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ABSTRACTS

The thesis entitled “Catalytic and Optical Application of Metal oxide and Carbon Dot
Nanostructures: Effect of Morphology and Concentration” is divided into eight chapters.

CHAPTER 1: This chapter gives the brief highlight of thesis including introduction, literature
survey and scope of my work. The first section elaborates the basis of semiconductor
photocatalysis with a precise discussion on titanium dioxide TiO;, SiO, and MnO,. The
detailed photocatalysis mechanism by semiconductors is also pictorially eloborated in this
section. The second section is focused upon the synthesis , band gap tunning, surface
modification and sustianable applications of carbon quantam dots (CQDs). Moreover the
research gaps, objectives and characterization techniques with specification has also been
integrated.

CHAPTER 2: This chapter signifies the synthesis of gold nanoparticles dispersed uniformly
on mesoporous silica (mAu/SiO,) by homogeneous deposition—precipitation method. Silica
provides support and surface area to increase catalytic activity of gold. X-ray photon
spectroscopy revealed binding energy of Au 4f7, (~84.0 eV) and Au 4fs, (~87.7 eV) which
supports the formation of Au® on SiO, surface. Au/SiO, showed Langmuir type-1V isotherms
which are the characteristic features of mesoporous materials furthermore, pore size
decreases with incorporation of Au NP’s on SiO, surface. The enhancement is due to the
strong interaction of Au® with silica support. The Au/SiO; as photocatalyst was used for the
conversion of 4-Nitrophenol (4-NP) to 4- Aminophenol (4-AP). The catalytic conversion was
studied by UV-Visible spectroscopy and HPLC quantification method, which shows
conversion of nitro group into amino group. In addition, the catalyst was easily separated and
reused. The reusability studies of the catalyst exhibited better reduction of 4-NP to 4- AP
even after 10 consecutive cycles. In comparison to trisodium citrate capped pure gold
nanoparticles mAuU/SiO, catalysts showed very good catalytic activity toward nitrophenol
reduction. Here we conclude that embedment of metal catalysts like Au into high surface area
support like silica is a positive step towards development of novel heterogeneous catalysts.
CHAPTER 3: Detoxification of harmful dyes through non conventional catalytic processes is
getting thrust in light of environmental remediation. This chapter reveals the synthesis of
gold-titania (Au/TiO,) mesoporous nanostructure and its photocatalytic performance for

degradation of alizarin dye. Optically Au/TiO, shows a characteristic surface plasmonic

Xviii



absorption band at 520 nm, XRD pattern reveal the anatase phase of TiO, with fcc unit cell
structure and tetragonal geometry. X-ray photon spectroscopy depicts (Au 4f, at 84.0 and
Au 4fs); at 87.7 eV) the elemental state of gold (Au®). Specific surface area was witnessed to
decrease with increase of Au content (169, 141, 130, 119 m%g for 1, 2, 3 and 4 wt%
respectively). Au/TiO, nanocomposite showed higher catalytic performance in comparison to
TiO, (P25), this change is credited to better charge delocalisation at metal semiconductor
interface.The reusability studies of the photocatalyst exhibited more than 98% degradation of
the dye even after 10 consecutive cycles.

CHAPTER 4: The solid-phase MnO; nanoparticles fabricated by surfactant template method
were exploited as the photocatalyst for the effective one-step synthesis of amides. Cationic or
anionic surfactants and their combinations were used as porous templates to obtain the
mesoporous MnO, nanoparticles with variable pore volume (0.23 to 1.95 cm®/g). The
morphological and structural observation of the material confirms the uniform facet structure
(37.68 nm) of MnO, nanoparticles. The surface elemental state was confirmed by XPS
analysis confirming Mn 2ps/, (642.5 eV) and Mn2p,, (654.7 eV) spin states, that are common
for the tetravalent Mn ions. Presence of surfactant as stabilizer was also witnessed with a
strong peak of C 1s (283-286 eV). The textural parameters obtained from XRD and Raman
analysis depicted the S-phase and rutile type framework of MnO,.The selective conversion of
nitriles to amides was studied without any acid by products under visible light irradiation in
the Dbasic/neutral medium. Amides were obtained from various substrates (nitriles) with
excellent yields (70-90%).

CHAPTER 5: The hydrogen production from water using photocatalyst under sunlight still
remains a huge challenge. The search of suitable photocatalyst would combine an ability to
dissociate water molecules having a band gap that absorbs light in visible range and to remain
stable in contact with water. In, this regard present chapter represents a facile method for the
fabrication of carbon quantum dots (CQDs) and Au@CQDs, useful for the photocatalytic
hydrogen generation from water. The optical properties revealed the band gap energy (eV)
for CQDs (2.78) and Au@CQDs (2.68); while photoluminescence analysis of CQDs showed
maximum emission at 460 nm and also exhibits red shift when excited at longer wavelengths.
Spherical shaped CQDs with an average size of 7 nm, d spacing of 0.22 nm, and core shell
Au@CQDs with shell thickness of 6 nm was observed by HRTEM analysis. Comparatively
both CQDs (260 pmol) and Au@CQDs (280 pmol) displayed higher rate of hydrogen
production under sunlight irradiation than other carbon materials reported earlier. In photo

Xix



electrochemical analysis, the current densities associated Au@CQDs and CQDs
photoelectrodes (PEs) were found to be 16 mA/cm? and 6 mA/cm?, respectively at very low
bias of 0.16 V. Moreover, the Frequency response analysis (FRA) response associated to
Randel’s equivalent circuit shows that the polarization/charge transfer resistance for
Au@CQDs is very low (2.74 ohm) over that of CQDs PEs (88.8 ohm), which is 12.9 kohm
for bare TiO, PEs. All these observations indicate that both CQDs and Au@CQDs are ample
for prevention of electron-hole recombination processes, which ultimately leads to superior
photocatalytic water splitting.

CHAPTER 6: Nowadays carbon quantum dots (CQDs) with size less than 10 nm have
emerged as one of the most exciting areas of chemical research in the class of inorganic
nanomaterials. This chapter presents some interesting characteristics of CQDs and their
fluorescence turn on/off quenching for the detection of 6-Thioguanine (6-TG). The CQDs
were fabricated by simple one-step microwave technique and used for the simultaneous
reduction of Au** to form Au’-CQD core-shell (Au@CQDs) nanocomposites. The CQDs
formed were spherical in shape having an average size of ~7 nm confirmed by HRTEM and
DLS study. The interaction of CQDs with Au leads to its fluorescence turn off up to 96%
analysed by UV-Visible, fluorescence spectroscopy and fluorescence lifetime measurements.
The turn on fluorescence of CQDs has been witnessed by the formation of complex with 6-
TG [Au- (6-TG),]* in the presence of thiols. Meanwhile, linear relationship between turn on
fluorescence against the concentration of 6-TG is obtained in the range of 0-100 uM with the
correlation coefficient of 0.9944 and limit of detection for 6-TG has been found to be
0.01uM. The Au@CQDs could also act as biosensor for the detection of various amino acids,
enzymes and pentids drug.

CHAPTER 7: The exposure of even low amount of heavy metals and industrial dyes in
wastewater leads to cardiovascular, reproductive, neurological and developmental disorders.
Consequently, millions of inorganic, biological and organic pollutants containing toxic heavy
metals have been accounted as water contaminants. This chapter illustrates a novel approach
based on the methodology to “kill waste by waste”. Firstly the toxic metal like lead (Pb) ions
were detected using highly fluorescence carbon quantum dots (CQDs) and after impregnated
of TiO; into the same Pb-CQDs composite, it was further used for the photodegradation of
harmful industrial dyes like Reactive brilliant red X-3BS (RBX), Coralene red BS (CRB) and
Remazol black XP (CNB). The CQDs have been constructed as a nanosensor for Pb ion

detection and its fluorescence is effectively quenched with good sensitivity (0.070 uM) and

XX



selectivity. This Pb-CQDs solution was further immersed in TiO, by wet impregnation
method to fabricate Pb-CQDs-TiO, (PCT) nanocomposite with a change in the energy gap
(3.2 to 2.8 eV) making the composite active in visible light irradiation. The degradation
efficiency achieved ~100% mark for RBX dye with the CO, evolution of 1.8 umols in 60
minutes. The plausible mechanism has been proposed based on GCMS studies suggesting the
formation of intermediates like triazine and aryl sodium sulphonates before complete
decomposing into CO, and water. The presenting probe also reveals excellent analytical
feature for real-time applications of lead ions in wastewater.

CHAPTER 8: The enormous generation of wastewater has become the highest rated problem
all over the world and day by day photocatalysis is gaining its importance as best option for
its treatment. In context to recent studies this chapter signifies the development of novel
MnO,@CQD nanocomposite (carbon dots decorated on MnO; nanorods) which was prepared
by a facile one-pot hydrothermal method. The optical properties revealed an excitation edge
at 540 nm and a band gap of 1.3 eV for the nanocomposite. Structural and morphological
studies revealed the open-ended MnO; nanorods (length and breadth are 5 nm and 1 nm
respectively) and the spherical CQDs (5-7 nm) are seen deposited on the surface of MnO,.
The nanocomposite also possesses high surface area (95.3 m*g™) and pore diameter (39 nm)
which directly influences the ionic transport. Using MnO,@CQDs the photocatalytic
degradation of phenol was tested under varies operational parameters. Under optimum
operational parameter, phenol degradation efficiency was found to be ~90 % with rate
constant R = 0.029 min"'. The mechanism for higher activity of MnO,@CQD nanocomposite
was elucidated by different scavenger and cyclic voltammetry study. These results underline

the prospective application of this metal-free photocatalyst in water treatment.
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INTRODUCTION AND LITERATURE

1.1 Background

1.1.1 Catalysis and Photocatalysis

Any substance in chemical terms can be a photocatalyst when it accelerates the photochemical
reaction without being consumed in the process. In other words, we can say that it lowers the
activation energy of the photochemical reaction. One of the most common examples can be the
photosynthesis process which takes place inside the leaves of many trees and plants. Many
other photocatalytic reactions have been carried out artificially such as photocatalytic organic
processes water splitting for fuel cell applications and advanced oxidation process [1-3]. The
photocatalyst can hasten the reaction in two ways: either it can react with the substrate in its

original or excited state or with final products of photoreaction [4-5] as represented in Fig. 1.1.

CATALYST SURFACE

Fig. 1.1: Pictorial representation of catalysis reaction.
1.1.2 Semiconductor Photocatalysis

Semiconductors are the idyllic materials for photocatalysis reaction owing to their unique
electronic structure which allows the spatial separation of charge carriers through absorption
of photons. When a molecule is formed bonding and antibonding orbital develop according
to Pauli exclusion principle. In, a diatomic molecule the energy level of an isolated atom
splits into two molecular orbitals, one is lower in energy and other higher than the original
atomic level. Generally only the less energetic orbital is occupied. While monomers are

placed together, the energy required to photoexcite the electron decreases [6, 7].



Mathematically for n atomic orbitals in a molecule, n molecular orbitals are always formed.
Concluding, as the number of molecular orbital increases, the energy gap between highest
bonding and lowest bonding orbital increases, also the gap between each individual orbital
decreases. For a huge number of monomers such as in crystalline solid a band of allowed
energy is created for unoccupied and occupied states. These are also known as conduction
and valence bands, which are separated by forbidden energy level called as band gap (Eg) [8-
10]. In the present work, we are focusing on such catalytic processes for various sustainable
applications. The photocatalytic process of semiconductor is reported to occur by absorption
of photon of energy greater than or equal to the semiconductor bandgap energy, which
afterward leads to the promotion of electron (e-) from the valence band to the conduction

band, also creating a hole (h+) in the valence band pictorially shown in Fig. 1.2 [11].
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Fig. 1.2: Schematic representation for the basis of photocatalysis.

A large number of metal oxides have been examined as a photocatalyst for sustainable
applications. Among all TiO,, SiO, and MnO, have attracted great interest because of its
unique properties and good thermal and chemical stability [12]. Absorption in UV-light and
fast recombination of photoexcited charge carriers (e'h”) in TiO, and MnO; like bandgap
(3.2, 1.6 eV), impair their application to a great extent [13]. Considerable efforts have been
made to develop modified semiconductor photocatalysts that are capable of showing activity

under visible light like:

& Metal loading



© Loading of metal oxides on the mesoporous material as clay, activated carbon,
zeolites, silica etc

© Use of cationic and anionic surfactants as pore templates.
1.1.3 Carbon Quantum Dots (CQDs)

There are a variety of low dimensional semiconductors which include quantum wires,
quantum wells, and quantum dots. Out of these quantum dots have gained extensive
popularity for research nowadays [14]. Quantum dots are zero-dimensional structures in
which electrons are delocalized along all three spatial dimensions leading to so-called the
quantum confinement effect [15, 16]. Quantum confinement occurs when the size of
nanocrystal becomes smaller than twice the Bohr radius and becomes weak when it exceeds
Bohr radius. In semiconductor nanocrystals upon absorption of a photon with energy greater
than the semiconductor band gap results in the generation of electron-hole pairs or excitons in
which electrons and holes are bounded by electrostatic attraction. The average distance
between an electron and hole in an exciton is of the order of Bohr radius. The optical and
electrical properties of semiconductor nanocrystal become dependent upon its physical
dimensions when its size approaches Bohr radius [17]. Luminescent semiconductor quantum
dots exhibit remarkable photostability, broad absorption profiles, high quantum yields and
stability against photobleaching. The size and shape controlled luminescent properties of
quantum dots arising from quantum confinement effect allows implementation of the same
material as an optical label for parallel analysis of different analytes. The narrow emission
bands and large Stokes shifts in luminescence spectra of quantum dots enable effective

coupling of emitted light to other fluorophores or quantum dots [18].

Recently, carbon quantum dots have gained interest due to their bright photoluminescence in
visible spectra, high photostability, tunable excitation, and emission wavelengths. These are
better than above-mentioned quantum dots due to their biocompatibility, nontoxic and eco-
friendly nature. Hence, they possess immense scope in fields such as biological labeling,
bioimaging, drug delivery and optoelectronic devices [19]. These new classes of zero-
dimensional nanomaterials were accidentally obtained during purification of SWNTSs in 2004.
Since then they have attained a special status in the nanocarbon family [20]. Having size
below 10 nm the quantum confinement effect and graphite-like sp> @ bonds are highly
prominent. The optical absorptions of the carbon quantum dots correspond to m-plasmon

transition in the core of the dots whereas the fluorescence emissions from visible to near-IR



are related to radiated recombination of trapped photogenerated electrons and holes at various
surface sites. The carbon quantum dots tend to possess various surface active functional
groups such as amino, epoxy, ether, carbonyl, hydroxyl, and carboxylic acids on their surface
which results in high hydrophilicity and provide a path for functionalization with several
organic, polymeric and biological species [21]. The fabrication of CQDs usually completes

four stages to give fluorescent properties as clearly shown in Fig. 1.3.
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Fig. 1.3: Mechanism for the fabrication of fluorescence CQDs.

Considering the above-mentioned properties in combination with their broad absorption
spectra and large absorption coefficients tend to make carbon dots as the most favorable
candidates in contrast to rare and costly heavy metals in the field of photovoltaic,

photocatalysis and in various environmental treatment applications.
1.1.4 Band gap tuning and sensitization of CQDs by Nobel metals

The interaction of metal and ligands have been credited as a driving source in assembling
nanoparticles based sensors for high operability and selectivity in an agueous medium. These
metal NPs are known as excellent fluorescence quenchers and their quenching effect has been
thoroughly explored on various fluorophores. In addition, these NPs have a huge number of
applications in the field of sensing and catalysis [21-23]. Fluorescence quenching by the
metal NPs is generally a type of energy transfer method taking place among the fluorophores
and NPs. The composite formation of these metallic NPs with other active materials has been

reported to be efficient in several advanced biomedical applications [24]. Commonly, these
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type of nanosensors are based on gathering nanoparticles with tailored functional groups that
can selectively bind with the analyte, leading to 1D, 2D or 3D interparticle bridging
assemblies. This technique results in optical tuning induced by short and long-range
interactions of surface plasmon resonance (SPR) of individual nanoparticles. On the other
side ligand displacement reactions, like an exchange of surface stabilizing agents by analytes
with higher affinity for the nanoparticle surface could potentially be used for biological
recognition events, if the specific marker of interest leads to interparticle cross-linking.
Additionally, if the ligands exchange process could lead to enhancement of fluorescence
inherent to the displaced surface stabilizing agents, then the nanosensor could function as a
dual probe detector, both colorimetric and fluorometric, for the sensitive analysis of specific
biomolecules and metal ions [25]. Some important reports on band gap tuning and surface
modification of CQDs by different catalysts are summarized in Table 1.1.

