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Abstracts

The work presented in this thesis highlights the different approaches to modify the electronic
structure of titanium dioxide (TiO,) nanostructures so as to enhance photocatalytic reduction of
organic compounds containing nitriles (-CN) and aldehyde (-CHO) functional groups. Moreover,
the selectivity of aromatic compounds has been studied by changing size/shape of TiO,
nanoparticles, and suitable metal loading by varying amount, and deposition time. The
synthesized nanostructures have been characterized using different techniques, and respective
photocatalytic activities were also well analyzed. This whole work is divided into five chapters
as described below:

Chapter 1: Introduction, literature and characterization techniques

This chapter elaborates the basic principle of photoreduction of aromatic organic compounds
with TiO, limitations, and approaches to improve photocatalytic response towards reduction
reactions. The related literature has been discussed along with methodology and brief description
of characterization techniques used to analyse properties of synthesized TiO, nanoparticles, and
reaction mixtures after carrying photocatalytic reduction.

Chapter 2: Size-dependent band energetics tuning of titania nanostructures for improved
photo-reduction of aromatic aldehydes

Mono-dispersed and smaller sized TiO, nanospheres (~8 nm and ~20 nm) exhibited superior
photo-reductive efficiency for few aromatic aldehydes under UV light. It has been found that p-
nitrobenzaldehyde, and benzaldehyde are efficiently reduced to p-aminobenzyl alcohol (80% and
61%), and benzyl alcohol (59% and 38%) by 8 nm, and 20 nm particles respectively, relative to

negligible reduction by TiO, (P25) under same experimental conditions. However, the successful

Vi



photo-reduction of p-nitrotoluene (97%) was observed with P25 whose reduction potential (-0.5
eV) lies below the conduction band (CB, -0.85 eV vs NHE) of the catalyst. These findings can be
explained on the basis of unsuitable and mismatched CB of P25 with respect to the lowest
unoccupied molecular orbital of -CHO group to access its photo-activity. However, this
hydrogenation occurred by synthesized smaller sized TiO, particles (~8 nm, and ~20 nm) due to
their favorable band gap (3.85 eV, and 3.62 eV), and conduction band edge (-0.61eV, and -0.50
eV). Moreover, the other physio-chemical characteristics of 8 nm and 20 nm sized particles such
as surface area (323 m%g™, and 297 m?g™), higher charge carrier relaxation time (61 ps, and 40
ps) are also co-related for ease of photo-activity relative to TiO, (P25).

Chapter 3: A co-relation study of band energies of Cu loaded TiO, nanostructures and
photocatalytic reduction of aromatic nitriles

Photoreduction of nitroaromatics into amines with TiO, (P25) via greener approach has attracted
a great deal of interest. Generally, this reaction is feasible as the reduction potential of nitro
groups lies below the conduction band of TiO,. However, functional groups such as nitrile (-
CN), azido (-N3), aceto (-CH3CO), etc., are generally not photoreduced by conventional P25 due
to their unfavorable reduction potential relative to titania. This report demonstrates efficient
photocatalytic reduction of aromatic nitriles by tuning the band energies of Cu-TiO,
nanostructures of different morphologies. The band energetics were determined by optical, and
electrochemical studies which revealed that Cu loaded titania nanotubes (Cu-TNT) possess more
negative conduction band gap (-2.7 €V vs vacuum) energy as compared to lowest unoccupied
molecular orbital (LUMO) level of benzonitrile (-2.82 eV). This factor has probably facilitated
better reduction efficiency of benzonitrile (>90%) and its derivatives with Cu-TNT in

comparison to almost no reactivity with Cu-P25 under similar conditions. In addition to suitable
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conduction band position of Cu-TNT, presence of anatase phase, and higher surface area (204
m?g™) might have enhanced the reaction rate.

Chapter 4: Effect of co-catalyst amount/size over Au-mTiO, nanocomposites for selective
hydrogenation of 1,3-dinitrobenzene under visible light

This study demonstrates the co-catalytic effect for selective hydrogenation of a particular group
in a multifunctional organic compound. Transmission electron microscopy (TEM) studies
revealed that Au loaded nanoparticles were found to be of ~3.89 nm and ~8.86 nm with 1 wt%
and 3 wt% metal loading respectively by homogeneous deposition precipitation (HDP) method
over synthesized mesoporous titanium dioxide (m-TiO;) nanoparticles. The Au particles were
deposited in the metallic state which was confirmed from X-ray photoelectron spectroscopy
(XPS) with a binding energy of 84.0 eV, and 87.7 eV credited to 4fsp;, and 4f7, spin states
respectively. In this Au-mTiO; heterojunction, metal particles found to be decisive for 100%
selective hydrogenation of 1,3-dinitrobenzene under visible light. Predominantly, m-nitroaniline
formed when 1,3-dinitrobenzene was treated with 1 wt% Au-mTiO, whereas 100%
photoreduction of both nitro groups occurred with 3 wt% Au-mTiO,. Hence, 1,3-dinitrobenzene
exhibited particle size sensitive photocatalytic hydrogenation under mild conditions without
using any reducing agent.

Chapter 5: Time dependent size growth and oxidation state of co-catalyst for
nitroaromatics reduction over plasmonic Ag-TiO; under sunlight

Solar irradiated plasmonic Ag-P25 nanocomposites showed superior photo-reductive efficacy in
comparison to almost inactive bare P25 for nitroaromatics reduction. p-Nitrotoulene (p-NT), and
p-nitrobenzaldehyde (p-NBAL) were potentially reduced to p-aminotoulene (p-AT, 87% and

50% ), and p-aminobenzaldehyde (p-ABAL, 70% and 38% ) with Ag™>-P25 (5 min deposited),
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and Ag*®-P25 (30 min deposited) respectively. These results can be explained on the basis of size
and oxidation state of the co-catalyst. The hydrodynamic size of Ag nanodeposits increased
nearly 1.7 times when deposition time was increased from 5 min (Ag>-P25) to 30 min (Ag™®-
P25). Further, size was confirmed by HR-TEM to be ~1.5 nm, and ~7.5 nm for Ag>-P25 and
Ag®-P25 respectively. XPS analysis showed the deposition of Ag in Ag®, and Ag*™ oxidation
states for Ag>-P25 to form Ag,O/Ag-P25 ternary hybrid whereas only metallic Ag was
confirmed in case of Ag*°-P25. The ternary nanostructure has lowered the recombination of
charge carriers by better transportation electrons from Ag,O via elemental Ag to conduction
band of P25. Higher amount of current was produced by Ag>-P25 (0.0032 A) relative to Ag™®-
P25 (0.0020 A) which can be also co-related with fast or easy electronic transportation for

enhanced photoactivity.



Introduction, literature and characterization techniques

1.1. Introduction and literature review

1.1.1. TiO; as a photocatalyst

Titanium dioxide (TiOy) being mostly investigated as an engineering material since the seventies
due to its outstanding properties such as cheapness, non-toxic nature, abundant availability,
higher photostability, better optical, and electronic properties [1] provide an excellence over
other known metal oxides or semi-conductors [2, 3]. Remarkable progress towards promising
utilization of TiO, as a photocatalyst in photovoltaics [4], water splitting [5], environmental
remediation, industrial applications [6], and hydrogenation reactions [7], etc. For such purposes,
TiO, mainly works in three parts: (1) as a photochemical energy converting material in case of a
photocatalyst, attributed to its electronic structure; (2) to work as a photosensitizer due to its
surface stability and (3) its electrical properties help to serve as electrons transportation in
photovoltaics. TiO- is mainly consisting of Ti** which constitutes its conduction band (CB) with
d° configuration whereas valence band (VB) is comprised of 2p oxygen orbital. The band gap of
commercially available TiO, (P25) is reported to be 3.2 eV with VB edge at 2.91 eV vs NHE,
and CB being more negative (-0.29 eV) which makes it ultraviolet (UV) active only [8].
Generally, when TiO, is irradiated with light energy equal or greater than its band gap energy,
electrons (€) get excited from VB to CB whereas holes (h*) remain within VB as shown in
Scheme 1.1. These photo-generated charged species can recombine again to produce heat or

execute redox reactions [9] on its surface with respect to acceptor or donor centers [10].



Exemplifying, when charged species come into direct contact with absorbed H,O [11, 12], the
positively charged holes get oxidized to produce hydroxyl radicals (OH) which can further
oxidize organic substrates efficiently. On the other hand, negatively charged electrons are used to
reduce functional groups such as -NO, to -NH,, etc., and holes are used to oxidize a hole
scavenger e.g; isopropyl alcohol (IPA) to acetone. A significant number of reports showed all
fundamental points regarding photocatalysis with widely studied titania nanoparticles (NPs) for
the reduction of organic functionalities under UV irradiations. Although a considerable
development has been made in this area, its basic limitations impede its commercial or industrial
activity. Mainly, the deficiencies of TiO, are low surface area, inactive nature inactive under
sunlight because only a small portion (UV (4%)) of light [13, 14] can be effectively used and the
fast recombination of generated electrons and holes results into decreased photocatalytic activity

(PCA) and limited to reduction of nitroaromatics due to their lower reduction potential relative to

Ar-NH,

Ar-NO,

Excitation

Isopropylalcohol

Acetone

Scheme 1.1. Schematic representation of general nitroaromatics reduction with TiO,



CB of TiO,. Thus, many efforts are made to overcome these limitations such as quantum size
effect [15], morphological modifications [16], and metal loading [17, 18] in order to enhance
PCA by increasing the lifetime of charged species, better charge transferability, sensitize under
visible or sunlight [13, 14] and to extend its reduction applicability to other functional groups
like aromatic nitriles (Ar-CN) which are not being reduced due to their higher reduction potential
values as compared to CB edge of TiO,. These groups can be reduced by tuning the band gap

energies of the catalyst so that potential can fall within the range of band edges of TiO..

1.1.2. Approaches to improve PCA by modifying electronic structure of TiO;

(a) Nanosize or quantum size effect

Basically, the need for nanosized materials is mainly to enhance surface area, and develop
guantum size or confinement effect. As the size of particles decreases, the surface area
automatically increases which in turn alters both optical, and electronic properties of the material
[19] as shown in Scheme 1.2. Moreover, it is reported that when the size of particles is smaller

than 3 nm, approximately 50% surface is available to participate actively for catalysis.

) - .
article sjze decreases

CB
i (=%
z 5
5 E
s >3
2 ==
=
h+ VB
h+

Scheme 1.2. Changes in band gap as particle size decreases

3



Though many attempts have been made for TiO, structural modifications, still it is extremely
tough to control their size [20-22]. Earlier findings have clarified that TiO,, ZnS, CdS, CdSe,
etc., particles of smaller sizes showed large blue shifts in their optical absorbance spectra which
further changed their chemical as well as physical properties [15, 23]. Further, it has been proved
by many groups that size decrement is in direct co-relation with the electronic structure of
nanostructures because of the quantized motion of excitons in a confined space. Robel [24]
estimated the CB shift -0.8 eV to -1.57 eV (vs NHE) by just varying the size of CdSe NPs from
7.5 nm to nearly 3 nm, respectively. Thus, it is important to design size-controlled photoactive
nanostructures to carry out hydrogenation reactions.

(b) Morphological tailoring and mesoporous nature of nanostructures

The material can be effectively designed in such a way to encourage charge separation and easy
transfer of charge carriers towards the surface of the semi-conductor which can further control
their recombination to increase overall PCA depending upon its morphology [25]. One
dimensional (1D) nanoparticles [16, 26-28] such as nanorods [29, 30], nanotubes [31, 32],
nanofibres [33], etc., found to have higher electrons-holes separation, an extra electrons mobility
due to more number of charge carriers transportation through particular one-dimensional
pathway and it decreases recombination rate of charged species. This modification results in
charge distribution and delocalization in an effective manner along the larger interface which
boosts up the reaction rate. It is shown in Scheme 1.3 that spherical shaped NPs suffer more
recombination because excitons are forced to cross many grain boundaries whereas electrons are
well distributed over 1D NPs and can reach axially towards reduction site easily to improve

PCA.



Spherical nanoparticles 1D nanoparticles

)P0

il

Reduction site

Scheme 1.3. Efficiency of 1D nanoparticles over spherical particles due to axial
electron transportation

Furthermore, Sakai and co-workers [34] proved that morphology can significantly change the
band structure of the catalyst. This study revealed that the prepared titania nanosheets found to
have a band gap of 3.84 eV which is 0.1 V additionally negative and with approximately 0.6 eV
higher than TiO, of anatase type with flat band potential of nearly -1.3 V. Kurtz et al. [35]
reported that the band gap energy of GagslngsP is a function of growth rate and temperature.
Hence, such information can be useful in photocatalytic applications related to the reduction of
industrially important organic compounds possessing higher reduction potentials as well to
extend industrial and commercial applicability. Consequently, these 1D nanostructures can offer
such promising applications that are expected to be pivotal for future strategies.

Further, another important approach to enhance the photocatalytic response of the NPs is their
porous nature. Recently, mesoporous TiO, [36, 37] has emerged as an excellent alternative to
boost the reaction rate due to its exceptional structural properties with a large surface area, more
porous surface which are responsible for effectual charge transfer to promote PCA [38-40]. Yang
et al. [41] prepared mesoporous TiO, co-doped with F and S proved to be advantageous to perk
up light harvesting ability. Tamiolakis et al. [42] reported successful porous TiO, tuned with
pore size which interconnected respective NPs which exhibited improved catalytic behavior for
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benzyl alcohol photo-oxidation attributed to high crystallinity, open pores with large surface area
of nano buliding blocks of TiO,. Tamiolakis et al. [38] demonstrated novel Au supported high
surface area mesoporous channels of TiO, for nitroaromatics transformation into aryl amines
with exceptionally high yield of 92% and selectivity of 96%. Therefore, both mesoporous nature
and elongated shaped NPs can be successfully decisive for the photoreduction reaction of
nitroaromatics as well as other organic substrates.

(c) Plasmonic metal loading and its amount/size and deposition time effect

As already explained, wider band gap energy (3.2 eV) of TiO; has limited its use in the UV
region only and the rapid recombination rate of € and h* pairs. Usually, plasmonic metals (Au,
Ag, Cu, etc.,) are loaded to overcome these major limitations and an effective route for catalytic
activity enhancement [43, 44]. Two main reasons being reported by Di Valentin et al. [45]
explaining why electrons and holes populate surface sites: (i) the relaxation of the lattice which
is associated with trapping, more possible at the surface as compared to bulk. (ii) There is a
driving force available for the migration of charge carriers towards the surface. Briefly, the
plasmonic metal particles loaded on the TiO; surface absorb incident visible or sunlight and get
activated because of localized surface plasmon resonance (LSPR) due to the coupling of resonant
oscillation of surface electrons, which results into hot electrons formation. When the energy of
photo-generated electrons is high enough to cross the Schottky barrier [46] are subsequently
transferred to the conduction band (CB) of TiO, until both systems are in equilibrium because
Fermi levels of noble metals are lower relative to semiconductor (TiO;) as shown in Scheme 1.4,
helping the reduction of organic compounds. Further, the electron deficient, and holes rich
surface of metal NPs assist the oxidation of hole scavenger used [47]. Moreover, noble metal

NPs have electron storage properties that improve charge separation and prevent recombination
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Scheme 1.4. Fermi level equilibration in metal-semiconductor nanocomposites

of photo-generated charged species to enhance photocatalytic efficiency. The earlier findings
showed that the noble metals Schottky barrier further act as Schottky nanodiodes [48, 49] which
convert photon energy to electrical energy [50] to be effectively used for hydrogenation reactions
and hydrogen production rated up with ZnO/Pt/CdS under UV-visible irradiation [51].

The size/amount and deposition time of the co-catalyst are highly influential from the catalytic
point of view. Tamiolakis et al. [42] determined that 2% Au loaded over mesoporous TiO;
nanocomposites were highly prominent for nitroaromatics reduction reactions. The size of the
Au NPs was found to be nearly 5 nm. This report showed that both selectivity and hydrogenation
rate were related to the amount, and size of Au. Thus, the use of Au loaded TiO, is considered to
be an effective approach for amines synthesis. Recently, the same group [38] also proved that
combined architecture of Au and TiO, can provide more number of surface active sites, and can
also provide fast diffusion of reactants as well as products throughout a catalytic reaction. The
size of the co-catalyst is also influenced by the number of particles deposited [52] on the

semiconductor and their way of distribution over the surface. It is reported that Au particles



whose size is between 2-5 nm are found to be more effective [53, 54]. The Fermi level also shifts
upward depending upon the size of loaded Au NPs. It was observed to be -270 mV w.r.t. NHE
when Au particles size was about 5 nm on the TiO, surface [55]. Thus, the size or amount can
also modify the electronic structure of the nanocomposites better catalytic process. Additionally,
the size is also influenced by deposition time. As time is increased, the NPs start growing due to
aggregation which can affect the catalytic performance of the nanostructures. Thus, in case of
reduction reactions, it is very significant to have control over charge carrying species (¢" and h*)
to decide the final chemical transformation. When the elongated TiO; structures are sensitized
with small sized Au, Ag or inexpensive Cu metal NPs tend to increase the final transformation
rate by lowering the recombination of electrons-holes. Many facts related to hydrogenation
reactions still need to be explored.

1.2. Research gaps

The literature review disclosed that the photocatalytic response of TiO, for the reduction of
organic compounds can be further improved by considering certain specific points.

Firstly, preparation of size-controlled TiO, NPs is still a demanding task which can be achieved
by optimizing different synthetic routes. These can prove much valuable to carry hydrogenation
reactions proficiently under UV irradiations. It was observed from the literature that
commercially available bare TiO; (P25) has been widely explored for nitroaromatics reduction
reactions to corresponding amines but there is hardly any report available for the hydrogenation
of industrially important groups like —CHO, -CN, etc., other than —NO; by altering the size of
TiO, NPs under mild conditions without using external hydrogen source or in a greener way. It is
clear from the reports that nitro group photoreduction is feasible because its reduction potential

lies below the CB edge of TiO,. As a result, hydrogenation of other groups can be possible by



controlling the size of NPs which in turn modifies their band energetics or electronic structure.
Thus, smaller or quantum size modification of TiO, NPs can be a significant architecture for
better photocatalytic results.

