonicate at room temperature for 1h to obtain a
homogeneous dispersion. The mixture was transferred into a Teflon-lined stainless-steel
autoclave and hydrothermally treated at 448 K for 4 days under tumbling condition (30
rpm speed). After crystallization, the zeolite sample was centrifuged, washed with DI water,

and dried at 343 K overnight, designated as W-MFI(P). Finally, the zeolite precursor (W-
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MFI(P)) was calcined using the same procedure as silicalite-1 zeolite to produce W-MFI

zeolite.

5.2.4. TS1 nanosheet purificationand coating on Silicon wafer

After 2-day crystallization, 1 mL of the as-synthesized U-TS-1 nanosheet
dispersion was mixed with 1mL DI water, and centrifuged at 4000 g relative centrifuge
force for Imin. ImL of the top transparent solution was transferred to a new 2mL centrifuge
tube and mixed with another ImL DI water. After centrifugation at 20000 g for 2 mins and
decantation, the zeolite nanosheets were obtained at the bottom of the centrifuge tube. The
zeolite nanosheets slurry was further redispersed in 2mL DI water for coating propose. A
Languir — Scharfer deposition method was applied to coat zeolite nanosheets on Silion
wafer. To a polystyrene Petri dish containing 5 mL 5% ethanol solution, 300 L prepared
zeolite nanosheets dispersion was slowly added dropwise. A silicon wafer was carefully
contacted with the water surface, tilted and lifted upward to transfer the zeolite nanosheets

to the silicon wafer surface. The silicon wafer was further dried at ambient condition.

5.2.5. Materials characterizdion

Powder X-Ray diffraction (XRD) patterns were recorded using a Bruker D8
Advance Lynx Powder Diffractometer (LynxEye PSD detector, sealed tube, Cu Ka
radiation with Ni B-filter). Scanning electron microscopy (SEM) images were taken on a
Hitachi SU-70 electron microscope to visualize the zeolite morphologies. Transmission
electron microscopy (TEM) images were obtained on a JEM 2100 LaB6 electron

microscope. N2 adsorption-desorption isotherms of the samples were measured using an
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Autosorb-iQ analyzer (Quantachrome Instruments) at 77 K. The samples were outgassed
at 573 K for 8 h at 1 mm Hg pressure prior to measurements. 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.

5.3. Results and discussion
5.3.1.Synthesis and characterization of TSL zeolites

We employed dC5 as SDA to synthesize U-TS-1 zeolite, and for comparison
propose, its conventional and multilamellar analogues, C-TS-1 and M-TS-1, were also
synthesized. The Si/Ti ratios among these three zeolite were fixed at 200 in zeolite
synthetic recipe, in order to avoid the influences from different Ti amount among different
zeolite. Figure 5.1 shows the XRD patterns of the conventional C-TS-1 and multilamellar
M-TS-1 and unilamellar U-TS-1 zeolites. The wide-angle XRD peaks of these materials
are nearly the same, which are characteristics of a crystalline MFI zeolite structure, 3" 40!
It should be noted that no peak assigned to anatase, rutile or brookite phase TiO, was
observed for all the samples. The XRD patterns at low-angle range were collected from the
zeolites before calcination. The low-angle XRD patterns exhibited the first-order (26 =
1.479 and third order (20 = 4.499 reflections in M-TS-1(P) zeolite, which suggest the
multilamellar TS-1 nanosheet layers have a long-range ordering structure. The average
interlayer distance between two zeolitic layers can be calculated by subtracting the

thickness of the layer (~ 3.4 nm) from interlayer distance, which was about 2.7 nm. For the
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U-TS-1(P) and C-TS-1(P), the patterns at low-angle range did present any peak. This is

because the layer-stacking structure is missing for both of them.
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Figure 5.1 Low-angle and wide-angle XRD patterns of synthesized C-TS-1, M-TS-1 and

U-TS-1 samples, respectively.

The morphology of all the TS-1 zeolite samples was examined by SEM
observations, as shown in Figure 5.2. The C-TS-1 has short cylinder-like particles with an
average width of D250 nm (Figure 5.2a). The both U-TS-1 and M-TS-1 samples have a
similar plate-like morphology (Figure 5.2b and 5.2c), which is a unique character of 2D
MFI zeolite. However, U-TS-1 zeolite has a much larger lateral dimension with
micrometer-scale length. Figure 5.2d shows the U-TS-1 monolayer zeolite coated on Si
wafer. The monolayer zeolite is in a rectangular shape with several hundred nanometers in

lateral dimension. Also, some fractured monolayer zeolites were also observed.
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Figure 5.2 SEM images of C-TS-1(a), M-TS-1(b), U-TS-1(c) and U-TS-1 coated on Si

wafer (d) samples, respectively.

The N2 isotherms and pore size distributions were analysed on these TS-1 samples
to understand their surface area and porosity properties. As shown in Figure 5.3a, at the
relatively low pressures (P/Po < 0.02), all the TS-1 samples have similar N2 uptake,
indicating similar microporosity in these materials. The micropore surface areas (Smicro)
and volumes (Vmicro) in Table 5.1 confirm the similarity in microporosity of these zeolites.
At a higher relative pressure range (0.02 < P/Po < 0.9), the N2 volume adsorbed was
increased in the order of C-TS-1 < U-TS-1< M-TS-1, hinting the increase in mesoporosity
in these samples.

The nonlocal density functional theory (NLDFT) pore size distributions (Figure
5.3b) further underscore the changes in the textural properties of the TS-1 zeolites. The
plots of pore size distributions were determined from the adsorption branches of N:

isotherms using cylindrical-type pore and zeolite adsorbent model. The all three zeolites
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have broad and less intense peak, suggesting the existence of non-uniform mesoporosity.
Table 5.1 summarizes the textural properties of all the C-TS-1, M-TS-1 and U-TS-1
samples that were determined from the N isotherms. It can be seen that the BET surface
(SeeT) area is similar among three of them, but the external surface area (Sext), mesopore

volume (Vmeso) and total pore volume (Vt) were in the order of C C-TS-1 < U-TS-1< M-

TS-1.
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Figure 5.3 Nz isotherms (a) and NLDFT pore size distributions (b) of C-TS-1, M-TS-1

and U-TS-1 samples, respectively.

The DR UV-Vis analysis was conducted to identify the coordination environment
of Ti-species in the all three TS-1 samples in Figure 5.4. All samples present a sharp and
narrow band at ~210 nm corresponds to Ti-species with tetrahedral coordination structure
(Ti(OSi)4) in the zeolite framework. While for both U-TS-1 and M-TS-1 zeolites, the
shoulder peak between 240 ~ 270 nm appeared which is caused by the existence of

octahedrally coordinated Ti species. No peak at ~330 nm, ascribed to the anatase-like TiO:
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species was observed. This indicated the Ti atom was incorporated into MFI zeolite

framework for all three synthesized TS-1 zeolite.
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Figure 5.4 DR UV-Vis spectra of C-TS-1, M-TS-1 and U-TS-1 samples, respectively.

5.3.2.Synthesis and characterization of FeMFI zeolites

Similar to TS-1 zeolite comparison, for Fe-MFI zeolites, we also employed
TPAOH, dC5 and C22-6.6 as SDA for conventional, multilamellar and unilamellar Fe-MFI
zeolite synthesis. The Si/Fe ratios among these three zeolite were fixed at 200 in zeolite
synthetic recipe, in order to avoid the influences from different Fe amount. Figure 5.5
shows the XRD patterns of the conventional C-Fe-MFI and multilamellar M- Fe-MFI and
unilamellar U- Fe-MFI zeolites. The wide-angle XRD peaks of three Fe-MFI materials are
nearly the same, which are characteristics of a crystalline MFI zeolite structure. Similarly
the peak assigned to FexOy species was not observed. Different from M-TS-1 zeolite, the
M-Fe-MFI zeolite exhibited two diffraction peaks at 260 = 1.35<and 4.13at low-angle
range, which indicate the long range ordering structure and the interlayer distance is about
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3.1 nm. The U- Fe-MFI and C- Fe-MFI zeolites do not exhibit any peaks at low-angle range

due to the natures of three dimensional and unilamellar material.
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Figure 5.5 Low-angle and wide-angle XRD patterns of synthesized C-Fe-MFI, M-Fe-

MFI and U-Fe-MFI samples, respectively.

Figure 5.6 presents the SEM images of these three Fe-MFI zeolite. The C-Fe-MFI
zeolite has short cylinder-like particles with an average width of D250 nm (Figure 5.6a).
Similar to TS-1 zeolite, both 2D Fe-MFI zeolite, U-Fe-MFI (Figure 5.6¢) and M- Fe-MFI
(Figure 5.6b) zeolite, have a comparable plate-like morphology. However, the U-Fe-MFI

zeolite has a much larger length and width in a and c direction.
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Figure 5.6 SEM images of C-Fe-MFI (a), M-Fe-MFI (b) and U-Fe-MFI (c) samples,

respectively.

The N3 isotherms of C-Fe-MFI, M-Fe-MFI and U-Fe-MFI zeolites were collected
in Figure 5.7a. The presence of micropore in all zeolite is evident from the similar uptake
at low relative pressure. At a higher relative pressure range (0.02 < P/P¢< 0.9), M-Fe-MFI
and U-TS-1 samples show a higher uptake than the one for C-Fe-MFI, which is typical for
mesoporous materials. As it can be seen from Table 5.1, the 2D Fe-MFI zeolite exhibited
a higher BET surface area (Sger), total pore volume (Vi) and external surface area (Sext)
than their 3D analogue, C-Fe-MFI. The NLDFT pore size distributions (Figure 5.7b)
analysis further reveal the textural property difference for these three materials. The M-Fe-
MFI sample exhibit a broad peak from 4 to 15 nm, which is attributed to the layer structure
collapse at calcination step. The U-Fe-MFI zeolite present a broad shoulder from 3nm to

20nm, while the C-Fe-MFI does not exhibit any mesoporosity.
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Figure 5.7 Nz isotherms (a) and NLDFT pore size distributions (b) of C-Fe-MFI, M-Fe-

MFI and U-Fe-MFlI, respectively.

All samples present two dominating bands at ~210 nm and ~250 nm in the DR UV-
Vis spectra in Figure 5.8, which can be assigned to Fe** at tetrahedral framework sites.
Small bumps at about 270 nm due to the formation of octahedral Fe3* species were also
observed in these three Fe-MFI zeolites. The peak higher than 300 nm in C-Fe-MFI sample
indicate that here are small amount of oligomeric FexOy cluster and Fe.Oz-like aggregates
formation during crystallization, but these types of FexOy were not observed in 2D Fe-MFI
zeolite, revealing the 2D Fe-MFI zeolite synthesises are successful.
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Figure 5.8 DR UV-Vis spectra of C-Fe-MFI, M-Fe-MFI and U-Fe-MFI samples,

respectively.

5.3.3Synthesis and characterization of MeMFI and W -MFI zeolite nanosheets
After the successful preparation of unilamellar U-TS-1 and U-Fe-MFI zeolites with
the assistance of dC5 SDA, we are try to extend the synthesis methodology to Mo-MFI and
W-MFI zeolites which have remarkable catalytic potential in methane aromatization
reaction. Figure 5.9(a)-(b) shows the SEM images of the obtained U-Mo-MFI and U-W-
MFI samples. Both of them have similar nanosheets aggregate morphology with large
lateral dimension, hinting that they are two-dimensional zeolites. Figure 5.10 - 5.12 present
the XRD patterns, DR UV-vis spectra, N2 isotherms and NLDFT pore size distributions of
the Mo-MFI and W-MFI nanosheets. Both of them share the characteristics of XRD peaks
of MFI framework and metal oxide species did not form during the zeolite crystallization
step. The W-MFI sample exhibits a sharp peak at ~ 220nm, while the one for U-Mo-MFI
is at ~ 230 nm. This can indicate the W®" and Mo®" have been incorporated into zeolite
framework and peaks larger than 300 nm, assigned to metal oxide, were not observed for
both unilamellar zeolite. They also have quite similar N2 uptake and pore size distributions

with the existence of mesoporosity. The textural properties were also listed in Table 5.1.




Figure 5.9 SEM images of Mo-MFI (a) and W-MFI (b) samples, respectively.
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Figure 5.10 XRD patterns of synthesized Mo-MFI and W-MFI samples, respectively.
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Figure 5.11 DR UV-Vis spectra of Mo-MFI and W-MFI samples, respectively.
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MFI, respectively.

Table 5.1 Textural properties of synthesized zeolites determined from N adsorption-

desorption isotherms.

Zeolite Vmicroa Smicroa SBETb SextC th Vmesoe
(cm’gY) (migh) (m’gh) (m*g?h) (cm’g?h) (cm’g?)