Table 1.1: Band gap tuning and surface modification of CQDs by different analytes.

Analyte Advantages Application Reference
Core-shell Au@CQDs Band gap decreased Photocatalytic [26]
from 2.78 eV to 2.68 | hydrogen production
eV
Core-shell silicon nanowire The heterojunction High-performance | [27]
(SiINW) array/carbon quantum dot | with a barrier height optoelectronic
(CQD) core-shell of 0.75 eV exhibited devices
excellent rectifying
behaviour
Carbon nitride nanosheets (CNNS) Higher Photocatalytic [28]
/CQDs composites photocatalytic hydrogen production
efficiency than the
pure g-C3Ns.
Carbon Quantum Dot/Silver SPR of Ag improves Overall Water [29]
Nanoparticle/Polyoxometalate the solar-energy Splitting in Visible
Composites conversion Light.
efficiency
Glutathione-Capped Quantum Efficient surface and | Pb** ion detection in | [30]
Dots(QDs) photophysical water.
properties of the
QDs
Nitrogen (N) and sulphur (S) Good luminescence, | Hg** ion detection in | [31]
doped carbon dots (NSCQDs) uniform size, living cells.
excellent stability,
and excitation-
dependent
photoluminescence
(PL) property




T-rich- or C-rich-modified QDs Specific quenching | Selective analysis of | [32]
of the QDs by the Hg?* or Ag" ions in
ions enabled us to water.
use Hg*" and Ag"
ions as inputs that
activate logic gates
CdS QDs capped with I-cysteine Water-soluble and Detection of heavy | [33]
highly stable in and transition metal
aqueous solution. (HTM) ions in
aqueous solution.
TiO,/CQDs and SiO,/CQDs Efficient usage of Photocatalytic [34]
complex system the full spectrum of degradation of
sunlight methyl blue dye
CQDs/Bi;WOg hybrid Interfacial transfer of Photocatalytic [35]
photogenerated degradation of
electrons from organic pollutant.
Bi,WQOg to CQDs,
leading to effective
charge separation of
Bi,WOeg.
Carbon Quantum Dot (CQD) Expanding the light | Photodegradation for | [36]
Deposited Fe30,@mTiO, Nano- | absorption of mTiO; ciprofloxacin,
Pom-Pom Balls from the UV to methylene blue,
visible region. quinalphos, and 4-
nitrophenol under
visible light
CdS-Bi,WOe/CQDs Stronger absorption | Photodegradation of | [37]
in the visible light methyl orange
region

1.1.5 CQDs for Sustainable Development

Clean environment and energy are two basic needs for human survival and economic
development. However, the rise in demand for various products has led the manufactures to
indulge in risky but profitable production modes leading to long-term environmental threats.
Also, the consumption of energy from fossil fuels such as coal, petroleum and natural gas has
led to pollution of air and water bodies. The limited availability of fossil fuels and their
increasing year wise and unregulated consumption can lead to energy crises in the future.
Since the Kyoto protocol in 2005, these issues have emerged in the global scenario in a
highly transparent fashion [38]. Formulation and implementation of an integrated set of
policies addressing energy and environmental concerns simultaneously have lot of challenges

in a developed nation such as USA. The present policies and techniques are ineffective in the



realization of long-term goals [39]. In order to tackle the fossil fuel based energy crises and
environmental pollution, there is a need for greener and sustainable source which can resolve
both energy and environment-related issues. Nanotechnology can be a highly promising field
for such a purpose. It is an emerging field which can contribute towards the development of
smarter materials capable of both generating energy and degrading environmental pollutants.
It deals with designing and manipulation of materials at the molecular scale. The rapid
development of novel Nanomaterials can create options regarding new product innovation
and high-performance applications. Fabrication of such novel functional materials with
tunable sizes, shapes, crystallinity, porosity, and structures are of great importance for
innovations in sustainable energy technologies [40]. It also allows fabrication of materials
having specific functionalities capable of recognizing a particular pollutant in the mixture.
Thus, tremendous progress in nanotechnology can lead to a basic understanding of physics at
the nanoscale in order to control system properties and searching for new materials for energy
and environmental applications. Low energy solution based synthesis of nanomaterials can
allow their incorporation into devices. Among the nanomaterials photoactive metal oxide
nanoparticles, quantum dots and carbon-based nanomaterials have potential candidature in
this regard since they rely upon sunlight which itself is a clean and sustainable energy source.
Quantum confinement effect in nanomaterials such as quantum dots has given rise to many of
the fascinating optoelectronic features which make them highly eligible candidates for energy
and environmental based applications [26]. Hence, such smart functional materials can be
helpful in the development of clean energy source and also for water and air purification
based devices. Carbon-based nanomaterials such as carbon quantum dots (CQDs) can play a
significant role in this regard due to their unique optoelectronic properties. These carbon-
based eco-friendly materials are being highly investigated nowadays for photovoltaic

applications, water splitting and their ability to degrade harmful pollutants.
1.2 Research Gaps

Transition metal oxides show excellent performance in the photocatalytic area, which belongs
to their large specific surface area, controllable structure, and their own special optical,
electrical, magnetic properties. However, owing to the limitations of the synthetic method
and low quantum yield due to lower activation energy in photocatalytic reactions, there exist

some drawbacks which are discussed below:
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Fig. 1.4: Pictorial representation of lowering the activation energy in photocatalytic reactions.

> Poor structure controllability and broad particle size distribution, which are adverse to
catalytic activity.

» Various types of transition metals own catalytic property, but the photodegradation
efficiency is low due to lack of surface area.

» The existing synthesis methods for high surface area metal oxides are quite
complicated and costly. So there is a need for a synthetic route which is very simple,
reproducible and cost/time-effective.

» There is not much significant work done to explore the effect of metal doping on

CQD for fluorescence turn-on/off detection of different biomolecules.
1.3 Objectives

» Synthesis and characterization of metal oxide nanostructures (TiO,, SiO, MnO;) and
CQDs with different morphologies.

> Band gap tuning and sensitization of the metal oxide nanostructures and CQDs under
visible/sun-light irradiation by noble metal (Au/Ag) loading.

» Catalytic application of as-prepared metal oxide nanocomposites and CQDs for
sustainable developments and different organic transformation reactions (hydrolysis
of nitriles/ reduction of nitrophenols) under visible and UV-light irradiation.

1.4 Techniques for Characterizations

After fine-tuning the final photocatalysts will undergo material characterization and the details

are mentioned below in Table 1.2.



Table 1.2 Techniques for Characterizations

Characterization

Technique

Specifications

UV-Vis spectroscopy

Absorption properties of nanoparticles were done both in
dispersed and in the solid phase on Analytikjena Specord 205
(Germany) spectrophotometer (spectral range, 190-1100 nm).

X-ray diffraction
analysis (XRD)

The faceted design, phase structural, unit cell properties and
polymorphism  were with
PANalytical Xpert Pro (Almelo, Netherlands) by Cu Ka at 1.54

studied by X-ray diffraction

A° operating at 45 kV and the diffraction angle was set between

10-80° with a scan speed of 5°/min rise.

Transmission electron

microscopy (TEM),

The morphology of samples was examined by Hitachi, 7500
model (Japan) TEM, operating at the voltage of 50-200 kV with
the resolution of 2.4 A°.

Field emission-SEM
(FESEM)

The morphological characters like the shape and statistical
distribution of particle size were examined on SU8-180 (Tokyo
Japan)

Time-resolved

spectroscopy (TRS)

The dynamics and lifetime of charge carriers (electrons and
holes) were studied on Tektronix TDS-1012 TRS.

X-ray photoelectron
spectroscopy (XPS)

The quantitative elemental composition, oxidation state, and
surface chemistry were studied by XPS technique. The XPS was
recorded on KRATOS Axis 165 (Shimadzu, UK) with Mg Ka
radiation (1252.6 eV at 75 W).

Surface area analyzer
(BET)

The N, adsorption-desorption based Brunner-Emmet-Teller
(BET) equation and BEL mini-1lI, Micro Trac Corp. Pvt. Ltd
(Tokyo, Japan) instrument was used for the determination of

surface area of the catalysts.

Raman spectroscopy

The structural properties of the catalysts were elucidated by
Raman spectroscopy recorded on the Renishaw system 2000
(100-800 cm™) using a He—Ne laser (514.5 nm) and Atrix
(STR500) spectrometers

Potential voltage (I-V)

characteristics

The potential voltage (I-V) characteristics of the Gold doped

Carbon dots heterojunction were witnessed on KEITHLEY




(4200-SCS) with ZYVEX S100 nanomanipulator

Fourier transform
infrared spectroscopy
(FTIR)

The functional groups present in catalysts were recorded on Carry
660 Agilent Technologies (USA).

Photoluminescence

spectroscopy (PL)

The fluorescence properties of carbon dots were recorded on
Perkin-Elmer (LS55).

Gas chromatography
(GC)

The quantification of CO, and H, evolved during the reaction was

examined by gas chromatography (GC, Nucon Ltd, India)

1.5 Photocatalytic Activity

The photocatalytic activity of nanostructures was performed by simple powder method under

different irradiation sources. In this method, the photocatalytic activity of as-synthesized

nanostructures was evaluated at room temperature under visible, sunlight and UV light

irradiation. A 250 W halogen (tungsten) lamp will serve as the light source to provide visible

light within a range of 400-1100 nm and Hg arc lamp (125 W) as UV source. The visible and

UV source set up was extended above the reaction mixture for maximum illumination and

better passage of light. The sunlight based experiments were performed in open air conditions;

here the reaction tube will be kept in suitable dimensions to get maximum solar flux. The gas-

tight Pyrex test tube (20 cm length and 2.2 cm diameter) containing water and photocatalyst

was irradiated along one dimension under continuous stirring.

Light source

To GC
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— as tight septum
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o u
)

~ Magnetic bead
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knob
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Fig. 1.5: Reaction setup for photocatalytic reactions.
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CHAPTER 2

9
Gold Nanoparticles Grafted Mesoporous Silica: A Highly Efficient and

Recyclable Heterogeneous Catalyst for Reduction of 4-Nitrophenol
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Mesoporous Si0O, Au/Si0, nanocomposites

Highlights

» Microwave-assisted technique favoured the formation of SBA-15/SiO,
nanocomposites with varied Silica and Titania precursor content.

» Photodegradation of organic dyes and pollutants by these nanocomposites were
compared with commercially available SiO,-P25 (Degussa).

» The reusability of the catalysts exhibited more than 98% conversion of the

photodegradation of organic dyes and pollutants even after 10 consecutive cycles.
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2.1 Introduction

A new class of materials, based on nanoparticles (NPs) in the composition of semiconductors
(TiO,, ZnO etc.) and dielectrics (SiO,, Al,O3 etc.) substantially extends the range of their
several applications, particularly in heterogeneous catalysis, in the creation of electronic
devices, chemical sensors, protecting coatings, bactericidal materials, for surface-enhanced
Raman scattering, etc [1-3]. It is very much important to develop methods for the synthesis of
systems based on NPs/metal oxide and to investigate the nature of the interaction of NPs with
the oxide matrix. Gold was initially regarded as useless in catalysis until Haruta et al. found
that small Au NPs supported on reducible oxide supports can be highly active for CO
oxidation reaction [4-5]. This finding triggered a great deal of interest in exploring the
application of Au catalysts in other reactions [6], such as organic catalysis [7]. The
Au/support interface is a model of a metal-insulator or metal-semiconductor junction bearing
unique size-dependent electronic properties, which could play an essential role in the
foundation of the high catalytic activity. For this reason, the specific support materials should
play an important role in the catalytic behavior of gold [8]. The nature of the active species is
still being discussed. It has been suggested that the role of the oxide support is the
stabilization of the gold NPs, and that the catalysis reaction takes place on the gold surface. In
recent year, mSiO, have attracted much attention due to their attractive properties such as
high surface area, uniform pore size, large pore volume, high thermal stability, controllable
morphology, and facile surface functionalization. Silica is used as a support because of its
inert character, which allows the investigation of the effect of the metal, minimizing the
effect of the metal-support interaction. The weak interaction between SiO, surfaces and Au
particles makes silica supports very convenient for their catalytic activity, minimizing the

disturbance of the support interaction [9].

Extensive research work, both in fundamental and in applied catalysis has been
carried out in order to understand the catalytic properties of gold nanoparticles supported on
Si0O,, prepared by homogeneous deposition-precipitation (HDP) method using urea as the
precipitating agent [10]. It is well established that the catalytic activity of supported Au NPs
depends on the particle size, the nature of support and the preparation method. The present
investigation deals with a direct correlation study between metal dispersion, metal area and
catalytic reduction of 4-nitrophenol (4-NP) as a model reaction. In recent years, the reduction
of 4-nitrophenol to 4-aminophenol (4-AP) by borohydride in aqueous solution has become

such a model reaction that meets all criteria of a model reaction. It can be monitored easily
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with high precision by UV—Vis spectroscopy and High-performance liquid chromatography.
This is due to the fact that 4-NP has a strong absorption at 400 nm and the decay of this peak
can be measured precisely as the function of time [10].

This work has allowed us to draw clear conclusions regarding the behaviour of
AU/SIO, for (i) the quantitative influence of particle composition; (ii) the role of particle size;
and (iii) the influence of the support on catalytic reduction of 4-NP. The structural features of
AU/SIO, catalysts were investigated by X-ray diffraction (XRD), CO-chemisorption,
Brunauer-Emmet-Teller (BET), nitrogen adsorption-desorption and BJH pore size
distribution (PSD), transmission electron microscopy (TEM), and X-ray photoelectron
spectroscopy (XPS).