Elongated TiO, nanostructures is a pivotal parameter to be studied for charge collection as well
as separation. It has been clearly explained how morphology and their alignment play a vital role
in the photocatalysis and boost up photoactivity of redox reactions. Further, the interface within
metal-semiconductor can also be fruitfully used for reduction purposes due to less recombining
of photo-generated charged species to encourage photocatalysis by changing the structural and
electronic properties of the nanocomposites. Further, few other aspects like larger surface area
can be studied by synthesizing mesoporous TiO, NPs to enhance PCA.

Moreover, the plasmonic metal loading sensitizes and extends the applications of TiO; to visible
or sunlight. Importantly, the size or amount can be more decisive for activating the architecture
because smaller sized co-catalyst particles can affect its electronic structure along with optical
properties which can further enhance the photocatalytic response of the catalyst. The deposition
time variation is also not much studied factor which can also find some interesting points
regarding photocatalysis.

Furthermore, the selective reduction is an industrially and commercially important aspect in
conventional organic routes. It is not easy to reduce single functionality in a multi-functional
substrate. Multi steps and expensive reagents are used in organic chemistry to reduce even
simple moieties. Literature reveals that selectivity has been achieved by photocatalytic methods
with clean product formation. Thus, selectivity with better yield can be further explored with
bare and metal fabricated TiO, NPs by changing the synthetic conditions of NPs.

By keeping the above discussed points in mind, the following objectives are designed.



1.3. Objectives

1. To prepare and characterize TiO, of varying size and shape for tuning their electronic
properties.

2. To determine the band gap and conduction band (CB) energetics of prepared TiO, to
investigate the photoreduction efficiency.

3. To fabricate certain transition metal-TiO, nanocomposites for effective photoreduction of
selected organic functional groups.

1.4. Characterization techniques

Modified and desirable protocols were followed for synthesis and fabrication of nanostructures
(details are described in respective chapters). The synthesized nanostructures were characterized

using structural, optical and morphological techniques which are discussed as below:

1.4.1. UV-Visible spectroscopy

The preliminary optical absorption properties of prepared NPs were analyzed in solid and
dispersed form. The study of liquid samples was done using Analytikjena Specord 205
spectrophotometer (Germany) within range of 190-1100 nm. The solid samples were analyzed
on Avantes diffused reflectance spectrophotometer (DRS) in which BaSO, was used as a

standard. Moreover, the band gap calculations were done with Tauc equation:

ahv = A (hv-Eg)"

where o = absorption coefficient of the material, h = Planck constant, v = Light frequency, A =

constant, Eq = band gap energy, n = type of the transition (n = %2 for direct and n= 2 for indirect)
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1.4.2. X-ray diffraction (XRD)

This analysis was used for studying phase structural and composition along with crystallinity by
PANalytical Xpert Pro with Cu Ka (1.54 A°) radiations operating at 45 kV, diffraction angle
within 20-80° range. Before carrying analysis, the samples were properly grinded in mortar

pestle.

1.4.3. Electron microscopy techniques

The morphological characters were studied using transmission electron microscopy (TEM), high
resolution TEM (HR-TEM). TEM was carried out using Hitachi (7500, Japan) at 50-200 kV
voltage with 2.4 A° resolution. Further, HR-TEM analysis was carried on Technie G2- (FEI) S-
Twin instrument operated at 200 kV. Furthermore, elemental composition ratio was determined

with energy dispersive spectroscopy (EDS, JEOL, JSM-7600 F), operating at 30 kV.

1.4.4. Surface area and porosity analysis

Surface area and porosity studies were carried out by Brunner-Emmet and Teller (BET, BEL
mini-1I, Micro Trac Corp. Pvt. Ltd, Tokyo, Japan) based N, adsorption-desorption method.
Firstly, the adsorbed gas and water molecules were removed from samples by degassing at
150°C and the analysis was carried out at -190°C cryogenic temperature by using liquid nitrogen.
The distribution of pores and their volume was estimated from same experiment by Barret-Joyer-

Halenda (BJH) curve which is based on modified Kelvin equation.

1.4.5. Time resolved spectroscopy
It was studied to estimate life time and dynamics of charge carriers (e and h*) in nanoparticles.
The spectra were recorded with nitrogen laser which was excited at 390 nm and Tektronix (TDS-

1012) oscilloscope was coupled with it. TiO, powder (50 mg) was used to make a thick paste
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with acetone (few drops) and it was pulsed with laser. Thereafter, an average life time was

calculated using following equation [56]:

Ta = (a1 T1 +a2 T 2)/art+a;

1.4.6. X-ray photon spectroscopy (XPS)
The surface chemistry and elemental oxidation state was recorded by XPS using KRATOS Axis

165 instrument (Shimadzu, UK) with Mg Ka radiation of 1252.6 eV at 75 W.

1.4.7. Photoluminescence spectroscopy (PL)
Photoluminescence (PL) spectra were recorded with spectrofluorimeter (Perkin-Elmer LS55)

with electrons excitation in ethanol suspension by xenon lamp at 320 nm.

1.4.8. Cyclic voltammetry (CV)

The electrochemical study was carried by CV technique, performed on potentiostat
(AutolabPGSTAT-30, Netherlands) in a standard three electrode system. Ag/AgCl electrode was
used as reference electrode, glassy carbon (3 mm diameter) as working electrode and platinum
electrode as counter electrodes. Prior to the experiment, the electrode was polished with 1 mm
alumina slurry followed by sonication with ethanol and de-ionized water to remove any slurry
residue on the electrode surface. The voltammograms were recorded in KNOj3 solution (0.5M) in
the potential range -2.3 V to +2.3 V against Ag/AgClI reference electrode (no accumulation) at a

scan rate of 50 mV/s.

1.4.9. Current-Voltage (I-V) characteristics
Pallets (~2 mm) were formed of synthesized nanoparticles using hydraulic press then silver paste

was applied on both sides for electrical contact followed by I-V studies using Keithley 2410
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instrument. The pallets were silver coated on both sides prior to analysis so as to make electrical

contact within both ends.

1.4.10. Dynamic light scattering (DLYS)
The average hydrodynamic size nanoparticles was determined by dispersing 1 mg of each

catalyst in 2 mL of de-ionized water using Malvern ZEN3600 particle size analyzer.

1.5. Photocatalytic Activity
The photocatalytic activity of prepared nanoparticles was monitored by photoreduction of
various organic compounds (Table 1.1).

Table 1.1. Organic compounds studied using prepared bare and metal loaded TiO, NPs
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The reactions were carried out in different test tubes containing TiO, nanostrutures (details in
respective chapters) suspended hole scavenger (described later in each chapter) and reactant
(details in respective chapters) followed by 30 min argon purging so as to create an inert
atmosphere. The test tubes were covered with a rubber septum and kept under UV light (125 W
Hg arc, 10.4 mW/cm?; A >300 nm) or visible light (Halogen lamp, 400-1100 nm) or sunlight
(dates and temperature mentioned in chapters) as shown in Scheme 1.5 under continuous
magnetic stirring for different intervals of time. The reaction mixtures were then analyzed by

using different techniques HPLC, GC-MS, GC-FID and GC-TCD are discussed below:

Rubber septum

| S
N

Light sourc

e
TiO, NPs <
Magnetic Bead &0

Magnetic stirrer:

Stand

Scheme 1.5. Reaction set up for photocatalytic reduction of organic compounds
using TiO, NPs

1.5.1. High performance liquid chromatography (HPLC)

The HPLC patterns were obtained using Agilent 1120 Compact LC which is equipped with a
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Qualisil BDS, C-18 column (250 mm x 4.6 mm x 5 pum). The samples were centrifuged, and
filtered with cellulose filter of 0.22 um and then injected (20 pL) into the instrument and run
with flow rate of 1 mL/min. The solvent system is kept according to reaction mixture which has
been explained in respective chapters under photocatalytic activity part. The quantitative analysis

was done by comparing retention time with standard samples.

1.5.2. Gas chromatography-mass spectrometry (GC-MS)

It helps to determine mass of intermediates and product of the reaction. The spectra were
recorded on GC-MS-QP 2010 plus set with RTX-5Sil-MS column (15 m x 0.25 mm x 0.25 pm).
The solution was filtered with 0.22 um cellulose filter, and dried, and dissolved in a solvent
before analysis. 1 uL of the sample was injected, and helium was used as carrier gas at 1 mL/min
flow rate. The temperature of injector, detector, and oven was kept in range of 270 -310°C, 320-

350°C and 100 °C, respectively.

1.5.3. Gas chromatography-thermal conductivity detector (GC-TCD)

The H, and CO, amount evolved during the reaction was quantified by gas chromatography (GC,
Nucon India) equipped with thermal conductivity detector (TCD). In case of H,, molecular sieve
(5X A) column was used by setting its temperature at 40°C whereas detector and injector were
set at temperature of 110°C and 90°C, respectively, with argon as carrier gas. While CO,
detection was carried out on Porapak-Q column with nitrogen as a carrier gas by maintaining

70°C and 80°C temperature of injector, and detector, respectively.

1.5.4. Gas chromatography-flame ionized detector (GC-FID)
The quantification of acetone was done with standard acetone (99.9%, 2 pL) using GC (gas

chromatography, Nucon Ltd.) having a flame ionization detector (FID) with BR-1ms capillary
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column (30 m x 0.32 mm, 0.50 um), and helium was used as carrier gas. The temperature of
injector and detector was maintained at 250°C, and 330°C, respectively, and the oven
temperature was programmed as holding for 2 minutes at 80°C, and increasing to 120°C with a

10°C rise per minute.
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CHAPTER 2

Size-dependent band energetics tuning of titania nanostructures for

improved photo-reduction of aromatic aldehydes

Tlo2 @0 mg)
UV Iight, 3

CH CH,OH
p-NBAL p-ABAL p-ABA

p-NBAL p-NBAL

CB (051 eV)(/
P-ABAL (40%) " ¢

p-ABAL (20%)
p-ABA (60%) +

p-ABA (80%)

VB (3.09 eV)
TNS1 (~20 nm) TNS2 (~8 nm)

Size decreases, Band gap increases

Reductive efficiency of —-CHO increases

Schematic summary

The improved photo-reduction efficiency of p-nitrobenzaldehyde (p-NBAL) to p-aminobenzyl
alcohol (p-ABA) by decreasing particle size (20 nm to 8 nm) of synthesized TiO, nanoparticles
due to suitable band edge positions in comparison to negligible activity with commercially

available TiO; (P25).
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2.1. Introduction

The feasibility of nitroaromatics hydrogenation by TiO, under light irradiation is due to its higher
conduction band edge position as compared to the reduction potential of -NO, group [1-3]. Kaur
et al. [4] reported the photocatalytic reduction of 2,2-dinitrophenyl selectively to
benzo[c]cinnoline (95%), and 2,2'-biphenyldiamine (5%) whose amount was increased by
increasing the irradiation time beyond 24 h due to further hydrogenation of major product with
TiO,. On the other hand, the reduction of other functionalities (-CHO, -CN, -Ng3, etc.) is not
much studied by commercially available titania nanoparticles because of their non-suitable
lowest unoccupied molecular orbital (LUMO) which lies above with respect to CB of TiO,.
Therefore, it is necessary to modify the electronic structure so as to extend its hydrogenation
applicability for over potential groups that produce industrially useful compounds.

The hydrogenation of aromatic aldehydes is an industrially important reaction due to its
widespread applications in the formation of vitamins, pharmaceuticals, paints, drugs, polymers,
etc., [5-11]. One of the research groups disclosed the presence of alcoholic hydroxyls which acts
as HIV-1 protease inhibitor [12]. Much attention has been given to prepare nanocatalysts such as
Pt, Pd, Ni, Ru, etc. and transition metals supported on various oxides (TiO,, Al,Os3, SiO;) for
these reduction reactions [8, 13-21]. However, the hydrogenation of C=0O to alcohols is very
difficult because it produces additional components like toluene and benzene during
benzaldehyde catalytic hydrogenation in the liquid phase [14]. Moreover, the continuous
hydrogen flow and higher temperature or pressure conditions are required to carry out these
reactions using metallic catalysts. In contrary, it would be more valuable if these reduction
reactions occur in the presence of light source without using any kind of reducing agent or an

external hydrogen source, via greener method. Further, TiO, has emerged as an active
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photocatalyst and it is highly interesting to study the evolution of size or shape-dependent
electronic behavior of the nanomaterials which can be further employed to hydrogenation of
higher reduction potential possessing —CHO group by tuning the band energetics of the catalyst
[22, 23]. In this regard, we have recently reported benzonitrile hydrogenation successfully by
changing the morphologies of Cu-TiO, NPs which in turn modified the band edges and facilitate
the —CN group reduction which does not occur by commercially available TiO, due to unsuitable
CB level [24].

Although various methods have been adopted for structural modifications of TiO, nanocatalysts,
still it is very challenging to control size of nanoparticles (NPs) [25-29]. Additionally, Hoffmann
and co-workers [30] reported the synthesis of quantum sized TiO, NPs with a diameter of less
than 3 nm suspended in water, ethanol, acetonitrile, and drastic changes in optical, and electronic
properties of quantum particles were clearly observed. Literature reveals that colloidal particles
of CdS, ZnS, TiO,, etc., of smaller sizes exhibited large blue shifts in the absorption spectrum
which indicated the variation in both chemical and physical properties of NPs [30-34]. Thus, the
decrement in size also improved electronic structure due to the quantized motion of excitons in a
confined space. Moreover, Robel and co-workers [35] analyzed that the band energetics are
highly dependent on the size of particles and also identified the band edge positions. The CB
estimated to be shifted from -0.8 eV to -1.57 eV versus NHE by changing the particle size of
CdSe colloids from 7.5 nm to nearly 3 nm. This study elucidated the particle size-dependent
photogenerated electron injection rate from CdSe to TiO,. Thus, it is further needed to modify
TiO, band structure so as to reduce groups other than —NO..

In this chapter, uniformly distributed TiO, NPs of variable size ranging up to 10 nm, and 20 nm

are synthesized and their band edges positions are calculated which are found to be size-
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dependent. The efficiency of prepared NPs for —-NO, and, -CHO hydrogenation is compared to
commercially available TiO,. It is observed that TiO, was inactive towards aldehyde reduction
whereas synthesized nanostructures are quite photo-responsive to a similar reaction which
clearly indicates the electronic structure modification of the catalysts to facilitate aldehyde group
reduction.

2.2. Materials and methods

2.2.1. Chemicals and reagents

The analytical grade chemicals titanium isopropoxide ((TifOCH(CHs)2]4), 97%, Sigma-Aldrich),
nitric acid (HNOgs, 99%, spectrochem Ltd.), acetone (99.9%, Sigma-Aldrich), ethanol (99 %, SD
Fine Ltd.), p-nitrotoluene (99%, Sigma-Aldrich), p-nitrobenzaldehyde (98%, Spectrochem Ltd.),
benzaldehyde (98%, Spectrochem Ltd.) were used as such received without any further
purification. DI (de-ionized) water used for preparing solutions, obtained from Milli-Q
(millipore) an ultrafiltration system, (conductivity = 35 mho cm™ at 25°C).

2.2.2. Synthesis of titania nanospheres

Titanium isopropoxide was added to 50 mL of ethanol and water solution dropwise. The sizes of
nanoparticles were highly influenced by Ti[OCH(CH3),]4 concentration, and ratio of
ethanol/water used [36]. Titania nanospheres 1 (TNS1) ranging between 15-22 nm were prepared
with 0.1 M Ti[OCH(CHj3),]4 in 4:1 ethanol/water mixture whereas the concentration of titanium
isopropoxide was changed to 0.04 M in 1:2 ethanol and water solution to obtain titania
nanospheres 2 (TNS2) sized nearly 7-12 nm (Scheme 2.1). The pH of the solution was adjusted
to nearly 1 using nitric acid. The obtained solution was clear without any precipitation and stirred
for 2 h. The clear solution was transferred to an autoclave, and treated hydrothermally at 240 °C

for 4 h. The TiO, NPs obtained as colloidal suspension were washed with DI water, and
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suspended in DI water for further use in catalytic activity so to avoid the aggregation, and few

amount was dried at room temperature for characterization of NPs.

Ti{OCH(CHy),

& 0.1 M for TNS1

A 0.04 M for TNS2
/ W N
'

&~ -

Ethanol: water 50 mL PH adjusted to 1 > » hydrothermally treated
(4:1 f01‘ TNSI m using nitric acid g w 37240 °C f 4yh
1:2 for TNS2) a or
washed with de-
ionized water
- - Clear solution obtained
solution magnetically Suspended in 10 mL H,0

stirred for 2 h

Scheme 2.1. Schematic representation for the synthesis of TNS1, and TNS2

2.2.3. Characterization techniques

The characterization of nanoparticles has been carried out as discussed in Chapter 1 (section 1.4).
2.2.4. Photocatalytic activity

The photocatalytic activity of synthesized nanoparticles and commercially available TiO, was
monitored by photoreduction various organic compounds (p-nitrotoluene (p-NT), p-
nitrobenzaldehyde (p-NBAL), benzaldehyde (BAL)). The reactions were carried out in different
test tubes containing 20 mg of TiO, nanoparticles suspended 5 mL of aqueous IPA (50 vol%)
and 1 mM of reactant (p-NT/ p-NBAL/BAL). The test tubes were covered with a rubber septum
and kept under UV light (Chapter 1, section 1.5) under continuous magnetic stirring for 3 h. The

reaction solutions were analyzed by HPLC (Chapter 1 (section 1.5.1)) using MeOH:H,0 (70:30)
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as solvent system at wavelength of 255 nm diode array UV detector. The quantification of
acetone was done with standard acetone (99.9%, 2 uL) using GC-FID (Chapter 1 (section 1.5.4)).
The temperature of injector and detector was maintained at 250°C and 330°C, respectively, and
the oven temperature was programmed as holding for 2 minutes at 80°C and increasing to 120°C
with a 10°C rise per minute. The final products were confirmed by GC-MS (Chapter 1, section
1.5.2) technique.