C-TS1 0.16 384 472 88 0.25 0.09
M-TS-1 0.12 277 479 202 0.48 0.36
U-TS-1 0.14 375 490 115 0.25 0.11
C-Fe-MFI 0.14 353 455 101 0.26 0.12
M -Fe-MFI 0.10 177 544 367 0.70 0.60
U-Fe-MFlI 0.17 430 581 151 0.36 0.19
W-MFI 0.14 357 445 88 0.26 0.12
Mo-MFI 0.11 293 357 64 0.20 0.09

aDetermined from-plot method®Determined from Brunauer, Emmett, and Teller (BET) method;
Calculated by $:= Sget - Smicro; “Calculated from Madsorption at P/=0.95; ®Determined using Weso=
Vt - Vmicro-

54. Conclusions
By employing a dC5 as SDA, TS-1 and Fe-MFI zeolite nanosheets were
synthesized, extensively characterized and compared to their multilamellar and 3D zeolite

analogues. Besides this synthesis strategy can also be extend to Mo-MFI and W-MFI
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zeolite nanosheets synthesis. The zeolite morphology, structural and textural property, and
heteroatom chemical status were analyzed by various characterization techniques. The
results directly indicate the heteroatom have been successfully incorporated into zeolite
framework. Further work will be conducted on the application investigations of these

several novel 2D MFI zeolites.
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Chapter 6: Ultra-thin film Titania Photocatalyst on Nanocavity for CO,

Reduction with Boosted Catalytic Efficiencies

6.1. Introduction

Energy crisis and climate change are emerging global challenges for the 21 century.
Photocatalytic conversion of carbon dioxide (COgz)-to-hydrocarbon (CTH) fuels and
chemicals, involving simultaneous greenhouse gas reduction, solar energy conversion and
valuable fuel/chemical production, represents a viable and sustainable process to address
these challenges*?#14. Studies on photocatalytic CO, conversion have explored CO
reduction by water (H20) over semiconductor catalysts such as titania (TiO) *°>#7.
However, the uphill/multi-electron transfer reaction nature, short wavelength cutoff and
fast recombination of charge carriers (electrons/holes, e/h*) of TiO- catalyst lead to low
efficiency in COz conversion. In the past decades, considerate efforts have been placed on
the development of nanostructured TiO»-based catalysts, such as nano-sized TiO- particles
(nanowires **®, nanotubes *'° or nanosheets “?°) and molecular-sized Ti-oxide sites
anchored in porous materials 1% 42!, to mitigate the limits in photocatalytic CTH process.
The nano-sized TiO: structures provide diffusion path along their geometrical axis,
disfavoring the recombination of e/h*™ and enhancing multi-electron transfer for CO;
reduction reactions 1819 The molecular-sized Ti-oxide sites are spatially isolated and
tetrahedrally coordinated in porous matrix, resulting in formation of trapped electron
(Ti**)-hole (O) pairs upon UV irradiation 129 which are particularly favorable for CTH

reactions. An enhancement in activity in CTH reactions over nanostructured TiO»-based
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catalysts has been observed. But the photoconversion efficiency is still too low to meet
practical applications, mainly due to lack of materials with sufficient light absorption.
One promising scheme to enhance the optical absorption without sacrificing the
catalytic activity/selectivity in nanostructured catalysts would be to employ light trapping
strategies on photocatalysts. Recently, planar thin film interference in lossy ultra-thin
layers attracted intensive interests?%3-204, In particular, this mechanism has been employed
to enhance the optical absorption of planar ultra-thin photocatalytic a-Fe2Oz films for
efficient water splitting 2°4. By controlling the planar cavity structure, we demonstrated that
the optical absorption within 1.5-nm-thick Ge film 2% and MoS; monolayers 2% can be
enhanced significantly, opening the door to high-efficiency ultrathin-film energy
conversion materials, structures and devices 2°’. Importantly, this principle is general and
can be implemented into photocatalytic systems to boost the photoconversion efficiency.
In this work, we will select the ultra-thin-film TiO> system as an example to implement
this light trapping mechanism to enhance the optical absorption of ultra-thin TiO> films
(down to ~2 nm) and reveal its unique application for super-efficient photocatalytic CO>
reduction. Due to the boosted photogenerated carrier density and efficient carrier
transportation within 2~7-nm-thick TiOz thin film catalysts, hydrocarbon formation rate

up to 0.967 mmol g** h™ was obtained experimentally.

6.2. Experimental
6.2.1. Modeling of the UFPLA
The optical absorption of the UFPLA was modeled using COMSOL based on finite

element method. In this modeling, the planar UFPLA was illuminated by the incident light
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within the wavelength range from 210 nm to 450 nm. By tuning the thickness of TiO: layer,
both the value and the spatial distribution of the optical absorption can be tuned effectively
(e.g. as shown in Figure 6.2b and 6.2d, respectively). This numerical modeling helps to
better understand how the UFPLA structure influences the optical properties and the

consequent photocatalytic activities.

6.2.2. UFPLA preparation

The 150-nm-thick Al films were deposited on glass substrates using Kurt J. Lesker
AXXIS electron beam evaporator using the Al pellets (99.999%, EVMALS50QXQ-D)
purchased from Kurt J. Lesker. The pressure in the chamber during deposition was
controlled at approximately 5107 Torr. A flow benchtop reactor (FlexAL, Oxford
Instruments) was used to prepare the thin TiO, and Al.Oz layers in the UFPLA via the
atomic layer deposition (ALD) process. The ALD of Al>O3 was conducted by exposing the
sample to trimethylaluminum (i.e., TMA, from SAFC Hitech) for 0.04 s, purging with Ar
for 1.5 s, exposing the sample to deionized (DI) water for 3.5 s, and purging with Ar for
2.0 s again. The sample temperature was kept at 150 <C in the Al>O3 preparation process.
The ALD of TiO. was carried out by alternative exposure to titanium isopropoxide (i.e.,
TTIP, from Japan Advanced Chemicals) for 1.5 s and DI water at 200 <C for 3.5 s, followed
by Ar purge for 1.5 s after each exposure. Each ALD cycle would result in 0.12-nm-thick
Al>O3 or 0.05-nm-thick TiO2 deposition. For control experiment, the commercial titania
(Aeroxide® P25, titania > 99.5% trace metal basis) was purchased from Sigma-Aldrich

and used as catalyst for the photocatalytic CO2 reduction.
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6.23. Catalyst characterization

The UFPLA structure was examined by the powder X-Ray diffraction (XRD)
using a Bruker D8 Advance Lynx Powder Diffractometer (LynxEye PSD detector, sealed
tube, Cu Ka radiation with Ni B-filter). The FTIRs spectra of the samples were recorded
with a spectrometer (Nicolet Magna-IR 560) in the range of 400-4000 cm™. Each sample
was measured with 32 scans at an effective resolution of 2 cm™. We did not see any organic
hydrocarbon species in the fresh and spent UFPLA structure. The surface composition of
the UFPLASs was analyzed using a X-ray photon spectrometer (XPS, Kratos AXIS 165)
equipped with 165 mm radius hemispherical analyzer and eight channeltron detection
system coupled with monochromatic Al radiation (1486.6 eV). The light absorption was
measured 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. A
spectroscopic ellipsometer (Horiba) was used to characterize the optical constants and

thicknesses of Al.Oz and TiO; layers in the UFPLAS.

6.24. Transient absorption spectroscopy

The time-resolved experiments were conducted using ExciPro pump-probe
spectrometers (CDP). The fundamental output came from a Ti:sapphire femtosecond
regenerative amplifier operating at 800 nm with 35-fs pulses and a 1-kHz repetition rate.
The pump pulses at 365 nm were generated after passing through a fraction of the 800-nm
beam into a spectrally tunable (450 to 910 nm) optical parametric amplifier (TOPAS Prime,

Spectra-Physics) and a frequency mixer (NirUVis, Light Conversion). The probe pulses
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(white light) were generated using another fraction of 800 nm-amplified pulses being
focused onto 2-mme-thick sapphire plate contained in an Ultrafast System LLC
spectrometer. The pump pulses were overlapped on the sample with the probe pulses after
passing through a synchronized chopper (500 Hz), which blocked alternative pump pulses.
Finally, the change in absorption (AA) of the excited state was calculated by subtracting
the absorptions of the excited and unexcited samples. Detailed information about TA setup

can be found elsewhere*?2423,

6.25. Photocatalytic reaction
The photocatalytic CO. reduction with water was run in a customized
photocatalytic reactor, as shown in Figure. 6.1. In the experiment, the UFPLA structure
and 0.05 mL water were charged into the reactor and were treated in CO2 and Ar mixture
at 42 mL min* and 9 mL min* for 50 min prior to the reaction. After the shut-off valves
located at the inlet and outlet of the reactor were closed, the xenon (Xe) irradiation
(OSRAM XBO 450W PFR) was applied onto the top window of the photocatalytic reactor.
After 4-hour irradiation, the Xe lamp was turned off and the gas mixture in the reactor was
carried out by flowing CO, at 3 mL/min to the gas chromatography for composition
analysis. A 30 m x0.25 mm capillary column (Supelco SP-2330) and a 3.0 m <3.18 mm
packed column (Agilent HAYESEP DB), connected to a flame ionization detector and a
thermal conductivity detector, respectively, were used to calibrate and separate the
reactants and products.
The photocatalytic CO. reduction with water was run in a customized

photocatalytic reactor. Figure. 6.1a shows the schematic diagram of the experimental set-
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up. The experimental apparatus consisted mainly of two gas cylinders (Argon (Ar) and
COo, respectively), two mass flow controllers (AALBORG, GFCS model), a photocatalytic
reactor, and a gas chromatography instrument (Agilent Technologies, 6890N). The reactor
(Figure. 6.1b) consists of a stainless steel body and two quartz windows of 5.0 cm in
diameter and 0.5 cm in thickness. The internal volume of the reactor is 14.1 mL. Two gas
connection lines (inlet and outlet of the reactor) stay opposite to each other on the perimeter

wall of the cylindrical photocatalytic reactor body.
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Figure 6.1 Schematic diagram of the reaction system (a) [A: Argon cylinder, B: CO>
cylinder, C: cylinder regulator, D: shut-off valve, E: mass flow controller, F: union tee
connector, G: 3-way valve, H: flowmeter, I: photocatalytic reactor, J: gas
chromatography instrument, K: xenon lamp] and structure of the photocatalytic reactor

cell (b) used for photocatalytic carbon dioxide reduction with water.

In addition, we performed many control experiments to eliminate the
possibility that the products were due to the organic residual, instead of the photocatalytic
reaction. The control experiments included: (1) photocatalytic reaction on UFPLA in the
absence of CO, (2) photocatalytic reaction on UFPLA in the absence of water, (3)
photocatalytic reaction on UFPLA in the absence of both CO> and water, (4) photocatalytic
reaction on UFPLA in the absence of TiO; layer, (5) photocatalytic reaction in the reactor
chamber in the absence of UFPLA structure, and (6) catalytic reaction on UFPLA in the
absence of light. None of these six control experiments showed observable amount of
hydrocarbon products. Thus we can conclude that the observed products were from the

photocatalytic reaction, rather than from the organic residues.

6.3 Results
6.31 Two-layered Al/TiO2 cavity system

Light trapping effect: To demonstrate the light trapping strategy using planar
nanocavities and its spectral tunability, we first developed and analyzed a series of planar
structures with controlled thicknesses. As illustrated in Figure 6.2a, the ultra-thin film

photocatalysis light absorber (UFPLA) is comprised of an aluminum (Al) reflector layer
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and an absorptive/photocatalytic TiO> ultra-thin film on top of the system that can interact
with the external environment (i.e., CO2 and H20O molecules). Details of sample preparation
are listed in Experimental Section. To enable the design of UFPLA, we first employed
atomic layer deposition (ALD) to deposit ultra-thin TiO> films and characterized their

thicknesses and actual optical constants (i.e., refractive index, n, and absorption coefficient,

k; see Figure 6.3) using a spectroscopic ellipsometer (Horiba), which is a typical optical

method for thin film characterization 424427,
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Figure 6. 2 Light trapping within planar nanocavity enhanced ultra-thin TiO- films. (a)
Schematic of a two-layered UFPLA comprised of sequential photocatalytic/absorptive
TiO2 thin films and a bottom aluminum (Al) reflector layer. (b) Modeled and (c)
measured total absorption spectra of TiO2/Al as a function of the thickness of TiO.. (d)
shows the spatial absorption distribution in UFPLAs with different TiO> films. (e) shows
the measured optical absorption spectra of different TiO2 layers normalized by their

thicknesses.
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Figure 6. 3 The optical constants of ultra-thin (a) TiO2 and (b) Al2Os films.

By substituting these optical constants into the numerical modeling package
(COMSOL), we then modeled the optical absorption of the TiO2/Al planar cavity system.
In this modeling, the optical absorption of the system at each wavelength from 210 nm to
450 nm was modeled as the function of the thickness of TiO; films and plotted using the
color contour (i.e., the dark blue indicates weak optical absorption and the dark red
indicates strong optical absorption). One can see from Figure 6.2b that strong resonant
absorption peaks over 90% from 270 nm to 325 nm can be obtained in the optimized TiO>
film thickness region of 12~19 nm. Beyond this range, the overall absorption will decrease
with thinner or thicker TiO- layers. To validate this theoretical prediction, we prepared five
ultra-thin TiOz films (with the thickness of 2 - 22 nm) on top of 150-nm-thick bare Al films
and captured a photograph under the UV light source at 365 nm (see the inset in Figure
6.2c). One can see that the reflection at 365 nm is lower for thicker TiO2 films on Al
reflectors. Their measured optical absorption spectra are shown in Figure 6.2c, confirming
the monotonically decreasing reflection at 365 nm (see the white dotted line). One can see
that the optimized absorption peak occurred at the thickness of ~17 nm at the wavelength

of ~310 nm, agreeing well with the theoretical prediction shown in Figure 6.2b.
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Effective optical absorption and volume carrier generation: To reveal more details
of optical absorption, the spatial absorption distributions at the absorption peak wavelength
within 17-nm, 7-nm and 2-nm TiO: films were modeled using the finite element method
(Figure 6.2d). One can see that the optical absorption within the 17-nm-thick film is
stronger at the top surface which decreases significantly towards the bottom side; while the
optical absorption within thinner films are higher and more uniform along the vertical
direction. This mechanism has been implemented in water splitting, using a 26-nm-thick
a-Fe>Os3 film on planar Ag-Au alloy reflector to achieve ~100% total absorption at the
wavelength of 520 nm (i.e., photocatalysis using visible solar energy) 2°4. However, in most
energy harvesting and conversion applications, there is a well-known trade-off between
optical absorption and the carrier transportation efficiency: i.e., photo-generated carriers
cannot be extracted efficiently if the film thickness is larger than the diffusion length of
carriers because of carrier recombination. Therefore, a stronger optical absorption may
unnecessarily result in an enhanced energy conversion efficiency. Although our reported
photocatalysis film thickness with optimized optical absorption here is much thinner than
that of materials used in conventional photocatalytic reactions (e.g. 26-nm-thick a-Fe;O3
film in ref. 24 and 17 nm-22 nm in Figure 6.2d), the remaining major question is whether
they are optimized simultaneously for carrier transportation for the photoreduction of CO..
In particular, as shown in Figure 6.2d, the absorption within the 2-nm-thick film is
obviously stronger than that in the top 2-nm over the entire 17-nm film. To further reveal
this thickness-dependent carrier density, we normalized the optical absorption spectra with
the film thickness (i.e., corresponding to the optical absorption per volume), as shown in

Figure 6.2e. One can see that thinner films generally produced more carriers over a given
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area, which should be another important factor in addition to the overall optical absorption.
These thickness-dependent photo-generated carrier densities may be strongly related to
photocatalytic reactions, which will be discussed in the following section.