2.2 Experimental

2.2.1 Preparation of Au/SiO; catalysts

The Au/SIiO, catalysts with different Au loading (wt%) were prepared by HDP method using
urea as the precipitating agent [11]. The mixture of an aqueous solution containing
HAuUCI4.3H,O (Sigma—Aldrich, 99.8%) and urea was stirred with gradual heating to a
temperature up to 95 °C for 6 h. Urea decomposes to ammonia and hence the precipitation
occurs in a homogeneous way as the pH shifts towards basic conditions (pH ~ 6-8).
Subsequently, the support (commercial origin Aldrich, SiO,) was added to the above solution
with continuous stirring. The requisite amount of 0.1 M freshly prepared NaBH, aqueous
solution [12] was added to the above solution so as to precipitate metallic Au nanoparticles
on SiO, support. The solid product formed was filtered, washed thoroughly with deionized
water until the filtrate contained no chloride ions (confirmed with the AgNO; test) and
subsequently dried in a hot air oven for 5 h and finally calcined at 400 °C for 3 h in the N,
atmosphere. The EDAX-analysis suggest that the concentration of sodium is present in a

negligible amount (<0.01%).
2.2.2 Catalyst characterization

X-ray powder diffraction (XRD) patterns of the catalysts were recorded on a Rigaku Miniflex
(M/s. Rigaku Corporation, Japan). X-ray diffractometer using Ni-filtered Cu Ka radiation (A
= 0.15406 nm) with a scan speed of 2° min™* and a scan range of 10 — 80° for wide angle

diffraction at 30 kV and 15 mA. The crystallite size of Au is calculated by using the Debye—
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Scherrer equation and phase identification with the help of the JCPDS files. The CO-
chemisorptions measurements were carried out on Auto-Chem 2910 (Micromeritics, USA)
instrument. A 100 mg of the catalyst was pre-treated with He gas for 1 h at 150 °C. The
sample was subsequently cooled to 50 °C in the same He gas stream. CO uptake was
determined by injecting pulses of 10% CO/He from a calibrated online sampling valve into
the He gas stream passing over the samples at 80 °C. Metal area, metal dispersion and metal
average particle size were calculated assuming the stoichiometric factor (CO/Au) as 1.
Adsorption was deemed to be completed after three successive runs showed similar peak
area. Gold content was determined by inductively coupled plasma optical emission
spectrometer (ICP—-OES) on a Varian 720-ES instrument. Solid samples were first digested
in a mixture of HF, HCI, and HNO3 in a microwave oven for 2 h and further diluted with
deionized water to analyze the gold contents by ICP-OES. ICP analysis, performed on the
fresh samples of Au/SiO, catalysts. The BET surface areas of the catalysts were obtained
from N, adsorption-desorption isotherms (Autosorb 1 - Quantachrome instruments, USA at —
196 °C). The samples were first degenerated at 300 °C to ensure a clean surface prior to
construction of adsorption isotherm. The Barrett—Joyner—Halenda (BJH) method was used to
calculate the pore-size distribution from the desorption branch of the isotherm (Autosorb 1-
Quantachrome, USA). Transmission electron microscopy (TEM) images of the catalysts were
obtained using a Technai-12, FEI, Netherlands at an accelerating voltage of 120 kV. The
specimens were prepared by dispersing the samples in methanol using an ultrasonic bath and
evaporating a drop of resultant suspension onto the carbon coated copper grid. X-ray
photoelectron spectroscopy (XPS) was used to study the chemical composition and oxidation
state of catalyst surfaces. The XPS spectra of the catalysts were measured on an XPS
spectrometer (KRATOS Axis 165, Shimadzu, UK) with Mg Ka radiation 1253.6 eV at 75 W.
The gold 4f core-level spectra were recorded and the corresponding binding energies
referenced to the C 1s line at 284.6 eV (accuracy within (0.2 eV)). The background pressure

during the data acquisition was kept below 10”° Torr.
2.2.3 Catalytic activity

The catalytic reduction process of 4-NP was monitored by HPLC (Thermofischer C-18,
solvent system water: methanol, 30:70) at 254 nm wavelength and also by UV-Vis
absorption spectra. Initially, 0.375 mL of 0.2 M freshly prepared NaBH, solution was added
to a solution containing 0.0375 mL of 0.005 M 4-NP and 1.65 mL of deionized water. At this
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stage, the 4-nitrophenol was converted into 4-nitrophenolate anion. After that, the 5 mg of
catalyst was added and the reaction was spectrophotometrically monitored at 400 nm for
different time intervals. A gradual change of the solution color from bright yellow to
colorless was observed during the reaction. In a similar pattern, the study was carried out for
a different catalyst with varying ratio of gold in Au/SiO, catalyst. The peaks of a different
solution of 4-NP are compared with trisodium citrate-capped pure Au NPs and commercially

available SiO, in order to assure the catalytic properties of prepared samples.
2.3 Results and Discussion

2.3.1 Characterization of catalysts

2.3.1.1 X-ray diffraction (XRD) analysis

The broad XRD diffraction peak at 20 ~ 22° (Fig. 2.1) are observed for all the Au/SiO,
catalysts due to the amorphous silica framework of SiO, support [13]. After Au loading the
AU/SIO; catalysts exhibits four diffraction peaks at 20 ~ 38.2°, 44.6°, 64.9°, 77.9° which are
indexed to (111), (200), (220), and (311) planes of metallic Au respectively (JCPDS-ICDD
Card No. 01-1172), the unit cell structure shows compatibility with face-centered cubic
lattice (fcc) [14-17]. A considerable increase in the line widths, with varying gold content
(1.0 — 4.0 wt %) is a feature arising due to a decrease in particle size. The peaks are sharp and
intense indicating good crystallinity of metallic Au®. The crystallite size of gold was
calculated from the diffraction peak (111), by applying the Debye-Scherrer formula and is
reported in Table 2.1.

XRD of Au/SiO, Catalysts
(Au-wt%)

(111)

Intensity (a.u.)

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

Fig. 2.1: Powder XRD patterns of SiO, and various wt% Au/SiO, catalysts.
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2.3.1.2 CO-chemisorption analysis

The physicochemical properties of Au/SiO, catalysts such as dispersion, metal area, and
particle size were determined from CO-chemisorption. It is observed that the increase in CO
uptake with an increase in metal loading leads to be an increase in particle size (Fig. 2.2).
This suggests to the agglomeration of gold particles at higher metal loading. This
agglomeration in turn leads to the decrease in metal dispersion and increase in particle size
[29].
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Fig. 2.2: Effect of CO—chemisorption properties on Au (wt %) loadings.
2.3.1.3 BET surface area and pore size distribution (PSD) studies

The N, adsorption/desorption is a standard method to characterize porous materials, which
can provide information about the surface area, average pore diameter and pore volume of the
catalysts. The surface area decreases with the increase in Au content ascribed to the
incorporation of Au into the pores of the support as evidenced from pore size distribution
measurements. Fig. 2.3(a) show the N, adsorption/desorption isotherms & Barrett Joyner
Halenda (BJH) pore size distribution of bare supports (SiO;), and various supported Au
catalysts (Au/SiO,). Pure SiO, support shows the presence of mesoporous nature with the
average pore diameters in the range of ~17 nm. The addition of gold to SiO; has a significant
effect on the isotherms, and pore size distribution. A well-defined step occurs in P/P, range of
0.6-0.8 represents the spontaneous filling of the mesopores due to capillary condensation,
which is also evidenced by the BJH distribution (Fig. 2.3(b)). All the samples exhibit

Langmuir type-1V isotherms which is a characteristic feature of mesoporous materials [18-
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19]. The nitrogen adsorption isotherms of SiO, and Au/SiO, catalysts exhibit Hy-type
hysteresis loop corresponding to pores with narrow necks and wider bodies [20] and features
a sharp step in the P/P, range of 0.65-0.95, the sharpness of this step is indicative of the
uniformity of the pore size [19] The calcination temperature of 400 °C in the SiO, sample is
really important to lead to a better mesoporous structure formation. The mean pore diameter
of SiO, and Au/SiO, catalysts are obtained by the BJH method from the corresponding
adsorption-desorption data as reported in Table 2.1. The obtained specific surface areas are in

agreement with those reported by other authors [21].

AulSiO, catalysts (Au-wt%) BJH Pore Size Distribution - Adsorption
Au/SiO, catalysts (Au-wt%)
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Fig. 2.3: (a) N2 adsorption-desorption isotherms for SiO, and various wt% Au/SiO, catalysts

(b) BJH pore size distribution for SiO, and various wt% Au/SiO; catalysts.

2.3.1.4 Transmission electron microscopy (TEM) analysis

Transmission electron microscope is a powerful technique to investigate the particle size of
metal NPs on catalytic support. The gold NPs are spherical in shape and are uniformly
dispersed and confined to the channels of the SiO, (Fig. 2.4). The corresponding histogram
shows the distribution of gold particles on SiO,. The mean diameter of Au particles is found

to be ~ 6-10 nm while the average crystallite size of Au particles was obtained to be ~ 7-11

nm from XRD results.
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Fig. 2.4: TEM image and histogram comparing the Au particle size distribution of 4wt%

AU/SiO, catalyst.

2.1.5 X-ray photoelectron spectroscopy (XPS) analysis

In order to verify the oxidation states of gold element in as-synthesized Au/SiO; catalysts
were investigated by XPS. The high resolution XPS spectrum (Fig. 2.4) shows binding
energy of Au 4fy;, at 84.0 and Au 4fs;, at 87.7 eV, which are significantly different from Au”
4f,, (84.6 eV) and Au* 4f;, (87.0 eV). The result suggests that the gold species is in the
metallic state [23] and these binding energy values correspond to the metallic gold particles
[24]. However, the XPS results confirmed the absence of any contamination from sodium and
chlorine species [12]. These results further confirm that gold NPs on the surface of SiO;
support are in zero valence state. The XPS spectra of the present investigation did not show
any peaks corresponding to the binding energies at 84.6 eV (4f7;,) and 87.0 eV (4f7;,) due to
the cationic form of Au* and Au*® oxidation states respectively. This suggests that the

formation of gold NPs takes place on the surface of the SiO, support.
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Fig. 2.4: XPS spectrum of 4wt% Au/SiO, catalyst.
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Table 2.1 Textural properties of SiO, and various Au/SiO, catalysts.

Au Au content SgeT Vi Dgin Binding Energy (eV) Rate of Reaction®
(wt (wt %)? (m%g) | (cclg) (hm) 4, 4,

%)

0.0 0.00 450 0.82 17.11 - - -

1.0 0.89 421 0.77 28.83 87.721 84.138 0.0375

2.0 1.65 402 0.75 29.22 87.717 84.129 0.0439

3.0 243 395 0.74 29.31 87.671 83.911 0.0532

4.0 3.34 385 0.69 29.46 87.658 83.891 0.0979

8Au content measured by ICP-OES; Sger : BET surface area; V; : total pore volume;
Dgjy : average pore diameter calculated by BJH method; Binding Energy (eV) was

determined by XPS.

PRate of Reaction on the basis of mmol gold on the surface of SiO,.

2.3.2 Catalytic reduction of 4-nitrophenol over Au/SiO, nanocomposites catalysts

The catalytic activity of as-prepared Au/SiO, nanocomposites was confirmed through
reduction of 4-NP in the presence of sodium borohydride as a reductant. Nitrophenol is one
of the water pollutants having high toxicity and is of great environmental concern [25]. Due
to electron withdrawing nitro group in 4-NP it is resistant to chemical, biological oxidation,
and hydrolysis. After the addition of Au/SiO, as a catalyst, the reduction of 4-NP started
immediately, and the colour of the reaction solution became lighter. As shown in Fig. 2.5, the
HPLC quantification data of Au/SiO, (4wt%) confirms the conversion (70%) of 4-NP
(tR=3.6 min) to 4-AP (tR=2.9 min) for 15 min. With time the catalytic reaction increases and
attain 98% concentration change of 4-NP (Fig. 2.6) [26]. In order to compare the catalytic
activity of trisodium citrate-capped pure Au NPs a linear relationship between normalized

concentration (C/Co) and reaction time was derived with as-prepared samples.
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Fig. 2.5: HPLC Chromatogram

mixture.

of standard 4-nitrophenol, 4-aminophenol and reaction

The catalytic activities of different Au loading on Au/SiO, sample are found to have higher

activity than that of trisodium citrate-capped pure Au NPs and pure Silica as shown in Fig.

2.6. In this model catalytic reaction, Au/SiO; catalysts exhibit good catalytic activity, because

the mSiO; shells prevent the gold cores from undergoing aggregation. These activity results

suggest that 4wt% Au/SiO, catalysts are found to be the best catalyst for the reduction of 4-

NP to 4-AP in our present investigation.
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Fig. 2.6: Plot of normalized concentration(C/Co) of 4-NP against reaction time in the

presence of different wt% Au/SiO, nanocomposites.




In literature, there are few reports which represent the synthesis and enhanced photocatalytic
activity of Au/SiO, nanocomposites [27-28]. So in comparison with other SiO,
nanocomposites our catalyst has satisfactory photocatalytic activity due (Table 2.2) to high
dispersion of Au into SiO, through HDP method. The catalytic activity was well correlated
with the particle size of gold on SiO, supports. The 1, 2 and 3wt% Au/SIiO, catalysts exhibit
low catalytic activity compared to 4wt% Au/SiO, catalyst and it can be attributed to the
decrease in the number of active sites of gold on SiO, due to agglomeration of gold NPs as
evidenced from XRD, TEM and CO-chemisorption results.

In, heterogeneous catalytic reaction, reusability of the catalyst is one of the most important
factors nowadays. Due to difficulties in the separation of the catalyst after reaction, there are
limited numbers of experiments which are based upon reusability studies. Present catalysts
are easily separable from the reaction solution and also it is well dispersible under stirring.
There was no permanent adsorption of reactants over the catalyst, so it is very simple to
separate the catalyst from the 4-aminophenol solution by the centrifugation process.
Regeneration of 4wt% Au/SiO, catalyst was done after each reaction, by centrifugation and
further washing with water. The catalytic activity of the catalyst remains approximately

constant even up to ten consecutive experiments (Fig. 2.7).
100 -

1 2 3 4 5 [ 7 8 9 10
Number of rans

Fig. 2.7: Reusability data over 4wt% Au/SiO, for the catalytic reduction of 4-NP to 4-AP.
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Table 2.2: Comparison of an overall reduction of 4-nitrophenol to 4-aminophenol from

present work with recently reported in the literature.

Catalysts 4-Nitrophenol Amount of | Reduction Time | References
amount (uL) catalyst (mg) (min)
Fe@Au core-shell 25.0 3.0 20 [27]
Au immobilized in 100.0 8.0 20 [28]
polyelectrolyte
Au/SiO, 375 5.0 20 Present
Work
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CHAPTER 3

Effect of Au Content on the Enhanced Photocatalytic Efficiency of
Mesoporous Au/TiO, Nanocomposites in UV and Sunlight
1.04 \
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Highlights

» Homogeneous deposition-precipitation (HDP) method favored the formation of

Au/Ti0, nanocomposites with different Au loading.

» Complete photodegradation of alizarin dye under UV and sunlight by these

nanocomposites were compared.

» Catalytic activity and sedimentation properties were better than commercial nano-
TiO, (Degussa P25).

» The reusability of the photocatalysts exhibited more than 98% degradation of the dye

even after 10 consecutive cycles.
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3.1 Introduction

Dye pollutants are among the prime sources of water contamination from the textile and
printing industries. The treatment of these dye effluents is highly desired for the preservation
of clean air, soil and water. There is an immediate need to take some necessary steps to
develop efficient photocatalyst to degrade these toxic pollutants.

Anatase phase of TiO, is one of the best photocatalysts for pollutant dye degradation.
Selectively TiO, is important due to their very low cost, excellent chemical, mechanical
stability, catalytic activity, availability and non-toxicity [1-3]. The only limitation for TiO, as
a photocatalyst is its band gap (3.2 eV for anatase) disables it to be active in the visible light
region of the solar spectrum. But, the presence of rutile phase shifts its absorption maximum
towards visible light. Doping with metal or nonmetallic elements [4-5] or by deposition of
noble metal nanoparticles (NPs) on TiO, surface is also an effective way to improve the
photocatalytic activity of the catalyst [6-8]. Previously it has been reported that when TiO; is
doped with noble metals it's photocatalytic activity is enhanced under UV and visible light
irradiation. The improved UV light photocatalytic activity is recognized due to effective
charge separation of the electron when they are transferred from conduction band (CB) of
TiO, to metal NPs, [9-10] on the other hand the surface plasmon resonance effect of some
metals like Au and Ag also help TiO, to sensitize in visible light [11-13]. Earlier reports
revealed the improved visible light activity of the Au/TiO, due to sensitization of TiO, by Au
credited to the metal surface plasmon resonance [14-16]. Various methods have been
employed for synthesis of metal (Au) loaded TiO; as adsorption of gold colloids, [17] photo
deposition under UV irradiation, [18] deposition precipitation, [19] wet impregnation and
chemical reduction [20]. Large surface area of mesoporous TiO,, make it a best support
material with better efficiency. But the synthesis of mesoporous TiO, with high crystalline
nature is challenging [21]. Electrons from the conduction band of anatase TiO, can transfer to
the gold NP’s (excited state) which help in the formation of superoxide radical anions [22].
The catalytic activity of mesoporous TiO, supported gold NPs largely depends on particle
size, the surface area of supported material and the synthesis method. Literature reveals [23]
that the BET surface area of mesoporous TiO; is in the range of 50-100 m?/g. Different
techniques have been utilized to create and modify the Au/TiO, catalyst for better catalytic
performances. Homogeneous deposition—precipitation (HDP) method is one of the most
favored methods for the synthesis of Au-TiO, due to the greater accessibility of higher
dispersion of gold NPs at the lesser concentration on catalyst support and control of pore

structures [24].
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In this respect herein, we have synthesized a series of Au/TiO; (different weight ratio of Au)
nanocomposites by HDP method. We have maintained the quantitative control of particle
composition and studied the role of particle size as well as surface area on reaction rate. The
influence of support on the photocatalytic action was also monitored. The structural and
morphological results were investigated by X-ray diffraction (XRD), (BET) analysis, N»
adsorption-desorption isotherms, Ultraviolet-visible spectroscopy. The surface morphology
was studied by transmission electron microscopy (TEM) and the oxidation state by X-ray
photoelectron spectroscopy (XPS). The main goal of our work was to synthesize different
Au/TiO, composites using HDP method and to study their photocatalytic activity regarding
degradation of alizarin red dye as model water pollutant under UV irradiation as well as
sunlight. Also, the effect of different Au/TiO, ratios on the photocatalytic activity and
reusability was investigated.