2.3. Results and discussion

2.3.1. Optical and structural properties

The optical absorbance spectra of prepared different sized (TNS1 and TNS2) NPs and
commercially available TiO, (P25) is represented in Fig. 2.1(a). It is clear that P25 exhibited a
strong peak at 373 nm whereas a slight blue shift was observed in the case of TNS1 and TNS2
probably due to variation in sizes of the NPs. TNS2 were found to have the least wavelength
corresponding to Amax as compared to both P25 and TNSI1. Thus, the order of particles size
(TNS2<TNS1<P25) can be estimated from absorbance spectra. Moreover, the second order
derivative was also plotted in Fig. 2.1(b) which confirmed the peaks at different wavelengths so
as to co-relate with distinguished particles size. Further, the band gap energies were calculated
using Tauc relation (ahv = A (hv - Eg)") (as discussed in Chapter 1 (section 1.4.1)) [37]. The
calculated band gap values were observed to be at 3.20 eV, 3.62 eV and 3.85 eV corresponding
to P25, TNS1, and TNS2, respectively, as depicted in Fig. 2.2(a) which shows that particle size
variation leads to change band gaps which can further alter the band energetics i.e; CB, and VB
edge positions. Higher the size of particles lower was the band gap energy of the material. Thus,

band edge positions were definitely shifted so as to increase the total band gap energy.
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Furthermore, the band edges were calculated as a function of their band gaps and the following
equations [38] were employed to determine the approximate values for both CB, and VB:
Ece =y - E°- 0.5Eg (1)
Eve=Ecs+EgQ )

where Ecg and Eyg are conduction band and valence band edge potentials, y is electronegativity
of semiconductor which is 5.81 for TiO,, Eg is calculated band gap, E° is the energy of free
electrons on the hydrogen scale which is equal to 4.5 eV. The CB edge value for P25 was found
to be -0.29 eV, and it increased to -0.50 eV and -0.61 eV whereas VB positions decreased from
3.00 eV to 3.09 eV versus NHE for TNS1 and TNS2, respectively, as shown in Fig. 2.2(b).
Therefore, this band structure model reveals that band positions can be altered by varying size of
the NPs which can further enhance the applicability of the nanostructures in photo-reduction of
organic compounds with higher reduction potential as that of the nitro group.

The XRD pattern of TiO, comprises of both anatase and rutile (70:30) as shown in Fig. 2.3,
matches with JCPDS card 21-1272 whereas TNS2 found to have purely anatase phase with
diffraction peaks at 20 = 25.2° 38.5° 48.0° 55.1° and 62.7° corresponding to (101), (112),
(200), (105), and (204) planes. Another prepared nanocatalyst (TNS1) was comparatively rich in
anatase phase as compared to commercially available TiO, but few very small peaks related to
rutile were also observed such as 55.1° (211). These XRD patterns confirm that as the size varied
by hydrothermal treatment, the crystal structure also varied as compared to P25, by highlighting
the anatase phase. It was noted that the synthetic conditions (precursor concentration, solvent
system, etc.) of NPs can also vary the crystallinity of prepared nanostructures. Thus, the detailed

preparation conditions are important to study.
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Fig. 2.3. X-ray diffraction pattern of P25, TNS1, and TNS2

The exact morphology and size of the synthesized TNS1 and TNS2 nanoparticles were
determined by HR-TEM which is shown in Fig. 2.4 and Fig. 2.5, respectively. It is very clear
from the obtained micrographs that the average size of TNS1 and TNS2 nanostructures was ~20
nm and ~8 nm, respectively, found to be spherical in shape and highly uniform in nature. It was
clearly noticed that the sizes of the synthesized NPs were dependent on the concentration of

Ti[OCH(CHgs)2]4 and ethanol/water ratio which was clearly noticed from HR-TEM images.
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Fig. 2.4. (a-d) High resolution TEM images; (e) SAED pattern, and (f) average size of TNS1
nanoparticles
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Fig. 2.5. (a-d) High resolution TEM images; () SAED pattern, and (f) average size of TNS2
nanoparticles

31



In case of TNS1, the SAED pattern ((Fig. 2.4(e)) shows the planes (101), and (110) referred to
anatase and rutile phase, respectively, with interplaner distance nearly 0.20 nm and 0.25 nm
whereas only anatase phase was reflected in case of TNS2 (Fig. 2.5(e)) which is in the agreement
of XRD data of both nanocatalysts. Moreover, TEM image and SAED pattern were also

incorporated in Fig. 2.6 which reveals the higher particle size as compared to TNS1, and TNS2.

: 0 nm

100 nm

Fig. 2.6. (a) TEM, and (b) SAED pattern of commercially available TiO, (P25)

2.3.2. Porosity and surface area studies

Some interesting results were obtained from nitrogen adsorption-desorption isotherms (Fig. 2.7)
which revealed that P25 exhibited characteristics of type Il Langmuir isotherm whereas TNS1
and TNS2 possessed type 1V isotherm which is a specialty of mesoporous materials [39]. TNS1,
and TNS2 were found to have the surface area of 297 m?g™, and 323 m?g, respectively, which

is nearly 6 folds higher than that of P25 (51 m°g™). Moreover, uniformity was observed in the
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pore volume of both synthesized NPs while P25 has least pore volume with an average pore
diameter of 1.2 nm due to its least or almost non-porous nature. A sharp step in p/po range of 0.6-
0.9 in the case of TNS1, and TNS2 indicating pore size uniformity which co-relates well with

narrow pore size distribution [40].
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Fig. 2.7. (a) Nitrogen adsorption-desorption isotherm, and (b) BJH curve of
different photocatalysts
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2.3.3. Interfacial properties

Photoluminescence (PL) spectra (Fig. 2.8) attributed to a set of emission bands ranging from
350-550 nm. The peaks around 422 nm and 446 nm represent the direct band emission ascribed
to oxygen vacancies while the emission signals at 460 nm, and 487 nm are far away from band
edge emission arise due to deep trap sites which correspond to oxygen vacancies defect, and
charge transfer Ti** to oxygen anion [41]. These trap sites are basically due to hydroxyl, and
oxygen defects. The band appeared at 395 nm was due to the recombination rate of charge
carriers (electrons and holes). As it is clear from the graph that as compared to P25, TNS1, and
TNS2 emission bands were lower in both number and intensity due to their more crystalline

nature, and less defective surface.
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Fig. 2.8. Comparative photoluminscence spectra of different photocatalysts
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Moreover, the average lifetime of photogenerated excitons was also recorded with time resolve
spectroscopy and calculated [42] using the following equation:

Tav = (81 71 +a2 T2)/ar+a,
It was found to be 28 ps, 40 us and 61 us for P25, TNS1, and TNS2, respectively, ascribed in
Fig. 2.9. The higher relaxation time period for excitons upholds electrons migration from VB to

CB of the NPs which results in the fast photoreduction of organic functional groups.
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Fig. 2.9. Time resolved spectra showing enhancement in the decay of charge carriers in
TNS2 particles

Furthermore, the current-voltage (I-V) characteristics of P25, and synthesized catalysts (TNS1

and TNS2) were evaluated using prepared pallets (2 mm thickness) of respective nanocatalysts.
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The pallets were silver coated on both sides prior to analysis so as to make electrical contact
within both ends. The scans were recorded as shown in Fig. 2.10 which reflects that current
increased monotonically as a function of voltage. In the case of P25, the least photocurrent was
observed when the potential difference was applied whereas the highest current density was
possessed by TNS2. This can be explained on the basis of efficient electron injection at TNS2
electrolyte surface which may be attributed to its highest surface area, and smallest sized NPs
which can be considered to be quantum particles. These |-V characteristics of all catalysts found

to follow Ohm’s law (V=IR), the curve approaches straight line with slope equals to respective

resistance.
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Fig. 2.10. Current (I)-Voltage (V) characteristics curves of P25, TNS1, and TNS2
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2.3.4. Photocatalytic activity
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Fig. 2.11. HPLC pattern of (a) standard p -NT; (b-d) p -NT hydrogenation and

(e-g) corresponding GC-MS using P25, TNS1, and TNS2, respectively
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The photocatalytic activity was initially monitored by reduction of p-NT (Fig. 2.11(a)) to the
corresponding amine p-AT which is analyzed by HPLC (Fig. 2.11(b)) which clearly shows that a
new peak nearly at tg=5.6 min started appearing along with reactant peak (tg=7.6 min) for P25
after 3 h reaction. Similarly, the only product peaks were observed in HPLC data (Fig. 2.11(c),
(d)) when the reactant was treated with prepared catalysts (TNS1 and TNS2) and further verified
by GC-MS (Fig. 2.11(e-g)). Comparatively, the whole reactant was consumed to produce the
product (p-AT, 5 pmol) by TNS1, and TNS2 whereas a small amount of p-NT remained
unreacted when treated with P25 as represented in Fig. 2.12. Although, TNS1, and TNS2
possessed higher surface area and mainly anatase phase in comparison to commercially available
TiO, (P25) while p-NT was reduced to almost the same amounts with all these catalysts after 3 h.
The main reason for this similar reduction is lower reduction potential of —NO, group in
comparison to CB of P25 which can be easily hydrogenated even with P25 by increasing

reaction time in UV light.
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Fig. 2.12. Co-relation graph of p-NT reduction to p-AT using various catalysts, and their
surface areas
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Further, the photoreduction of p-nitrobenzaldehyde (p-NBAL) was evaluated using P25, TNS1,
and TNS2 and results were highly interesting which are shown in Fig. 2.13(b-d). The standard
solution of reactant (1 mM) showed (Fig. 2.13(a)) a peak at 6.8 min of retention time with a peak
height of nearly 650 mAu which decreased to nearly 160 mAu with the simultaneous appearance
of another peak at 4.5 min when treated with P25. It was found to be p-aminobenzaldehyde (p-
ABAL) when confirmed from GC-MS analysis as displayed in Fig. 2.13(e). On the other hand,
reactant peak vanished, and two new peaks at a different retention time (4.5 min and 3.0 min)
were observed (Fig. 2.13(c), (d)) with both TNS1, and TNS2. As already stated that the peak
appeared at a higher retention time (4.5 min) was corresponding to respective amine. The other
peak was due to hydrogenation of both functional groups i.e; -NO; and, -CHO which was later
on analyzed by GC-MS (Fig. 2.13(f), (g) so as to confirm the mass of formed product, and

determined to be p-aminobenzyl alcohol (p-ABA).
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Fig. 2.14. Co-relation of graph p-NBAL reduction to
p-ABAL, and p-ABA using various catalysts
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This obtained result (Fig. 2.14) concludes that that P25 was not photo-responsive to —-CHO group
because of its higher reduction potential values whereas TNS1, and TNS2 were able to reduce
this group selectively to alcohol. This clarifies that band edge positions prepared catalysts were
altered as that of P25 as already determined from Fig. 2.3 by varying the size of the NPs which
has a direct effect on band energetics of the catalysts. This reveals that the applicability of TiO,
nanostructures is not only limited to —NO, group reduction but can also be extended to other
functional groups having higher reduction potentials.

Furthermore, benzaldehyde (BAL) was also photo-exposed under the same reaction conditions as
explained above for other reactants. Both HPLC (Fig. 2.15(a-d)), and GC-MS (Fig. 2.15(e-g))
were carried out check reaction efficiency and it was seen that no product formation was
detected with P25 while ~1.9 pumol, and ~3 pmol of benzyl alcohol was produced with TNS1
and TNS2, respectively, without formation of any other side products as shown in Fig. 2.16, co-
related with their respective band gaps. The comparative product yield of all reactants (p-NT, p-
NBAL, BAL) treated with various catalysts is represented in Fig. 2.17, which shows that TNS2
was a highly efficient catalyst out of other treated NPs with active photo-responsive nature.
Product yield was low for BAL reactant as compare to p-NBAL although these have similar —
CHO group and it may be due to the presence of —NH; group after —NO, reduction which
facilitated the further reaction with higher yield because of electron donating ability of —-NH;
functional group. As per mechanism (scheme 2.2), when TiO, catalyst is irradiated under UV
light, the photoexcited electrons move from VB to CB which are further used for hydrogenation
of reactants. The reduction of p-NBAL is followed by the formation of some transient
intermediates such as nitroso and hydroxylamine derivatives [4], resulting in aminobenzyl

alcohol with the consumption of eight electrons. Moreover, the mechanism for the oxidation of a
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Scheme 2.2. Plausible mechanism for p-NBAL hydrogenation and isopropyl alcohol
oxidation with TiO, nanoparticles under UV light

used while carrying out hydrogenation reactions is well known [4]. Herein, isopropyl alcohol
(IPA) was used which oxidized into acetone, and its approximate quantification during to p-
NBAL hydrogenation was done using GC-FID (Fig. 2.18). Firstly, the peak of standard acetone
was checked which appeared at 3.99 min of retention time and when the reactant was treated
with all the catalysts two peaks were observed at tr = 3.99 min, and 1.47 min for acetone
production and remained IPA in the solution which clarifies that hole scavenger (IPA) has been
oxidized to the corresponding product along with reduction reaction. It was calculated that the
highest (28 pmol) and the lowest amount (13.5 pumol) of acetone was produced by TNS2 and
P25, respectively, as shown in Fig. 2.19. Theoretically, one molecule of p-ABA formation from
p-NBAL reduction requires 8 e” and, an approximately similar amount of acetone was analyzed

quantitatively which is in accordance with stoichiometry.
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It was seen from this study that the reducing ability of the synthesized catalysts enhanced by
decreasing that nanoparticles size due to the widening of the band gap of small-sized
nanostructures but it is not easy to prepare very small-sized TiO, nanoparticles. Although, TNS1
and TNS2 with the average size of ~8 nm and ~20 nm were prepared except other sizes but these
showed observable changes in their respective reductive ability of -CHO functional group.
Moreover, it was also examined that the commercially available TiO, (P25) is reported to be in
the range of 35-50 nm size, and were unable to reduce —CHO due to the higher reduction
potential of this group. Thus, the size of the TiO, nanoparticles can be accounted to be directly

proportional to their corresponding photoreductive power for other groups as well.

Conclusion

This study reveals that the electronic structure of synthesized nanomaterials (TNS1 and TNS2)
was modified which resulted into tuning of band edge levels by changing their size in a
controlled manner. Moreover, it became possible to reduce aldehyde group by varying size of the
catalysts which wasn’t practically achievable by commercially available TiO, (P25) due to its

mismatched conduction band with respect to —CHO functional group, under UV light.
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A co-relation study of band energies of Cu loaded TiO,

nanostructures and photocatalytic reduction aromatic nitriles
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Schematic summary

This study revealed that Cu loaded on elongated titania nanotubes (~80 nm x 9 nm) exhibited
improved photocatalytic reduction of aromatic nitriles to aromatic amine derivatives as compare
to no reactivity of Cu-TiO, (P25) under similar conditions because of suitable band energetics of

elongated titania.
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3.1. Introduction

Among various semiconductors, TiO, is considered to be highly prominent photocatalyst due to
its better electrochemical properties, chemical stability, and higher photocatalytic efficiency with
great potential in various areas. As per mechanism, when TiO; is irradiated with light energy
equal or greater than its band gap energy, electrons (e-) get excited from valence band (VB) to
conduction band (CB) whereas holes (h+) remain within VB. These charge carriers (e” and h*)
can perform redox reactions depending upon reaction conditions. It is evident from literature,
oxidation reactions are extensively studied with TiO, [1-6] whereas mainly nitroaromatics
photoreduction is reported [7-10]. This photocatalytic reduction is feasible due to less reduction
potential of —NO, group as compared to the conduction band of TiO,. The attempts have been
made to improve the activity/selectivity [11, 12] of the reaction by changing size, shape, crystal
phase, etc. which in turn modifies electronic structure [13] of the catalyst. Pal et al. [9] have
reported 100% selective formation of m-nitroaniline with rutile TiO, under UV light. Elongated
titania nanostructures proved to be highly active relative to commercially available P25 (TiO,)
due to better delocalization of excitons and superior surface properties [14-16]. Moreover, the
photocatalytic activity of titania nanostructures can be further improved with transition metals
impregnation [17-19]. Gonzélez and co-workers [20] prepared Ag/TiO,-Cu composite and it
reduced 4-Nitrophenol into its corresponding amine with nearly 96% vyield in half an hour.
Moreover, Cu NPs of various morphologies [21] also influenced the nitroaromatics reduction
and the co-catalytic activity of Cu loaded on TiO, was found to be highest for Cu nanowires.
From these reports, there is a possibility to extend reduction power of TiO, for other groups such
as nitrile (-CN), azido (-N3), aceto (-CH3CO), etc. which are scarcely reported due to mismatch

of their reduction potentials concerning P25 as shown in Scheme 3.1. Therefore, modifications
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in structural, optical and electronic properties of TiO, can probably reduce these substrates as
well.

Aromatic nitriles are very important compounds that are used as intermediates and solvents in
pharmaceuticals, rubber, and pesticides [22]. Thus, these are normally present in industrial
effluents. Due to their toxic nature towards living beings [23], their detoxification or reduction is
an important issue. VVarious bioremediation methods have been used for their decomposition [24]
but restricted conditions of temperature and pH are required. Although hydrogenation of
aromatic nitriles represents a valuable route for industrially important amines, it would be more
interesting if it occurs without any external H, source at room temperature, and reducing agent
under mild conditions. There are only a few reports [25, 26] for the reduction of nitrile
derivatives by a non- Vvs NHE
conventional, and

greener method with

TiO,. To carry out

Ar-NOj - Ar-NHy - Ar-CN~Ar-CH;NH;
these reactions,

electronic structure of

\ J )

Easily reducible Difficult to reduce

photocatalyst is to be

P25-TiO,

modified to attain
Scheme 3.1. A pictorial illustration of TiO, photoreduction

suitable band edge  applicability for different functional groups concerning suitable band
. . edges

positions  concerning

substrates. Robel et al. [27] proved that electronic properties are size-dependent, and easy

electron flow from CdSe to TiO, surface had been attained by varying the band edges of CdSe

quantum dots. The CB level was found to be at -0.8 eV for 7.5 nm CdSe nanoparticles while the
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band was shifted towards more negative potential (-1.57 eV) for 3 nm particles. Sakai and co-
workers [13] reported that morphology can significantly change the band structure of the
catalyst. Moreover, metal loading on the TiO, surface also alters the band-gap [28, 29] by
creating defect sites and it reduces excitons recombination by acting as an electron trap center.
Therefore, there is a necessity to prepare such catalysts possessing modified electronic structure
with higher efficiency along with its stability, low cost, and abundant availability to carry out
hydrogenation reactions of over potential functional groups.