Photocatalytic reduction of CO2: To demonstrate the photocatalytic performance of
these TiO> thin-films boosted by UFPLAs, CO; reduction by H.O were measured at 298
K. The product type and quantity from CO2 reduction over these five samples after 4 hours
of Xenon (Xe) light irradiation are plotted in Figure 6.4a, showing that the major product,
methane (CHs), accompanied with minor amount of methanol (CH3OH) and medium
amount of formic acid (HCOOH) were formed. One can see that the sum of CH4, CH30H
and HCOOH production varies from 4.8 nmol (4.1 nmol CHs + 0.1 nmol CH3OH + 0.6
nmol HCOOH) to 17.6 nmol (14.5 nmol CH4 + 0.5 nmol CH3OH + 2.6 nmol HCOOH),
depending on the thickness of the photocatalytic TiO; films in the ULPFA structure. The
most noticeable observation is that the peak product quantity occurred on the sample with
a 7-nm-thick TiO film. The higher overall optical absorption of the nanocavity with the
17~22-nm-thick TiO> films did not yield the maximum hydrocarbon product formation.
Instead, a much weaker optical absorption of the 7-nm-TiO2/Al sample resulted in ~2.7-
fold production of CH4 than the 17-nm-TiO2/Al sample (i.e., 5.4 nmol). This discrepancy
between product formation and light absorption has not been revealed in other literature,
including the recent work using cavity boosted a-Fe,O3 thin-film for water splitting 2.
The control experiments were conducted on bare glass and no CO. conversion was
observed.

To validate the high efficiency of TiOz thin films in UFPLAs in photocatalytic CO>

reduction by water, we employed the state-of-the-art titania catalyst (Aeroxide® P25, 0.02
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g) to perform the same experiment, and the product formation rate was normalized to unit
mass of TiO> catalyst for comparison. The reaction on Aeroxide® P25 catalyst produced
sole methane product at a rate of 8.44 <10 mmol g h. The thin-film TiO; catalysts in
the UFPLAs were all much more active than Aeroxide® P25 (Figure 6.4b), although the
activity monotonically decreased with increasing TiO2 film thickness on the nanocavities.
In particular, 2 nm- and 7 nm- thick-TiO. films had approximately 928 and 816 times
higher productivity than that of the Aeroxide® P25 catalyst. However, the inconsistency
between the unit-mass productivity of TiO2 in UFPLAs in CTH reactions in Figure 6.4b
and the normalized optical absorption shown in Figure 6.2e indicated that the light
absorption is not the sole factor that affects the ultimate photocatalytic reaction efficiency.
In addition, Figure 6.4c shows the hydrocarbon product selectivity varies with TiO> film
thickness in the nanocavity structures. The higher film thickness favored formation of
oxygenated hydrocarbons. It should be noted that all UFPLA structures enabled methanol,
formic acid, and methane formation, in comparison to nearly sole methane formation on
Aeroxide® P25 catalyst. The product selectivity in photocatalytic CTH reactions is
dependent on reactor type, reactant phase, catalyst composition/property, etc.192 428429,
Given the fact that all reactions were carried out in the same reactor and reactant mixture,
the catalyst composition/property should be responsible for the differences in product

selectivity.
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Figure 6.4 CO; photocatalytic reduction by water on ultra-thin TiO> films. (a) Measured
product type and quantity in each UFPLA sample. (b) Product formation rates normalized
to per unit mass of TiO- catalyst. (c) Product selectivity versus TiO> thin-film thickness

in the UFPLAs.

Reaction activity/selectivity analysis: The activity and selectivity of photocatalytic
CO- reduction by water are reported to be significantly affected by properties of the photo-
catalyst, e.g. crystal phase, surface hydroxyl group, defect disorder, electronic structure,
etc %, Therefore, a series of characterizations were carried out to understand the
physiochemical properties and consequent catalytic performance of the TiO> thin-films on
the UFPLA structure. Figure 6.5 shows that the surface morphology and crystallinity of
TiO, generated by ALD process in the UFPLA. The surface of TiO; thin film is uniform,
following the pattern of Al layer, independent on the TiO> film thickness (Figure 6.5a and
b). X-ray diffraction (XRD) measurement shows that both TiO, and Al are in amorphous
form or too small in crystallite sizes to detect since only the diffraction peak of the glass

substrate (i.e., 20 =22.9°) was observed (Figure 6.5c).
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Figure 6.5 SEM showing morphology of (a) Al layer deposited onto flat glass substrate
and (b) TiO2 layer deposited onto Al layer on the glass substrate. (c) shows XRD
spectrum of the TiO2/Al/glass UFPLA structure. The diffraction peak is assigned to the

glass substrate

The Fourier transform infrared spectroscopy (FTIRS) indicated the presence of
hydroxyl (-OH) groups in the TiO- thin-films, as shown in Figure 6.6a. All these samples
were stored and measured under the same condition. The bending (~1630 cm™) and
stretching (3600-3900 cm™) vibration bands of the OH groups **°-43! were observed in all
samples with TiO; thin-films, and the intensity of both bands decreased with TiO: film
thickness. It should be noted that the tortuous light trajectory in UFPLASs complicated the
characteristic vibration bands of —~OH groups. In contrast, the control samples with no TiOz
films (i.e., bare glass or Al/glass) did not exhibit as many transmission peaks in the —-OH
vibrational regions, indicating that the observed signals of UFPLAs were not introduced
by H20 in the air.

The coordination environment of Ti species in these thin-film UFPLAs was
investigated using X-ray photoelectron spectroscopy (XPS). Figure 6.6b shows that the

main constituents in the TiO> thin films are titanium, oxygen, aluminum, and the substrate
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glass (sodium and silicon signals). The XPS spectra of Ti 2p, O 1s and Al 2p (shown in
Figure 6.6¢c-e) from the TiO> thin films were examined more closely to analyze their
chemical states. Figure 6.6c illustrates that Aeroxide® P25 catalyst has Ti 2ps2 and Ti 2p12
peaks centered at binding energies of 458.8 eV and 464.5 eV, respectively. The TiO> thin-
films in UFPLAs have similar Ti 2p features, but both peaks have lower binding energies
than those in Aeroxide® P25. The thinner the TiO: film thickness, the larger shift of Ti
2p32 and Ti 2py peaks towards lower binding energy. The shift in binding energies of Ti
2p core level XPS spectra can be ascribed to two factors: the Ti-O-Al bond formation due
to the interaction of TiO2 with underlying Al layer 432434 and the presence of Ti%* species
with lower Ti 2p binding energies due to structure defect**>#¥’, The thinner TiO; thin-films
led to more AI-O-Ti bonds and Ti** species, and thus the Ti 2ps2 and Ti 2pa2 peaks with
much lower binding energies. Figure 6.6d shows O 1s XPS spectra, suggesting oxygen is
present in different status in the UFPLA samples. Compared to Aeroxide® P25, the the
emergence of a peak at the binding energy range of 533.2-531.3 eV can be ascribed to
oxygen in Al-O bond, Ti¥*-O bond and non-lattice oxygen (such as loosely bonded O
defects); while the peak (binding energy of 531.3-528.4 eV) existing in Aeroxide® P25
and all UFPLAs can be assigned to oxygen in Ti**-O bond. The Al 2p peaks shown in
Figure 6.6e illustrate the presence of aluminum oxide (binding energy of 74.45 eV) and Al
metal (binding energy of 72.05 eV) in the TiO; thin-film catalysts. The distinct peaks in
the 2- and 7-nm thick TiO2 thin-films in Al 2p spectra were due to the usage of X-ray with
in-depth of 20 nm in the XPS measurement. The formation of Al-O bond might be caused
by native oxidation of Al layer, which reveals the presence of very thin spacer in the

UFPLAs. From the XPS spectra, we further analyzed the valence band maxima (VBM) of

156



TiO thin-films, as shown in Figure 6.6f. The shift of VBM to higher energy with
decreasing TiO2 film thickness is consistent with blue shift of band gap of TiO:

nanostructures compared to that of the bulk catalyst.
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Figure 6. 6 Physicochemical properties of TiO> thin films on planar nanocavity. (a)
FTIRs and (b) XPS spectra of TiO> thin films. (c)-(e) XPS spectra of Ti 2p, O 1s and Al
2p, respectively, of TiO2/Al/glass light absorber structures. (f) VBM positions determined
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from XPS data. (g) fs-TA kinetics traces probed at 860 nm of different thickness of TiO>
on glass substrate following 365-nm optical excitation. Solid red line shows exponential

fit of the experimental data. (H) Life-time as a function of TiO> thickness.

Based on analyses above, one can see that the composition and property of TiO>
thin films in UFPLASs are distinct from Aeroxide® P25 and changes with film thickness,
which led to different catalytic activity and selectivity in CTH process. The product
selectivity is associated with the chemical states of Ti spices in the catalysts'®: 4%, The
higher density of —OH groups in the surface would lead to more hydrophilic nature of the
catalyst, and thus the lower opportunity for methanol and formic acid formation 192 4%,
These Ti*" could function as photo-induced electron trapping sites and improved the
electron—hole separation rate on the photocatalyst. The lower amount of —OH groups and
higher amount of Ti%*-species, structure defects, and large VBM exist in thinner TiO- films
in the UFPLASs, which all together contribute to the less formation of oxygenated
hydrocarbons compared to thicker films.

The photocatalytic activity is closely correlated to the efficient charge carrier
generation/transportation in the UFPLAS, which are reflected by the optical absorption
intensity and charge carrier lifetime. The key fundamental question is how many photo-
generated carriers can efficiently get involved in the photoreaction with CO2 and H20
molecules. This is also the most challenging question regarding the carrier dynamics within
these ultra-thin films, which is largely unexplored. Next, we performed some preliminary
analysis to reveal the major mechanism. According to ref. 4, the diffusion length of photo-

generated carriers in TiO2 films is very short (e.g. ~10 nm for holes in n-TiO2 films).
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Therefore, our hypothesis is that the probability for photogenerated carriers to diffuse to
the top surface and participate in the CO reduction is higher in 2~7-nm-thick TiO> films.
In thicker samples beyond the effective diffusion lengths, the photo-generated carriers are
unlikely to contribute to the chemical reaction. In this scenario, femtosecond transient
absorption spectroscopy (fs-TAS) has been carried out to investigate the carrier dynamics
for these TiO- films. As shown in Figure 6.6g, we extracted the decay kinetics at 860 nm
and plotted them as a function of TiO thickness. The kinetic traces can be fitted bi-
exponentially with less than 200 fs and ps time constants. The fs and ps time components
can be assigned to surface and deep trapped states, respectively 44442 Interestingly, upon
increasing the thickness of the TiOg, the lifetime of the carriers decreases significantly. As
can be clearly seen, decay time changes from 162 fs (fast) and 1311 ps (slow) to 123 fs
(fast) and 377 ps (slow), respectively, as the TiO> thickness changes from 2 nm to 22 nm
(as shown in Figure 6.6h). This would mean that the photo-generated carriers within thinner
TiO- films have longer lifetime, indicating the higher probability to flow to the surface and
participate in photocatalytic reactions. Consequently, the 2~7-nm-thick samples are more
efficient in normalized productivity per unit mass (Figure 6.4b) due to the more efficient
volume photogenerated carriers (Figure 6.2d) and longer carrier lifetime (Figure 6.6h).

It should be noted that photoluminescence (PL) characterization was also
frequently used to reveal the carrier dynamics. However, as we revealed in nanocavity-
manipulated two-dimensional material platforms 2%, PL intensity and spectral shape from
atomically thin semiconductor layers can be changed significantly due to the nanocavity
involvement. Therefore, regular PL interpretation cannot be simply implemented here,

which is still under investigation. On the other hand, although the unit mass reaction rate
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of the 2-nm-thick TiO2/Al system is the best among the studied UFPLAs in Figure 6.4, the
optical absorption of the 2-nm-TiO2/Al system has not been optimized. Next, we
introduced a three-layered nanocavity system to enhance the optical absorption within 2-

nm-thick TiO; films.

6.3.2 Threelayered nanocavity with 2-nm-TiO2 films

It is generally believed that significantly enhanced optical absorption within
ultra-thin films can overcome the long-existing trade-off between optical absorption and
carrier transportation, which could revolutionize thin-film energy harvesting and
conversion applications (e.g. photocatalysis and photovoltaics). Recently, we proposed a
lossless spacer in a three-layered nanocavity structure to enhance the optical absorption
within atomically thin semiconductor layers (e.g. in 1.5-nm-thick Ge films 2%, and
monolayers of graphene *** and MoS; 2%). A suitably designed lossless spacer layer was
inserted between the bottom reflector and the top absorptive layers to optimize the
disruptive interference condition and therefore enhance the optical absorption. Here we
discuss the potential to enhance the optical absorption of the 2-nm-thick TiO> layer using
this three-layered nanocavity structure (Figure 6.7a). According to the numerical modeling
shown in Figure 6.7Db, the peak absorption of the 2-nm-thick-TiO,-Al>03-Al system can be
enhanced from ~30% to ~90%. To validate this remarkable absorption enhancement, we
fabricated another seven samples with different Al.Oz thickness of 5 - 35 nm. The
measured optical absorption spectra are shown in Figure 6.7c, agreeing very well with the
numerical prediction. When the thickness of the Al>Oz spacer layer is 15~20 nm, the

resonant absorption over 80% can be achieved from 220 nm to 250 nm. The exclusive
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absorption in the 2-nm-thick TiO: layer is modeled in Figure 6.7d, confirming the
optimized optical absorption obtained with the 15~20 nm thick Al.Os spacer layer.
Importantly, a much stronger optical absorption was confined within the 2-nm region

(Figure 6.7e). Since the film thickness is identical, the carrier transportation should be
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Figure 6.7 Light trapping within planar nanocavity enhanced ultra-thin TiO- films. (a)
Schematic of a three-layered UFPLA with an optional spacer layer. (b) Measured and (c)
modeled absorption spectra of Al/Al>O3/2-nm-TiO- as a function of the thickness of
Al>O3. (d) Modeled exclusive absorption in TiO2 layer as a function of the thickness of
TiOz2. (e) shows the modeled exclusive absorption in the 2-nm-thick TiOz layer on 15-

nm-Al20s/Al cavity. The product formation and selectivity are shown in (f) and (g),
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respectively. (h) shows the FTIRs spectra of the UFPLASs with various Al>O3 spacer

thicknesses.