3.2 Experimental procedure

3.2.1 Synthesis of mesoporous titania support

The mesoporous titania was prepared by the method as reported by Cui et al. [25]. The
mixture of titanium isopropoxide, 2-propanol and H,O, having molar ratio nearly as 1:20:5
whereas the volume (in mL) ratios equal to 10:60:3 were continuously stirred at room
temperature for 1h. Then the precipitates were aged at 353K, dried in hot air oven at 373K
and finally calcined at 623K for 4h.

3.2.2 Synthesis of gold doped titania nanocomposites

The synthesis of Au/TiO, catalysts with varying gold ratio was done by HDP method [24, 26]
using urea as the precipitating agent. An aqueous suspension of HAuCl;.3H,O (Sigma-—
Aldrich, 99.8%) with required gold loading and urea was continuously stirred at a
temperature of -10°C for 5h. Upon heating, urea decomposes to ammonia completely and the
reaction occurs in a homogeneous manner and as a result the solution pH shifts to the basic
range (pH ~6—8). The mesoporous titania (support) was then added to the above mixture with
continuous stirring. After 30 minutes, freshly prepared 0.1 M NaBH,4 was added dropwise in
order to precipitate gold NPs over TiO, support. The composite obtained was centrifuged at
3000 rpm with water till the filtrate constrained no chloride ions (confirmed with the AgQNO3
test), dried in hot air oven at 60°C and finally calcined at 400°C for 3h in the N, atmosphere.
3.2.3 Catalyst characterization

Diffraction analysis (XRD) of different Au/TiO, catalysts was performed using Miniflex
(M/s. Rigaku Corporation, Japan). X-ray Diffractometer having Ni-filtered Cu Ka radiations
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(4 = 0.1504 nm) at 30 kV. Fourier transforms infrared (FTIR) spectra were carried on Carry
660, Agilent Technologies FTIR spectrometer. Surface area was analyzed through BET
surface area analyzer of Autosorb-1, Quanta chrome instruments, USA at -196 °C. The
samples were first degassed at 250°C to ensure a clean surface for adsorption isotherm. The
pore size distribution records were calculated by the BJH model from N, desorption
isotherms. UV-Vis diffused reflectance spectra of catalysts were carried out through
Shimadzu UV-2450 spectrophotometer with an integrating sphere reflectance accessory. The
detailed structural analysis of catalyst was carried out through transmission electron
microscopy (TEM) using a Technai-12, FEI Netherlands by the accelerating voltage of 120
kV. X-ray photoelectron spectroscopy (XPS) was used to study the chemical composition and
oxidation state of different Au/TiO; catalysts. The XPS spectra of the various catalysts were
determined on an XPS spectrometer (KRATOS Axis 165 Shimadzu, UK) through Mg Ka
radiation 1252.6 eV at 75W.

3.2.4 Photocatalytic Study

The desired amount of catalyst (20 mg) was added to aqueous solution of alizarin dye (5 mL
of 0.01 mM) and stirred for 30 minutes in the dark to establish adsorption-desorption
equilibrium. The reaction sample was irradiated by UV irradiation (64W Hg lamp) and in
bright sunlight for all the catalysts at different time intervals up to 80 minutes (1000 t01200
hrs). The catalyst was filtered (0.2um cellulose filter) and change in dye concentration was
monitored by UV-Vis spectrophotometer (Analytik Jena Specord-200). Photodegradation
efficiency was calculated by the following formula:

R = {(Co-C)/ Cp }x100={( Ao-A)/Ap}*100

Where Ao, A, and Cy, C are the absorbance and concentration of alizarin dye when the
reaction time was 0 and t, respectively.
The turn over number (TON) and the turn over frequency (TOF) were calculated as per

following equations:

_ No.of mole (equivalents) of rectant

TON

~ No.of mole (equivalents) of catalyst

TOF = —N

" time (h)

3.3 Results and discussion

3.3.1 Characterization of catalysts
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The diffuse reflectance spectra of mesoporous TiO, and Au/TiO; catalysts are shown in Fig.
3.1 (a). TiO, is almost transparent to visible region (400-700) of the spectrum whereas the as-
prepared Au/TiO, composites show absorbance in the wavelength range 400-450 nm [35,
36]. The absorbance spectra show a red shift in excitation wavelength upon Au loading on
TiO, which can be due to the quantum size effect of Au NPs on increasing Au content in the
catalyst. The red shift corresponds to a narrowing of the band gap of the Au/TiO; catalysts
due to an increase of the size of Au NPs. The intensity of the absorbance band increases
gradually for higher loadings of gold which is probably due to the more gold NPs embedded
in mesoporous TiO,. The intensity of the UV-region absorbance band for Au/TiO; catalysts
was found to be almost similar to that of mesoporous TiO,. As observed from XRD results,
the crystallite sizes increase as Au loading increases. Therefore, the absorption band shifts
toward the region of longer wavelength with an increase in the crystallite size of Au in

AU/TiO, nanocomposites.

X-Ray diffraction patterns of Au/TiO, catalysts are shown in Fig. 3.1(b). The wide angle
diffraction peaks at 26 ~ 25.6°, 37.8°, 48.1°, 55.1°, and 62.7° correspond to (101), (112),
(200), (105) and (204) diffraction planes are characteristic of the anatase TiO, (JCPDS file
number: 21-2172) [27,28]. Peaks corresponding to Au can be observed around 20 ~ 38.2°,
44.6°, 64.9°, 77.9° and are related to Au-FCC lattice of (111), (200), (220), and (311) planes,
(JCPDS file number: 04-0784) [29]. Crystallite size of Au can be calculated using Debye
Scherrer equation with a mean range of 6.1-6.9 nm.

UV-Vis DRS of Au/TIO, Catalysts
(Au-wt%)

*-Au #- anatase TiO, Au/TiIO, Catalysts
(Auwto) F

«(111)

| (200 ~220)  .31q)

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

T T T T T T T T T T
250 300 350 400 450 500 550 600 650 700 750 800 10 20 30 40 50 60 70 80
Wavelength (nm) 20 ( degreg)

Fig. 3.1: () UV-Vis diffused reflectance spectrum (b) XRD patterns of mesoporous TiO,
and Au/TiO; catalysts.

34



The nitrogen adsorption/desorption isotherm of the mesoporous TiO, and Au/TiO; catalysts
are shown in Fig. 3.2(a). All samples were observed to possess Langmuir type-IV isotherm
[30, 31] and BJH plots depicting the pore size distribution of Au/TiO, catalysts (Fig 3(b)).
The values of the specific surface area, mean pore diameter and pore volume of as-prepared
AU/TiO; catalysts are given in Table 3.1.

Table 3.1: Textural properties of mesoporous TiO, and different wt% of Au/TiO, catalysts.

Au loading (Wt%) Au content® (wt%)  Surface area’(m“/g) V: (cc/g) Dgin (nm)

0.0 0.00 186 0.32 6.9
1.0 0.85 169 0.28 6.7
2.0 1.55 141 0.21 6.3
3.0 2.54 130 0.20 6.2
4.0 3.58 119 0.19 6.1

®Gold content measured by ICP-OES.
PBET method; V; : total pore volume; Dgyy : average pore diameter calculated by BJH

adsorption method.

It is observed that the surface area and pore volume of Au/TiO, catalysts tend to decrease
upon incorporation of Au on TiO,. The nitrogen adsorption isotherms of catalysts exhibit H,—
type hysteresis loop which corresponds to pores having narrow necks and the wider bodies
[32] and shows a sharp step in P/P, range of 0.6 — 0.9. This sharp step indicates the uniform
nature of the pore size [33, 34]. But, the hysteresis loops of all Au/TiO, catalysts becomes
smaller due to which position of the step shift towards slightly lower relative pressure in the
range of 0.45 — 0.89 ( observed from the Fig. 3.2 (a)), which indicates that smaller pore size

is formed.
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Fig. 3.2: (a) N, adsorption-desorption isotherms (b) BJH pore size distribution for
mesoporous TiO; and 4wt% Au/TiO, catalyst.

Spherical Au NPs can be clearly observed to be confined on TiO, channels as seen from
TEM images (Fig. 3.3). The particle size of Au NPs can be observed to be around 14 nm and
the corresponding histogram (Fig. 3.3(d)) clearly shows the gold particles distribution with
different loading of the catalysts. The fraction of gold atoms exposed to the surface of AUNPs
was calculated based on upon the work of Boudart and Djega-Mariadassou [38]. The strength
or percentage of AuNPs that are exposed to the substrate is approximately 0.9/d, where d is
the mean particle diameter in nm. Thus AuNPs with a diameter of 14 nm has about 6.42 %
(0.9/14 nm) of their atoms lying at the surface of the AuNP. Furthermore, TON and TOF

based upon surface atoms are 2800 and 2333 h™ respectively.

36



Y 4wt% Au/TiO,

Mean size
(14.36 nm)

~—

&

&

o)

E

@

=,

[

o

10 12 14 16 18 20 22
Au particle size (nm)

Fig. 3.3: (a) TEM image of 1wt% of Au/TiO, (b) TEM image of 4wt% Au/TiO, (c) FESEM
image of 4wt% Au/TiO, and (d) histogram of 4wt% Au/TiO; catalyst.

The high resolution XPS (Fig. 3.4) spectrum show binding energy of Au 4f;;, at 84.0 eV and
Au 4fs, at 87.7 eV, which are notably different from Au® 4f;, (84.6 eV) and Au®* 4f, (87.0
eV). Peaks corresponding to the binding energies at 84.6 eV (4f;;,) and 87.0 eV (4f;,) are
absent. These results also confirm that Au NPs on the surface of mesoporous TiO, support are
in the Au ° state [39-41]. On the other hand, the XPS results confirm the absence of any
contamination from chlorine and sodium species.
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Fig. 3.4: XPS spectrum of Au/TiO, catalysts with different Au (wt %) loadings [(a) 1wt% (b)
2wt% (c) 3wt% and (d) 4wt%].

3.3.2 Photocatalytic degradation of alizarin dye

Control experiments established that alizarin dye did not degrade by Au/TiO, composite
suspensions in the dark. The photolysis of alizarin in the absence of photocatalyst is only
~4% which can be neglected. The photodegradation was monitored prior to the decrease in

the intensity of absorption peak corresponding to 520 nm in the UV-Visible spectra (Fig. 3.5)
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Fig. 3.5: UV-Visible spectra of alizarin dye under UV irradiation showing photocatalytic
activity by 4wt% Au/TiO, nanocomposite.

The photocatalytic activities of different Au content on TiO, sample are found to have higher
activity than that of commercial pure TiO, (Fig. 3.6). The percentage of gold doping over
TiO, is varied in order to accomplish the maximum photocatalytic activity. Incorporation of
Au NPs increases the activity of TiO, significantly. Among all these samples that contain
higher loading of Au (4% Au) shows the highest photocatalytic activity. The calculated
degradation efficiency of Au/TiO, (4%) is up to ~99%. The change in normalized
concentration of dye by different Au (wt %) loaded TiO, is illustrated in Fig. 3.6 which

shows 4 wt% as optimum to enhance the photocatalytic activity of TiO, under UV and
Visible light irradiation.
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Fig. 3.6: Kinetic variation towards alizarin photodegradation under UV-irradiation (left) and

sunlight (right) on various Au/TiO, hanocomposities.

The increase in photocatalytic activity with Au content can be understood by the reason that
the number of Au NPs over the support can lead to the enhanced migration of electrons from
the CB of TiO; to the Au surfaces which promotes the electron transfer to the adsorbed O,
molecules [42]. This will facilitate the formation of more number of O, and finally can lead
to the formation of more number of -OH which is responsible for dye degradation. The OH
radicals are very strong oxidative species (2.8V vs. SHE) which are capable of oxidizing

almost all organic pollutants.
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Fig. 3.7: Plausible mechanism of photodegradation of dyes over Au/TiO, nanocomposites.

In addition, the case of incorporated metal nanocomposites can enhance electron migration
from the semiconductor surface and reduces the recombination probability of photogenerated
electrons and holes. Thus it can be understood that insertion of Au NP as well as increase in
the amount of gold particles (4wt%) has increased the photocatalytic activity of TiO,
significantly. The general mechanism of photodegradation is schematically represented in
Fig. 3.7. Recently, reusability of the photocatalyst is one of the most important attempts to
avoid the difficulties in the separation of catalytic powder after dye degradation. There are
limited numbers of experiment which are based on reusability studies. Present catalysts are
easily separable from the solution and also it is well dispersible under stirring. There was no
permanent adsorption of dye over the catalyst, so it is very simple to detach the catalyst from
the dye solution by the centrifugation process. Regeneration of 4wt% Au/TiO, catalyst was

done after each reaction, by centrifugation and further washing with water. The
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photocatalytic activity of the catalyst remains approximately constant even up to ten

consecutive experiments.
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CHAPTER 4

®
Controlled Photocatalytic Hydrolysis of Nitriles to Amides by Mesoporous

MnO, Nanoparticles Fabricated by Mixed Surfactant Mediated Approach
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Highlights

» Synthesis of mesoporous MnO; by using a mixture of cationic and anionic surfactants
with variable pore volume.

» The cat-anionic surfactant yields 5 times higher surface area (195.32m%g) than their
corresponding individual form (CTAB 29 m%/g and SDS 36 m?/g).

» The synergic effect, low critical aggregation concentration of cat-anionic surfactant is
endorsed for its high surface area.

» The mesoporous MnO, as a novel catalyst for the hydrolysis of nitriles to amides.

» Higher yield (90%) in basic reaction medium compared to neutral medium (70%).
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4.1 Introduction

One of the most important industrial reactions in the organic chemistry is amide bond
formation as it constitutes important moieties in many pharmaceutical and biologically active
ingredients[1]. Moreover, the flattering properties of amides like stability, conformational
diversity and high polarity make it one of the most reliable and accepted functional groups in
every branch of organic chemistry. Among all the methods reported for the fabrication of
amides, hydration of nitriles has become one of the most widely used methods to obtain
primary amides. But this is a challenging reaction as there is the possibility of acid formation
from amides. The hydrolysis reaction is catalysed in acidic and basic medium, but many of
the methods require harsh conditions with poor yields due to further conversion of amides to
acids[2, 3]. Improved methods for the selective and controlled synthesis of amides using
catalysts under stable conditions are of great demand [4(a)]. In this regard, the formation of
amides by hydrolysis of nitriles using transition metal oxides nanomaterials as a photocatalyst
is good choice to obtain better yields. It is a principal objective of the present study to provide
a new method for converting nitriles to amides.

Nanoporous transition metal oxides with controlled morphology, porous structures, tunable
nano pores, and well-ordered mesostructures make them ideal photocatalysts in the field of
catalysis. During recent times, of all the transition metal oxides, manganese dioxide (MnO,)
nanostructures have received keen attention due to its attractive physical and chemical
properties[4(b, c)]. The MnO, is non-stoichiometric compound and can exist in different
crystallographic forms. The crystallographic forms are generally supposed to be responsible
for their variable properties and the controlled synthesis of MnO, which make the controlled
design of a specific form primary objective [5]. Previously, many processes have been
developed for the synthesis of MnO, nanoparticles with different shapes and morphology.
Out of all the processes MnO; nanostructures are commonly synthesized using hydrothermal
treatment[6, 7], the sol-gel process[8, 9], refluxing[10, 11] and normal thermal approach[12]
for enormous catalytic application [13, 14] because of their different morphology and
variable oxidation states. Several attempts have been made to further improve the catalytic
activity by using some facile techniques [15, 16] but enhancing surface area is an excellent
way to improve its catalytic properties. As a remedial surfactants based synthesis, are
considered as a best route to develop a mesoporous structure. They have the exceptional
property to self-organize in the solution, which may modify the interfacial properties and

increase the compatibility among the particles. Materials prepared without using surfactants
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or other stabilizing agents lead to agglomeration as well as reduce the processing temperature
of metal oxide and several other materials [17]. Earlier Yan et al. have reported the synthesis
of MnO, using the cationic surfactant (CTAB or CTAC) by direct electrodeposition method
with a specific surface area of 102 m%g [18], Roy et al. have synthesized mesoporous
manganese oxides nanostructures by using a bi-template approach with the surface area of 65
m?/g [19], Zhi et al. have fabricated MnO, nanoarrays using vacuum-assisted nanocasting
with a surface area of 139 m%g [20], Saputra et al. have synthesized one-dimensional MnO
nanoparticles with a surface area of 194 m?/g [21]. But still, the role of individual surfactants
as a porous template for the synthesis of high surface area mesoporous MnO, nanoparticles
and their effect to convert nitriles to amides has not been fully explored.