The present work demonstrates that Cu impregnated synthesized mesoporous anisotropic titania
nanoparticles (MATN), and nanotubes (TNT) proved to be efficient photocatalysts for aromatic
nitriles reduction via greener method. This is probably the first report for the photocatalytic
reduction of benzonitrile and its derivatives with Cu loaded TiO, nanostructures in which the
band edge positions were tuned by changing size, shape, and co-catalyst loading. However, Cu-
P25 was inactive towards benzonitrile reduction due to higher LUMO values of the substrates as
compared to CB level of the catalysts whereas —NO, group reduced easily and efficiently as its
reduction potential falls within the range of band energies of the photocatalyst. Additionally,
reactions were performed in a suitable hole scavenger (oxalic acid) to get primary amines as only
product with high purity.

3.2. Materials and methods

3.2.1. Chemicals and Reagents

The analytic grade chemicals Titanium butoxide (Ti(OBu)s, 97%, Sigma-Aldrich), Sodium
hydroxide (NaOH, 99 %, SD Fine Ltd.), Nitric Acid (HNO3, 99%, Spectrochem Ltd.), cupric
acetate (Cu(CH3COO),, 99 % Loba Chemie Ltd.), Ethylene glycol (MW= 4000, Loba Chemie

Ltd.), Acetone (99%, Sigma-Aldrich), ethanol (99 %, SD Fine Ltd.), m-nitrotoluene (99%,
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Sigma-Aldrich), Benzonitrile (99%, Sigma-Aldrich), m-Chlorobenzonitrile (99%, Sigma-
Aldrich), m-Methylbenzonitrile (98%, Spectrochem Ltd.), Oxalic Acid (SD Fine Ltd.),
Hydrochloric Acid (Spectrochem Ltd.) were used as such received without any further
purification. DI (de-ionized) water used for preparing solutions.

3.2.2. Synthesis of nanoparticles

Mesoporous anisotropic titania nanoparticles (MATN) were synthesized by template synthesis
method as reported in the literature [30]. The hydrothermal approach was used for the synthesis
of titania nanotubes (TNT) by using commercially available TiO, (P25) as a precursor.

Titania nanotubes (TNT) were synthesized by a hydrothermal approach in which mL NaOH (10
mol/L) was added to 2.5 g of commercially available TiO, (P25). The mixture was heated in
Teflon-lined autoclave for 20 h at 130°C. The obtained mixture was washed with HNO3 (0.1
mol/L) several times to attain pH 7. Afterward, the obtained suspension (50 mL) was treated
hydrothermally in an autoclave for 48 h at 150°C. The slurry was washed with DI water and
dried at 100°C.

The synthesis of copper nanoparticles (Cu NPs) was carried out separately by a gelatin sugar
based method. 30 mg of gelatin was dissolved in 10 mL distilled water and stirred until a clear
solution was obtained. In another flask, to 5 mL of Cu(CH3COO); solution (0.2 M) was added 5
mL of NaOH (0.5 M) dropwise and this solution was quickly poured into gelatin solution and the
blue colored solution obtained. The reduction of the solution was carried out by 5 mL glucose
(1M). Further, this solution was sonicated until it turned brown, indicating the formation of Cu
NPs. The prepared NPs were washed with DI water, and ethanol. The loading of Cu NPs on

mMATN, and TNT surface was done by the wet impregnation method [31].
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3.2.3. Characterization techniques

The characterization of nanoparticles has been carried out as discussed in Chapter 1 (section 1.4).
3.2.4. Photocatalytic activity

The photocatalytic reduction of different substrates was carried out in a pyrex test tube
containing 30 mg of photocatalyst with 5 mM reactant in 0.1 mol dm™ hydrochloric acid
suspended in 5 mL of distilled water. Oxalic acid (50 uM, 1 mL) was used as a hole scavenger.
The test tubes containing reaction mixture were sealed and then purged with argon for 30 min to
create an inert atmosphere followed by irradiation under UV source (Chapter 1, section 1.4) for 4
h. Afterward the obtained solutions were analyzed by HPLC (Chapter 1, section 1.5.1) at A =238
nm and n in ACN : MeOH (70:30) solvent system and GC-MS (Chapter 1, section 1.5.2). The H,
and CO, amount evolved during the reaction was quantified by gas chromatography with thermal
conductivity detector (GC-TCD). In case of H,, the molecular sieve (5X A) column was used by
setting its temperature at 40°C whereas the detector and injector were set at a temperature of
110°C and 90°C respectively with argon as a carrier gas. While CO, detection was carried out on
Porapak-Q column with nitrogen as a carrier gas by maintaining 70°C and 80°C temperature of
injector, and detector, respectively.

3.3. Results and discussion

3.3.1. Optical and structural properties

The bare nanocatalysts were subjected to Cu deposition, and their optical absorbance spectra
(Fig. 3.1(a)) shows a band between 360-380 nm [29] due to the geometry of TiO,. A slight shift
in this band observed for different catalysts is due to the variable size of particles. An additional
band that appeared at Amax = 786 nm is ascribed to the appreciable loading of Cu. The band-gaps

of synthesized photocatalysts were calculated using Tauc relation, ahv = A (hv - Eg)" (discussed
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in Chapter 1 (section 1.4.1)). The exact band-gap value was calculated by extrapolating each line
of ahv versus Eg graph to the horizontal axis as shown in Fig. 3.1(b). It reflects that a lower
wavelength corresponds to higher band gap energy. It shows that size, and shape modifications

of the catalyst, as well as metal impregnation alter the band energetics i.e; CB and VB edge

positions in comparison to commercially available P25, supporting nitrile group reduction.
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Fig. 3.1. (a) Optical Absorbance spectra and, (b) band gap energies of various catalysts

The crystalline properties were analyzed by XRD pattern as shown in Fig. 3.2. The synthesized

MATN and TNT depicted typically the properties of anatase phase (JCPDS card no. 21-1272)

and tetragonal geometry. In case of TNT pattern, there is relatively intense and narrow peak at

25.3° (101 plane) due to the growth of nanoparticles in 1D. Additional peaks around 29.5°, 36.4°,
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42.4° and 60° reflect the presence of Cu,O (JCPDS card no. 78-2076) whereas small diffraction

around 43.3°as well as 50.4° is due to metallic Cu (JCPDS card no. 04-0836).
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Fig. 3.2. XRD Pattern of bare and, Cu fabricated mATN, and TNT
(-,0 represent Cu,O and, Cu°, respectively)

The morphology of synthesized Cu-mATN and Cu-TNT photocatalysts is displayed in Fig. 3.3

and, Fig. 3.4, respectively. Anisotropic shapes were seen in case of Cu-mATN of different sizes.
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Cu NPs are deposited on the surface of mMATN with an average size of about ~22 nm which is
equivalent to titania nanoparticles. While hydrothermally synthesized TNT consists of elongated
particles with an average size of 80 nm x 9 nm with Cu loaded on the surface of the catalyst.
SAED pattern shows the TiO,, Cu (+1), and Cu (0) is attributed to (101), (111), and (110) planes

respectively.

A '

Fig. 3.3. (a-c) TEM images of Cu loaded mATN, and (d) SAED pattern of Cu-mATN
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Fig. 3.4. (a-c) TEM images of Cu loaded TNT and, (d) SAED pattern of Cu-TNT

Furthermore, EDS analysis confirms the atomic ratio of Cu on the TiO, surface to be
approximately 3 wt% (optimized amount), as depicted in Fig. 3.5.

Nitrogen (N) adsorption-desorption isotherms (Fig. 3.6) exhibited type IV Langmuir
characteristics [32] which are the specialty of mesoporous materials. It is revealed that TNT

exhibited the highest surface area of 376 m?g™ with an average pore volume of 1.83 cm®g™
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whereas after Cu NPs incorporation both surface area and pore volume of prepared catalysts fall

down. The increase in pore diameter is observed due to internal pore strain.
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Fig. 3.5. EDS spectra of (a) Cu-P25; Fig. 3.6. Surface area and porosity study
(b) Cu-mATN, and (c) Cu-TNT (a) Nitrogen adsorption desorption isotherm, and

(b) BJH curve of different photocatalysts

Photoluminescence (PL) spectra (Fig. 3.7), displays that mMATN and TNT exhibited a set of
emission bands in the range of 350-500 nm, due to surface defects. The band at 386 nm
originates from the recombination of photoexcited electron and holes, is due to band edge
emission. The bands at 412 nm, 440 nm, and 453 nm are ascribed to shallow trap state near the
absorption band edge corresponding to oxygen vacancies as reported in the literature [33].
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Fig. 3.7. Comparative photoluminscence (PL) spectra of bare and Cu loaded photocatalysts

While the emission bands at 481 nm, and 522 nm are assigned to deep trap sites that are far away
from band edge emission. The bands at 412 nm, 440 nm, and 453 nm ascribed to shallow trap
state near the absorption band edge which corresponds to oxygen vacancies as reported in the
literature [27], whereas 481 nm and, 522 nm emission bands assigned to deep trap sites which
are far away from band edge emission. After Cu deposition on the surface of P25, mATN, and
TNT higher quenching was observed as compared to bare the catalysts due to shuttling of
photogenerated charge carriers from CB of TiO, to Cu which prevents recombination of
electrons and holes. A slight red shift in peaks after metal loading is due to the phase
transformation of the catalysts [34]. Moreover, the quenching intensity depends upon the shape,

size, composition, and light-induced electromagnetic fields in the vicinity of the metal ions. Both
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electromagnetic, and electric fields of the deposited metals may reduce e/h* separation [35].
Therefore, different rates of e/h” recombination and suppression may be expected in semi-
conductors.

3.3.2. Electrochemical studies

Cyclic voltammetric studies of synthesized bare and Cu loaded TiO, nanoparticles were
performed using potentiostat in a standard three electrode system. Ag/AgCl electrode was used
as a reference electrode, glassy carbon (3 mm diameter) as a working electrode, and a platinum
electrode as counter electrodes. Prior to the experiment, the electrode was polished with 1 mm
alumina slurry followed by sonication with ethanol, and de-ionized water to remove any slurry
residue on the electrode surface. The voltammograms were recorded in KNOj3 solution (0.5 M) in
a potential range -2.3 V to +2.3 V against Ag/AgCI reference electrode (no accumulation) at a
scan rate of 50 mV/s.

The electron transfer from conduction band (CB) to valence band (VB) expected to a give
cathodic peak whereas holes correspond to anodic peak, as depicted in voltammetric response in
Fig. 3.8. In case of Cu loaded synthesized TiO, nanostructures, the cathodic peaks get shifted
towards more negative potential as compared to Cu-P25. Anodic peak, and cathodic peak
represent oxidation and reduction onset potential values. Afterward, the band-gap and band edge
positions of these samples were calculated by putting oxidation, and reduction potential values
by using a standard formula, Eve = - Eonset (0x) — 4.8 €V, Ece = - Eonset (ret) — 4.8 €V, [36]
elucidated in Table 3.1, which are in accordance to band gaps obtained from optical studies.
Therefore, the band gap is changing which in turn alters the CB, and VB levels and this factor
plays a prime role in the reduction of nitrile group which is otherwise difficult to reduce under

such mild conditions.
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Fig. 3.8. Cyclic voltammograms recorded on glassy carbon electrode for
synthesized photocatalysts

Table 3.1. Calculated band gaps from optical and electrochemical studies

Catalyst Optical band-gap | Conduction band | Valence band | Electrochemically
(eV) eV) (eV) calculated band-gap
(eV)
Cu-P25 3.24 -3.9 -7.18 3.28
Cu-mATN 3.44 -3.1 -6.55 3.45
Cu-TNT 3.49 -2.7 -6.20 3.50
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3.3.3. Photocatalytic activity

Firstly, the photocatalytic efficiency of the bare and Cu loaded catalysts was evaluated by
monitoring the photoreduction of m-nitrotoluene (m-NT, 5 mM) to m-aminotoluene (m-AT) as
shown in Fig. 3.9. It revealed that TiO, (P25) was least efficient out of all the catalysts and
produced ~35% corresponding amine in comparison to 49%, and 61% yield with mATN, and
TNT respectively. It might be due to the presence of the anatase phase and the higher surface of
m-ATN (338 m?g™), and TNT (376 m?g™) as that of P25 (46 mg™). Literature studies reveal that
metal loaded TiO;, [37] nanocomposites proved to be efficient for nitroaromatics reduction.
Thereby, these reactants were treated under similar reaction conditions as that of bare catalysts
with an optimized amount of Cu (3 wt%) deposition. Product formation was 100% when treated

with Cu-TNT for same time interval whereas Cu-P25 produced 1.5 times lesser product yield.
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Fig. 3.9. Photoreduction efficiency of m-NT with various photocatalysts
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These results reflect that metal loading had enhanced the efficiency nearly twice but the trend
was the same as that of a bare catalyst which in turn nullified the crystal and surface effect which
was assumed to be in case of a bare photocatalyst for this photoreduction. Therefore, efficiency
could probably be explained on the basis of electronic structure which has attributed to the
enhanced photocatalytic reduction of m-NT. Later on, aromatic nitriles possessing higher
reduction potential were studied to investigate the factors affecting photoreduction under similar
reaction conditions.

Commercially available TiO, (P25), and its Cu loaded composite were unable to reduce
benzonitrile (BN) due to higher reduction potential of the substrate than CB level of the catalyst.
The products obtained after the reaction were analyzed by HPLC as shown in a comparative
graph (Fig. 3.10), only a single peak appeared at retention time (tg) of 9.8 min (Fig. 3.10(a) )
which is the same as that of an authentic sample of BN. The peaks at tg=6.4 min (Fig. 10) are
probably due to corresponding amines when treated with Cu- mATN (Fig. 3.10(b)), and Cu-TNT
(Fig. 3.10(c)) which were confirmed by GC-MS (Fig. 3.10(d-f)). The products formed were
found to be primary amines without any formation of by-product as confirmed from HPLC, and
GC-MS studies. This photocatalytic reduction reaction of BN with synthesized Cu loaded Cu-
TNT, and Cu- mATN was clearly a single product generation reaction with an appreciable yield
of the primary amine as a product and a comparative graph (Fig. 3.11) showed BN unreacted,
benzylamine (BAM) produced along with the evolution of H, and CO,. As per proposed
mechanism of this reaction (Scheme 3.2), -NO, group possesses lower reduction potential with
respect to CB of TiO, (P25) that facilitated nitroaromatics reduction easily with higher yield
whereas it is not feasible for groups like —CN, -N3, -CHO, etc., due to higher reduction potential

values. Therefore, the electronic structure of TiO; is to be tuned according to the requirement of
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reaction to extend its reduction ability for such functional groups. Herein, band edges of

synthesized Cu-mATN, and Cu-TNT were modified and the values were experimentally
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CB positions of Cu-mATN (-3.1 eV), and Cu-TNT (-2.7 eV) shifted towards more negative
values and as a result reduction potentials of reacting species fell within this range which

facilitated the reduction of nitrile group ascribed in scheme 3.2.
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Although the exact mechanism for a negative shift cannot be determined, it can be explained on
the basis of hypothesis [38] that position of the valence band (VB) may be due to low binding
energy of Cu 3d orbitals and hybridization between O (2p), and Cu (3d) states whereas
conduction band (CB) shift is probably because of empty 3d states of Ti or isolated Ti-O layers.
This proposal for aromatic nitrile reduction is in accordance with the conventional theory that
those groups are possible to reduce whose reduction potential is lower or within the CB range of
the photocatalyst. A co-relation graph between band edges and reaction efficiency is depicted in

Fig. 3.12.
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Fig. 3.12. Co-relation of band edges of the photocatalysts with reaction efficiency

Additionally, the photo-reduction of m-methylbenzonitrile (MBN) was also carried out under
similar reaction conditions. HPLC (Fig. 3.13) revealed that a sharp peak at tg=4.8 min was

observed when the reduction of MBN carried out with Cu-TNT which assured the 100%
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reduction of MBN to m-methylbenzyl amine (MBA), confirmed from GC-MS (Fig. 3.13) while
an additional peak at tg=8 min appeared in case of Cu-mATN indicating ~2.6 pmol of reactant

remained unreacted as shown in Fig. 3.14.
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Fig. 3.13. HPLC peaks obtained when MBN was treated with (a) Cu-P25; (b) Cu-mATN,;
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Fig. 3.14. Photoreduction of MBN with Cu loaded TiO, nanocatalysts for 4 h under UV light

In case of m-chlorobenzonitrile (CBN), quantitative analysis showed only reactant peak at 10.2
min when treated with Cu-P25 (Fig. 3.15(a)) which was also confirmed by GC-MS (Fig. 3.15(d))
whereas a new peak at 7.5 min of m-chlorobenzyl amine (CBA), was observed in both Cu-
MATN (Fig. 3.15(b)) and Cu-TNT (Fig. 3.15(c)) with their corresponding mass spectra ((Fig.
3.15 (e, 1)). Further, a comparative graph (Fig. 3.16) of remained reactant with a product and
evolved H, and CO, was also plotted which clarified the enhanced efficiency of Cu-TNT as that
of Cu-mATN and Cu-P25 was inactive towards the reduction of CBN. It has been found that
electron-donating group promoted the reaction yield because of lower LUMO levels of reactants
as compared to electron-withdrawing group which possessed a bit higher values of reduction
potentials, resulted in their non-reducible nature. Moreover, a hole scavenger, as well as acidic

conditions, had played an important role in the reduction reactions of nitriles [25] which
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maintained CO, and H, production, and proton concentration otherwise the desired primary

amines as the final product could not be obtained.
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Fig. 3.15. HPLC peaks obtained when CBN was treated with (a) Cu-P25; (b) Cu-mATN;
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Firstly, isopropyl alcohol (IPA) was used to carry out the photoreduction of benzonitrile and
analyzed by HPLC technique. It is also evident from the literature [26] that when alcohols are
used instead of oxalic acid as hole scavengers, they reduce benzonitriles into corresponding
toluenes and triethylamine. Herein, the same reaction was carried out with oxalic acid that
showed two peaks only which were later on confirmed by GC-MS and the product was found to
be a primary amine. Thus, product selectivity is highly influenced by the choice of a hole
scavenger. Except for primary amines, no other was formed which are confirmed from both
HPLC and GC-MS studies. Further, the oxidation of oxalic acid (50 pmol) occurred in the VB of
TiO, nanoparticles, which was accompanied by H, and CO, evolution during reduction
reactions. The evolved gases were quantified by GC which reflected that Cu-P25 produced a
very small amount of both gases which resulted in no or less reduction of the reacting substrates.

