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Exploring the Chemical Modifications in Periodic Mesoporous Silica Materials for Heterogeneous
Catalytic Applications

1.1 Catalysis

Catalysis and catalytic process have a considerable impact on almost everything in the day-to-
day life of humankind.! As rightly said by Wilhelm Ostwald, “there is probably no chemical

»2 The term ‘catalysis’ describes the process in

reaction which cannot be influenced catalytically.
which the rate and the outcome of a chemical reaction are influenced by the substance called
catalyst which is not consumed during the process. Swedish chemist Berzelius first coined the
term in 1836 to describe a new force operating to carry out a chemical reaction, and the term was
derived from Greek which means ‘to loosen.” Later in 1925, Sabatier and Taylor revealed the
significance of specific sites on the catalyst surface, which behave as catalysts in reactions.” A
catalyst offers an alternative reaction pathway compared to non-catalyzed reactions by lower

activation energy resulting in a faster reaction rate.

' Activated complax
Reactants Products

Activation
energy

ncatalyzed
reaction

Energy
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29%a8
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Figure 1.1: Energy profile diagram for the catalyzed and uncatalyzed reaction.’

The role of catalyst in a chemical reaction is depicted in the energy profile diagram shown in
Figure 1.1. Compared to an uncatalyzed reaction, the catalyzed reaction chooses for a lower
energy pathway by minimizing the activation energy of the transition state, whereas, irrespective
of the reaction route, the overall energy of the reaction maintains the same. Hence, by choosing a
reaction-specific catalyst, the catalytic conversion and selectivity can be efficiently accelerated
and tuned in a chemical process. Generally, the catalytic reactions are categorized into

homogeneous, heterogeneous, and biocatalysis (considered a separate branch).
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1.2 Homogeneous Catalysis

In homogeneous catalysis, the catalysts and reactants exist in the same phase, which possesses
special features like easy accessibility of active catalytic sites and high selectivity towards the
desired product.* But there exist some significant issues in the process like the difficulty in
catalyst separation, regeneration, corrosion, and the large amount of solid wastes, which bothers
in their industrial applications. Most industrial processes are highly dependent on homogeneous
catalysis, including reactions like polymerization,” ® and hydroformylation.” Majorly, the branch

homogeneous catalysis is dominated by the coordination and the organometallic complexes.

1.3 Heterogeneous Catalysis

In heterogeneous catalysis, the catalysts and reactants exist in different phases, exhibiting unique
characteristics like easy separation, minimum waste production, better thermal and mechanical
stability, highly recyclable, and easy handling compared to their homogeneous counterparts.®
Among the well-known examples for the heterogeneous catalytic process includes the finely
divided iron in ammonia synthesis through the Haber process and the synthesis of sulfuric acid
using the vanadium oxide in the contact process.” The ability of the solid catalyst surface to
break and make chemical molecules in different phases is the basis of this phenomenon. The
heterogeneous catalysts are primarily supported systems where the main constituent is
immobilized or stabilized on a second material called supports. Since the catalyst surface plays a
critical role in the process, the highly porous materials with a high surface area are much more
attracted than the nonporous materials in the industrial catalysis, enhancing the optimum
dispersion of the active centers.'’ This catalytic process involves the fundamental steps where the
reactants diffuse and adsorbs on the solid catalyst surface, followed by their chemical
interactions with the surface to undergo the chemical reaction to form desired products and
finally the product desorption from the catalyst and regeneration for the next cycle. The nature of
the support materials influences the catalysis by altering the rate of chemical reaction by varying
interactions of the reactants with the supported catalysts. Hence, in short, the significant

components in heterogeneous catalysis are the active sites (usually metals) and supports.

1.4 Nanocatalysis

Nanocatalysis is one of the emerging sub-fields in nanoscience which utilizes the nanomaterials

as catalysts capable of integrating the benefits of both homogeneous and heterogeneous
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catalysis."' The nano-sized particles can mimic the homogeneous catalysts due to their increased
exposed active centers, enhancing the interaction between the reactant molecules during
catalysis. The insolubility of nanocatalysts in the reaction medium offers the effortless isolation
of products and makes the process heterogeneous in nature. The nanocatalysts performance, such
as activity and selectivity, can be tuned by altering the physical and chemical properties like
composition, size, shape, and morphology. The scientific challenge associated with the synthesis
of nanocatalysts with controlled physical and chemical properties has been overcome by the
advancement in nanotechnology.'? Nanocatalysts render selective and rapid chemical

transformations with durability and recoverability due to homo- and hetero- catalysis advantages.
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Figure 1.2: Schematic showing the dependence of particle size on band gap."

Generally, the metal nanoparticles (NPs) are used as catalysts for most chemical reactions, where
the nanocatalysts behave as ‘semi-heterogeneous’ catalysts owing to their unique properties. The
special characteristics of metal NPs originate majorly from the reduction in the particle size to
the nano-regime. The quantization effects come visible in the nano regime due to the emergence
of discrete electronic states and many under coordination sites that act as the site for catalysis

(Figure 1.2). The evolution of discrete energy levels in the small-sized NPs improves diverse

Ph.D Thesis; January-2022: CSIR-NCL; Chapter-1 Page 4



Exploring the Chemical Modifications in Periodic Mesoporous Silica Materials for Heterogeneous
Catalytic Applications

physical and chemical properties compared to its bulk counterparts. The modified geometric and
electronic effects in these NPs display unprecedented catalytic performance in terms of

conversion and selectivity as compared to the bulk material.

1.5 Metal Nanoparticles in Catalysis

The major components in a nanocatalyst are the metal nanoparticles and support to catalyze
diverse chemical reactions. Both noble (Au, Pt, Pd, Ru, etc.) and non-noble (Co, Fe, Cu, Ni, etc.)
transition metal NPs constitute nanocatalysts' major section, catalyzing enormous industrially
critical chemical transformations due to its unique property to showcase multiple oxidation
states.'*!” The tunable catalyst properties like activity and selectivity can be achieved by altering
the oxidation state of metal NPs, size, shape, composition, and support materials.'®*' Along with
the metal NPs, bringing down the bulk support to the nano regime can impart major

enhancement in the catalysis.zz’ 3

By decreasing the particle size of catalytically active
component results in an increase in the S/V ratio (surface to volume) leading to large fraction of
under coordinated sites that act as catalytic hot spots. This also help to reduce the high
consumption of high-cost of catalytically active components.”* *> The exposed NP facet also
alters the rate of reaction by offering different adsorption modes of reactants on the active metal
sites.”®?” The edge and corner atoms of NPs are considered more active compared to that on the
terraces, and their count is inversely proportional to the metal NPs size. Hence, controlling the
metal NPs size is critical to obtain significant catalytic activity. Among the various
methodologies available for the synthesis of metal NPs, bottom-up and top-down approaches are
fundamental. In bottom-up methodology, metal NPs are synthesized from their precursor using
chemical way, whereas, in a top-down approach, the bulk material is torn into NPs in physical
ways. Among these methods, the bottom-up approach is mainly implemented for the metal NPs
synthesis with stabilizers and capping agents to control the size and shape of NPs. These metal
NPs are relatively unstable under the thermal and other reaction conditions due to the high
surface energy at smaller sizes, leading to a phenomenon called sintering (particle growth),
which will decrease its catalytic activity. Sintering can be overcome by immobilizing or
stabilizing the metal NPs on solid support materials, suitably porous supports like metal oxides,

silica, carbonaceous materials, etc., can lead to a synergistic effect between the NPs and the

Ph.D Thesis; January-2022: CSIR-NCL; Chapter-1 Page 5



Exploring the Chemical Modifications in Periodic Mesoporous Silica Materials for Heterogeneous
Catalytic Applications

support, which is mentioned chiefly as SMSI (strong metal-support interaction) which finely

tune the catalyst performance in terms of selectivity, conversion, and stability.

1.6 Porous Support Materials

Porous solids are favorable candidates as catalyst support in heterogeneous catalysis. Mainly
they are classified into two depending on their pore size and building framework (Figure 1.3).
According to the [UPAC, based on the pore size, porous materials can be classified as micro (<2
nm), meso (2-50 nm), and macro (>50 nm).** Again, depending on the building framework can

be classified as purely organic, inorganic-organic hybrid, and purely inorganic materials.

Classification of porous materials

Depending on pare size

Depending on building

framework
Micropoorus  Mesoparous Macroporous
<2nm 2-50 nm >50nm
SM-5 MCM-41 Sponge | Y
Purely inorganic  Organic Inorganic Purely
hybrid organic
Silica MOF organic
porous polymers|

Figure 1.3: Schematic showing the classification of porous materials (slideshare.net).®
The major portion of the heterogeneous catalyst is the support material, where the active metal
phase is well dispersed. The most extensively studied support materials are SiO,, Al,O3, metal
oxides like CeO,, TiO,, transition metal oxides, etc. Catalyst support materials can be divided
into active and inactive supports based on their role in catalysis. Mostly the transition metal-
based oxide supports are considered active supports due to their variable oxidation state as well
as better SMSI with the metal NPs. The supports like silica, alumina, and carbon are inactive
support due to their poor interaction with the metal NPs. SiO, and Al,O; materials are widely
utilized in heterogeneous catalysis due to their easy availability, less expensive, ease in bulk

synthesis, and high thermal stability. The use of zeolites having micropores in shape-selective
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catalysis has made evolution in porous materials and is well utilized for industrial catalysis.
Their tiny pores brought disadvantages in the liquid phase reactions, which forced designing
hierarchical material with large pore sizes in the nanoscale regime. The macroporous materials
with low surface area and pores of wide size range were found not a suitable support candidate
for the liquid phase reactions. These shortcomings led to the discovery of ordered mesoporous
materials, where, surfactant-directed cooperative self-assembly method was extensively utilized
for the mesoporous silica materials. Mesoporous solids displayed better diffusion of reactants
and products in liquid-phase reactions. Among these, ordered mesoporous silica materials
showed intrinsic textural properties like the high density of surface silanol groups, narrow pore
size distribution, high surface area, high thermal stability, good adsorption capacity, etc.”’ The
discovery of MCM-41,3 % SBA-15 ,31 and PMO,32'3 * based periodic mesoporous ordered materials

brings a breakthrough in materials chemistry and heterogeneous catalysis.

1.7 Hvbrid Mesoporous Silica Materials

Hybrid mesoporous materials take advantage of the properties of both inorganic support as well
as the organic component. The hybrid silica materials can be synthesized either by integrating
heteroatoms into the silica framework by the isomorphic substitution (Ti, Al, W, etc.) or by the
covalently binding of the organic functionality either into the framework or as the surface silanol

functionalization.>>®

The polymeric silica framework provides structural order, thermal and
mechanical stability, where the incorporated organic species permit versatile control of
interfacial and bulk material properties like porosity, hydrophobicity, and electrical, optical, or
magnetic properties. Organic functionalization of the internal surface of a silica host can be
achieved either by covalently grafting various organic species onto the channel walls or by
incorporating functionalities directly during the preparation (Figure 1.4). The first approach, the
post-synthesis grafting (PSG) process, has been widely employed to anchor specific organic
groups onto surface silanols of diverse silica supports. Control over the concentration and
distribution of organic moieties in silica by the PSG method is limited by the number of surface

silanol groups and their accessibility. The grafting rates mainly depend on the reactivity of

precursors, diffusion limitations, and steric factors.
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Figure 1.4: Synthetic approaches to different mesoporous silica materials.*

Mostly SiO, contains isolated surface silanols and less number of strained siloxane bridges* and
ideally obtains monografted surface species. Porous silica with random and broad pore-size
distribution (1* generation silica solids)"! adopted for hybrid immobilized catalysts considerably
influences the grafting process and its stabilization and catalyst performance.*” Hence porous
silica materials with an array of periodically ordered pores become an ideal target for
heterogeneous supports. Mobil group synthesized the first long-range ordered periodic
mesoporous silica having a channel like pores, which was named as M41S silica materials.” **
Later on, a large class of new silica phases were synthesized by changing the templates and
synthesis conditions, e.g., series of SBA-n,44'46 KIT-n,47'49 MSU-n,SO'52 FDU-n,52 etc. These
materials do not contain organic moieties on silica framework but form decorated surface silyl
functionality of the inorganic wall either by post-grafting method or by the co-condensation

process. Various organic groups have been successfully incorporated into ordered mesoporous

silica through either grafting the organo-trialkoxysilanes RSi(OR); or the direct co-assembly of
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Figure 1.5: Various PMO precursors designed for advanced applications.™

organo-bridged silanes, resulting in the terminally bonding organic groups on the pore surfaces
or the PMO with organic groups as the integral part of the pore walls. In 1999, the research
groups of Ozin (ethylene PMO), Inagaki (Ethylene bridged PMO (-CH,—CH;—)), and Stein (both
ethylene- and ethenylene-bridged PMO) independently reported the Periodic Mesoporous

Organosilica (PMO) for the first time.***

In 2002, Inagaki reported the crystal-like phenylene
bridged PMO material’* with molecular simulation, and later in 2010, the acronym “PMO” was
first coined by Ozin et al.”> After the discovery, a good number of PMO precursors have been

reported by different groups.’®®

Nitrogen-containing organic bridges are another class of
advanced PMO materials. It is very challenging to incorporate flexible functionalities into the
framework. Besides the above-mentioned linear precursors, several groups have attempted to
incorporate nitrogen-containing cyclic units into the framework.®*”"® The parameters like surface
rigidity, capable of preventing the deactivation through bimolecular reactions, both chemical
(redox, acidic/ basic, etc.) and physical surface properties (hydrophilic/ hydrophobic, porosity,
etc.) could be incorporated into the final material. Hence this approach is the collective
properties from both the active metal sites/ ligand related with the support properties making this
field unique compared to the classical homogeneous and heterogeneous catalysis. The synergistic

cooperative effect of well-defined bifunctionality in the PMO materials will open the new

possibility of enhanced potential applications, particularly in catalysis and adsorption. The high
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hydrothermal stability of PMOs compared to the typical mesoporous silica takes the advantage in

catalysis, where the presence of water is unavoidable.

1.8 Characterization of Nanocatalysts

Advanced characterization of nanocatalysts is requisite to make the catalyst design and
engineering more rational. Nano-effects like changes in structure, size, and confinement
substantially impact nanocatalysts physical, optical, and electronic properties. A structure-
activity correlation can also be established using multiple spectroscopic and microscopic
techniques. This section briefly discusses the characterization tools utilized for the nanocatalysts

studied in this thesis.

1.8.1 Diffuse Reflectance UV-Visible Spectroscopy (DR UV-Vis)

UV-visible spectroscopy is a relatively facile and low-price technique often used for the
investigation of nanoscale materials. The optical properties of NPs are sensitive to concentration,
size, shape, oxidation state, agglomeration, and coordination environment, which fabricate this
technique as an essential tool to evaluate such materials. It measures discrete wavelengths of
light (UV/ Vis) transmitted or absorbed through a compound compared to a reference sample.
The metal NPs have surface free electrons called plasmons, which start oscillating when

absorbing light, and there comes a situation where the energy of these plasmons matches with

E-field Metal

sphere

Figure 1.6: Schematic representation of plasmon oscillation (SPR) in metal NPs.”"

that of the incident light, which results in a phenomenon called surface plasmon resonance
(SPR). The metal nanostructures of Au, Ag, and Cu, exhibits SPR spectra in the UV-visible
region.”’ This SPR property can vary with the shape and size of metal NPs thus making them

advantageous for optical applications. DR UV-Vis spectra analysis helps determine the ligand to
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metal charge transitions (LMCT) or vice versa (MLCT) and d-d transitions of molecules.”? The
UV-visible spectra in this thesis were acquired using Shimadzu 2700 spectrophotometer
equipped with a dual-beam light source of tungsten and He for visible and UV light,

respectively. DRUYV analysis for powder samples was performed using BaSO, as the standard.

1.8.2 X-ray Diffraction Analysis (XRD)

XRD is most widely used for the characterization of crystalline and polycrystalline solids.
Typically, XRD details lattice parameters, phase purity, crystalline structure, and grain structure.
It is based on the interaction of the sample with incident rays that create constructive interference
when conditions of Bragg’s law are satisfied (Bragg’s equation is given below).
n\ = 2dsin6

where n is the order of diffraction (normally an integer), A is the wavelength of X-rays used, d is
the interplanar distance, and 0 is the angle between X-rays and diffracting lattice plane. The X-
ray peaks have significance in calculating the crystallite size through the Scherer equation, which

relates the crystallite size to the full width at half maximum (FWHM) of the peak as:

L2
te pcosbO

where 1 is mean crystallite size, A is the wavelength of X-rays, k is the constant often taken as
0.9, B is the FWHM, and 0 is the angle between beam and normal to reflecting plane. In the
present thesis, X-ray analysis on the powder catalysts were measured on Rigaku D MAX with a

Cu Ka source of wavelength 1.54 A° with an operational voltage of 40 mV and 15 mA current.

1.8.3 N, Porosimetry Analysis

The N, adsorption-desorption analysis provides information regarding porous materials like
surface area, porosity, and textural properties. This technique works on the Brunner, Emmet, and
Teller theory (BET) for the solid surface's multilayer N, gas molecules (probe molecule). The

BET equation is,
P 1 N C—1P
v(P,—P) V,C V,C P,

where P is the equilibrium and P, is the saturation pressure of the adsorbate at the analysis

temperature, V is the volume of N, gas adsorbed at pressure P, and V, is the volume of N,
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required monolayer adsorption, and C is the BET constant related to the energy of adsorption.”
The BET method is extensively used for calculating the surface area of solid material by physical

adsorption of the gas molecule by the following equation:
= Vin Na
~ m % 22400

where m is the weight of the sample, N is the Avogadro constant, and a is the cross-sectional
area covered by the N, molecule, which is 0.162 nm” for N». The Barrett-Joyner-Halenda (BJH)
model is used to derive the pore size distribution of material from N,-physisorption.”* The
mesoporosity of silica materials can be calculated by assuming the pore shape as cylindrical with
Kelvin equation given as,
= 2YVn

" R )

where 1y is Kelvin pore radius, Vy, is the molar volume of N, v is the surface tension of Ny, T is
boiling temperature of N,, P/P, is relative pressure, and R is gas constant. The textural properties
from N, porosimetry analysis for this thesis were determined using an Autosorb 1C
Quantachrome USA. The program consists of adsorption and desorption branches that typically
run at -196 °C after the samples were degassed at 110 °C for 8 h. The BET method was used to
calculate the total surface area at relative pressures of P/Po = 0.65-0.45, and the BJH method
was applied to the desorption branch of the isotherm to determine the total pore volume and

average pore diameter at a relative pressure of P/Po = 0.99.

1.8.4 Thermal Analysis

Thermogravimetric analysis (TGA) is the technique used to determine the thermal stability of
materials by monitoring the change in weight of the sample at an elevated temperature at a
constant heat rate under a controlled atmosphere. The differential thermal analysis (DTA)
provides information regarding the exo- and endothermic reactions and their phase
transformations. TGA gives the details regarding the composition and mass of organic
functionalities and stabilizers present in the nanocatalysts. Thermal analysis of the samples in
this thesis was conducted using a Pyris Diamond TGA analyzer with a heating rate of 10 °C min’

! under an air atmosphere.
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1.8.5 Inductively Coupled Plasma-Atomic Emission Spectroscopy

The ICP-AES spectroscopy technique quantitatively calculates the elements and metals present
in the sample. The sample is ionized into constituent atoms or ions using a plasma source that is
excited to higher energy levels. These excited electrons relax back to their ground state by the
emission of energy radiations, particularly for each element. Quantification and identification of
the intensity of emitted radiation give the concentration of elements present in the sample. ICP-
AES offers the detection of almost all cations and anions except alkali and light metals; detection
level is down to parts per million and highly selective and quantitative determination of
elements. In this thesis, determination by inductively coupled plasma-optical emission
spectrometer (ICP-OES) measurements was done on a Thermo IRIS Intrepid II XSP. HF solution

and aqua regia is used for the complete digestion of the sample for the analysis.

1.8.6 CHNS FElemental Analysis

This technique is used to predict the structure of organic compounds and establish the purity of
the materials. This works based on the Dumas method, which requires the instantaneous and
complete oxidation of the sample through flash combustion. It helps to determine the percentage
of C, H, N, and S percentage in organic compounds. During the analysis, samples are exposed to
combustion by an excess of O, to form oxides of C, H, and N, effectively collected through
different traps. The mass of these oxide products after combustion is used to calculate the
percentage and composition of the compound. This thesis work performed elemental analysis (C,

H, and N) on a Carlo Erba (Model EA 1108) elemental analyzer.

1.8.7 Fourier Transform Infrared Spectroscopy

FTIR spectroscopy measures the absorption of electromagnetic radiation within the sample's
mid-IR region (4000-400 cm™). The recorded spectra give the information regarding the position
of bands specifying the nature and strength of bonds, presence of specific functional groups, thus
providing the details of molecular structures and their interactions. An IR spectrum of a molecule
is considered as its fingerprint for chemical identification. When a molecule is exposed to IR
radiation, the molecule absorbs radiation selectively, and there should be a change in dipole

moment so that molecule becomes IR active. IR spectroscopy depends on Hooke’s law,
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where A is the wavelength of IR radiations, k is force constant, and p is the reduced mass, where
the vibrational frequency of molecules depends on the bond strength (force constant) and
reduced mass of materials. The IR analysis in this thesis was carried out on Bruker Tensor 27
FTIR spectrophotometer, and Thermo Nicolet is 50 using KBr as the reference at room

temperature.

1.8.8 Raman Spectroscopy

Raman spectroscopy is a complementary technique to infrared spectroscopy, where the scattering
of light occurs by the rotations and vibrations of molecules depending on the change in
polarisability. When a monochromatic light (typically a laser) has a suitable wavelength, it
incident on the sample and interacts, leading to absorption, reflection, and scattering. The
information of molecular structures is obtained from the scattering of light in Raman
spectroscopy. The majority of the radiation was scattered elastically, called Rayleigh scatter, and
a small portion is scattered inelastically, known as Raman scatter, composed of Stokes and anti-
Stokes lines. From this Raman scatters where the useful information of the sample is obtained.
For the present thesis study, Raman analysis was acquired in the visible region on LabRam

spectrometer made HJY with a laser wavelength of 633 nm with a He-Ne laser.

1.8.9 Nuclear Magnetic Resonance (NMR) Spectroscopy

NMR spectroscopy is a technique used to identify the physical and chemical nature of the
material by using the magnetic properties of nuclei under study. The atomic nuclei with an odd
number of neutrons and protons having nuclear spin (I) greater than zero generates a nuclear
magnetic moment (u) in an applied magnetic field (By). The chemical shift in peaks is observed
due to the generated secondary magnetic fields through the interaction of neighboring electrons
with the nuclei. This secondary magnetic field opposes the applied external magnetic field results
in the shielding of the nucleus.”” Due to the dipolar and quadrupolar interactions with the
nucleus, it finds difficult to interpret the solid-state NMR spectra of molecules (wider line
width). However, these shortcomings can be overcome by using high-resolution NMR

spectroscopy for solid materials and extended for the structural elucidation of nuclei like °C,

Ph.D Thesis; January-2022: CSIR-NCL; Chapter-1 Page 14



Exploring the Chemical Modifications in Periodic Mesoporous Silica Materials for Heterogeneous
Catalytic Applications

PN, ?’Al, #’Si, etc. Magic-angle spinning (MAS) is used for solid-state NMR to achieve higher

resolution with narrow line width. This was obtained by the fast rotation of the samples in an
axis at a magic angle of 0 = 54.74° with respect to the static magnetic field. In order to obtain
enhanced sensitivity (signal to noise ratio) for the nuclei of elements with less natural abundance,
the cross-polarization (CP) technique is applied. This is achieved by transferring the
magnetization power of the highly abundant 'H spin system for the excitation process. The solid-
state NMR spectra in this thesis for B¢, PN, and ?’Al nuclei were recorded on Jeol ECX-400
MHz spectrometer (frequency of 100.6 MHz on solid 4 mm MAS probe). Magic-angle spinning
(MAS) NMR spectra for *’Si nuclei was recorded on BRUKER DSX300 spectrometer at 7.05 T
(resonance frequencies 59.595 MHz, rotor speed 10000 Hz and 75.43 MHz, rotor speed 10000
Hz).

1.8.10 X-ray Photoelectron Spectroscopy (XPS)

XPS is one of the most powerful investigation techniques used in the field of heterogeneous
catalysis. This surface-sensitive technique offers the measurement of elemental composition and
their chemical state on the active catalyst surface. The working principle of XPS, also referred to
as ESCA (Electron Spectroscopy for Chemical Analysis), is based on the photoelectric effect.
The XPS spectra are obtained by the irradiation of X-rays having the energy hv (Al Ka or Mg Ka
as source) on the sample from where the photoelectrons with binding energy (B.E) are ejected
with kinetic energy (K.E) which is measured. The mean free path of these ejected electrons is 10
nm which makes the technique purely surface sensitive. The B.E is calculated using the equation,
K.E. = hv-B.E-®, where @, v, and h, are work function of the instrument, frequency of radiation,
and Planck’s constant, respectively. XPS measurements reveal the identification of element,
composition, and oxidation state and coordination environment, etc. Binding energies are
considered characteristic for a specific element and composition and are evaluated based on their

peak area and sample cross-section for photoemission.
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Figure 1.7: Schematic illustration of XPS spectroscopy (photoelectric effect). (Image Source
Wikipedia)

The XPS measurements collected for this thesis were done on a Thermo Kalpha+ spectrometer
using micro-focused and monochromated Al Ko radiation (1486.6 eV) operating at a vacuum
better than 10” millibar. The pass energy for the spectral acquisition was kept at 50 eV for
individual core levels and 100 eV for the wide-area scan. The peak fitting was done using

CasaXPS software with Shirley-type background.

1.8.11 X-Ray Absorption Spectroscopy (XAS)

XAS spectroscopic technique is extensively used to study the electronic and geometric structure
of the material. The unique sensitivity of this technique to determine the local structure
compared to XRD has been much exploited. The sample of analysis can be of solid, liquid, or
gas phase. The experiment measurements are usually performed at the synchrotron radiation
facilities, which provide intensified tunable X-rays. The X-rays with sufficient energy can excite
a core level electron in an atom to a vacant bound state called an excitonic state, which is below
the ionization threshold or to the continuum above the ionization potential. There exist three
main regions in typical XAS data:

1) Absorption threshold: determined from the transition of excitation electron to the lowest

unoccupied states.
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2) X-ray Absorption Near Edge Spectroscopy (XANES): The pre-edge and near-edge regions in
the XAS spectra provide the XANES spectrum. The ejection of core-level photoelectrons to a
quasi-bound state is above the chemical potential with kinetic energy in the range of 10- 100 eV.
These electronic transitions result in multiple scattering resonances of photoelectrons.

3) Extended X-ray Absorption Fine Structure (EXAFS): The photoelectrons having a dual nature
(both particle and wave) ejected can be backscattered in the lattice by neighbouring atoms. These
interactions can lead to an interference pattern beyond 100 eV high-energy regions of the
spectrum.

4) X-ray Absorption Spectroscopy (XAS) analysis in this thesis chapter 2A was performed at Cr
K-edge in fluorescence mode at the Scanning EXAFS Beamline (BL-9) at the INDUS-2
Synchrotron Source (2.5 GeV, 100 mA) at the Raja Ramanna Centre for Advanced Technology
(RRCAT), Indore, India.

Extended X-ray
1s to continuum DH Absorbtion Fine Structure
(EXAFS)

Rising Edge

Destructive  Constructive
Interference  Interference

X-ray
Absorbtion
Near Edge
Structure
(XANES)
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50 <=1

Incident Energy (eV)

Figure 1.8: Schematic illustrations of XAS spectroscopy data. (Image Source Wikipedia)

1.8.12 Transmission Electron Microscopy (TEM)

TEM is an electron microscopic technique that provides the morphology and visualization at the
atomic scale of the sample where the high-energy electron beam is transmitted through the
specimen to generate a 2D image of the sample. The image is obtained from the interaction of
the incident electrons with the specimen, where the electron beam is transmitted through the

sample. These transmitted electrons are magnified and focused by the electron optics onto a
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photographic plate, fluorescent screen, or charge-coupled device (CCD). The use of electron
source over optical light source offers the advantage of high resolution in nanometer level due to
the lower de-Broglie wavelength. The modified features of TEM include the scanning
transmission electron microscopy (STEM) and high angle annular dark-field (HAADF) imaging
modes which can provide information regarding the elemental composition and distribution of
atoms in nanomaterials by coupling with the energy dispersive spectroscopy (EDS). The TEM
analysis in this thesis was done on FEI Technai instruments (TF 30) by drop-casting the diluted
samples on carbon-coated copper grids. The HRTEM and HAADF STEM analysis was done on
JEOL JEM-F200 HRTEM.

1.8.13 Scanning Electron Microscopy (SEM)

SEM is a powerful electron microscopic technique used to investigate the sample's surface
topography in 3D form. Performing the visual analysis of the specimen using a focused beam of
electrons contributes to identifying the wear properties of the materials like morphology,
composition, number, and size of the particles, etc. In SEM, the backscattered or secondary
electrons from the sample are detected. The SEM micrographs in this thesis were obtained on an

FEI model Quanta 200 3D in a dual-beam scanning microscope.

1.9 Catalytic Reactions over Nanostructured Catalysts

Heterogeneous nanocatalysis by the metal nanoparticles supported over porous solid materials
for various organo-transformation reactions has massive significance in both industrial and
academic points of view. The catalytic reactions carried out in the present thesis are discussed in

the following section:

1.9.1 Cyclohexane Oxidation: Catalytic oxidation of hydrocarbons under mild reaction
conditions has great importance by virtue of various valuable products from the feedstock. The
selective transformation of cyclohexane to high-value products is a challenging issue because of
the significance of the oxidized products, which acts as the intermediate for manufacturing the
caprolactam and adipic acid.”® KA oil (cyclohexanone and cyclohexanol) has a global
consumption of ~ 10° tons per year.”” The current commercial cyclohexane oxidation process is

limited to a very low conversion of ~ 4 % in order to assure a reasonable selectivity.”
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Cyclohexane oxidation requires high activation energy for C-H bond cleavage, which dictates
harsh reaction conditions such as a high temperature (413-433 K) and pressure (1-2 MPa).79
Moreover, these processes suffer from significant shortcomings such as a low yield, low
selectivity, and high waste production.®™ ®' The great demand for these oxidation products and
the high energy consumption of the existing process necessitate a more effective, stable, feasible,
and sustainable catalytic process. Many supported metal catalysts (V, Co, Cr, Au, and Fe) have
been tested for the selective conversion of cyclohexane to KA oil in the past, among which the
transition metal Cr-based catalysts displayed better activity.***® The major drawback associated
with Cr supported silica-based catalyst is the leaching of Cr active species to the reaction
medium which can be overcome by modifying the Cr-silica catalysts.*” In the present thesis
CrOx-MCM-41 catalysts have been utilized for the selective cyclohexane oxidation to

cyclohexanone and the structure activity correlation has been established.

1.9.2 Phenol Hydrogenation: Phenols are chemical compounds with hydroxyl groups directly

bonded to the aromatic hydrocarbon ring. The selective hydrogenation of phenols to
cyclohexanone and cyclohexanol is considered a challenging task. The tremendous commercial
significance of cyclohexanone and cyclohexanol in producing nylon 6 and nylon 66 makes the
phenol hydrogenation process attractive.”’ The first industrial-scale production of cyclohexanone
and cyclohexanol is achieved by the hydrogenation of phenol. The current industrial production
of KA oil is classified into three reaction routes: the Asahi process,’' cyclohexane oxidation,”
and phenol hydrogenation.”> The catalytic hydrogenation of phenol is established by the
interaction between the chemisorbed phenol and the activated H,. Depending on the adsorption
mode of phenol on the catalyst surface tunes the product selectivity. Hence depending on the

choice of metal and support, the hydrogenation activity varies and alters the selective product.

OH
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Figure 1.9: Reaction pathways involved in the phenol hydrogenation reaction.”
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In this thesis work, Ru supported MCM-41 and Pd-NPMO new hybrid catalyst have been studied
for the selective phenol hydrogenation reaction under mild conditions and explored the scientific
reasoning for the enhanced catalysis.

1.9.3 Olefin Epoxidation: Epoxidation is a chemical reaction that converts the C=C bond into

epoxides (oxiranes). Oxidation of alkenes to the corresponding epoxide using a variety of
oxidizing reagents like air/ O,, hydrogen peroxide, organic peracid, and hypochlorous acid are
reported. *> Among which the reactions using the green oxidant are always industrially attractive
and much accepted. Even though organic oxidants are less eco-friendly, they can efficiently
convert olefins to corresponding epoxides offering mild reaction conditions. The best alternative
to organic oxidants is H>O,, where the only by-product that can form is water and also offers
atom efficiency due to more active oxygen content. The associated significant drawback of using
H,0; is its easy decomposition under the reaction conditions, resulting in undesired oxidation
products. Thus, designing active centers capable of preventing the decomposition of HO, over
the catalyst surface is highly desirable. Both the homo and hetero tagged catalysts using the
transition metals like Ti, W, Nb, Fe, and Mn performs very efficiently in epoxidation reaction.”®
% The transition metals like Ti, W, Nb in the silica framework are reported to work efficiently
for the reaction.'”'® The existence of these metals as single sites in silica lattice or as
amorphous metal oxides can effectively catalyze the epoxidation reaction with excellent activity
and selectivity. From previous literatures, the isolated single sites incorporated in the silica

103104 Development of

matrix are known to be active for the better yield of epoxides.
titanosilicate (TS) materials maintaining the isolated Ti centers in silica matrix has overcome
these difficulties in reactions.'” For the gas phase and liquid phase epoxidation of a variety of
alkenes, TS materials has been a choice of a suitable catalyst to yield maximum epoxide in the
presence of H,O, as well as organic peroxides like TBHP.' ' In this thesis work hybrid
hollow structured Ti-containing PMOs (Ti-HPMO) and Au encapsulated nanoarchitectures
(Au@Ti-HPMO) have been synthesized and their activity has been explored for olefin

epoxidation.

1.9.4 CO, Hydrogenation: CO; is the major component of greenhouse gas that possesses both

advantages and disadvantages. Even though CO; provides a warm environment for the living on

earth, a considerable increase in its concentration in the atmosphere leads to an irreversible
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change in the world’s climate.'*®

By October 2021, the CO, concentration on the planet is 413.88
ppm (according to the Mauna Loa, Hawaii) which is much higher than in the past. Undoubtedly,
the strategies to alleviate CO, have become an urgent demand which can probably offer the
solutions to the global “3E” issues (Energy-Environment-Economy challenges).'” As a
significant part of carbon capture, utilization, and storage (CCUS), CO, utilization has attracted
worldwide attention due to the advances in the energy-efficient catalytic transformation of CO,,
which can potentially reduce the emission and slow down the dependence on non-renewable
fossil resources.''’ Since CO, is a thermodynamically, kinetically, and chemically stable
molecule, efficient catalyst systems play a crucial role to overcome this kinetic barrier for its
conversion to useful oxygenate products like alcohols, formic acid/formate, DME, and

hydrocarbons.'"!
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Figure 1.10: Catalytic CO, hydrogenation to various chemicals and fuels.'"?

Catalytic conversion of CO, to formate/formic acid is a promising approach to recognize a
renewable energy supply as it serves as a liquid organic hydrogen carrier and endows a

"3 The critical factors associated with the

significant volumetric hydrogen capacity (53 g/L).
catalytic activity include the metal dispersion, basic functionalities, electron density, and the
synergistic catalysis of metal and basic sites. The monometallic and bimetallic formulations of
noble metals like Pd, Au, Ru, and Ag have been utilized for the reaction. The particle sizes of

these nanocatalysts mainly lie in the range from sub-nanometers to nanoparticles. Generally, the
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active metal centers are dispersed on the porous supports having basic properties and can be
directly applied for the liquid-phase CO, reduction catalysts.'" In the present work the influence
of Pd-based hybrid N-containing PMO catalysts have tested for the selective aqueous-phase CO,
hydrogenation to formate.

1.9.5 Reductive Amination Reaction (RA): Reductive amination reactions are widely applied to
114, 115

produce N-containing compounds for pharmaceuticals, biomolecules, and agrochemicals.

specifically, the catalytic reductive amination reaction in the presence of molecular H; is highly
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Figure 1.11: Various applications of reductive amination reaction.''®

valued and essential for the sustainable production of various amines and their
functionalization.""” In the presence of suitable catalysts facilitates the reaction between the
carbonyl compounds (aldehydes/ketones) and amines, NH3 or even nitro compounds which in
the presence of H, enables the preparation of primary, secondary and tertiary amines.''*'* In
general, the direct RA reaction is challenging because it often suffers from non-selective
reactions like reducing carbonyl groups to corresponding alcohols. Suitable catalyst development
is of high priority to perform these reactions with high selectivity and activity under mild
reaction conditions. Various heterogeneous catalysts have been extensively studied for the direct
reductive amination to access a variety of amines. In this thesis, new Pd based heterogeneous
hybrid N-Al-silicate catalyst for the direct reductive amination of furfural using n-butylamine as

the N source is demonstrated under low temperature and atmospheric H, pressure.
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1.10 Scope and Objective of the Thesis

The heterogeneous catalyst is one of the most crucial transformation technologies in the
chemical industry and its great potential stimulates the increasing attention in developing new
heterogeneous catalysts. Supported metal nanoparticle catalysts have been well explored for a
large number of chemical reactions. Silica and silica-based supports are extensively studied
because their unique properties, such as thermal stability, high surface area, tunable porosity,
easy modification with other transition metals, etc., make it the most common and convenient
support. However, synthesizing metal NPs of small size carrying many under coordination sites
on silica support has always been challenging due to poor metal support interactions. This results
in sintering (uncontrolled particle size growth) under high temperatures and reaction conditions,
reflecting a deleterious effect on the catalytic activity. In order to create active sites for catalysis
in the mesoporous silica, organic moieties with functional groups can be anchored onto their
surface or framework. Subsequently, they can be functionalized by incorporating heteroatoms
either in the pore wall or on the pore surface. Such homogeneously distributed organic moieties
in silica framework and altering the structure, composition, and relative contents of the organic
groups can increase its utility in catalysis. Though considerable progress has been made in
periodic mesoporous organosilica (PMOs), it is still challenging to synthesize PMOs with
desired morphology and structure. This is because the organic bridging groups tend to interfere

with the assembly process during the hydrolysis of silane species around the surfactant micelles.

The primary objectives of this thesis are as follows:

<> To investigate the chemical modifications in periodic mesoporous silica materials by
changing framework chemistry or surface for oxidation (cyclohexane, alkenes) and
hydrogenation (CO,, phenol, furfural) reactions of industrially important molecules.

o> To explore more flexible and controllable synthesis strategies to stabilize sinter-resistant
metal nanoparticles over mesoporous silica support for enhanced catalysis.