In this regard, current work signifies the single step selective and controlled hydrolysis of
nitriles to amides under visible light both in the basic and neutral medium using MnO; as a
photocatalyst. The mechanism for the selective fabrication of amides without any acid
moieties has also been fully explored.

4.2. Experimental
4.2.1 Chemicals and Reagents

Manganese (Il) nitrate tetrahydrate (MnNO3.4H,0), Cetyl trimethylammonium bromide
(CTAB), Sodium dodecyl sulphate (SDS) and acetonitrile were received from Aldrich. An
aqueous solution of MnNOs;.4H,0 (1 M) with the mixture of CTAB (0.25 x 10 M) and SDS
(0.25 x 10 M) was stirred at normal room temperature. For complete conversion of Mn (1)
to Mn (1V), the solution was stirred for 20 min in the presence of NaOH and change in the
color of the solution was observed from light pink to dark brown, which indicates the
formation of MnO; nanoparticles denoted as m-MnO, (CTAB+SDS) as shown in Fig. 4.1.

The product was recovered by filtration, washing with distilled water, drying and calcined at
623 K for 3 h and used as a solid catalyst for the hydrolysis of nitriles. Similarly, other
samples of MnO, were also prepared using cationic, CTAB (0.25 x 10 M) as well as

anionic, SDS (0.25 x 10 M) surfactant were denoted as c-MnO, and s-MnO; respectively.
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Fig. 4.1: Schematic representation of the synthesis of mesoporous MnOs.
4.2.2 Photocatalytic Activity

The photocatalytic experiment was carried out in a test tube containing 5 mL of nitrile in 100
L of solvent (EtsN or water) and 20 mg of the catalyst. The reaction mixture was illuminated
under visible light (40 W CFL lamp) for 5 h by keeping a distance of 1cm apart from the
surface of the reaction mixture in the test tube. The reactions were also performed under dark
and without catalysts, but no conversions of nitriles to amides are obtained which confirms
that reaction does not take place without the presence of both visible light and catalyst. The
product was isolated from the reaction mixture by using a nylon syringe filter (0.22um) and
the product was quantitatively analysed by GC-MS and **C NMR to confirm the formation of

amides.

4.3 Results and Discussion
4.3.1 Characterization of Photocatalyst

The phase identification of crystalline MnO, was analyzed through XRD analysis
(PANALYTICAL X’Pert PRO) with Cu Ka (4=1.540 A) as radiation source over the range
0°<26<90°. The diffraction pattern of as-synthesized different MnO, samples exhibits intense
diffraction peaks of (110), (101), (211), (220) and (002) which is characteristics of f-MnO,
structure (JCPDS Card no. 24-0735) with lattice parameters a = 4.399 A, ¢ = 2.874 A and
space group P4,/mnm (Fig. 1a).Some other peaks are also highlighted in the Fig. 4.2 which

are due to an addition of surfactants.
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Fig. 4.2: XRD pattern for different MnO; nanostructures.

The crystallite size and lattice strain was calculated by Scherrer equation (D = 0.94/Scos0),
the sample m-MnO, has largest crystallite size and smallest lattice strain (13nm, 0.0090)
compared to c-MnO, and s-MnO,, which is shown in Table 4.1. This larger crystallite size is
due to self- assembly in cat-anionic surfactant, which occurs synergistically because of

electrostatic attraction between the polar head groups of the surfactants.

Table 4.1: Textural properties of different MnO, nanostructures.

Samples d? £” Shet’ (M°Q) v,d (Cmlg) Deun®
CTAB 9.28 | 0.0126 29.0 0.23 46.79
SDS 9.09 |0.0129 36.0 0.30 46.85
CTAB+SDS 13 0.0090 195.3 1.95 40.48

& Crystallite size determined from Scherrer formula.
® Lattice strain determined from XRD analysis.
¢ BET surface area calculated from the linear part of the BET plot (p/p, = 0.05-0.25).

? Total pore volume, taken from the volume of N, adsorbed at p/p, = 0.990.
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¢ Mean pore diameter estimated using the adsorption isotherm.

The chemical composition of m-MnO, sample was studied by X-ray photoelectron
spectroscopy (XPS) shown in Fig. 4.3, the survey spectra reveals the presence of elements
like Mn, O, C. The peaks for f-MnO, corresponding to Mn 2ps, and Mn 2p;/, were observed
at a binding energy of 642.5 and 654.7 eV respectively, which clearly indicates the presence
of tetravalent Mn ions. Similarly, the deconvoluted peaks of O 1s at 528.7 eV and 531.3 eV
are due to the linkage of Mn-O and Mn-OH respectively. The C 1s peaks at 283.9 eV and

286.2 eV are associated with the presence of a surfactant.
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Fig. 4.3: XPS spectrum of m-MnO..

The HRTEM images explore faceted morphology with little aggregating nature, which may
be due to the drying of the sample on the TEM grid (Fig. 4.4). The mean particle size
distribution calculated by TEM analysis has been observed to be of 30-40 nm. Fig. 4.4 also
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shows the plot of the frequency of particles against the logarithm of size. The particle size
follows the following lognormal distribution function.

(log(dp)-p)?
L (g

f(d) = 20°

2m. 0. di

i N—1)2
where p = %;and o= 2("’92(#

Where f (d) designates the lognormal distribution of particle size, d; represents the size of an
i particle of NbC, 3. n; is the total number of particles in consideration, x is mean diameter
and o is the standard deviation of particle size. The variation in average particle size
calculated by different criteria is due to the few agglomerated nanoparticles. The structure,
dispersion and lattice fringes of MnO, nanoparticles are shown in HRTEM micrograph (Fig.
4.4) which corresponds to (101) plane with inan terplanar distance of 0.39-0.80 nm that was
further supported by the SAED pattern (Fig. 4.4 (c) Inset).
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Fig. 4.4: (a-d) HRTEM images with particle size distribution plot and SAED pattern of m-
MnO; (e) N adsorption-desorption isotherms.

The N, adsorption-desorption isotherms and pore size distribution plot (Table 4.1) was

monitored with the help of BEL mini-Il, Micro Trac Corp. Pvt. Ltd, Japan. The m-MnO,
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shows highest surface area (195.3 m?/g) and smaller pore diameter (40.48 nm) due to the
charges present on the surface of surfactants as well as on metal ions (positive charge) [23].

4.3.2 Mechanism for the Synthesis of Mesoporous MnO,

Mixed micelle formation in the aqueous phase is usually achieved when two surfactants of
the different polarities are mixed. The hydrophilic polar head of cat-anionic surfactants was
actively participating in the reaction which facilitates by either the electrostatic attraction or
repulsion between the ions. Generally, rod-shaped micelles are formed in the case of CTAB
rich corner and spherical micelles are formed in SDS rich corner. The morphology suddenly
turned upon addition of equal amount of SDS into CTAB results in wormlike micelles
because SDS reduces the surface potential by charge neutralization and also increment in the
ionic strength is observed by an asset of the released counter ions. Thus, oppositely charged
cat-anionic surfactants show enrichment in a synergistic effect over that of either parent
surfactant, an effect which may be exploited in various catalytic applications[24].

4.3.3 Photocatalytic Activity

The aim of present work is to study the reactivity of m-MnO, by converting nitriles into
amides under visible light in the weakly basic medium as well as in neutral medium. The
product was isolated from the reaction mixture and characterized by GC-MS and **C NMR
(Fig. 4.5) to confirm the formation of amides.
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Fig. 4.5: (a) *C-NMR spectrum of isolated acetamide in CDCls, (b) GC-MS spectra of the

product (acetamide, as the fragmentation pattern, shows a peak at m/z 59 due to acetamide).
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The yield calculated from c-MnO, and s-MnQO; is around 50 % which is very less as compare
to m-MnO; (70 - 90 %). The GC-MS spectra of the product authenticate the formation of
amides from the reaction of acetonitrile. The fragmentation pattern shows, peak at m/z = 59
due to acetamide (Fig. 4.5(b)). The *3C NMR spectrum shows carbonyl carbon peak at 6 =
171.67 ppm and the methyl carbon peak at 22.72 ppm which authenticates the formation of
acetamide (Fig. 4.5(a)). The % yield and reaction time for all the nitriles are summarized in
Table 4.2. The other importance of the catalyst is its reusability, which remains constant even
after 5 cycles. The photocatalyst is easily separable from the reaction mixture by
centrifugation process and has no permanent adsorption of nitriles/amides over the catalyst.
The % vyield of the catalyst is calculated theoretically (Actual yield/theoretical yield*100)
which lies in the range of 70-90 % as presented in Table 4.2.

Table 4.2: Catalytic activity of m-MnO, with different substrates and solvents.

Substrate Product Medium Reaction Time Yield
(h) (%)
N— 0 Triethylamine 5 90
Acetonitrile )J\
HsC™ “NH,
Acetamide Water 10 75
O Triethylamine 4 88
N:J \)J\
Propionitrile NH>
Water 8 72

Propionamide

Triethylamine 4 85

Acrylonitrile Water 8 71

Acrylamide

The reported mechanism suggests that the reaction of hydrolysis of nitriles took place in two
steps [25]. The first step is the conversion of acetonitrile to acetamide and the second step is
rapid hydrolysis to acetic acid. But, the brightness of m-MnO, catalyst falls on this point that
it limits the reaction up to the formation of acetamide giving the desired product. This
happens because MnQO, confines the water molecule droplets and there is no direct hydration

of amides. (hydration directly in the presence of water can undergo further hydrolysis to the
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acid) [26,27]. The catalytic activity of m-MnO, is attributed to its large surface area along
with additional active sites. The proposed mechanism for the hydrolysis of nitriles to amides
in a basic/neutral medium under visible light is heterogeneously catalyzed hydrolysis
involving water on the surface of the catalyst, as m-MnO, retains moisture on its surface. The
reaction of nitriles only with water (neutral medium) would be so slow (10 h) because of the
poor nucleophilic nature of water and results in fewer yields (70-80 %). So, the reaction is
carried out in alkaline medium (base catalyzed reaction, Fig. 4.6) to activate the nitriles group

in a short period of time to get good yields (80 - 90 %).

OH
( /o|-| /OH (|:|)
=N HO H,O Tautomerism
CH;—C=N 2 CH,—C > CH— G —= . C/C\NH
NEt ) : 3 2
3 N :NH
Acetonitrile [ [ Acetamide

In 1% step the MnO2 which is acting as a catalyst provides water molecule with triethylamine to form transition state [I].

In 24 step another water molecule provides proton to form intermediate state [II].

In 374 step intermediate state [II] ise fo form di

Fig. 4.6: Proposed reaction mechanism for hydrolysis of nitriles to amides in basic medium.

The reaction strategy for the synthesis of m-MnO, is quite simple, cost-effective and is
devoid of any harsh atmospheric conditions. By observing several advantages in the present
strategy it can be mentioned that commercially available MnO, and other reported MnO,
catalysts could not produce such effective products with good yields under the same protocol
[28, 29].
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CHAPTER 5

Enhanced photocatalytic water splitting by gold carbon dot core-shell

Visible/Sunlight U
<

nanocatalyst under visible/sunlight

H,0 H, Visible/Sunlight

v je——— Air tight septum

‘[¢&——Water

Au@CQDs

Highlights

» Fabrication of carbon quantum dots (CQDs) and core-shell Au@CQDs for the
photocatalytic hydrogen generation from the water.

» The higher rate of hydrogen production for CQDs (260 pumol) and Au@CQDs (280
pmol) was observed under sunlight irradiation.

» The FRA response for Au@CQDs is very low (2.74 ohms) over that of CQDs PEs
(88.8 ohms), which is otherwise 12.9 kohm for bare TiO, PEs.

» The photoelectrochemical response of Au@CQDs is highest amongst available

reports with this family of materials reported till date.
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5.1Introduction

In view of growing energy demand, hydrogen fuel is being considered as an ideal sustainable
candidate owing to its zero emission and higher chemical energy per mass (142 MJkg™)
characteristics. Its production from existing natural and renewable resources such as water
and biomass further strengthens its candidature. With the introduction of Honda Fujishima’s
effect, a significant amount of thrust has been made to develop a cost-effective technique for
hydrogen production such as photocatalysis over conventional approaches. In this direction,
semiconductor materials such as metal oxides and their morphological modifications have
been enormously investigated for the effective photocatalytic water splitting [1-2]. However,
the achieved quantum vyield is still low; therefore several efforts in terms of material and
technique are being made to increase the same. Of late, carbonaceous nanostructures such as
carbon nanotubes, graphene, graphene oxide, etc., have been extensively adopted due to their
environmental compatibility, cost-effectiveness and rich electron transport mechanism. Kang
et al. [3] demonstrated an amorphous carbon nitride photocatalyst with impressively extended
visible-light-responsive range for photocatalytic hydrogen generation. Likewise, Silva et al.
[4] synthesized carbon nanotubes-TiO, catalyst for hydrogen production from methanol and
saccharides. Several other reports also advocate the effective role of carbonaceous materials
in enhancing photocatalytic hydrogen production [5-6]. In recent past, carbon dots have been
successfully demonstrated for water splitting due to their visible light adsorption, tunable
excitation/emission characteristic, and high photostability. Yu et al. [7] synthesized carbon
nanocomposites with TiO, for water-splitting under either UV or visible-light illumination.
The observed highest hydrogen production rate was 9.1 pmol/h over neat TiO, photocatalyst.
Xu et al. [8] developed amino conjugated carbon quantum dots to boost photocatalytic
hydrogen production upto136.55 pumol for a period of 5 hours. In spite of several efforts
made till date in photocatalytic hydrogen production with carbon dots (CQDs), the quantum
yield is still very low under visible as well as sunlight conditions. Several reports [9-14] have
suggested that the photocatalytic activity of CQDs can be improved by incorporation of noble
metal (Au, Ag, and Pt) nanoparticles. These metal nanoparticles can act as an electron trap
aiding the charge separation and also sensitizing the CQDs in visible light due to the
localized surface plasmon resonance (LSPR) effect. Furthermore, in respect to increase
visible light responsiveness of carbon dots, their interaction with noble metals like gold is
proposed as best alternate, due to the fact that gold has strong affinity in visible light
accredited to its plasmonic properties, as reported previously as most suitable material to

sensitized several catalysts in visible/sunlight [9]. Photo electrochemical (PEC)
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characterization of developed photocatalytic materials further enables its possible integration
in monolithic devices as PEs for solar energy conversion into hydrogen [10]. Xu et al. [8]
proposed amino conjugated carbon quantum dots with an average hydrogen production rate
of approximately 27.31 pmol h™. In this reference, Zhang et al.[11] demonstrated CQDs as
an alternative sensitizer in PEC cells based on TiO, nanotube arrays. Under simulated
sunlight the photocurrent density of the CQD sensitized PEC cell was observed fourfold
higher than bare TiO, with the corresponding hydrogen production rate of about14.1 mmol h*
'owing to excellent optoelectronic properties of CQDs, they not only absorb visible light but
also act as collector point of photo generated electron-hole pairs. In view of the above facts,
the present study was chalked out to achieve enhanced hydrogen production with Au coated
CQD photocatalysts i.e. Au@CQDs. The as-synthesized Au@CQDs obtained via a facile
approach are characterized for their optical, morphological, structural and
photoelectrochemical characteristic and successfully demonstrated for photocatalytic and
PEC measurements for hydrogen production. The reported investigation further extends as
well as strengthens applicability of carbon dots towards hydrogen production as a cost-
effective, stable and nontoxic material candidate.