In case of BN reduction (Fig. 3.11), 14 pumol, 74 pmol, 85 pumol of CO, produced whereas the
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amount of H, gas evolved was found to be approximately 8 umol, 34 umol, 40 pumol when
treated with Cu-P25, Cu-mATN, Cu-TNT respectively. Furthermore, Cu-TNT proved to be the
most efficient photocatalyst among all Cu loaded catalysts as it produced the highest amount of
CO; (93 pmol) and H; (46 pmol) with MBN and other substrates shown in Fig. 3.14. Moreover,
the oxidation state of co-catalyst also affects photocatalytic activity. Although it has not been
confirmed by XPS analysis but there are few indications from XRD, and SAED pattern showing
that Cu has been deposited as Cu (0), and Cu,O (+1) in variable oxidation state [39]. The e-
transport rate from TiO, to Cu,0O increases via metallic Cu NPs due to its good conductivity, and

enhances the efficiency of the reaction.

Conclusion

The efficient photoreduction of aromatic nitriles was observed using different shaped Cu loaded
TiO, nanostructures. It was found that elongated Cu-TNT possessed higher negative value of CB
edge (-2.7 eV) with respect to reduction potential of benzonitrile group, which probably
facilitated more than 90% of its reduction to corresponding amine. Moreover, Cu loaded P25 was
inactive towards -CN reduction under same reaction conditions due to mismatched band edges

positions.
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Effect of co-catalyst amount/size over Au-mTiO, nanocomposites

for selective hydrogenation of 1,3-dinitrobenzene under visible light
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Schematic summary

This work reveals the co-catalytic amount/size effect of Au nanoparticles on the surface of
mesoporous titanium dioxide (m-TiO,) for selective hydrogenation of 1,3-dinitrobenzene (1,3-

DNB) to m-nitroaniline (m-NA)/ m-phenylenediamine (m-PDA) in the presence of visible light.
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4.1. Introduction

Titanium dioxide has appeared as a material of great interest these days due to its long-term
stability, nontoxic nature, low cost, and a wide range of applications [1-3]. However,
commercially available TiO, (P25) has limitations [4, 5] such as fast recombination rate of
charge carriers, low surface area, absorption mainly in the UV region, etc. To overcome such
hurdles, many attempts have been made for structure, and optical modifications. Recently,
mesoporous TiO; [6, 7] has been evolved as an effective catalyst because the presence of pores
in nanostructured type substances can enhance both physical and chemical properties. As
compared to TiO, (P25), active sites of the mesoporous TiO; increase due to its uniform
channels which results in better structural properties and higher surface area for efficient
photocatalytic activity [8-11]. Further, the noble metals (Au, Ag, Pt, etc.,) deposition on the TiO,
surface has attracted the attention of the research area. The M-TiO, (metal-TiO,) heterojunction
is a key factor to enhance the photocatalytic activity, and these noble metals nanoparticles (NPs)
act as photo-sensitizers in visible light [12, 13]. As per mechanism, the electrons get transferred
from metal NPs to the conduction band (CB) of TiO, due to surface plasmon resonance (SPR)
effect and which are further used for reduction purposes. From the literature it is clear that Au-
TiO, catalysts are extensively studied due to the dual nature of Au i.e; higher ability to sensitize
visible light [14, 15], and generate hot electrons with higher kinetic energy due to its low
electron heat capacity value.

Moreover, the amount, and size of the co-catalyst loaded on a semiconductor surface can affect
its catalytic activity as well as selectivity. The size of loaded metal is influenced by the number
of particles deposited [16] on the semiconductor and their way of distribution over the surface.

As far as Au-TiO; is concerned, it is reported that Au particles whose size is between 2-5 nm are
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found to be more effective [17, 18]. Further, the Fermi level shifts upward depending upon the
size of loaded Au NPs. It was observed to be -270 mV w.r.t. NHE when Au particle size was
about 5 nm on the TiO, surface [19]. Mohr and co-workers have determined the edges of Au NPs
in Au-TiO, composite for preferred hydrogenation of acrolein [20]. However, a decrease in
activity was observed when particle size was less than 2 nm might be due to the loss of the
metallic nature of Au [21, 22]. Moreover, gold conjugated carbon dots nano assembly is reported
to be used for sensing purposes [23]. Additionally, the potential of Au metal for selective
hydrogenation of nitro groups has been also reported [24-26]. Selectively m-nitroaniline (m-NA)
and m-phenylenediamine (m-PDA) product formation from 1,3-dinitrobenzene (1,3-DNB)
reduction has high industrial impact [27]. However, there are few reports for dinitrobenzene
selective reduction with TiO, which are achieved by altering the phase of the catalyst [27],
bimetallic loading [28], Au loaded TiO; in the presence of external H, source [29], etc. But there
is hardly any report for 100% selective and efficient hydrogenation of dinitrobenzene over Au
loaded TiO; in visible light by varying the co-catalyst size.

In this chapter, both m-NA, and m-PDA were produced with 100% yield when 1,3-DNB was
treated with 1 wt%, and 3 wt% Au-mTiO, respectively in the presence of visible light for 3 h. Au
nanoparticles act as photo-sensitizers in visible light irradiation. This study reveals that
selectivity has been affected by different weight percent loading of Au on the surface of
synthesized mesoporous titanium dioxide (m-TiO2) under mild reaction conditions.

4.2. Materials and methods

4.2.1. Chemical and reagents

Degussa P25-TiO,;, HAuUCI4.3H,O (Sigma-Aldrich, 99.8%), titanium isopropoxide (Sigma-

Aldrich), 1,3-dinitrobenzene (1,3-DNB), m-nitroaniline (m-NA), m-phenylenediamine (m-PDA)
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and isopropanol were purchased from Loba Chemicals, and used without further purification.
Deionized water was obtained using an ultrafiltration system (Milli-Q, Milipore) with a
measured conductivity of 35 Q cm™ at 25°C.

4.2.2. Synthesis of mesoporous TiO, (m-TiOy), and Au-mTiO, composites

The mesoporous TiO, (m-TiOy) nanoparticles were synthesized by adding titanium
isopropoxide, H,O, and isopropanol in 1:5:22 molar ratio, and volume (mL) ratio was kept at
10:3:60. The reaction mixture was stirred vigorously for 1h at room temperature. The obtained
precipitates were aged at 80°C, and then washed with distilled water, and ethanol followed by
drying at 100°C. The dried nanoparticles were calcined at 400°C.

Metal deposition on the synthesized m-TiO, surface was carried out by homogeneous deposition
precipitation (HDP) method [30] with a variable amount of Au content. In this particular
synthesis, urea was used as the precipitating agent. The required amount of HAuCl4;.3H,0
aqueous solution and urea was stirred for 6 h at approximately 90°C. While heating, pH shifts
towards the basic range (6.5-8.0) due to decomposition of urea into ammonia, and the
homogeneous mixture obtained. To this mixture, m-TiO, (synthesized above) was added with
continuous stirring. After 1.5 h, NaBH; (0.1 M) was added dropwise to precipitate Au
nanoparticles on m-TiO, support. Then the composites were washed several times with
deionized water, and dried in an oven.

4.2.3. Characterization techniques

The characterization of nanoparticles has been carried out as discussed in Chapter 1 (section 1.4).
4.2.4. Photocatalytic activity

The hydrogenation reaction of 1,3-DNB was carried out in a test tube containing 3 mM of 1,3-

DNB and 30 mg catalyst (bare P25, synthesized catalyst, and their Au loaded composites)
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suspended 5 mL aqueous isopropanol (50 vol%) purged with argon for 20 min and continuously
stirred in the presence of visible source (Chapter 1, section 1.5) for 3h. The reaction was
analyzed by HPLC (Chapter 1 (section 1.5.1)) at A = 254 nm with a flow rate of 1 mL/min using
MeOH:H,0 (70:30) as a mobile phase. Products were further analyzed by GC-MS (Chapter 1
(section 1.5.2)).

4.3. Results and discussion

4.3.1. Optical and structural properties

The absorption spectra of m-TiO, and Au loaded catalysts are shown in Fig. 4.1(a), in which
absorption between 360-370 nm range is due to TiO,. This strong peak is due to electronic
transitions from 2p orbital of oxygen in its valence band to the 3d orbital of titanium in its
conduction band. Further, characteristic surface plasmon resonance (SPR) band was observed
around 560 nm because of Au deposition on the TiO, surface. When the second-order derivative
of absorbance was plotted ascribed in Fig. 4.1(b), a minor difference of nearly 6 nm between the

peaks of 1%, and 3% Au-mTiO, was observed.
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Fig. 4.1. (a) Optical absorption spectra of various catalysts, and (b) 2" order derivative of
1%, and 3% Au-mTiO;
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XRD pattern of synthesized m-TiO,, and metal loaded photocatalysts is shown in Fig. 4.2, which
reflects the presence of anatase phase prominently due to Bragg’s diffraction peaks at 20 ~ 25.6°,
37.8°, 48.1°, 55.1°, and 62.7° which correspond to (1 01),(112),(200),(105),and (20 4)
planes respectively (JCPDS no. 21-2172). Furthermore, after Au deposition on the m-TiO,
surface, the mesoporous structure does not change. The peak intensities become weaker
gradually, and the diffraction peak of anatase at 25.6° becomes wider slightly. It might be due to
the reason that Au nanoparticles suppress the crystalline nature of m-TiO,. The Au-mTiO;
photocatalysts exhibited peaks at 26 ~ 38.2°, 44.6°, 64.9°, and 77.9° which are indexed to (1 1
1), (200), (220),and (3 1 1) planes respectively and it reveals face-centered cubic (FCC)
lattice structure of Au (JCPDS no. 04-0784). The crystallite size of Au (1, 3 wt%) was 5.88 nm
and 9.19 nm respectively as calculated from the diffraction peak (1 1 1), by applying the Debye-
Scherrer formula. This suggests the agglomeration of Au particles at higher metal loading, which

in turn leads to the increase in particle size with the increase of Au loading.
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Fig. 4.2. X-ray diffraction pattern of (a) m-TiO, (b) 1 wt% Au-mTiO,,
and (c) 3 wt% Au-mTiO;,
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Transmission electron microscopy (TEM) revealed the morphology of Au nanoparticles to be
spherical and highly dispersed within the channels of mesoporous TiO, as shown in Fig. 4.3 with
corresponding size distribution histograms of 1% and 2% Au-mTiO, respectively. The average
size of Au particles found to be approximately 3.89 nm and 8.86 nm for Au-mTiO, (1%) and

Au-mTiO; (3%) respectively which is in comparison to size (~ 2-12 nm) obtained from XRD.

Average particle size i Z s
I!sl 3.89 nm Average particle size = 8.86 nm

- '

Intensity (a.u)
Intensity (a.u)

1 2 3 4 s 6 6 7 8 9 10 11 12
Au particle size (nm) Au particle size (nm )

Fig. 4.3. TEM images and particle size distribution of (a-c) 1 wt% Au-mTiO, and
(d-f) 3 wt% Au-mTiO,
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The EDS spectra for all Au-mTiO, catalysts are shown in Fig. 4.4 which reveals that Au-mTiO,

prepared from HDP method shows the maximum loading due to proper distribution of particles.
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Fig. 4.4. EDS spectra of (a) 1 wt% Au-mTiO,; (b) 2 wt% Au-mTiO,, and (c) 3 wt% Au-mTiO;
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4.3.2. Porosity and surface area study

The photocatalysts with higher surface area, and large pore volumes, owing to increased
adsorption of reactant substrates along with fast a transformation of both reactants, and products
and increase the electron, and hole pair separation thereby resulting in enhanced light-harvesting

which in turn improves the photocatalytic performance.
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Fig. 4.5. Surface area and porosity study (a) Nitrogen adsorption-desorption isotherm, and
(b) BJH curve of different photocatalysts
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Nitrogen (N;) adsorption-desorption isotherms of all the photocatalysts presented in Fig. 4.5(a),
exhibit characteristics of type IV isotherm [31] which is the specialty of porous materials. The N,
adsorption isotherms of these photocatalysts exhibit H3—type hysteresis loops corresponding to
pores with wider bodies and narrow necks [32]. It features a sharp step in the p/po range of 0.6-
0.9 which indicates the uniformity of the pore size [33], co-relating well with narrow pore size
distribution as shown in Fig. 4.5(b) suggesting the mesoporous nature of the material. The higher
absorption value was observed at a high relative pressure (p/po) which indicates the formation of
larger mesopores. Moreover, another important information can also be concluded from the
adsorption isotherms that it raised up for pure m-TiO, as compared to Au loaded samples which
suggesting its higher surface area [34]. It was noted that m-TiO, exhibited the highest surface
area (182 m?g™), as depicted in Table 4.1, it decreased to 128 m?g™ after 3 wt% Au loading
ascribed to Au nanoparticles incorporation into the channels of m-TiO, support thereby
increasing its pore volume. It is clearly shown in Barrett-Joyner—Halenda (BJH) curve (Fig.
4.5(b)) that mean pore diameters of Au loaded photocatalysts increased as compared to bare m-
TiO; (3.80 nm) sample which is due to internal pore strain after metal incorporation.

Table 4.1. Textural properties of m-TiO,, and different wt% of Au-mTiO, catalysts

Au loading Surface area™ Vv, DaiH dad™  dag®
(Wt%0) (m%g™) (cc/g) (nm) (nm)  (nm)
0.0 182 0.45 3.80 --- ---

1.0 165 0.30 9.51 5.33  3.89
3.0 128 0.21 12.91 9.88 8.86

BIBET method:; V;: total pore volume; Dgyy4: average pore diameter calculated by BJH adsorption;
PIAu Crystallite size determined from XRD;
[Au Crystallite size determined from TEM.
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4.3.3. X-ray photoelectron spectroscopy (XPS) analysis

Information related to elemental composition, and oxidation states in 3 wt% Au-mTiO; catalyst

was analyzed by XPS as described in Fig. 4.6.
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Fig. 4.6. XPS spectra of 3 wt% Au-mTiO,

The presented spectra show the presence of Ti2p, Ol1s, and Au4f elements. The two

characteristic peaks at 458.9 eV, and 464.6 eV represents Ti (+4) oxidation state with the spin
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quantum state of Ti2ps, and Ti2py/, respectively. The peaks at 529.9 eV, and 531.4 eV in fitted
spectra of Ols are due to interactions of oxygen with and H,O respectively. Moreover, two
separate peaks were observed at binding energies of 84.0 eV, and 87.7 eV credited to metallic
4fs;, and 4f7, spin states respectively [35] which clarifies that loaded Au nanoparticles were
present in zero oxidation state.

4.3.4. Photocatalytic hydrogenation of 1,3-Dinitrobenzene (1,3-DNB)

The catalysts were tested for hydrogenation of 1,3-DNB in visible light for 3 h, and the reaction
products were analyzed by the HPLC technique. The HPLC pattern depicted peaks at different
retention times with good separation. The standard sample of 1,3-DNB, m-NA, and m-PDA

showed individual peaks at tg = 6.5 min, 4.5 min, and 1.7 min respectively as shown in Fig. 4.7.
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Fig. 4.7. HPLC patterns of standard (a) 1,3-DNB; (b) m-PDA, and (c) m-NA solution
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Initially, the blank test reactions were also carried out both in dark along with catalyst and
absence of photocatalyst in visible source under similar reaction conditions. The HPLC analysis
(Fig. 4.8(a, b)) determined that only one peak at a retention time of 6.5 min appeared which
clearly indicates the whole unreacted reactant without the formation of any product in both the
cases. Therefore, to carry out hydrogenation reactions, the presence of a catalyst as well as light
is highly required. Further, the amount of reactant was subsequently decreased to produce m-NA
(Fig. 4.8(c)) at tg = 4.5 min with Au-P25 (1%) under similar reaction conditions. Furthermore,
the complete photoreduction of 1,3-DNB occurred with Au (1-3%) loaded m-TiO, composites
with different products formation. The HPLC analysis (Figure. 4.8(d-f) showed no peak for
reactant at tg = 6.5 min when the reactant was treated with these three composites after 3 h
reaction under visible light. In case of Au-mTiO, (1%), and Au-mTiO; (3%), the whole reactant
was consumed to produce single amine with a different retention time of 4.5 min (Fig. 4.8(d))
and 1.7 min (Fig. 4.8(f)), thereby, producing m-NA, and m-PDA respectively. It inferred that 1
wit%, and 2 wt% Au deposited m-TiO, are highly selective in nature to reduce particularly one
and both —NO, groups respectively present in 1,3-DNB. However, when the substrate was
treated with Au-mTiO; (2%), a mixture of both aromatic amines was formed with a major
product as m-PDA (11.3 pmol) as that of m-NA (3.2 pumol) as depicted in Fig. 4.9(a), and the
corresponding yield was also calculated (Fig. 4.9(b)). Further, the products were also confirmed
by GC-MS (Fig. 4.9(c-e)). Furthermore, the time coarse of the substrate was also studied with
Au (1-3%) loaded m-TiO; as shown in Fig. 4.10.

Lastly, 1,3-DNB was also treated with bare catalysts (P25, and m-TiO,) so as to check their
comparative efficiencies with similar reaction conditions except for light source (UV) because

these NPs were found to be inactive under visible light, in compliance to literature. In both cases,
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Fig. 4.8. HPLC patterns when 1,3-DNB was treated (a) in dark conditions; (b) without adding
a catalyst under visible light; (c) with TiO, (P25), and (d) m-TiO,
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another peak at 1.7 min (Fig. 4.11(a, b)) appeared along with the reactant peak which indicated
the formation of m-PDA. After quantitative analysis from HPLC peaks, a comparative graph was
plotted (Fig. 4.12(a)), which depicted that m-TiO, found to be 1.4 times more active than P25.
The percentage yield of the substrate and corresponding amine after 3 h reaction interval in the

visible source is presented in Fig. 4.12(b) which shows that 30%, and 42% yield of m-PDA was
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achieved by bare P25, and m-TiO, whereas nearly 63% m-NA was produced with Au-P25 (1%).