To reveal the optical absorption on the photocatalytic CO> reduction with water,
similar photocatalytic CTH reactions were measured at 298 K on the three-layered
nanocavity with 2-nm-thick TiO> films and different Al.Oz thicknesses. As shown in
Figure 6.7f, the hydrocarbon production closely corresponds to the optical absorption. The
major product was still methane, mixed with minor amount of methanol and medium
amount of formic acid. When the thickness of Al>Oz layer varied, the CH4 production
exhibited a semi-sinusoidal shape at different thickness of spacer layer, which is consistent
with the absorption in the TiO> layer. The peak hydrocarbon production was obtained on
the nanocavity samples with the Al.Oz spacer layer of 20 nm. In particular, this sample
reached highest hydrocarbon production at 0.967 mmol g ht, which is 1145 times higher
than the commercial Aeroxide® P25 catalyst. In addition, we also obtained an efficient
formation of formic acid at the rate of ~0.2 mmol g* h!, approximately 200 times higher
than a recent result produced by 1.66-nm-thick TiO> flakes with no nanocavity
enhancement (i.e., ~1.9 pmol gt h't #4). The product selectivity in CTH reactions did not
show clear trend with Al>Os spacer thickness (Figure 6.7g), which suggests that the
property (or thickness) of TiOz thin-films in UFPLAs is the dominating factor in
influencing product distribution. The same TiO: thickness in these samples hints the same
physicochemical properties of UFPLAs. For example, Figure 6.7h indicates that the

increase in Al,O3 spacer thickness did not enable more —OH groups (bands at ~1600 cm™
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and ~3600 cm™) in the catalyst, while the increase in Al.O3 spacer thickness was confirmed

by the increasing intensity of band at ~960 cm™.

6.3 Conclusion

In conclusion, the UFPLAs containing TiO> thin film catalysts were developed to
target for photocatalytic CO> reduction with water to hydrocarbon fuels. The structure
overcomes constrains in weak light harvesting and low electron-hole pair separation
efficiency in the current nano-structured semiconductor catalyst materials. The 2-nm-thick
TiO, catalyst on a planar Al,O3 spacer and then on Al film resulted in a hydrocarbon
formation rate of 0.967 mmol g* h*!, which is >1100 times higher than the commercial
Aeroxide® P25 photocatalyst. By integrating ultra-thin TiO2 films in UFPLAsS,
hydrocarbon oxygenates, formic acid and methanol, were also obtained with the optimized
formation rate of 0.250 mmol g* h*! from 2-nm-thick TiO- film on 20 nm Al.Os spacer in
UFPLAs. The strong light harvesting capability and longer charge carrier lifetime are
responsible for the catalyst structure activity. The surface defect, -OH group, Ti** species
and VBM, etc. all greatly enhance the CO2 photoreduction to oxygenated hydrocarbons
compared to nearly bare methane production from Aeroxide® P25 catalyst. Moreover, it
represents the record formation rate over the amount of photocatalysts in the family of
titania photocatalysts to date. This discovery indicates the potential to improve thin film
catalyst photocatalytic performance using nanophotonic-managed light harvesting

capabilities.

163



Chapter 7: Decomposition of Dimethyl Methylphosphonate Vapor on

Ultrathin-Film Titania Photocatalytic Light Absorber

7.1. Introduction

Security threat by possible use of chemical war agents (CWAS) by terrorists or in
battlefield, and environmental pollution by industrial toxic chemicals have been growing
global concerns*®449, Photocatalytic detoxification using solar energy represents an
environmentally friendly and cost-efficient strategy to degrade these toxic chemicals*°-4%,
Titania (TiO2) has been the most frequently employed photocatalyst in detoxification
processes due to its inherent environmental friendliness and low-cost, together with the
potential of complete mineralization of organic toxic chemicals. The current photocatalytic
processes, however, are highly inefficient, particularly in the case of solar activation. This
inefficiency arises because the charge carrier (electrons/holes, e/h*) extraction efficiency
in photocatalysts is far too low’®12 1% The charge carriers are generated by light
irradiation to initiate the catalytic reactions, but their recombination rates are much faster
than utilization, which highly limits the activity of photocatalysts. Catalyst materials and
design strategies that have potential to enhance e’/h* extraction efficiency, light absorption,
and the resultant catalytic activity and efficiency in photocatalytic detoxification are highly
desired.

Nanostructured TiO2-based catalysts such as nanowires, nanotubes or
nanosheets!’>-176. 456-458 haye peen studied to promote efficiency in photocatalysis. The
nano-sized TiO; catalysts shorten the diffusion length, disfavor the electron and hole

recombination and enhance multi-electron transfer for photocatalytic reactions8: 459-460,
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Although an enhancement in catalytic performance of nanostructured TiO.-based materials
has been observed, the photocatalytic efficiency is still too low to meet practical
applications, mainly due to lack of sufficient light adsorption in nanostructured
photocatalyst materials. The decrease in catalyst particle size leads to a significant
reduction in light absorption and generation of charger carriers. The intrinsic trade-off
between optical absorption and charge carrier extraction efficiency, i.e., a light absorber
should be thick enough to absorb the light allowable by its band gap but thin enough to
allow charge carrier extraction for catalytic reactions, therefore, will be conquered.

One promising scheme to enhance the optical absorption without sacrificing the
catalytic activity/selectivity in nanostructured catalysts would be to employ ultra-thin film
super light absorbers on the catalysts. For instance, planar thin film interference can
enhance the optical absorption within ultra-thin films*14%2 This mechanism could
significantly reduce the required thickness of the light absorbers. For instance, over 60%
resonance absorption was successfully demonstrated with a 1.5-nm-thick Ge film*®® and
even a monolayer of MoS2*® on predesigned nanocavities, paving the way for high-
efficiency ultrathin-film energy conversion materials, structures and devices**, including
photocatalytic systems. In particular, the boosted optical absorption in planar ultra-thin
photocatalytic Ti-doped a-Fe-Oz films (e.g. ~26 nm) was successfully used for efficient
water splitting*®2. Our previous work has designed the ultrathin-film photocatalytic light
absorber (UFPLA), made by sequential deposition of an aluminum (Al) reflector and a
TiO2 thin film (< 30 nm) on a glass substrate, which is effective to resolve the intrinsic
trade-off between optical absorption and charge carrier extraction efficiency. The TiO2/Al

films introduced the active sites, and manipulated the phase of the reflective partial waves
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to realize the destructive interference. Therefore, the light absorption capability of the TiO>
thin film was maximized, significantly increasing catalytic efficiency by generating much
more surface charge carriers. For example, the UFPLA structures significantly improve
activity and selectivity in photocatalytic carbon dioxide (COz) reduction with water to
oxygenated hydrocarbons®®. In comparison to the benchmark photocatalyst
(Aeroxide®P25), the CO; reduction rate was enhanced up to a factor of 1145 times*®.

In this work, we employed the UFPLA structures with TiO. thin-films for the
photocatalytic detoxification of CWAs. Due to toxicity of CWAs, the dimethyl
methylphophonate (DMMP) was used as the simulant in this study. The performance of
UFPLA with different TiO. film thicknesses in photocatalytic decomposition of DMMP
vapor was studied and compared to that of Aeroxide®P25 catalyst. The effects of reactant
(i.e. DMMP, water and oxygen, respectively) partial pressure and reaction temperature on
DMMP decomposition were measured. The kinetic data were described by both Langmuir-

Hinshelwood and Elay-Redial models, and the former gave a better fitting.

7.2. Experimental
7.2.1. Materials

Dimethyl methylphosphonate (DMMP, 97% purity) was purchased from Alfa
Aesar. Air (ultrapure), nitrogen (N2, ultrapure) Argon (Ar, ultrapure) and helium (He,
ultrapure) were purchased from Airgas. Deionized (DI) water (H.O) was used throughout

the experiments.
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7.2.2. UFPLA preparation

The UFPLA, comprised of an Al reflector and a TiO> thin film, was synthesized
using the method reported in our previous work?*%. Typically, the Al reflector layer (150-
nm thick) was deposited on a glass substrate using the Al pellets (99.999%,
EVMAL50QXQ-D, Kurt J. Lesker) in the Kurt J. Lesker AXXIS electron beam evaporator.
The pressure in the evaporator chamber during Al deposition was controlled at 5 < 10
Torr. A flow benchtop reactor (FlexAL, Oxford Instruments) was used to prepare the TiO>
thin-film layers in the UFPLA via the atomic layer deposition (ALD) process. The ALD of
TiO2 was conducted by alternative exposure to titanium isopropoxide (i.e., TTIP, Japan
Advanced Chemicals) for 1.5 s and DI water at 473 K for 3.5 s, followed by Ar purge for

1.5 s after each exposure. Each ALD cycle would result in 0.05-nm-thick TiO2 deposition.

7.2.3. Photocatalytic tests

The photocatalytic DMMP decomposition was tested in the experimental set-up
shown in Figure 7.1. A homemade cylindrical reactor, as illustrated in our previous
publication*®, was used to hold the UFPLA structure and the catalytic reaction. The reactor
consists of a stainless steel body and two quartz windows of 50 mm in diameter and 5 mm
in thickness. The internal volume of the batch reactor is 14.1 cm®. Two gas connection
lines (inlet and outlet of the reactor) stay opposite to each other on the perimeter wall of
the cylindrical photocatalytic reactor body. The reactor was wrapped with heating tape to

control the reaction temperature.
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Figure 7.1 Schematic diagram of the reaction system [A: helium cylinder, B: air
cylinder, C: nitrogen cylinder, D: cylinder regulator, E: shut-off valve, F: Valco 4-way
valve, G: mass flow controller, H: union tee connector, I: 3-way valve, J: DMMP in
bubbler, K: water in bubbler, L: union cross, M: flowmeter, N: 450W xenon lamp, O:

photocatalytic reactor, P: isopropanol trap].

In a typical experiment, after the UFPLA was placed inside the reactor, the DMMP
vapor was introduced by a He flow (0.17 cm?® s1) through a DMMP bubbler. Similarly, the
water vapor was introduced by an air flow (0.67 cm? s) through a water bubbler. Nitrogen
(N2) was used as a balance gas in all the experiments. The gas mixture was kept flowing
through the reactor for 1.5 h to flush the system and reach stable DMMP, H20 and air (i.e.
oxygen, O2) compositions. Then, both the inlet and outlet of the reactor in Figure 7.1 were

closed, and the xenon (Xe) light irradiation (OSRAM XBO 450W PFR) was applied onto
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the top window of the reactor. After 5-h irradiation, the Xe lamp was turned off and the
gas mixture in the reactor was carried out by a N2 flow at 0.37 cm® s for 0.5 h. The
isopropanol trap in the experimental set-up was used to collect DMMP residue and all
products in the reaction. An aliquot of isopropanol solution in the trap was traced by a gas
chromatography (Agilent Technologies, 7890A) equipped with a methylsiloxane capillary
column (HP-1, 50.0 m x 320 um x 0.52 um) connected to a flame ionization detector (FID)
for composition analysis. For comparison purpose, the photocatalytic DMMP
decomposition was run in the reactor charged with 50 mg commercial Aeroxide®P25

catalyst.

7.3. Results and discussion
7.3.1. Structure and optical absorption of UFPLA structures

Figure 7.2a shows the general principle of the TiO2/Al UFPLA used in the
photocatalytic decomposition of DMMP. The UFPLA is designed based on the thin-film
interferometer constructed by a TiO> film on a highly reflective Al film. Since the Al layer
is highly reflective, no light is transmitted through the UFPLA. Instead, the light is reflected
back and forth at the air/TiO2 and TiO2/Al interfaces. Specifically, when light reaches the
top air/TiO2 interface, part of this incident light will be reflected back to air, which is
denoted as i in Figure 7.2a. The other part of the incident light is transmitted into the TiO;
film, propagates until it is reflected by the bottom TiO2/Al interface, and continue to
propagate to the air/TiOz interface. At this interface, the light is divided into two parts again.
One part exits back to air, which is denoted as i in Figure 7.2a. The rest of the light repeats

the previous process and bounces back and forth between the air/TiO, and TiO2/Al
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interfaces. The following partial waves transmitted back to air are denotedasi ,1 ,i
etc Except for the first partial wave, all other partial waves propagate in the TiO> layer at
least one round-trip. Light propagation results in phase change of light, which can be
determined by the thickness of the TiO film. Thus, in order to enhance the light harvesting
capability of UFPLAs, we can intentionally tune the thickness of the TiO> film to create
destructive interference among these partial waves, leading to a complete suppression of
total reflection, i.e., perfect absorption. Figure 7.2b indicates the modeled optical
absorption of the UFPLA at each wavelength from 210 nm to 450 nm as the function of
the thickness of TiO- films. It can be seen that strong resonant absorption peaks over 90%
from 270 nm to 325 nm can be obtained in the optimized TiO> film thickness region of
12~19 nm. Beyond this range, the overall absorption will decrease with thinner or thicker
TiO. layers. In order to validate this theoretical prediction, we measured the optical
absorption spectra of the UFPLA structures with TiO> thickness varied from 2, 7, 12, 17 to
22 nm in sequence, as shown in Figure 7.2c. The increase in thickness of TiO2 layer
enhances and then suppresses the optical absorption of the entire UFPLA structures. The
obvious peak resonant absorption over 90% from 270 nm to 325 nm can be obtained in the
optimized TiO; film thickness region of 12-17 nm. At the optimized TiO> film thickness,
the super strong optical absorption was realized, agreeing well with the theoretical

prediction shown in Figure 7.2b.
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Figure 7.2 Schematic of the two-layered TiO2/Al UFPLA structure (a). Modeled (b) and
measured (c) optical light absorption as a function of the thickness of TiO: films in the

TiO2/Al UFPLA.