5. 2 Experimental
5.2.1 Materials and reagents

Ascorbic acid (99%, lobachemie) and hydrogen tetrachloroaurate (HAuCls, 99%, Sigma
Aldrich India) were used without further purification. Kollicoat-IR (MW 45 000Da) was
gifted from BASF which was used as a stabilizing agent in the synthesis of CQDs. In-house
fabricated TiO, coated ITO (in-house fabricated) glasses were used as a substrate to fabricate
photoelectrodes (PEs). Sulphuric acid (98%), anhydrous sodium sulfate (Sisco research
laboratories); potassium ferrocyanide, potassium ferricyanide and potassium chloride
purchased from CDH private limited were used to carry out electrochemical measurements as
well as photoelectrochemical (PEC) studies. Ultrapure deionized water obtained from
Millipore (Resistance: 18 MQ) was used for the preparation of all reagents and cleaning of

glass wares.
5.2.2 Synthesis of Carbon dots (CQDs) and Au@CQDs

Water-soluble CQDs were synthesized by dissolving ascorbic acid and kollicoat (1:1, w/w %)

under continuous stirring. After 30 minutes, the sample (5 mL) was transferred into glass
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reaction vessel subjected to microwave heating at 130 °C for 30 minutes at 300 W power
with Multiwave-3000 microwave reaction systems (Anton Paar). The Au@CQDs was
fabricated by addition of HAuCI, precursor (40 pL, 102M) to a C-dot solution (5 mL) at
room temperature. The immediate change in color of CQDs solution from yellow to pink
indicated the formation of Au@CQDs.To fabricate PEs, the TiO, deposited ITO glasses were
incubated overnight in as-prepared solution of CQDs and Au@CQDs solution under dark
condition. The obtained TiO,/CQDs and TiOJAu@CQDs PEs were thereafter rinsed with
ultrapure deionized water, and air-dried to obtain uniform film on the substrate prior

electrochemical measurements.
5.2.3 Instrumentation

The electronic excitation of CQDs and Au@CQDs were analyzed by UV-Vis
spectrophotometer (Analytik Jena, Specord)and photoluminescence spectrophotometer
(Perkin Elmer LS-55, excitation wavelength ranging from 290-460 nm).The structural
characteristics were recorded by FTIR-spectrophotometer (Carry-660, Agilent
Technologies)in 1000 to 4000 cm™ range using KBr pellet technique. The morphology of as-
synthesized CQDs and Au@CQDs were examined with a high resolution transmission
electron microscope (HR-TEM, JEOL JE-2100 microscope)at 200kV operating voltage. The
phase identification was done with X-ray diffractometer (PANALYTICAL X’Pert PRO)
using Cu Ka (A=1.540 A) as radiation source. The electrochemical and PEC characteristic of
CQDs and Au@CQDs were measured by fabricating PEs discussed above. Three electrode
configurations were used to study cyclic voltammetric and impedance behaviour of the PEs
in ferri/ferro redox electrolyte, wherein PEs was used as working electrode, Pt as a counter
electrode and Ag/AgCl as a reference electrode.

5.2.4 Photocatalytic Performance of CQDs and Au@CQDs

The photocatalytic experiments were carried out in a sealed test tube containing catalyst (1
mL) and water/methanol mixture (1:1) for a total reaction volume of 5mL. The reaction
mixture was at first degassed with Ar gas for 20 minutes to remove dissolved oxygen and
then irradiated under UV (125 W Hg arc) and visible light (CFL60 W setup).The temperature
of the reaction mixture was maintained by using a cold flowing water jacket attached with the
reactor. The experiment was also carried out under sunlight on June 29, 2016 (Solar flux=
637 watts/m?).The amount of hydrogen evolved during the course of the reaction was

quantified by gas chromatography (Nucon, India) system equipped with molecular sieve (5x
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A column) packed column and argon as a carrier gas. The temperature of the column, injector
and detector was fixed at 30°C (thermal conductivity detector, TCD).The quantification was
done against 200 ppm hydrogen standard. The following formula was used to calculate the
solar to hydrogen conversion rates (STH):

rH, X AG
solar flux X Reactor surface area

STH (%) =

rH, = hydrogen production rate, AG = 237 kJ/mol, Reactor surface area = 0.0055 m?, Solar

flux = 637 watt/m?
5.2.5 Photo-electrochemical measurements

The photoresponse of PEs was studied by a similar three electrode configuration system
discussed above. The electrolyte used was 0.1 M Na,SO, maintained at pH 3 and purged with
nitrogen to remove dissolved oxygen. A solar simulator equipped with 300 W Xe lamp and
AM 1.5 filter was used as light source. The intensity of the source was calibrated and
controlled at 100 mW/cm?. The current density versus the potential of PEs was measured
under dark and light conditions by linear scan voltammetry at 10 mVsscan rate. Impedance
spectra were recorded with frequency response analyzer and Ze, Software at open circuit
potential in the 0.1to 10° frequency range under 10 mV ac perturbation signal in light and
dark condition. All pH measurements were made using digital pH-meter (LMPH-10, Labman

Scientific Instruments Ltd).

5.3 Results and discussion
5.3.1 Plausible Mechanism for CQDs and Au@CQDs formation

The mechanism for the synthesis of CQDs by ascorbic acid involves different stages during
carbonization and is quite complicated. Plausibly the reaction is expected to occur in three
steps as proposed in Fig. 5.1. During 1% stage (dehydration), ascorbic acid heating endures
dehydration giving rise to different soluble products such as furfural compounds and several
organic acids like acetic, lactic, propionic, ketones and aldehyde [12]. The hydronium ion
formed from these acids acts as a catalyst in subsequent decomposition stages and the
presence of ascorbic acid controls the reaction in dehydration and decomposition step. In the

2" stage (polymerization) the condensation and polymerization of these products lead to
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some soluble polymers. Since ascorbic acid is very reactive and acidic, therefore, the
successful feasibility of the whole reaction is possible at a lower temperature. In the 3" stage
(aromatization), the process converts organic originator into its fundamental carbon-
containing residues via microwave heating. In the last stage i.e. (passivation) carbon residues

formed acquire PL properties [13-14].
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Fig. 5.1: Graphical mechanism for the formation of fluorescent CQDs and Au@CQDs

nanocatalyst.

This step introduces an insulating shell on the surface, which minimizes the impact of surface
defect, trap sites and direct quenching from the surrounding, which enhances the fluorescence
emission. During this step, the formation of C=C double bond creates the sufficient gap
between HOMO and LUMO by which electron can easily jump to LUMO and ends up as a
responsible factor for high fluorescence intensity. Further, when HAuCI, was added to the
solution of CQDs, the growth of Au nanoparticles was observed without any heating or
photoexcitation due to the strong electronic interaction between metal and CQDs. During this
procedure, the nucleation was first initiated at the sites of CQDs surface that host the
electrons and the process of electron-hole recombination occurring at their surface was

hindered which ultimately leads to fluorescence quenching of CQDs.
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5.3.2 Characterizations of CQDs &Au@CQDs nano catalyst

The as-synthesized CQDs exhibit a broad extended peak in visible region as shown in Fig.5.2
(). The absorption edge extending to 400 nm is only found in CQDs indicating the formation
of nanocarbon. In Au@CQDs, these peaks disappear because of the strong electronic
interaction between the Au and CQDs [15]. Furthermore, a characteristic surface plasmon
resonance (SPR) band is observed at 528 nm for Au@CQDs, which confirms the formation
of Au NPs. The optical band gap of CQDs and Au@CQDs was calculated from tau plot
((0hv)? vs. hv) (Fig. 5.2(b)), where o, hand v are absorption coefficient, plank constant and
light frequency, respectively. The band gap for CQDs and Au@CQDs was found to be 2.78
eV and 2.68 eV, obtained by extrapolating the intercept of x-axis from the maximum slope of
the curve. The charge transfer between Au and CQDs after core-shell formation results in the

decrease of band gap value.
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Fig. 5.2: (a) UV-visible absorption spectra and (b) (ohv)® vs. hv curve for CQDs and
Au@CQDs. (c) Effect of excitation wavelength on emission behaviour of as-synthesized
CQDs and (d) comparative emission behavior of CQDs &Au@CQDs
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The PL characteristic of as-synthesized CQDs showed maximum emission at 410nm
excitation wavelength and exhibited a red shift on increase in excitation wavelength, which is
a typical characteristic of CQDs (Fig. 5.2(c)). The evidence for the reduction of Au®*‘by
CQDs was also confirmed by the remarkable quenching of fluorescence emission of CQDs as
shown in Fig. 5.2(d). Initially, the CQDs showed very high fluorescence due to radiative
recombination of electrons and holes, which is usually confined onto their surface. Through
their participation with Au®*, the nucleation was initiated first at the surface sites that host the
electrons, thus the process of electron-hole recombination occurring at their surface was

hindered which ultimately leads to effective quenching of the fluorescence emissions.
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Fig. 5.3: (a) HRTEM image of CQDs inset is the size distribution of CQDs(b) HRTEM
image of a single particle (¢) HRTEM image of Au@CQDs (d) SAED pattern for
Au@CQDs, (e) FTIR spectra of CQDs and Au@CQDs, (f) Thin film XRD-spectra of CQDs

and Au@CQDs.
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CQDs are known to contain covalently bonded oxygen-rich functionalities such as carbonyl,
hydroxyl, carboxyl, etc., which helps CQDs dispersion in water. The FT-IR spectrum of
CQDs demonstrate these characteristics feature in terms of observed stretching vibrational
peak at 3342 cm™,2370 cm™, 1740 cm™, 1634cm™, 1160cm™ and 1060cm™, which are
associated with OH,C-H ,C=0,C=C,C-C and C-O vibrations, respectively (Fig. 5.3(e)). In
case of Au@CQDs, the disappearance of the peak at 2370 cm™and decrease in peak intensity
at 1060cm™, dictates involvement of CQDs in Au nanoparticles formation or coating of
CQDs with Au NPs shell [16]. Further, it is clearly evident from FT-IR spectra that part of
the oxygenated groups on the CQDs was involved in the redox reaction between CQDs and

Au salts.

The thin film XRD spectrum of CQDs shows a broad peak centered at 20 = 22° (JCPDS Card
Number 75- 1621) which is also attributed to highly disordered carbon atoms [17]. The
crystallite size of CQDs calculated from Scherrer equation (D = 0.94/fcos0) is found to be 5-
7nm. In addition four well-resolved diffraction peaks at 260 = 38.1, 44.2, 64.6, and 77.5°
which could be assigned to the (111), (200), (220), and (311) planes of Au NPs (JCPDS Card
Number 89-3697) were observed in the XRD pattern of Au@CQDs as shown in Fig. 5.3(f).
Both the PL observation of the Au@CQDs and the XRD measurement pointed to the

successful reduction of HAuUCI, to form Au NPs during the synthesis process.

HR-TEM analysis revealed the spherical morphology of as-synthesized CQDs, with an
average diameter of~7nm, which is obtained through statistical analysis for ~50 nanoparticles
which was calculated by image j software (Fig. 5.3(a)). The high crystallinity for CQDs with
the emergence of lattice fringes for (102) plane of graphitic sp? carbon is also observed (Fig.
5.3(b)). On the other hand, as observed from micrographs, a low contrast continuous layer of
CQDs (shell) having thickness ~6nm wrapped with a high contrast Au core signifying the
core-shell structure of Au@CQDs composite. It was observed that a cluster of Au was
embedded in as prepared CQDs and the average size of Au calculated manually from the HR-
TEM results was found to be ~25 nm. The SAED pattern shows the crystalline nature of

Au@CQDs and ring pattern of Au metal corresponding to fcc structure.

To measure PEC characteristic of CQDs and Au@CQDs, the PEs based on them were
fabricated as discussed in experimental section and characterized. The electrochemical
studies disclosed that the current density of Au@CQDs PEs is several folds than CQDs PEs.

Furthermore, the scan rate study of Au@CQDs PEs showed that with an increase in the scan
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rate, the current density increases with an anodic shift of oxidation peak and cathodic shift of
reduction peak. The ratio of peak current density, iJ/ic is found to be 1.035, indicating nearly
reversible redox reaction of the Fe?/Fe®‘redox species at Au@CQD PEs interface. The
diffusion coefficient for this reversible and diffusion controlled reversible reaction for the
studied PEs was calculated using Randles—Sevcik equation [20] and is found to be 0.1169
cm®sec’t and 0.0295 cm?sec™ respectively. To further study the electron transfer kinetics
dependence on scan rate (v) at Au@CQD PEs, the areal capacitance C was calculated and
found to be decreased from 0.0078 F/cm? to 0.0027 F/cm?with respect to increased scan rate
from 10 mV/s to 100 mV/s, which can be attributed to limited ionic species transport at

electrode interface at higher scan rate.
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Fig. 5.4(a) is associated with current density characteristic of CQDs and Au@CQDs PEs in
the dark and illumination under white light of the Xe arc lamp at ~100 mW/cm? power
density. It can be seen very clearly that current densities are negligibly small in dark
condition, whereas under illumination is remarkable. The photocurrent density for
Au@CQDs PEs is higher than that of CQDs PEs. It can be seen very clearly that at a very
low bias of 0.16V the current densities are 16 mA/cm? and 6 mA/cm? for Au@CQDs and
CQDs PEs, respectively. The photoelectrochemical response of Au@CQDs is highest
amongst available reports with this family of materials reported till date [21]. Furthermore,
the observed current density is multifold higher than bare TiO, coated PEs. To understand
observed behavior impedance characteristic of both PEs were measured under light and dark
condition in 3 x 10° to 0.1 Hz frequency range and are shown in Fig. 5.4(b,c,d,e). It can be
seen clearly from FRA response and associated Randel’s equivalent circuit (inset) that the
polarization/charge transfer resistance for Au@CQDs is very low (2.74 ohms) over that of
CQDs PEs (88.8 ohms), which is 12.9 kohm for bare TiO, PEs. These observations reveal the
significant role played by Au layer onto CQDs interface by means of reducing electrical
resistance, which could play a catalytic role in photoelectrochemical water splitting along
with its light absorption properties in the visible region of the solar spectrum. The enhanced
PEC performance of Au@CQDs PEs can be further understood in terms of its role as a
hybrid photosensitizer to provide photoexcited electrons to the conduction band of TiO;
particles coated onto ITO substrate thus extending visible light reactivity of the
semiconductor and boosted H, evolution. Quantitatively the hydrogen generation is as a
function of time is determined from Faraday's law of electrolysis and found to be 93.7 umolh
! (311 pmolh™*ecm®) and 37.5 pmolh™(125 pmolh™cm™) for Au@CQDs and CQDs PEs,

respectively.

The photocurrent vs. time transient for the both PEs measured under white light illumination
with 30 s light on/off cycle is displayed in Fig. 5.5 (a).Under dark condition, the PEs i.e.
CQD and Au@CQDs show a negligible current response, while upon illumination, the
photocurrent increases rapidly and reaches steady state values. It can be concluded very
clearly that Au@CQDs exhibit very good photo-switching performance with approximately
two-fold faster response in comparison with CQDs PEs. Furthermore, the performance of
Au@CQDs PEs is measured for several bias potentials (Fig. 5.5 (b)) and it exhibit staircase
type increased behaviour in current density as seen observed earlier in linear sweep

voltammetry.
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Fig. 5.5: (a) Photocurrent transient response Characteristics of PEs (b) on-off cycle curve for
Au@CQDs PEs under AM 1.5 illuminations at different bias potentials.

5.3.3 Nano photocatalysis Study by CQDs and Au@CQDs

Photocatalytic water splitting experiments were performed in water using methanol as
sacrificial mediator under different light sources i.e. direct sunlight, visible light and UV-
light. Hydrogen evolution was not observed under UV-light irradiation due to weak optical

response and the highest rate was observed under sunlight due to its good optical response.
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Fig. 5.6: Photocatalytic hydrogen production of (a) CQDs (b) Au@CQDs under visible light
and sunlight.
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As observed in Fig. 5.6 the amount of hydrogen evolved significantly increases with the
reaction time under visible-light/sunlight. The hydrogen evolution rate for CQDs was 240
pmol in 5 h under visible-light source whereas it increases up to 260 pmol under sunlight.
However, by the use of Au@CQDs the quite higher amount of hydrogen was evolved which
was 250 umol and 280 umol under visible-light and sunlight respectively (Fig. 5.7). Also, the
highest STH (%) was observed for Au@CQDs (1.89%) followed by CQDs (1.75%) under
sunlight irradiation. There was no significant difference in the photocatalytic activity of CQD
and Au@CQD because of their similar band energetic but in terms of photoelectrochemical
current density, Au@CQDs showed superior activity due to effective shuttling and
distribution of electrons. The photocatalytic water-splitting reactions were also studied
without using Au@CQDs or light irradiation but no hydrogen was detected which confirms
that hydrogen comes from the photocatalytic reactions. The role of sunlight flux on H,
production was also studied and it was observed that the rate of H, production exponentially
increased with the increase in sunlight flux. The average flux recorded during 5 hours of the

reaction was 637 watts/m?.