Further, the product confirmation was done by GC-MS (Fig. 4.12(c-e)) which was in co-relation

with obtained HPLC results.
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Fig. 4.10. Time course study of 1,3-DNB with (a) Au-P25 (1%); (b) Au-mTiO; (1%);
(¢) Au-mTiO; (2%), and (d) Au-mTiO, (3%)

The variation in activity/selectivity was observed with all catalysts under similar reaction

conditions. Firstly, the change in activity may be ascribed to different support (P25 or m-TiO)

used. Synthesized m-TiO, photocatalyst exhibited nearly one and a half folds of better efficiency
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as that of commercially available P25 (TiO;). This can be explained on the basis of better

structural properties of m-TiO, such as mesoporous nature, higher surface area (180 mg™), etc.
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Fig. 4.11. HPLC patterns of 1,3-DNB hydrogenation with (a) TiO, (P25), and (b) m-TiO,

Moreover, anatase {011} face possessed more defects as that of rutile {110} face and these
defects acted as active sites [36-38] for higher photoresponse of the catalyst. As far as selectivity
is concerned, only one -NO; group reduced by Au-mTiO, (1%) whereas both —NO, groups
reduction occurred with Au-mTiO; (2%), which reflects that amount of co-catalyst is playing a
vital role. The content of metal loading was found to be in direct co-relation with the size of its
particles. As the amount of loading was increased, the larger Au NPs form due to agglomeration
which was facilitated by higher Au content [39, 40]. Herein, the size of Au NPs varied mostly
between 3-4.5 nm, and 8-10 nm range for 1 wt%, and 3 wt% on the m-TiO; surface as measured
from respective TEM images. Thus, the number of co-catalyst particles along with their size and
way of distribution over semi-conductor effects reaction selectivity. As per stoichiometry, 6e” per

nitro group are required for hydrogenation of -NO, group to corresponding -NH; which clarifies
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(d) m-TiO,, and (e) Au-P25 (1%)

that a double amount of electrons are needed for m-PDA production as that of m-NA, supported
by the literature [41]. Thus, 12 h* will oxidize isopropyl alcohol (IPA) into 6 acetones, and 6 H,
molecules simultaneously for m-PDA production whereas 6 h* will oxidize IPA into 3 acetones
(IPA:acetone=1:1) and 3 H, molecules in case of m-NA formation. Moreover, in previous study
of our lab, Kaur et al. [42] have clearly determined the oxidation of IPA to acetone, and
hydrogen using GC-FID, and GC-TCD techniques respectively but in this present work, the

quantitative analysis was not carried out. As far as mechanism is concerned, light irradiation
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helps to activate the Au nanoparticles, the SPR band overlaps with the interband transitions from
the filled 5d states to the empty 6s/6p states above the Fermi level and collectively oscillating
electrons can induce the interband excitation to give enough energy to electrons of Au to cross
the Au-TiO, interface by overcoming the Schottky barrier [43]. This will result in electron-
deficient Au NPs and electron-rich TiO,, so that holes on the metal NPs surface that assist in the
oxidation IPA [44].

The mechanism for the hydrogenation of 1,3-DNB is elucidated in Scheme 4.1. Briefly, the Ag
particles loaded on the TiO; surface absorb incident visible light, and get activated because of
localized surface plasmon resonance (LSPR) due to the coupling of resonant oscillation of
surface electrons, which results into hot electrons formation. When the energy of photo-

generated electrons is high enough to cross the Schottky barrier [43] are subsequently transferred

NO,

H,

] N
, S1rm-NA

TiO,
Scheme 4.1. The proposed reaction mechanism for hydrogenation reaction of 1,3-DNB
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of TiO, helping -NO, group reduction to respective -NH, functionality. Further, the electron-
deficient and holes rich surface of Au NPs assist the oxidation of isopropyl alcohol (hole
scavenger) [44] into acetone, and hydrogen or H* ions which is further used for hydrogenation.
Thus, the excitons (electrons and holes) actively participate in this redox reaction. Moreover,
noble metal NPs have electron storage properties which improve charge separation and prevent

direct recombination of photo-generated charged species to enhance photocatalytic efficiency.

Conclusion

Au NPs (1-3 wt%) was deposited over prepared mTiO, using HDP method and TEM images
revealed their size to be ~3.89 nm and ~8.86 nm in case of 1 wt% and 3 wt% Au-mTiO,
nanocomposites respectively. Notably, the reduction of 1,3-dinitrobenzene under visible light
produces m-nitroaniline when treated with 1 wt% Au-mTiO, whereas m-phenylenediamine was
produced with 1 wt% Au-mTiO, nanostructures by reducing both —NO, groups. Thus, metal

particles found to be decisive for 100% selective photoreduction of the chosen model compound.
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CHAPTER 5

Time dependent size growth and oxidation state of co-catalyst for

nitroaromatics reduction over plasmonic Ag-TiO, under sunlight
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Schematic summary

In summary, noble Ag was deposited over commercially available TiO, (P25) at different
intervals of time (3-30 min). p-Nitrotoulene (p-NT), and p-nitrobenzaldehyde (p-NBAL) were
potentially reduced to p-aminotoulene (p-AT, 87% and 50% ) and p-aminobenzaldehyde (p-
ABAL, 70% and 38% ) with Ag®>-P25 (5 min deposited), and Ag*-P25 (30 min deposited)

respectively.
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5.1. Introduction

The effective use of solar energy is a prudent way to conduct catalytic reactions due to its
countless advantages like free of cost, the best substitute to fossil fuels, eco-friendly and most
significantly its renewability, etc. Although, many researchers [1-4] have employed different
semiconductors (SC) under solar irradiations for catalysis and environmental purification, still it
is very tedious to develop such a system which can harvest this energy efficiently. Thus,
heterogeneous nanocatalysts with suitable band edge positions can be used for reactions of
industrial importance under sunlight (solar photocatalysis).

As already explained in previous chapters, TiO, is an ideal candidate [5-7] however, there are
few shortcomings of titanium dioxide, i.e., fast recombination of photogenerated electrons (e)
and holes (h*) results into decreased quantum yield. Therefore, low interfacial charge transfer of
charge carriers has limited its efficiency. Moreover, the wider band gap of 3.2 eV has primarily
made TiO, (P25) inactive under solar because only a small portion (UV (4%)) of sunlight [8, 9]
can be effectively used. Usually, noble metals are loaded to overcome this limitation. It has been
reported in the literature that metallic Ag [10] modified TiO, nanocomposites (NCs) are
promising as compared to other expensive Au, Pd, Pt, Rh noble metals in practical applications
[11-14]. In addition to metallic Ag, ionic Ag (+1) has been also investigated in previous reports
to improve photoactivity [1-3, 15-17]. Ag,O possesses a low band gap ranging 1.0-1.46 eV
which matches well with TiO,, regarded as suitable for large scale applications [18-20]. Sarkar et
al. [21] proved that Ag,O/TiO, showed a considerable improvement in H, production under UV-
Vis light. Further, Jiang et al. [22] concluded that higher activity was credited to a synergetic
effect among Ag.0O/Ag/g-C3sN4. Furthermore, Gannoruwa et al. [23] stated Ag,O, and TiO,

ohmic contact with Ag increased the separation of e/h* which indirectly augmented the catalyst
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efficiency. Liu et al. [24] reported p-n junction of Ag,O decorated TiO, nanofibres improved
RhB decomposition under visible light. Nonetheless, their application to hydrogenation of
organic compounds is still limited.

In addition, the size, and distribution of the co-catalyst play a significant role for the betterment
of PCA because both chemical and physical properties can be tuned by size variation. It has been
reported [25-27] that Au particles with a diameter of less than 3 nm are considered to be
quantum sized and found to be highly effective and catalytic efficiency decreased with increment
in size metal particles. Additionally, the Fermi level is directly linked to co-catalyst size, -270
mV w.r.t NHE when Au NPs were of ~5 nm [28]. Zielinska-Jurek et al. [29] showed Ag-Pt/TiO,
as the most efficient catalyst with small-sized Pt (3 nm) and Ag (6 nm) deposits. m-
Dinitrobenzene reduction exhibited particle size-dependent activity/selectivity, smaller Au
particles more activity rates, irrespective of support [25]. But there is much to explore in
accordance to size or oxidation state of deposited nanoparticles.

This chapter deals with easy the preparation of plasmonic Ag-P25 NCs by changing the
deposition time (3-30 min) under UV irradiations. The prepared nanostructures were investigated
for nitroaromatics reduction sunlight relative to bare P25, and Ag>-P25 (5 min deposition) found
to be highly effective. The architecture of the catalyst is critical for its activity: small-sized Ag
particles (~1-2 nm) are needed and their distribution also matters. The oxidation state of co-
catalyst is also important: ternary hybrid (Ag.O/Ag-P25) was confirmed by XPS which
facilitated effective e- transfer from Ag,0 to TiO, via metallic Ag in Ag>-P25 NCs for successful
hydrogenation of -NO, group under solar irradiations. Both the size, and oxidation state of Ag

particles changed as deposition time is increased, affecting PCA.
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5.2. Materials and methods

5.2.1. Chemical and reagents

p-Nitrobenzaladehyde (98%, Spectrochem Ltd.), p-nitrotoluene (99%, Sigma-Aldrich) silver
nitrate (AgNO3), isopropanol (99%, loba chemicals), methanol (99 %, SD Fine Ltd.), ethanol (99
%, SD Fine Ltd.) were used without any further purifications. Commercially available degussa
P25-TiO,, and DI (de-ionized) water used for preparing solutions. HPLC grade methanol, and
water were used for HPLC analysis

5.2.2. Photodeposition of Ag on TiO; (P25)

100 mg of commercially available P25-TiO, powder was taken in test tubes containing 50 vol%
aqueous isopropanol (IPA) with 932 uL of AgNOj3 solution (0.01 mM) corresponding to 1wt%
Ag-TiO,. The solutions were argon purged for 20 min followed by sealing with rubber septum so
as to create an inert atmosphere. Further, the solutions were UV irradiated (Hg arc, 125 W, 300-
390 nm, 10.4 mWecm™) for 3 min, 5 min, 7 min, 10 min, 15 min, and 30 min under magnetic
stirring. The solutions were further centrifuged and several times washed with DI, and ethanol
followed by drying.

5.2.3. Characterization techniques

The characterization of nanoparticles has been carried out as discussed in Chapter 1 (section 1.4).
5.2.4. Photocatalytic activity

The photoactivity of bare P25 and prepared NCs was monitored by the reduction of p-
nitrotoluene (p-NT), and p-nitrobenzaldehyde (p-NBAL). The photocatalytic reactions were
carried out in test tubes containing TiO, photocatalysts (30 mg), 5 mL aqueous IPA (50 vol%)
and 1 mM concentration of p-NT/ p-NBAL reactants. The test tubes were purged with argon for

25 min and sealed with a rubber septum, and irradiated with solar irradiations in Patiala, India
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during June 2019 (1°-5" 11"™-13" and 19"-25") from 11 am to 4 pm with average sun
radiations of ~794 W/m? and ~40°C temperature. The obtained reaction mixtures analyzed with
HPLC using 70:30 of MeOH:H,0 solvent system at a wavelength of 255 nm, and obtained
products were also confirmed by GC-MS (specifications described in Chapter 1 (section 1.5)).
5.3. Results and discussion

5.3.1. Optical and structural properties

The optical absorption of bare and Ag deposited TiO, NCs is shown in Fig. 5.1 in which the
peaks below 400 nm wavelength are due to the transition of electrons from VB of oxygen orbital
(2p) to titanium orbital (3d) in CB. A new surface plasmon resonance (SPR) band appeared in
Ag-TiO, nanostructures due to coherent oscillations of Ag particles with incident light. A clear
red shift was observed as the photo-deposition time (PDT) was increased from 3-30 min. Amax
was found to be at 467 nm in case of 5 min deposition duration whereas it shifted to nearly 492
nm when the time was increased up to 30 min which clearly indicates the size growth of Ag NPs
is proportional to UV irradiation period. The plasmon band can be considered to be a function of
particles size or their distribution.

Fig. 5.2 represents the mean hydrodynamic size of bare P25 (TiO,) and its Ag deposited NCs. It
was seen that the commercially available P25 NPs were of nearly 135 nm in diameter whereas
the size gradually increased as the PDT was increased due to the continuous growth of Ag NPs
over TiO, support. It was found to be approximately 161 nm for Ag>-P25 (3 min PDT) and an
increment of 142 nm was seen for Ag*’-P25 (303 nm size). This observed growth may be due to
the aggregation of metal NPs over the surface of P25. Thus, the PDT has a direct co-relation with

the size and distribution of the co-catalyst over the precursor surface as elucidated in scheme
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embedded in Fig. 5.2, which indirectly determines the photocatalytic efficiency of the

nanocomposites.
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Fig. 5.1. Influence of deposition time (3-30 min) on plasmonic Ag band and Ag®-P25
represents Ag deposited over P25 for 3 min
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Fig. 5.2. Co-relation study of photo-deposition time (PDT) with average hydrodynamic
size of prepared nanocomposites
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Further, the XRD patterns of P25 and its prepared Ag-P25 counterparts are shown in Fig. 5.3
which showed the presence of both anatase, and rutile in 70:30 ratio in all the photocatalysts
similar to bare P25, matches with JCPDS card 21-1272. The diffraction peaks at values of 26
(25.3° 38.4° 48° 55° and 62.7°) corresponding to different anatase planes ((101), (112), (200),
(105), and (204)) whereas other planes are marked as rutile indicated with R. Moreover, a small
peak was observed at 32.5° indexed to (111) plane [30] in case of Ag>-P25 NC corresponding to
Ag,0 phase whereas this peak is not seen in other photocatalysts. It has been reported in the
literature [31] that metallic Ag is usually found to be at nearly 38.9° with (111), and 44.5° (200)

were ascribed to facets of Ag® nanocrystallinity [32]. It can be concluded from obtained XRD
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results that Ag,O was reduced to metallic Ag as the PDT increased from 5-30 min. Both
oxidized, and elemental Ag was found to be present in Ag>-P25 while no traces of Ag,O were

found in the case of Ag*°-P25 which was later confirmed by XPS.

Average size ~ 1-2 nm

28 -

Intensity (a.u)

05 1.0 1.5 20 25 30 35 40
Size of Ag nanoparticles (nm)

Fig. 5.4. (a-b) High resolution TEM images; (c) SAED pattern, and (d) average size of Ag
nanoparticles in Ag>-P25

The size and morphology of prepared Ag®-P25, and Ag**-P25 NCs were determined by HR-TEM

analysis (Fig. 5.4, and Fig. 5.5). The size of commercially available P25 was in the range of 40-
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50 nm whereas the loaded Ag NPs were of ~1-2 nm, and ~7-8 nm for Ag>-P25, and Ag*’-P25,
respectively. The distribution of co-catalyst particles was uniform in nature and particles were of
spherical shape. In case of Ag®>-P25, the dense distribution of Ag NPs with small-sized particles
was clearly observed from obtained images whereas bigger sized NPs were spread distantly over
P25 which shows the growth of co-catalyst with increasing PDT. The size, and distribution of

loaded the NPs affect the photocatalytic efficiency of the NCs.
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Fig. 5.5. (a-b) High resolution TEM images; (c) SAED pattern, and (d) average size of Ag
nanoparticles in Ag*’-P25
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Moreover, the SAED patterns are also incorporated which showed the presence of metallic, and
oxidized Ag NPs in Ag®>-P25 whereas only elemental Ag was found to be present in Ag*°-P25

counterparts, confirmed by XPS analysis. Additionally, the elemental composition was

determined by EDS as shown in Fig. 5.6.
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Fig. 5.6. EDS pattern of (a) Ag*-P25; (b) Ag>-P25; (c) Ag*>-P25, and (d) Ag*’-P25

5.3.2. Current (I)-voltage (V) characteristics

The current (I) behavior was recorded corresponding to the applied voltage (V) by preparing

pallets of 2 mm thickness for respective catalysts represented in Fig. 5.7 showing their

semiconductor nature. A silver coating was applied on both sides so as to ensure electric contact

before analysis. Higher conductivity was shown by Ag®-P25 (0.0032 A) in comparison to Ag®-
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P25 (0.0014 A), Ag™-P25 (0.0023 A), and Ag*’-P25 (0.0020 A) which may be explained on the
basis size or distribution of co-catalyst over P25 (TiO;) surface. Bare P25 showed an ohmic
nature (Fig. 5.7 inset) whereas non-ohmic properties started developing after Ag-P25 NCs due to
increased lifetime and effective electron transfer within formed heterojunction [33]. This non-
ohmic response was observed due to the Schottky barrier in NCs junction. It was seen that Ag®-
P25 heterojunction developed a little ohmic character as compared to others because of effective
electrons quenching towards the Ag surface which reduced the electron-hole recombination rate,

thereby, increasing the —NO; group reduction, and found to be most efficient photocatalyst.
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Fig. 5.7. Current-voltage (1-V) curves of various nanoparticles
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5.3.3. Elemental oxidation state study

The elemental oxidation states in Ag>-P25, and Ag®-P25 were carried out by X-ray
photoelectron spectroscopy (XPS). Fig. 5.8(a) shows the survey spectrum of Ag>-P25 composed
of elements like Ti, O, and Ag. Seen from 3d XPS fitted spectrum (Fig. 5.8(b)), the binding
energies (BE) at 373.1 eV, and 367.2 eV corresponding to Ag 3ds/,, and Ag 3ds,, respectively of
Ag in zero oxidation state [34] whereas other prominent peaks at 373.4 eV, and 367.4 eV
represent Ag 3dsand Ag 3ds; respectively for Ag,O [35] which means Ag” exists significantly

in the material.
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Fig. 5.8. XPS pattern of Ag>-P25 nanocomposites
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In case of Ti 2p, BE values at 464.7 eV, and 458.5 eV are assigned to +4 oxidation state of Ti

with respect to 2py, and 2psp, respectively. Moreover, interesting peaks were observed at 457.2

eV (Ti 2psp), and 463.5 eV (Ti 2pyy) shows the formation of Ti*3. Further, the fitting of O 1s

XPS curve showed three types of oxygen species. BE at 529 eV credited to ionic Ag-O bond

whereas the 529.8 eV, and 531.5 eV values were attributed to TiO,, and H,O respectively.
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Fig. 5.9. XPS pattern of Ag®®-P25 nanocomposites
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In case of Ag*®-P25 (Fig. 5.9), the Ag curve showed two significant peaks at BE of 374.1 eV,
and 368. eV with respect to Ag 3ds,, and Ag 3ds», which confirmed the presence of metallic Ag,
supported with reported literature [34]. But there was no other peak observed corresponding to
AgO (367.2 eV) or Ag,0 (367.8 eV) which clarifies the non-existence of silver oxides. The
binding energy values at 458.5 eV, and 464.3 eV were recorded assigned to Ti 2ps;, and Ti 2py,
respectively due to the formation of typical oxidation state of Ti**. In case of O 1s, 530.0 eV was
credited lattice oxygen.