7.3.2DMMP decomposition over UFPLA structures

To verify effectiveness of the UFPLA structure in photocatalytic decomposition of
DMMP, two control experiments were carried out first. In one case, the DMMP was
exposed to the UFPLA that is comprised of 12-nm-TiO> thin-film in the absence of light
irradiation (i.e. darkness condition). After 5 h light irradiation, the DMMP decomposition
was 0.6 %. In the other case, the UFPLA structure was absent in the reactor (i.e, only glass
slide was used) and the light irradiation was applied for 5 h onto DMMP. The DMMP
decomposition was 0.7 %, close to the conversion tested in the first case. Both control
experiments indicate that the photocatalytic decomposition DMMP requires for presence
of both the UFPLA structure and light irradiation, which means that the decomposition is
the result of photo-excited TiO» catalysis and not direct photolysis or ground state TiO>
catalyzed reactions. In the following sections, we studied the effectiveness of UFPLA in
DMMP decomposition, in comparison to Aeroxide®P25, and effects of TiO> thin-film

thickness in the UFPLA on the reaction.

7.3.2.1 Effectiveness of UFPLA for photocatalyti©MMP decomposition
Figure 7.3a shows the photocatalytic DMMP decomposition over both UFPLA that
has 12-nm-TiO; thin-film (i.e. thickness of TiO thin-film is 12 nm) and Aeroxide®P25

catalysts as a function of reaction time. With increasing reaction time (or light irradiation
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time), DMMP decomposition increases. Overall, the UFPLA structure has higher DMMP
decomposition than the Aeroxide®P25 catalyst. It should be noted that the employed
UFPLA has a circular shape with a dimension of 30 mm in diameter. By considering the
12 nm thickness of TiO; thin-film in the UFPLA and density of TiO, of 4.23 g cm3 465467
the mass of TiO; catalyst in the UFPLA is 3.59 % 10® g. As noted in the experimental
section, 0.05 g Aeroxide®P25 was used in the test. If we use the DMMP conversion data
collected at 5 h of reaction to evaluate the rate of DMMP decomposition per Ti site in both
materials, 6.08 and 3.02 <10 mol [mol Ti]* s are obtained, respectively. This indicates
that the TiO; catalyst in the UFPLA structure has a 2013-fold enhancement in activity in
photocatalytic decomposition of DMMP. The increase in TiO2 activity in the UFPLA

should be attributed to the boosted optical absorption as discussed above.

7.3.2.2 Effects of TO2 thin-film thickness in UFPLA

The thickness of TiO> thin films in the UFPLA influences the light absorption, as
indicated in Figure 7.2b. To understand how the change in light absorption affects the
photocatalytic DMMP decomposition, we employed the UFPLAs with TiO2 thin-film
thicknesses of 2, 7, 12, 17 and 22 nm, respectively, in the tests. After 5 h reaction, the
DMMP decomposition increased from 1.1%, 3.2% to 9.2%, and then decreased to 5.1%
and 3.3%, as shown in Figure 7.3b. The trend of increase and then decrease in DMMP
decomposition with respect to increasing TiO> film thickness in the UFPLA structures is
consistent with that of the optical absorption of the nanocavity in Figure 7.2b. The
mismatch between the maximum light absorption (i.e. occurring on 17-nm-TiO) and the

highest DMMP decomposition (i.e. on 12-nm-TiO) in the UFPLAs indicated that the light
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absorption is not the sole factor dominating the photocatalytic decomposition when the

TiO; film is thick. This discrepancy has also been observed in our previous work?®,
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Figure 7.3 DMMP decomposition over 12-nm-TiO, UFPLA and Aeroxide®P25 as a
function of reaction time (a), DMMP decomposition as a function of TiO> film thickness
in UFPLA structures after 5 h irradiation (b) and DMMP decomposition rate as a function
of TiO> film thickness in UFPLA structures (c). (Reaction conditions: 333 K, 7.09 Pa

DMMP pressure, 1.19 kPa H2O pressure, 17.02 kPa O pressure, 5 h reaction time.)

The DMMP decomposition rate over each UFPLA was further analyzed and
compared to that of Aeroxide®P25 to understand the effects of TiO> thin-film thickness.
The results were summarized in Figure 7.3c and Table 7.1. In all cases, the UFPLA
catalysts exhibited more than 2 orders of magnitude enhancement in DMMP
decomposition rate compared to the Aeroxide®P25 catalyst. This indicates the remarkable
contribution of optical absorption by the nanocavity structure in UFPLA to the
photocatalytic reaction. With an increase in the thickness of the TiO2 thin film in the

UFPLA structure, the decomposition rate decreases except for the UFPLA with 12-nm-
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TiO2 thin-film. This pattern demonstrates that the activity of individual Ti-sites is

influenced by the thickness of TiO. film and the related site environment.

Table 7.1 DMMP photocatalytic decomposition rates over UFPLAs with different

thicknesses of TiO> layer and their enhancements compared to Aeroxide®P25.

DMMP decomposition rate
Catalysts _ Enhancemeqt compared
(mol [mol Ti]*s?) to Aeroxide®P25
2-nm-TiO, UFPLA 4.49 1487
7-nm-TiO, UFPLA 3.69 1222
12-nm-TiO, UFPLA 6.08 2013
17-nm-TiO, UFPLA 2.44 808
22-nm-TiO UFPLA 1.19 394
Aeroxide®P25 3.02 x10° 1

The DMMP decomposition rate is closely correlated to synergetic effect between
the optical absorption intensity and charge carrier lifetime in UFPLAS*%. As explored in
our previous work?*%, when the TiO; film is thin, in the cases of the 2 and 7-nm-TiO;
UFPLAs, the photogenerated carriers within TiO2 film have a longer lifetime and
consequently have a higher probability to participate the photocatalytic DMMP
decomposition. However, the relative weak light harvesting capabilities, as shown in
Figure 7.2b, on these two samples hindered the charge carrier generation. As a result, both
UFPLA structures reflected a high DMMP decomposition rate, but did not reach the
summit. When the thickness of the TiO: film in the UFPLA is increased to 12 nm, the
slightly suppressed charge carrier lifetime and moderately enhanced light absorption
capability*®® promote the synergetic effect. Consequently, the 12-nm-TiO2 UFPLA

exhibited a highest DMMP decomposition rate at 6.08 mol [mol Ti]* s. As the TiO, film
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thickness increases to 17 and 22 nm, although the light absorption reaches maximum
capability, the steeply reduction in lifetime of charge carriers*® retards the catalytic
performance in DMMP decomposition. Thus, lower DMMP decomposition rates were

observed on both 17 and 22-nm-TiO, UFPLA catalysts.

7.3.3 Kinetic modellingof DMMP photocatalytic decomposition over UFPLA catalyst
Photocatalytic decomposition of organophosphonic acid compounds over TiO>
catalysts have been previously reported?®®472, The complete reaction mechanism is too
complex to conclude until now. However, the general understanding on the reaction
initiation is the photoexcitation of TiOz by light irradiation (hv) generates an electron-hole
(ec-hy*) pair (TiO2 + hv A & + hy") in the conduction and valance bands, respectively*>
477 The conduction band electron is believed to react with adsorbed oxygen (O,) to form a
superoxide ion (e + O2 A O2). The valence band hole might react with adsorbed water
(H20) to form hydroxyl radicals (h' + H.O A H* + OH’). The subsequent reactions of
adsorbed hydroxyl radicals are regarded as the predominant degradation pathways of
organophosphonic acid compounds. Apparently, three reactant compounds, DMMP, H>0O
and Oy are all involved, at some degrees, in the DMMP decomposition process. The
DMMP decomposition on the UFPLA structure has not been researched before. Therefore,
in this section, we aimed to understand the kinetics of DMMP decomposition and its
dependence on the reactant pressures over the UFPLA structure, as well as verify the

models that can fit the measured kinetics in this new catalytic optical absorber structures.

7.3.3.1 Dependence of DMMP decomposition on DMMP, 4@ or Oz reactant
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To investigate the dependence of DMMP decomposition on the concentration of
DMMP, H20 or Oz occurring in UFPLA structure, the decomposition rate of DMMP as a
function of partial pressure of each reactant was examined at 333 K (Figure 7.4). It should
be noted that we focused on the kinetics of DMMP decomposition on the UFPLA
containing 12-nm-TiO; thin-film since it showed the best performance as discussed in
Section 7.3.2. The initial decomposition rates were determined from the first 10%
disappearance of the starting reactant to minimize the effects of products on the initial
kinetics.

Figure 7.4a shows the DMMP decomposition rate increases rapidly with increasing
DMMP partial pressure (1) ) in the beginning. When 1) is high, the decomposition
rate reaches a plateau. Overall, the dependence follows the Langmuir behavior. The
dependence of DMMP decomposition rate on the partial pressure of water (f} ) is similar
to that of dependence on ) (Figure 7.4b). Figure 7.4c shows the correlation between
the DMMP decomposition rate and partial pressure of Oz (] ) in the reactor. Different
from the first two cases, the rate does not show any obvious dependence on f; , even when
N is very low. This phenomenon is consistent with the previous report*’8 that shows the
oxygen does not attend the initial steps in main reaction pathway. However, the trace
amount of O residue or O impurity in the reactor might be enough to contribute to the

decomposition reactions.
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Figure 7.4 Measured DMMP decomposition rate as a function of DMMP pressure (a),
HO partial pressure (b) and O pressure (c) over 12-nm-TiO> UFPLA at 333 K.
(Reaction conditions in Figure 7.4a: 1.19 kPa H»O pressure, 17.02 kPa O pressure, 5 h
reaction time; Reaction conditions in Figure 7.4b: 7.09 Pa DMMP pressure, 4.28 kPa O
pressure, 5 h reaction time; Reaction conditions in Figure 7.4c: 7.09 Pa DMMP pressure,

1.19 kPa H2O pressure, 5 h reaction time.)

7.3.3.2 Kinetics modelling for DMMP decomposition

Despite the complex mechanisms of photocatalytic organophosphonate acid
decomposition, simple kinetic models still have been used to interpret observed kinetics*’®-
483 Among different models, the most common ones are Langmuir-Hinshelwood and Eley-
Rideal models. Therefore, we simply explored both models for the kinetics analysis, aiming
to interpret the collected kinetics data and to obtain initial kinetic parameters to guide
further understanding on DMMP decomposition behavior over UFPLA structures. Since
DMMP decomposition does not obviously depend on the partial pressure of O, we did not

consider the O species in model analysis.
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Schemel. Elementary steps in Langmuir-Hinshelwood model in photocatalytic
DMMP decomposition.

Scheme 1 shows the primary reaction steps in the Langmuir-Hinshelwood model
for DMMP decomposition in the presence of DMMP and H2O reactants over the UFPLA
catalysts. The reaction involves quasi-equilibrated DMMP adsorption on surface site (*),
leading to formation of DMMP* species (step 1). Similarly, quasi-equilibrated adsorption
of H>O on active site (*) results in H2O* species (step 2). The reaction between adsorbed
DMMP* and H.O* forms adsorbed methylphosphonate (MMP*) and methanol (step 3),
which is the rate limiting step (RLS) of the reaction network. Since the kinetics data were
collected from the first 10% disappearance of the starting reactant, the effects of reaction
intermediates or products on the initial decomposition kinetics can be ignored. Therefore,
the contribution of reaction step 4 and the following steps, for instance, decomposition
from methylphosphonate to further products, were excluded from the model in the rate
equation derivation. Under pseudo-steady state assumption for adsorbed DMMP* and
H>O* species, the rate equation for DMMP decomposition (i , mol s1) is shown in

Eq. (7.1):

i (Eq7.1)

where E (mol [mol Ti]2 s!) is DMMP decomposition rate constant in step 3; +

(Pa)and + (Pal) are the equilibrium constants for the adsorption of DMMP (step 1) and
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H-0 (step 2), respectively; n) (Pa)and )  (Pa) are the partial pressures of DMMP
and H20; [ (mol Ti) is the total Ti element in the UFPLA catalyst. Details on the rate

equation derivations can be referred to Appendix C.
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Scheme 2. Elementary steps in Eley-Rideal reaction model in photocatalytic
DMMP decomposition.

Scheme 2 shows the proposed primary reaction steps for DMMP decomposition
over the UFPLA catalysts following the Eley-Rideal model. The reaction involved quasi-
equilibrated DMMP adsorption on surface site (*) to form DMMP* species (step 1). The
reaction between H>O vapor and molecularly adsorbed DMMP* forms MMP* (step 2,
RLS). Under pseudo-steady state assumption for DMMP* species and negligible
contribution of reaction intermediates and final products, the rate equation for DMMP

consumption (i , mol s%) is shown in Eq. (7.2):

o) (Eq 7.2)

where 0 (Pal) is the equilibrium constant for the adsorption of DMMP (step 1) and k
(mol [mol Ti]?! s Pa?l) is DMMP decomposition rate constant in step 2. Appendix D
details the derivation of this rate equation.