<> Synthesize hollow structured architectures of periodic mesoporous organosilica with size-
controlled metal nanoparticles in order to overcome the active nanoparticle growth and
associated diffusion limitations in liquid-phase reactions.

o> Focus on correlating the structural merits of the fabricated silica-supported catalyst with

the associated heterogeneous catalytic activity.
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The sinter resistant, small-sized metal nanoparticles on silica support for catalysis have been
designed using different strategies, including the chemical modifications by changing the silica
framework chemistry with the desired functionality (framework metal sites (Ti and Al) and N-
bridged organic hybrid centers), changing the morphological architectures (yolk-shell and core-
shell), and supporting active metal oxide centers over silica (Cr and Ru oxides). Thus, this thesis
work attempts to demonstrate a comprehensive strategy in mesoporous silica systems to stabilize

well-dispersed active metal species for sustainable heterogeneous catalysis.
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CHAPTER-2

Metal-oxide (Cr and Ru) Supported Periodic Mesoporous

Silica for Heterogeneous Catalysis

Part 2A. Cyclohexane Oxidation Reaction over Cr-oxide Supported MCM-41
Catalyst.
Part 2B. Phenol Hydrogenation Reaction over Ru-oxide Supported MCM-41
Catalyst.

This chapter has been adapted from:

1) K. J. Betsy, Chandrani Nayak, Anish Lazar, Athira Krishnan, D. Bhattacharyya, S. N. Jha and
C. P. Vinod, Selective oxidation of cyclohexane to cyclohexanone using chromium oxide
supported mesoporous MCM-41 nanospheres: Probing the nature of catalytically active

chromium sites, ChemCatChem, 2018, 10, 3291.

2) K.J Betsy, Anish Lazar, and C. P. Vinod, Highly selective aqueous phase hydrogenation of
phenols over nanostructured RuO, on MCM-41 catalysts, Nano-structures and Nano-Objects,

2018, 13, 36-43.
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This chapter comprises the selective oxidation and hydrogenation reactions over metal-oxide

supported mesoporous silica and are discussed in two parts: 2A and 2B.

Part 2A. Cyclohexane oxidation reaction over Cr-oxide supported MCM-41
catalyst.

2A.1 Introduction

Cyclohexanone and cyclohexanol (KA oil) are essential chemical feedstock in a variety of
industrially essential commodities.! KA oil forms precursor to nylon-6 and nylon-6,6 polymers
and demands a global consumption of ~10° tons per year. Cyclohexane oxidation reaction
requires high activation energy for C-H bond cleavage, which dictates harsh reaction conditions
like high temperature (413-433 K) and pressure (1-2 MPa).”> Over the past decades, various
transition metal-based heterogeneous catalyst systems, like V-MCM-41,3 CO/ZSM-S,4
(Cr)MCM-41,> Au * and Fe '™ '! heterogenized catalysts, Cr-Ti-Si ternary mixed oxides,'* Cr-
PMO.," have been reported to be active for the cyclohexane oxidation reaction. Among them,
chromium incorporated silica is most promising due to its better activity and stability.* The
enhanced activity exhibited by chromium oxide catalysts was attributed to the presence of
variable oxidation states of Cr, coordination environments, and its degree of polyrnerization.15
Determining the active sites is one of the prime areas in heterogeneous catalysis, and active site
determination in chromium oxide for oxidation reactions has also been attempted.'® '’ The nature
of Cr active species depends on its location like framework or extra framework positions where
Cr (VI) species has been found to be the active site in Cr incorporated silica framework.” In
contrast, the presence of coordinatively unsaturated Cr(III) or Cr(VI) species in chromium oxide
as active sites in cyclohexane oxidation reactions has also been reported.'® ' The dispersion of
Cr species on the support and the Cr loading has also been recognized to be an important factor
which influences the catalytic activity.”® The nature of the active species in the Cr-oxide catalyst
for different organo-transformation reactions has been the subject of interest for past few years.'

19,21, 22

The major cause for the deactivation in chromium based catalysis is the leaching of active Cr

ions, and a need for stable catalysts has led to the design of new heterogenized Cr catalysts.'® >~

»> There exists an intimate relationship between the compositional, structural, and

physicochemical properties of the oxide support and the surface nature of chromium. The oxide
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support acts as a ligand that controls the redox properties of the supported Cr ions. Hence the
selection of support that can stabilize the active chromium sites is a tedious job. Among the
several oxide supports, mesoporous M41S molecular sieves (MCM-41 and MCM-48) are
promising candidates which exhibit better textural properties and act as an ideal scaffold for
metal oxides incorporation on mesoporous channels. These properties prevent the agglomeration
of Cr-oxide particles and also favour the diffusion of reacting molecules.*

This contribution from chapter 2A aims to examine the nature of active Cr species on the silica-
supported catalyst for the cyclohexane oxidation reaction. A series of samples with uniformly
dispersed chromium oxide supported on mesoporous MCM-41 silica nanospheres by facile wet
impregnation method were synthesized. The nature of Cr active species for cyclohexane
oxidation reaction has been determined by correlating catalytic activity with characterization
results. Under mild reaction conditions, the optimum catalyst gave 72 % conversion and 99 %

selectivity towards cyclohexanone.

2A.2 Experimental

2A.2.1 Synthesis of MCM-41 nanospheres

The synthesis of spherical MCM-41 nanospheres was carried out using the modified sol-gel
procedure reported in the literature.”” In a typical synthesis, 3.5 mL of 2M NaOH solution was
mixed with 480 mL of Millipore water. Then 1g of CTAB was added to the solution, and the
mixture was heated at 70 °C with stirring. After the solution became homogeneous, 5 mL of
TEOS was added in drops, forming a white slurry. The stirring was continued at 70 °C for 2 h.
The resulting white residue was filtered and washed thoroughly with water and ethanol to
remove excess NaOH and CTAB. The obtained powder was dried at 100 °C for 12 h and
calcined in air at 500 °C for 4 h (at a ramp rate of 2 °C/min).

2A.2.2. Synthesis of CrO-MCM-41

The CrOx-MCM-41 heterogeneous catalysts of different chromium loadings were synthesized
using a wet impregnation method by utilizing a reported procedure elsewhere™ with slight
modifications. In brief, desired amount of active Cr(NO3);.9H,0O metal precursor dissolved in a
minimum amount of water to which 1g of MCM-41 was charged slowly with continuous stirring.

The slurry was allowed to stir for 8 h, after which the resulting material was dried at 100 °C for
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12 h and calcined at 600 °C for 8 h (at a ramp rate of 2 °C/min). The Cr loading on MCM-41 was
controlled to 0.5, 1, 2.5, 4, 5, 7, and 10 wt % by varying the amount of metal precursor.

2A.2.3 Catalysts Characterization

Powder XRD analyses of all catalysts were measured using a PANalytical X’pert Pro dual-
goniometer diffractometer with Ni-filtered Cu Ko radiation (1.5418 A°) at 40 kV and 30 mA. A
Shimadzu UV/Vis spectrophotometer with a dual-beam was used to measure UV/Vis spectra. N,
adsorption-desorption isotherms and pore size distributions of the samples were collected using
an Autosorb 1C Quantachrome, USA. The program consisted of both adsorption and desorption
branches and was performed typically at 77 K after the samples were degassed at 150 °C for 4 h.
Calculation of the specific surface area was done by the Brunauer-Emmett-Teller (BET) method
at P/P¢=0.06-0.3. The Barrett-Joyner-Halenda (BJH) model was applied to the desorption branch
of the isotherm to determine the total pore volume and average pore diameter. The BJH approach
obtained pore size distribution curves. The solid samples' FTIR spectroscopy was performed
using a Bruker Tensor 27 FTIR spectrophotometer with a DTGS detector at RT using KBr as an
internal standard. TEM images were recorded by using an FEI Tecnai TF-20 electron microscope
operated at 200 kV. SEM images were obtained by using a dual-beam scanning electron
microscope (FEI company, model Quanta 200 3D) operated at 30 kV. ?Si MAS NMR spectra
were recorded by using a BRUKER DSX300 spectrometer at 7.05T (resonance frequencies
59.595 MHz, rotor speed 10000 Hz; and 75.43 MHz, rotor speed10000 Hz). XPS was performed
under ultra-high vacuum conditions using a near-ambient-pressure X-ray photoelectron
spectrometer (NAP-XPS) from Prevac, Poland. All the spectra were charge corrected with
respect to Cls at BE=284.6 eV. The peak-fitting of the Cr2p spectra was performed using Casa
XPS software with a Shirley-type background. A Horiba Jobin Yvon Lab Raman HR 800 micro
Raman spectrometer (HJY, Kyoto, Japan) with a laser wavelength of 514 nm was used to collect
Raman spectra. XAS measurements of the catalysts were performed at the Cr Kedge in
fluorescence mode at the Scanning EXAFS Beamline (BL-9) at the INDUS-2 Synchrotron
Source (2.5 GeV, 100 mA) at the Raja Ramanna Centre for Advanced Technology (RRCAT),
Indore, India.”” *® A double crystal monochromator (DCM) was used as the beamline, which
works in the photon energy range of 4-25 KeV with a resolution of 10* at 10 KeV. A horizontal
pre-mirror of 1.5 m with a meridional cylindrical curvature collimate the beam, and a higher

harmonic rejection was used before the DCM. A sagittal cylinder with a radius of curvature of
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1.28-12.91m was used as the second crystal. This provides the horizontal focusing of the beam,
whereas a Rh/Pt-coated bendable post mirror that faced down was used for the vertical focusing
of the beam. For fluorescence-mode measurements, the sample was placed at 45° to the incident
X-ray beam and the fluorescence signal (If) was detected using a Si drift detector placed 90° to
the incident X-ray beam. An ionization chamber detector was used to measure the incident X-ray
flux (I,) and the sample absorbance (m=I¢1,) as a function of energy obtained by scanning the
monochromator over a specified energy range. EXAFS oscillations were extracted from the XAS
spectra following the standard procedure.’’ The EXAFS oscillations, y(k) were weighted by k to
amplify the oscillation at high k. The (k) k functions were Fourier transformed using a k range
of 2-9 A°" to generate the y(r) versus r (or FT-EXAFS) spectra in terms of the real distances
from the center of the absorbing atom. The Demeter software package was used for EXAFS data
analysis by the reduction and fitting of the experimental EXAFS data.’® The EXAFS data fitting
parameters were bond distance (r), coordination number (N), and Debye—Waller factor (c7),
which give the static and thermal disorder of the system. The k range for Fourier transform and
the R range for data fitting were chosen in such a way that in each case during fitting, the number
of free variables was always kept below the upper limit set by the Nyquist theory (Ngee
=2AkAr/n+1).*® The goodness of the fit in the above process is generally expressed by the Reeor
[Eq. (1)] below:
R, -3 (M (X4 (1) = X (r,-)]z + IR, (1)~ 2,01 )’
(I (4, (7)1 + [Re( 4 ()]

in which ydat and yth refer to the experimental and theoretical x(r) values, respectively, and Re

and Im refer to the real and imaginary parts of the respective quantities. The Rgcior Of all the

fitting is less than 0.01, which indicates the good fitting of the data.

2A.2.4 Catalytic Activity Test

Liquid-phase cyclohexane oxidation was performed in a two-necked round-bottomed flask
equipped with a condenser and charged with cyclohexane (1 mmol), acetonitrile (5 mL) as the
solvent, catalyst (50 mg), and TBHP (1.2 mmol) as the oxidant. The reaction was performed at
70 °C for 24 h with continuous stirring. After the reaction, the catalyst was separated by simple
centrifugation, and the products were analyzed using GC (Agilent 7890 connected with HP5

column and flame ionization detector; FID) and confirmed by using GC-MS (Varian connected
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with an HP5column). The products were determined by comparison with authentic samples by
using GC and GC-MS. HPLC with a Rezex ROA H+ column was used to analyze acid products.
To test reusability, after each cycle, the catalyst was washed repeatedly with acetonitrile and

pretreated at 120 °C for 12 h.

2A.3 Results and Discussion

2A.3.1 X-ray Diffraction

The powder XRD patterns of the CrOx-MCM-41 catalysts were collected in two different 20
regions. In the small-angle X-ray diffraction (SAXRD) pattern (Figure 2A.1a), a peak at 20=2.5
corresponds to the djop reflection in agreement with the XRD pattern of the MCM-41-type

materials.””** As the Cr loading in the catalyst increases from 0.5 to 10 wt %, the intensity
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Figure 2A.1: XRD plots of CrOx-MCM-41 catalysts (a) small-angle XRD and (b) wide-angle
XRD.

of the (100) peak becomes weak. Nevertheless, the peak is still detectable, indicating that the
mesoporous structure was preserved even after impregnation, followed by calcination. A
decrease in the peak intensity with an increase of the Cr loading also infers the anchoring of Cr
in the MCM-41 pores. If we compare the unit cell parameter (a,) for pristine MCM-41 (a,=39.4
A®) and 5CrOx-MCM-41 (a,=40.1 A°), no clear incorporation of Cr into the silica framework
can be inferred. From the wide-angle XRD patterns (Figure 2A.1b), the diffraction lines are
attributable to the rhombohedral phase of Cr,Os; (JCPDS No: 84-1616) with a clear increase in

intensity with metal loading.
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2A.3.2 N, Porosimetry

The textural properties of catalysts were explored using N, adsorption-desorption analysis, and
the results are summarized in Table 2A.1. The chromium oxide supported MCM-41 catalysts
0.5CrOx-MCM-41, 5CrOx-MCM-41, and 10CrOx-MCM-41 show typical type-IV isotherms with
H1 hysteresis (Figure 2A.2), which indicate that the overall mesoporous structure of the catalysts

A —— MCM-41

a B ——0.5Cr0,-MCM-41

——5Cr0_-MCM-41
= P ——10Cr0_-MCM-41
) °
o =
= £
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>
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” |
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Figure 2A.2: (A) N, adsorption-desorption isotherm (a) MCM-41, (b) 0.5CrOx-MCM-41, (c)
5CrOx-MCM-41, and 10CrOx-MCM-41land (B) pore size distribution of CrOx-MCM-41

catalysts.
Table 2A.1: The textural properties of MCM-41 and nCrO,-MCM-41" catalysts

Catalyst BET Surface Pore Pore Volume
area (m%/g) diameter (cc/g)
(nm)
MCM-41 957 29&5.4 0.53
0.5CrO,-MCM-41 926 29&5.4 0.52
5CrO,-MCM-41 859 2.7 &5.2 0.50
10CrO,-MCM-41 535 2.8&5.3 0.27

[a] nCrOx-MCM-41, where n indicates wt % of Cr loading with respect to support
was retained. The pure MCM-41 material exhibits a high surface area (957 m’g"), large pore
volume (0.529 ccg™), and a bimodal distribution (Figure 2A.2B) with pore radii of 2.9 and 5.4
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nm. After MCM-41 was loaded with Cr species, the surface area, pore diameter, and pore
volume of the material decreased, which indicates that chromium oxide was anchored on the

MCM-41 mesoporous channels (Table 2A.1).

2A.3.3 Electron Microscopy

Electron microscopy techniques like TEM and SEM were utilized to monitor the synthesized
materials' surface morphology and pore structures. From Figure 2A.3, the spherical morphology
of synthesized MCM-41 material with an average particle size of ~ 70 nm was confirmed, and

the hexagonal mesoporous nature of the catalyst is found to be in good agreement

Figure 2A.3: TEM images of (a) pure MCM-41 and (b) 5CrO-MCM-41.

with SA-XRD results. The TEM image of 5 wt % Cr loaded catalyst, 5CrOx-MCM-41, in Figure
2A.3b, shows spherical morphology as well as the mesoporous nature of the material even after
the calcination treatment. EDAX analysis from TEM for 5CrOy-MCM-41 catalyst showed the
presence of chromium (~ 4.6 wt %) in the spherical MCM-41 sample. SEM image for 5CrOx-
MCM-41 catalyst clearly shows the spherical surface morphology of the synthesized catalyst
(Figure 2A.4).
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Figure 2A.4: SEM image for 5CrOx-MCM-41.

2A.3.4 Solid-state NMR Spectroscopy

»3i cross-polarization magic-angle spinning (CPMAS) NMR spectra of pure MCM-41 and
5CrOx-MCM-41 are shown in Figure 2A.5. Three distinct peaks exist at 6 =-92, -102, and -112
ppm, corresponding to the Q% Q°, and Q" sites on the silica framework, respectively. There is no
noticeable difference in the intensity and width of these distinct peaks observed in both pure
MCM-41 and the 5CrOx-MCM-41 catalysts. Zhang and Pinnavaia proposed that a broadening of
the peak width and increase in the intensity of the Q* sites along with a decrease in the intensity
of the Q” and Q sites is mainly caused by isomorphous transition metal substitution into the Si
framework.” Thus, the retention of three sites in silica indicates that isomorphous Cr metal

substitution into the silica framework was improbable in this case.
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Figure 2A.5: ?Si CPMAS NMR spectra (a) pure MCM-41 and (b) 5CrOx-MCM-41.

2A.3.5 DRUV-visible Spectroscopy

In order to investigate the oxidation state and coordination environment of Cr in CrOx-MCM-41
catalysts, UV-Visible DRS experiments were carried out. In Figure 2A.6, two absorption bands
centered at 275 nm and 365 nm are observed in all synthesized catalysts and are assigned to
tetrahedrally coordinated isolated Cr oxide species O—Cr(VI). These bands are typical due to
the transitions of 1Tz — 1A1 (1t1 — 7t2 and 6t2 — 2e) and sz <—1A1 (ltl — 2e), respectively.36 A
peak at 467 nm is mainly assigned to Cr’" transition having a distorted octahedral symmetry
(4T1g — 4A2g),36’ 37 which increased with increase in Cr content. This peak's intensity is weaker
than the charge transition bands in the lower Cr containing catalysts. An additional broad band
located at 600 nm due to the d-d transitions related to Cr’" species in octahedral coordination
indicates the presence of Cr,Os clusters. As we move to higher wt %, Cr loaded catalysts,
synthesized materials exhibit a gradual increase in peak intensity at 275 nm due to the
overlapping of charge transfer band of Cr’” with Cr®" signal.*® In contrast, a rise in peak intensity
at 600 nm corresponds to the agglomeration of Cr’” species to inactive crystalline a-Cr,O; at

higher Cr content.
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Figure 2A.6: UV- Visible spectra of (a) pure MCM-41, (b) 0.5CrOx-MCM-41, (c) 1CrOx-MCM-

41, (d) 2.5CrO-MCM-41, () 4CrOx-MCM-41, (f) 5CrtO,-MCM-41, (g) 7CrO,-MCM-41, and
(h) 10CrO-MCM-41.

2A.3.6 IR Spectroscopy

FT-IR spectroscopy is a convenient technique to study the nature of Cr species present in porous
CrO,-MCM-41 catalysts (Figure 2A.7). The IR bands at 800 cm™, 950 cm™, and 1105 cm™
correspond to Si-O-Si symmetric stretching, Si-OH stretching, and Si-O-Si asymmetric
stretching vibrations in silica framework, respectively.*® The IR band for O-Cr(VI) species® in
CrO,-MCM-41 material occurs at 950 cm™, and its peak is not measurable quantitatively due to
the merging of Si-OH stretching band in the same region. Meanwhile, a distinct band is observed
at 623 cm™' which corresponds to chromium oxide species,”’ and it can be taken as an indicator

for the presence of CrOy species in MCM-41channels.
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Figure 2A.7: FT-IR spectra of (a) 0.5CrOx-MCM-41, (b) 1CrOx-MCM-41, (¢) 2.5CrOx-MCM-

41, (d) 4CrOx-MCM-41, (e) 5CrOx-MCM-41, (f) 7CrOx-MCM-41 and (g) 10CrOx-MCM-41.

2A.3.7 Raman Spectroscopy

Raman spectroscopic technique was used to probe the molecular nature of supported Cr species
in all solid catalysts. In Raman spectra (Figure 2A.8), a series of synthesized catalysts with
increased chromium loading exhibited bands corresponding to different Cr surface species. A
peak at 350 cm™ is assigned to monochromatic Cr®" surface species, which increases the intensity
above 5 wt % Cr loaded catalyst.*' Tt is observed that the intensity of two bands centered at 553
cm™ and 609 cm'l, characteristic of crystalline Cr,O; and distorted octahedral crr’ species,

1542 Moreover, the two broad bands located at

respectively, rises with an increase in Cr content.
868 cm™ and 980 cm™, observed only at the higher Cr loaded catalysts are evident and confirm
the existence of polymeric Cr®" species.*' The peaks at 305 cm™ and 525 c¢m™, which are absent
in lower loading, confirm the absence of crystalline a-Cr,Oj3 species, visible in higher chromium
loaded catalysts, i.e., above monolayer coverage. As metal loading increases, the mono- and
dichromate species tend to agglomerate to form trichromate species, leading to the formation of

crystalline Cr,Os clusters in good agreement with UV-Vis and XRD results.
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Figure 2A.8: Raman spectra of (a) 0.5CrOx-MCM-41, (b) 1CrOx-MCM-41, (c) 2.5CrOx-MCM-
41, (d) 4CrOx-MCM-41, (e) 5CrOx-MCM-41, (f) 7CrOx-MCM-41 and (g) 10CrOx-MCM-41.

2A.3.8 X-ray Absorption Spectroscopy (XAS)

To garner further insight into the structure and coordination environment of the Cr species,
synchrotron XAS was done. Figure 2A.9a shows the XANES spectra at Cr K edge of the Cr
oxide supported on MCM-41 catalyst samples along with Cr metal, Cr,0O3, and CrOs standards.
CrOs shows a strong pre-edge peak near 5991 eV, which is due to the dipole forbidden 1s-3d
transition. This forbidden transition is allowed when Cr cations exist in the non-centrosymmetric
environment. In CrOs, Cr(VI) cations exit in tetrahedral coordination, which facilitates the
hybridization of the 3d and 4p orbitals. Therefore the 1s-3d transition becomes allowed resulting
in a strong pre-edge. In Cr,0Os3, the Cr(Ill) cations exist in octahedral coordination, forbidding the
1s-3d transition resulting in no pre-edge.*™* Linear combination fitting (LCF) of the XANES
spectra of the samples have been performed using Cr,O3 and CrOs standard XANES spectra to
determine the molar percentage Cr(III) and Cr(VI) species.
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Figure 2A.9: (a) XANES and (b) EXAFS spectra of nCrO,-MCM-41 catalysts.

The results of the linear combination fitting have been tabulated (Table 2A.2). From the LCF
results, it can be concluded that in the 5CrOx- MCM-41 and 7CrOx-MCM-41 samples, Cr cations
mostly exist as octahedral Cr (IIT) species, where above 5 wt % loading most of the Cr’" species
may occur as a-Cr,03;. However, in the 2.5CrOx-MCM-41 sample, Cr cations exist as both
octahedral Cr (II) species and tetrahedral Cr (VI) species with Cr(III):Cr(VI) molar percentage
ratio of 55:45. The LCF results corroborate with the intensity variation of the pre-edge peaks, as

shown in Figure 2A.9a on an enlarged scale.

Table 2A.2: Result of linear combination fitting of the Cr K edge XANES spectra.

Samples Cr(11D) Cr(VI)
2.5CrOx-MCM-41 54.9 % 45.1 %
5CrOx-MCM-41 99.3 % 0.7 %
7CrOx-MCM-41 92.6 % 7.4 %

Figure 2A.10 shows the experimental EXAFS (W(E) versus E) spectra of the Cr oxide supported

on MCM-41 catalyst samples measured at Cr K edge and the experimental y(r) versus r plots of
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the Cr oxide supported on MCM-41 catalyst samples at Cr K edge have been fitted from 1-2 A
assuming a Cr-O (x6) shell. Figure 2A.9b shows the experimental y(7) versus r plots of the Cr
oxide supported on MCM-41 catalyst samples at Cr K edge along with best fit theoretical plots
carried out as above, and the fitting results have been tabulated (Table 2A.3).

Normalized Absorption

——2.5Cr0 -MCM-41
—5Cr0 -MCM-41
——7Cr0 -MCM-41

— 77—
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Figure 2A.10: Experimental EXAFS (1 E) versus E ) spectra of nCrO,-MCM-41 catalysts

From the EXAFS analysis results, it can be observed that for the samples 5CrOx-MCM-41 and
7CrO,-MCM-41, six oxygen atoms exist around Cr cations at a distance of around 1.95 A. This
local environment resembles the Cr,O; structure suggesting the presence of octahedral Cr (III)
species. However, for the 2.5CrO,-MCM-41 sample, the Cr-O bond length decreases to 1.89 A
with coordination number 5. This decrease in bond length and coordination number may be

attributed to the presence of tetrahedral Cr(VI) cations in this sample.

Table 2A.3: Cr K edge EXAFS fitting results

Samples Cr-O Shell
r(A) N o’ (A7)
2.5CrOx-MCM-41 1.89 4.9 0.003
5CrOx-MCM-41 1.95 5.9 0.007
7CrOx-MCM-41 1.93 5.8 0.001
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From XANES analysis, the Cr(III):Cr(VI) molar percentage ratio is 55:45 in this sample, giving
an average coordination number of 0.55*6+ 0.45*4=5.1. Therefore, the EXAFS analysis results
corroborate with the XANES LCF results. Thus from XANES LCF and EXAFS analysis, it can
be concluded that Cr cations mostly exist as octahedral Cr (III) in 5CrOx-MCM-41 and 7CrOx-
MCM-41 samples with a significant portion of Cr(III) existing in crystalline a-Cr,O3 phase in the
latter. In the 2.5CrO-MCM-41 sample, Cr cations exist as both octahedral Cr (III) species and
tetrahedral Cr (VI) species with Cr(III):Cr(VI) molar percentage ratio of 55:45.

2A.3.9 X-ray Photoelectron Spectroscopy

Figure 2A.11 shows the Cr 2p XPS plot for nCrOx-MCM-41 samples, which provides evidence
for the oxidation state of surface Cr species. Calibration of all the peak positions was done by
considering C 1s standard value at 284.6 eV. The broad nature of Cr 2ps;; and Cr 2p;/; regions of
the Cr-oxide catalysts indicate the existence of more than one Cr species on the surface. Through
XPS peak fitting program, the Cr 2p;,; region could be deconvoluted into two peaks centered at

576 ¢V and 579 eV attributed to the Cr’* and Cr®" species, respectively.*

Intensity (a.u)
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Figure 2A.11: Cr 2p XPS plot for (a) 2.5CrOx-MCM-41, (b) 4CrOx-MCM-41, (c) 5CrOx-MCM-
41 and (d) 10CrOx-MCM-41.
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2A.3.10 Cyclohexane oxidation activity

The catalytic performance of the 0.5, 1, 2.5, 4, 5, 7, and 10 wt % Cr loaded catalysts (CrOx-

MCM-41) was investigated in a liquid phase cyclohexane oxidation reaction. The reaction was

carried out under mild conditions (70 °C) where acetonitrile was used as the solvent and TBHP

as both oxidizer and radical initiator to overcome the induction period.

Table 2A.4: Catalytic oxidation of cyclohexane to cyclohexanone

(a]

Entry Catalyst Conv.l” Selectivity (%)% Ref.
(%) Cy-one Cy-ol
1 Without catalyst 0 0 0 This work
2 Pure MCM-41 0 0 0 ”
3 Bulk Cr,03 9 91 9 ,
4 CrO; 6 83 17 "
5 0.5Cr0,-MCM-41 14 99 - ,
6 1Cr0,-MCM-41 18 99 - )
7 2.5Cr0,-MCM-41 36 99 - )
8 4CrO,-MCM-41 54 99 - )
9 5CrO,-MCM-41 72 99 - ,
10 7CrO,-MCM-41 12 99 - )
11 10CrO,-MCM-41 8 99 - )
12* (Cr)MCM-41 [TBHP] 61 81 - >
13* (Cr)MCM-41 [H,0,] 99 1 89 14
14* (Cr)PMO [TBHP] 12 70 22 2
15* Cr-MCM-41 [air] 7 66 26 4
16* Cr-Co-TUD-1[TBHP] 43 84 5 8

[a] Reaction conditions: catalyst (50 mg); cyclohexane (I mmol); 70 % TBHP (1.2 mmol);

CH3CN (5 ml); reaction temperature: 70 °C; time: 24 h; [b] [initial con. of C¢Hj; - con. of C¢Hj»
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at time t / initial con. of CgHj,] x100; [c] [moles of individual product /moles of total products]

x100; [d] include trace amounts of adipic acid; * from comparable literature reports.

Table 2A.4 (entries 5-11) shows the catalytic activity trend of different catalysts in oxidation
reaction to achieve the direct production of cyclohexanone from cyclohexane. It is remarkably
noted that the 5 wt % Cr loaded catalyst showed a conversion of 72 % and 99 % selectivity
towards cyclohexanone. To validate the performance of our CrO,-MCM-41 catalysts for higher
selectivity towards cyclohexanone from cyclohexane with comparable conversion, activity
results were compared with previous literature reports on Cr-based silica catalysts where TBHP,
H,0,, and air were used as oxidants (Table 2A.4, entries: 12-16). It is generally observed that
cyclohexanone was the major product obtained when TBHP was used as the oxidant, which
agrees with previous reports.” ** * From the literature, the nature of the active site for
cyclohexane oxidation on Cr-MCM-41 catalysts was dictated to be the tetrahedral Cr species in
the silica framework.’

A volcano-type trend in activity was observed from the conversion plot as the Cr wt % increases
in the catalyst (Figure 2A.12 green line) was found to agree with the XPS and XAS data. It is
observed that the conversion of cyclohexane over Cr catalysts grows sharply with the increase in
total Cr content up to 5 wt%, and a further increase of metal content (7 and 10 wt %) shows a
decline in cyclohexane conversion. Interestingly, all synthesized catalysts exhibit 99 %
selectivity towards cyclohexanone. This unfavorable drop in conversion could be explained
either by the decrease in dispersed Cr’* species or due to the formation of inactive crystalline a-
Cr,05 on the surface, which results in pore blocking and limits the diffusion of reactant
molecules. A plot of the ratio of Cr*” to Cr®" threw more light into the nature of Cr species active
for this reaction. The Cr’*/Cr® ratio of different Cr loaded catalysts was determined from the
fitted peaks of XPS and XANES spectra, and the results revealed that as the Cr content increases,
the ratio of Cr’*/Cr®" species increases up to 5CrO,-MCM-41 catalyst and decreases with further
loading (Figure 2A.12).
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Figure 2A.12: Plot showing the relative effectiveness of Cr’*/Cr®" in catalyzing the oxidation of
cyclohexane over different wt % nCrO,-MCM-41 catalysts.

The formation of crystalline a-Cr,O3 and polymeric Cr-oxide species were significant in 7CrOx-
MCM-41 and 10CrO,-MCM-41 samples. Cr exists at lower loading in both isolated Cr’* and
Cr®" species, whereas in 5 %, the catalyst exclusively consists of dispersed Cr’" oxide sites.
Further increase in metal showed the presence of polymeric Cr®" along with Cr*" species, where
the significant Cr’* contribution is from the crystalline 0-Cr,O; and was detected by XRD,
Raman analysis, and UV-Vis measurements. This confirms that crystalline o-Cr,O; and
polymeric Cr®" species passivates the activity of amorphous Cr’™ species on the silica surface at
higher loadings. Even though a small amount of Cr,Os3 cluster peaks were observed in all solid
catalysts except 0.5CrOx-MCM-41, the increase in the conversion of cyclohexane by using the
less metal loaded catalysts clearly reveals that these clusters are not blocking the accessible Cr
active sites. The present characterization and activity results point out the existence of two
different types of Cr’* species like crystalline a-Cr,O3 and amorphous or micro-crystalline phase
of non-framework Cr’* oxide sites. The cyclohexane oxidation reaction was also carried out
without catalyst, bare MCM-41, bulk Cr,O3 and CrO; (Table 2A.4, entries: 1-4), which exhibited
lower conversion. In controlled experiments, the absence of oxidized products or lower

conversion from cyclohexane evidence that isolated amorphous Cr’* species in the supported
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MCM-41 catalyst plays a key role in transferring oxygen from the oxidant to cyclohexane during
the reaction.

To check the leaching of Cr ions from the MCM-41 channels in the catalyst, a recycling study of
the active 5CrOx-MCM-41 catalyst was performed by charging the spent catalyst continuously
for the successive two cycles of the catalytic oxidation reaction. The regenerated catalyst was
pretreated at 120 °C for 12 h to remove the physisorbed moisture molecules before charging the
spent catalyst for each cycle. In this step, the catalyst was recovered by centrifugation, repeatedly

washed with acetonitrile, and dried at 120 °C for 12 h.

Table 2A.5: Recycling study of 5CrO-MCM-41 catalyst in the cyclohexane oxidation reaction.

Entry Catalyst Conv. (%) Selectivity (%)

Cy-one Cy-ol

1 5CrOx-MCM-41(fresh) 72 99 -
2 First cycle 60 99 -
3 Second cycle 49 99 -
4 Spent (after calcination) 70 99 -

Reaction conditions: catalyst (50 mg); cyclohexane (1 mmol); 70 % TBHP (1.2 mmol); CH;CN

(5 ml); reaction temperature: 70 °C; time: 24 h.

The catalyst showed a gradual loss in its activity in each successive run (Table 2A.5). To
investigate the cause for the decline in the activity after each cycle, XPS analysis of the spent
catalyst was carried out. Comparing the ratio of Cr®/Cr’” in fresh (0.47) and spent (0.40) 5CrOx-
MCM-41 catalysts indicates that non-framework Cr®species was majorly leached out during the
reaction along with a small amount of Cr’* species. UV-Vis measurements for the spent catalyst
were also carried out (Figure 2A.13). A decrease in peak intensity at 275 nm, 365 nm, and 467
nm was observed in spent catalyst compared to the fresh, which indicates the leaching of Cr ions
from the catalysts during the reaction. The 600 nm peak was intact, showing that Cr’" species

from crystalline Cr,O3 are not affected during the recycling experiment and are not the likely
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reason for catalyst deactivation. Thus, the UV-Vis data also correlate well with the XPS analysis,

which showed Cr’" species to be unaffected during the reaction.

1.8
— 5CrO -MCM-41spent
1.6 — 5Cr0 -MCM-41 fresh

1.4 - 270 365

Absorbance (a.u)
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I 1 1 I 1
200 300 400 500 600 700 800
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Figure 2A.13: Diffuse reflectance UV-Vis spectra of fresh and spent 5CrOx-MCM-41 catalyst.

The Cr content in the spent SCrO,-MCM-41 catalyst was confirmed using ICP analysis (Spectro
Acros ICP-OES) and was found to be ~ 4 % with respect to the catalyst. Since the Cr’" species
are nearly intact in the catalyst, the loss in catalytic activity during the second and third cycles
was intriguing. To probe this, the used catalyst was pretreated by calcining at 600 °C for 8 h and
used for the cyclohexane oxidation reaction. The pretreated used catalyst showed similar activity
(~ 70 % conversion) like that of fresh 5CrOx-MCM-41 catalyst which points out that non-
framework Cr’" species in the catalyst is active under reaction conditions, and the deactivation

might be caused due to the blocking of active sites by carbonaceous species.
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Part 2B. Phenol hydrogenation reaction over Ru-oxide supported MCM-41
catalyst

2B.1 Introduction

Catalytic transformations of biorenewable aromatics to value-added chemicals and fuels through
the economic and energy-efficient process have currently attracted considerable attention. Global
demand for polymers like nylon-6, nylon-6,6, and the depletion in the products derived from
non-renewable energy sources has forced to identify a renewable feedstock that replaces the

existing materials.”*>?

Lignocellulosic biomass is considered as the most accessible renewable
feedstock for a variety of fine chemicals and biofuels.” Among which, lignin accounts for the
second most abundant biomass in nature,”* which after depolymerization yields highly
oxygenated aromatic monomers mainly, phenolic compounds.” By utilizing both heterogeneous
and homogeneous catalysts of transition metals, including Pd,56 Ru,”’ P‘[,58 biomass-derived
phenolic bio-oil components (phenols, guaiacols, and syringols) are transformed to their
corresponding cycloalkanes with high selectivity. Selective hydrogenation of phenols is a

desirable strategy to yield various products involving cycloketones, cycloalcohols, arenes,

cycloalkanes, and methane, which are key intermediates to higher-value commodities.

Generally, the phenol hydrogenation reactions are carried out in the vapor phase at elevated
temperatures and pressures over supported Pd catalysts, but they suffer deactivation due to coke
formation.” Later on, many researchers have contributed to the liquid phase hydrogenation
reaction of phenol using Pd,° Pt.°" Rh®® catalysts on different supports for improving the
activity. Previous investigations suggest that the metal sites facilitate the activation of H, and
basic sites in support adsorb phenol during hydrogenation reactions. Depending on the geometry
of phenol adsorption on different sites on the support, the product selectivity can be tuned.®
Designing a heterogeneous catalyst using ruthenium nanoparticles is of great interest due to its

excellent intrinsic ability for hydrogenation reactions®*®

and cost-effectiveness compared to
other noble metals. A detailed insight into the literature reveals that, to date, there are very few
efforts to utilize ruthenium as a catalyst to selectively hydrogenate phenolic entities. In the recent
past, studies on ruthenium catalysts have been a subject of great interest to hydrogenate arenes,”
hydrodeoxygenation of lignin-derived phenols,”’” and selective hydrogenolysis of phenols,® since

they contribute to the concept of chemicals from nature. The main shortcoming with Ru-based
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catalysts is the metal detachment from the support resulting in leaching, which reduces the
efficiency of the catalyst in liquid phase phenol hydrogenation. Hence it is challenging to
develop a stable, highly efficient, and selective catalyst for phenol hydrogenation in a liquid
phase. By tuning the nanoparticles' size and shape and the support properties, the catalytic
performance can be improved by achieving better physical and chemical reactivity.*® Somorjai et
al. have proved the remarkable size dependence of Ru NP on the CO oxidation reactivity where
6 nm catalyst showed 8-fold higher activity compared to 2 nm particles.”” The catalytic activity
trend by nanoparticles with different size has been subject of interest due to its practical and
fundamental perspective. It can predict the structure sensitivity of catalytic reaction since particle
size alters the surface atomic structure, oxidation state, metal-support interaction and the
electronic state which influences the nature of active sites that tunes the product selectivity and

conversion.°

Identification of suitable solvent is significant in catalytic activity as it drastically influences the
rate and selectivity in the hydrogenation of phenolic compounds. The solvent for phenol
hydrogenation should be stable to the catalyst and reaction conditions, dissolve and transport of
H,, retain reactants and products in solution.”’ Generally, halogenated organic compounds,’
ScCO,,” cyclohexane,”* ionic liquids,”.and water’® are used as solvents for phenol
hydrogenation. Green solvent water has attracted much attention due to the non-polluting nature
of the environment. Recently, Yong Wang et al. have found that hydrogenation of phenol on
Pd@mpg-C;N,4 catalyst proceeds more effectively in water than in organic solvents. Further,
DFT calculations showed that water molecules could lower the activation energy for the reaction
and will accelerate the proton transfer involved in the hydrogenation of phenol and
cyclohexanone to cyclohexanol.”” The complete aqueous solubility of phenol could be achieved

by an increase in temperature, and the low aqueous solubility of products favors easy separation.