[T Au@CQDs
I CQDs

H, produced (umol)
S
T ¢

Lh
=l
1

<
1

Visible Sunlight UV-light

I[HNlumination source

Fig. 5.7: Histogram presenting the hydrogen production of CQDs and Au@CQDs under
different illumination source.
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Some theoretical experimentation and calculations have confirmed that the band gap energy
is dependent upon the size of CQDs [21,22]. As the size of the CQDs increases, the gap
decreases gradually and HRTEM results show small sized CQDs of size 2-5 nm which agrees
well with the visible light emission of CQDs [23]. Therefore, the observed photocatalytic
activity is attributed to the size of the CQDs (quantum size effect). Moreover, the band gap
energy for CQDs is 2.78 eV which have an excellent charge-storing ability, can also act as an
electron buffer to promote the electron extraction from the conduction band and subsequently
decrease the electron-hole recombination rate. Finally, CQDs can enhance electron transport
because of their photoinduced electron-transfer properties. The lower PL intensity is credited
to effective distribution of electron-hole pairs in order to lower the rate of recombination.
Moreover, the PL quantum yield calculated in the current experiment is very low (2.23%),
suggesting the participation of photo-generated electrons in CQDs for the photocatalytic
reduction. Extended further to improve the photocatalytic activity, Au@CQD composite was
fabricated with the band gap energy of 2.68 eV. The electron transfer properties both in case
of CQDs and Au@CQDs was further elaborately investigated by photoelectrochemical
studies (section 3), at a very low bias of 0.16 V the current densities were found to be 16
mA/cm? and 6 mA/cm? for Au@CQDs and CQDs PEs, which is ample for photocatalytic

water splitting.

A reaction mechanism is proposed to explain the photocatalytic water splitting by Au@CQD
composite in visible-light/sunlight as shown in starting schematic scheme. The Au
nanoparticles absorb in the visible region because of SPR effect resulting in the generation of
energetic electrons and holes. These free electrons in the intermediate energy levels act as a
“color center” which can be stabilized transiently and further shuttling of photoexcited
electrons to the LUMO of CQDs in visible regions. Furthermore, in case of photocatalytic
hydrogen production, the reduction potential of the photocatalyst needs to be more negative
vs NHE (0 V) for efficient results. Earlier [30] it has been reported that the CB or LUMO of
the CQDs is -0.906 eV (versus NHE), which satisfies the thermodynamic potentials for
hydrogen evolution and making it susceptible for the hydrogen production reaction. So, the
photoexcited electrons in the LUMO of CQDs are thermodynamically feasible for
constructive water splitting. In the view of their attractive properties, CQDs and Au@CQDs

would expect to realise the efficient usage of the full spectrum of sunlight.
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CHAPTER 6

Optical Detection of Thiol Drugs by Core-Shell Luminous Carbon Dots-

Gold Nanoparticles System
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Fabrication of carbon quantum dots (CQDs) by simple one-step microwave technique.
The CQDs were further used for making core-shell (Au@CQDs) nanocomposites

within 5 seconds.

The Au@CQDs could act as a biosensor for detection of various amino acids,

enzymes and pentids.

A detailed investigation into the course of fluorescence turn off/on of CQDs shows

positive results.
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6.1 Introduction

Noble metal (Au, Ag etc) based plasmonic nanoparticles (NPs) have gained incredible
significance as colorimetric sensors due to their distinctive and excellent characteristics like
distance-dependent optical properties and high extinction coefficients in visible region [1-10].
These metal NPs are known as excellent fluorescence quenchers and their quenching effect
has been thoroughly explored on various fluorophores. In addition, these NPs have a huge
number of applications in the field of sensing and nano-medicine [11-15]. Fluorescence
quenching by the metal NPs is generally a type of energy transfer method taking place among
the fluorophores and NPs. The composite formation of these metallic NPs with other active
materials has been reported to be efficient in several advanced sensing and biomedical
applications. But the composite formation with the quantum dot is least studied and
composite materials of such scale can be effective because of alteration in optoelectronic

properties.

Recently composites with photoluminescent nanomaterials had gained interest due to their
applicability in various fields, ranging from biomedical to optoelectronics fields [16-17]. One
new category of luminescent nanomaterials is carbon quantum dots (CQDs). CQDs are a
rising category of carbon nanomaterial due to their impressive fluorescence property, good
biocompatibility, photo stability, energy conversion capability and water solubility. The great
interest towards this small water-soluble type of carbon could be credited to its character as
eco-friendly and non-toxic nature, as an alternative to semiconductor quantum dots in diverse
applications like electronics, drug delivery and catalysis [18, 19]. The existence of carboxylic
moiety onto the surface of CQDs has the ability to function both as a reducing and stabilizing
agents in the fabrication of metallic NPs, similar with other carboxyl enriched ligands like
citrates, ascorbates [20-21] etc. If CQDs are able to create a shell surrounding the metal NPs,
it may function like a self-assembled monolayer of stabilizing agent [22]. In the existence of
these metal NPs, the fluorescence emission of these CQDs can be notably quenched as a
result of energy transfer. When any biological moiety introduced into CQDs—metal NPs
system the fluorescence is again regained due to the interaction of moiety with Au NPs
leading to aggregation of NPs. The applicability of CQDs—metal NPs system can thus be

exploited for turn-on fluorescence detection of purine compounds.

Purine compounds have a significant role in human cell metabolism and the compounds are

also utilized to treat cancer [23]. As an example the 6-thioguanine (6-TG) is useful as an anti-
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cancer agent, to enhance immune response and also in the treatment of leukemia at advanced
stages [24]. The 6-TG is hastily activated inside the body via intracellular conversion to its
nucleotide, thioguanylic acid and its thioguanosine phosphate derivatives [25]. At present,
many of the available methods for the determination of 6-TG involves expensive biological
reagents, sophisticated instrumentation and cumbersome sample preparation. Therefore, the
improvement of a novel, sensitive, fast and simple practical method is still in a great demand.
In this context, we report the development of core-shell AuNPs-CQDs (Au@CQDs)
nanocomposite as fluorometric nanosensor for the detection of 6-TG which works by the
combination of ligand exchange and Forster resonance energy transfer (FRET) phenomena.
This method is better or has comparable performance than most of the other methods,
moreover CQDs are very inexpensive and environmental friendly probe and in addition, its

interaction with metal NPs has not been extensively studied previously.

6.2 Experimental Section

6.2.1 Reagents

Hydrogen tetrachloroaurate (HAuUCl,;, 99%, Sigma Aldrich India), ascorbic acid (99%,
lobachemie) were used without further purification. Kollicoat-IR (MW 45000Da) was gifted
from BASF, 6-Thioguanine (98%, Alfa Aesar) was used as a model compound for
fluorescence turn-on detection. The ultrapure water from Millipore (Resistance: 18 MQ) was
used throughout the experiment and for making the solution.

6.2.2 Synthesis of CQDs and Au@CQDs

The CQDs were synthesized by a simple microwave method (Fig. 6.1). Briefly, 0.5 g of
ascorbic acid and kollicoat (1:1 w/w %) was dissolved in water under continuous stirring.
After 20 minutes the sample (5 mL) was pipetted out into glass reaction vessel and heated in
a microwave synthesizer (Multiwave 3000 Microwave Reaction System, Anton Paar). The
reaction was carried out at a temperature of 130 °C for 30 minutes at 300 W powers. The
yellow color of the mixture confirmed the formation of CQDs. The Au@CQDs is fabricated
by addition of HAuUCI, precursor (50 pL) to the C-dot solution (1 mL) at room temperature.
The color change from yellow to pink within 5 seconds was observed indicating the
formation of Au@CQDs.
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Fig. 6.1: Graphical mechanism for the formation of fluorescence CQDs and core-shell Au@
CQDs.

6.2.3 Assay of 6-Thioguanine

The fluorescence detection of 6-TG was performed in ultrapure water. Different
concentration of 6-TG was mixed with 1 mL of Au@CQDs nanocomposites and incubated
for 2 minutes at room temperature. The photoluminescence (PL) signal was investigated by
the fluorescent spectrometer at an excitation wavelength of 320 nm. For the kinetic study, the

fluorescence recovery of samples was examined at different incubation time (0-120 seconds).

6.2.4 Instrumentation

The electron excitation of CQDs and Au@CQDs was analyzed using UV-Vis
spectrophotometer (Analytik Jena, Specord). The PL emission spectrum was recorded by
fluorescent spectrophotometer (Perkin Elmer) at different excitation wavelength ranging from
290-460 nm. The phase identification was analyzed through XRD analysis (PANALYTICAL
X’Pert PRO) with Cu Ka (4=1.540 A) as radiation source over the range 10°<26<90°. Fourier
transforms infrared (FTIR) spectra were measured on the Perkin Elmer PE-983 FTIR
spectrophotometer. Transmission electron microscopy (HRTEM) analysis was carried out on
JEOL JE-2100 microscope under the accelerating voltage of 200 kV. Particle size distribution
and zeta potential were determined by dynamic light scattering method (DLS, Zetasizer,

Malvern). The oxidation state of the photocatalyst was analyzed by X-ray photon
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spectroscopy (XPS, KRATOS Axis 165 Shimadzu, UK) with Mg Ka radiation (1252.6 eV at
75 W).

6.3 Results and Discussion
6.3.1Characterization of CQDs and Au@CQDs

The optical properties and morphology of CQDs and Au@CQDs were already explained in
Chapter 5. The average hydrodynamic size has been found to be 7 nm for CQDs which is in
accordance with HRTEM and XRD results (Fig. 6.2(a)). While the participation of Au** leads
to agglomeration resulting in the increase of the size distribution up to 90 nm (Fig. 6.2(b)).
The zeta potential value for CQDs and Au@CQDs were observed to be -0.318 mV and -

0.628 mV respectively which confirm the negative charge on its surfaces.
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Fig. 6.2: DLS spectra for (a) CQDs (b) Au@CQDs (c) Emission spectrum of CQDs and
Au@CQDs (d) TEM image of the Au@CQDs showing aggregation after the addition of 6-
TG
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XPS measurements were performed to determine the composition of CQDs. As shown in Fig.
6.3 the C 1s and O 1s peaks are the two major elements observed for CQDs. The high-
resolution C 1s peak is deconvoluted into two signals, which includes the (sp?) C-C and C-O-
C bond at 283.4 and 285 eV. These results show that pure CQDs contain only oxygenic

groups which are in agreement with FTIR results.

Cls (a)
E- O1s
2
5
T T T T
0 200 400 600 800 1000
Binding energy (eV)

Cl1s 01s

(c)
Cc=0
(532.7 ¢V)

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

: L
286 288 294 526 528 530 532 534 536 538 540

Binding Energy (eV) Binding Energy (eV)

Fig. 6.3: (a) XPS survey of CQDs (b) C 1s (c) O 1s spectrum of CQDs.

6.3.2 Fluorescence Turn-off of CQDs by AUNPs

The CQDs show maximum emission when excited at 410 nm and PL also shifted to longer
wavelength with increasing excitation wavelength, typical characteristics of CQDs [23]. The
confirmation for the reduction of Au®" salts by CQDs was observed by the fluorescence
quenching (Fig. 6.2 (c)). Initially, the CQDs showed very high fluorescence due to radiative

recombination of electrons and holes which are usually confined onto their surface and by the
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interaction of CQDs with Au®* the electrons and holes are being trapped and become less
available for the radiative recombination which ultimately leads to PL quenching. The
fluorescence intensity of CQDs decreases considerably with the increasing amount of AuNPs
concentration, demonstrating an efficient quenching procedure. Fluorescence quenching data
are usually represented by Stern-Volmer equation which gives the plot between Fo/F vs.

concentration of the quencher and is represented as:
Fo/lF = 1+Kgy [AU]

Here, Fo and F are the fluorescence intensity of CQDs in the absence and presence of
quencher [Au], Ksy is the stern VVolmer constant (M™). The plot is represented in Fig. 6.4(a)
and the corresponding value of Ksy is calculated to be 5.2x10* M™ indicating high quenching

efficiency.
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Fig. 6.4: Plot between (a) Stern-Volmer plot for the quenching of CQDs fluorescence at
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6.3.3 Photostability of CQDs

Before carrying out the practical application for the sensing of 6-Thioguanine (6-TG) the
stability of CQDs was done by the UV (125 W Hg arc) and visible light (CFL 60 W)
irradiation for 60 minutes and no change was observed in the fluorescence intensity

signifying the good photostability.
6.3.4 Accession of Critical Parameters for Sensing of 6-TG
6.3.4.1 Testing at Different pH and Colour

The restored fluorescence efficiency of CQDs is highly dependent upon the pH value. The
influence of pH on enhanced fluorescence intensity was studied in the range of 1.0 to 4.0 as
shown in Fig. 6.4(b). The solution of nitric acid (1 N) and sodium hydroxide (1 N) were used
for adjusting the pH of the solution. The pH of the original mixture [Au@CQDs+6-TG (60
pHM)] was found to be 2.5. The highest response was found at pH 1.5. It seems that at this
value the interaction of Au@CQDs with 6-TG is highest. At the higher concentration of
acidic/basic medium, it may cause the aggregation of Au@CQDs which leads to less
interaction with 6-TG. Also, it was clearly seen that with the increase in the H concentration

blue shift was observed and with the increase in OH™ concentration red shift was observed.
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Fig. 6.5: Histogram representing the change in colour of solution with pH.

The colour of the mixture is also dependent upon the pH value. It was observed that the
colour of the solution became darker by the addition of acids (H") or bases (OH"). The colour
of the original mixture is pink changing to light/dark green due to the addition of H and OH"

as shown in Fig. 6.5. This pH-dependent property suggests that the change in concentration
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of H" and OH" causes the electronic transition changes of m—n* and n—n* in CQD by

refiling or depleting their valence bond, thereby changing the fluorescence intensity.
6.3.4.2 Kinetic Study (Testing at Different Time Intervals)

The fluorescence intensity does not significantly increase, with an increase in the incubation
time. The kinetic study was performed upto the incubation time of 120 seconds as shown in
Fig. 6.4(c). So 120 seconds was selected as the optimum time for the instant interaction of 6-
TG with Au@CQDs which remains stable afterward.

6.3.5 Fluorescence Turn-on Detection of 6-TG

The Au@CQDs exhibit fluorescence turn on behavior upon addition of 6-TG. The plot of
enhanced fluorescence intensity (F/ Fg) against the concentration of 6-TG with the addition of
10 uL at each time is shown in Fig. 6.6 (a) indicating that even with the small addition (10
uL) of 6-TG notable change in the PL intensity was observed.
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Fig. 6.6: (a) Emission spectrum of Au@CQDs after addition of different concentrations of (a)
6-TG (c) Pentids, linear relationship between the (F-Fo/ Fo) against the concentration of (b) 6-
TG in the range 0-100 uM with the correlation coefficient of 0.9944 (c¢) Pentids in the range
100-1000 uM with the correlation coefficient of 0.9949.
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Meanwhile, a linear relationship between the (F/Fo) against the concentration of 6-TG is
obtained in the range of 0-100 uM with the correlation coefficient of 0.9944 (Fig. 6.6(b)).
This fluorescence turn-on behaviour is due to the interaction of 6-TG with Au NPs via Au-S
bond, leading to aggregation of NPs that was confirmed by HRTEM images as shown in Fig.
6.2(d). The limit of detection (3o/s) for 6-TG was found to be 0.01uM, where ¢ represents the
standard deviation of five blank measurements, and s is the slope of the calibration curve and
comparatively this method is better compared with those previously reported techniques [29-

31] and biosensors as shown below in Table 6.1 and 6.2.