The kinetic parameters in Eq. (7.1) were analyzed from the kinetics data in Figure

7.4.Whenr) isfixedandn is the variable, Eq. (7.1) can be linearized as,

179



(Eq 7.3)

where the slope (defined as S1) is, S1 = ——= , and the intercept (denoted as I1)
ISl = ——— . Similarly, when ) is fixed in the experiment, the linear form
of Eq. (7.1) is,

(Eq 7.4)

in which the slope (defined as S») and intercept (denoted as I2) are Sz =

and I = ————= , respectively. The ratio of S1/S; gives Eq. (7.5),

Si/Sp=— —— (Eq 7.5)

The ratio of 11/l5 is,

11/l = (Eq 7.6)

Figure 7.5 shows the linearized correlations of

Versus N (Figure 7.5a)

and

versus 1 (Figure 7.5b), respectively, by re-plotting the kinetics data in

Figure 7.4a-b using Egs. (7.3) and (7.4), respectively. The linear fitting with coefficient of
determination (R?) > 0.9, positive intercept and slope in each set of kinetic data supports
the proposed Langmuir-Hinshelwood model for fitting the DMMP decomposition on the
UFPLA structure. From Egs. (7.5) and (7.6), the adsorption equilibrium constants 0 and
O were evaluated to be 2.93 <1072 Pa and 1.45 <1073 Pa’!, respectively. The adsorption

equilibrium constant reflects the bound nature of reaction species on the UFPLA catalyst.
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Apparently, DMMP has stronger adsorption on the catalyst than that of H.O. By
substituting 0 and O into the slope (S1), the reaction rate constant (E ) can be calculated
as 24.48 mol [mol Ti]?s™.

To examine the fitting of the Eley-Rideal model for the DMMP decomposition

kinetics, the rate law for DMMP consumption (i , mol s1) is shown in Eq. (7):

o) (Eq7.7)

where kz (mol s Pat [mol Ti]™?) is the rate constant of DMMP decomposition.

Whenn  is fixed and n is the variable, Eq. (7) can be linearized as follows,

(Eq 7.8)
where the slope (defined as S1') is S1’ = — , and the intercept (denoted as 11') is
Iy’ = ———— Similarly, when ) is fixed in the experiment, the linear form of Eq.
(7.7) is,

O f (Eq7.9)

From Eq. (7.9), the DMMP decomposition rate (O ) should increase linearly
with increasing n) and the intercept should be zero. This trend conflicts with the
experimental data shown in Figure 7.4b, which shows the Langmuir correlation between
DMMP decomposition rate and partial pressure of water. Therefore, the Eley-Rideal model

cannot describe the observed kinetics.
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(b) for DMMP decomposition over the 12-nm-TiO, UFPLA.

7.3.3.3 Effect of reaction temperature on DMMP decomposition

To further understand the performance of UFPLA in DMMP decomposition, we
examined the effect of reaction temperature, ranging from 293 K to 348 K, on the
decomposition kinetics. As shown in Figure 7.6a, the photocatalytic DMMP
decomposition increases with increasing reaction temperature for each set of partial
pressures of n . Similarly, the increase in reaction temperature speeds up the
decomposition of DMMP at each partial pressure of n (Figure 7.6b). From the
Langmuir-Hinshelwood model and the linearized rate equations (Egs. (7.3)-(7.4)), the
adsorption equilibrium constants (0 and 0 ) and the reaction rate constant (E ) at each
reaction temperature are evaluated, and the results are summarized in Table 7.2. Detailed
kinetics analysis following the Langmuir-Hinshelwood model is included in Figure 7.7. It

shows that the equilibrium constants of DMMP adsorption (0 ) and water adsorption (0 )
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proportionally increased with increasing reaction temperature. At all tested temperatures,
K1 is always higher than Kz, which reflects the DMMP has a stronger adsorption on the
UFPLA catalyst. The DMMP decomposition rate constant (E ) also increases with the
increase in the reaction. This is consistent with the faster DMMP decomposition rate at a

higher reaction temperature condition.
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Figure 7.6 Measured DMMP decomposition rate as a function of DMMP partial
pressure (a), H20 partial pressure (b) over 12-nm-TiO2 UFPLA at 293 K (E ), 313 K
(r ), 333K (O) and 348 K (O). (Reaction conditions in Figure 7.6a: 1.19 kPa H20

pressure, 17.02 kPa O pressure, 5 h reaction time; Reaction conditions in Figure 7.6b:

7.09 Pa DMMP pressure, 4.28 kPa Oz pressure, 5 h reaction time)
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Figure 7.7 Plots for DMMP adsorption equilibrium constant (K1), H.O adsorption

equilibrium constant (K2) and DMMP decomposition rate constant (ks) determination,

based on Langmuir-Hinshelwood model. Linearized correlations of —EEXersus
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nm-TiO2 UFPLA, respectively.
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versus = g at 293 K (a, b), 313 K (c, d) and 348 K (e, f) over 12-

Table 7.2 Kinetic parameters obtained from the Langmuir-Hinshelwood model used for

analysis of DMMP decomposition Kinetics over the 12-nm-thick TiO> UFPLA catalyst.
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Temperature (K) 293 313 333 348
a
(gc-lrl) 1.28 <102 | 2.04 <102 | 2.38 x10? | 6.23 x10?
b
(gél) 6.71 x10* | 6.96 x10* | 8.55 x10* | 2.04 <103
ks 17.18 26.86 33.68 36.97
(mol [mol Ti]?s?) ' ' ' '

a Equilibrium constant of DMMP adsorption;  equilibrium constant of water adsorption; © rate constant

of DMMP decomposition.

From the dependence of the kinetics parameters on the reaction temperature, the
heat of adsorption for DMMP and H20 (step 1 and step 2) as well as the apparent activation
energy for step 3 in the Langmuir-Hinshelwood model were assessed. The linear forms of
the Arrhenius (Eg. (7.10)) and van’t Hoff (Eq. (7.11 and 7.12)) equations were used to

obtain these quantities, as shown below,

1 TQ — - 110 (Eq 7.10)

where ‘O is the apparent activation energy (kJ mol™?), R is the gas constant (J K'* mol ), A

is the pre-exponential factor (mol [mol Ti] s%), T is the reaction temperature (K), and

a8 (Eq 7.11)

a8

(Eq7.12)

in which YO (kJ mol™?) and Y'Y (3 mol* K1) are the enthalpy and entropy
changes of DMMP adsorption, YO  (k molY) and Y'Y  (J mol* K1) are the enthalpy
and entropy changes of water adoption, respectively. Figure 7.8a shows the natural

logarithm of rate constants (E ) versus the inverse temperature for evaluation of the
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activation energy. Similarly, Figure 7.8b-c show the plots of natural logarithm of
adsorption equilibrium constants (0 and 0 ) versus the inverse temperature, from which
the adsorption enthalpy and entropy for both DMMP and H.O were evaluated. The
activation energy was estimated to be 11.84 kJ mol™, much lower than that of DMMP
photocatalytic decomposition on the Aeroxide®P25 catalyst*’®, reported as ~19.2 kJ mol-
! This can be attributed to the maximized light absorption capability of TiO, thin-films in
the UFPLA%®, The enthalpy and entropy changes of DMMP were found to be 21.63 kJ
mol™ and 36.83 J mol™ K, respectively. The positive value of enthalpy change indicates
the adsorption of DMMP on UFPLA is endothermic, while the positive value of entropy
change suggests that the DMMP is dissociatively adsorbed*®+4% on the UFPLA catalyst.
The enthalpy and entropy changes of H>O upon adsorption were obtained from the slope
and interpret of Eq. 7.12 and found to be 36.83 kJ mol™ and -10.81 J mol* K™%, respectively.
This suggests that the water adsorption is endothermic and involves an associative

mechanism?86-487,
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Figure 7.8 Arrhenius plot for DMMP decomposition (a), van’t Hoff plots for DMMP (b)
and water (c) adsorption in the Langmuir-Hinshelwood model used for kinetics analysis

of photocatalytic decomposition of DMMP over the 12-nm-TiO. UFPLA catalyst.

7.4. Conclusions

The ultrathin-film photocatalytic light absorber (UFPLA) were studied for the first
time for the photocatalytic DMMP decomposition. The UFPLA structure is comprised of
a TiOz thin-film and an Al reflector, sequentially deposited on a supportive glass substrate.
The nanocavity effect of the structure improves optical absorption in ultra-thin TiO2 films,
and thus maintains strong light absorption and charge carrier extraction efficiency for
efficient photocatalytic DMMP decomposition. Compared to the commercial

Aeroxide®P25 catalyst, an enhancement of 2013-fold in DMMP decomposition rate was
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achieved on the TiO2/Al UFPLA with 12-nm thick TiO2 film. The dependence of DMMP
decompositions on the reactant pressure and reaction temperature over the 12-nm-TiO-
thin-film UFPLA were examined. The collected decomposition Kinetics can be interpreted
by the Langmuir-Hinshelwood model. The initial kinetic parameters were analyzed based
on the Langmuir-Hinshelwood model, which can guide further understanding on DMMP

decomposition behavior over the new UFPLA structures.

188



Chapter 8: Conclusions and Future works

8.1 Conclusions

The 3D zeolites have been functionalized as molecular sieves and shape-selective
catalysts in petrochemical processes due to its intrinsic microporosity, uniform pore shapes
and narrow size distributions. However, it faced severe transport limitation when the
reaction involves bulky compounds. The small aperture of micropores in zeolite restricted
the reactants to access the internal active sites. This limitation has motivated my research
attempting to develop novel zeolite with enhanced accessibility. In this study, we aim to
synthesize 2D zeolites combining the structural features of microporosity and fast mass
transport properties of mesoporosity in a single material to overcome the limitation of
conventional microporous 3D zeolites and enhance the catalyst utilization for bulky
molecule reactions. The principle objectives of this work include: (1) direct synthesis
multilamellar TS-1 zeolite with long-range ordering structure and studying the influences
of several synthesis parameters, (2) pillarization of the multilamellar TS-1 to produce
pillared TS-1 with well-preserved mesoporosity and long-range order of zeolite nanosheet
layers, (3) evaluation of the quantification, distribution and performance of the Lewis acid
sites in 2D lamellar TS-1 zeolites, (4) synthesis of delaminated 2D zeolite nanosheets and
fabrication of ultrathin zeolite membrane, (5) one-pot preparation of Ti, Fe, Mo, W
containing 2D lamellar zeolites, and (6) fabrication of UFPLA and examination of the
catalytic behaviors in photocatalytic reactions.

In chapter 2, we developed a low-cost method to synthesize 2D TS-1 nanosheets
with multiple layers assembled in a long-range ordering structure. The influences of several

synthesis parameters, such as Cz2.6.6Br2 and CsDN concentrations, Ti precursor content and
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synthesis time, on structural and textural properties of multilamellar TS-1 nanosheets were
investigated. Pillaring of M-TS-1 produced pillared TS-1 (P-TS-1) with well-preserved
mesoporosity and long-range order of zeolite nanosheet layers. The physicochemical
properties of the M-TS-1 and P-TS-1 were studied and compared to conventional TS-1
zeolite. The presence of mesopores in P-TS-1 enhanced the accessibility of Lewis acid sites
and consequent catalytic performance in reactions involving bulky molecules.

After successful synthesis and pillarization of 2D multilamellar TS-1 zeolite,
following a similar pillarization procedure, SiO2/TiO: pillared TS-1 have been prepared.
These three 2D TS-1 zeolites have the same framework Lewis acidic Ti-sites. The
difference between M-TS-1 and Si-TS-1 is the latter one has higher mesoporosity, whereas
Si/Ti-TS-1 has Ti-species in the pillars besides higher mesoporosity compared to M-TS-1.
We quantitatively described the local environment of Lewis acid sites and evaluated site
reactivities in 2D lamellar titanium silicalite-1 (TS-1) zeolites. Detailed kinetic studies of
CgH14 epoxidation with H2O> discerned reactivity of external active Ti-sites in CgHus
conversion decreased with increasing mesoporosity due to decrease in acid site
confinement, while that of active Ti-sites in catalytic H.O> decomposition exhibited an
opposite trend because of increase in -OH groups and non-tetrahedrally coordinated Ti-
atoms. By decoupling the complete reaction network of CgH14-H2O- reaction, we evaluated
the local environments of Lewis acid sites in 2D TS-1 zeolites and the resulting catalytic
properties.

As the synthesis and characterization work indicated, the 2D MFI zeolite
nanosheets have a smaller than 5 nm thickness in b direction. Besides, these 2D zeolite

nanosheets consist of tunable constitutions (aspect ratio and orientation of micropore
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channels) and compositions (Si/Al molar ratio and surface functional groups), thereby
promisingly enable both architectural and compositional functionalities in
hydrophilic/hydrophobic membranes. However, considering the relative larger particle
sizes of multilamellar and pillared 2D zeolites, both of them are not appropriate precursors
to fabricate ultrathin zeolite membrane with the control of zeolite channel orientation. Thus
we need to exfoliate the zeolite nanosheet from 2D zeolite precursor and use the
delaminated zeolite nanosheet as seed via hydrothermal growth to fabricate ultrathin zeolite
membrane. Aiming to this target, we developed a top-down method starting from
multilamellar silicalite-1 zeolite through exfoliation and purification procedures to produce
delaminated Sicalite-1 zeolite nanosheets. The Sicalite-1 nanosheets have been used as
seeds to fabricate ultrathin MFI-type zeolite membrane on a U-shaped a-Al2O3 hollow fiber
support by seeding-secondary growth method. The fabricated ultrathin MFI-type zeolite
membrane exhibited an enhanced performance in ethanol/water pervaporation. However,
the abovementioned top-down MFI zeolite nanosheets fabrication methods are time-
consuming, costly and low-yield, which hindered its large scale production for industrial
applications. As a result, a bottom-up synthesis method was developed by using bis-
1,5(tripropyl ammonium) pentamethylene as SDA in an extremely diluted zeolite synthetic
gel to produce MFI zeolite nanosheets. Although, the bottom-up synthesis method can
produce zeolite nanosheets in large scale, the previous studies are only concentrated on
siliceous MFI zeolite nanosheets. This siliceous MFI zeolite nanosheets do not have any
Brensted or Lewis acidity, which hindered their applications in catalysis. Thus, we reported
the synthesis of titanium, iron, tungsten and molybdenum element incorporated MFI zeolite

nanosheets with large aspect ratios and nanometer-scale thickness in chapter 5. The
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physicochemical properties of the synthesized zeolite nanosheets were extensively
characterized by XRD, SEM, TEM and DRUV-Vis techniques.