5.3.4. Photocatalytic activity

Initially, the photocatalytic activity of bare, and Ag deposited NCs was monitored by carrying p-
nitrotoluene (p-NT) reduction under sunlight and the efficiency was evaluated using HPLC
analysis. The HPLC pattern (Fig. 5.10(a)) reveals the position of standard p-NT (1 mM, 5 pmol)
at retention time (tg) of 7.6 min, and when the reactant was treated with bare P25 (TiOy) for 3 h
under solar irradiations, the pattern was found to be same as that of reactant (p-NT) without
indicating the appearance of any other peak as shown in Fig. 5.10(b). It reflects that the
photocatalyst was inactive towards nitro compound reduction because bare TiO, is UV active
material. Usually, metal NPs are loaded for sensitizing titania in visible or sunlight. Herein, 1
wt% of Ag metal was deposited over the surface of P25 by varying the deposition time to
activate NCs under solar irradiations and p-NT hydrogenation was carried under similar reaction
conditions which resulted in the appearance of another peak apart from p-NT. With Ag®-P25
nanostructures, the intensity of nitroaromatic peak reduced from 600 mAu to nearly 330 mAu
and another peak at tg=5.5 min was seen with an intensity of about 270 mAu elucidated in
supporting information (Fig. 5.10(c)). Further, a sharp increase of peak at 5.5 min was noticed

when the reaction was carried out with Ag>-P25 NCs (Fig. 5.10 (d)) determined the formation of
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Fig. 5.10. HPLC pattern of (a) std. p- NT; (b-h) hydrogenation of p-NT when treated with P25, Ag®-
P25, Ag®-P25, Ag’-P25, Agr’-P25, Ag™®-P25, and Ag®-P25, respectively
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corresponding amine, p-aminotoluene (p-AT). However, the product peak gradually decreased
after treating the p-NT with Ag’-P25, Ag™®-P25, and Ag™-P25 elucidated in Fig. 5.10(e-g). There
was not much difference in product formation with Ag*>-P25, and Ag*-P25 (Fig. 5.10(h)) with a
peak intensity of 345 mAu, and 300 mAu respectively. Additionally, a comparative graph is
plotted (Fig. 5.11(a)) showing the amount of reactant (p-NT) which remained unreacted and

corresponding product (p-AT) formed with all prepared NCs.
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A noticeable catalytic efficiency difference was observed with for Ag>-P25 (p-AT~4.42 pmol)
and Ag*’-P25 (p-AT~2.5 pmol) which is mainly due to size and effective distribution Ag NPs
over the support. It was also influenced by the oxidation state of loaded Ag particles. As
explained in XPS, both metallic Ag and Ag" are present in Ag*’-P25 which formed a ternary
heterojunction to facilitate the transfer of electrons more effectively which has also enhanced the
PCA whereas Ag was found to be in elemental oxidation state in case of Ag*°-P25 which might
have reduced the activity. Further, a comparative calculated yield of the obtained product with
prepared NCs is also shown in Fig. 5.11(b). Moreover, the products obtained Ag®-P25, and Ag™*-

P25 were also analyzed by GC-MS (Fig. 5.12) which were found to be in good co-relation with

HPLC data.
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Fig. 5.12. GC-MS of p-NT hydrogenation when treated with (a) Ag™-P25, and (b) Ag*’-P25

Moreover, p-nitrobenzaldehyde (p-NBAL) hydrogenation was also investigated under the same
conditions as explained for p-NT reduction. The authentic sample of p-NBAL before the reaction

was tested using HPLC and a sharp peak at 6.8 min (Fig. 5.13(a)) was observed.
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When the similar reactant was monitored with P25, the peak remained at the same retention time
with almost the same intensity elucidated in Fig. 5.13(b). It showed that bare P25 was unable to
reduce -NO, group under sunlight due to its UV active nature. In this regard, the reaction was
then carried out by synthesized Ag-P25 nanostructures and a new peak of variable intensity at
4.2 min along with reactant was detected (Fig. 5.13). A similar trend was followed as that of p-
NT reduction, a small peak with 200 mAu intensity can be seen for Ag®-P25 (Fig. 5.13(c)) which
suddenly increased up to 450 mAu (Fg. 5.13(d)) with Ag>-P25 treatment. However, the intensity
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Fig. 5.14. Comparative (a) concentration, and (b) reaction efficiency for reduction of p-NT with
prepared photocatalysts
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In addition, the calculated amount of product (p-ABAL) formed and the reactant left was plotted
in Fig. 5.14(a) with the corresponding yield of products (Fig. 5.14(b)). Moreover, the products
obtained Ag®-P25, and Ag*°-P25 were also analyzed by GC-MS (Fig. 5.15) which were found to

be in good co-relation with HPLC data.
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Fig. 5.15. GC-MS of p-NBAL hydrogenation when treated with (a) Ag>-P25, and (b) Ag**-P25

5.3.5. Schematic mechanism representation of Ag,O/Ag-P25 system

Upon solar irradiations, the photo-generated electrons are transferred to CB of Ag,O leaving
behind the holes in its VB as shown in Scheme 5.1. In case of Ag,O/Ag-P25 system, both Ag (0)
and Ag (+1) act as light-harvesting units because silver possesses dual nature, it helps to sensitize
TiO; in visible/sunlight due to strong LSPR (Localized Surface Plasmon Resonance) effect [36,
37] and generate hot electrons with higher Kkinetic energy because of their low heat capacity
under photonic irradiations. These electrons are further transferred to CB of P25 (TiO,) due to its

more positive potential value, thereby, suppressing the recombination of charge carriers and
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increasing the PCA. Ag,O/Ag-P25 ternary system followed a photocatalytic system that is quite
similar to Z-scheme. Herein, metallic Ag NPs act as electron pool to enhance the electron
transfer from Ag,O CB (p-type) to TiO, CB (n-type) by crossing the Schottky barrier [38]. Thus,
transferred electrons via Ag are further used to carry out —NO, group reduction whereas the
holes are used to oxidize IPA to acetone and hydrogen. The excessive holes produced might be
used to oxidize Ag to Ag,O so as to maintain a balanced ternary hybrid heterojunction
(Ag20/Ag-P25). Thus, this novel hybrid improves electron transportation and reduce electron-

hole recombination to increase reaction efficiency.

Potential vs NHE (eV)

Scheme 5.1. Plausible mechanism for nitroaromatics (Ar-NO;) hydrogenation with
Ag,0/Ag-TiO, (P25) nanoparticles under sunlight
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Conclusion

The focus of this study was mainly on the role of PDT (3-30 min) which was found to be directly
co-related with size, distribution and oxidation state of deposited Ag NPs over titania surface,
responsible for superior photocatalytic activity. HR-TEM images confirmed the size of Ag
nanoparticles to be ~1.5 nm and ~7.5 nm for Ag>-P25 and Ag®*-P25 respectively. Solar irradiated
plasmonic Ag-TiO, (P25) nanocomposites have proficiently harvested solar energy towards
nitroaromatics reduction comparatively to almost irresponsive bare TiO,. p-NT and p-NBAL
were potentially reduced to p-AT (87% and 50%) and p-ABAL (70% and 38%) with Ag>-P25
and Ag®-P25 respectively.
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Conclusions and future outlook

The literature describes the general mechanism of photocatalytic reduction of nitroaromatics
with TiO; nanostructures. The approaches to extend the applicability of TiO, for other organic
compounds by modifying its electronic structure has been discussed in this thesis. In same
context, effect of size/morphology, and metal loading has been elaborated in terms of previous
work done. Moreover, the detailed description of characterization techniques used for the
analysis of synthesized TiO, nanoparticles such as optical spectroscopy, X-ray diffraction,
electron microscopy, time resolve spectroscopy, etc., is presented in chapter 1. Further, the
photocatalytic reaction set up and reaction mixtures analysis is discussed in detail.

Initially, the preparation of mono-dispersed, and small sized TiO, NPs hydrothermally was done
by changing titanium precursor concentration in acidic ethanol, and water ratio. It was noticed
that TNS2 possessed highest surface area (323 m?g?), smallest size (~8 nm), predominant
anatase, and largest band gap energy of 3.85 eV with estimated CB edge at -0.61 eV vs NHE
scale which is lying 0.32 eV upwards as that of TiO, (P25). It is anticipated that decrease in
particles size leads to an increase in surface area, and varies optoelectronic properties of
nanosized material due to quantum confinement effect. Most importantly, the electronic structure
of TNS1, and TNS2 was modified by controlling particle size which leads to tuning of band edge
positions and the catalysts resulted into aldehyde group hydrogenation having higher reduction
potential level by falling in its vicinity to transfer electrons easily so as to make reduction
feasible whereas TiO, (P25) was unable to reduce -CHO group. Thus, the band gap engineering
is an essential aspect influencing photo-reductive power of nanostructures. Moreover, the
oxidation of IPA to acetone was also quantitatively determined by GC-FID during p-NBAL

hydrogenation.
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Moreover, it was noted that the morphology, size, and appropriate metal loading on the catalyst
surface are prime factors for varying band gap energies of the catalysts determined from optical
and electrochemical studies. Suitable band edge positions are primarily required to extend TiO,
photocatalytic applicability for reducing functional groups with higher reduction potentials.
Herein, Cu-TNT found to be the most efficient catalyst to reduce aromatic nitrile probably due to
its most suitable CB levels. Therefore, this proposed mechanism can be extended to the
hydrogenation of other groups such as -N3, RCHO, RCOOR’, etc., under mild reaction
conditions. Moreover, Cu incorporated composites have enhanced reaction efficiency because
Cu NP’s suppressed the recombination rate of charge carriers and their variable oxidation state
(0, +1) improved e- transportation.

Further, Au loaded mesoporous TiO, were found to be highly selective, and efficient
photocatalysts. The content of Au on the TiO, surface has controlled the selectivity of product
formation. Herein, 1 wt%, and 3 wt% of Au-mTiO; resulted 1,3-DNB hydrogenation into m-NA
and m-PDA respectively as final products in the presence of visible irradiation. Moreover, the
reaction efficiency enhanced nearly 1.7 times with Au-mTiO, (1%) as compared to Au-P25
(1%). Hence, efficient activity, and selectivity of the reaction found to be in direct co-relation
with support used and amount/size of metal loaded respectively.

Furthermore, the deposition of noble Ag over commercially available TiO, (P25) at different
intervals of time (3-30 min) was monitored. Firstly, it was noticed that size of deposited Ag NPs
started increasing when photo-deposition time was increased which was analyzed by DLS and
then confirmed by HR-TEM to be nearly ~1.5 nm, and ~7.5 nm for Ag>-P25 and Ag*-P25
respectively. Secondly, the distribution of the co-catalyst was also affected with deposition time,

particles were very closely distributed in case of Ag>-P25 whereas the aggregated/grown sized
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Ag particles were seen to be distantly placed in case of Ag*’-P25 NC. Thirdly, the oxidation state
was also highly influenced by PDT which was confirmed by XPS analysis. Both oxidized
(Ag,0) and metallic Ag were found to exist in Ag>-P25 to form a ternary hybrid (Ag,O/Ag-P25)
but no traces of Ag,O were found in Ag®-P25. The PCA gradually decreased when PDT was
increased beyond 5 min and checked upto 30 min. It was clearly determined that Ag>-P25 was
highly photo-responsive towards p-nitrotoulene (p-NT, 87%), and p-nitrobenzaldehyde (p-
NBAL, 70%) reduction relative to no reduction with bare P25 under solar irradiations by
maintaining similar reaction conditions. In contrary to 5 min deposited NC, the reduction of p-
NT and p-NBAL fell to 50%, and 39% margin PDT was 30 min. Thus, it can be concluded that
size, distribution, and oxidation state of the co-catalyst is highly influential for catalytic

efficiency.

To recapitulate, the work done in this thesis describes feasible approaches to modify TiO, based
nanostructures in order to perk up the photocatalytic efficiency of hydrogenation reaction of
organic compounds which are industrially as well as commercially important. Literature shows
that mainly nitroaromatics reduction is studied with TiO, NPs and other functionalities are not
much studied. Here, it has been revealed that the electronic structure of TiO, NPs can be
modified by size or shape modifications to extend their applicability to higher reduction potential
possessing groups such as -CN, -CHO, etc. Further, the selectivity of products during reduction
process is very important which is not easy in conventional organic synthesis. Herein, the
selective reduction of 1,3-dinitrobenzene is studied in detail. Furthermore, in order to sensitize
TiO, nanostructures under visible light or solar irradiations, plasmonic metals were loaded, and

photocatalytic reduction of —NO, functional group was carried out under mild reaction
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conditions. After concluding this work, it needs an extension on the basis of morphological
variations to modify their band energetic so as to extend applicability to other functional groups
like azide (-N3), carboxyl (-COOH), etc. Further, A single faceted titania NPs can also be used
improve photo response and plasmonic metals can further improve interfacial contact for better

electronic transportation to increase overall quantum yield of hydrogenation reactions.
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Mono-dispersed and smaller sized TiO, nanospheres (8 nm and 20nm) exhibited superior photo-
reductive efficiency for few aromatic aldehydes under UV light. It has been found that p-
nitrobenzaldehyde and benzaldehyde are efficiently reduced to p-aminobenzyl alcohol (80% and 61%)
and benzyl alcohol (59% and 38%) by 8 nm and 20nm particles respectively, relative to negligible
reduction by TiO, (P25) under same experimental conditions. However, the successful photo-reduction
of p-nitrotoluene (97%) was observed with P25 whose reduction potential (—0.5eV) lies below the
conduction band (CB, —0.85 eV vs NHE) of the catalyst. These findings can be explained on the basis of
unsuitable and mismatched CB of P25 with respect to the lowest unoccupied molecular orbital of —CHO
group to access its photo-activity. However, this hydrogenation occurred by synthesized smaller sized
TiO, particles (8 nm and 20 nm) due to their favorable band gap (3.85eV and 3.62 eV) and conduction
band edge (—0.61eV and —0.50 eV). Moreover, the other physio-chemical characteristics of 8 nm and
20 nm sized particles such as surface area (323 m?g~! and 297 m?g~!), higher charge carrier relaxation
time (61 s and 40 vs) are also co-related for ease of photo-activity relative to TiO, (P25).

© 2019 The Korean Society of Industrial and Engineering Chemistry. Published by Elsevier B.V. All rights
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Introduction

The feasibility of nitroaromatics hydrogenation by TiO, (P25)
under light irradiation is due to its higher conduction band
(CB, —0.85eV vs NHE) edge position as compared to the reduction
potential of -NO, (—0.5eV) group [1-3]. Kaur et al. [4] reported the
photocatalytic reduction of 2,2’-dinitrophenyl selectively to benzo
[c]cinnoline (95%), and 2,2’-biphenyldiamine (5%) whose amount
was increased by increasing the irradiation time beyond 24 h due
to further hydrogenation of major product with commercially
available TiO, (P25). On the other hand, the reduction of other
functionalities (—CHO, -CN, -Ns, etc.) is not much studied by
commercially available titania nanoparticles because of their non-
suitable lowest unoccupied molecular orbital (LUMO) which lies
above with respect to CB of TiO,. Therefore, it is necessary to
modify the electronic structure so to extend its hydrogenation
applicability for overpotential groups which produce industrially
useful compounds.

The hydrogenation of aromatic aldehydes is industrially impor-
tant reaction due to its widespread applications in the formation of

* Corresponding author.
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vitamins, pharmaceuticals, paints, drugs, polymers, etc. [5-11]. One
of the research group disclosed the presence of alcoholic hydroxyls
which acts as HIV-1 protease inhibitor [ 12]. Much attention has been
given to prepare nanocatalysts such as Pt, Pd, Ni, Ru, etc. and
transition metals supported on various oxides (TiO,, Al;03, SiO-) for
these reduction reactions [8,13-21]. However, the hydrogenation of
C=O0is very difficult because it produces additional components like
toluene and benzene during benzaldehyde catalytic hydrogenation
in liquid phase [14]. Moreover, the continuous hydrogen flow and
higher temperature or pressure conditions are required to carry out
these reactions using metallic catalysts. In contrary, it would be
more valuable if these reduction reactions occur in the presence of
light source without using any kind of reducing agent or an external
hydrogen source, via greener method. Further, TiO, has emerged as
an active photocatalyst and it is highly interesting to study the
evolution of size or shape dependent electronic behavior of
nanomaterials which can be further employed for hydrogenation
of higher reduction potential possessing —CHO group by tuning the
band energetics of catalyst [22,23]. In this regard, we have
recently reported benzonitrile hydrogenation successfully by
changing the morphologies of Cu-TiO, nanoparticles which in turn
modified the band edges and facilitate the —-CN group reduction
which does not occur by commercially available TiO, (P25) due to
unsuitable CB level [24].

1226-086X/© 2019 The Korean Society of Industrial and Engineering Chemistry. Published by Elsevier B.V. All rights reserved.
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Photoreduction of nitroaromatics into amines with TiO, (P25) via greener method has attracted a great
deal of interest. Generally, this reaction is feasible as the reduction potential of nitro groups (-0.5eV) lies
below the conduction band (-0.85eV vs. NHE) of TiO,. However, functional groups such as nitrile (-CN),
azido (-N3), aceto (-CH3CO), etc. are generally not photoreduced by conventional P25 due to their unfa-
vorable reduction potential relative to titania. This report demonstrates efficient photocatalytic reduction
of aromatic nitriles by tuning the band energies of Cu-TiO, nanostructures of different morphologies. The
band energetics were determined by optical and electrochemical studies which revealed that Cu loaded
titania nanotubes (Cu-TNT) possess more negative conduction band gap (-2.7eV vs. vacuum) energy as
compared to LUMO level of benzonitrile (-2.82 eV). This factor has probably facilitated better reduction
efficiency of benzonitrile (>90%) and its derivatives with Cu-TNT in comparison to almost no reactivity
with Cu-P25 under similar conditions. In addition to suitable conduction band position of Cu-TNT, pres-

Keywords:
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Benzonitrile photocatalytic reduction
Conduction band energetics

ence of anatase phase and higher surface area (204 m?/g) might have enhanced the reaction rate.
© 2018 Taiwan Institute of Chemical Engineers. Published by Elsevier B.V. All rights reserved.