In this present work, a one-pot approach to synthesize finely dispersed nanostructured RuO,
immobilized on MCM-41 with different amounts of ruthenium with the goal of engineering Ru
active sites is attempted. All the Ru-oxide catalysts have been well characterized, and the
reaction conditions will be optimized systematically. The optimized RuO,-MCM-41 catalyst has
been utilized for the hydrogenation of phenol, and its substrates, including biomass-derived

phenolic compounds, to give corresponding cycloalcohols selectively with high activity under
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mild conditions in the aqueous medium. The heterogeneous behavior and stability of RuO,-

MCM-41 catalyst were studied under a reducing reaction environment.

2B.2 Experimental

2B.2.1 One-pot synthesis of RuO; nanoparticles supported on MCM-41

Typically, 8 mmol of CTAB was dissolved in 60 mL of water under stirring at 95 °C for 15 min,
and a calculated amount of RuCl; was added. Simultaneously, in another beaker, 2.5 mL of
TEOS was added to 20 mL of ethanol mixed thoroughly, and 1.5 mL of ethylenediamine was
added in drops and stirred at RT for 30 min to get a clear solution. The resulting clear solution
was added drop-wise into the above metal precursor solution, which is maintained at 75 °C and
kept for stirring for the next 2 h. The resulting reaction mixture was cooled to room temperature
and aged overnight. The residue was filtered, washed thoroughly with water and ethanol to
remove excess ethylenediamine and CTAB. The obtained powder was dried at 80 °C for 12 h
and calcined at 400 °C for 6 h (at a ramp rate of 2°C/min). The Ru loading on MCM-41 was
controlled to 0.5, 1, 2.5, 4, 5, and 10 wt % by changing the amount of metal precursor to explore
the effect of metal content and particle size. Compared to the dry synthesis method,” one-pot
approach provides better uniform dispersion and controllable particle size of RuO, nanoparticles
supported on silica materials like MCM-41. The steps followed for the synthesis of RuO,-MCM-

41 catalyst has been represented in scheme 2B.1.

3+ . . .
Ru¥ R CTAB ; TEOS calcination
5, Ru¥ > — > 4
Ru* ; % N c\“’»& :
£ 7
Aqueous solution
7 catalyst

Scheme 2B.1: One-pot synthesis of RuO,-MCM-41 catalyst using ethylenediamine.
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2B.2.2 Catalytic aqueous phase hydrogenation of phenols

The hydrogenation of phenol over RuO,-MCM-41 catalysts was investigated in a Parr 4842
autoclave (100 mL) equipped with a mechanical stirrer and temperature controller. The reaction
pot was charged with phenol (1.6 mmol), water (10 mL), and catalyst (50 mg), and the autoclave
was sealed and purged twice with H, to exclude air. A range of experiments was carried out to
optimize the reaction conditions by varying temperature, pressure, solvent, amount of catalyst,
and time. After the reaction, the catalyst was separated by centrifugation, and the product
extraction was done using chloroform. The phenol conversion and selectivity were determined
using GC (Agilent 7890 connected with HPS5 column and FID detector) and confirmed by GC-
MS (Varian connected with HPS column). The crude product in chloroform was purified using
column chromatography and analyzed by '"H NMR. To check reusability, after each cycle, the

separated catalyst was washed repeatedly with water and acetone and dried at 100 °C for 12 h.

2B.3 Results and Discussion

2B.3.1 X-ray Diffraction

The PXRD patterns of the synthesized RuO,-MCM-41 catalysts were carried out in two different
20 regions. To evaluate the regularity and formation of the mesoporous MCM-41 silica material
by one-pot synthesis strategy was confirmed by the small-angle XRD spectrum. A peak at 2.5° in
Figure 2A.1A corresponds to the djo reflection, which is in accordance with the previously
reported MCM-41 material.””> ** Intensity of the (100) peak has decreased gradually with
ruthenium loading, which could be due to the anchoring of Ru on the MCM-41 mesoporous
channels. The wide-angle XRD analysis (Figure 2B.1B) of different wt % of Ru loaded catalysts
exhibited the typical reflections attributable to the tetragonal structure of RuO, (JCPDS No: 00-
018-1139). The reflections from RuO, increased sharply with an increase in metal content,

indicating the growth of particle size.
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Figure 2B.1: Powder XRD patterns of RuO,-MCM-41 catalysts in two different 26 regions. A)
Small angle-XRD and B) Wide angle-XRD: (a) 0.5RuO,-MCM-41, (b) 1RuO,-MCM-41, (c)
2.5Ru0,-MCM-41, (d) 4RuO,-MCM-41, (e) SRuO,-MCM-41 and (f) 10RuO,-MCM-41

2B.3.2 N, Adsorption and ICP-AES Analysis

The textural properties of the synthesized material were analyzed using the N, adsorption-
desorption method, and the results are outlined in Table 2B.1. All RuO,-MCM-41 catalysts
showed typical type-IV isotherms with H1 hysteresis (Figure 2B.2) and the pore size distribution

(inset) with a unimodal pore diameter of ~3.8 nm, which indicates the mesoporous nature of the

Table 2B.1: The textural properties of nRuO,-MCM-41" catalysts

Catalyst BET Surface Pore diameter Pore Volume
area (mz/g) (nm) (cc/g)
MCM-41 983 3.9 0.28
0.5Ru0,-MCM-41 971 3.8 0.28
5RuO,-MCM-41 844 3.8 0.25
10Ru0O,-MCM-41 768 3.7 0.21

nRu0,-MCM-41, where n indicates wt % of Ru loading with respect to support.
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support. The surface area and pore volume were found to decrease with an increase in metal
loading. The Ru content in the fresh SRuO,-MCM-41 catalyst was confirmed using ICP analysis
(Spectro Acros ICP-OES) and was found to be ~ 4.8 % with respect to the catalyst (theoretical
loading 5 wt %).
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Figure 2B.2: N, adsorption-desorption isotherms and pore size distributions (inset) of (a)

0.5Ru0,-MCM-41, (b) 5SRuO,-MCM-41 and (c) 10RuO,-MCM-41.
2B.3.3 Electron Microscopy

To gain more insight into the size and morphology of the RuO,-MCM-41 catalysts, transmission
electron microscopy analysis was carried out. The TEM images of the catalysts shown in Figure
2B.3 reveal that RuO, nanoparticles were well dispersed on mesoporous MCM-41support and
the corresponding average particle size distributions of the catalysts, which increase from 3 nm
to 15 nm for 2.5RuO,-MCM-4, SRu0O,-MCM-41, and 10RuO,-MCM-41, respectively. In the
higher metal loaded catalyst (10 wt %), the RuO, particle size was found to be < 15 nm, which
portrays the advantage of the one-pot synthesis strategy using ethylenediamine as a ligand which
acts as the metal coordination site to stabilize and tune the particle size, and also maintains the
basic pH for the formation of MCM-41 silica material. The mesoporous nature of the MCM-41
material from TEM images agrees with the N, sorption and the PXRD results.
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Figure 2B.3: TEM images and corresponding particle size distributions of RuO,-MCM-41
catalyst.

2B.3.4 Solid-state NMR Spectroscopy

In ®Si CPMAS NMR spectra for RuO,-MCM-41 catalysts shown in Figure 2B.4, a gradual
decrease in the intensity was observed for the three distinct peaks centered at -92 ppm, -102 ppm,
and -112 ppm correspond to the Q°, Q°, and Q* sites on silica framework, respectively, as the
metal loading increased. This may be due to the interference of the silica and Ru precursor in the
one-pot synthesis to form the metal-supported silica system. This loss of siloxane framework
architecture can also tend to the growth of Ru particle size, which can be confirmed from the

TEM images for the 10RuO,-MCM-41 catalyst.
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Figure 2B.4: “’Si CPMAS NMR spectra of (a) 2.5RuO,-MCM-41, (b) 4RuO,-MCM-41, (c)
5Ru0,-MCM-41 and 10RuO,-MCM-41.

2B.3.5 H,-TPR analysis

Figure 2B.5 shows the H,-TPR profile of RuO, loaded MCM-41 catalysts. All the supported Ru

oxide catalysts were completely reduced below 150 °C. This sharp reduction peak at low

SRu0,-MCM-41

2.5Ru0_-MCM-41

._W

0.5Ru0_-MCM-41

Consumption of H, (a.u)
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Figure 2B.5: TPR profiles for various metal loading on MCM-41 catalysts.
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temperature suggests that the supported Ru-oxide can be easily reduced to metallic Ru NPs on an

MCM-41 silica support, which denotes a weak metal-support interaction.
2B.3.6 X-ray Photoelectron Spectroscopy

To better understand the oxidation state and chemical composition of RuO,, XPS analysis was
carried out. Figure 2B.6a shows the Ru 3d and C 1s spectra of the SRuO,-MCM-41 catalyst.
Typically, the Ru 3ds, spectrum is considered for identifying the electronic states of Ru.

Unfortunately, the Ru 3d3,; spectrum are generally overlapped with C 1s spectrum, which is

Ru3d 284.5 Ru3p 3p,,
Cis o b
)
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Figure 2B.6: Ru XPS spectra of SRuO,-MCM-41 catalyst. (a) Ru 3d and (b) Ru 3p.

observed at 284.5 eV. The Ru 3ds), peak of the Ru-oxide catalyst, which is located at 280.9 eV,
shows that the metal is in a +4 oxidation state.” In order to avoid the intervention from carbon,
Ru 3ps3;» of the Ru-oxide catalyst was performed, and the peak at 462.5 eV confirms that the
metal is in a +4 oxidation state with the successful deposition of RuO, on MCM-41 (Figure

2B.6b).*
2B.4 Catalytic Activity

The catalytic performances of the heterogenized RuO,-MCM-41 catalysts were screened in a

liquid-phase phenol hydrogenation reaction. In order to check the role of Ru metal in
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hydrogenation, we controlled the metal loading to 0.5, 1, 2.5, 4, 5, and 10 wt % by varying the

amount of Ru precursor. The phenol conversion over RuO,-MCM-41 catalysts increased sharply

Table 2B.2: Aqueous- phase phenol hydrogenation with nRuO,-MCM-41? catalysts

OH [o}
Ru0,-MCM-41 Ru0,-MCM-41
—_— —- —_—
H, H,

OH

Conv. (%) Selectivity (%)

Entry Catalyst Cy-ol Cy-one Ref.
1 Without catalyst 3 100 0 this work
2 Pure MCM-41 5 92 8 ’s
3 0.5RuO,-MCM-41 24 73 27 "

4 1RuO,-MCM-41 33 75 25 "

5 2.5Ru0,-MCM-41 47 90 10 "
6 4RuO,-MCM-41 88 96 4 ’

7 5RuO,-MCM-41 100 100 0 "

8 10RuO,-MCM-41 100 100 0 ’

9* Ru/ALO; 95 52 48 7

10% Ru/ACC 89 99 1 §1

Reaction conditions: phenol- 1.6 mmol, H,O-10 mL, Cat- 50 mg, T- 100 °C, P H,- 1 MPa, t- 12
h. *nRuO,-MCM-41, where n indicates wt % of Ru loading with respect to support. * by the use
of state-of-the-art catalysts.

with the increase in total Ru content and showed 100 % activity for 5 wt % loaded system,
further increase in metal content did not show any decline in activity. It is worth mentioning that

the selectivity also increased linearly towards cyclohexanol with metal loading. This activity
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trend in phenol hydrogenation reaction could be correlated with the Ru particle size, which
increased with the metal loading in the catalyst. The enhanced activity for larger RuO; particles
compared to the smaller ones in low metal content may be due to the formation of well-defined
facets, which acts as an active site for phenol hydrogenation reaction, or due to easily reducible
surface Ru oxide in larger particle size.®”” ¥ To confirm the activity of the SRuO,-MCM-41
catalyst, the reaction was compared with pure MCM-41 (5 %) and blank reaction (3 %), and

further control experiments were carried out using the optimal SRuO,-MCM-41 catalyst.
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Figure 2B.7: Influence of reaction temperature on phenol conversion over SRuO,-MCM-41

catalyst. Reaction conditions as mentioned in the footnote of Table 2B.2.

Figure 2B.7 depicts the effect of reaction temperature on the conversion of phenol and the
product selectivity on 5SRuO,-MCM-41 catalyst. Cyclohexanol was found to be the major
product with an increase in temperature along with the increase in phenol conversion. As the
reaction temperature was lowered to room temperature, the phenol conversion rate was found to
decrease along with the formation of a mixture of cyclohexanol and cyclohexanone, which
shows that the formation of cyclohexanol occurs at the expense of cyclohexanone. Complete
conversion of phenol was attained at 100 °C with 100 % selectivity towards cyclohexanol within

12 h. Further increase in temperature did not show any effect on conversion and selectivity. The
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increased rate at higher temperature may attribute to the augmentation of the diffusion rate of

phenol in the catalyst channels.
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Figure 2B.8: Effect of reaction time on phenol conversion over SRuO,-MCM-41 catalyst.

Reaction conditions as mentioned in the footnote of Table 2B.2.

The time-dependent study of phenol hydrogenation reaction using 5SRuO,-MCM-41 catalyst
performed at 100 °C (Figure 2B.8) also points to the fact that cyclohexanone may be the
intermediate for cyclohexanol formation. The conversion of phenol increased almost linearly
with time and reached 50 % within 6 h, and full conversion was attained by 12 h with full
selectivity for cyclohexanol. This result shows that the reaction time influenced the phenol
conversion and the cyclohexanol selectivity to a great extent. To explore the impact of solvent on
the reaction rate and selectivity, phenol hydrogenation is carried out in different polar organic
solvents with different polarity. In all the organic solvents studied like toluene, cyclohexane,
ethanol, chloroform, and ethyl acetate, only a marginal conversion was observed (Table 2B.3).
Interestingly, the conversion and selectivity of phenol hydrogenation in an aqueous medium with

strong polarity (dielectric constant ¢ = 80.4) attained 100 % in 12 h. To further illustrate the
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influence of water, a physical mixture of water (¢ = 80.4) and ethanol (¢ = 24.3) is used as a

solvent for the reaction.®?

Table 2B.3: Effect of solvent in the aqueous-phase phenol hydrogenation reaction.

Entry solvents Conversion Selectivity (%)
(%)
Cy-ol Cy-one
1. Water 100 100 0
2. Chloroform 10 75 25
3. Ethyl acetate 0 0 0
4. Ethanol 0 0 0
5. Toluene 7 33 67
6. Cyclohexane 5 47 53

Reaction conditions: phenol- 1.6 mmol, Solvent-10 mL, Cat- 50 mg, T- 100°C, P H,- 1 MPa, t-
12 h.
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Figure 2B.9: Effect of the bi-solvent system on phenol conversion over SRuO,-MCM-41
catalyst.
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As illustrated in Figure 2B.9, upon increasing the amount of ethanol, a sudden decrease in the
conversion and selectivity is observed, in agreement with the previous literature. The absolute
chemical inertness of phenol in ethanol is due to the competitive adsorption of solvent on the Ru
surface, along with less interaction between the phenol and ethanol. Less polar solvents like
chloroform, toluene, and cyclohexane, displayed much better selectivity for cyclohexanone than
the over hydrogenation product cyclohexanol. This result demonstrates that the solvent effect can
control the product selectivity. It is worthy to note that the selectivity to cyclohexanone increases
as the amount of ethanol increases with a drastic drop in catalytic activity. This decreased
activity could be attributed to the strong adsorption and solvation of Ru surface sites and phenol
with ethanol. This strong adsorption limits the hydrogenation of phenol and cyclohexanone in

ethanol, making the active sites non-accessible compared to water.

To extend the scope of the SRuO,-MCM-41 catalyst, we have investigated the hydrogenation
reactivity of various phenol derivatives that contain electron-donating and electron-withdrawing
groups. According to the results shown in Table 2B.4, all phenolic substrates exhibited > 90 %
conversion with higher selectivity. Phenolic substrates with electron-donating substituents
exhibited higher activity than the electron-withdrawing system and lower conversion for ortho-
substitution (entries 3, 6, 8) compared to para- (entries 2, 4, 5, 7) due to higher steric effect. In
short, cyclohexanol and substituted cyclohexanol are found to be the major products for these
reactions using Ru-oxide catalysts. In halophenols (entries 2-4), hydrodehalogenation occurs
with elimination of mineral acids such as HCl and HBr to form cyclohexanol with phenol as
intermediate via. hydrogenolysis of C-X bond (X= -Cl and —Br) and further hydrogenation to
form cyclohexanol.** Out of these halophenols, chlorophenols reduction rate is higher than
bromophenol due to its less bulky effect and geometrical position in the phenolic ring.*
Moreover, it is worthy to note that hydrogenation of guaiacol, generally obtained from lignin
depolymerization, showed 95 % conversion with selectivity to cycloalcohols (entry 6). In
addition, the hydrogenolysis pathway of guaiacols favours the formation of cyclohexanol which
diminishes product selectivity (entries 5, 6). However, in the case of alkyl-substituted phenols
(entries 7 and 8), hydrogenolysis reaction is inhibited due to the higher dissociation energy of the
—CH; group, which adopts a low-energy hydrogenation pathway to form substituted

cyclohexanols.
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Table 2B.4: Substrate scope study on SRuO,-MCM-41 catalyst

OH OH o} OH (o] OH

Entry Phenolic substrate | Conversion () Selectivity [5)
1 2 3 4 5
1 OH
@ 100 - - 100 - -
2 OH
j::j’ g5 B & BE - -
cl
3 OH
@ﬂ a0 11 g ED - -
4q OH
@’ 53 53 B 39 - -
Br
@,ﬂH 100 - 3 31 31 35
5 H,CO
E:::Im g5 - 5 20 20 55
6 DCH,
OH
o8 - - - - 100
;|
U 91 - - - B 92
]

Reaction conditions: phenol- 1.6 mmol, H,O-10 mL, 5SRuO,-MCM-41- 50 mg, T- 100 °C, P H,-

1 MPa, t-24 h
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The reusability test of SRuO,-MCM-41 catalyst for selective hydrogenation of phenols in an
aqueous medium was performed as it represents an integral part of the economic evaluation of
the catalyst for various chemical transformations. After each reaction, the catalyst was recovered
by centrifugation, washed, dried, and reused for the next run. As shown in Figure 8, SRuO;-
MCM-41 catalyst was stable, highly reusable in phenol hydrogenation where both phenol

conversion and cyclohexanol selectivity remain the same even after five successive runs.
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Figure 2B.10: Reusability of SRuO,-MCM-41 catalyst in aqueous phase phenol hydrogenation

reaction. Reaction conditions as mentioned in the footnote of Table 1.

The ICP analysis of the spent SRuO,-MCM-41 catalyst was ~ 4.6 %, indicating negligible metal
leaching from the catalyst during the reaction. This retention of activity clearly reveals that
RuO,-MCM-41 catalysts synthesized by the one-pot approach are purely heterogeneous as no
metal loss was observed under the reaction conditions for five cycles. No apparent deactivation
of the catalyst was realized from XRD and TEM analysis of the spent catalyst (Figure 2B.11).
The morphology and particle size of RuO, were maintained in the range of 6-10 nm even after

several cycles of the hydrogenation reaction, which supports the experimental results.
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Figure 2B.11: Spent catalyst analysis of SRuO,-MCM-41 catalyst (a) XRD and (b) TEM.

2.1 Conclusions

To probe the nature of catalytically active Cr sites in the cyclohexane oxidation reaction,
chromium oxide-supported MCM-41 nanosphere catalysts was synthesized by facile wet
impregnation method. Among the different wt % of Cr loaded catalysts, 5 wt % metal loaded
catalysts were found to show unprecedentedly high activity with 72 % cyclohexane conversion
and 99 % selectivity for cyclohexanone. A better understanding of the active Cr species was
obtained by correlating the catalytic and characterization results for the cyclohexane oxidation
reaction. The volcano-type catalytic performance could be attributed to the interplay between the
surface Cr®" and Cr** species in the material, which varies with the Cr content. From our results,
the excellent activity towards the cyclohexanone product under mild reaction conditions can be
attributed to the initial concentration of the extra-framework amorphous Cr’* species in the
MCM-41 supported catalyst. Efforts are on identifying the root cause for deactivation using

spectroscopic techniques.

In the second part of this chapter, one-pot approach to synthesize size-controlled RuO,
nanostructures supported MCM-41 catalysts was accomplished. Under mild conditions, the
optimum RuO, loaded catalyst exhibited excellent activity in selective aqueous phase

hydrogenation of phenol and lignin-derived phenols. The RuO, nanoparticle size of the optimum
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catalyst was found to be around 6-8 nm. The combination of different characterization
techniques and activity results showed that RuO,-MCM-41 catalysts are highly active, stable,
and reusable and are a better candidate to hydrogenate bio-renewable aromatics to beneficial

platform chemicals.
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3.1 Introduction

Architectural designs of nanoscale hollow or yolk-shell structured mesoporous functional
materials having internal spaces or voids along with unique morphology have achieved great
interest in the field of catalysis, nanofabrication, drug storage and delivery, energy storage in Li-
ion batteries, etc. due to its captivating properties like available high surface area, low density,
and permeable shells.'” Among the various porous materials, silica-based materials are most
frequently studied in the field of catalysis. The fabrication of hollow/ yolk-shell nanostructures is
usually limited to conventional hydrophilic mesoporous silica formation. One way of revising
the physical and chemical properties of the mesoporous silica-based materials is through the
integration of organic moieties, either as part of the silica framework or onto the silica surface.®’
The evolution of organic-inorganic hybrid mesoporous siliceous materials display improved
stability, activity, and selectivity in a variety of catalytic reactions.® In contrast to the
conventional silica materials, periodic mesoporous organosilica (PMO) hybrid materials has the
merits from the molecular-scale mixing of both organic and inorganic components, which are
homogeneously distributed over the framework.” '° By tuning the pore wall chemistry through
the bridging of organic moieties inside the network impose specific features capable of
enhancing the catalysis by varying the degree of hydrophobicity, structure rigidity along with the

refined accessibility of task-specific sites due to their open structure."!

Titanium containing porous solids have been extensively studied to synthesize industrially

important chemical intermediates through selective oxidation catalysis.'> "

Both Ti-containing
zeolites and mesoporous materials are active for the oxidation of many organic transformation
reactions using oxidants like H,O, and other organic peroxides.'*'” In contrast to the
microporous zeolites, mesoporous molecular sieves were more effective in diffusing the bulky
organic substrates and oxidants, among which Ti-SBA-15 and Ti-MCM-41 materials were well
exploited in such reactions.'® ' The inorganic-mesostructured Ti-containing silica was proven to
be a promising candidate for epoxidation catalysis using peroxides as oxidizing agents. However,
some associated disadvantages exist like low activity and selectivity due to the amorphous pore
wall structure and the ample amount of surface silanol groups resulting in increased

hydrophilicity.'” This can be overcome either through the silylation of the surface silanol groups

or by the integration of the organic segments into the silicate framework, which helps to improve
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the hydrophobicity of titanosilicate materials.'" 2" *!

The bridging of organic linkers into the Ti-
containing silicate framework through the one-pot hydrothermal synthesis is an effective strategy
to boost hydrophobicity. Here comes the applicability of PMO materials where the organic
groups are uniformly distributed throughout the silica framework, which tunes the adsorption-
desorption properties of the reactant and product species in oxidation catalysis.”” **** Previous
experimental reports recommend precise tetrahedral framework Ti centers as a requisite for
epoxidation catalysis and such isolated tetrahedral Ti sites are crucial for a stable and active
catalyst.”” In contrast, the extra-framework Ti species in titanosilicate is observed to spoil the

catalytic activity.”®?’ Hence it is challenging to stabilize Ti active species inside the PMO hybrid

silica framework selectively, especially in yolk-shell and core-shell nanostructures.

Heterogeneous catalysis by gold nanoparticles has been intensely investigated and demonstrated
in the literature; still, the silica-supported gold-based catalysts exhibit some paramount issues
like low dispersion and sintering due to the reduced intimacy with the silica material.”® One
alternative approach to tackle this issue is to encapsulate the small gold nanoparticles inside the
porous dielectric materials like silica either in the form of yolk-shell or core-shell

29-33
nanostructures.

This becomes an attractive strategy since there are no neighbouring
accessible metal nanoparticles for the process of sintering even under harsh reaction conditions.
Among these two configurations, the yolk-shell structures become more remarkable in the
liquid-phase catalysis due to the associated diffusion constraints with the core-shell
nanostructures.”*>’ These hollow spherical shells can act as the physical barrier to protect the
active noble metal components from deactivation during the catalytic process. The quest for
designing functional materials for catalysis with exciting properties and composition became a
driving force for the evolution of these yolk-shell structured metal nanoparticle encapsulated
nanoreactors. This work reports the confinement of small-sized single gold nanoparticles inside
the titanium incorporated hollow structured periodic mesoporous organosilica nanospheres
(Au@Ti-HPMO). The one-pot synthesis of Ti-HPMO hollow spheres was achieved through our
optimized reaction conditions. All the synthesized catalysts were thoroughly characterized, and

these nanoreactors were found to serve as stable and recyclable catalysts for liquid phase alkene

oxidation reactions.
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3.2 Experimental Section

3.2.1 Synthesis of gold colloid

The colloidal solution of gold nanoparticles was synthesized by reducing the gold precursor
HAuCl, using NaBH, as a reducing agent at room temperature. Typically, 0.2 g of CTAB was
dissolved in 10 mL of water to which 400 pL of 75 mM HAuCls was added and stirred for 15
min. 2 mL of 10 mM NaBH,4 solution was added in drops, stirred for another 15 min at RT. A
brownish-red coloured solution was obtained, which was further used for the encapsulation with

titanium-containing organosilica material.

3.2.2 Encapsulation of single gold nanoparticles inside the Ti-incorporated hollow
structured spherical periodic mesoporous organosilica nanohybrid (Au@Ti-HPMO).

Synthesis of nanohybrid Ti-HPMO was carried out using surfactant-assisted sol-gel procedure
followed by hydrothermal treatment. Typically, 0.5 g of CTAB was dissolved in a mixture of
water and ethanol in a 2:1 ratio and 3 mL of ammonia solution (25 wt%). To make the solution
homogeneous, the mixture was vigorously stirred for 1 h at room temperature. The pre-
synthesized gold colloid solution was added in drops and stirred for 15 min. A solution of
titanium butoxide in 5 mL of ethanol containing 1.2 mL of 1,2-Bis(triethoxysilyl)ethane (BTEE)
and 300 uL TEOS was added in drops forming a pinkish-red slurry, where the Si/Ti ratio varied
from 25 to 150. After 24 h stirring, the solution was transferred into Teflon lined stainless-steel
autoclave and hydrothermally treated at 150 °C for 12 h. The obtained residue was centrifuged
and washed thoroughly with water and ethanol, followed by drying at 60 °C for 12 h. Finally, the
solvent extraction of the template CTAB was carried out in 30 mL of ethanol acidified with con.
HCI at 60 °C for 6 h, washing was repeated twice to remove the surfactant completely, and the
pinkish-red colored residue was dried at 60 °C for 12 h to obtain Au@Ti-HPMO.. Instead of
BTEE, 4,4’-bis(triethoxysilyl)1,1’-biphenyl (BP) was added for synthesizing Au@Ti-HPMO,.
Bare hollow structured Ti-HPMO catalysts were synthesized by removing the gold colloid

solution step during the synthesis.
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Scheme 3.1: Synthesis of gold encapsulated mesoporous Ti-incorporated hollow structured

spherical periodic mesoporous organosilica nanohybrid (Au@Ti-HPMO).

In the one-pot synthesis of organic-bridged Ti-HPMO, the Si/Ti ratio was varied from 25 to 150
to optimize the catalyst framework components. The incorporation of Ti species inside the
organosilica framework was achieved through the co-hydrolysis, followed by the co-
condensation of Ti precursor and the silica precursors. The Ti incorporation simultaneously
occurs with the co-assembly with CTAB micelles, as illustrated in Scheme 1, step-2. The
evolution of the hollow spherical nanostructures involves the hydrolysis of Si and Ti precursors
in the basic medium containing water-ethanol mixture with the CTAB as the sacrificial template
(See section 3.2.2). The final morphology of the Ti-HPMO is obtained through the hydrothermal
treatment of the residue at 150 °C. As a control experiment, the bridging organic moiety inside
the silica framework was changed from ethane to biphenyl (See section 3.2.2), and the obtained
hybrid HPMO was labeled as Ti-HPMO,,,-100, where the Si/Ti ratio =100 was maintained.
Confinement of Au nanoparticles inside Ti-HPMOy,-100 was carried out similarly and denoted

as Au@Ti-HPMOy,-100.

3.2.3 Analytical equipment
UV-visible analysis was performed on Shimadzu 2700 spectrophotometer with a dual-beam

source of He lamp and tungsten lamp as UV and visible light source, respectively. DRUV

Ph.D Thesis; January-2022: CSIR-NCL; Chapter-3 Page 78



Exploring the Chemical Modifications in Periodic Mesoporous Silica Materials for Heterogeneous
Catalytic Applications

analysis was done for powder samples using a dual-beam source with diffuse reflectance
attachment by taking BaSO4 as the standard. Powder X-ray Diffraction was recorded on Rigaku
D MAX with a Cu Ka source of wavelength 1.54 A with an operational voltage of 40 mV and 15
mA current. N2 adsorption-desorption analysis was done using Autosorb 1C Quantachrome,
USA. The sample was first degassed at 300 °C for 3 hr. After degassing, the samples were cooled
down to room temperature, and analysis was done by adsorbing/desorbing liquid N2 at different
pressures. BET model calculated the surface area. Pore size distribution was calculated using the
BJH method. TEM analysis was carried out by the JOEL JEM F-200 instrument working at a
voltage of 200kV. The samples for TEM analysis were prepared in isopropyl alcohol and dried
completely before analysis. XPS measurements were carried out using a Thermo Kalpha+
spectrometer using micro-focused and monochromated Al Ko radiation with energy 1486.6 eV.
The peak fitting of the individual core levels was done using CASA XPS software with a
Shirley-type background.

3.2.4 Catalytic screening for liquid phase olefin oxidation

The liquid phase olefin oxidation was carried out in a two-necked round bottom flask by
attaching one neck to the condenser and the other neck sealed with a rubber septum for the
addition of the oxidant. Typically 25 mg of the catalyst was mixed with 5 mL of acetonitrile
(solvent) and 0.5 mmol of olefin and kept in the oil bath set at 70 °C. The mixture was stirred at
this temperature for 15-20 min to attain a homogeneous condition. After this, Immol TBHP
(70%) was added slowly under stirring. The reaction mixture was taken out at regular intervals to
obtain the conversion and selectivity. The reactant and products were analyzed by GC equipped

with FID and HP5 column.

3.3 Results and Discussion

3.3.1 UV-Visible (DRUV) Spectroscopy

The coordination environment of the Ti inside the ethane bridged organosilica materials were
examined through the diffuse reflectance UV-vis spectroscopy (Figure 3.1a). All ratios of Ti-
HPMO, showed a strong absorption band at 215-225 nm, which is designated to the isolated
tetrahedral Ti centers due to the LMCT charge transfer from oxygen to Ti.*®® As we increased the
Ti loading inside the silicate framework, a shoulder peak was observed at 260 nm, suggesting the

higher Ti coordination along with the water-coordinated Ti species. For higher Ti loaded
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material Ti-HPMO,-25 (Si/Ti ratio 25), absorption at 330 nm was observed, which is indicative

of the presence of extra-framework Ti species.
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Figure 3.1: UV-Vis spectra of Ti-HPMOs and Au@Ti-HPMO catalysts.

The synthesized Au@Ti-HPMO,-100 catalyst was used for UV-Vis analysis (Figure 3.1b),
confirming the presence of gold nanoparticles showing the surface plasmon resonance
absorbance band at 530 nm. A sharp absorption band at 220 nm evidenced isolated tetrahedral Ti
centers and a peak at 260 nm, suggesting higher Ti coordination. No absorption at 330 nm
confirms the absence of the extra-framework Ti species (Figure 3.1b). Similarly, the UV-Vis
analysis was carried out on Au@Ti-HPMO,,,-100 where the SPR band for Au NPs was seen at

535 nm, but the different Ti species inside the framework was not conclusive from the UV
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spectra because the absorption from the biphenyl group inside the framework was also observed

in the same region (Figure 3.1c¢).
3.3.2 X-ray Diffraction

In the wide-angle XRD (Figure 3.2a), all Ti-HPMO, samples displayed a broad peak at 23°
indicates the amorphous nature of hybrid silica. At lower Si/Ti molar ratios, no diffraction peaks
from the crystalline TiO, phase were observed, whereas, for molar ratios, 50 and 25 samples

showed the peaks corresponding to the TiO, anatase phase.”” The XRD results were well
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Figure 3.2: XRD pattern for Ti-HPMOs and Au@Ti-HPMO catalysts.

matching with the observation from UV-Vis analysis. The optimum Si/Ti ratio 100 was used to

encapsulate the Au NPs, and the corresponding wide-angle XRD is given in Figure 3.2b. The
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FCC crystal structure of the Au NPs was detected from the XRD pattern of the Au@Ti-HPMO.-
100 catalyst. Even in the presence of gold nanoparticles during the synthesis of Au@Ti-HPMO,-
100, no peaks were detected in XRD, proving the absence of extra-framework titania, which
supported the UV results. The XRD pattern for the Ti-HPMOy,-100 and Au@Ti-HPMOy,-100
was carried out, and the reflection from the molecular scale ordering from the biphenyl bridging
was observed for both Ti and Au loaded catalyst (Figure 3.2c). The XRD spectrum of Au@Ti-
HPMO catalysts confirms the FCC crystal structure of the Au nanoparticles inside the hollow
spheres from the visible Au (200) diffraction plane (Figure 3.2 b and c).

3.3.3 N, Porosimetry

The surface analysis by N, adsorption analysis showed a type IV isotherm for filling of
mesopores (Figure 3.3a). The textural properties of all these catalysts have been tabulated in
Table 3.1. All the catalysts showed very high surface area, and the surface area was found to
decrease with an increase in the titanium content. Among all the ethane-bridged catalysts, Ti-
HPMO,-25 showed the least surface area and less pore volume (0.25 cc/g), which might be due
to the pore-blocking from the extra-framework TiO, species in the higher Ti loaded catalyst. The
appearance of larger pores along with the pores of 3.8 nm in the Ti-HPMO,-25 catalysts can be

due to the incorporation of titanium in the silica matrix. Since the ionic radius of Ti*'is greater
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Figure 3.3: (a) N, adsorption-desorption isotherms and (b) pore size distribution of Ti-HPMO,

catalysts
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than Si*" (Si*'=0.48 A° and Ti*'=0.68 A°), the exchange of some Si*" ions by Ti*" in the silica

matrix caused the pore enlargement. The pore diameter for all the catalysts was in the range of 3-

4 nm, indicating the generated mesoporosity from the CTAB soft template. The biphenyl-bridged

Ti-HPMOy,-100 catalyst showed a very high surface area (654 m?/g) compared to the ethane

framework along with the formation of mesopores.

Table 3.1: Textural properties of different Ti-HPMO catalysts.

Catalyst BET Surface Pore diameter  Pore Volume
area (mz/g) (nm) (cc/g)
HPMO, 396 3.8 0.47
Ti-HPMO, (Si/Ti = 100) 329 3.7 0.40
Ti-HPMO, (Si/Ti = 25) 256 3.8 0.25
Ti-HPMOy,,(Si/Ti = 100) 654 4.1 0.44

3.3.4 Solid State NMR Spectroscopy

The solid-state °C cross-polarization (CP) MAS NMR spectra of HPMO, and Ti-HPMO.-100

shows one resonance peak at 5.4 ppm for the ethylene (-Si-(CH;),-Si-) bridging inside the
titanosilicate framework (Figure 3.4a).*" Similarly, the *Si CP-MAS NMR spectra (Figure 3.4b)

for those samples features significant resonance signals at -57 and -67 ppm attributed to the

framework Si coordination T? [CSi(OSi),OH] and T° [CSi(OSi)s], respectively.*
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Figure 3.4: Solid-state NMR spectra of Ti-HPMOe (a) °C and (b) *°Si
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The integration of biphenyl moiety inside the Ti-containing siloxane framework was confirmed
from solid-state *C and *’Si NMR measurements (Figure 3.5 a and b, respectively). The *C-
MAS solid-state NMR spectrum showed the four aromatic resonances and side bands from the
biphenyl bridging, consistent with the reported biphenyl-PMO system.”” No other carbon peaks
confirmed the complete removal of surfactant from the Ti-HPMO material through the solvent
extraction method. In the ?Si NMR spectrum, the strong resonance from the T" sites attributed to
T'-silicon [CSi(OSi)(OH),] species at -61 ppm, T*-silicon species [CSi(OSi),(OH)] at -71 ppm,
and T° species [CSi(OSi)s] at -81 ppm.
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Figure 3.5: Solid-state NMR spectrum for TizBI;IiPMObp (a) °C (¥ spinning side bands) and (b)

3.3.5 X-ray Photoelectron Spectroscopy

To elucidate the chemical composition of Ti species on the surface of hybrid hollow
nanospheres, XPS measurements were carried out on Ti-HPMO, samples with varying Si/Ti
molar ratios (Figure 3.6a). The XPS spectra of Ti 2p exhibit two peaks corresponding to 2p3, and
2pi», which, after deconvolution, confirmed the existence of two different coordination
environments for titanium inside the material. Titanium tetrahedral (Td) and octahedral (Oh)
coordination was observed in Ti-HPMOc-100 and Ti-HPMO,-50, whereas only octahedrally
coordinated Ti was detected in Ti-HPMO,-25, agreed with previous experimental results. The

relative percentage fraction of surface Ti*"(Oh) and Ti*"(Td) species were determined from the
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fitted peak areas, which varied according to the hollow nanostructures' Si/Ti molar ratio. From
Figure 3.6b, it can be observed that the Ti-HPMO,-100 catalyst shows the maximum amount of
Ti*"(Td) species (35 %) whereas, further increasing the Ti loading inside the organosilica
framework showed a decrease in tetrahedrally coordinated Ti species. In contrast, no
characteristic for tetrahedral coordination was noticed in the Ti-HPMO,-25 catalyst. From these
characterization results, the optimized Si/Ti molar ratio in Ti-HPMO, was found to be 100, and
the Ti-HPMO,-100 was further used to encapsulate gold nanoparticles. No prominent peak at the
gold 4f region was measured, which may be due to the hybrid silica encapsulation with a shell

thickness of ~25 nm (as determined from TEM).
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Figure 3.6: (a) Ti 2p XPS spectra of Ti-HPMO,-(Si/T1) catalysts and (b) percentage fraction of

different Ti species on the surface of hollow hybrid titanosilicate catalysts.