Photocatalytic CO> reduction with water to hydrocarbons represents a viable and
sustainable process towards greenhouse gas reduction and fuel/chemical production.
Development of more efficient catalysts is the key to mitigate the limits in photocatalytic
processes. In chapter 6, we created a novel ultra-thin film photocatalytic light absorber
(UFPLA) with TiO2 films to design efficient photocatalytic CO. conversion processes. The
UFPLA structure conquered the intrinsic trade-off between optical absorption and charge
carrier extraction efficiency, that is, a solar absorber should be thick enough to absorb
majority of the light allowable by its band gap but thin enough to allow charge carrier
extraction for reactions. The as-obtained structures significantly improve TiO;
photocatalytic activity and selectivity to oxygenated hydrocarbons than the benchmark
photocatalyst (Aeroxide®P-25). Remarkably, UFPLAs with 2-nm-thick TiO2 films
resulted in an 1145 times higher hydrocarbon formation rates in comparison to
Aeroxide®P25. This observation is confirmed by femtosecond transient absorption
spectroscopic experiments where longer charge carrier lifetimes are recorded for the
thinner films. The current work demonstrated a powerful strategy to control light
absorption and catalysis in CO. conversion and, therefore, creates new and transformative
ways of converting solar energy and greenhouse gas to alcohol fuels/chemicals.

In chapter 7, we employed the UFPLA in the application of decomposition of
chemical warfare agent simulant, dimethyl methylphophonate (DMMP) vapor. The
TiO2/Al UFPLA significantly boosted TiO> photocatalytic activity compared to the

benchmark Aeroxide®P25 catalyst (i.e., up to 2013 times increase in reaction rate). The
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effects of reactant (i.e. DMMP, water and oxygen, respectively) partial pressure and
reaction temperature on photocatalytic decomposition of DMMP by the ultrathin-film TiO;
photocatalytic light absorber were studied. Kinetic data of the DMMP decomposition can

be described by the Langmuir-Hinshelwood model.

8.2 Future Works
(1) Ultrathin TS-1 zeolite membrane in photocatalytic water purification treatment
Modern life style has led to the serious environment pollution. In current decade,
at least 1.2 billion people do not have access to safe drinking water, and millions of people
die from diseases transmitted through contaminated water every year.*®® Low-technology
chemical (e.g. adsorption, chemical oxidation) or biological treatments were implemented,
however they fail to remove the majority of organic pollutants because of their high
resistance.*® In comparison, high-technology membrane technique offers a solution for the
development of novel separation processes in water clean-up treatment. However, it still
exhibited significant deficiencies in permeability, selectivity, fouling resistance, and
chemical stability. Therefore, it is crucial to create a new-generation membrane reactor
technique to overcome existing issues and high selectivity without deteriorating
permeation flux. As a combination of the membrane filtration and photocatalytic oxidation
techniques, photolytic membrane reactor can achieve separation and contaminants
decomposition at same time by using the clean solar energy. The synthesized delaminated
TS-1 zeolite can act as a photocatalyst in photocatalytic organic compounds decomposition.

Considering organic compounds are one of the major pollutants in contaminated water
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source, TS-1 membrane can be fabricated and potentially applied as a photocatalytic
membrane reactor in water purification processes.

2D zeolite nanosheets with the third dimension corresponding to 1-2 unit cells (<5
nm) were attracted tremendous interests in ultrathin zeolite fabrication. As discussed in
chapter 2 and chapter 4, when TS-1 zeolite nanosheets were deposited on the surface of the
support material, the MFI zeolite straight channel will be perpendicular to the surface and
as a consequence, the permeability will reach maxima. Based on the molecular dynamics
simulations result, the total flux is more than three orders of magnitude higher than
currently available membranes.*®® After the seed deposition process, a secondary zeolite
growth process will be carried out to seal the intra-nanosheet defects and/or inter-nanosheet
gaps to fabricate a continuous and defect-free membrane. The characteristics of the
assembled zeolite membranes will be assessed by a full range of structural
characterizations to understand the membrane synthesis-structure correlations. The overall
membrane performance will be evaluated by measuring the water permeability,
contaminant decomposition, fouling resistance, and long-term stability in photocatalytic

water purification processes.

(2) Understanding differences in textural and Lewis acidic properties of 3D and 2D TS-1
zeolites

Hierarchical zeolites, consisting of dual meso-/micropores, have shown remarkable
catalytic performance for reactions involving bulky molecules in the past decades. Among
the hierarchical zeolites, 2D zeolite nanosheet and its assembly structures are unique. The

assembly increases the external surface area by introducing interlayer mesopores. Such
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structures markedly increase the accessibility of reactant to the active sites and at the same
time retain the microporosity within zeolitic layers. The synthesis of TS-1 nanosheet
structures, including unilamellar, multilamellar and pillared architectures, have been
discussed in chapter 2, 3 and 5. Besides the above studies on the synthesis of 2D TS-1
zeolites, quantitative assessment on the local environment and catalytic behavior of Lewis
acidic Ti-centers is also needed. Comparing to those established for Brensted acidity in 2D
zeolites, quantification of Lewis acidity, local Lewis acid site environment and activity in
catalytic reactions are limited. In chapter 3, we have characterized the acid site local
environment including coordination status of Ti-atom, speciation of hydroxyl group that
hints for the degree of acid site confinement, site strength, accessibility to bulky molecules,
and activity of Lewis acidic Ti-sites, in hierarchical 2D TS-1 zeolites that include
multilamellar TS-1, SiOz-pillared TS-1 and SiO2/TiOz-pillared TS-1. The combination of
spectroscopic measurement, organic base titration and in-situ poisoning of catalytic
epoxidation of cyclooctene with hydrogen peroxide has also been applied in quantitative
Lewis acidity analysis. However, the Lewis acidic property on unilamellar TS-1,
synthesized by dC5 structure-directing agent, has never been reached before.

Figure 8.1 shows the schematic structures of hierarchical 2D lamellar M-TS-1, Si-
TS-1, Si/Ti-TS-1 and U-TS-1 zeolites, together with 3D TS-1 for comparison. M-TS-1, Si-
TS-1, Si/Ti-TS-1 zeolites are derived from the same precursor, i.e. M-TS-1(P). The M-TS-
1 zeolite was obtained by direct calcination of M-TS-1(P), while Si-TS-1 and Si/Ti-TS-1
zeolites were obtained by pillaring of M-TS-1(P) using SiO2 and SiO./TiO, pillar
precursors, respectively. Therefore, these three 2D TS-1 zeolites have the same Lewis

acidic Ti-sites in their 2D zeolitic layers as those of M-TS-1(P). The difference between

195



M-TS-1 and Si-TS-1 is that the latter has a long-range ordering of 2D layered zeolitic
structure and thus higher mesoporosity due to intercalation of SiO: pillars between adjacent
zeolitic layers, whereas the M-TS-1 loses the long-range ordering of zeolitic layers and has
a lower mesoporosity due to partial collapse of 2D zeolitic layers during calcination. The
Si/Ti-TS-1 contains Ti-species in the SiO2/TiO; pillars besides those derived from the
zeolitic layers of M-TS-1(P). It also has a higher mesoporosity compared to M-TS-1. The
U-TS-1 with larger lateral dimension was prepared by using bis-1,5(tripropyl ammonium)
pentamethylene diiodide as SDA in an extremely diluted zeolite synthetic gel under
hydrothermal condition. It should be noticed that all these four hierarchical 2D TS-1

zeolites have higher mesoporosity than the 3D C-TS-1 zeolite.

[
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Figure 8.1 Schematic representation of the synthesized C-TS-1, M-TS-1, Si-TS-1, Si/Ti-

TS-1 and U-TS-1 samples, respectively.

In chapter 3, we have systematically studied the Lewis acidity property of three
synthesized 2D lamellar TS-1 zeolites, such as multilamellar TS-1, SiO; pillared TS-1 and
SiO/TiOz pillared TS-1. As a result, we quantitatively described the strength and local
environment of these sites, and evaluated their cyclooctene epoxidation reactivities. The

quantity, strength and accessibility of Lewis acidity centers were assessed by organic base
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titrations. The catalytic behaviors of external (i.e., in mesopores and on external surface)
and internal (i.e., in micropore) acid sites were evaluated by rigorous kinetics analysis of
cyclooctene epoxidation with hydrogen peroxide. In chapter 5, we have synthesized
another type 2D lamellar TS-1 zeolite, named as unilamellar TS-1 zeolite. Although the
structural and textural properties of unilamellar TS-1 nanosheets were well investigated,
the studies of acidity property and catalytic behaviors are insufficient. With the developed
Lewis acidity analysis methodology in chapter 3, we can evaluate the Lewis acidity
property in unilamellar TS-1 nanosheets. The Lewis acid site concentration and distribution
will be measured by pyridine titration and MPA in-situ poisoning of catalytic epoxidation
of cyclooctene with hydrogen peroxide, respectively. Activity for each individual Lewis
acid site on U-TS-1 zeolite will be examined by the same kinetic analysis on cyclooctene
epoxidation reaction, established in chapter 3. As a result, the acidity property differences
among 2D TS-1 zeolites, which are unilamellar, multilamellar and pillared TS-1 zeolites,

can help us establish the correlation between zeolite structure and acidity property.

(3) Applications for 2D W-MFI and Mo-MFI zeolites in methane upgrading

Methane, as an abundant hydrocarbon source on earth and the main constituent of
natural gas, has been deemed to be an alternative source to replace crude oil in the future,
due to its abundant availability, low price and low environmental impact. The conversion
of methane into higher hydrocarbons is one of the most desirable goals in current chemical
industry. Nowadays, several methane upgrading techniques have been developed, such as
indirect methane conversion consisting of methane reforming to syngas followed by

consequent conversion to fuel and chemicals, and direct methane conversion, namely
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oxidative coupling of methane (OCM) and non-oxidative direct methane aromatization

(DNMC), as shown in Figure 8.2.

Benzene
* By non-oxidative direct methane aromatization (DNMC)

* C, hydrocarbon
+ By oxidative coupling of methane (OCM) H\C - C/H

+ By high temperature coupling of methane p -~ Direct

methods

Indirect
methods

+ Syngas (CO+H,)
* By steam reforming of methane
CH4+H,0-CO0O+3H,
Methane — + By partial oxidation of methane
CH4+1/20,C0O+2H,
* By oxy-steam and/or CO, reforming of methane
CH,+C0O,—2C0+2H,

Syngas — Methanol — Hydrocarbons

I—. Hydrocarbons or Oxygenates (by FT synthesis)

— Methanol/formaldehyde, carbon disulfide, methyl chloride, etc

—— Carbon and Hydrogen

Figure 8.2 Overview of the methane conversion pathways.

In the indirect synthesis pathways, the well-established Fischer-Tropsch synthesis
is the only commercialized and state-of-art techniques in conversion of methane to useful
hydrocarbon. However, the Fischer-Tropsch process and the subsequent conversion of
syngas to fuels and chemicals include many energy intensive intermediate steps and require
harsh conditions, like high temperature and high pressure. Besides, it also suffers from the
high capital cost, less valuable carbon monoxide/carbon dioxide side products and low
carbon efficiency issues. Intensive research efforts have been attempted to find a direct

conversion of methane operated at mild conditions to pave a cost-effective pathway. To
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address this challenging issue, the exothermic, single-step OCM was first introduced by
Keller and Bhasin in 1982 to obtain direct methane conversion with the assistance of
reactive oxygen to break down the extremely stable C-H bond and form the world’s largest
commodity chemical, ethylene. Beside, in the year of 1993, the catalytic DNMC process
was first reported by Wang et al. using a Mo-loaded MFI catalysis to produce various C2
and aromatics. So far, Mo, Re, W, Fe, Zn, Cu, Mn, Ni, Cr, V and Ga loaded zeolite catalysts
have been tested in the direct methane conversion reaction, among which the Mo loaded
catalyst shows the best catalytic performance, followed by Re and W.

Despite high activity and selectivity on Mo/MFI catalyst in the DNMC reaction,
but it suffers from a rapid deactivation within a few hours due to fast accumulation of coke.
It has been reported that the presence of mesopores in MFI zeolites could lead to higher
accessibility of active sites, better accommodation of aromatics and faster diffusion of
products and thus improve stability and performance of the Mo/MFI catalyst in the DNMC
reaction.

Based on this propose, introduction of mesoporosity and suppression accumulation
of coke in DMNC reaction, we have designed and synthesized 2D Mo-MFI and W-MFI
nanosheet, comprising both mesoporosity and microporosity, in chapter 5. The unit-cell-
thick zeolite nanosheets, which can shorten the diffusion length for reactants or products,
spontaneously suppress coke formation and extend the catalyst lifetime, were a potentially
ideal catalyst for methane upgrading reaction. Therefore, in the future, we would like to
evaluate the catalytic performance of 2D Mo-MFI and W-MFI nanosheet catalysts in the

methane upgrading reaction and reveal the corresponding reaction mechanism.
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Appendix A: Rate equation derivation for CgHi4 and H,O, conversion

Reactions of the bulky cyclooctene reactant is limited to the external surface of the
TS-1 zeolite, as shown by the absence of epoxidation reaction when TS-1 samples were
selectively deactivated by MPA addition in Figure 3.10. The H20O> decomposition, however,
took place via three parallel pathways (Figure 3.12). The H20. decomposition occurred on
both external and internal Ti-sites in TS-1 catalyst samples.