1. Introduction

Among various semiconductors, TiO, is considered to be highly
prominent photocatalyst due to its better electrochemical proper-
ties, chemical stability and higher photocatalytic efficiency with
great potential in various areas. As per mechanism, when TiO, is
irradiated with light energy equal or greater than its band gap en-
ergy, electrons (e~) get excited from valence band (VB) to conduc-
tion band (CB) whereas holes (h™) remain within VB. These charge
carriers (e~ and h*) are able to perform redox reactions depending
upon reaction conditions. It is evident from literature, oxidation re-
actions are extensively studied with TiO, [1-6] whereas mainly ni-
troaromatics photoreduction is reported [7-10]. This photocatalytic
reduction is feasible due to less reduction potential of -NO, group
(—=0.5eV vs. NHE) as compared to the conduction band (CB) of
TiO, (0.85V). The attempts have been made to improve the activ-
ity/selectivity [11,12] of the reaction by changing size, shape, crys-
tal phase, etc. which in turn modifies electronic structure [13] of
the catalyst. Pal et al. [9] have reported 100% selective formation
of m-nitroaniline with rutile TiO, under UV light. Elongated titania
nanostructures proved to be highly active relative to commercially
available P25 (TiO,) due to better delocalization of excitons and
superior surface properties [14-16]. Moreover, the photocatalytic
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activity of titania nanostructures can be further improved with
transition metals impregnation [17-19]. Gonzalez and co-workers
[20] prepared Ag/TiO,—Cu composite and it reduced 4-Nitrophenol
into its corresponding amine with nearly 96% yield in half an hour.
Moreover, Cu NPs of various morphologies [21] also influenced the
nitroaromatics reduction and the co-catalytic activity of Cu loaded
on TiO, was found to be highest for Cu nanowires. From these re-
ports, there is a possibility to extend reduction power of TiO, for
other groups such as nitrile (-CN), azido (-N3), aceto (-CH3CO), etc.
which are scarcely reported due to mismatch of their reduction po-
tentials with respect to P25 as shown in Fig. 1. Therefore, modifi-
cations in structural, optical and electronic properties of TiO, can
probably reduce these substrates as well.

Aromatic nitriles are very important compounds which are used
as intermediates and solvents in pharmaceuticles, rubber and pe-
siticides [22]. Thus, these are normally present in industrial efflu-
ents. Due to their toxic nature towards living beings [23], their
detoxification or reduction is an important issue. Various bioreme-
diation methods have been used for their decomposition [24] but
restricted conditions of temperature and pH are required. Although
hydrogenation of aromatic nitriles represents a valuable route for
industrially important amines, it would be more interesting if it
occurs in the absence of external H, source at room temperature
and reducing agent under mild conditions.

There are only a few reports [25,26] for the reduction of nitrile
derivatives by non-conventional and green method with TiO,. To
carry out these reactions, electronic structure of photocatalyst is to

1876-1070/© 2018 Taiwan Institute of Chemical Engineers. Published by Elsevier B.V. All rights reserved.
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This study demonstrates the co-catalytic effect for selective hydrogenation of a particular group in a mul-
tifunctional organic compound. Transmission electron microscopy (TEM) studies revealed that Au loaded
nanoparticles were found to be of ~3.89 nm and ~8.86 nm with 1 wt% and 3 wt% metal loading respec-
tively by homogeneous deposition precipitation (HDP) method over synthesized mesoporous titanium
dioxide (m-TiO,) nanoparticles. The Au particles were deposited in the metallic state which was con-
firmed from X-ray photoelectron spectroscopy (XPS) with a binding energy of 84.0 eV and 87.7 eV cred-
ited to 4fs), and 4f;, spin states respectively. In this Au-mTiO, heterojunction, metal particles found to be
decisive for 100% selective hydrogenation of 1,3-dinitrobenzene under visible light. Predominantly, m-
nitroaniline formed when 1,3-dinitrobenzene was treated with 1 wt% Au-mTiO, whereas 100% photore-
duction of both nitro groups occurred with 3 wt% Au-mTiO,. Hence, 1,3-dinitrobenzene exhibited particle
size sensitive photocatalytic hydrogenation under mild conditions without using any reducing agent.

© 2019 The Society of Powder Technology Japan. Published by Elsevier B.V. and The Society of Powder

Technology Japan. All rights reserved.

1. Introduction

Titanium dioxide has appeared as a material of great interest
these days due to its long-term stability, nontoxic nature, low cost
and a wide range of applications [1-3]. However, commercially
available TiO, (P25) has limitations [4,5] such as fast recombina-
tion rate of charge carriers, low surface area, absorption mainly
in the UV region, etc. To overcome such hurdles, many attempts
have been made for structure and optical modifications. Recently,
mesoporous TiO, [6,7] has been evolved as an effective catalyst
because the presence of pores in nanostructured type substance
can enhance both physical and chemical properties. As compared
to TiO, (P25), active sites of the mesoporous TiO, increase due to
its uniform channels which results in better structural properties
and higher surface area for the efficient photocatalytic activity
[8-11]. Further, the noble metals (Au, Ag, Pt, etc.) deposition on
the TiO, surface has attracted the attention of the research area.
The M-TiO, (metal-TiO,) heterojunction is a key factor to enhance
the photocatalytic activity and these noble metal nanoparticles
(NP’s) act as photo-sensitizers in visible light [12,13]. As per mech-
anism, the electrons get transferred from metal NP’s to the conduc-
tion band (CB) of TiO, due to surface plasmon resonance (SPR)
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effect and which are further used for reduction purpose. From
the literature it is clear that Au-TiO, catalysts are extensively stud-
ied due to dual nature of Au i.e; higher ability to sensitize visible
light [14,15] and generate hot electrons with higher kinetic energy
due to its low electron heat capacity value.

Moreover, the amount and size of the co-catalyst loaded on a
semiconductor surface can affect its catalytic activity as well as
selectivity. Size of loaded metal is influenced by the number of par-
ticles deposited [16] on the semiconductor and their way of distri-
bution over the surface. As far as Au-TiO, is concerned, it is
reported that Au particles whose size is between 2 and 5 nm are
found to be more effective [17,18]. Further, the Fermi level shifts
upward depending upon the size of loaded Au NP’s. It was
observed to be 270 mV w.r.t. NHE when Au particles size was about
5 nm on TiO, surface [19]. Mohr and co-workers have determined
the edges of Au NP’s in Au-TiO, composite for preferred hydro-
genation of acrolein [20]. However, a decrease in activity was
observed when particles size was less than 2 nm might be due to
loss of metallic nature of Au [21,22]. Additionally, the potential
of Au metal for selective hydrogenation of nitro groups has been
also reported [23-25]. Selectively m-nitroaniline (m-NA) and m-
phenylenediamine (m-PDA) product formation from 1,3-
dinitrobenzene (1,3-DNB) reduction has high industrial impact
[26]. However, there are few reports for dinitrobenzene selective
reduction with TiO, which are achieved by altering the phase of

0921-8831/© 2019 The Society of Powder Technology Japan. Published by Elsevier B.V. and The Society of Powder Technology Japan. All rights reserved.
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ARTICLE INFO ABSTRACT

This study reveals the impact of different amount of Ag photo-deposited on the surface of TiO, for improved
oxidation of p-nitrobenzaldehyde (p-NBAL) and reduction of p-nitrobenzoic acid (p-NBA) under UV or sunlight
irradiation. Due to formation of Ag (1-3 wt%) nanodeposits over TiO,, the hydrodynamic size of Ag-TiO,
composite is increased by 1.5, 1.8 and 2.7 times relative to bare P25-TiO, (~252 nm). The intensity of optical/
surface absorption (463 nm) band and emission of various Ag-TiO, hybrid composites varied significantly as
function of the amount of Ag loadings. TEM analysis of 2 wt% Ag loaded TiO further evidenced the growth of
Ag nanoparticles (~10 nm) on the support. It was found that the oxidation of p-NBAL and reduction of p-NBA by
2 wt% Ag-TiO, under sunlight irradiation occurred quite efficiently whereas bare TiO, showed negligible ac-
tivity under same reaction conditions. The plasmonic interactions within Ag and TiO, enhanced visible light
sensitivity which was evident from higher reduction efficiency (2.2 times) of p-NBA under solar light than UV
exposure. Thus, different amount of Ag co-catalyst and irradiation source have influenced both the activity and

Keywords:

Ag plasmonic effect

Selective oxidation/reduction
UV/sunlight irradiation
Co-catalysis

Ag-TiO, nanocomposites

selectivity for oxidation and reduction reactions.

1. Introduction

P25-TiO; has proven to be a widely used semiconductor in various
photocatalytic reactions (Grzechulska and Morawski, 2003; Hurum
et al., 2003; Ohtani et al., 2010; Sakai et al., 2013; Thevenet et al.,
2014; Toepfer et al., 2006) such as decomposition of dyes, acids, ni-
trophenols, pharmaceuticals, herbicides, catechol, aromatic amino
compounds, oxidation and reduction of organic compounds etc. under
UV irradiation. It is promising photocatalyst (Chen and Selloni, 2014;
Linsebigler et al., 1995) due to its chemical inertness, high surface
adsorption affinity, cost-effectiveness, hydroxylated surface mor-
phology, non-toxic nature (Schneider et al., 2014) and possesses out-
standing oxidative/reductive power. The mechanism of oxidation/re-
duction reaction under UV irradiation with TiO, involves the
absorption of light to generate excitons (electrons (e ~) and holes (h™))
followed by migration of negatively charged species to conduction band
(CB) whereas h™ remain within valence band (VB). The photo-gener-
ated e~ and h™ further help in reduction and oxidation of organic
compounds respectively. Although TiO, is highly photoactive material
but its use is limited to UV region and possess higher recombination
rate of charge carriers. To overcome these limitations, metals nano-
particles are deposited (Zhai et al., 2013; Zhang et al., 2009; Zhao et al.,
2019) to induce stronger visible light absorption and activate titania
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nanocomposites to improve their photoactivity (Chuang and Chen,
2009; Dong et al., 2019; Ishibai et al., 2008; Kuhn et al., 2019; Li and Li,
2002; Seery et al., 2007; Sonawane and Dongare, 2006). Moreover, the
nature of metal and support also influences the photocatalytic activity
(PCA) attributed to metal-support interactions (Liu et al., 2019;
Sasirekha et al., 2006), phase transformation (Van Viet et al., 2018),
deposition method (Imizcoz and Puga, 2019), etc.

Ag is mostly used (Chen, Z. et al., 2014) among various metals
because of its relatively low cost, non-toxic nature, special oxygen ad-
sorbed behavior and anti-bacterial properties (Guan et al., 2019; Jose
et al., 2019; Moongraksathum et al., 2019). The fabrication of Ag na-
noparticles (NPs) on TiO, support improves its physical and chemical
properties. Moreover, Ag is a plasmonic metal having high Schottky
barriers and acts as solar light sensitizer (Wang et al., 2019; Zhang
et al., 2019), renders a strong LSPR (Localised Surface Plasmon Re-
sonance) effect (Handoko et al., 2019; Hou and Cronin, 2013; Kaur and
Pal, 2015; Mohammad et al., 2019; Rather et al., 2017; Zhao et al.,
2019; Zhou et al., 2012) which enriches the PCA by shifting UV light
absorption of semiconductor to visible light. Wen et al. (Wen et al.,
2019) reported that Ag loaded titanium dioxide nanotube (Ag-TNT)
showed efficient photocatalytic activity which further enhanced their
performance as an oxygen indicator. Moreover, the size or amount of
co-catalyst used for loading over semiconductor surface also influence
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This report signifies the synthesis of ZnO nanorods, cotton ball like structures, nanospheres and their Cu loaded
counterparts for effective photocatalytic degradation of methyl parathion pesticide under UV light. Pesticides
accumulation in ecosystem becomes major problem which affects health. Zinc oxide is a promising photocatalyst
for degradation of pesticides and dyes because of its higher stability, low cost and non-toxic nature. Herein, the
synthesized catalysts were characterised by diffused reflectance spectroscopy, X-ray diffraction, scanning elec-
tron microscopy techniques and transmission electron microscopy. ZnO nanorods (ZNR) proved to be better
catalyst as compare to other synthesized nanostructures because of its elongated morphology. ZNR were nearly
1.4 times more efficient than ZnO cotton ball like structures. Moreover, photocatalytic activity was also
enhanced by Cu loading due to low recombination rate of excitons. Cu loaded ZNR were found to degrade whole
compound up to 99% in just 80 min whereas bare ZNR took 3 h under similar conditions. Thus, efficiency of Cu-
ZNR had been increased nearly 6 folds as that of bare ZNR.

1. Introduction

Mostly in developing countries, pesticides are used to increase the
crop production by killing unwanted pests. Organophosphorus pesti-
cides (OPs) are widely applied due to low cost and these are very
effective to control weeds [1] and diseases [2]. However, these OPs are
frequently detected in surface and ground water [3] due to their highly
toxic nature because of inhibition of acetylcholinesterase enzyme which
affects nervous system and cause health problems such as carcinoge-
nicity [4] and neurotoxicity [5]. Photocatalytic degradation is an
effective route to lower OPs level in the environment. This specific path
was firstly reported by D. F. Ollis and co-workers [6] in which 1,2-dibro-
moethane and its isomer were fully degraded to HBr and CO5 when
treated with TiOz under UV light. Nowadays, various reports of
photo-degradation of many OPs are available in literature with plausible
mechanism of reactions [7-9]. This method has many advantages over
conventional techniques such as complete oxidation within few hours,
no polycyclised product formation, in presence of cheap catalyst, etc.
Thus, a better photocatalytic activity is shown with metal oxide (ZnO,
TiO,, etc.) semiconductors towards harmful organic compounds oxida-
tion into non-toxic components under light irradiation.

ZnO is highly explored n-type semiconductor [10] due to its green
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properties, durability, cheap price, wide band gap energy (3.37 eV),
thermally stable, high electron-hole pair energy (60 meV), good piezo-
electric [11] and optical properties due to its quantum confinement ef-
fects [12]. These nanostructures found to be excellent material for
photocatalysis used in mineralisation of environmental pollutants [13,
14] and various magnetically separable catalysts based on ZnO are
highly applicable in pollutants degradation [15]. Moreover, ZnO has
also attracted a great deal of attention to handle waste water issues such
as degradation of dyes [16,17], pesticides [18], pharmaceutical wastes,
etc. In addition, it is well known fact that the photocatalytic activity
(PCA) of nanoparticles (NPs) can be enhanced by varying shape and size
[19-24]. Various techniques such as hydrothermal procedures, chemical
vapor deposition, sputter deposition and microwave synthesis are used
to synthesize ZnO NPs different morphologies like flowers and spherical
shaped [25], nanowires [25] and many more as reported in literature.
These nanostructures proved to be efficient due to excellent delocali-
sation of charge carriers and presence of larger interface for charge
distribution. Moreover, modified ZnO nanocomposites have been
investigated to activate these NPs in visible region by fabricating
Zn0/CoMoOy, [26], ZnO/Ag/AgoWO4 [271, ZnO/NiWO0,/Ag,CrO, [28],
Fe304/Zn0O/NiWO4 [29], ZnO/AgBr, and ZnO/Ag,CO3 [30], etc.
Furthermore, PCA of ZnO NPs can be notably improved by loading
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Effect of Different Shapes of TiO,
Nanoparticles on the Catalytic Photodegradation
of Salicylic Acid Under UV Light
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Titania of different nanostructures was synthesized by microwave synthesis and the conventional
method. The synthesized nanostructures of titanium dioxide were characterized by different optical
and morphological techniques. The microwave assisted TiO, nanoparticles [TiO, (MW)] depicted
higher photocatalytic activity along with degradation properties. Photocatalytic degradation is one
of the major applications of TiO,. Higher surface area of TiO, (MW) and TiO, (TP) was observed
as 123 m?/g and 46 m2/g respectively while the specific surface area of TiO, P25 is 50 m?/g. TiO,
(MW) shows crystallite size of 8.2 nm which holds good as compared with the size reported. The
degradation profile of salicylic acid had shown that TiO, (MW) proved to be a promising catalyst as
compared to conventionally synthesized and commercially available counterparts.

Keywords: Salicylic Acid, Photocatalytic Degradation, Microwave Synthesis, TiO, Photocatalytic

Activity.

1. INTRODUCTION

Photocatalysis is the type of catalytic reaction wherein
the reaction is initiated in the presence of photons of
light. Semiconductors have been vastly employed as cata-
lysts in heterogeneous photocatalysis and the semiconduc-
tor photocatalysis process occurs when a photon equal to
or greater than band gap energy is absorbed. These charge
carriers are responsible for photo-oxidation and photo-
reduction of organic moieties. There are many examples
of semiconductors as metal oxide, metal sulfides which are
used as photocatalysts such as ZnO,"? ZnS,*? TiO,,51°
WO;I’12 etc. Semiconductor photochemistry had greatly
enhanced the development of photocatalysis during 1970
and 1980."

TiO, being available in abundance has low toxicity,
low cost, good chemical, mechanical stability and high
photocatalytic activity so is used as an efficient photo-
catalyst. The importance of using this photocatalyst was
unfolded in the late 1960s. Many applications of TiO, have
been reported in recent years. Its applications ranging in
ointments, pigments, oils, paints, sunscreens, mineralizing
organic acids, organic pollutants, dyes, herbicides, etc. The
efficiency of the TiO, photocatalyst increases as the size
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and shape of the photocatalyst are tailored accordingly.
Photocatalytic property of TiO, is highly influenced by its
crystal structure'* and mostly used forms are anatase and
rutile.'®> As reported in the literature, many researchers had
proved that rutile is a least active form of TiO,.!®

Many methods are listed in literature for the synthesis of
TiO, nanoparticles; these include ultrasonic irradiation,'’
hydrothermal,'®2°  photoreductive ~ decomposition,?!
precipitation,?”? microwave synthesis etc. Out of numerous
techniques, microwave synthesis has great significance to
synthesize nano-powders. It is a green and eco-friendly
method and requires less amount of energy for carry-
ing out any reaction as compared to other methods.?
Microwave synthesis provides uniform heating for sol-
vents and reagents in the reaction mixture which results
into uniform production of nanoparticles.?*2> As com-
pared to hydrothermal synthesis, time is reduced by 2-3
orders in microwave synthesis. Moreover, it plays a crucial
role to control the size of nanoparticles.?® Hydrothermal
microwave synthesis is a recent technique to prepare
nanoparticles with low-temperature range and high rate of
reaction.”’?*

Titanium dioxide has been employed in various pho-
tocatalytic activities, photodegradation being one of the
major applications. By enhancing the light intensity,
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