3.3.6 Scanning Electron Microscopy (SEM)
SEM analyzed the morphology of synthesized Ti-containing HPMO catalysts. All ratios of Si/Ti
showed spherical morphology using the optimized synthesis methodology, while Si/Ti = 25 (Ti-

HPMO,-25) resulted in the partial destruction of spherical architecture, which can be seen from
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Figure 3.7. This can be due to the change in the rate of hydrolysis for the formation of extra-

framework TiO; at higher Ti loading. The average particle size of spheres was ~ 70 nm.

S5 Ti- HAMO 2

\,5‘;‘ 3

Figure 3.7: SEM images of Ti-HPMO,-100 (scale 500 nm) and Ti-HPMO,-25 (scale 200 nm)

3.3.7 Transmission Electron Microscopy (TEM)

Figure 3.8a and 3.8b show the representative images of surfactant removed Ti-HPMO, with the
Si/Ti ratios 100 and 25, respectively. Apparent changes were observable from the TEM images
of both the Si/Ti ratios, where the uniform thickness of shell (~20 nm) was formed in Ti-
HPMO,-100, but in the case of Ti-HPMO,-25 (higher Ti loading) formation of irregularly shaped
hollow spheres of varying shell thickness was noticed. This irregularity was caused due to the
simultaneous growth of extra-framework TiO,, which alters the rate of hydrolysis and
condensation reactions. Further, these architectures were used for the compartmentalization of

single Au NPs.

Figure 3.8: TEM images of (a) Ti-PMO,.-100 (scale 50 nm) and (b) Ti-PMOe-25 (scale 20 nm).
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The successful formation of yolk-shell spherical morphology having an average shell thickness
of ca. 25 nm carrying a single gold nanoparticle of an average size of ca. 3-5 nm as the yolk can
be observed from the TEM images (Figure 3.9). The mesostructured hybrid organo-titanosilicate
hollow spherical shell was clearly visible from the TEM images. Not many hybrid spheres were
spotted encapsulating more than one Au NPs in the overall analysis. Even by varying Au loading
from 1 wt % to 5 wt %, we could not notice many multiple occupancies of Au NPs in a single

sphere.

Figure 3.9: TEM images of Au@Ti-PMOe-100 (a) scale 50 nm and (b) 20 nm.

The hollow cavity spaces along with fine Au nanoparticles was confirmed from the HAADF-
STEM image, which clearly shows the spatial proximity between the Au and Ti-HPMO, hollow
support inside the confined nanospace (Figure 3.10a). As indicated from the STEM elemental
mappings (Figure 3.10b-d) for Si, O, and Ti atoms are homogeneously distributed on the hollow
structured particle. The single Au NP was encapsulated by the hollow shell resulted in a yolk-
shell morphology (Figure 3.10e, f). Elemental EDX line scan across the selected Au@Ti-HPMO,
particle along with the shown direction in Figure 3.10g confirms the formation of confined Au
nanoparticles inside Ti-HPMOe, resulting in a yolk-shell structure with uniformly distributed
atoms (Figure 3.10h). This confirmed that the shell is enriched with the uniform distribution of
the Si, Ti, O, and the yolk is majorly made by the single Au NP.
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Figure 3.10:(a) HAADF-STEM image of Au@Ti-HPMO,-100 (scale 50 nm), (b-f) STEM-EDX
elemental mapping of (b) Si K, (c) O K, (d) Ti K, (¢) Au M edges, and (f) overlay image, line
scan profile of Au@Ti-HPMO,-100 (g) line scan region and (h) line scan profile image.

The TEM analysis of the Au NP encapsulated biphenyl bridged hybrid Ti-containing HPMO
(Au@Ti-HPMO,,,-100) synthesized using a similar synthesis procedure is shown in Figure 3.11.
The TEM images of the surfactant removed Au@Ti-HPMOy,-100 samples in Figure 3.11a, b
showed the successful encapsulation of single Au NPs inside the Ti-HPMOy, spheres, but the
formation of hollow architecture was not successful while using the biphenyl PMO precursor
(BP) in the synthesis. The only difference in the synthesis is the change in the organic bridging
siloxane precursor. The possible reason for the difference in the structural evolution can be the
difference in the rate of hydrolysis and polycondensation of BP under the hydrothermal
treatment in the optimized basic reaction conditions."! Generally, while using the CTAB assisted
synthesis of silica particles, the core etching occurs due to the lower stability of the inside silica
compared to the surfactant attached peripheral silica in basic reaction medium. The difference in
the organic functional moieties in the silica core and periphery can alter the etching rate.** The
hydrothermal stability of biphenyl bridged silica is higher than the ethane bridging. Hence the

core etching under these optimized synthesis conditions are not facile in biphenyl bridged
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Figure 3.11: TEM images for Au@Ti-HPMO,-100, scale (a) 100 nm and (b) 50 nm

Ti-HPMOy,, which can be clearly seen from the TEM studies (Figure 3.11). Still, we can observe
the less dense or hollow formation near the layers below the periphery of silica spheres suggests
the partial construction of hollow silica. But further internal core etching may take prolonged
time. The average particle size of Ti-HPMOy, spheres was calculated to be ~120 nm, and the

average Au NP size was determined to be ~ 5 nm.

———25nm 0K

———25nm AUM  ——— 25 im

Figure 3.12: (a) HAADF-STEM image of Au@Ti-HPMOy,-100 (scale 25 nm), (b-g) STEM-
EDX elemental mapping of (b) Si K, (¢) CK, (d) Ti K, (e) O K, (f) Au M edges and (g) overlay
image, (h) line scan profile of Au@Ti-HPMO,-100 (inset: line scan region).
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For Au@Ti-HPMOy,, the density of the silica periphery compared to the core is significantly
less, which can be seen from the HAADF-STEM image (Figure 3.12a), which also supports the
TEM analysis. As indicated from the STEM elemental mappings (Figure 3.12b-e) for Si, C, Ti,
and O, atoms are homogeneously distributed on the spherical structured hybrid silica particle.
The single Au NP was encapsulated by the silica shell resulting in core-shell morphology (Figure
3.12f, g). The elemental EDX line scan across the selected Au@Ti-HPMOy, particle and the
shown direction in Figure 3.12h (inset) confirm the formation of confined Au nanoparticles
inside Ti-HPMOy,, resulting in a core-shell structure with uniformly distributed atoms (Figure
3.12h). This confirmed that the shell is enriched with the uniform distribution of the Si, Ti, O,

and the core is majorly by the single Au NP.

3.3.8 Catalytic Activity for Olefin Epoxidation

Generally, the mesoporous titanosilicates made of purely inorganic bridging are frequently
utilized as catalysts for the liquid phase epoxidation reactions.” Here, we carried out the reaction
using the synthesized inorganic-organic hybrid titanosilicate catalysts for the liquid-phase
oxidation of alkenes where acetonitrile was used as the solvent and TBHP as the oxidant. Figure
3.13 shows the results of the oxidation of cyclooctene as the model reaction. All ratios of Si/Ti in
the ethane bridged Ti-HPMO, catalysts showed more than 75 % selectivity for the cyclooctene
oxide irrespective of the alkene conversion. This may be due to the less ring strain of the alkene
in the bulky cyclooctene substrate. A volcano-type activity trend was observed as we increased
the Ti loading in the HPMO,, and the maximum conversion (63 %) was obtained for the Ti-
HPMO,-100 (Si/Ti = 100). A further increase in the Ti loading showed a decline in the activity.
As a control experiment, TS-1 catalyst was used for the reaction. The conversion was measured
less than 50 % due to the microporous nature of the material, which restricts the diffusion of the
bulky molecules like cyclooctene in the liquid phase reaction, but the selectivity for the
cyclooctene oxide (79 %) was maintained. The XPS studies on the Ti-HPMO,-x (x= Si/Ti ratio)
catalysts for quantifying the different Ti coordination species showed that Ti-HPMO,.-100
catalysts have maximum tetrahedral Ti centers (35 %), which was in trend with the activity
results. The mesoporous nature of the hybrid material and the optimum concentration of
tetrahedral Ti sites are responsible for the obtained activity. The effect of ethane organic bridging

was not much prominent in the cyclooctene epoxidation catalysis using TBHP. Hence we used
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Figure 3.13: Catalytic oxidation of cyclooctene over Ti-HPMO,-x (x= Si/Ti) catalysts. Reaction
conditions: cyclooctene (0.5 mmol), TBHP (1 mmol), CH;CN (5 mL), T (70 °C), and t (16 h).

Other products include diol, enol and enone.

the biphenyl bridged Ti-HPMOy,-100 catalyst for the reaction and could see an enhancement in
the conversion (69 %) and the epoxide selectivity (92 %) compared to the ethane bridging (Ti-
HPMO,-100) and the inorganic TS-1 and TiO, material. This improvement can be attributed to
the weak interaction of the epoxide with the surface-active species, which was effortlessly
desorbed and prevented the ring-opening of the epoxide from forming the diols. In the Ti-
HPMOy,-100 catalyst, the activity was derived from the highly dispersed isolated Ti centers and
the surface characteristics of organic-inorganic hybrid materials. The oxidant effect was checked
by using H,O, (30 %) on the Ti-HPMOc-100 catalyst, where low conversion (55 %) of
cyclooctene was observed with 83 % selectivity for epoxide. Similarly, the Ti-HPMOy,-100
catalyst was used with H,0,, and lower conversion (58 %) and selectivity (86 %) were
measured. Hence the oxidant was optimized to be TBHP for further studies. These hybrid Ti-

silicates have been utilized as the nanoreactors for the encapsulation of the Au NPs and have
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been tested for catalysis to investigate the enhanced activity by the synergy of Au and Ti sites.
The gold NP encapsulated hybrid systems have been tested for the cyclooctene epoxidation
reaction. However, no noticeable improvement was observed due to the bulkiness of cyclooctene
to encounter the encapsulated Au NPs, which are buried inside the silicate shell of larger
thickness. Hence the substrate was changed to styrene for the study since it is an industrially
significant molecule, and the Au@Ti-HPMO.-100 and Au@Ti-HPMO,,-100 catalysts were
tested for liquid phase styrene oxidation using TBHP as an oxidant. The primary selective

product obtained for the reaction was styrene oxide.

Table 3.2: Liquid-phase catalytic oxidation of styrene.

S1 Catalyst Conversion Selectivity (%)

No. (SU/Ti= 100) (“o) SO BA PA
1. Ti-HPMO, 48 66 22 10
2 Au@Ti-HPMO, 64 69 21 9
3 Ti-HPMOgp 69 71 18 8
4. Au@Ti-HPMOgp 71 77 15 5
5 Au-TiO, 31 62 23 15
6 Au@Ti-HPMO, 63 63 20 5

(spent)
7. Au@Ti-HPMOgp 67 73 19 3
(spent)

Reaction conditions: Styrene- 0.1 mmol, CH;CN- 3 mL, TBHP -0.2 mmol, Cat- 20 mg (Au 2.5
wt%), T- 80 °C, t- 24 h. SO = styrene oxide, BA = benzaldehyde, PA = phenylacetaldehyde

The catalytic results for styrene oxidation are tabulated in Table 3.2. Compared to Ti-HPMO,
catalyst (conversion 48 %), Ti-HPMOy,, (conversion 69 %) showed better conversion of styrene,
confirming the effect of organic bridging with Ti dispersion and mesoporosity for the enhanced
activity. These systems with Au NPs were tested for the reaction under similar conditions. The
Au NPs inside ethane bridged Ti-HPMO, material displayed enhanced styrene conversion (64 %)
in comparison to Ti-HPMO, alone (Table 3.2, entries 1 and 2). Similarly, Au NPs inside
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biphenyl bridged Ti-HPMOy, material was utilized for the reaction. Still, no noticeable change in
the conversion and selectivity was observed (Table 3.2, entries 3 and 4) in comparison to bare
Ti-HPMOy,. This difference in activity can be explained with respect to the morphological
differences in both Au@Ti-HPMO, and Au@Ti-HPMOy, catalysts. As evidenced from the TEM
analysis, Au@Ti-HPMO, exists in hollow structured yolk-shell morphology, which has a
mesoporous shell of hybrid Ti-silicate having a thin shell (~20 nm). Due to the reduced diffusion
constraints, the Au NPs inside the shell are easily accessible to the alkene and bulky oxidants in
the liquid phase. The Au NPs inside the yolk-shell architectures are mobile inside the thin shell,
which favours mass transfer to the active catalytic centers.** In the case of Au@Ti-HPMOy,, the
core-shell morphology was achieved, restricting the facile interaction of alkene with the Au NPs
embedded inside the porous Ti-silicate shell of thickness ~ 50 nm. Owing to the morphological
and physicochemical attributes of the hybrid Ti-silicates collectively contributed to the alkene
oxidation catalysis and the Au@Ti-HPMO, catalyst with Si/Ti ratio 100 was found to be the

more active catalyst in the present study.

The heterogeneity of Au@Ti-HPMO, catalyst was studied by reusability experiment, where the
spent catalyst was utilized for the subsequent catalytic run, and no apparent change in both
conversion and selectivity was noticed (Table 3.2, entries 6 and 7). The study confirmed that no
active species was lost into the solution phase and this was further confirmed through the ICP-
OES measurements. Leaching of Au or Ti was not detected in the solution after the reaction
suggesting the heterogeneous behaviour of active moieties on the hybrid silica. The TEM
analysis of the spent Au@Ti-HPMO. catalyst was carried out (Figure 3.14a) which showed that
the Au NP size was maintained even after the reaction. This points out the significant role of the
encapsulation strategy of Au in Ti-modified hybrid silica shell. To study the nature of surface Ti
species in the catalyst after reaction, XPS analysis was carried out. From Figure 3.14b, it can be
observed that Au@Ti-HPMO, spent catalyst showed the existence of Ti*"(Td) and Ti*'(Oh)

species, where the former is considered the active site for the oxidation catalysis.
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Figure 3.14: Au@Ti-HPMO, spent catalyst analysis (a) TEM image and (b) Ti 2p XPS plot.

3.4 Conclusions

In conclusion, mesoporous titanium-modified organic-inorganic hybrid silica nanostructures
(yolk-shell and core-shell) were synthesized using the sol-gel hydrothermal method. The ethane
and biphenyl organic motif incorporated inside the Ti-modified silica with the aid of a structure-
directing agent to form spherical morphology. The use of ethane silane precursor resulted in a
hollow spherical architecture, whereas the biphenyl silane precursor yielded hybrid silica spheres
with no void space. The liquid-phase oxidation of cyclooctene over these nanoarchitectures with
varying Ti content showed that the best Si/Ti ratio is 100 with almost 35 % Ti*"(Td) sites
(determined from XPS) gave a better catalytic performance. The Au NP encapsulated Ti-HPMO
acts as nanoreactors for the styrene epoxidation reaction in the liquid phase. Among the yolk-
shell and core-shell morphologies, the enhanced catalytic performance in terms of conversion
was observed for the Au@Ti-HPMO, catalyst with a hollow structure with a thin porous shell
facilitating a favourable mass transfer compared to core-shell morphology. This encapsulation
strategy with porous hybrid silica shell was found to prevent the leaching and sintering of small

Au NPs during the liquid-phase catalysis.
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CHAPTER-4

Hydrogenation Catalysis by Fine Pd-nanoparticles on N-

incorporated Periodic Mesoporous Organosilica (NPMO)

Part 4A. Pd-NPMO Catalyzed Low-temperature and Atmospheric Pressure Phenol

Hydrogenation Reaction

Part 4B. Aqueous-phase Hydrogenation of CO;, to Formate on Pd-NPMO Catalyst
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organosilica and the impact on room temperature phenol hydrogenation (Manuscript ready for
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Exploring the Chemical Modifications in Periodic Mesoporous Silica Materials for Heterogeneous
Catalytic Applications

4.1 Introduction

Periodic mesoporous organosilica (PMOs) have become the state-of-the-art advanced silica
material over the past few years. Their high surface area, tunable porosity, and structural
diversity make them a suitable scaffold for a myriad of applications, including gas sorption, drug
delivery, and catalysis.1 The seemingly unlimited possibilities of PMOs offered through the
judicious choice of bridging functional framework linkers and preparation conditions.” > Among
the various nanoporous materials, mesoporous silica-based materials generally contain
amorphous framework. In contrast, a molecular-scale ordering has been observed within the pore
walls of periodic mesoporous organosilica (PMOs) constructed using the bridged organosilane
precursors.4’ > The crystal-like ordering in the PMO pore walls has been achieved in the recent
decades using several hydrophobic bridging organic functionalities, where the organosilane
precursor undergo self-assembly in water through hydrophobic and hydrophilic interactions to
form lamellar structures with the molecular scale ordering induced by the m-m stacking, H-
bonding, etc.”® Hybrids of nanostructured PMOs with covalently incorporated organic groups in
the pore walls of silica framework without destructing the mesopores induce unique properties.’
Several organic framework bridges starting from organic m-systems to metal complexes are
reported for implementing framework functionality carrying unique properties like introducing
electro-active centers, modulating HOMO-LUMO levels, and generating reactive catalytic

. 10-15
sites.

The ability to alter the pore size, surface area, and topology and incorporate task-
specific functional groups into the framework make them a potential material for fine chemical
synthesis.

Synergistic effect achieved by the use of catalyst support as an active component along with
metal nanoparticles (NPs) is an attractive strategy in catalysis.'® '” Compared to redox-active
supports like CeO,, TiO, which acts as an electronic and structural promoter in heterogeneous
catalysis, silica behaves inert and inactive component which can merely hold the metal NPs with
the aid of surfactants, expensive dendrimers or polymers, and structure-directing agents.'® '
Synthesis and stabilization of downsized metal NPs on silica without any aiding reagents is
challenging due to the weak interaction of the metal precursors with the silica surface.”
Incorporation of N-containing organic domains inside the host silica framework achieved by the

rational design of bridged organosilane precursor for organic-inorganic hybrid support or the
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surface decorated silyl functionality is an effective protocol that can stabilize and electronically
modify the fine metal NP sites responsible for boosting the catalyst performance.”'** Compared
to the simple surface anchored functionality, covalently bridged N-containing organic moieties in
the silica framework helps to create well-dispersed active centers that are more stable and leach
proof under the catalytic reaction conditions.**2°

The first part of this chapter, i.e., 4A, describes the synthesis and detailed characterization of Pd
NPs supported on a new framework incorporating nitrogen-containing hybrid PMO silica
material (PA@NPMO). This material has been screened for selective hydrogenation of phenol
and its derivatives at room temperature under atmospheric hydrogen pressure. The catalytic
performance of hybrid material has been compared with unmodified Pd@SBA-15 catalysts.
Based on the experimental and literature reports, a possible reaction mechanism is proposed for
the low-temperature phenol hydrogenation explaining the role of nitrogen-containing organic
domains in the silica framework. In the second part of this chapter 4B, the PA@NPMO hybrid
catalyst has been tested for the selective aqueous phase CO, hydrogenation reaction. To validate
the superior performance of the PdA@NPMO catalyst, we compared the activity with Pd-SBA-15
catalysts and the crucial role of nitrogen sites in our catalyst to boost the CO, valorization to

formate has been studied using various optimization reactions.

4.2 Experimental

Synthesis of 1,3,5-triformylphloroglucinol”’ and SBA-15 silica®® was carried out using the
reported procedure. All other chemicals, reagents, and solvents were used as received without

any further purification.

4.2.1 Synthesis of N-incorporated organo-silane precursor: The synthesis was done using the
Schiff-base reaction of a trialdehyde and amine. Typically, 0.47 mmol of 1,3,5-
triformylphloroglucinol (TFPG) was loaded in a 50 mL, two-neck round-bottom flask equipped
with a condenser and magnetic stirrer. An inert atmosphere was achieved by applying a vacuum
and flushing using N, gas. Anhydrous dichloromethane (DCM, 20 mL) was injected and allowed
for complete dissolution by stirring at 40 °C. After adding 1.43 mmol of (3-

aminopropyl)trimethoxysilane, the mixture was allowed to stir for 20 h to obtain an orange-red
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solution. DCM was removed after the reaction by rota-evaporation to get crude semi-liquid

product and used as organosilica precursor.

4.2.2 Synthesis of N-incorporated mesoporous hybrid organosilica nanospheres (NPMO):
Typically, 0.5 g of CTAB was dissolved in a mixture of water and ethanol in the ratio of 2:1 in
the presence of 2.5 mL of aqueous ammonia solution (25 wt%) and stirred for two hours. A
premixed solution of organosilica precursor and TEOS in the ratios varied from 1:0, 1:1, 1:3, 1:5,
and 1:10, in ethanol obtained after 0.5 h stirring was added in a drop-wise manner under stirring.
After addition, the mixture was allowed for 24 h stirring at RT, a pale-orange colored residue
was obtained, which was transferred into a Teflon-lined stainless-steel autoclave after dispersing
in 15 mL of MQ water. The autoclave was hydrothermally heated at 100 °C for two days. The
product obtained was filtered, washed, and dried at 60 °C for 12 h. The removal of surfactant
CTAB was done by three repetitive solvent extractions using acidified ethanol at 60 °C. The final

powder obtained after filtration, washing, and drying was labeled as NPMO support.

4.2.3 Pd nanoparticles supported NPMO nanosphere catalyst (Pd@NPMO): Palladium
nanoparticles were supported on NPMO support through simple wet chemical reduction using
NaBHy, as a reducing agent. 100 mg of NPMO support was dispersed in water at RT, to which
the calculated amount of Na,PdCl, solution in water was added and stirred for one hour. Freshly
prepared 3 mL, 1 M NaBH, solution was added slowly, and the reaction was allowed to stir for
another 2 h. The obtained material was filtered, washed, and dried at 60 °C for 12 h to obtain
Pd@NPMO catalysts. The Pd loading was controlled by varying the amount of Na,PdCly
precursor. Pd@SBA-15 catalyst was also synthesized using the same protocol for control
experiments, only changing the support NPMO with SBA-15. Small-sized, highly dispersed Pd
nanoparticles on SBA-15 catalyst were used, labeled as PA@SBA-15(DP), and synthesis was
1.2

carried out using a reported modified deposition-precipitation protoco

4.2.4 Catalysts Characterization

Powder X-ray diffraction (PXRD) analysis of all the synthesized materials was carried out on
PANalytical X'pert Pro diffractometer with Cu Ka radiation (\= 1.5406 A) operated at 40 kV
and 30 mA. Fourier transform infrared (FTIR) spectra for the samples were collected on a Bruker
Optics ALPHA-E spectrometer with universal Zn-Se attenuated total reflection accessory (ATR)
with a Diamond ATR (Golden Gate) in 600 to 4000 cm'range. Autosorb 1C Quantachrome,
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USA, instrument was used to study the N, isotherms and pore-size distribution of the material.
The analyses of the degassed samples at 100 °C for 4 h were run at liquid Notemperature. BET
multipoint model was used to calculate the surface area at P/Py=0.06—0.3 and BJH desorption
model for pore size distribution. Thermogravimetric analyses were carried out under N,
atmosphere on a TG50 analyzer (Mettler-Toledo) or SDT Q600 TG-DTA analyzer at a heating
rate of 10 °C/min within 30-900 °C temperature range. XPS measurements for the catalyst were
done on a Thermo Kalpha+ spectrometer using Al Ka radiation with an energy of 1486.6 eV. All
the spectra were charge corrected with reference to Cls at 284.6 eV. The peak fitting was carried
out using CasaXPS software with Shirley-type background. The TEM images of the samples
were recorded by FEI Tecnai TF-20 electron microscope, operating at 200 kV with LaB6
filament. SEM images obtained by dual-beam scanning electron microscope (FEI company,
model Quanta 200 3D) operating at 30 kV with a tungsten filament. The solid-state NMR spectra
for 1°C and "°N nuclei were recorded on Jeol ECX-400 MHz spectrometer (100.6 MHz on solid 4
mm MAS probe). Magic-angle spinning (MAS) NMR spectra for *’Si nuclei was recorded on
BRUKER DSX300 spectrometer at 7.05 T (resonance frequencies 59.595 MHz, rotor speed
10000 Hz and 75.43 MHz, rotor speed 10000 Hz).

4.2.5 Catalytic studies on the hydrogenation of phenol: Typically, Pd catalyst (0.7 mol % Pd
relative to phenol) was placed into a 20 mL Schlenk flask equipped with a magnetic bar and was
purged with H, gas to exclude air. The catalyst was activated by heating at 100 °C under H, for 1
h. A mixture of phenol (0.53 mmol) and water (2 mL) was injected, and the reaction was
conducted at 40 °C under 1 atm H, pressure for 16 h. H, gas was continuously supplied to
maintain the pressure during the course of the reaction. After the reaction, the catalyst was
filtered off, and the mixture was extracted with chloroform, and the products were analyzed by
GC (Agilent 7890 connected with HPS column and FID detector). The catalyst was collected by
filtration for the recycling studies, washed, dried, and then reused in the next runs. A variety of
phenol derivatives were used to examine the substrate scope for the aqueous phase

hydrogenation under atmospheric H; pressure.

4.2.6 Aqueous phase catalytic hydrogenation of CQO,: The hydrogenation of CO, over
Pd@NPMO catalysts was investigated in a high-pressure Parr 4848 autoclave (50 mL) equipped
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with a mechanical stirrer and temperature controller. The reaction pot was charged with catalyst
(20 mg) in aqueous KOH solution (0.5 M, 20 mL), and the autoclave was sealed and purged
twice with CO, and H, gas mixture (1:3) to exclude air and pressurized to 4 MPa, and the
reaction was carried out at 100 °C for 20 h. A range of experiments was carried out to optimize
the reaction conditions by varying the reaction parameters. After the reaction, the catalyst was
separated by simple filtration, and the product determination and quantification were carried out
using HPLC (equipped with RID detector and a Rezex ROA-organic acid H+ column) by
injecting authentic samples followed by standard calibration method and confirmed by liquid
state 'H and >C NMR of the reaction mixture in D,0. Gas effluents after the catalytic run were
injected in the offline GC (equipped with TCD detector and carbosphere column) in order to
detect the presence of any gaseous products. The reusability was checked after each run, where

the separated catalyst was washed repeatedly with water and dried at 60 °C for 12 h.

4.3 Results and Discussion

The N-containing tris-organosilane precursor was prepared by the silylation of trialdehyde, (1,3,5
triformylphloroglucinol) with (3-aminopropyl)trimethoxysilane through the Schiff-base reaction
to yield enol-imine (Scheme 4.1, precursor-1), which can undergo tautomerism to the keto-
enamine form (Scheme 4.1, precursor-2).>” Synthesis of NPMO (Scheme 4.2) was done by the
surfactant templated sol-gel strategy using the organosilane precursor-2 and tetraethyl
orthosilicate (TEOS) by varying the molar ratio (organic silane precursor to TEOS ratio used 1:0,
1:1, 1:3, 1:5, and 1:10). The hydrolysis followed by the polycondensation of the methoxy groups
in the silanes under basic conditions leads to forming an organic-inorganic hybrid silica
framework. Uniformly distributed functionalities were obtained with the aid of a structure-
directing agent, cetyltrimethylammoniumbromide (CTAB), and the powdered material was
further extracted with an acidified ethanolic solution. In order to preserve the Si-C linkage during
the condensation process, the precipitate obtained was centrifuged to remove the supernatant

solution and was aged by dispersing in fresh Millipore water under moderate conditions.
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Scheme 4.1: Synthesis of N-containing tris-organic silane precursor by reaction of 1,3,5-

triformylphloroglucinol (TFPG) with (3-aminopropyl)trimethoxysilane.

In order to explore the hybrid NPMO material in catalysis, it was chosen as a platform for the
stabilization of small, well-dispersed Pd nanoparticles. However, silica-based supports often
suffer from weak nanoparticle interactions, leading to low metal loading and agglomerated
particles due to sintering. Stabilization of monodispersed fine Pd nanoparticles on NPMO was
achieved successfully through simple chemical reduction with NaBH4 without any surfactant,
expensive dendrimers, precipitating agents, or ligands. Using a similar synthesis methodology Pd

was also supported over unmodified SBA-15 silica for the control experiment.
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Scheme 4.2: Synthesis of PA@NPMO hybrid silica catalyst.
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4.3.1 N, Adsorption and Micro-elemental Analysis

The porosity and surface area of the hybrid silica was estimated by N, gas sorption analysis and
carried out on the activated NPMO. The results showed a type-IV isotherm which is typical for
mesoporous materials (Figure 4.1a). Using the BET model, the surface area for hybrid NPMO
was calculated to be 823 m?/g, and the pore size distribution was calculated using the BJH

desorption method, showing a peak maxima at a pore diameter of 2.6 nm.
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Figure 4.1: N, adsorption-desorption isotherms of Pd supported silica catalysts.

The extent of Pd loading on NPMO support was reflected in BET surface area measurements
where the PA@NPMO(1:5) (489 m?*/g) decreased compared to pristine NPMO(1:5) (823 m?/g).
Table 4.1: Textural properties of different NPMO(x:y) hybrid silica supports.*determined from

CHN elemental analysis.

Catalyst BET Surface area Pore diameter N content*
support (m%/g) (nm) (%)
NPMO(1:0) 47 2.1 6.6
NPMO(1:1) 116 2 6
NPMO(1:3) 547 2.8 5.4
NPMO(1:5) 823 2.6 4.8
NPMO(1:10) 1149 2.5 3.1
SBA-15 710 6.2 -
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This decrease in surface area is justified as the pore surface (fully or partially) in the NPMO is
occupied by small Pd nanoparticles.”® The N-content in the NPMO obtained was calculated to be
4.6 % from the CHN elemental analysis (see Table 4.1).

4.3.2 Thermogravimetric Analysis

Thermal stability of hybrid NPMO materials with varying amounts of organic moieties inside the
hybrid silica framework was studied using thermogravimetric analysis (TGA). The organic

bridging in the framework showed to be stable up to 300 °C under O,
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Figure 4.2: TGA study on various NPMO catalysts under O, atmosphere.
atmosphere and a considerable weight loss were observed at temperatures above 300 °C (Figure
4.2). The weight-loss trend observed from TGA goes well with the amount of organic silane
loading in the support. The observed weight loss below 100 °C can be attributed to the adsorbed
water molecules. As we increased the organic linker loading, a considerable decrease in the

material affinity towards the water was observed, and a minimum was noticed for NPMO(1:0).

4.3.3 X-ray Diffraction

Small-angle XRD of PA@NPMO catalyst with the high surface area is presented in Figure 4.3a,
which reveals the diffraction peak at 2.5° due to a mesoscale periodicity of the NPMO material
was retained even after the loading of Pd nanoparticles. The wide-angle PXRD (Figure 4.3b)
patterns of Pd supported NPMO and SBA-15 catalysts showed a broad peak at 23°, indicating
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the amorphous nature of the silica material, and the rest of the peaks are assigned to Pd (111),
(200), and (220) planes. The particle size from Debye-Scherer calculation showed crystallite size
to be ~ 3 nm for Pd on NPMO hybrids and 7 nm on SBA-15. The PXRD profile confirms the
ability of NPMO support to stabilize small-sized, uniformly dispersed Pd nanoparticles
compared to Pd supported SBA-15 material.
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Figure 4.3: PXRD plots of PA@NPMO catalysts (a) small-angle XRD of PA@NPMO(1:5) and

(b) wide-angle PXRD of Pd loaded NPMO catalysts.

| S B
w

4.3.4 FTIR- Spectroscopy

The formation of a keto-enamine framework in the hybrid NPMO was confirmed by FTIR
spectroscopy. The FTIR spectra for the starting material trialdehyde (TFPG) showed the
carbonyl stretching (C=0) band at 1642 cm ' (Figure 4.4a).”! Most of the peaks in the FTIR
spectrum of the NPMO silica (Figure 4.4c) matched well with the organic silane precursor-2
(NPMO precursor), which exists in the keto-form (Figure 4.4b). The C=0 peak was observed at
1616 cm ™' and a strong peak at 1548 cm ™' from the C=C bond. The absence of a peak at 1642
cm ' in the synthesized silane precursor and NPMO confirms the complete utilization of
aldehyde during the Schiff-base reaction, which corroborated with the NMR results. The IR band
for C-N at 1298 cm ' in the silica framework showed the retention of the keto-form after the

hydrolysis and polycondensation reaction at basic conditions while forming hybrid silica. The
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band at 1075 cm ' shows the Si—O—Si vibration from the framework, confirming a siliceous

network formation in the material.
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Figure 4.4: FTIR spectra of hybrid NPMO silica.

The presence of all the prominent peaks of NPMO in all ratios of organic precursor to TEOS in

FTIR spectra confirmed that the chemical composition in the NPMO framework remained intact

even after the strong treatment with NaBH4. The keto-enamine hybrid silica framework in all

systems was confirmed from FTIR spectroscopy (Figure 4.5). As we increased the organic silane

precursor concentration in the synthesis protocol, we observed the prominence of the Si-O-C (~

1125 cm™) vibrations compared to the Si-O-Si (1075 cm™), which confirmed the successful

integration of the N-containing organic spacer inside the siloxane framework. Even after the

immobilization of Pd nanoparticles on the NPMO support, the existence of the stretching

vibrations for C=C (~ 1548 cm™) and C-N (~ 1298 cm™) confirmed that the high metal loading

was occurred without hampering the initial NPMO architecture.
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Figure 4.5: FTIR spectra of all PdA@NPMO hybrid catalysts.

4.3.5 Solid-state NMR Spectroscopy

The organic functionality in the mesoporous silica framework of NPMO material was confirmed
by °C, #°Si, and "°N cross-polarization (CP) magic-angle spinning (MAS) NMR spectroscopy.
The keto-form in the organic hybrid silica was established from solid-state *C NMR
spectroscopy (Figure 4.6a). The resonance peak for the carbonyl carbon of the aldehyde in the
starting material (TFPG) was observed at 192 ppm and was absent in the final NPMO silica
material (Figure 4.6a), which indicates the complete consumption of the starting material during
the Schiff-base reaction. The N-incorporated PMO clearly showed the signal corresponding to
the carbonyl group at 184 ppm, which unambiguously confirmed the existence of keto-form. '*C
NMR of all ratios of the NPMO catalysts showed the carbon resonances from the organic moiety
in the keto-form. In ?’Si NMR spectra (Figure 4.6b), the presence of two different types of Si
environments in the framework was observed in the ranges from -90 to -113 ppm and -50 to -65
ppm corresponding to the Q" sites and T" sites, respectively.’? The peaks at -55 and -66 ppm in
the T" region represent the T’[SiC(OSi),OH] and T° [SiC(OSi);] linkages from the organic

spacer bridge in the siliceous framework. The signals from the Q" sites at -91, -100, and -110
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ppm from [Si(OSi),(OH);], [Si(OSi);(OH)], and [Si(OSi)4], respectively, were observed from the
inorganic bridge in the framework. As we introduced TEOS in the hybrid NPMO synthesis
showed the appearance of Q" sites from the inorganic bridge in the framework, which increased
gradually with the increase in TEOS loading (Figure 4.6b), which was well accordance with the
FT-IR analysis.
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Figure 4.6: Solid-state NMR spectra of all PA@NPMO catalysts (a) °C, (b) ’Si, and (c) "°N.
Both *C and ’Si NMR showed the successful integration of the keto-form of the organic silane

into the hybrid silica through our optimized synthesis methodology. '’N CP-MAS NMR spectra
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of NPMO hybrid silica displayed a peak at 135 ppm chemical shift assigned to the N-H species
in the organic bridging functionality (Figure 4.6c).”> The N-H peak was visible due to the
efficient 'H cross-polarization effects. The absence of other peaks in Figure 4.6¢ further
confirmed the absence of the NH, group from the starting APTMS. Thus, the Pd metal loading
and NaBH,4 reduction did not destruct the framework architecture as confirmed from solid-state

NMR studies (Figure 4.6c¢).

4.3.6 Electron Microscopy

The TEM images (Figure 4.7(a-d)) and Pd particle size distribution histogram (Figure 4.7(e-h))
of Pd supported hybrid silica materials confirm the spherical morphology of the NPMO hybrid
silica support where the small-sized Pd NPs were stabilized. From the TEM image of
Pd@NPMO(1:5), uniformly distributed Pd nanoparticles with an average particle size of ca. 2-5
nm was spotted on the spherical NPMO hybrid support. This was in line with XRD results. The
NPMO support synthesized using 100 % organic tris-silica precursor [Pd@NPMO(1:0), Figure
4.8a)] showed poor metal dispersion and low surface porosity, which was per the surface area

results.
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Figure 4.7: Characterizations of the Pd@NPMO(x:y) catalysts. TEM images of (a)
Pd@NPMO(1:0) (scale 50 nm), (b) PA@NPMO(1:3) (scale 100 nm), (¢c) PA@NPMO(1:5) (scale
100 nm) and (d) Pd@NPMO(1:10) (scale 50 nm), Histogram showing the particle-size
distribution from the TEM of (e¢) PA@NPMO(1:0), (f) PAd@NPMO(1:3), (g) PA@NPMO(1:5),
and (h) PdA@NPMO(1:10). (i) High-resolution TEM image for PA@NPMO(1:5) (scale 50 nm),
() HAADF-STEM image of Pd@NPMO(1:5) (scale 200 nm). (k—p) STEM-EDX elemental
mapping of the (k) Si K, (I) O K, (m) CK, (n) NK, (o) Pd L, and (p) overlay image.
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The TEM image of the PA@NPMO(1:10) (Figure 4.7d) also justifies the highly porous hybrid
silica support, but the particle size of Pd was increased with the loss of metal dispersion (Figure
4.7h). STEM-HAADF analysis along with the EDX elemental mapping was carried out on
Pd@NPMO(1:5) to confirm the well-dispersed small-sized Pd nanoparticles (Figure 4.7j) and
organic bridging moieties in the hybrid silica support with extensive coverage. The narrow size
distribution of Pd nanoparticles (2-5 nm) can be seen in hybrid NPMO material, along with the

uniform distribution of C and N throughout the material were confirmed from the obtained color

maps (Figure 4.7k-p).