In the reaction, CgH14 and H2O> were consumed simultaneously, so the epoxidation
of CgHa4 follows the second order kinetics. The rate equation is,
i ——— N 0Q 6 0 (Eq Al)
where i is the reaction rate (mol L s?), 6 is the cyclooctene concentration in
solution (mol L), 6 is H20, concentration in solution (mol L), t is the reaction time
(s), '@ s the rate constant (per external surface Lewis acid site, (L mol™) [mol Tiex]™ s
1, 0 (mol Ti) is the total moles of active Ti-sites present in the batch reactor, and "Q;
is the degree of external Lewis acid Ti-sites. If we define "Q  as the fraction conversion
of cyclooctene in the reaction, the local concentration of cyclooctene is O
0 p Q , Where 0 is the CgHu4 initial concentration in reaction. The
reaction stoichiometry in equation (Eq Al) shows that the local concentration of H20:
should be 0 0 0 "Q . However, the study shows that H»O, was
consumed not only by epoxidation reaction with cyclooctene, but also by non-catalytic
thermal decomposition in the absence of catalyst and catalytic decomposition on the

catalyst. Therefore, the local concentration of H202 needs to be determined by considering

three parallel reactions, as shown in Figure 3.12.
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In order to study the contributions of non-catalytic thermal decomposition and
catalysis by active Ti-sites to H2O> consumption in the epoxidation reaction conditions,
control experiments were conducted in the absence of both cyclooctene and TS-1 catalyst
and in the absence of cyclooctene, respectively. The kinetic data under both reaction
conditions can be described by the first order kinetics. Therefore, the rate equation for H20-

consumption is,

N ’m 0 o iy 14 Yy o 174 7, o »n o 1
| Jé‘;; Q6 Qf 06 Q 0Q 6 6
(Eq A2)
where i is the reaction rate (mol L™ s%),"Q  is the rate constant for H.02

non-catalytic thermal decomposition (s'), Q  is the rate constant for H20:

decomposition on catalyst (per Lewis acid site, [mol Tiww]* s?), and 6 is the

i i i : . Wq o
cyclooctene concentration in solution (mol L™?). The subscript “1-2-3” in —Q%JQ‘;;
term in this equation represents the consumption rate of H.O> due the reaction pathways
(1), (2) and (3) in the reaction. The rate equations for catalytic decomposition and non-

catalytic thermal decomposition of H20- are,

(IS —— Q4 0O (Eq A3)
[ —— Q4 6 (Eq A4)
The ——— and ————inequations (Eq A3) and (Eq A4) stand for H20>

consumption rates due to the reaction pathways (2) and (3), respectively, in Figure 3.12.
The rate for non-productive H20. consumption (due to both thermal and catalytic

decomposition, i i i, mol L s1) in the absence of CgH14 is
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i M M — Q4 0 Qr 0O (Eq A5)
in which the subscript “2-3” in %L’E‘-;—" term represents both reaction pathways (2) and

(3) contribute to the rate of i M r  Inthe reaction. Integration of equations (Eq

A4) and (Eq A5) gives the H2O2 concentration in solution as a function of time (t),

ae—— Q4 0 (Eq A6)
ae——— Qi Qr 0 0 (Eq A7)

The rate constant Q ; in s is determined from the H.O, versus time
measurements (Figure B1(b)). Similarly, thesumof ' Q y  "Q ; 0 iscalculated from
the kinetics data in Figure B2(b), (d), (f) and (h).

In order to solve for Q , equations (Eq A1) and (Eq A2) are rewritten as shown

below,
| — Q0 0 (Eq A8)

i — 06 Q5§ (Eq A9)

inwhich™@ Q 0 Qg andQ 71Q ; ‘Q ; 0 . Division of equation (Eq A8)

by equation (Eq A9) gives,

(Eq A10)

The equation (Egq A10) can be rearranged into,

p D (06 (Eq A11)
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Integrating both sides of equation (Eq A11) and applying the boundary conditions att =0
sand t =ts (see equation (Eq A12) below), this yields the correlation between local CgHa4

and H20- concentrations versus reaction time (equation (Eq A13)).
— pD® . P (Eq Al12)
o) o) o) o) — T— (Eq Al3)

From the experiment conditions, it is known that 6 and 0  are 0.567 and
0.283 mol L%, Thus, the rate constant 'Q in (L mol™) [mol Tiex]™* s is determined from

the kinetics data shown in Appendix B below.
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Appendix B: Kinetics data and analysis for CgH14 and H,O, conversions

B.1. Non-catalytic thermal decomposition of HO2 reactant
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Figure B1. (a) H202 conversion as a function of reaction time in the first control
experiment (i.e. absence of catalyst and cyclooctene). (b) Data analysis for determination

of rate constant of non-catalytic thermal decomposition of H20..

To measure the contribution of non-catalytic thermal decomposition of H>O» to its
consumption in CgH14 epoxidation, we did control experiment by running the reaction at
the same condition as that in epoxidation reaction. In brief, 0.255 g H20> (30wt % aqueous
solution) and 8 cm? acetonitrile were added into a 20 cm?® thick-walled glass reactor sealed
with crimp tops (PTFE/silicone septum). After sealing the reactor, it was placed into a pre-
heated (333 K) copper cylinder shape incense holder and kept for desired reaction time. Figure
B1(a) shows the conversion versus reaction time. The conversion data can be modeled by
the first order kinetics. The linearization of the kinetics data is shown in Figure B1(b). The
slope the linear plot is 1.81 x 1072. Therefore, the rate constant of H,O, thermal

decomposition (Q  )is5.03x 10%s™,
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B.2. Non-productive catalytic decomposition of HO2 reactant
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Figure B2. H,O> conversion as a function of reaction time over (a) C-TS-1, (c) M-
TS-1, (e) Si-TS-1 and (g) Si/Ti-TS-1 catalyst and their corresponding plots (b), (d), (f), (h)

for determination of reaction rate constants in the second control experiments.

The Ti-sites could catalytically decompose H>O2, but this conversion does not
contribute to the epoxidation reaction of CgHus. In order to determine this type of
unproductive H2O, decomposition, the second control experiment (same as the first control

experiment except that catalyst was added) was conducted. Figure B2 shows the H20-
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conversion versus the reaction time over each TS-1 catalyst. The linearization of each set

of kinetic data is shown in Figure B2(b), (d), (), (h), respectively.
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B.3. Catalytic conversion of cyclooctene reactant in epadation reaction
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Figure B3. Cyclooctene conversion over (a) C-TS-1, (b) M-TS-1, (c) Si-TS-1 and

(d) Si/Ti-TS-1 catalyst as a function of reaction time.
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B.4. Catalytic conversion of HOz2 reactant in epoxidation reaction
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Figure B4. H20O> conversion over (a) C-TS-1, (c) M-TS-1, (e) Si-TS-1 and (g)
Si/Ti-TS-1 catalyst as a function of reaction time, as well as the linearization of kinetic data

((b), (d), (), (h)) for determination of epoxidation rate constants.
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Appendix C: Derivation of rate equation for DMMP decomposition over

UFPLA via the Langmuir-Hinshelwood mechanism

Scheme S1 shows the elementary reaction steps in the proposed Langmuir-
Hinshelwood mechanism. First of all, DMMP and water undergo equilibrium adsorption
on active sites of the catalyst to form H.O* and DMMP* species, respectively (steps 1 and
2). Activated DMMP* and H,O* then react to form adsorbed methylphosphonate (MMP¥*)
and methanol (RLS, step 3). Simultaneously, MMP* desorbed from the active site on the
catalyst (steps 4). Since the Kinetics data were collected from the first 10% disappearance
of the starting reactant, the effects of reaction intermediates or products on the initial
decomposition kinetics can be ignored. Therefore, the contribution of reaction step 4 and
the following steps, decomposition from methylphosphonate to further products, such as
methylphosphonic acid (MPA) and phosphoric acid (HsPOas), were excluded from the

model in the rate equation derivation.

Step(1):$- - 02zP $- -0°

Step(2): ( /  zP ( /°

Step(3):$ - -0° (/O - -0° #( | ((RLS)
Step (4):- -0°P - - 0 2

Schemel. Elementary steps in Langmuir-Hinshelwood reaction mechanism in

photocatalytic DMMP decomposition.

On the basis of step (3) in Scheme 1, the rate for DMMP decomposition (i , mol s?)

is,
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i EJ e %R p
where ks (mol [mol Ti]2 s?) is rate constant for DMMP decomposition in step (3), [ :
(mol) and [ - (mol) are the amount of active sites covered by DMMP and H:0,

respectively. When quasi-equilibrium approximation is applied to steps (1) and (2), we can

solve for [ =and]  z, separately.
O EP [. EJ =« m % o

where O (mol s?) is the rate for DMMP adsorption, O (mol s?) is the rate for water
adsorption. Therefore, [ : + D [.and [ + D  [., where K; (Pa?)
and Kz (Pa?) are the equilibrium constants for the adsorption of DMMP (step 1) and H20
(step 2), respectively, (Pa) is DMMP partial pressure, [ . is the amount of free
active sites that have not been adsorbed by DMMP or H.O, 1}  (Pa) is water partial
pressure, ki (Pa! st) and k.1 (s) are the forward and backward reaction rate constants in
step (1) while ko (Pa* s) and k-, (s*) are the forward and backward reaction rate constants

in step (2). The DMMP adsorption equilibrium constant and the water adsorption

equilibrium can be definedas+ —and+  —, respectively.

From the site balance equation, the total amount Ti site can be expressed as

/ [- ] - = . +n  J. +n [. %R T
Considering the MMP desorption (step 4) is a fast reaction step and the DMMP

conversion is low, thus the contribution of [ - is negligible. We can solve for [ .,

/ :,and[ - respectively.

[ - % ¥ v
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where | (mol) is the amount of total Ti active sites on the catalyst. Therefore, the rate

law for DMMP decomposition is,

. . E+ + 1) n J ~
(@) E z z - - % &
b p o+ +n v

C.1. Derivation of rate equation for DMMP decomposition at constant water pressure

When 1  is fixed and in excess amount, is the variable, Eq.S5.8 can be
written as,
E++7 .
5 T
p +n +n
O 0 E+ +
n n J p o+ + 1
n — P+ + 1
o) N E+ +
n p +1 + 1
O E++n J
+ 7 + 7 -
N 0 P 70 %R @
@) E++n | E++n |
Plot out Versus n

, the slope (S1) and intercept (1) can be expressed as:
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C.2. Derivation of rate equation for DMMP decomposition at constant DMMP

pressure
When 1) is fixed, 1 s the variable, Eq.C8 can be written as,
n T P+ + 1
O E+ +
n P+ + 1
O Ev+n |
n + 1 p +n
0 Ev+n | E++n |
Plot out versus N, the slope (S2) and intercept (I2) can be expressed as:
Y i % I
= ol p q
E+ + 1 |
+ 7 9
0 _ P n % p o
E+ + 1 ]

Solve + ,+ and E

Y o+ A ;
Y — ; % pT
@ p +0 n op R

— S Yoldt p v
@ p *n n P
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whererp  =1186.51 Paand 1 = 7.09 Pa. By solving Eg. C14 and Eq.C15,

the values of + , + and E at different reaction temperatures are shown in Table 7.2.
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Appendix D: Derivation of rate equation for DMMP decomposition over

UFPLA via the Eley-Rideal mechanism

In this mechanism, DMMP is adsorbed on the active sites of the UFPLA catalyst to
form surface adsorbed DMMP species, DMMP* (step 1). This is followed by the
substitution of DMMP* by water to form adsorbed MMP* species and vapor-phase
methanol (rate limiting step (RLS), step 2). The adsorbed MMP* species subsequently
desorb and regenerate surface active species (step 3). Scheme S2 shows the reaction
equation in each step of this mechanism.

Step(1):$- - 02zP $- -0

Step(2):$- -0° (/O - -0° #( /| ((RLS)
Step(3):- -0°P - - 0 2

Scheme 2Elementary steps in Eley-Rideal reaction mechanism in photocatalytic

DMMP decomposition.

Since step 2 is the RLS, the DMMP decomposition rate (O ) is written as,

o} = ) % p
where kz (mol s Pa [mol Ti]?)is the rate constant of DMMP decomposition in the RLS,
0  (Pa) is water pressure and [ . (mol) is the amount of active sites by adsorbed
DMMP on the catalyst. Under the quasi-equilibrium approximation, step (1) can be written
as,

O ENf [. E [ ;T

where O (mol s) is the rate for DMMP adsorption. Therefore,
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E .
I z + h IZ + E_ %m C
where K; (Pal) is the DMMP adsorption equilibrium constant, 1) (Pa) is DMMP
pressure, [ . (mol) is the amount of free active sites on the catalyst, ki (Pa* s) and k1 (s

1y are the forward and backward reaction rate constants in step (1).

From the site balance equation,

/ [- ] « J. +n [ %85 o
We can solve for [ . and [ =, respectively.

| ~
J: ———— %&b T

p +n

+f -
[ . d i ] %&b v

p +n

where | (mol) is the amount of total active sites on the catalyst. Therefore, the rate law

for DMMP decomposition is,
. . . E+n n J .
@] E : - % ISh
| n o+ 1 ¢

D.1. Derivation of rate equation for DMMP decompsition at constant water pressure

Whenny  is fixed and in excess amount, Eq.S6.6 can be written as,

P P _+tN P P o
- . Yo ISh
6 E+n A J  E+a A [  Enq | X
Plot out Versus , the slope (S1) and intercept (I1") can be expressed as:
Yoo P %R Y
E+n |
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D.2. Derivation of rate equation for DMMP decomposition at constant DMMP

pressure
When n is fixed, Eq.S6.6 can be written as,
. E+n ) ‘ .
0] - %8 p T
o+ n p
Plotoutr]  versus O , the slope (S2’) and intercept (I2”) can be expressed as:
E+ 1 ) .
"Yee - % ISh
0+ 1 PP
"Ce T %I p ¢
wherery = 1186.51 Pa and = 7.09 Pa. The plot of O versus ] neither

has the zero intercept nor has a poor linear fitting with a zero intercept. Therefore, the Eley-

Rideal model is not a proper model for the observed kinetics on the UFPLA catalysts.
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