Figure 4.8: Transmission electron microscopy images of (a) SBA-15 (scale 50 nm) and (b-d)

SPd@SBA-15 catalyst (scale 100, 50 and 50 nm, respectively).
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From the TEM images of the SPd@SBA-15 catalyst (Figure 4.8), poor dispersion of Pd on the
SBA-15 support due to agglomeration was visible, which clearly demonstrates the role of
nitrogen in acting as a pseudo-ligand on the PMO matrix for stabilizing metal nanoparticles.
Unsupported Pd NPs can also see clearly from Figure 4.8d, confirming the poor affinity of the
bare silica for NPs. As a control experiment, well-dispersed small Pd nanoparticles on SBA-15
(Pd@SBA-15(DP)) were synthesized using a modified deposition—precipitation protocol and
examined. The TEM results (Figure 4.9) showed the uniform-sized Pd nanoparticles (~ 3 nm)

homogeneously dispersed on the long hexagonal channels of SBA-15.

.....

Figure 4.9: Transmission electron microscopy images of Pd@SBA-15(DP) catalyst show small,
well-disposed Pd nanoparticles inside the SBA-15 channels.
From the FE-SEM image shown in Figure 4.10, PA@NPMO samples with varying quantities of

organic linker inside the framework majorly consist of spheres having an average particle size of

ca. 250 nm.
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Figure 4.10: SEM images for Pd catalysts. (a) PdA@NPMO(1:0), (b) PA@NPMO(1:1), (c) Pd-
NPMO(1:3), (d) PA-NPMO(1:5), (e) PAd-NPMO(1:10) and (f) Pd-SiO,(0:1)

4.3.7 ICP-AES

ICP-AES analysis was done to estimate the loading of palladium in the PdA@NPMO and
Pd@SBA-15 catalysts. The theoretical 5 and 7 wt % loading of Pd on NPMO catalysts was
estimated from ICP to be 4.8 % and 6.9%, respectively. However, Pd on SBA-15 catalysts
showed the Pd loading of 4.4 % for SPd@SBA-15 and 6.1 % for 7Pd@SBA-15, respectively.
ICP analysis confirmed almost complete loading of Pd over NPMO support, whereas unmodified

SBA-15 showed a weak affinity for Pd which resulted in the lower loading over SBA-15.

4.3.8 X-ray Photoelectron Spectroscopy

To garner insight into the nature of surface Pd species on the different ratios of NPMO hybrid
silica support, XPS analysis has been carried out along with its quantification analysis (Figure
4.11). The XPS spectra of Pd in all supported NPMO catalysts showed two different peaks
corresponding to 3ds,; and 3ds,,, which, after deconvolution, gave two different Pd components
centered at 335 and 337 eV, which corresponds to metallic Pd and oxidized Pd states,
respectively. It was observed that after the reduction of Pd with the same amount of NaBH4

solution in all the hybrid catalysts showed different quantities of Pd’/Pd*" species. This clearly
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indicates the ability of hybrid NPMO support to influence the electronic states of surface Pd
species. The relative percentage of Pd (0) and Pd (2+) species in the hybrid silica was found from
the fitted peak area, which varied according to the concentration of bridged organic loading

inside the framework.

a |Pd3d PA@NPMO(1:0) b

« Pd(0) = Pd(2+)

Intensity (a.u)

Pd@SBA-15

332 334 336 338 340 342 344 346
Binding Energy (eV)
Figure 4.11: (a) Comparative XPS plots of (a) PA@NPMO(x:y) and (b) comparison of % Pd
species in PA@NPMO(x:y) catalysts as calculated from XPS.

The Pd supported NPMO(1:0), 100 % organosilane bridged, showed a higher percentage of
Pd(2+) species (59 %) which had higher N content (6.6 %). The predominance of the Pd (2+)
species in catalyst points at the N-induced charge transfer from Pd to the NPMO hybrid silica.**
As we dilute the tris-organosilane precursor with TEOS, we could observe a gradual switching in
the surface Pd species from Pd(2+) to Pd(0). The Pd-supported SBA-15 material showed 100 %
Pd (0) species compared to the hybrid silica system due to the absence of N sites. The
deconvolution of N 1s spectra determined the chemical nature of N species in the hybrid silica

and the major existence in N-H species (Figure 4.12).
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Figure 4.12: N1s spectrum of PA@NPMO(1:5) catalyst.

4.3.10 Catalytic Activity

The synthesized Pd nanocatalysts were tested for aqueous phase phenol and CO, hydrogenation
reactions. The details of the reaction procedures have been provided in the experimental section
of this chapter. The catalytic performance of Pd on hybrid silica catalyst has been discussed in

the two sections of this chapter as 4A and 4B for phenol hydrogenation and CO, hydrogenation

reactions, respectively.
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Part 4A: Pd-NPMO catalvzed low-temperature and atmospheric pressure phenol

hvdrogenation reaction.

Phenol hydrogenation is an industrially crucial catalytic process due to the formation of
compounds like cyclohexanone. Typically cyclohexanone is used in the synthesis of caprolactam
and adipic acid to produce nylon-6 and nylon-66, respectively, whereas cyclohexanone
derivatives were utilized for chiral tacrine and cyclohexanone imines.” *® Generally, a
commercial preparation of cyclohexanones has done either via cyclohexane oxidation or phenol
hydrogenation which requires very harsh reaction conditions and also suffers from low yield and
low selectivity.®” *® Hence the selective synthesis of cyclohexanone and its derivatives through
the hydrogenation of phenolics is a highly appreciated industrial process through the utilization
of biomass-derived renewable feedstocks like lignin. For this purpose, many homo- and hetero-
tagged catalysts have been developed in the past and screened for liquid phase phenol
hydrogenation in order to offer cost and energy assets.”* Improved phenol conversion can be
achieved at the higher reaction temperature; however, thermodynamically favored cyclohexanol
formation occurs through the over hydrogenation of cyclohexanone. Hence, pausing the reaction
at high cyclohexanone selectivity with an adequate phenol conversion within a single step is
challenging. Tailoring of new Pd catalysts for the low-temperature liquid-phase hydrogenation of
phenol was remarkably exemplified by Liu and co-workers displaying high conversion and
cyclohexanone selectivity on a dual-supported Pd Lewis acid catalyst at 50 °C and 10 bar H,
pressure.” However, the use of soluble Lewis acids such as AICI; for hydrogenation reactions
imposes severe limitations in the catalytic process technology. Later, notably, some researchers
developed very few Pd-based catalysts promising phenol hydrogenation catalysis even at room

temperature and atmospheric H, pressure in an environmentally green solvent like water

(Scheme 4A.1). *°
OH OH 0] OH
e (72 OF |
1 atm H, ( H,

Scheme 4A.1: Reaction pathway for atmospheric pressure selective hydrogenation of phenol to

cyclohexanone in water.
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Notably, some previous research activity on the catalytic hydrogenation of phenol have shown
the key role of the surface chemistry of the support, which majorly influences the product
distribution, mainly the chemisorbed phenol on the support reacts with the metal activated
hydrogen, usually on Pd sites, yielding the products.”’” Generally suggested that the non-planar
mode of phenol adsorption over basic sites lead to yield cyclohexanone whereas the coplanar

adsorption on acidic sites results in the cyclohexanol and cyclohexane formation.'® -

4 A.1 Catalytic Hydrogenation of Phenol

Phenol was chosen as a model substrate to estimate the catalyzing ability of PA@NPMO hybrid
silica catalysts. Requisite quantities of the synthesized Pd catalysts were charged, and the
reaction parameters were optimized accordingly. Table 4A.1 summarizes the activity profile on
various PA@NPMO materials under similar reaction conditions. The conversion of phenol over
Pd@NPMO(1:0) catalyst displayed much lower activity (32 % conversion) with the
cyclohexanone selectivity (99 %). A gradual increase in phenol conversion was observed on the
Pd supported hybrid NPMO catalysts as we increased the dilution with TEOS precursor and
reached a maximum for PA@NPMO(1:5) (100 % conversion) and further increase showed a
decline in the catalytic activity. A complete conversion was observed on the PdA@NPMO(1:5)
catalyst without compromising cyclohexanone selectivity at 40 °C and 1 atm H, pressure in
water. As a control experiment, we compared the activity with the Pd@SBA-15 catalyst, where
Pd loading was carried out using a similar synthesis procedure. Under the optimized reaction
conditions, Pd@SBA-15 having the larger Pd nanoparticles (TEM analysis) with 100 % metallic
Pd species (XPS analysis) showed only 6 % phenol conversion with good selectivity towards
cyclohexanone. To further emphasize the role of hybrid NPMO support in low temperature and
atmospheric H, pressure phenol hydrogenation reaction in water, we used small-sized Pd
nanoparticles stabilized on SBA-15, [Pd@SBA-15(DP)], which was synthesized using a
previously reported modified deposition-precipitation method and employed for phenol
hydrogenation catalysis.29 Results showed a conversion of 32 % with a cyclohexanone selectivity

of 80 %, along with the formation of an over hydrogenation product, cyclohexanol (20 %).
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Table 4A.1: Hydrogenation of phenol on Pd supported silica catalysts in water.

Entry Catalyst Phenol Cy-one Cy-ol
Conversion (%) (%) (%0)

1 Pd@NPMO(1:0) 32 99 1

2 PA@NPMO(1:1) 39 99 1

3 PA@NPMO(1:3) 83 99 1

4 PA@NPMO(1:5) 100 99 1

5 PA@NPMO(1:10) 90 98 2

6 Pd@SBA-15 6 92 8

7 Pd@SBA-15(DP) 30 80 20

8 Pd/C 23 96 4

Reaction conditions: Substrate (0.53 mmol), catalyst (0.7 mol % Pd relative to substrate), H, (1
bar pressure), water (2 mL), T (40 °C) and t (16 h).

To optimize the reaction process, a detailed reaction parameter study was carried out (Figure
4A.1). The temperature scan on PA@NPMO(1:5) catalyst demonstrated the role of a hybrid
organosilica framework in stabilizing Pd nanoparticles and enhancing the hydrogenation
catalysis. The catalyst was active even at a low temperature (40 °C), showing conversion of 48 %
and complete selectivity towards cyclohexanone within 6 h under the atmospheric H, pressure.
Further increasing the reaction temperature increased the rate of hydrogenation catalysis and
reached full conversion at 100 °C within 6 h along with the formation of the side product
cyclohexanol. The reaction at >100 °C showed a drop in cyclohexanone selectivity and the
formation of an over hydrogenated cyclohexanol product. The kinetics of the phenol
hydrogenation reaction through time-on-stream analysis (Figure 4A.lb) was studied on
Pd@NPMO(1:5) at 40 °C and 1 atm H, pressure. It was found that 16 h of reaction was enough

for the complete conversion of phenol to yield cyclohexanone selectively.
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Figure 4A.1: Optimization of reaction parameters for the reduction of phenol. (a) the reaction

temperature and (b) reaction time.

A substrate scope study was carried out to extend the applicability of PA@NPMO(1:5) hybrid
catalyst in hydrogenation catalysis, and the results are tabulated in Table 4A.2. As expected, all
the phenolic substrates gave both excellent conversion and selectivity to corresponding
cyclohexanone products in the aqueous medium. It was methyl phenol (Table 4A.2, entry 2) that
showed a comparatively lower hydrogenation rate of reaction due to the steric-hindrance effect
of methyl group on the phenol ring. Similar trend was also observed for p-tertiary phenol (Table
2, entry 5), whereas all other substrates showed above 90 % conversion with very high

selectivity for cyclohexanone derivatives under atmospheric H, pressure.
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Table 4A.2: Hydrogenation of phenol derivatives on PA@NPMO(1:5) catalyst in water.

Reactant T t (h) Conv. Product sel. {%0)
(*C) (%)

. @,GH 140 12 100 o (99 %)

Entry
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Q
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Reaction conditions: Substrate (0.53 mmol), PA@NPMO(1:5) (1.4 mol % relative to substrate),
H; (1 bar pressure), water (2 mL).

A recycling study was carried out to assess the stability of PdA@NPMO(1:5) in the aqueous phase
selective hydrogenation of phenol, and the results are given in Figure 4A.2a. The catalyst
showed no loss in activity even after the four consecutive catalytic runs, and the separated
catalyst was examined using TEM (Figure 4A.2b). No noticeable change was observed in the
TEM image of the recycled catalyst compared to the fresh PA@NPMO(1:5) catalyst, along with

the retention of small Pd nanoparticles (2-5 nm) on the spent catalyst.
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Figure 4A.2: (a) catalytic activity plot showing the recycling study on the PA@NPMO(1:5)
catalyst (b) TEM of spent PA@NPMO(1:5) catalyst after three cycles of the catalytic run, (c)
histogram showing the Pd particle-size distribution over the spent PdA@NPMO(1:5) catalyst.

From XPS, the quantity of Pd(0) species on the spent catalyst has increased to 78 % after the
three cycles of the catalytic run at 40 °C and 1 atm H; pressure (Figure 4A.3). Hence the Pd 3d
XPS measurements on the PA@NPMO(1:5) spent catalyst confirmed the significant Pd species

on the active surface exists as Pd(0), which retains the catalytic cycle even after three cycles.

Intensity (a.u)
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Figure 4A.3: Pd 3d XPS spectrum for spent PA@NPMO(1:5) catalyst.
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A plausible reaction pathway was depicted in Scheme 4A.2, showing the sequence of events
involved during the PA@NPMO mediated phenol hydrogenation to selectively synthesize
cyclohexanone. One noticeable property of the hybrid NPMO support is that it carries an in-built
framework N-H group, which acts as basic centers on the catalyst surface, which may be
employed for the selective adsorption of phenol molecules by an acid-base interaction. Amine
functionalized mesoporous silica has been reported to be an efficient adsorbent for phenols in

. g . 51. 52
aqueous media compared to bare silica material.”"

Hence the synergy between the hybrid
organosilica support and small-sized Pd(0) active centers play a crucial role in the enhanced
hydrogenation catalysis of phenol to selectively yield cyclohexanone under mild conditions in an

aqueous medium.
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Scheme 4A.2: Proposed reaction mechanism explaining the role of bridged N-containing organic
moiety in PA@NPMO catalyst for low-temperature selective hydrogenation of phenol to
cyclohexanone.

Depending on the nature of the catalytically active surface, the mode of interaction of phenol can
vary, and in this case, it may occur through the O-H---N interactions. As reported and proved in
the previous literature, a non-planar mode of adsorption is preferred by phenol over basic sites.*
Initially, the phenol can be certainly adsorbed on the Pd@NPMO surface in a non-planar
fashion, and the gaseous H, can get activated on the support induced small Pd nanoparticles
(Scheme 4A.2a). The partially hydrogenated enol form from phenol rapidly isomerized to
cyclohexanone (Scheme 4A.2b). The weakly bonded cyclohexanone will be quickly replaced
from the Pd@NPMO surface, which hinders the over hydrogenation of cyclohexanone to
cyclohexanol (Scheme 4A.2c). The adsorption-desorption strength of molecules on hybrid
NPMO materials determines hydrogenated phenol products selectivity over conventional

supported catalysts.
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Part 4B: Aqueous-phase hydrogenation of CO, to formate on Pd-NPMO catalysts

Catalytic chemical transformation of CO, is an excellent alternative for producing fuels and
platform chemicals that minimize our huge dependence on carbon-rich fossil fuels. Among the
various approaches for CO, valorization, catalytic hydrogenation has been regarded as the most
promising route to achieve this goal. Industrially, CO, has been converted at elevated
temperatures (200-300 °C) and pressures (50-100 bar) using a conventional Cu/ZnO/Al,O;
catalyst to produce methanol.”*>> Such harsh reaction conditions are required because of the
chemically inert and thermodynamically stable nature of the CO, molecule.”® Out of the several
platform compounds from CO,, the most targeted molecules are methanol,”® formate/formic
acid,”” and dimethyl ether,”® due to the value addition of these molecules in the energy sector
worldwide. Formic acid (FA) with a 4.4 wt % theoretical hydrogen content and volumetric
storage density of 53 g Hy/L is regarded as a promising liquid organic hydrogen carrier (LOHC).
The other advantages are stable, less toxic, biodegradable, and easy to store and transport.”’
Currently, the requirement for HCOOH is industrially met via carbonylation of CH3;OH to
HCOOCH; followed by its hydrolysis.® Furthermore, the consumption of HCOOH and its salts
in the direct formic acid fuel cells (DFAFCs)®' makes their production more pronounced from a
C1 carbon source like gaseous CO, making the approach green and cyclic.

In the past decades, a variety of homogeneous and heterogeneous catalysts were designed
and examined for the catalytic reduction of CO, to formate/formic acid.**** One among the
strategies to overcome the exergonic thermodynamic limitations (AG® = —9.5 kJmol ™" in water
and at room temperature) in liquid phase CO, hydrogenation is the use of suitable bases.” A
variety of heterogeneous catalysts containing nitrogen atoms either in the form of metal nitrides®
or in supports have been reported to improve the activity. Similarly, N-heterocyclic carbenes,®’
ionic liquids,68 carbon nitride,69 and amine-functionalized silica” combined with noble and non-
noble metals such as Co, Ir, and Ru bimetallic PdAg have been reported. Recently, Liu et al.
reported a urea-derived framework (PMO-UDF) exhibiting an enhanced CO, capture property
with its catalytic conversion to cyclic carbonates by reacting with epoxides under mild
conditions.” The photocatalytic CO, reduction using modified PMO containing immobilized

ruthenium complexes as photosensitizing sites was also reported recently.’’
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4 B.1 Aqueous phase catalytic hydrogenation of CO,

The catalytic properties of synthesized Pd@NPMO material and other control samples were
evaluated for the aqueous phase CO, hydrogenation reaction. When the reaction was carried out
with SPA@NPMO under 4 MPa, (CO,/H, = 1:3) at 100 °C, 6.3 mmol of formate was generated
after 20 h in 0.5 M KOH aqueous solution. The 'H and >C NMR analyses of the reaction
mixture after 20 h evidenced the formation of formate as the only liquid product under our
optimized reaction conditions. Interestingly, no gaseous CO, hydrogenation products like CO
and methane were detected during the catalytic run, which implies the complete selectivity for
the direct synthesis of formate on SPd@NPMO, making separation of products effortless. To the
best of our knowledge, this is the first time demonstrating the catalytic utilization of Pd
nanoparticles on chemically modified PMO in the selective CO, reduction to formate with a
good yield under mild conditions. In order to highlight the role of N-incorporation in a periodic
mesoporous hybrid silica matrix in CO, catalysis, reactions were also performed under similar

conditions using Pd on SBA-15 (5Pd@SBA-15), which produced only 0.9 mmol of formate.

Table 4B.1: CO; hydrogenation catalyzed by PdA@NPMO*

Entry Temp (°C) Formic acid '*// TOF '
mmol (h™h
1 60 2.2 38
2 80 4.1 71
3 100 6.3 108
4 150 4.8 83
510l 100 8.2 140
6°! 100 nd -
714 100 n.d -

* Reaction conditions: SPd@NPMO catalyst (20 mg), aqueous KOH solution (20 mL, 0.5 M),
CO»:H, (1:3, 4 MPa), time (20 h). ® Aqueous KOH (20 mL, 1 M). ¢ Only using H, (4 MPa). ¢
Withoutcatalyst. © Determined by HPLC. "Determined from [moles of formate formed]/[mole of
active Pd sites in catalyst per hour]. The number of moles of active Pd sites was determined from

ICP OES and CO chemisorption.
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TOF was calculated for SPA@NPMO and 5Pd@SBA-15 catalysts and gave 108 and 9.4 h™',
respectively. The active metal exposed for the reaction obtained using the ICP-OES and
percentage metal dispersion from CO chemisorption was used for calculation. To confirm the
positive effect of the N moiety from the PMO framework on enhancing the CO, hydrogenation
to formate, we carried out the reaction using the Pd@SBA-15(DP) catalyst, which had a narrow
particle size distribution (~ 3 nm) along with an excellent dispersion on the SBA-15 support.
This catalyst showed a TOF of only 25.6 h™', emphasizing the importance of N incorporation.
Even under a reaction temperature of 60 °C, using a SPd@NPMO catalyst yielded 2.2 mmol of
formate with a TOF of 38 h™' showing the ability of the material to activate the reactants at a
much lower temperature. Further, increasing the CO, reduction temperature from 100 to 150 °C
resulted in the decline of activity to TOF 83 h™'. This can be attributed to the structural
deformation of the hybrid framework during the reaction under a 0.5 M KOH aqueous solution,

which led to the Pd particle agglomeration (Figure 4B.1).

Figure 4B.1: Transmission electron microscopy images of spent SPd@NPMO catalyst after
reaction at 150 °C for 20 h in 0.5 M aqueous KOH solution.
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The control experiments confirmed no formate being produced in the absence of a catalyst
(Table 4B.1, entry 7), and also no carbon moiety from the hybrid catalyst framework was utilized
in the formate formation as ensured by carrying the reaction only in H; pressure (4 MPa) (Table
4B.1, entry 6). The effect of the base concentration on CO, hydrogenation was studied, and the
results showed that by increasing 0.5 M KOH aqueous solution to 1 M, the TOF for formate on
the SPA@NPMO catalyst increased from 108 to140 h™' (Table 4B.1, entry 5 and Figure 4B.2)
confirming the role of base in the reaction. The reaction in the absence of base did not yield
appreciable formic acid from CO, under our reaction conditions, implying the vital role of a
basic medium to improve the reaction by stabilizing HCOOH in the form of formate salts well as

the solubility of gaseous reactants in water.”> ">

10

I 0.5 M KOH 1 M KOH

[HCO, ] (mmol)

5Pd@NPMO 5Pd@SBA-15

Figure 4B.2: Effect of KOH conc. in CO; hydrogenation on Pd catalysts. Reaction conditions:
Catalyst (20 mg), aqueous KOH solution (20 mL, 0.5/1 M), CO,:H; (1:3, 4 MPa), time (20 h),
and temperature (100 °C).

Screening of different Pd catalysts on both NPMO and SBA-15 for CO, hydrogenation was
carried out, and the results showed the promising effect of NPMO support for the reaction

(Figure 4B.3a). Even the 2 % Pd loaded NPMO (2Pd@NPMO) catalyst showed 3.1 mmol of
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formate formation, which is much higher compared to the PA@SBA-15 catalysts. During the
course of the reaction (Figure 4B.3b), the SPA@NPMO catalyst showed a linear increase in
formate (6.9 mmol) production, where the TOF increased up to 108 h™' in 20 h and decreased to
99 h™! by further increasing the reaction time to 24 h. Hence, the reaction time was optimized to
20 h for further studies, and the heterogeneous nature of the PdA@NPMO catalyst was studied by
the hot-filtration method under the optimized reaction conditions. After 12 h (3.5 mmol formates
produced), the catalyst was filtered off, and the filtrate was allowed to proceed further for the
CO, hydrogenation reaction for the remaining 12 h under identical conditions. No increase in the
formate yield was observed, maintaining the 3.5 mmol in the reaction medium, suggesting that

the catalysis is purely heterogeneous (Figure 4B.4a).

7 120

..)b -‘7

100 4

-5

3 TS
E !

£ 4 £
- 60+ =
o ] -3
o [~ 9
= 40+ L2 T

0 3 6 9 12 15 18 21 24
S5Pd@NPMO  5Pd@SBA-15 2Pd@NPMO 3Pd@SBA-15(DP Time (h)

Figure 4B.3: (a) Screening of CO, reduction to formate on various Pd catalysts to highlight the
effect of N-incorporation in the hybrid PMO. (b) Time courses of CO, hydrogenation to formate
catalyzed by SPd@NPMO. Reaction conditions: Catalyst (20 mg), aqueous KOH solution (20
mL, 0.5 M), CO,:H; (1:3, 4 MPa), temperature (100 °C), and time (20 h).

In order to confirm the reusability and stability of the PA@NPMO catalyst, the reaction was
performed for two consecutive runs by using the recovered catalyst after the fresh run. As shown
in Figure 4B.4b, the first run of the recovered SPd@NPMO catalyst produced 5.8 mmol of
formate, indicating a negligible decrease in the yield compared to the fresh reaction. But the

consecutive second cycle showed a dip in the formate production to 3.8 mmol. Further, spent
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catalyst analysis was carried out to investigate the cause for a decrease in activity after the

second run.
8 7
—=— 5Pd@NPMO(fresh) d )
—a&— hot filtration 6-
6+ ]
= = 54
] o
£ E ]
£ £ ]
o) *| & 3
o
-3 2 3
2+ B
2.4
Catalyst removed J
0- 14
L) ) L] L) L] L] . L) L] Ll
0 3 6 9 12 15 18 21 24 0

. 1st run 2nd run
Time (h)

Figure 4B.4: (a) Heterogeneity study of PA@NPMO catalyst by hot-filtration test (catalyst
removed after 12 h reaction and further reaction carried in the absence of catalyst). (b) Recycling
experiment to study reusability. Reaction conditions: SPd@NPMO (20 mg), aqueous KOH
solution (20 mL, 0.5 M), CO;:H; (1:3, 4 MPa), temperature (100 °C), and time (20 h).

The high-resolution TEM images of the spent SPA@NPMO catalyst after the second cycle
(Figure 4B.5) revealed that during the reaction under 0.5 M KOH solution and at a boiling
reaction temperature for a prolonged time resulted in the partial destruction of the silica support
morphology generating islands of agglomerated Pd nanoparticles along with well-dispersed
small particles. It is true that complete dissolution of silica was not observed even under our
reaction conditions. The well-dispersed small Pd nanoparticles were also observed and those are

likely the ones protected inside the N sites of mesopores that prevented agglomeration.
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Figure 4B.5: Transmission electron microscopy images of spent SPA@NPMO catalyst after 2
cycles (a, b, and ¢ with scale 100, 50, and 20, respectively).

———— 100 nm SiK C—————= 100 nm

200 mm
C———— 100 nm ———— 100 nm C———— 100 nm

Figure 4B.6: Structural characterization of SPA@NPMO spent catalyst (after 2 cycles). (a)
HAADF-STEM image (scale 100 nm) and (b-f) STEM-EDX elemental mapping of the (b) Si K,
(c)NK, (e) Pd L, (f) O K edges and (d) overlay image.
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HAADF-STEM elemental mapping of the spent SPA@NPMO catalyst (Figure 4B.6) showed the
presence of nitrogen on the PMO, which in combination with small Pd nanoparticles yielded 3.8
mmol of formate after the second cycle. The formation of large voids in hybrid NPMO spheres
after the reaction may be due to the etching of silica under the basic reaction conditions.”* A
similar result was observed with the 3Pd@SBA-15(DP) catalyst after the reaction, where the
ordered SBA-15 channels were collapsed with concomitant agglomeration of Pd nanoparticles

producing 0.46 mmol formate in the second run (Figure 4B.7).

H

Figure 4B.7: Transmission electron microscopy images of spent 3Pd@SBA-15 (DP) catalyst
after 2 cycles.

The XPS measurements of the spent SPA@NPMO catalyst showed the existence of both Pd(0)
and Pd(+2) species (Figure 4B.8), and the relative percentage was found to be 78:22. The XPS
peak intensities for Pd 3d in the spent SPd@NPMO had decreased considerably along with the
reduction of oxidized Pd(+2) species, indicating Pd nanoparticles' growth with concomitant loss
in dispersion, a result in good agreement with the TEM results. The N 1s spectrum for the spent
SPd@NPMO showed similar species compared to the fresh catalyst, and the major peak at 400
eV corresponding to N—H species confirmed no structural change in the keto-form in the organic

moiety in the framework under the CO, hydrogenation reaction environment (Figure 4B.9).
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Figure 4B.8: Comparison of XPS plot of fresh and spent PA@NPMO catalyst.
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Figure 4B.9: N1s XPS spectrum for spent PA@NPMO catalyst
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The Pd content in the spent SPdA@NPMO was calculated from ICP-OES and found to be ~4.8 %
with respect to the support, which showed no metal leaching from the catalyst under our reaction
conditions, confirming that the catalyst behaves purely heterogeneously in nature. The N content
in the spent catalyst was determined as 2.8 % from the CHN elemental analysis. The plausible
reason for the drop in activity after the second run may be the combination of agglomerated Pd

nanoparticles and a decrease in N content under the basic reaction conditions.

4.4 Conclusions

The results from both sections of Chapter 4 (4A and 4B) show that Pd supported chemically
modified hybrid silica synthesized by sol-gel hydrothermal method demonstrates a potential
heterogeneous hydrogenation catalyst for phenol and CO,. The main agenda is to stabilize the
active metal species on the catalytically inactive supports like silica to improve the
activity/selectivity in catalysis. As discussed in part 4A, the hybrid silica-supported metal
catalyst mediated phenol hydrogenation opens up the possibility of utilizing the framework
chemistry in the silica materials. The catalysis performed on such metal-supported periodic
mesoporous organosilica helps to bring down the operation conditions yielding good catalytic
efficiency. The optimized reaction conditions from part 4A concluded that the N-containing
hybrid organosilica-supported Pd catalyst is more reactive towards the phenol hydrogenation
reaction at 40 °C and 1 atm H, pressure in a water medium. The PdA@NPMO catalyst is
completely reusable without prior activation treatments, indicating the heterogeneity of the
material. The present study clearly emphasizes the role of nitrogen centers in the silica
framework to facilitate the synthesis of small-sized Pd nanoparticles (2-5 nm) with high metal
loading without any stabilizing agents followed by the selective conversion phenol to
cyclohexanone compared to the SBA-15 supported catalysts. From part 4B, an efficient
heterogeneous Pd-based aqueous phase CO, hydrogenation catalyst was developed using a new
N-incorporated periodic mesoporous organosilica in the framework (Pd@NPMO). The catalytic
activity of the NPMO catalyst (TOF 108 h™') was superior compared to PA@SBA-15 (9.4 h™),
demonstrating the role of nitrogen sites on NPMO supports for boosting the CO, reduction with
complete selectivity to formate under mild reaction conditions. A combination of
characterization and catalytic results confirmed the CO, hydrogenation catalysis on PdA@NPMO

to be purely heterogeneous.
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Finally, it can be concluded that employing the new chemically modified silica bridging
framework with small-sized Pd NPs behaves as an effective catalyst for liquid-phase
hydrogenation reaction of phenol and CO, molecule. Future developments in supported metal
nanoparticle catalysts based on N-containing PMOs for sustainable catalysis can find several

insights from the present study.
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Pd-supported Bridged Organo-aluminosilicate Hybrid

Catalyst for Reductive-amination of Furfural
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1) K. J. Betsy, Anju George and C. P. Vinod; Pd-supported bridged organo-

aluminosilicate hybrid catalyst for reductive-amination of furfural (Manuscript

under preparation).




Exploring the Chemical Modifications in Periodic Mesoporous Silica Materials for Heterogeneous
Catalytic Applications

5.1 Introduction

The primary source of many valuable chemicals is fossil fuels; however, their reasonable impact
on climate change and their considerable depletion have forced intense research to replace them
with renewable sources.! One such renewable resource that has gained significant attention
considering its vast abundance is lignocellulosic biomass.”> The selective transformation of
biomass-based feedstocks to liquid fuels and commodity chemicals is highly desirable and
accounts for one of the prime challenges in catalysis. Among the variety of feedstocks from
biomass, furfural can serve as a potential secondary source for synthesizing fine chemicals like
furfuryl alcohol, 2-methyl furan, tetrahydrofuran, etc (Scheme 5.1). Enormous efforts have been
made to design suitable and adept catalytic reactions where the heterogeneous catalysts play a
crucial role due to their practical reasons. Production of a wide range of chemicals from biomass,
containing atoms like C, H and O has well explored; nonetheless, fabrication of N-compounds
from furfural-derived molecules remains limited, which becomes an important objective of the
research.” Amine-based compounds are valuable in the chemical industry because of their high
reactivity and nucleophilic properties.*® They serve as flexible key intermediates and feedstocks
for the production of life science molecules, advanced chemicals, and polymers.” ® The aliphatic
and aromatic amines of industrial relevance are manufactured from non-renewable resources
and, in contrast, owing to the limited efficient amination methods makes the process of biomass
transformation into N-containing chemicals less explored.” '°

Among the various strategies, direct reductive amination (RA) is more preferred due to the
associated advantages like high selectivity towards the desired N-containing compounds at
comparatively very mild operation conditions. This approach constitutes the cascade reaction of
furfural which first converts to imine intermediates followed by the formation of N-containing
product through hydrogenation.''"® The synthesis of furfurylamines has been studied from
furfural (FF) and 5-hydroxymethylfurfural (HMF) using homo- and hetero- tagged catalysts.'*"’
In the literature, research works are dedicated to synthesizing THF-derived amines from furfural
by the furan ring deep hydrogena‘[ion.18 THF-derived amines were used as a regulator in the
polybutadiene rubber synthesis with precise control of the microstructure, also used for the
poly(2-vinyl-4,4-dimethylazlactone) derived (co)polymers synthesis with lower critical solution

temperature. 7. 18
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Generally, both metallic and acidic sites are required for the RA reaction, along with the
appropriate choice of reductants.'”?' An important step in the cascade reaction is the selective
hydrogenation of imines to amines by suppressing the competitive side reactions like direct
hydrogenation of furfural."* Hence, developing an efficient catalyst capable of enhancing the
cascade reaction is crucial for the direct reductive amination of furfural. The reaction selectivity
over a heterogeneous catalyst can be controlled by the desired specific reaction sites. Recently,
metal (Pt, Ir, Au) stabilized over SOs;H grafted silica was shown to be a bifunctional catalyst
active for the RA of furfural with aniline."”” They specify the influence of the metal sites and the
SO;H group acidic sites in the close proximity affects the hydrogenation step through the transfer

of electrons in the bifunctional catalyst.
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Scheme 5.1: Furfural derivatives and their applications.?
This chapter has utilized Pd NPs supported over hybrid N-containing organo-aluminosilicate
catalyst (Pd-N-Al-silicate) for the liquid-phase, one-pot reductive amination of furfural at mild
reaction conditions. The small-sized, well-dispersed Pd NPs were stabilized over the hybrid
aluminosilicate framework under the synthesis condition employed in the present work. The
material was thoroughly characterized using various physical, spectroscopic, and microscopic
techniques. The activity was compared to a Pd-supported conventional Al-silicate catalyst under
similar reaction conditions. The effect of the new hybrid bridging and framework aluminium
sites on the Pd-N-Al-silicates on RA reaction was well-established compared to the unmodified

counterparts.
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5.2 Experimental Section

5.2.1 One-pot synthesis of organo-aluminosilicate (N-Al-silicates): The synthesis was carried
out using a modified sol-gel process reported in the literature.”>  Briefly,
cetyltrimethylammonium bromide (CTAB, 2 g) was dissolved in a water/ethanol solvent mixture
(10 mL/ 2 mL) and homogenized by adding ammonia solution (2 mL) through stirring. To this, a
premixed solution of N-incorporated organosilane precursor (215 mg, synthesis protocol is
described in chapter 4) and TEOS (125 mg) in ethanol (2 mL) was added and stirred for one
hour. To this, a solution of aluminium nitrate nonahydrate (40 mg) dissolved in ethanol (6 mL)
was added and stirred for the next three hours. The final aluminium modified N-aluminosilicate
material was obtained after aging for 12 hours at room temperature followed by centrifugation.
Further, the material was dried at 60 °C, and solvent-extracted with acidified ethanol for two
times. The final material was collected and dried at 60 °C to obtain the pale orange-colored
powder N-Al-silicates. The synthesis of hybrid NPMO silica and inorganic Al-silicates supports
used in the control studies was carried out using a similar procedure by avoiding the addition of

aluminium and N-organosilane precursors, respectively.

5.2.2 Supported Pd nanoparticles over N-Al-silicate catalyst (Pd-N-Al-silicate): The small
palladium nanoparticles were supported on N-Al-silicate support was carried out through simple
wet-chemical reduction method using NaBH4 as a reducing agent as discussed in Chapter 4.
Briefly, 100 mg of N-Al-silicate support was dispersed in 10 mL of water at room temperature,
to which the calculated amount of Na,PdCl, solution in water was added and stirred for one
hour. Freshly prepared 3 mL, 1 M NaBH, solution was added slowly, and the reaction was
allowed to stir for another 2 h. The obtained material was filtered, washed, and dried at 60 °C for
12 h to obtain Pd-N-Al-silicate catalysts. The Pd loading was controlled by varying the amount
of Na,PdCly precursor. Similarly, Pd NPs were loaded over the supports like NPMO, Al-silicate,
and commercial Al,O;. Figure 5.2 shows the schematic representation for the synthesis of hybrid

catalyst.
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Scheme 5.2: Synthesis of Pd-N-Al-silicate hybrid catalyst.

5.2.3 Catalysts characterization

Powder X-ray diffraction (PXRD) analysis of all the synthesised materials were carried out on
PANalytical X’pert Pro diffractometer with Cu Ka radiation (A= 1.5406 A) operated at 40 kV
and 30 mA at the scan rate of 4 °/min from 10 to 90°. Fourier transform infrared (FTIR) spectra
for the samples were collected on a Bruker Optics ALPHA-E spectrometer with universal Zn-Se
attenuated total reflection accessory (ATR) with a Diamond ATR (Golden Gate) in 600 to 4000
cm” range. Autosorb 1C Quantachrome, USA, instrument was used to study the N, isotherms
and pore-size distribution of the material. The analyses of the degassed samples at 100 °C for 4 h
were run at liquid N, temperature. BET multipoint model was used to calculate the surface area
at P/P;=0.06-0.3 and BJH desorption model for pore size distribution. Thermogravimetric
analyses were carried out under N, atmosphere on a TG50 analyzer (Mettler-Toledo) or SDT
Q600 TG-DTA analyzer at a heating rate of 10 °C/min within 30-900 °C temperature range. XPS
measurements for the catalyst were done on Thermo Kalpha+ spectrometer using Al Ka
radiation with energy of 1486.6 eV. All the spectra were charge corrected with reference to Cls
at 284.6 eV. The peak fitting were carried out using CasaXPS software with Shirley type
background. The TEM images of the samples were recorded by FEI Tecnai TF-20 electron
microscope, operating at 200 kV with LaB6 filament for TEM images and SEM images obtained
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by dual beam scanning electron microscope (FEI company, model Quanta 200 3D) operating at
20 kV with tungsten filament. The solid state NMR spectra for °C, ’Al, and "N nuclei were
recorded on Jeol ECX-400 MHz spectrometer (frequency of 100.6 MHz on solid 4 mm MAS
probe). Magic-angle spinning (MAS) NMR spectra for 2’Si nuclei was recorded on BRUKER
DSX300 spectrometer at 7.05 T (resonance frequencies 59.595 MHz, rotor speed 10000 Hz and
75.43 MHz, rotor speed 10000 Hz).

5.2.4 Catalytic screening for the liquid phase direct reductive amination of furfural

The furfural liquid phase reductive amination was carried out in a two-necked round bottom
flask equipped with the condenser having a hydrogen balloon (latm), and the other neck was
sealed with a rubber septum. Typically, 0.4 mmol of furfural and 0.4 mmol of n-butylamine were
dissolved in 2.5 mL of ethanol (solvent), to which 10 mg of the catalyst was added. The reaction
was allowed to proceed in the preheated oil bath at 40 °C. The reaction mixture was withdrawn at
regular time intervals and injected in GC equipped with HPS column with FID detector to
calculate the conversion and selectivity. The product confirmation was done using GC-MS and
NMR ('H and "C). The catalytic reductive amination reaction of furfural is shown below

(Scheme 5.3).

a
P aoec
\0, {J/\NA\/
Bioass Pd Catalyst

Scheme 5.3: Catalytic reductive amination of furfural over Pd catalyst.

5.3 Results and Discussion

5.3.1 X-ray Diffraction
Figure 5.1 shows the PXRD patterns of Pd supported hybrid N-Al-silicate and conventional Al-
silicate materials. A broad peak at 23° in all the samples indicates the amorphous nature of

silicate material, with no peaks matching with the extra-framework crystalline Al,O3 observed.
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In the case of conventional Pd-Al-silicate, the characteristic reflections at 40.1°, 46.5°, 67.4°
which corresponds to (111), (200), and (220) planes, respectively (JCPDS file No.87-0638) for
the Pd metallic species in the fcc crystal structure, whereas less intense and broad reflection was
obtained for hybrid Pd-N-Al-silicate catalyst which is attributed to the presence of small and
highly dispersed Pd metal NPs over the N-Al-silicate hybrid support.

(200)

tz,m.] 5Pd-Al-Silicates|

Inensity (a.u)

|| BPd-N-Al-Silicates

N-Al-Silicates

10 20 30 40 50 60 70 80 20
20 (Degree)

Figure 5.1: XRD pattern of the supported Pd catalysts.
5.3.2 N; Porosimetry and Micro-elemental Analysis

The N, adsorption-desorption analysis of both N-Al-silicate and Pd-N-Al-silicate material
showed type-1V isotherm, which is typical for mesoporous materials (Figure 5.2). The textural
properties of the catalyst have been tabulated in Table 5.1. The average pore-size distribution has
been estimated to be 3.6 nm through the BJH method, which confirms the mesoporous nature of
the hybrid N-Al-silicate support. The BET surface area for Al-silicate and N-Al-silicate materials
was 850 m%/g and 425 m?/g, respectively. After the 5 wt %, metal loading on N-Al-silicate
support showed a decrease in surface area from 425 m*/g to 335m*/g with no change in the pore
diameter (3.6 nm). The nitrogen content in the synthesized catalysts was determined from the
CHN microanalysis. It was found that 5.9 % nitrogen has been incorporated inside the

framework of hybrid 5-Pd-N-Al-silicates.
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Table 5.1: Textural properties of different modified silica supports.

Catalyst BET surface area Pore diameter N content (%)*
(m’/g) (nm)
Al-Silicates 850 3.4 -
N-Al-Silicates 425 3.6 6
5Pd-N-Al-Silicates 335 3.6 5.9

*determined from CHN elemental analysis.

N-Al-Silicates

N, Uptake (cc/g)

5Pd-N-Al-Silicates

- - : . T v T r
0.0 0.2 0.4 0.6 0.8 1.0
Relative Pressure (P/Po)

Figure 5.2: N, adsorption-desorption isotherms of N-Al-silicate catalysts

5.3.3 Thermogravimetric Analysis

The thermogravimetric (TGA) analysis of Pd-N-Al-silicate samples showed around 40 % weight
loss at temperature above 300 °C (Figure 5.3). This weight loss corresponds to the decomposition
of bridged organic linkers inside the siloxane framework, indicating the thermal stability of
organic-inorganic hybrid aluminosilicates. This also implies the successful integration of ~ 40 %

organic functionality in the silicate matrix. Around ~ 10 % weight loss was observed below 100
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°C due to the removal of adsorbed water. Further, no weight loss was observed, suggesting the

complete removal of the surfactant CTAB during the synthesis.
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Figure 5.3: The thermogravimetric analysis (TGA) of the Pd-N-Al-silicate sample after the
solvent extraction.

5.3.4 Infra-red Spectroscopy

The formation of a keto-enamine framework in the hybrid N-Al-silicate was confirmed by FTIR
spectroscopy. As observed in Chapter 4, most of the peaks in the FTIR spectrum of the N-Al-
silicate (Figure 5.4) matched well with the organic silane precursor-2 (see chapter 4), which
exists in the keto-form. The C=0 peak was observed at 1616 cm ' along with a strong peak at
1548 cm ™' from the C=C bond from the organic bridging. The IR band for C-N at 1298 cm ' in
the silica framework showed the retention of the keto-form after the hydrolysis and
polycondensation reaction at basic conditions while forming hybrid organic bridged

! shows the Si—O-Si vibration from the framework,

aluminosilicate. The band at 1075 cm
confirming a siliceous network formation in the material. The Si-O-C (~ 1125 cm’™) vibration
confirmed the organic motif bridged inside the framework. The framework architecture of the N-
Al-silicate support was intact even after the Pd loading and with strong NaBH4 reduction

treatment.
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Figure 5.4: FT-IR spectra of Pd-Al-silicate catalysts.

5.3.5 Solid-state NMR Spectroscopy

The organic bridging and aluminium species in the mesoporous aluminosilicate framework were

confirmed by the cross-polarization (CP) magic-angle spinning (MAS) NMR for the °C, *°Si,

*7Al, and "N nuclei. The existence of the keto-form in the organic hybrid aluminosilicate was

jit 2 % d Of @ o—%
0-SiT TN YN s

a6 P OH H o O_M\
\ \F.a o i o] W o

NH

\

T
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Figure 5.5: Solid-state '°C NMR spectrum of Pd-N-Al-silicate catalyst.
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established from '*C CP-MAS solid-state NMR spectroscopy (Figure 5.5). The N-containing
organic moiety in the bridging clearly showed the signal corresponding to the carbonyl group at

184 ppm, which unambiguously confirmed the existence of keto-form.

T Q’

— Pd-N-Al-silicate
— Pd-Al-silicate

T T — T L T
-20 -40 -60 -80 -100 -120 -140 -160
*8i Chemical Shift (ppm)

Figure 5.6: Solid-state *Si NMR spectra of Pd-N-Al-silicate and Pd-Al-silicate catalysts.

In ?’Si NMR spectra (Figure 5.6), the presence of two different types of Si environments in the
framework were inferred and observed as peaks in the ranges from -90 to -113 ppm and -50 to -
70 ppm corresponding to the Q" sites and T" sites, respectively.”* The peaks at -50, -60, and -68
ppm in the T" region represent the T'[SiC(OSi)(OH),], T*[SiC(0Si),OH], and T° [SiC(OSi)]
linkages from the organic spacer bridge in the siliceous framework. The signals from the Q" sites
at -91, -100, and -110 ppm from [Si(OSi),(OH),], [Si(OSi);(OH)], and [Si(OSi)4], respectively,
were observed from the inorganic bridge in the framework. Both *C and *’Si NMR showed the
successful integration of the keto-form of the organic silane into the hybrid silica through our
optimized synthesis methodology. The "N CP-MAS NMR spectra for hybrid Pd-N-Al-silicate
displayed a peak at 132 ppm chemical shift assigned to the N-H species in the organic bridging
functionality (Figure 5.7).>° The N-H peak was visible due to the efficient 'H cross-polarization
effects. The absence of other peaks further confirmed the absence of the NH, group from the
starting APTMS. Thus, the intact nature of the framework architecture was further confirmed

from solid-state NMR studies.
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Figure 5.7: Solid-state "N NMR spectrum of Pd-N-Al-silicate catalyst.
The coordination environment of Al atoms in the Pd-N-Al-silicate hybrid catalyst was
characterized by solid-state >’ Al NMR (Figure 5.8). The spectra of the hybrid sample (Si/Al =13)
show two resonance peaks at 0 and 54 ppm, which can be assigned to octahedrally coordinated
extra-framework aluminum and tetrahedrally (Td) coordinated framework aluminum,
respectively, which strongly confirms that the majority of Al occupies in the organosilicate

framework as Td structure rather than extra-framework Al species.”

27 Al AI.-tetra

5 54 ppm

L i ¥
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Figure 5.8: Solid-state *’Al NMR spectrum of Pd-N-Al-silicate catalyst.
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5.3.6 Electron Microscopy

TEM analysis was performed to investigate the effect of the organic-inorganic hybrid Al-silicate
framework stabilizing the Pd NPs and validate the results obtained from PXRD analysis
regarding the Pd particle size. The TEM image in Figure 5.9 exhibits the mesoporous nature of
the modified silica with aluminium and N-containing organic bridging moieties (Pd-N-Al-
silicate). Pd-N-Al-silicate catalyst demonstrates the highly dispersed small Pd NPs of size 3-5
nm on the hybrid support.

200 nm

Figure 5.10: TEM images of Pd-Al-silicate catalyst.
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From the TEM images (Figure 5.10) of pristine aluminosilicate supported Pd catalyst, the
deposition of Pd on the support was observed to be very weak (Figure 5.10 a, b). The images
showed the Pd metal nanoparticles to be agglomerated and resulted in poor dispersion. Also,
most of the metal nanoparticles were located outside the aluminosilicate support and points to the
weak interaction of the Pd NPs on the unmodified inorganic framework. To check the surface
morphology of the Pd-N-Al-silicate and Pd-Al-silicate catalyst, SEM analysis was carried out
(Figure 5.11). The images show irregularly shaped micron-sized particles in both N-Al-silicate

and Al-silicate samples.

Figure 5.11: SEM images of (a) Pd-N-Al-silicate and (b) Pd-Al-silicate catalyst.

5.3.7 Acidity Measurements

To evaluate the nature and type of acidic sites present in Pd-N-Al-silicates and Pd-Al-silicates
having the Si/Al ratio 13, pyridine adsorption experiment were carried out using FT-IR. From
Figure 5.12, both Lewis and Bronsted acidic sites were detected in the aluminosilicate sample
surfaces with a varying fraction of each site. Among these, Pd-N-Al-silicate catalysts showed a
higher amount of acidity in comparison to Pd-Al-silicates. The temperature-programmed
desorption (TPD) analysis was carried out using NH; as the probe molecule to quantify the acid
loading in the catalyst (Figure 5.13). The temperature-induced desorption of chemisorbed NHj
from the catalyst surface was measured by increasing the temperature from 50 °C to 700 °C. The
aluminium incorporated silica catalysts showed two peaks at low-temperature desorption (100
°C) corresponding to the weak acidic sites and at higher temperature desorption (300 to 550 °C)

for strong acidic sites.

Ph.D Thesis; January-2022: CSIR-NCL; Chapter-5 Page 152



Exploring the Chemical Modifications in Periodic Mesoporous Silica Materials for Heterogeneous
Catalytic Applications

LS = Lewis site
BS = Bronsted site

Transmittance (a.u)

= Pd-Al-silicates === Pd-N-Al-silicates

» L] Y L b1 L
1400 1450 1500 1550
Wavenumber {cmq)

Figure 5.12: FTIR analysis of Pd-N-Al-silicates and Pd-Al-silicates using pyridine as a probe

molecule.

The NHj desorption at low temperature is ascribed to the Bronsted acid sites and the higher
temperature for the Lewis sites, where the NH; molecule was coordinatively adsorbed.”® %" A
shift in the strong acid site to lower temperature (400 °C) in organic-inorganic hybrid Pd-N-Al-
silicate sample compared to that of inorganically
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Figure 5.13: NH; TPD profile for Pd-N-Al-silicate and Pd-Al-silicate catalysts
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bridged Pd-Al-silicate (535 °C) was noted. This can be attributed to the difference in the
aluminium bridging environment in the silicate framework, which contributes different acidic
strengths to the samples. The overall acidity in the samples was calculated and found to be 1.6
mmol/g for Pd-Al-silicate and 4.3 mmol/g for Pd-N-Al silicate catalyst, which matches well with
IR results.

5.3.8 X-ray Photoelectron Spectroscopy

To garner insight into the nature of surface Pd species on the hybrid Pd-N-Al-silicate and Pd-Al-
silicate support, XPS analysis has been carried out. The XPS spectra of Pd-N-Al-silicate catalyst
showed two different peaks corresponding to 3ds, and 3ds,, which gave two different Pd
components centered at 335 and 337 eV after deconvolution corresponds to metallic Pd and
oxidized Pd states, respectively (Figure 5.14 a). This indicates the ability of hybrid N-Al-silicate

support to influence the electronic states of surface Pd species.

N1s -NH-

Pd(0)

e =
8 8
2 =y
w0 n
c =4
2 3
£ =
N-oxide
4
T v T v T r T v T v T v T T v T v T v T y T v T y
332 334 336 338 340 342 344 396 398 400 402 404 406 408
Binding Energy (eV) Binding Energy (eV)

Figure 5.14: XPS plots of Pd-N-Al-silicate catalyst (a) Pd 3d and (b) N 1s.
The Pd supported Al-silicate material showed 100 % Pd (0) species compared to the hybrid silica
system owing to the absence of N sites (Figure 5.15). The deconvolution of Nls spectra
determined the chemical nature of N species in the hybrid silica and the major existence in N-H

species (Figure 5.14 b).
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Figure 5.15: Pd 3d XPS plots of Pd-Al-silicate catalyst

5.3.9 Catalytic reductive amination of furfural
The catalysts were tested for the liquid-phase reductive amination of furfural at atmospheric
hydrogen pressure and 40 °C. n-Butylamine was the amine used in the study. The reaction

pathways involved in the RA reaction of furfural is shown in Scheme 5.4.

A /: 4a
3a

Scheme 5.4: Reaction pathways for the reductive amination of furfural with n-BuNH; in the

o 0 0 /j 2 C]/\N’\/
@_0 FHNTSNN — WN’\/\ H
1a

a

presence of H; over supported Pd catalyst.

All the synthesized supported Pd catalysts were screened for the direct reductive amination of
furfural reaction. All the Pd catalysts showed 100 % furfural conversion, but the selectivity was
observed to vary over different supports. Among the tested catalysts, hybrid Pd-N-Al-silicate
catalyst displayed maximum selectivity for 4a (86 %) followed by Pd-NPMO (64 %), Pd-SBA-
15(DP) (56 %), and the minimum was Pd-Al,O; (39 %) and Pd-Al-silicate (40 %) catalysts

during 9 h of reaction. The catalytic activity comparison is represented in Figure 5.16. The
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difference in the associated textural properties of the support and the stabilized Pd particle size

and dispersion can be the reason for the selectivity variation.
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Figure 5.16: Supported Pd catalyst screening for RA of furfural. Reaction conditions: FA (0.4
mmol), EtOH (2.5 mL), n-BuNH; (0.4 mmol), catalyst (10 mg), T (40 °C), t (9 h) and H, (1 atm).

The optimization of reaction parameters was carried out systematically. The effect of reaction
temperature was studied (Figure 5.17) and noted that the 100 % furfural conversion was
achieved at 40 °C with product selectivities for 2a (23 %) and 4a (76 %). Increasing the reaction
temperature beyond 40 °C showed least difference in the selectivities. Hence the optimized
temperature for the direct RA of furfural was 40 °C. The kinetic profile of the furfural RA
reaction over Pd-N-Al-silicate was studied at 40 °C and 1 bar H; pressure (Figure 5.18 a, b). By
analyzing the initial rate of reaction, the 100 % furfural conversion was observed within 15 min
of reaction (Figure 5.18 a) with selectivity for 2a (70 %) and 4a (18 %). As the reaction was
allowed to proceed, the yield for the product 4a gradually increased at the expense of 2a and
reached a maximum of 4a, 86 % within 9 h. Further increase in reaction time did not affect the

selectivity. Hence further, all the reactions were studied for 9 h.
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Figure 5.17: Effect of reaction temperature on RA reaction over Pd-N-Al-silicate catalyst.
Reaction conditions: FA (0.4 mmol), EtOH (2.5 mL), n-BuNH; (0.4 mmol), catalyst (10 mg), T
(40 °C), t (6 h) and H; (1 atm).
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Figure 5.18: Effect of reaction time on RA reaction over Pd-N-Al-silicate catalyst.
The effect of Pd loading on hybrid N-Al-silicate support was tested (Figure 5.19). The
percentage of Pd loading with respect to the support was varied from 1 to 10 wt %. All the other
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reaction parameters were kept similar to the previous reactions. It was noted that all Pd loaded
catalysts showed complete furfural conversion, but the selectivity for the product 4a was found

to vary during the reaction for 9 h as can be seen from (Figure 5.19).

100 # *
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404

Conversion/ Selectivity (%)

20-

1wt“/o. 3wt% ‘ 5wll% 10wtl%
Pd loading (wt %)
Figure 5.19: Effect of Pd loading on RA reaction over Pd-N-Al-silicate catalyst.

As the metal loading increased from 1 to 5 wt %, the 4a selectivity increased from 32 % to 86 %,
and by further increasing the Pd loading to 10 wt %, a noticeable decrease on 4a selectivity was
observed. At low Pd loading, sufficient active Pd sites are less in number, which restricts the
hydrogenation of 2a to the desired 4a product. As the loading increased to the optimum (5 wt %),
maximum selectivity for 4a was achieved. Further increase in the Pd does not show any
enhancement; instead, it shows a slight selectivity decrease. From the reported literature, ethanol
was the choice of solvent for the reaction.”® The protic solvent like ethanol was reported to be
more active than the aprotic polar/non-polar solvents in the reductive amination reaction. Ethanol
could decrease the catalyst-solvent interactions, which can help to overcome the side reactions
like hydrogenation reaction, and they also promote the furfurylimine formation reaction between

furfural and n—BuNH2.29
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Figure 5.20: Reusability test of Pd-N-Al-silicate catalyst for RA of furfural.
Finally, the heterogeneous nature of the catalyst was tested using recycling studies, where the
catalyst was separated after the fresh run and washed thoroughly with ethanol, and dried at 60
°C. The obtained catalyst was loaded for the subsequent two consecutive catalytic runs under
similar reaction conditions. The results are given in Figure 5.20, where after each cycle, a
gradual decrease in the selectivity for the 4a was observed even though 100 % conversion was
achieved in all the repetitive cycles. The possible reason could be the blocking of active sites
with the organic residues from each catalytic run. To further confirm, the Pd-N-Al-silicate
catalyst was studied by the hot-filtration method under the optimized reaction conditions. After a
3 h reaction (55 % of 4a produced), the catalyst was filtered off, and the filtrate was allowed to
proceed further for the RA reaction for the remaining 9 h under identical conditions. No increase
in the 4a yield was observed, maintaining the 55 % selectivity in the reaction medium,

suggesting that the catalysis is purely heterogeneous (Figure 5.21).
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Figure 5.21: Heterogeneity study of Pd-N-Al-silicate catalyst by hot-filtration test (catalyst

removed after 3 h reaction, and further reaction carried in the absence of catalyst).

The Pd 3d XPS measurements on the Pd-N-Al-silicate spent catalyst after the catalytic run at 40
°C and 1 atm H, pressure confirmed that the significant Pd species on the active surface exists as
Pd(0) (Figure 5.22a). No obvious change was observed in the TEM image (Figure 5.22b) of the
recycled Pd-N-Al-silicate catalyst compared to the fresh along with the retention of small Pd
nanoparticles (2-5 nm) on the spent catalyst with excellent dispersion was maintained even after

the liquid-phase reaction.
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Figure 5.22: Spent Pd-N-Al-silicate catalyst analysis using (a) Pd 3d XPS and (b) TEM
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5.4 Conclusions

Organic-inorganic hybrid mesoporous silica with N-containing organo-bridges and aluminium
species has been synthesized using a one-pot, cationic surfactant templating method. The
integration of aluminium and organic N-moiety inside the hybrid silicate framework was
confirmed through various physical, spectroscopic, and microscopic techniques after the
template removal using solvent extraction procedure with acidified ethanol. The aluminium
predominantly presents in the form of tetrahedral coordination in the organosilica bridges. The
aluminium centers on the catalyst provided much higher acidity compared to the inorganic
aluminosilicates. The hybrid N-containing bridged organo-aluminosilicates had used as support
for the stabilization of Pd NPs. Well dispersed small Pd NPs with an adequate fraction of under-
coordination sites were immobilized on the mesoporous hybrid N-Al-silicate support compared
to the conventional aluminosilicates using a simple chemical reduction method. This could be
attributed to the presence of N-sites in the catalyst framework on which Pd nanoparticles can
bind uniformly. This bifunctional (metallic and acidic sites) hybrid supported Pd catalyst was
tested for the liquid-phase reductive amination of furfural and displayed enhanced catalysis
compared to the conventional system. Pd-N-Al-silicates (86 % 4a) showed better catalytic
activity compared to Pd-Al-silicate, Pd-SiO,, and Pd-Al,O; catalysts, which is due to the high
dispersion of Pd nanoparticles and the presence of N sites along with the acidic aluminium
centers on the hybrid organo-aluminosilicate framework, which can electronically modify Pd
sites responsible for catalysis. The heterogeneity test on the Pd-N-Al-silicate catalyst confirmed

that the catalysis is purely heterogeneous in nature.
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The necessity of designing efficient heterogeneous catalysts with well-dispersed, easily
accessible catalytically active centres can be achieved by nanocatalysis. The nano-forms of most
transition metals are studied for their enhanced heterogeneous catalysis since the small-sized
metal nanoparticles interact with the reactants differently, resulting in distinct reactivity
compared to the larger nanoparticles. The engineering of catalytically relevant materials with
better diffusion properties has interested catalytic research in the recent past. Efforts have been
devoted in designing heterogeneously catalytically active materials on silica with improved
stability, functionalities, better diffusion property, and sinter resistance under reaction conditions.
To avoid or minimize leaching, various strategies are explored, among which immobilizing the
active sites on the inorganic oxides like silica is well-established. Nevertheless, silica is
considered inert material for catalysis, which can merely hold the active catalytic sites. The work
described in the present thesis consolidates the catalyst design, synthesis, characterization, and
catalytic applications in various organic transformation reactions. The key focal point in this
thesis based on the aforementioned considerations to stabilize small-sized metal nanoparticles on
silica using different strategies includes (1) the chemical modifications by altering the silicate
framework chemistry with the desired functionality (framework metal sites (Ti and Al) and N-
bridged organic hybrid centers), (2) changing the morphological architectures (yolk-shell and
core-shell) and (3) supporting active metal oxide centers over silica (Cr and Ru oxides). The

major conclusions drawn out of the basic observations are summarized as;

Chapter 1 of the thesis explores a general introduction to the status of heterogeneous catalysis,
specifically nanocatalysis, and its progress in recent times. Quantum confinement of
nanoparticles alters the physical and chemical properties, which will reflect in the catalytic
activity and discussed in this chapter. The role of porous materials in catalysis has been
discussed, emphasizing mesoporous materials. Well-established synthesis protocols for
synthesizing various silica supports, specifically hybrid porous silica-based materials, have been
summarized. Furthermore, a general introduction of various instruments and techniques used for
the present thesis work has been elaborated. The applications of these nanocatalysts in various
industrially important catalytic reactions and progress made to date have been portrayed with the

help of comprehensive literature reports.
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Chapter 2: A detailed understanding of the chromium and ruthenium oxide-supported MCM-41
silica catalysts for the industrially significant cyclohexane oxidation and phenol hydrogenation
reactions, respectively, was demonstrated in two separate sections 2A and 2B. In chapter 2A, a
simple wet-impregnation synthesis method was explored for stabilizing the active Cr species on
nano spherical MCM-41 and tested for the liquid-phase cyclohexane oxidation reaction. Further,
the optimum catalyst was found to improve the catalytic activity by altering the Cr metal loading.
The nature of Cr active species for cyclohexane oxidation reaction has been determined by
correlating catalytic activity with characterization results. Under mild reaction conditions, the
optimum catalyst (5CrOx-MCM-41) gave 72 % conversion and 99 % selectivity towards
cyclohexanone. The volcano-type catalytic performance could be attributed to the interplay
between the surface Cr®" and Cr’" species in the material, which varies with the Cr content. The
excellent activity towards the cyclohexanone product can be accredited to the initial
concentration of the extra-framework amorphous Cr’" species in the MCM-41 supported
catalyst. In chapter 2B, one-pot synthesis of RuO,-MCM-41 catalyst with small-sized RuO, (~6
nm) was achieved with the help of ethylenediamine as the ligand to control the ruthenium
particle size. The catalyst was well characterized and tested for the aqueous phase hydrogenation
of phenol and its derivatives under optimized reaction conditions. The catalyst was found to be

highly stable and recyclable without any loss of activity.

Chapter 3 deals with the synthesis of gold-based catalysts for alkene epoxidation. The catalytic
activity of gold is critically dependent on NPs size of 3-5 nm. Mesoporous titanium-modified
organic-inorganic hybrid silica nanostructures (yolk-shell and core-shell) were synthesized using
the sol-gel hydrothermal method to restrict the gold sintering. The ethane and biphenyl organic
motif incorporated inside the Ti-modified silica spheres where the ethane bridging silane
precursor resulted in a hollow spherical architecture, whereas the biphenyl silane precursor ends
up with hybrid silica spheres with no void space. The liquid-phase oxidation of cyclooctene over
these nanoarchitectures with varying Ti content was tested. The catalyst with best Si/Ti ratio
(100) with a larger fraction of Ti*"(Td) sites showed a better catalytic performance. The Au NP
encapsulated Ti-HPMO catalyst worked as nanoreactors for the industrially important styrene
epoxidation reaction. The enhanced catalytic performance in conversion was observed for the

Au@Ti-HPMO: catalyst with a hollow structure with a thin porous shell facilitating a favourable
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mass transfer compared to core-shell morphology. This encapsulation strategy with porous
hybrid silica shell was found to prevent the leaching and sintering of small Au NPs during the

liquid-phase catalysis.

Chapter 4 gives insights on the framework chemistry in fine-tuning the metal nanoparticle size
over silica. The Pd nanoparticles supported over a new hybrid N-containing periodic mesoporous
organosilica displayed the stabilization of small-sized Pd NPs (3-5 nm) with better dispersion
compared to the conventional silica-supported Pd counterparts. The spectroscopic (NMR, IR,
etc.) and microscopic studies (HAADF-STEM and elemental mapping) confirmed chemically
modified silica framework with the N sites and identified Pd NPs well dispersed over the
mesoporous NPMO material. This PA@NPMO hybrid silica catalyst was tested for the aqueous
phase hydrogenation catalysis of phenol and CO, molecules. The optimum catalyst was found to
show better catalytic performance in both reactions. The phenol hydrogenation at 40 °C and 1
atmospheric H, pressure in water showed complete conversion with 99 % selectivity for
cyclohexanone. The PA@NPMO catalyst displayed high stability and recyclability in the phenol
hydrogenation reaction, and the substrate scope study also evidences the superior performance of
the catalyst for the reaction. Under optimized reaction, the CO, hydrogenation in the alkaline
aqueous medium at 100 °C and 4 MPa H, pressure gave formate with TOF 108 h”'. The
conventional PA@SBA-15 showed only a TOF of 9.4 h™', demonstrating the role of nitrogen
sites on NPMO supports boosting the CO, reduction with complete selectivity to formate under
mild reaction conditions. A combination of characterization and catalytic results confirmed the

CO; hydrogenation catalysis on PdA@NPMO to be purely heterogeneous in nature.

Chapter 5, the bifunctional catalytic behaviour of the Pd-supported N-containing hybrid
aluminosilicate catalyst is explored. One-pot synthesis of the hybrid aluminosilicate was
achieved using the sol-gel method (N-Al-silicates). The N-sites inside the aluminosilicate hybrid
framework facilitated the dispersion of the small Pd NPs (3-5 nm) through a simple chemical-
reduction method. The unmodified Pd-Al-silicates showed the formation of larger-sized Pd NPs.
The new organo-bridged aluminosilicates were characterized and tested for the liquid-phase
reductive amination reaction of furfural using n-butylamine as the amine source at 40 °C and 1
atmospheric H, pressure. The control experiments proved that the acidic aluminium Td sites and

the well-dispersed small-sized Pd NPs in hybrid Pd-N-Al-silicate facilitated the better catalytic
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performance with very high selectivity for the targeted THF-derived amine product (86 % 4a) in
comparison to Pd-Al-silicate, Pd-SiO,, and Pd-Al,Os catalysts.The heterogeneity test on the Pd-

N-Al-silicate catalyst confirmed that the catalysis is purely heterogeneous.
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The dominance of supported metal nanoparticles in heterogeneous catalysis is growing every
day, playing a crucial role in catalyzing various industrially important chemical transformations.
The characteristics of support and metal nanoparticles (NP’s) in heterogeneous catalysts
determine the catalytic trends in catalytic reaction. More precisely, the catalytic activity can vary
depending upon the strength of metal-support interaction. So the active catalyst must possess
metal NPs of optimum size on a support that can extract maximum activity from metal NPs.
Periodic mesoporous organosilica (PMOs), the advanced silica material over the past few years
owing to their high surface area, tunable porosity, and structural diversity with a myriad of
applications including catalysis. Unlimited possibilities of PMOs offer the judicious choice of
bridging functional framework linkers through preparation conditions. Hybrids of nanostructured
periodic mesoporous silica with covalently incorporated organic groups or heteroatom in the
pore walls of silica framework without destructing the mesopores induce unique properties. The
ability to alter the pore size, surface area and topology, and incorporate task-specific functional
groups into the framework with molecular scale periodicity makes them potential materials for
fine chemical synthesis. In order to create active sites for catalysis in the mesoporous silica,
organic moieties with functional groups can be anchored onto their surface or framework of
silica. Functionalization by incorporating heteroatoms either in the pore wall or on the pore
surface. Such homogeneously distributed organic moieties in silica framework and altering the
structure, composition, and relative contents of the organic groups can increase its utility in
catalysis. Though considerable progress has been made in PMOs, it is still difficult to synthesize
PMOs with desired morphology and structure due to its instability in synthesis protocol.
Chemical modification in silica by altering the surface characteristics by incorporating task
specific organic functionality or dispersion of metal oxides was achieved. The framework
modified silica was found to facilitate the stabilization of nano-sized metal NPs without any
stabilizing agents. The hollow architectures of gold encapsulated periodic mesoporous silica
nanoreactors were found to overcome the sintering during the catalysis making the process
sustainable and purely heterogeneous. The new N-bridged periodic mesoporous silica materials
were found to stabilize small metal NPs with excellent dispersion and found to be active
compared to the conventional silica system. Based on the catalyst design, various industrially
important liquid phase oxidation and hydrogenation reactions were performed and the catalytic
potential of these materials thoroughly explored. A structure-activity correlation has also been
established using multiple spectroscopic techniques.
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Abstract: Catalytic transformation of CO; to fuels and chemicals are intensely pursued due to
the growing demand for energy worldwide and designing an efficient heterogeneous catalyst
capable for the selective transformation of CO; remains challenging. Even otherwise mitigating
CO; is a top priority due to the impact this molecule has in contributing to the global warming
and climate change. In this contribution, we account a surfactant-directed synthesis of new
nitrogen-incorporated periodic mesoporous organosilica nanosphere (NPMO) within the
framework. Thoroughly characterized hybrid N-incorporated PMO was utilized as a platform for
stabilizing well dispersed accessible Pd nanoparticles (Pd-NPMO) in the absence of any
stabilizing agents or expensive dendrimers. Further this bifunctional hybrid catalyst has been
demonstrated to show an excellent ligand property in the heterogeneously Pd-catalyzed aqueous
phase CO, hydrogenation to produce formic acid under our optimized conditions. To validate the
significant catalytic performance of Pd-NPMO catalyst, we compared the activity with Pd-SBA-
15 catalysts and the results showed a three-fold enhancement which demonstrated the crucial

role of nitrogen sites in our catalyst for CO, valorization to formic acid.
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ABSTRACT: Development of a heterogeneous catalyst capable of
selective transformation of CO, to valuable products still remains a
challenge. In this article, we account for the surfactant-directed
synthesis of a new framework-incorporated nitrogen-containing
periodic mesoporous organosilica nanosphere (NPMO). A
thoroughly characterized N-incorporated hybrid PMO was utilized
as a platform for stabilizing well-dispersed and easily accessible Pd
nanoparticles (Pd-NPMO) without using any stabilizing agents or
expensive dendrimers. Further, this bifunctional hybrid catalyst has
been demonstrated to heterogeneously catalyze aqueous phase
CO, hydrogenation (CO,/H, ratio 1:3) for the direct synthesis of
formate under 4 MPa pressure and at 100 °C. To validate the
superior performance of the Pd-NPMO catalyst, we compared the
activity with Pd-SBA-15 catalysts, and the results showed a 10-fold increase in turnover frequency of 108 h™" using Pd on NPMO

which envisaged the crucial role of nitrogen sites in this catalyst to boost the CO, valorization to formate.
KEYWORDS: CO, hydrogenation, Formic acid synthesis, Hybrid silica, PMO, Pd nanoparticles

B INTRODUCTION

Catalytic chemical transformation of CO, is an excellent
alternative for producing fuels and platform chemicals which
minimize our huge dependence on carbon-rich fossil fuels.
Among the various approaches for CO, valorization, catalytic
hydrogenation has been regarded as the most promising route
to achieve this goal. Industrially, CO, has been converted at
elevated temperatures (200—300 °C) and pressures (50—100
bar) using a conventional Cu/ZnO/ALO; catalyst to produce
methanol.' ™ Such harsh reaction conditions are required
because of the chemically inert and thermodynamically stable
nature of the CO, molecule." Out of the several platform
compounds from CO,, the most targeted molecules are
methanol,* formate/formic acid,” and dimethyl ether,® due to
the value addition of these molecules in the energy sector
worldwide. Formic acid (FA) with a 4.4 wt % theoretical
hydrogen content and volumetric storage density of 53 g H,/L
is regarded as a promising liquid organic hydrogen carrier
(LOHC). The other advantages are that they are stable, less
toxic, biodegradable, and easy to store and transport.”
Currently, the requirement for HCOOH is industrially met
via carbonylation of CH;0H to HCOOCH; followed by its
hydrolysis.° Furthermore, the consumption of HCOOH and
its salts in the direct formic acid fuel cells (DEAFCs)’ makes
their production more pronounced from a C1 carbon source
like gaseous CO, making the approach green and cyclic.

© 2020 American Chemical Society

7 ACS Publications

In the past decades, a variety of homogeneous and
heterogeneous catalysts were designed and examined for the
catalytic reduction of CO, to formate/formic acid.'~"* One
among the strategies to overcome the exergonic thermody-
namic limitations (AG® = —9.5 kJmol™" in water and at room
temperature) in liquid phase CO, hydrogenation is the use of
suitable bases.'> A variety of heterogeneous catalysts
containing nitrogen atoms either in the form of metal
nitrides'* or in supports have been reported to improve the
activity. Similarly, N-heterocyclic carbenes," ionic liquids,'®
carbon nitride,'” and amine-functionalized silica'® combined
with both noble and non-noble metals such as Co, Ir, and Ru
and bimetallic PdAg have been reported.

Porous solids having a unique accessible pore structure with
desired dimensions, distinct reactions, and adsorption sites are
well established in the fields of catalysis'” and adsorption.”’A-
Among the various porous materials like zeolites,”' covalent
organic frameworks (COFs),”” and metal organic frameworks
(MOFs),” mesoporous silica is an extensively studied material
in catalysis due to its remarkable features like controllable sol—
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Scheme 1. Schematic Showing Synthesis of N-Containing Tris-Organic Silane Precursor by Reaction of 1,3,5-
Triformylphloroglucinol (TFPG) with (3-Aminopropyl)trimethoxysilane”
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Scheme 2. Schematic Showing Surfactant-Directed Synthesis of N-Containing Periodic Mesoporous Organosilica (NPMO) by
Hydrolysis Followed by Polycondensation under Basic Conditions
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gel synthesis process, effortless regulation of silica frameworks,
and easy surface functionalization.”*">® Creating active centers
in inert mesoporous silica through organic functionality in the
silica framework or through subsequent functional modifica-
tion can increase its utility in catalysis.”” After the birth of the
periodic mesoporous organosilica (PMO) field in 1999,”%*
many reports in the literature are available on the synthesis of
organic—inorganic hybrid silica using a variety of organic
spacer groups.’’ However, the incorporation of multifunctional
organic moieties as bridging groups with desired morphologies
and structures has been reported in limited capacity for
catalysis.”’ The enhanced CO, sorption capacity by PMOs

containing basic functionality either in the framework or on the
surface has been investigated by various groups but not
extended further to the utilization for catalytic CO, trans-
formation.””*>** Recently, Liu et al. reported a urea-derived
framework (PMO-UDF) exhibiting an enhanced CO, capture
property with its catalytic conversion to cyclic carbonates by
reacting with epoxides under mild conditions.”* The photo-
catalytic CO, reduction using modified PMO containing
immobilized ruthenium complexes as photosensitizing sites
was also reported recently.”

Novel synthetic approaches have been developed for a
highly active and sustainable heterogeneous noble metal-based
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Figure 1. Cross-polarized magic-angle spinning solid-state NMR spectra of NPMO (a) *C, (b) *Si, and (c) “N.
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Figure 2. FT-IR spectra of (a) 1,3,5-triformylphloroglucinol (TFPG), (b) organosilane precursor-2 (NPMO precursor), and (c) NPMO silica.

nanocatalysts on inherently inert supports like silica and are
employed in various catalysis.*® The deposition and stabiliza-
tion of small metal nanoparticles without any surfactant or
precipitating reagents on silica remains challenging and often
results in sintering affecting the catalysis.”” Use of dendrimers
on the solid supports through surface functionalization has
gained attention to overcome these issues.’® But the tedious
synthesis methodology along with the capping of support pores
make such catalytic processes less economical.

Herein, we describe a surfactant-directed synthesis of new
nitrogen-incorporated periodic mesoporous organosilica
(NPMO) within a framework by using a novel N-containing
tris-organosilane precursor, synthesized through the Schiff-base
reaction, and tetraethyl orthosilicate as the silica precursor in a
1:S ratio. The N-incorporated hybrid silica has been utilized as
the support for stabilizing well-dispersed Pd nanoparticles (Pd-
NPMO) in the absence of any stabilizing agents. The
bifunctional hybrid catalyst has been demonstrated to show
an excellent pseudoligand property in heterogeneous Pd-
catalyzed aqueous phase CO, hydrogenation to selectively
produce formate with best the turn over number reported for a
silica-based system.

B RESULTS AND DISCUSSION

The N-containing tris-organosilane precursor was prepared by
silylating the trialdehyde, (1,3,5-triformylphloroglucinol) with

14767

(3-aminopropyl)trimethoxysilane through the Schiff-base
reaction to yield enol-imine (Scheme 1, precursor-1) which
can undergo tautomerism to the keto-enamine form (Scheme
1, precursor-2).”” Synthesis of NPMO (Section S2) was done
by the surfactant templated sol—gel strategy using the
organosilane precursor-2 and TEOS as the inorganic silica
precursor. The hydrolysis followed by the polycondensation of
the methoxy groups in the silanes under basic conditions leads
to the formation of an organic—inorganic hybrid silica
framework. Uniformly distributed functionalities were obtained
with the aid of a structure directing agent, cetyltrimethylam-
monium bromide (CTAB) (Scheme 2), and the product was
further extracted with an acidified ethanolic solution. In order
to preserve the Si—C linkage during the condensation process,
the precipitate obtained was centrifuged to remove the
supernatant solution and was aged by dispersing in fresh
Millipore water under moderate conditions.

The organic functionality in the mesoporous silica frame-
work was confirmed by the cross-polarization (CP) magic-
angle spinning (MAS) NMR for the *C, *Si, and *N nuclei
for NPMO material. The existence of the keto-form in the
organic hybrid silica was established from '*C CP-MAS solid-
state NMR spectroscopy (Figure 1a) and matched well with
the reference '*C NMR peaks for the NPMO precursor-2
(Figure S1). The corresponding '"H NMR spectra for
synthesized NPMO precursor-2 is also presented (Figure

https://dx.doi.org/10.1021/acssuschemeng.0c03860
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Figure 3. (a) N, adsorption isotherms of NPMO at 77 K. Inset shows the pore size distribution. (b) SEM (scale 500 nm) and (c, d) TEM images
of NPMO showing spherical morphology (scale: 200 and SO nm, respectively).

S3). The resonance peak for the carbonyl carbon of the
aldehyde in the starting material was observed at 192 ppm
(Figure S2) and was absent in the organic silica precursor
(Figure S1) and the final NPMO silica material (Figure la)
which indicated the complete consumption of the starting
material during the Schiff-base reaction. Both the silane
precursor and N-incorporated PMO clearly showed the signal
corresponding to the carbonyl group at 184 ppm which
unambiguously confirmed the existence of keto-form (Figure
la and Figure S1).

In ¥Si NMR spectra (Figure 1b), the presence of two
different types of Si atoms in the framework was observed in
the ranges from —90 to —113 ppm and —50 to —6S5 ppm
corresponding to the Q" sites and T" sites, respectively.”® The
peaks at —5S and —66 ppm in the T" region represent the T*
[SiC(0OSi),0H] and T? [SiC(OSi),] linkages from the organic
spacer bridge in the siliceous framework. The signals from the
Q" sites at —91, —100, and —110 ppm from [Si(OSi),(OH),],
[Si(OSi);(OH)], and [Si(OSi),], respectively, were observed
from the inorganic bridge in the framework. Both "*C and *Si
NMR showed the successful integration of the keto-form of the
organic silane into the hybrid silica through our optimized
synthesis methodology. '*’N CP-MAS NMR spectra for NPMO
hybrid silica displayed a peak at 137 ppm chemical shift
assigned to the N—H species in the bridging organic
functionality.”” The N—H peak was visible due to the efficient
"H cross-polarization effects. The absence of other peaks in
Figure 1c further confirmed the absence of the NH, group
from the starting APTMS.

The formation of a keto-enamine framework in the hybrid
NPMO was further confirmed by FT-IR spectroscopy. The
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FT-IR spectra for the starting material trialdehyde showed the
carbonyl stretching (C=0) band at 1642 cm™" (Figure 2a)."'
Most of the peaks in the FT-IR spectrum of the NPMO silica
(Figure 2c) matched well with the organic silane precursor-2
which exists in the keto-form (Figure 2b). The C=0 peak was
observed at 1616 cm ™' along with a strong peak at 1548 cm™
from the C=C bond. The absence of a peak at 1642 cm™" in
the synthesized silane precursor and NPMO confirms the
complete utilization of aldehyde during the Schiff-base reaction
which corroborated with the NMR results. The IR band for
C—N at 1298 cm™' in the silica framework showed the
retention of the keto-form after the hydrolysis and poly-
condensation reaction at basic conditions while forming hybrid
silica. The band at 1075 cm™ shows the Si—O—Si vibration
from the framework confirming the formation of a siliceous
network in the material.

The porosity and surface area of the hybrid silica was
estimated by N, gas sorption and carried out on the activated
NPMO. The results showed a type-IV isotherm which is
typical for mesoporous materials with a H1 hysteresis loop
(Figure 3a). By using the BET model, the surface area for
hybrid NPMO was calculated to be 823 m*/g, and the pore
size distribution was calculated using the BJH desorption
method, showing a peak maxima at a pore diameter of 2.6 nm
(Figure 3a, inset). The N-content in the NPMO obtained was
calculated to be 4.6% from the CHN elemental analysis. The
surface morphology and size of N-incorporated hybrid silica
were confirmed from the electron microscopy images. The
SEM (Figure 3b) and TEM (Figure 3c) images showed a
spherical morphology having an average particle size of 250
nm. The porous nature of the hybrid silica was clearly visible
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and SPd-SBA-15 catalysts. (b) TG-DTA study on SPd-NPMO catalyst.

from the TEM images at higher magnification (Figure 3d)
which was in support of the surface area results.

In order to explore the hybrid NPMO material in catalysis,
we choose it as a platform for the stabilization of small well-
dispersed Pd nanoparticles. However, silica-based supports
often suffer from weak interactions with the nanoparticles
leading to low metal loading along with formation of
agglomerated particles due to sintering. Stabilization of
monodispersed fine Pd nanoparticles on NPMO was achieved
successfully in the absence of any surfactant or ligand by
chemical reduction with NaBH,,.

The PXRD patterns for Pd supported on NPMO and SBA-
15 catalysts showed a broad peak at 26, value 23°, due to the
amorphous nature of the silica material (Figure 4a). The
absence of any diffraction peaks in the 2Pd-NPMO and SPd-
NPMO catalysts suggested the formation of small, well-
dispersed Pd nanoparticles on N-incorporated hybrid silica,
whereas the SPd-SBA-1S catalyst synthesized following a
similar method showed the diffraction lines attributed to the
metallic Pd (fcc), hinting at the formation of appreciably large
Pd nanoparticles on SBA-1S. The significance of the nitrogen
sites in the hybrid PMO as a pseudoligand to stabilize
nanoparticles is established from this result. The surface area of
NPMO reduced from 823 to 547 m?*/g after S wt % Pd
loading, a trend followed with the SBA-1S catalyst also (Table
S1 and Figure S4). The synthesized Pd nanoparticles

supported on hybrid NPMO occupies the surface as well as
inside the pores (average pore size of 2.6 nm) which can
partially or fully block some of the mesopores resulting in a
decrease in textural properties like surface area.”” Thermog-
ravimetric analysis (TGA) of SPd-NPMO silica without any
prior activation treatment displayed thermal stability up to 220
°C, and by further increasing the temperature, a gradual weight
loss by about ~30% was observed between 230 and 400 °C,
which is due to the decomposition of organic fragments from
the framework accompanied by a sharp exothermic peak
centered at 310 °C in the DTA profile due to the combustion
of organic moieties (Figure 4b). Below 100 °C, the hybrid
PMO catalyst showed a weight loss of ~18% due to the
removal of adsorbed water. To study the electronic surface
properties of Pd-NPMO and Pd-SBA-15 catalysts, XPS
measurements on Pd and N were carried out. From Figure
4c, it can be concluded that Pd on the SBA-15 support exists in
the metallic state (335 eV), whereas in the Pd-NPMO catalyst,
both metallic (335 eV) and oxidized (337 eV) Pd were
present, suggesting the existence of support-induced mod-
ification while forming well-dispersed fine Pd nanoparticles on
the NPMO support. The relative percentage of Pd(0) and
Pd(+2) species in the SPd-NPMO catalyst was found to be
55:45 from the fitted peak area (Figure 4c). The predominance
of oxidized Pd species hints at the N-induced charge transfer
from Pd nanoparticles to the NPMO silica support.*” But the

14769 https://dx.doi.org/10.1021/acssuschemeng.0c03860

ACS Sustainable Chem. Eng. 2020, 8, 14765—-14774


http://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.0c03860/suppl_file/sc0c03860_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.0c03860/suppl_file/sc0c03860_si_001.pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.0c03860?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.0c03860?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.0c03860?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.0c03860?fig=fig4&ref=pdf
https://dx.doi.org/10.1021/acssuschemeng.0c03860?ref=pdf

ACS Sustainable Chemistry & Engineering

pubs.acs.org/journal/ascecg

Research Article

3 200 nm

3 200 nm

NE o 200 nm PdL

Figure S. Structural characterization of SPd-NPMO catalyst: (a) high resolution TEM image (scale 100 nm), (b) magnified HR-TEM image (scale
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edges and (f) overlay image.

complete reduction of the Pd precursor to Pd(0) was achieved
on SBA-1S using same amount of reducing agent. The N 1s
spectrum for SPd-NPMO (Figure 4d) by further deconvolu-
tion showed the presence of different N chemical species. The
major contribution from the peak at 400 eV corresponding to
—NH- species*’ from the support confirms the existence of a
keto-form, which is in accordance with results from other
analytical techniques, along with the relatively small content of
quaternary-N and oxidized-N species on the catalyst surface at
402.3 and 404.5 eV, respectively."*

The structural characterization of the SPd-NPMO catalyst
carried out by TEM analysis (Figure S) showed the porous
spherical morphology of the hybrid PMO material with
metallic Pd nanoparticles (Figure Sa). The images clearly
revealed that the spherical N-incorporated organic—inorganic
hybrid silica facilitates well-dispersed small accessible Pd
nanoparticles having an average particle size in the range
from 3 to 5 nm for both 2Pd-NPMO and SPd-NPMO catalysts
(Figure SS). The magnified high resolution TEM image
(Figure Sb) shows the Pd (~5 nm) NPs stabilized on the
NPMO material with a well-defined metal—support interface.
The hybrid NPMO skeleton facilitates the stability of active Pd
centers through a strong interaction with N atoms from the
organic silane framework. A homogeneous distribution of N
and Pd on the hybrid PMO matrix for Pd-NPMO

14770

nanostructures was evident from the HAADF-STEM and
STEM-EDX elemental mapping (Figure Sc—h). From the
TEM images for the SPd-SBA-15 catalyst (Figure S6), poor
dispersion of Pd on the SBA-15 support due to agglomeration
was visible, which clearly demonstrates the role of nitrogen in
acting as a pseudoligand on the PMO matrix for stabilizing
metal nanoparticles. From the ICP-OES measurements, the
loading of Pd on NPMO and SBA-15 catalysts was calculated
to be 4.8% and 4.4%, respectively, with respect to the support.
As a control experiment, well-dispersed small Pd nanoparticles
were stabilized on SBA-15 using a modified deposition—
precipitation protocol developed by Soni et al,** and the
catalyst was termed as Pd-SBA-15(DP). The TEM results
(Figure S7) showed the uniform-sized Pd nanoparticles (~2
nm) homogeneously dispersed on the hexagonal long channels
of SBA-1S.

The catalytic properties of synthesized Pd-NPMO material
and other control samples were evaluated for the aqueous
phase CO, hydrogenation reaction. When the reaction was
carried out with SPd-NPMO under 4 MPa, (CO,/H, = 1:3) at
100 °C, 6.3 mmol of formate was generated after 20 h in 0.5 M
KOH aqueous solution. The 'H and *C NMR analyses of the
reaction mixture after 20 h evidenced the formation of formate
as the only liquid product under our optimized reaction
conditions (Figures S8 and S9). Interestingly, no gaseous CO,
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hydrogenation products like CO and methane were detected
during the catalytic run, which implies the complete selectivity
for the direct synthesis of formate on 5Pd-NPMO making
separation of products effortless. To the best of our knowledge,
this is the first time for a demonstration of the catalytic
utilization of Pd nanoparticles on chemically modified PMO in
the selective CO, reduction to formate with a good yield under
mild conditions. In order to highlight the role of N-
incorporation in a periodic mesoporous hybrid silica matrix
in CO, catalysis, reactions were also performed under similar
conditions using Pd on SBA-15 (SPd-SBA-15) which produced
only 0.9 mmol of formate.

TOF was calculated for SPd-NPMO and S5Pd-SBA-15
catalysts and gave 108 and 9.4 h™' respectively. The active
metal exposed for the reaction obtained using the ICP-OES
and percentage metal dispersion from CO chemisorption was
used for calculation. To confirm the positive effect of the N
moiety from the PMO framework on enhancing the CO,
hydrogenation to formate, we carried out the reaction using
the 3Pd-SBA-15(DP) catalyst which had a narrow particle size
distribution (~2 nm) along with a very good dispersion on the
SBA-15 support. This catalyst showed a TOF of only 25.6 h™
emphasizing the importance of N incorporation. Even under a
reaction temperature of 60 °C, using a SPd-NPMO catalyst
yielded 2.2 mmol of formate with a TOF of 38 h™' showing the
ability of the material to activate the reactants at much lower
temperature. Further, increasing the CO, reduction temper-
ature from 100 to 150 °C resulted in the decline of activity to
TOF 83 h™'. This can be attributed to the structural
deformation of hybrid framework during the reaction under
a 0.5 M KOH aqueous solution which led to the Pd particle
agglomeration (Figure S10). Our control experiments
confirmed no formate being produced in the absence of a
catalyst (Table 1, entry 7), and also no carbon moiety from the

Table 1. CO, Hydrogenation Catalyzed by Pd-NPMO*“

0, 4t Pd-NPMO j\o
H,O,base H 3
Entry Temp (°C) [HCO, ]¢ (mmol) TOF (h™)

1 60 22 38
2 80 4.1 71
3 100 6.3 108
4 150 48 83
st 100 8.2 140
6° 100 n.d -
79 100 nd -

“Reaction conditions: SPd-NPMO catalyst (20 mg), aqueous KOH
solution (20 mL, 0.5 M), CO,:H, (1:3, 4 MPa), time (20 h).
bAqueous KOH (20 mL, 1 M). “Only using H, (4 MPa). “Without
catalyst. “Determined by HPLC./Determined from [moles of formate
formed]/[mole of active Pd sites in catalyst per hour]. Number of
moles of active Pd sites determined from ICP-OES and CO
chemisorption.

hybrid catalyst framework was utilized in the formate
formation as ensured by carrying the reaction only in H,
pressure (4 MPa) (Table 1, entry 6). Screening of different Pd
catalysts on both NPMO and SBA-1S5 for CO, hydrogenation
was carried out, and results showed the promising effect of our
NPMO support for the reaction (Figure 6a). Even the 2% Pd-
loaded NPMO (2Pd-NPMO) catalyst showed 3.1 mmol of
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formate formation, which is much higher compared to the Pd-
SBA-15 catalysts.

During the course of the reaction (Figure 6b), the SPd-
NPMO catalyst showed a linear increase in formate (6.9
mmol) production, where the TOF increased up to 108 h™" in
20 h and decreased to 99 h™" by further increasing the reaction
time to 24 h. Hence, the reaction time was optimized to 20 h
for further studies. The effect of the base concentration on
CO, hydrogenation was studied, and the results showed that
by increasing 0.5 M KOH aqueous solution to 1 M, the TOF
for formate on the SPd-NPMO catalyst increased from 108 to
140 h™! (Table 1, entry S and Figure S11) confirming the role
of base in the reaction. The reaction in the absence of base did
not yield appreciable formic acid from CO, under our reaction
conditions, which implies the vital role of a basic medium to
improve the reaction by stabilizing HCOOH in the form of
formate salts as well as the solubility of gaseous reactants in
water.””** In comparison with previously reported heteroge-
neous Pd catalysts on both active and inactive supports (Table
S2), the SPd-NPMO silica catalyst exhibited remarkable TOF
(140 h™*) under similar reaction conditions.

The heterogeneous nature of the Pd-NPMO catalyst was
studied by the hot-filtration method under the optimized
reaction conditions. After a 12 h reaction (3.5 mmol formate
produced), the catalyst was filtered off, and the filtrate was
allowed to proceed further for the CO, hydrogenation reaction
for the remaining 12 h under identical condition. No increase
in the formate yield was observed maintaining the 3.5 mmol in
the reaction medium, suggesting that the catalysis is purely
heterogeneous (Figure 7a). Also, in order to confirm the
reusability and stability of the Pd-NPMO catalyst, the reaction
was performed for two consecutive runs by using the recovered
catalyst after the fresh run. As shown in Figure 7b, the first run
of the recovered SPd-NPMO catalyst produced 5.8 mmol of
formate showing a negligible decrease in the yield compared to
the fresh reaction, but the consecutive second cycle showed a
dip in the formate production to 3.8 mmol.

Further, to investigate the cause for a decrease in activity
after the second run, spent catalyst analysis was carried out.
The high resolution TEM images of the spent SPd-NPMO
catalyst after the second cycle (Figure S12) revealed that
during the reaction under 0.5 M KOH solution at a boiling
temperature for a prolonged time resulted in the partial
destruction of the silica support morphology generating islands
of agglomerated Pd nanoparticles along with well-dispersed
small particles. It is true that complete dissolution of silica was
not observed even under our reaction conditions, and the well-
dispersed small Pd nanoparticles observed were likely those
protected inside the N sites of mesopores which prevented
agglomeration. HAADF-STEM elemental mapping of the
spent SPd-NPMO catalyst (Figure S13) showed the presence
of nitrogen on the PMO which in combination with small Pd
nanoparticles yielded 3.8 mmol of formate after the second
cycle. The formation of large voids in hybrid NPMO spheres
after the reaction may be due to the etching of silica under the
basic reaction conditions.”” A similar result was observed with
the 3Pd-SBA-15(DP) catalyst after the reaction, where the
ordered SBA-15 channels were collapsed with concomitant
agglomeration of Pd nanoparticles producing 0.46 mmol
formate in the second run (Figure S14). The XPS measure-
ments of the spent SPd-NPMO catalyst showed the existence
of both Pd(0) and Pd(+2) species (Figure S15), and the
relative percentage was found to be 78:22. The XPS peak
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Figure 6. (a) Screening of CO, reduction to formate on various Pd catalysts. (b) Time course of CO, hydrogenation to formate catalyzed by SPd-
NPMO. Reaction conditions: catalyst (20 mg), aqueous KOH solution (20 mL, 0.5 M), CO,:H, (1:3, 4 MPa), temperature (100 °C), and time

(20 h).
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Figure 7. (a)Heterogeneity study of Pd-NPMO catalyst by hot-filtration test (catalyst removed after 12 h reaction, and further reaction carried in
the absence of catalyst). (b) Recycling experiment to study reusability. Reaction conditions: SPd-NPMO (20 mg), aqueous KOH solution (20 mL,

0.5 M), CO,:H, (1:3, 4 MPa), temperature (100 °C), and time (20

h).

intensities for Pd 3d in the spent SPd-NPMO had decreased
considerably along with the reduction of oxidized Pd(+2)
species indicating the growth of Pd nanoparticles with
concomitant loss in dispersion, a result in good agreement
with the TEM results. The N 1s spectrum for the spent SPd-
NPMO showed similar species compared to the fresh catalyst
and the major peak at 400 eV corresponding to N—H species
and confirmed no structural change in the keto-form of the
organic moiety in the framework under the CO, hydro-
genation reaction environment (Figure S16). The Pd content
in the spent SPd-NPMO was calculated from ICP-OES and
was found to be ~4.8% with respect to the support which
showed no metal leaching from the catalyst under our reaction
conditions confirming that the catalyst behaves purely
heterogeneously in nature, and the N content in the spent
catalyst was determined as 2.8% from the CHN elemental
analysis. The plausible reason for the drop in activity after the
second run may be due to the combination of agglomerated Pd
nanoparticles along with a decrease in N content under the
basic reaction conditions. It is indeed envisaged that the
flexibility of PMO materials allows one to design specific sites
(like solid base sites) where nitrogen-containing PMO-based
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material for catalyzing CO, hydrogenation under base free or
milder conditions is a possibility in the near future.

B CONCLUSIONS

In summary, an efficient heterogeneous Pd-based aqueous
phase CO, hydrogenation catalyst was developed using a new
N-incorporated periodic mesoporous organosilica in the
framework (Pd-NPMO). High loading (~5 wt %) of Pd was
achieved while maintaining the particle size in the range of 2—
S nm. The catalytic activity of the NPMO catalyst (TOF 108
h™!) was superior compared to Pd-SBA-15 (9.4 h7!),
demonstrating the role of nitrogen sites on NPMO supports
for boosting the CO, reduction with complete selectivity to
formate under mild reaction conditions. A combination of
characterization and catalytic results confirmed the CO,
hydrogenation catalysis on Pd-NPMO to be purely heteroge-
neous in nature. This chemically modified new NPMO silica
support proved to facilitate the stabilization of small Pd
nanoparticles without any expensive dendrimers or stabilizing
agents and can be extended for other catalytic applications.
Finally, future developments on metal nanoparticle-based
materials on a N-containing PMO for sustainable catalysis
can find several insights from the present study.
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Selective Oxidation of Cyclohexane to Cyclohexanone
Using Chromium Oxide Supported Mesoporous MCM-41
Nanospheres: Probing the Nature of Catalytically Active

Chromium Sites

Kurisingal J. Betsy,” Chandrani Nayak,” Anish Lazar,”™ < Athira Krishnan,®
Dibyendu Bhattacharyya,™ Shambhu N. Jha,™ and Chathakudath P. Vinod*® <9

Highly dispersed chromium oxide supported mesoporous
MCM-41 nanosphere catalysts have been synthesized using a
simple wet impregnation method. This work is devoted to a
systematic study to reveal the active Cr sites in chromium
oxide supported MCM-41 nanosphere catalysts for the selec-
tive oxidation of cyclohexane to cyclohexanone. To probe the
nature of the active species, we synthesized 0.5-10 wt% Cr
loaded catalysts and characterized them by using XRD, UV/Vis
spectroscopy, Raman spectroscopy, X-ray photoelectron spec-

Introduction

Cyclohexanone and cyclohexanol (KA oil) are important chemi-
cal feedstock in a variety of industrially important commodi-
ties."" KA oil is a precursor to Nylon-6 and Nylon-6,6 and has a
global consumption of approximately 10°tons per year. Con-
ventionally, KA oil is manufactured either by the oxidation of
cyclohexane or by the hydrogenation of phenol. Cyclohexane
oxidation requires a high activation energy for C—H bond
cleavage, which dictates harsh reaction conditions such as a
high temperature (413-433 K) and pressure (1-2 MPa).”’ More-
over, these processes suffer from significant shortcomings such
as a low yield, low selectivity, and high waste production.®
The great demand for these oxidation products and the high
energy consumption of the existing process necessitate a
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troscopy, extended X-ray absorption fine structure analysis, X-
ray absorption near edge structure analysis, N, sorption analy-
sis, FTIR spectroscopy, °Si NMR spectroscopy, SEM, and TEM.
The liquid-phase oxidation of cyclohexane to cyclohexanone
(99% selectivity) was performed under mild reaction condi-
tions, and the results reveal clearly that the 5 wt% Cr loaded
catalyst was optimum for the reaction. The initial composition
of isolated Cr’* species in the catalyst is the major factor that
influences the enhanced activity for cyclohexane oxidation.

more effective, stable, feasible, and sustainable catalytic pro-
cess.

Over recent decades, various transition-metal-based hetero-
geneous catalyst systems, such as V-MCM-41,"" Co/ZSM-5,"
(CHMCM-41," Ay and Fe® heterogeneous catalysts, Cr-Ti-Si
ternary mixed oxides,” and Cr-PMO"® have been reported to
be active for cyclohexane oxidation. Among them, Cr-incorpo-
rated silica is promising because of its good activity and stabili-
ty.""! The enhanced activity exhibited by chromium oxide cata-
lysts was attributed to the presence of the various oxidation
states of Cr, coordination environments, as well as its extent of
polymerization."? Although most of these catalysts yield KA oil
as the major product, a high selectivity for cyclohexanol has
been reported for Au supported on Fe,0,.”¥ The determina-
tion of the active sites is an important area in heterogeneous
catalysis, and active site determination for chromium oxide for
oxidation reactions has been attempted."® The nature of the
Cr active species depends on its location such as framework or
extraframework positions in which Cr' species are the active
site in a Cr-incorporated silica framework.® In contrast, the
presence of coordinatively unsaturated Cr" or Cr'' species in
chromium oxide as active sites in cyclohexane oxidation reac-
tions has also been reported.™ The dispersion of Cr species
on the support and the Cr loading are important factors that
influence the catalytic activity."™ The nature of the active spe-
cies in the chromium oxide catalyst for different organo-trans-
formation reactions has been a subject of interest over recent
years.“o'”b'm]

The major cause of deactivation in Cr-based catalysis is the
leaching of active Cr ions, and a need for stable catalysts has

© 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim


http://orcid.org/0000-0001-9857-4907
http://orcid.org/0000-0001-9857-4907
http://orcid.org/0000-0001-9857-4907
https://doi.org/10.1002/cctc.201800309

@t ChemPubSoc
vt Europe

led to the design of new heterogenized Cr catalysts.'*"”

There is an intimate relationship between the compositional,
structural, and physiochemical properties of the oxide support
and the surface nature of Cr. The oxide support acts as a
ligand that controls the redox properties of the supported Cr
ions. Hence the selection of a support that can stabilize the
chromium active sites is tedious. Among oxide supports, meso-
porous M41S molecular sieves (MCM-41 and MCM-48) are
promising candidates that exhibit good textural properties and
act as an ideal scaffold for the incorporation of metal oxides
on mesoporous channels. These properties prevent the ag-
glomeration of chromium oxide particles and also favor the
diffusion of reacting molecules.®

In this study, we aim to examine the nature of active Cr spe-
cies on the silica-supported catalyst for cyclohexane oxidation.
A series of samples with uniformly dispersed chromium oxide
supported on mesoporous MCM-41 silica nanospheres was
prepared by varying the amount of Cr by a facile wet impreg-
nation method. The nature of the Cr active species for cyclo-
hexane oxidation was determined by correlating the catalytic
activity with the characterization results. Under mild reaction
conditions, the optimum catalyst gave 72% conversion and
99 % selectivity towards cyclohexanone.

Results and Discussion
Characterization

The powder XRD patterns of the CrO,-MCM-41 catalysts were
collected in two different 26 regions. In the small-angle X-ray
diffraction (SAXRD) pattern (Figure 1A) a peak at 26=2.5° cor-
responds to the d,, reflection in agreement with the XRD pat-
tern of the MCM-41-type materials."” As the Cr loading in the
catalyst increases from 0.5 to 10 wt%, the intensity of the
(100) peak becomes weak. Nevertheless, the peak is still de-
tectable, which indicates that the mesoporous structure of the
materials was preserved even after impregnation followed by
calcination. A decrease in the peak intensity with an increase
of the Cr loading also infers the anchoring of Cr in the MCM-
41 pores. If we compare the unit cell parameter (a,) for pristine
MCM-41 (a,=39.4 A) and 5CrO,-MCM-41 (a,=40.1 A), no clear
incorporation of Cr into the silica framework can be inferred.
From the wide-angle XRD patterns (Figure 1B), the diffraction
lines are attributable to the rhombohedral phase of Cr,0,
(JCPDS No: 84-1616) with a clear increase in intensity as the
metal loading increases.

The textural properties of catalysts were explored by using
N, adsorption-desorption analysis, and the results are summar-
ized in Table 1. The chromium oxide supported MCM-41 cata-
lysts 0.5CrO,-MCM-41, 5CrO,-MCM-41, and 10CrO,-MCM-41
show typical type-IV isotherms with H1 hysteresis (Figure 2),
which indicate that the overall mesoporous structure of the
catalysts was retained. The pure MCM-41 material exhibits a
high surface area (957 m?g "), large pore volume (0.529 ccg™ "),
and a bimodal distribution (Figure 2, inset) with pore radii of
2.9 and 5.4 nm. After MCM-41 was loaded with Cr species, the
surface area, pore diameter, and pore volume of the material
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Figure 1. Powder XRD patterns of the CrO,-MCM-41 catalysts in two differ-
ent 26 regions. A) Small-angle XRD and B) Wide-angle XRD patterns of

a) 0.5CrO,-MCM-41, b) 1CrO,-MCM-41, c) 2.5CrO,-MCM-41, d) 4CrO,-MCM-41,
e) 5CrO,-MCM-41, f) 7CrO,-MCM-41, and g) 10CrO,-MCM-41.

Table 1. Textural properties of MCM-41 and nCrO,-MCM-41%' catalysts.

Catalyst BET surface area Pore diameter Pore volume
(m?g™"] [nm] [ccg™
MCM-41 957 29 and 5.4 0.53
0.5CrO,-MCM-41 926 29 and 5.4 0.52
5CrO,-MCM-41 859 2.7 and 5.2 0.50
10CrO,-MCM-41 535 28 and 5.3 0.27

[a] nCrO,-MCM-41 in which n indicates the Cr loading [wt %] with respect

to the support.
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decreased, which indicates that chromium oxide was anchored
on the MCM-41 mesoporous channels.

#Sj cross-polarization magic-angle spinning (CPMAS) NMR
spectra of pure MCM-41 and 5CrO,-MCM-41 are shown in Fig-
ure S1. Three distinct peaks exist at 6=-92, —102, and
—112 ppm that correspond to the Q% Q3 and Q* sites on the
silica framework, respectively. There is no noticeable difference
in the intensity and width of these distinct peaks observed in
both pure MCM-41 and the 5CrO,-MCM-41 catalysts. Zhang
and Pinnavaia proposed that a broadening of the peak width
and increase in the intensity of the Q* sites along with a de-

© 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. N, adsorption-desorption isotherms and pore size distributions
(inset) of a) pure MCM-41, b) 0.5CrO,-MCM-41, ¢) 5CrO,-MCM-41, and
d) 10CrO,-MCM-41.

crease in the intensity of the Q* and Q° sites is mainly caused
by isomorphous transition metal substitution into the Si frame-
work.2% Thus, the retention of three sites in silica indicates that
isomorphous Cr metal substitution into the silica framework
was improbable in this case.

We used TEM and SEM to monitor the surface morphology
and pore structures of the synthesized materials. A spherical
morphology of the synthesized MCM-41 material with an aver-
age particle size of approximately 70 nm was confirmed (Fig-
ure 3a), and the hexagonal mesoporous nature of the catalyst
is in good agreement with the SAXRD results. The TEM image
of 5CrO,-MCM-41 (Figure 3b) shows the spherical morphology
and the mesoporous nature of the material even after calcina-
tion to obtain the chromium oxide species. Energy-dispersive
X-ray analysis (EDAX) from the TEM image of 5CrO,-MCM-41
showed the presence of Cr (~4.6 wt%) in the spherical MCM-
41 sample (Figure S2). SEM analysis of 5CrO,-MCM-41 also sup-
ports the retention of the spherical morphology (Figure S3).

FTIR spectroscopy is a convenient technique to study the
nature of Cr species present in porous CrO,-MCM-41 catalysts
(Figure 4). The IR bands at 7=2800, 950, and 1105 cm™' corre-
spond to Si—O—Si symmetric stretching, Si—OH stretching, and
Si—O—Si asymmetric stretching vibrations in the silica frame-
work, respectively.”" The IR band for O—Cr" species in CrO,-
MCM-41 occurs at =950 cm~'?? and its peak is not measura-
ble quantitatively because of the overlap of the Si—OH stretch-
ing band in the same region. Meanwhile, a distinct band is ob-
served at 7=623 cm™' that corresponds to chromium oxide
species,” which can be taken as an indicator for the presence
of CrO, species in MCM-41channels.

To investigate the oxidation state and coordination environ-
ment of Cr in CrO,-MCM-41 catalysts, UV/Vis diffuse reflectance
spectroscopy (DRS) was performed. Two absorption bands cen-
tered at =275 and 365 nm are observed in the spectra of all
synthesized catalysts and are assigned to tetrahedrally coordi-
nated isolated chromium oxide species O—Cr" (Figure 5).
These bands are typical for the transitions of 'T,«'A, ('t;—t,
and °t,—2e) and 'T,«'A, ('t;—2e), respectively.”” A peak at
A =467 nm is assigned to a Cr** transition that has a distorted
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Figure 4. FTIR spectra of a) 0.5CrO,-MCM-41, b) 1CrO,-MCM-41, c) 2.5CrO,-
MCM-41, d) 4CrO,-MCM-41, e) 5CrO,-MCM-41, f) 7CrO,-MCM-41, and
g) 10CrO,-MCM-41.

octahedral symmetry, (*T,;<*A,),*** which increased in in-
tensity with an increase in the Cr content.

The intensity of this peak is weaker than that of the charge
transition bands in the catalysts that contained less Cr. An ad-
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Figure 5. UV/Vis spectra of a) pure MCM-41, b) 0.5CrO,-MCM-41, c) 1CrO,-
MCM-41, d) 2.5CrO,-MCM-41, e) 4CrO,-MCM-41, f) 5CrO,-MCM-41, g) 7CrO,-
MCM-41, and h) 10CrO,-MCM-41.

ditional broad band located at 1=600 nm caused by the d-d
transitions related to Cr’* species in octahedral coordination
indicates the presence of Cr,0; clusters. As we move to cata-
lysts with a higher Cr loading, the synthesized materials exhibit
a gradual increase in peak intensity at A=275 nm, which is be-
cause of the overlap of the charge transfer band of Cr** with
the Cr* signal,*” whereas an increase in the peak intensity at
A =600 nm corresponds to the agglomeration of Cr’* species
to crystalline a-Cr,0; at a high Cr content.

To probe the molecular nature of the supported Cr species
in all solid catalysts, Raman spectroscopy was used. We mea-
sured the Raman spectra of the series of synthesized catalysts
in which an increase in the Cr loading led to bands that corre-
spond to different Cr surface species (Figure 6). A peak at 7=
350 cm™' is assigned to monochromatic Cr®* surface species
which increases in intensity above 5 wt% Cr loading.”® The in-
tensity of the two bands centered at #=553 and 609 cm™,
characteristic of crystalline Cr,Q; and distorted octahedral Cr**
species, respectively, increases with the increase in the Cr con-
tent.'>?! Moreover, two broad bands located at #=868 and

Intensity (a.u)

200 400 600 800 1000 1200
Raman Shift (cm ™)
Figure 6. Raman spectra of a) 0.5CrO,-MCM-41, b) 1CrO,-MCM-41, c) 2.5CrO,-

MCM-41, d) 4Cr0,-MCM-41, e) 5CrO,-MCM-41, f) 7CrO,-MCM-41, and
g) 10CrO,-MCM-41.
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980 cm™' observed in the spectra of only the catalysts with a
high Cr loading are evident and confirm the existence of poly-
meric Cr®* species.”® The peaks at #=305 and 525cm,
which are absent in the spectra of the catalysts with a low
loading, confirm the absence of crystalline a-Cr,0; species,
which is clearly visible in the spectra of catalysts with a high Cr
loading, that is, above the monolayer coverage. As the metal
loading increases, the mono- and dichromate species tend to
agglomerate to form trichromate species and lead to the for-
mation of crystalline Cr,0; clusters, which is in good agree-
ment with the results obtained by using UV/Vis spectroscopy
and XRD.

The Cr2p XPS plots of the nCrO,-MCM-41 samples are
shown in Figure 7 and provide evidence of the oxidation state
of surface Cr species. The calibration of all the peak positions
was performed by considering the C1s standard binding
energy (BE) of 284.6 eV. The broad nature of the Cr2p,, and
Cr2p,,, regions of the chromium oxide catalysts indicates the
existence of more than one Cr species on the surface. We used
an XPS peak-fitting program to deconvolute the Cr2p;, region
into two peaks centered at BE=576 and 579 eV, which are at-
tributed to the Cr’* and Cr®* species, respectively.?®

Intensity (a.u)

T T T T T T T T T v
573 576 579 582 585 588 581
Binding Encry (¢V)

Figure 7. Cr2p XPS spectra of a) 2.5CrO,-MCM-41, b) 4CrO,-MCM-41,
¢) 5CrO,-MCM-41, and d) 10CrO,-MCM-41.

To garner further insight into the structure and coordination
environment of the Cr species, synchrotron X-ray absorption
spectroscopy (XAS) was performed. X-ray absorption near
edge structure (XANES) spectra at the Cr K edge of the MCM-
41-supported catalyst samples along with Cr metal, Cr,0;, and
CrO; standards are presented in Figure 8a. CrO; shows a
strong pre-edge peak near 5991 eV, which is caused by the
dipole-forbidden 1s-3d transition. This forbidden transition is
allowed if Cr cations exist in a non-centrosymmetric environ-
ment. In CrO,, Cr"' cations exit in a tetrahedral coordination en-
vironment that facilitates the hybridization of the 3d and 4p
orbitals, and therefore, the 1s-3d transition becomes allowed
and results in a strong pre-edge. In Cr,0,, the Cr" cations exist
in an octahedral coordination that forbids the 1s-3d transition
and results in no pre-edge.” Linear combination fitting (LCF)
of the XANES spectra of the samples was performed using
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Figure 8. a) XANES and b) EXAFS spectra of the nCrO,-MCM-41 catalysts.

standard XANES spectra of Cr,0; and CrO; to deter-
mine the molar percentage of Cr'" and Cr" species.
The results of the LCF are tabulated in Table S1.
From the LCF results, it can be concluded that in
5CrO,-MCM-41 and 7CrO,-MCM-41, Cr cations exist
mostly as octahedral Cr" species, whereas above
5 wt% Cr loading, most of the Cr*™ species occur as
a-Cr,0;. However, in 2.5CrO,-MCM-41, Cr cations
exist as both octahedral Cr'" species and tetrahedral
Cr"' species with a Cr'"/Cr" molar percentage ratio of
55:45. The LCF results corroborate the intensity var-
iation of the pre-edge peaks as shown in the inset
of Figure 8a on an enlarged scale.

Experimental extended X-ray absorption fine
structure (EXAFS; u(E) vs. E) spectra of the chromium
oxide supported on MCM-41 catalyst samples mea-
sured at the Cr K edge and the experimental x(r)
versus r plots of the Cr oxide supported on MCM-41
catalyst samples at Cr K edge fitted from 1-2 A and
assuming a Cr—O (x6) shell are presented in Fig-
ure S4. Experimental y(r) versus r plots of the chro-
mium oxide supported on MCM-41 catalyst samples
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at the Cr K edge along with best fit theoretical plots obtained
as above are shown in Figure 8b, and the fitting results are
tabulated in Table S2. From the EXAFS results, it can be ob-
served that for 5CrO,-MCM-41 and 7CrO,-MCM-41, six O atoms
exist around Cr cations at a distance of approximately 1.95 A.
This local environment resembles the Cr,0O; structure, which
suggests the presence of octahedral Cr'" species. However, for
2.5CrO,-MCM-41, the Cr—O bond length decreases to 1.89 A
with a coordination number of 5. This decrease in the bond
length and coordination number may be attributed to the
presence of tetrahedral Cr' cations in this sample. From
XANES analysis, the Cr'"/Cr"" molar percentage ratio is 55:45 in
this sample, which gives an average coordination number of
0.55%6+40.45%x4=5.1. Therefore, the EXAFS analysis results
corroborate with the XANES LCF results.

Thus from XANES LCF and EXAFS analysis, it can be conclud-
ed that Cr cations mostly exist as octahedral Cr" in 5CrO,-
MCM-41 and 7CrO,-MCM-41, and a major portion of Cr'" exists
in the crystalline a-Cr,0; phase in the latter. In 2.5CrO,-MCM-
41, Cr cations exist as both octahedral Cr" species and tetrahe-
dral Cr"' species with a Cr"/Cr" molar ratio of 55:45.

Catalytic activity

The catalytic performance of the 0.5, 1, 2.5, 4, 5, 7, and 10 wt%
Cr loaded catalysts (CrO,-MCM-41) was investigated in the
liquid-phase cyclohexane oxidation reaction. The reaction was
performed under mild conditions (70 °C). Acetonitrile was used
as the solvent, and tert-butyl hydroperoxide (TBHP) was used
as both the oxidizer and radical initiator to overcome the in-
duction period.

The catalytic activity trend of the different catalysts in the
oxidation reaction to achieve the direct production of cyclo-
hexanone from cyclohexane is shown in Table 2, entries 5-11.

Table 2. Catalytic oxidation of cyclohexane to cyclohexanone.”
Entry Catalyst Conversion® Selectivity [96]©" Ref.

[%] Cyclohexanone Cyclohexanol
1 - 0 0 0 this work
2 Pure MCM-41 0 0 0 this work
3 Bulk Cr,0, 9 91 9 this work
4 CrO, 6 83 17 this work
5 0.5CrO,-MCM-41 14 99 - this work
6 1CrO,-MCM-41 18 99 - this work
7 2.5CrO,-MCM-41 36 99 - this work
8 4CrO,-MCM-41 54 99 - this work
9 5CrO,-MCM-41 72 99 - this work
10 7CrO,-MCM-41 12 99 - this work
1 10CrO,-MCM-41 8 99 - this work
12 (CYMCM-41 [TBHP] 61 81 - [6]
13 (CYMCM-41 [H,0,] 99 1 89 [11]
14 (Cr)PMO [TBHP] 12 70 22 [10]
15 Cr-MCM-41 [air] 7 66 26 [30]
16 Cr-Co-TUD-1 [TBHP] 43 84 5 [31]
[a] Reaction conditions: catalyst (50 mg), cyclohexane (1 mmol), 70% TBHP
(1.2 mmol), CH;CN (5 mL), 70°C, 24 h; [b] (initial concentration of C¢H,,—concentration
of C4H,, at time t/initial concentration of C4H,,) x 100; [c] (moles of individual product/
moles of total products) x 100; [d] includes trace amounts of adipic acid.
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Remarkably, the 5 wt% Cr loaded catalyst showed a conversion
of 72% and a selectivity of 99% towards cyclohexanone. To
validate the performance of our CrO-MCM-41 catalysts for
their high selectivity towards cyclohexanone from cyclohexane
with a comparable conversion, activity results were compared
with previous reports on Cr-based silica catalysts in which
TBHP, H,0,, and air were used as oxidants (Table 2, entries 12—
16). Generally, cyclohexanone was the major product obtained
if TBHP was used as the oxidant, which is in agreement with
previous reports.®'®33 From previous studies, the active site
for cyclohexane oxidation on Cr-MCM-41 catalysts was the tet-
rahedral Cr species in the silica framework.”

A volcano-type trend in activity was observed from the con-
version plot as the Cr loading increases in the catalyst
(Figure 9, green line) in good agreement with the XPS and XAS
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Figure 9. Plot that shows the relative effectiveness of Cr**/Cr* to catalyze
the oxidation of cyclohexane over the nCrO,-MCM-41 catalysts.

data. The conversion of cyclohexane over the Cr catalysts in-
creases sharply with the increase in the total Cr content up to
5wt%, and a further increase of the metal content (7 and
10 wt%) leads to a decrease in cyclohexane conversion. Inter-
estingly, all of the synthesized catalysts exhibit 99% selectivity
towards cyclohexanone. This unfavorable decrease in conver-
sion could be explained either by the decrease in dispersed
Cr** species or by the formation of inactive crystalline o-Cr,0,
on the surface, which results in pore blocking and limits the
diffusion of reactant molecules. A plot of the ratio of Cr’* to
Cr®* throws more light onto the nature of the active Cr species
for this reaction. The Cr**/Cr* ratios of catalysts with different
Cr loadings were determined from the fitted peaks of the XPS
and XANES spectra, and the results revealed that as we in-
crease the Cr content, the ratio of Cr**/Cr®" species increases
up to 5 wt% and decreases with further loading (Figure 9).

The formation of crystalline a-Cr,0; and polymeric chromi-
um oxide species were significant in 7CrO,-MCM-41 and
10CrO,-MCM-41. At lower loadings, Cr exists in both isolated
Cr’* and Cr*" species, whereas the catalyst with a 5% loading
consists exclusively of dispersed chromium(lll) oxide sites. A
further increase in the metal loading showed the presence of
polymeric Cr*" along with Cr** species, of which the major
Cr** contribution is from crystalline a-Cr,0; and was detected
by using XRD, Raman spectroscopy, and UV/Vis spectroscopy.
This confirms that crystalline a-Cr,0; and polymeric Cr®* spe-
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cies passivate the activity of amorphous Cr’* species on the
silica surface at higher loadings. Although a small number of
Cr,0; cluster peaks were observed for all of the solid catalysts
except 0.5CrO,-MCM-41, the increase in the conversion of cy-
clohexane by using a catalyst with a low metal loading reveals
clearly that these clusters do not block the accessible Cr active
sites. These characterization and activity results indicate the ex-
istence of two different types of Cr’* species such as crystalline
a-Cr,0; and an amorphous or microcrystalline phase of nonfra-
mework chromium(lll) oxide sites. Cyclohexane oxidation was
also performed without catalyst and with bare MCM-41, bulk
Cr,05, and CrO; (Table 2, entries 1-4), which all exhibit a lower
conversion. In control experiments, the absence of oxidized
products or a lower conversion from cyclohexane evidence
that isolated amorphous Cr** species in the supported MCM-
41 catalyst play a key role in the transfer of oxygen from the
oxidant to cyclohexane during the reaction.

To check the leaching of Cr ions from the MCM-41 channels
in the catalyst, a recycling study of the active 5CrO,-MCM-41
catalyst was performed by using the spent catalyst continuous-
ly in the next two cycles of catalytic oxidation. The regenerated
catalyst was pretreated at 120°C for 12 h to remove the physi-
sorbed water molecules before the spent catalyst was used for
each cycle. In this step, the catalyst was recovered by centrifu-
gation, washed repeatedly with acetonitrile, and dried at
120°C for 12 h. The catalyst showed a gradual loss of activity
in each successive run (Table S3). To investigate the cause for
the decrease in the activity after each cycle, the spent catalyst
was investigated by using XPS. A comparison of the ratio of
Cr**/Cr*" in fresh (0.47) and spent (0.40) 5CrO,-MCM-41 cata-
lysts indicates that nonframework Cr®* species were leached
significantly during the reaction along with a small amount of
Cr’* species. UV/Vis spectra were measured for the spent cata-
lysts (Figure S5). A decrease in the peak intensity at 1=275,
365, and 467 nm was observed in the spectra of the spent cat-
alyst compared to that of the fresh, which indicates the leach-
ing of Cr ions from the catalysts during the reaction. The peak
at A=600 nm was present, which shows that Cr** species from
crystalline Cr,0; are not affected during the recycling experi-
ment and are not the likely reason for the catalyst deactiva-
tion. Thus, the UV/Vis spectra correlate well with the XPS anal-
ysis, which showed Cr’* species to be unaffected during the
reaction. The Cr content in the spent 5CrO,-MCM-41 catalyst
was confirmed by using inductively coupled plasma optical
emission spectroscopy (ICP-OES) and was approximately 4%
with respect to the catalyst. As the amount of Cr’* species is
nearly unchanged in the catalyst, the loss of catalytic activity
during the second and third cycle was intriguing. To probe
this, the used catalyst was pretreated by calcination at 600 °C
for 8h and used for cyclohexane oxidation. The pretreated
used catalyst showed a similar activity (~70% conversion) as
the fresh 5CrO,-MCM-41 catalyst, which indicates that nonfra-
mework Cr** species in the catalyst are active under the reac-
tion conditions and that the deactivation might be caused by
the blocking of active sites by carbonaceous species. Further
efforts are ongoing to obtain a thorough understanding of the
plausible species that account for the deactivation.
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Conclusions

To probe the nature of catalytically active Cr sites in cyclohex-
ane oxidation, we synthesized chromium oxide supported
MCM-41 nanosphere catalysts by a facile wet impregnation
method. Among the catalysts with different Cr loadings, the
5 wt% metal loaded catalyst showed an unprecedentedly high
activity with 72% cyclohexane conversion and 99% selectivity
for cyclohexanone. A better understanding of the active Cr
species was obtained by correlating the catalytic and charac-
terization results for cyclohexane oxidation. The volcano-type
catalytic performance could be attributed to the interplay be-
tween the surface Cr*" and Cr** species in the material, which
varies with the Cr content. From our results, the excellent ac-
tivity towards the cyclohexanone product under mild reaction
conditions can be attributed to the initial concentration of the
extraframework amorphous Cr** species in the MCM-41-sup-
ported catalyst. Efforts are ongoing to identify the cause of de-
activation by using spectroscopic techniques.

Experimental Section

Chromium(lll) nitrate nonahydrate (Cr(NO,);9H,0; Alfa Aesar,
98.5%) cetyltrimethyl ammonium bromide (CTAB; 98 %), tetraethy-
lorthosilicate (TEOS, Sigma Aldrich), TBHP (Acros Chemicals), NaOH
(Loba Chemie), cyclohexane (Ran Kem), acetonitrile (Thomas
Baker), cyclohexanone (Thomas Baker), and cyclohexanol (Thomas
Baker) were used as received. Ultrapure Millipore water was used
in all experiments.

Spherical MCM-41 nanospheres were synthesized using the modi-
fied sol-gel procedure reported previously."* Typically, NaOH solu-
tion (3.5 mL, 2m) was mixed with Millipore water (480 mL). CTAB
(1 g) was added to the solution, and the mixture was heated at
70°C with stirring. After the solution became homogeneous, TEOS
(5 mL) was dropwise to form a white slurry. The stirring was contin-
ued at 70°C for 2 h. The resulting white residue was collected by
filtration and washed thoroughly with water and ethanol to
remove excess of NaOH and CTAB. The obtained powder was dried
at 100°C for 12 h and calcined in air at 500°C for 4 h (at a ramp
rate of 2°Cmin~").

Heterogeneous CrO,-MCM-41 catalysts with different Cr loadings
were synthesized by a wet impregnation method by utilizing a
procedure reported elsewhere® with slight modifications. Briefly,
the desired amount of active Cr(NO;);9H,0 metal precursor was
dissolved in the minimum amount of water, and MCM-41 (1 g) was
added slowly with continuous stirring. The slurry was allowed to
stir for 8 h after which the resulting material was dried at 100°C
for 12h and calcined at 600°C for 8h (at a ramp rate of
2°Cmin~"). The Cr loading on MCM-41 was controlled at 0.5, 1, 2.5,
4, 5,7, and 10 wt% by varying the amount of metal precursor.

Liquid-phase cyclohexane oxidation was performed in a two-
necked round-bottomed flask equipped with a condenser and
charged with cyclohexane (1 mmol), acetonitrile (5 mL) as the sol-
vent, catalyst (50 mg), and TBHP (1.2 mmol) as the oxidant. The re-
action was performed at 70°C for 24 h with continuous stirring.
After the reaction, the catalyst was separated by simple centrifuga-
tion, and the products were analyzed by using GC (Agilent 7890
connected with HP5 column and flame ionization detector; FID)
and confirmed by using GC-MS (Varian connected with an HP5
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column). The products were determined by comparison with au-
thentic samples by using GC and GC-MS. HPLC with a Rezex ROA
H+ column was used to analyze acid products. To test reusability,
after each cycle, the catalyst was washed repeatedly with acetoni-
trile and pretreated at 120°C for 12 h.

Powder XRD analysis of all catalysts was measured by using a PAN-
alytical X'pert Pro dual-goniometer diffractometer with Ni-filtered
CuK, radiation (1.5418 A) at 40 kV and 30 mA. A Shimadzu UV/Vis
spectrophotometer with a dual beam was used to measure UV/Vis
spectra. N, adsorption—-desorption isotherms and pore size distribu-
tions of the samples were collected by using an Autosorb 1C
Quantachrome, USA. The program consisted of both adsorption
and desorption branches and was performed typically at 77 K after
the samples were degassed at 150°C for 4 h. Calculation of the
specific surface area was done by the Brunauer-Emmett-Teller
(BET) method at P/P,=0.06-0.3. The Barrett-Joyner-Halenda (BJH)
model was applied to the desorption branch of the isotherm to
determine the total pore volume and average pore diameter. Pore
size distribution curves were obtained by the BJH approach. FTIR
spectroscopy of the solid samples was performed by using a
Bruker Tensor 27 FTIR spectrophotometer with a DTGS detector at
RT by using KBr as an internal standard. TEM images were recorded
by using an FEI Tecnai TF-20 electron microscope operated at
200 kV. SEM images were obtained by using a dual-beam scanning
electron microscope (FEI company, model Quanta 200 3D) operat-
ed at 30kV. Si MASNMR spectra were recorded by using a
BRUKER DSX300 spectrometer at 7.05T (resonance frequencies
59.595 MHz, rotor speed 10000 Hz; and 75.43 MHz, rotor speed
10000 Hz). XPS was performed under ultra-high vacuum conditions
by using a near-ambient-pressure X-ray photoelectron spectrome-
ter (NAP-XPS) from Prevac, Poland. All the spectra were charge cor-
rected with respect to C1s at BE=284.6 eV. The peak-fitting of the
Cr2p spectra was performed using CasaXPS software with a Shir-
ley-type background. A Horiba Jobin Yvon LabRaman HR 800
micro Raman spectrometer (HJY, Kyoto, Japan) with a laser wave-
length of 514 nm was used to collect Raman spectra.

XAS measurements of the catalysts were performed at the Cr K
edge in fluorescence mode at the Scanning EXAFS Beamline (BL-9)
at the INDUS-2 Synchrotron Source (2.5 GeV, 100 mA) at the Raja
Ramanna Centre for Advanced Technology (RRCAT), Indore,
India.®” A double crystal monochromator (DCM) was used as the
beamline, which works in the photon energy range of 4-25 KeV
with a resolution of 10* at 10 KeV. A horizontal premirror of 1.5 m
with a meridional cylindrical curvature is used to collimate the
beam, and a higher harmonic rejection was used before the DCM.
A sagittal cylinder with a radius of curvature of 1.28-12.91 m was
used as the second crystal. This provides the horizontal focusing of
the beam, whereas a Rh/Pt-coated bendable post mirror that faced
down was used for the vertical focusing of the beam. For fluores-
cence-mode measurements, the sample was placed at 45° to the
incident X-ray beam and the fluorescence signal (/) was detected
using a Si drift detector placed 90° to the incident X-ray beam. An
ionization chamber detector was used to measure the incident X-
ray flux (I,) and the sample absorbance (u=1I¢/l,) as a function of
energy obtained by scanning the monochromator over a specified
energy range.

EXAFS oscillations were extracted from the XAS spectra following
the standard procedure.’™ The EXAFS oscillations, x(k) were
weighted by k to amplify the oscillation at high k. The y(k) k func-
tions were Fourier transformed using a k range of 2-9 A" to gen-
erate the x(r) versus r (or FT-EXAFS) spectra in terms of the real dis-
tances from the center of the absorbing atom. The Demeter soft-
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ware package was used for EXAFS data analysis by the reduction
and fitting of the experimental EXAFS data.*® The EXAFS data fit-
ting parameters were bond distance (r), coordination number (N),
and Debye-Waller factor (6%), which give the static and thermal dis-
order of the system. The k range for Fourier transform and the R
range for data fitting were chosen in such a way that in each case
during fitting, the number of free variables was always kept below
the upper limit set by the Nyquist theory (Nje.=2AkAr/m+1).L7"
The goodness of the fit in the above process is generally expressed
by the Reqor [EQ. (1)]:

e E[lm(za(r,)-z@(a)]‘ +Re(26 ()~ 2o
= [ 2, ()T +Re(Zo ()T

in which ydat and yth refer to the experimental and theoretical
x(r) values, respectively, and Re and Im refer to the real and imagi-
nary parts of the respective quantities. The R, of all the fitting is
less than 0.01, which indicates the good fitting of the data.
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Selective aqueous phase hydrogenation of phenol as well as its derivatives is important for the synthesis
of chemical intermediates which are crucial for the manufacture of high-tonnage commodities and a
multitude of value added platform chemicals. Herein, we report a facile catalyst made of highly dispersed
small RuO, nanoparticles supported on mesoporous MCM-41 using one-pot approach. The optimal
5Ru0,-MCM-41 catalyst with particle size 6-8 nm showed excellent activity and selectivity in aqueous
phase hydrogenation of phenol and other functionalized substrates, which are building blocks of lignin,
to corresponding cyclohexanol products without any additives. These catalysts showed better stability
and can be reused several times without any significant drop in activity which proves the heterogeneity
of the immobilized oxide catalyst.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Catalytic transformations of biorenewable aromatics to value
added chemicals and fuels through economic and energy efficient
process have currently attracted considerable attention. Global de-
mand for polymers like nylon-6, nylon-6,6, and also the depletion

* Corresponding author at: Catalysis Division, CSIR-National Chemical Labora-
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in the products derived from non-renewable energy sources has
forced to identify a renewable feedstock that replace the existing
materials [ 1-3]. Lignocellulosic biomass is considered as the most
accessible renewable feedstock for a variety of fine chemicals and
biofuels [4]. Among which, lignin accounts for the second most
abundant biomass in nature [5], which after depolymerization
yields highly oxygenated aromatic monomers mainly, phenolic
compounds [6]. By utilizing both heterogeneous and homogeneous
catalysts of transition metals, including Pd [7], Ru [8], Pt [9],
biomass derived phenolic bio-oil components (phenols, guaiacols
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and syringols) are transformed to their corresponding cycloalkanes
with high selectivity. Selective hydrogenation of phenols are desir-
able strategy to yield a variety of products involving cycloketones,
cycloalcohols, arenes, cycloalkanes and methane which are key
intermediates to higher value commodities.

Generally, the phenol hydrogenation reactions are carried out
in the vapor phase at elevated temperatures and pressures over
supported Pd catalysts, but they suffers deactivation due to coke
formation [10]. Later on, many researchers have contributed to
the liquid phase hydrogenation reaction of phenol using Pd [11],
Pt [12], Rh [13] catalysts on different supports for improving the
activity. Previous investigations suggest that the metal sites facil-
itate the activation of H, and basic sites in support adsorb phenol
during hydrogenation reactions. Depending on the geometry of
phenol adsorption on different sites on the support, the product
selectivity can be tuned [14]. Designing a heterogeneous catalyst
using ruthenium nanoparticles is of great interest due to its ex-
cellent intrinsic ability for hydrogenation reactions [15-17] and
cost effective compared to other noble metals like Pd. A detailed
insight in to the literature reveals that, to date, there are very few
efforts to utilize ruthenium as a catalyst to selectively hydrogenate
phenolic entities. In the recent past, studies on ruthenium catalysts
has been a subject of great interest to hydrogenate arenes [6],
hydrodeoxygenation of lignin derived phenols [8], and selective
hydrogenolysis of phenols [ 18], since they contributes to the con-
cept of chemicals from nature. Main shortcoming with Ru based
catalysts is the metal detachment from the support and resulting in
leaching which reduces the efficiency of the catalyst in liquid phase
phenol hydrogenation. Hence it is challenging to develop a stable,
highly efficient and selective catalyst for phenol hydrogenation in
liquid phase. By tuning the size and shape of the nanoparticles
and the properties of the support, the catalytic performance can be
improved by achieving better physical and chemical reactivity [ 19].
Somorjai et al. has proved the remarkable size dependence of Ru
NP on the CO oxidation reactivity where 6 nm catalyst showed 8-
fold higher activity compared to 2 nm particles [20]. The catalytic
activity trend by nanoparticles with different size has been subject
of interest due to its practical and fundamental perspective. It can
predict the structure sensitivity of catalytic reaction since particle
size varies the surface atomic structure, oxidation state, metal-
support interaction and the electronic state which influences the
nature of active sites that tunes the product selectivity and con-
version [21].

Identification of suitable solvent is significant in catalytic ac-
tivity as it drastically influences the rate and selectivity in hy-
drogenation of phenolic compounds. The solvent for phenol hy-
drogenation should be stable to the catalyst and reaction condi-
tions, dissolve and transport of H,, retain reactants and products
in solution [22]. Generally, halogenated organic compounds [23],
ScCO, [24], cyclohexane [25], ionic liquids [26], water [27] are
used as solvents for phenol hydrogenation, among which green
solvent water have attracted great attention due to non-polluting
nature of environment. Recently, Yong Wang et al. have found
that hydrogenation of phenol on Pd@mpg-C3N4 catalyst proceeds
more effectively in water than in organic solvents. Further, DFT
calculations showed that water molecule can lower the activation
energy for the reaction and will accelerate the proton transfer
involved in the hydrogenation of phenol and cyclohexanone to
cyclohexanol [28]. The complete aqueous solubility of phenol could
be achieved by increase in temperature and the low aqueous solu-
bility of products favors easy separation.

In this present work, we demonstrate a one-pot approach to
synthesize finely dispersed nanostructured RuO, immobilized on
MCM-41 with different amounts of ruthenium with a goal of engi-
neering Ru active sites. All the Ru-oxide catalysts were well charac-
terized and the reaction conditions were optimized systematically.

The optimized 5Ru0,-MCM-41 catalyst facilitates the hydrogena-
tion of phenol and its substrates including biomass derived phe-
nolic compounds to give corresponding cycloalcohols selectively
with high activity under mild conditions in aqueous medium. The
Ru0,-MCM-41 catalyst was found to be purely heterogeneous in
nature and highly stable under reducing reaction environment.
Thus, we have designed cost effective, greener, reusable, one-pot
Ru0,-MCM-41 heterogeneous catalyst for highly selective aque-
ous phase hydrogenation reactions of phenols to cycloalcohols.

2. Experimental
2.1. Materials

Ruthenium(IIl) chloride hydrate (99.9%), cetyltrimethyl ammo-
nium bromide CTAB (98%), Tetraethylorthosilicate TEOS (Sigma
Aldrich), Ethylenediamine (Fluka), Ethanol (Merck) and Phenol
(Spectrochem), unless otherwise mentioned, reagents and solvents
were purchased from Thomas Baker, Aldrich, Acros, all chemicals
were used as received. All the experiments were done using ultra
Millipore water.

2.2. One-pot synthesis of RuO, nanoparticles supported on MCM-41

Typically, 8 mmol of CTAB was dissolved in 60 mL of water
under stirring at 95 °C for 15 min and calculated amount of RuCl;
was added. Simultaneously, in another beaker, 2.5 ml of TEOS
was added to 20 mL of ethanol mixed thoroughly and 1.5 mL of
ethylenediamine was added in drops and stirred at RT for 30 min
to get clear solution. The resulting clear solution was added in
drop wise manner into the above metal precursor solution which
is maintained at 75 °C and kept for stirring for next 2 h. The
resulting reaction mixture was cooled to room temperature and
aged overnight. The residue was filtered, washed thoroughly with
water and ethanol to remove excess of ethylenediamine and CTAB.
The obtained powder was dried at 80 °C for 12 h and calcined at
400 °C for 6 h (at a ramp rate of 2 °C/min). The Ru loading on MCM-
41 was controlled to 0.5, 1, 2.5, 4, 5, and 10 wt% by changing the
amount of metal precursor to explore the effect of metal content
and particle size. Compared to the dry synthesis method [29],
one-pot approach provides better uniform dispersion as well as
controllable particle size of RuO, nanoparticle supported on silica
materials like MCM-41.

2.3. Catalytic aqueous phase hydrogenation of phenols

The hydrogenation of phenol over RuO,-MCM-41 catalysts was
investigated in a Parr 4842 autoclave (100 mL) equipped with a
mechanical stirrer and temperature controller. The reaction pot
was charged with phenol (1.6 mmol), water (10 mL), and catalyst
(50 mg) and the autoclave was sealed and purged twice with
H, to exclude air. A range of experiments were carried out to
optimize the reaction conditions by varying temperature, pressure,
solvent, amount of catalyst and time. After reaction, the catalyst
was separated by centrifugation and the product extraction was
done using chloroform, the phenol conversion and selectivity were
determined using GC (Agilent 7890 connected with HP5 column
and FID detector) and confirmed by GC-MS (Varian connected with
HP5 column) (Figure S1). The crude product in chloroform was
purified using column chromatography and analyzed by 'H NMR
(Figure S2). To check reusability, after each cycle, the separated
catalyst was washed repeatedly with water and acetone and dried
at 100 °C for 12 h.
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Fig. 1. Powder XRD patterns of RuO,-MCM-41 catalysts in two different 26 regions. (A) Small angle-XRD and (B) Wide angle-XRD: (a) 0. 5Ru0,-MCM-41, (b) 1RuO,-MCM-41,
(c) 2.5Ru0,-MCM-41, (d) 4Ru0,-MCM-41, (e) 5Ru0,-MCM-41and (f) 10RuO,-MCM-41.

2.4. Catalyst characterization

(i) Powder X-ray diffraction analysis: PXRD analysis of all cata-
lysts were measured using PANalytical X’pert Pro dual goniometer
diffractometer with a Ni filtered Cu K radiation (1.5418 A) work-
ing under 40 kV and 30 mA.

(ii) N, Sorption analysis: Nitrogen adsorption/desorption
isotherms and pore size distributions of the samples were collected
by using Autosorb 1C Quantachrome, USA. The calculation of spe-
cific surface area was done by the BET model at a relative pressure
of P/PO = 0.06-0.3.

(iii) Transmission Electron Microscopy (TEM): TEM images were
recorded by FEI Tecnai TF-20 electron microscope, operating at 200
kV.

(iv) Nuclear Magnetic Resonance Spectroscopy (NMR): Magic an-
gle spinning (MAS) NMR spectra for 2°Si nuclei was recorded on
BRUKER DSX300 spectrometer at 7.05 T (resonance frequencies
59.595 MHz, rotor speed 10000 Hz and 75.43 MHz, rotor speed
10000 Hz)

(v) X-ray Photoelectron Spectroscopy (XPS): XPS measurements
for the samples were carried out using an Ambient Pressure X-ray
photoelectron spectrometer (AP-XPS) from Prevac, Poland.

3. Results and discussions
3.1. Catalyst characterization

The PXRD patterns of the synthesized RuO,-MCM-41 catalysts
were carried out in two different 26 regions. To evaluate the reg-
ularity and formation of the mesoporous MCM-41 silica material
by one-pot synthesis strategy was confirmed by the small angle
XRD spectrum. A peak at 2.5° in Fig. 1A and Figure S3 (pure
MCM-41) corresponds to the dqp reflection which is in accordance
with the previously reported MCM-41 material [30,31]. Intensity
of the (100) peak has decreased gradually with the loading of
ruthenium which could be due to the anchoring of Ru on the MCM-
41 mesoporous channels. In the wide angle XRD analysis (Fig. 1B)
of different wt% of Ru loaded catalysts exhibited the typical reflec-
tions which are attributable to the tetragonal structure of RuO,
(JCPDS No: 00-018-1139). The reflections from RuO, increased
sharply with increase in metal content which indicates the growth
of particle size. The Ru content in the fresh 5Ru0,-MCM-41 catalyst
was confirmed by using ICP analysis (Spectro Acros ICP-OES) and
was found to be ~4.8% with respect to the catalyst.

The textural properties of the synthesized material were ana-
lyzed by using N, adsorption-desorption method and the results
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Fig. 2. N, adsorption-desorption isotherms and pore size distributions (inset) of
(a) 0.5Ru0,-MCM-41, (b) 5Ru0,-MCM-41and (c) 10Ru0,-MCM-41.

are outlined in Table S1. All RuO,-MCM-41 catalysts showed typ-
ical type-IV isotherms with H1 hysteresis (Fig. 2) and the pore
size distribution (inset) with unimodal pore having diameter of
3.8 nm which indicates the mesoporous nature of the support. The
surface area and pore volume was found to decrease with increase
in metal loading. To gain more insight into the size and morphology
of the RuO,-MCM-41 catalysts, transmission electron microscopy
analysis was carried out. The TEM images of the catalysts shown
in Fig. 3 reveal that RuO, nanoparticles were well dispersed on
mesoporous MCM-41support and the inset of Fig. 3a-c shows the
average particle size distributions of the catalysts which increases
from 3 nm to 15 nm for 2.5Ru0,-MCM-4, 5Ru0,-MCM-41 and
10Ru0,-MCM-41, respectively. In the higher metal loaded catalyst
(10 wt%), the RuO, particle size was found to be <15 nm which
clearly portrays the advantage of the one pot synthesis strategy
using ethylenediamine as ligand which act as the metal coordina-
tion sites to stabilize and tune the particle size, and also maintains
the basic p! for the formation of MCM-41 silica material. The
mesoporous nature of the MCM-41 material from TEM images is
in good agreement with the N, sorption and the PXRD results.
In 2°Si CPMAS NMR spectra for Ru0,-MCM-41 catalysts shown in
Fig. 4, a gradual decrease in the intensity was observed for the
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Fig. 4. °Si CPMAS NMR spectra of (a) 2.5Ru0,-MCM-41, (b) 4Ru0,-MCM-41, (c)
5Ru0,-MCM-41 and 10Ru0,-MCM-41.

three distinct peaks centered at —92 ppm, —102 ppm and —112
ppm correspond to the Q2, Q> and Q* sites on silica framework,
respectively, as the metal loading increased.

To better understand the oxidation state and chemical compo-
sition of RuO,, XPS analysis was carried out. Fig. 5a shows the Ru

3d and C 1s spectra of the 5Ru0,-MCM-41 catalyst. Typically, Ru
3ds,, spectrum is considered for identifying the electronic states of
Ru, unfortunately, the Ru 3d3,, spectrum are generally overlapped
with C 1s spectrum which is observed at 284.5 eV. The Ru 3ds,;
peak of the Ru-oxide catalyst which is located at 280.9 eV shows
that the metal is in +4 oxidation state [32]. In order to avoid the
intervention from carbon, Ru 3ps/, of the Ru-oxide catalyst was
performed and peak at 462.5 eV confirms that the metal is in +4
oxidation state with the successful deposition of RuO, on MCM-
41[33].

3.2. Catalytic activity

The catalytic performances of the heterogenised RuO,-MCM-
41 catalysts were screened in liquid phase phenol hydrogenation
reaction. In order to check the role of Ru metal in hydrogenation,
we controlled the metal loading to 0.5, 1, 2.5, 4, 5 and 10 wt%
by varying the amount of Ru precursor. The phenol conversion
over RuO,-MCM-41 catalysts increased sharply with the increase
in total Ru content and showed 100% activity for 5 wt% loaded
system, further increase in metal content did not show any decline
in activity. It is worth mentioning that the selectivity also increased
linearly towards cyclohexanol with metal loading. This activity
trend in phenol hydrogenation reaction could be correlated with
the Ru particle size which increased with the metal loading in the
catalyst. The enhanced activity for larger RuO, particles compared
to the smaller ones in low metal content may be due to the
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Fig. 5. Ru XPS spectra of 5Ru0,-MCM-41 catalyst. (a) Ru 3d and (b) Ru 3p.
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Fig. 6. Influence of reaction temperature on phenol conversion over 5Ru0,-MCM-
41 catalyst. Reaction conditions as mentioned in footnote of Table 1.

formation of well defined facets which act as an active site for
phenol hydrogenation reaction or due to easily reducible surface
Ru oxide in larger particle size [20,34]. To confirm the importance
of 5Ru0,-MCM-41 catalyst, activity (100%) of the catalyst was
compared with pure MCM-41 (5%) and blank reaction (3%) and
further control experiments were carried out using optimal 5Ru0O,-
MCM-41 catalyst.

Fig. 6 depicts the effect of reaction temperature on conversion
of phenol and the product selectivity on 5RuO,-MCM-41 catalyst.
Cyclohexanol was found to be the major product with increase
in temperature along with the increase in phenol conversion. As
the reaction temperature was lowered to room temperature the
phenol conversion rate was found to decrease along with the
formation of mixture of cyclohexanol and cyclohexanone which
shows that the formation of cyclohexanol occurs at the expense
of cyclohexanone. Full conversion of phenol was attained at 100 °C
with 100% selectivity towards cyclohexanol within 12 h. Further
increase in temperature does not show any effect on conversion
as well as selectivity. The reason for the increased rates at higher
temperature may attribute to the augmentation of the diffusion
rate of phenol in the channels of the catalyst. The time dependent
study on phenol hydrogenation reaction using 5RuO,-MCM-41
catalyst performed at 100 °C (Fig. 7) also points to the fact that
cyclohexanone may be the intermediate for cyclohexanol forma-
tion. The conversion of phenol increased almost linearly with time
and reached 50% within 6 h and full conversion was attained by
12 h with full selectivity for cyclohexanol. This result shows that
the reaction time influenced the phenol conversion as well as the
cyclohexanol selectivity to a great extent.

To extent the scope of 5Ru0,-MCM-41 catalyst, we have in-
vestigated the hydrogenation reactivity of various phenol deriva-
tives which contains electron donating and electron withdrawing
groups. According to the results shown in Table 2, all pheno-
lic substrates exhibited >90% conversion with higher selectivity.
Phenolic substrates with electron donating substituents exhibited
higher activity compared to electron withdrawing system and also
lower conversion for ortho-substitution (entries 3, 6, 8) compared
to para- (entries 2, 4, 5, 7) due to higher steric effect. In short,
cyclohexanol and substituted cyclohexanol are found to be the
major products for these reactions using Ru-oxide catalysts. In
halophenols (entries 2-4), hydrodehalogenation has occurred with
the elimination of mineral acids such as HCl and HBr to form
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Fig. 7. Effect of reaction time on phenol conversion over 5Ru0,-MCM-41 catalyst.
Reaction conditions as mentioned in footnote of Table 1.

cyclohexanol with phenol as intermediate, via. hydrogenolysis
of C-X bond (X = -ClI and -Br) and further hydrogenation to
form cyclohexanol [35]. Out of these halophenols, reduction rate
of chlorophenols are higher than bromophenol owing to its less
bulkier effect and geometrical position in phenolic ring [36]. More-
over, it is worthy to note that hydrogenation of guaiacols which
is obtained from lignin depolymerization showed 95% conversion
with selectivity to cycloalcohols (entry 6). In addition, hydrogenol-
ysis pathway of guaiacols favors the formation of cyclohexanol
which diminishes product selectivity (entries 5, 6). But in the
case of alkyl substituted phenols (entries 7 and 8), hydrogenolysis
reaction is inhibited due to the higher dissociation energy of —-CH;
group which adopts low energy hydrogenation pathway to form
substituted cyclohexanols.

The reusability test of 5Ru0,-MCM-41 catalyst for selective
hydrogenation of phenols in aqueous medium was performed as
it represents the important part in the economic evaluation of
the catalyst for various chemical transformations. The catalyst was
recovered after each reaction by centrifugation, washed, dried and
reused for next run. As shown in Fig. 8, 5Ru0,-MCM-41 catalyst
was found to be stable, highly reusable in phenol hydrogenation
where both phenol conversion and cyclohexanol selectivity re-
mains same even after five successive runs. The ICP analysis of
spent 5Ru0,-MCM-41 catalyst was found to be ~4.6% which indi-
cates negligible metal leaching from the catalyst during reaction.
This retention of activity clearly reveals that RuO,-MCM-41 cata-
lysts synthesized by one-pot approach are purely heterogeneous
in nature as no metal loss observed under the reaction conditions
for five cycles. No obvious deactivation of the catalyst was realized
from XRD and TEM analysis of the spent catalyst (Figure S2) where
the morphology and particle size of RuO, has maintained in the
range of 6-10 nm even after several cycles of hydrogenation reac-
tion, which supports the experimental results.

4. Conclusion

In this contribution, we report a facile one-pot approach to
synthesize size controlled RuO, nanostructures supported MCM-
41 catalysts. Optimum RuO, loaded catalyst exhibited excellent
activity in selective aqueous phase hydrogenation of phenol and
lignin derived phenols under mild conditions. The RuO, nanopar-
ticle size of the optimum catalyst was found to be around 6-
8 nm. The combination of different characterization techniques
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Table 1
Aqueous-Phenol hydrogenation with nRuO,-MCM-41? catalysts.
OH OH 0 OH
Ru0,-MCM-41 Ru0,-MCM-41
—_— —-
H, H,
Entry Catalyst Conversion (%) Selectivity (%) Ref.
Cy-ol Cy-one
1 Without catalyst 3 100 0 Present work
2 Pure MCM-41 5 92 8 ”
3 0.5Ru0,-MCM-41 24 73 27 "
4 1RuO,-MCM-41 33 75 25 "
5 2.5Ru0,-MCM-41 47 90 10
6 4Ru0,-MCM-41 88 96 4 "
7 5Ru0,-MCM-41 100 100 0 "
8 10Ru0,-MCM-41 100 100 0 ”
9° Ru/Al,0; 95 52 48 [25]
10° Ru/ACC 89 99 1 [37]
Reaction conditions: phenol—1.6 mmol, H,0—10 mL, Cat—50 mg, T—100 ° C, P H, —1 MPa, t—12 h.
2 nRu0,-MCM-41, where n indicates wt% of Ru loading with respect to support.
b By the use of state-of-the-art catalysts.
Table 2
Substrate Study of phenol and its derivatives for hydrogenation reactions.
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Reaction conditions: Reactant- 0.16 mmol, H,O-10 mL, Cat- 50 mg (5RuO,-MCM-41), T-

100°C, P Hp- 1 MPa, t- 24 h
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Fig. 8. Reusability of 5Ru0,-MCM-41 catalyst in aqueous phase phenol hydrogena-
tion reaction. Reaction conditions as mentioned in footnote of Table 1.

and activity results showed that RuO,-MCM-41 catalysts are highly
active, stable and reusable and is a better candidate to hydrogenate
bio-renewable aromatics to useful platform chemicals.
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