Table 6.1: The performance of optical sensors assembles for 6-thioguanine

Biosensor Regression Coefficient LOD Reference

Gold nanorod 0.997 0.015 [26]
Gold nanosphere 0.996 0.220 [26]
Silver nanoparticles 0.997 0.009 [27]
Multiwall carbon nanotubes 0.9835 0.008 [28]
CQD-AUNPs 0.990 - [24]
CQD-AgNPs 0.995 0.01 [24]

CQD-AuNPs 0.994 0.01 Present Work

Table 6.2: The performance of optical sensors assembles for 6-thioguanine

Biosensor Regression Coefficient LOD Reference
Gold nanorod 0.997 0.015 [26]
Gold nanosphere 0.996 0.220 [26]
Silver nanoparticles 0.997 0.009 [27]
Multiwall carbon 0.9835 0.008 [28]
nanotubes
CQD-AuUNPs 0.990 - [24]
CQD-AgNPs 0.995 0.01 [24]
CQD-AuNPs 0.994 0.01 Present Work

86




6.3.6 Mechanism for Fluorescence Turn-on/off Detection of 6-TG by CQDs

As shown in Fig. 6.2(c) the fluorescence intensity of CQDs was quenched by 96% with the
interaction of Au®* forming Au@CQDs. The fluorescence lifetime of CQDs decreased from
3.9 ns to 3.6 ns due to the presence of Au®* ascribed to the energy transfer process taking
place in the CQD-AuUNP systems, where CQD acts as the donor and AuNPs as the acceptors
leading to the quenching of fluorescence. The quenching is dynamic in nature, as a decrease
in the emission lifetime of the semiconductor colloids is observed when an electron acceptor
or surface modifier is adsorbed on the semiconductor surface which is confirmed by Stern
Volmer plot (Fig. 6.6(a)) [22]. Thus, it suggested that Au®* was bound to the surface of
CQDs. This whole prediction was also verified by the results of UV-Vis absorption spectra as
the peak of CQDs diminishes at 370 nm that was attributed to change in their surface states as
Au®*" gets bound to CQDs surface. The AuNPs were stabilized by carboxyl and hydroxyl
groups present on the surface of CQDs which are well-known to bind weakly to the AuNPs
surface. Upon accumulation of 6-TG, the Au-S bond could be formed because of a strong
binding preference of thiol groups for metals. This leads to aggregation of AuNPs and release
of CQDs from Au surface. The recovered fluorescence intensity only resulted by forming
[Au- (6-TG),]> complexes in the presence of thiols. Moreover, as more number of Au
aggregates are formed with the increasing amount of 6-TG, the number of fluorescence
acceptors decreases which cause steric hindrance effect and Au no longer behave as good
acceptor and the fluorescence intensity of CQDs is recovered.

6.3.7 Analytical Application

To promote the applicability of the present technique in biological industries the whole
scenario was also performed for several biomolecules and amino acids as shown in Fig. 6.7.
The results recommended that the Au@CQDs composite is suitable for thiol-containing
biomolecules. As the amino acids which do not contain any free sulfhydryl groups, they are
not capable of exchanging the CQDs from AuNPs surface. Encouraged by these positive
results, we investigated the technique for enzymes which also shows the turn-on fluorescence

because of the presence of free sulfhydryl groups present in the biomolecules.

To further symbolize the applicability of Au@CQDs as a biosensor for pharmaceutical
utility, we investigated the results for pentids tablets. Pentids tablets contain Penicillin G as
an active ingredient and are generally used for bacterial infections and sexually transmitted

infections.
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Fig. 6.7: Plot of relative intensities of Au@CQDs as a function of different biomolecules.

The plot of enhanced fluorescence intensity against the concentration of pentids with the
addition of 100 pL at each time is as shown in Fig. 6.6(c). The turn-on fluorescence is
linearly dependent upon the concentration of pentids with a correlation coefficient of 0.9949
and observed LOD is 0.006 uM (Fig. 6.6(c)). This suggests that the composite is highly

beneficial to be used as a fluorometric sensor for thiol-containing biomolecules.
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CHAPTER 7

Highly Effective CQD/Ti10, Nanocomposite For Sensing of Toxic Metal
lons and Photodetoxification of Industrial Dyes with Kill Waste by Waste

Concept
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Highlights

» A novel “Kill waste by waste” approach was adapted for the waste water treatment.

» Detection of a toxic metal ion by CQDs and immersed with TiO, to make PCT
composites.

» The PCT nanocomposites were utilized for the complete photodetoxification of dyes.

» The analytical practical also shows excellent activity for real water samples.
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7.1 Introduction

The toxic effluent in the form of heavy metals and harmful dyes are two major concerns
abating the quality of water. This is reasonably due to the ever-growing population,
commercialization, ecological degradation and harmful domestic/industrial discharge.
Amongst diverse heavy metal ions, mercury (Hg), lead (Pb) and cadmium (Cd) are forbidden
in electronic equipment by the European Union's restriction on hazardous substances (RoHS)
directive owing to their harmful nature [1-5]. Among these metal ions, Pb is the most
abundant and toxic ion because of its use in pigments, batteries, and gasoline. Even tiny
amounts of Pb causes reproductive, cardiovascular, neurological and developmental disorders
particularly in women and children [6]. Currently, the most common techniques used for the
detection of Pb ions are optical detections like colorimetric and fluorescence changes. The
chief benefit of utilizing the fluorescence technique is its ease and lower limit of detection [7-
10]. Now, the concern is to rationally design a material capable of sensing the Pb ions from

toxic water leading to its removal.

Recently carbon quantum dots (CQDs) are emerging as one of the best nanomaterials for the
numerous photocatalytic applications. This new class of zero-dimensional nanomaterials was
accidentally obtained during purification of single-walled carbon nanotubes in 2004 [11-12].
Since then CQDs have attained a special status in the carbon-based material family. Their
merits such as inexpensive, facile synthesis, excellent water solubility, low toxicity, stable
fluorescence and biocompatibility. These properties craft them as next-generation
luminescent nanomaterials superior to other traditionally used both luminescent inorganic
quantum dots and fluorescent organic dyes [13-15]. Recently, Kumar et al. [16] synthesized
CQDs by Ocimum sanctum for the selective sensing of Pb ions with a limit of detection 0.59
nM. He et al. [17] built a selective fluorescent Leadfluor-1sensor synthesized by organic
processes for detecting Pb in living cells. Similarly, Dong et al. [18] used a new co-reactant
electrochemiluminescence (ECL) system consisting of carbon quantum dots (CQDs) and
sulfite SOs for this purpose. Though many more reports are available in the literature for
better sensing of lead ions. Each of these reports has its limitations of cost/time effectiveness

and non-utilizing of the Pb/CQDs solution after detection.

Industrial dyes like reactive brilliant red X-3BS (RBX), coralline red BS (CRB) and remazol
black XP (CNB) etc. from textile and printing industry are the key sources of water

contamination and harmful to aquatic life [19-22]. To remove these toxic dyes numerous

93



materials and modifications have been used. But to “kill waste by waste” type technique is
not reported yet. In this process (“kill waste by waste”) we utilize Pb-CQDs and impregnate
light active support like titanium dioxide (TiOy) on it for the detoxification of dyes. This
strategy is a novel concept towards sustainable development. The reason to choose TiO; is
due to its excellent record for photocatalytic dye degradation. The single drawback of TiO, as
a photocatalyst is its band gap i.e. 3.2 eV which disables it to be active in the visible light

region of the solar spectrum. This limitation can be overcome by the above-said approach.

In this respect, a novel “kill waste by waste” type methodology was adopted for the removal
of both toxic Pb and industrial dyes. The synthesis of CQDs has been done by a facile one-
step process using ascorbic acid as a precursor. The as-synthesized CQDs were utilized for
the detection of heavy metal ions (Pb), selectively. The as-fabricated Pb-CQDs solution was
immersed in TiO, by wet impregnation method without adding any structure directing agent.
Hence as an outcome, the process is very facile, reproducible and cost-effective. The Pb-
CQDs-TiO, (PCT) nanocomposite was successfully used for the complete photo-
detoxification of industrial dyes like RBX, CBX etc. This was examined by optical
spectroscopy and gas chromatography considering CO, and H,0O as a final photo mineralized
product. The same procedure was also adopted for real sample analysis in order to test the

results at an industrial scale.
7.2 Experimental procedure
7.2.1 Chemicals and Reagents

All the analytic grade chemicals were used as received: Ascorbic acid (99%, Loba Chemie
Ltd.), Ethanol (99.9 %, Jiangsu Huaxi International China), Titanium dioxide (TiO,-P25,
50% Evonik Industries), Lead nitrate (Pb(NO3),, 98% Merck). Kollcoat-IR (MW = 45000)
was gifted from BASF which was used as the stabilizing agent in the synthesis of CQDs.
Deionized (D) water (35 mho cm™ at 25°C) obtained from Millipore (Milli-Q) ultra-filtration

system was used throughout the experiment.
7.2.2 Synthesis of CQDs and Pb-CQDs-TiO, nanocomposite

Carbon quantum dots were synthesized by the microwave-assisted facile and green method,;
we have reported earlier [11]. Briefly, 0.5 g of ascorbic acid and kollicoat (1:1w/w %) was
dissolved in water under continuous stirring. After 20 minutes the sample (5 mL) was

pipetted out into glass reaction vessel and heated in the microwave synthesizer (Multiwave
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3000 microwave reaction system, Anton Paar). The reaction was carried out at a temperature
of 130 °C for 30 minutes at 300 W powers. The yellow color of the mixture confirmed the
formation of CQDs. The final composite of Pb-CQDs-TiO, was synthesized by wet
impregnation method. A suspension of P25 (0.5 g) in water (20 mL) was stirred at room
temperature and then1.0 mL of Pb-CQDs (1:1 v/v) solution was added dropwise. The stirring
was continued for 8-10 hours at room temperature to make a homogenous solution. The
samples were washed with water through centrifugation and dried in an oven at 80°C for 8 h.
The as-prepared solid photocatalyst was abbreviated as PCT.

7.2.3 Sensing/detection of heavy metal ions

The detection of toxic metal ions was performed in water by the fluorescence
spectrophotometer. The metal ions with concentrations of 10 uM (Cu, Ni, Cd, Pb, and Hg)
were mixed with 1 mL of CQDs and incubated for 10 minutes at room temperature. The
photoluminescence (PL) signal was investigated by fluorescence spectrometer at an
excitation wavelength of 320 nm. After the selective detection of Pb, the Pb-CQDs
photocatalyst was kept for the purpose of photo-detoxification of harmful dyes.

7.2.4 Characterization and photocatalytic activity

Electronic excitations and emissions of CQDs and metal-CQDs were analyzed by using a
UV-Vis spectrophotometer (Analytik Jena, Specord 205) and fluorescence spectrophotometer
(PerkinElmer LS-55, USA) using an excitation wavelength ranging from 260-320 nm. X-ray
diffraction pattern studies of the photocatalysts were studied by PANalytical Xpert Pro
(Almelo, Netherlands) with Cu Ka at 1.54 A° operating at 45 kV and the diffraction angle of
20-80° (5°/min rise). High-resolution transmission electron microscopy (HRTEM) was
carried out on Technie G2 (FEI) S-Twin instrument operated at 200 kV. The FESEM and
EDS were done by Hitachi SU 8180 field emission scanning electron microscope operating at
30 kV. To examine the oxidation state, X-ray photon spectroscopy (XPS) was recorded on
commercial Omicron EA 125, source Al-ka radiation at 1486.6 eV. Particle size distribution
and zeta potential were determined by dynamic light scattering method (DLS, Zetasizer,
Malvern). The band gap was measured by UV-Vis diffuse reflectance spectroscopy with
Hitachi 3900H spectrophotometer using BaSO, as a reflectance standard. Surface area and
porosity were measured by BET (BEL mini-1l, Micro Trac Corp. Pvt. Ltd, Tokyo, Japan)
based N, adsorption-desorption method at cryogenic temperature after pre-treating the sample
at 100°C for 3 h at N, atmosphere.
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The photocatalytic activity was carried out in a test tube containing 5 mL dye solution (100
mg/L) and 10 mg (2 mg/mL) of photocatalyst under visible light source with intermittent
stirring. The reaction mixture containing dye solution and photocatalyst was stirred in dark
for 60 minutes before illumination. The kinetics and concentration change of dye samples
were recorded after filtration with cellulose filter (0.22 um) at different time intervals having
the absorption maximum at 520 nm under UV-Vis spectrophotometer. The total
mineralization of the dye samples was quantified by observing the amount of CO, evolved
through gas chromatography (GC Nucon 13A porapak-Q column with TCD detector). The
quantification of CO, was done against the 200 ppm standard with a retention time of 0.57
min. The temperature of the detector, injector and oven was set at room temperature and the
injection was done manually by a gas tight syringe (Hamilton, 5 mL). Moreover, the reaction
intermediates were identified by GC-MS (Shimadzu QP2010 plus, RTX-5 sil MS column) by
injecting 1uL of the extracted sample with Helium gas (1ml/min) as a carrier. The oven was
programmed from 60°C (5 min hold) to 240°C@6° C, while transfer line and injector were

kept isothermally at 250°C and 275°C respectively.
7.2.5 Detection of hydroxyl radicals ("OH) generated during photoexcitation

The generation of "OH radicals on the surface of the photocatalysts was determined from
photo-luminescence (PL) technique using coumarin as a probe molecule. Coumarin reacts
with 'OH radicals to form highly fluorescent 7-hydroxycoumarin. The experimental
procedure was similar to that of the photocatalytic process and was carried out in the test tube
containing 10 mg of the photocatalyst and 5 mL of coumarin aqueous solution (10 M). The
PL spectra of the photocatalysts were measured on a fluorescence spectrophotometer at an

excitation wavelength of 320 nm.
7.3. Results and Discussion
7.3.1 Detection of toxic heavy metals by CQDs and its selectivity for Pb ions

The PL responses of CQDs towards different metal ions including Hg*?, Cd*?, Ni*?, Cu*?, and
Pb*? have been analyzed. The above metal ions of concentration, 10 UM were added to the
solution of CQDs (2 mL) and their PL spectrum has been recorded. The histogram is plotted
taking F/Fq against the equal concentration of different metal ions as shown in Fig. 7.1. The
Pb** ions cause the drastic change in the fluorescence intensity compared to other metal ions

enlightening its strong interaction with CQDs. High selectivity and specificity of Pb?* jons
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towards CQDs are due to the very high binding affinity between the vacant d-orbital of Pb?*
and hydroxyl groups present on CQDs. The hydroxyl group present on the CQDs donates the
electron to the vacant orbital of Pb®" via non radiative type electron-transfer mechanism
which is facile compared to other metal ions.

Pb
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Jhe cd Ni Cu
J 2 -
=5 ]
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0.5 1
0 ”r’ ‘I”'

Metals

Fig. 7.1: Plot of relative fluorescence intensities of CQDs as a function of different metal
ions.

The sensitivity of CQDs towards Pb*" was evaluated under optimized conditions. As shown
in Fig. 7.2(a), the PL intensity of CQDs gradually quenched with the addition of Pb?* in the
range of 0-100 pM. The plot of enhanced fluorescence intensity (F/Fo) against the
concentration of Pb?* with the addition of 10 pL each time is shown in Fig. 7.2(b) which
discloses that even with the small addition (10 uL) of Pb®*, the notable change in the PL
intensity is observed. Meanwhile, a linear relationship between the (F- Fo/Fo) against the
concentration of Pb** was obtained with the limit of detection and correlation coefficient of
0.070 uM and 0.9944 respectively.
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Fig. 7.2: (a) Emission spectrum of CQDs after addition of different concentrations of Pb ions

and (b) linear relationship between the F-Fo/ Fy against the concentration of Pb.
7.3.2 Structural and morphological characteristics of PCT photocatalyst

Additionally, the presence of Pb and CQDs were confirmed by the HR-TEM and elemental
distribution analysis. Fig. 7.3(a) displays the micrographs of as-synthesized CQDs with a
spherical morphology possessing an average diameter of ~7 nm, which is calculated through
the statistical analysis for ~50 nanoparticles by image-j software. Two separate lattice fringes
(d spacing) measured to be 0.35 nm and 0.14 nm were observed for TiO; (101) plane and
PbO respectively, further confirmed by the selected area electron diffraction pattern (SAED)
that is in consonance with the XRD and TEM results. Moreover, the dot elemental mapping

(Fig. 7.4) of the final composite displays that all the elements are spatially distributed.
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Fig. 7.3: (a) HRTEM micrographs of (a) pure CQDs, (b) PCT, (c) lattice fringes and (d)
SAED pattern of PCT.
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Fig. 7.4: Elemental mapping for (a) CQDs-TiO, (b) O-KA (c) C- KA (d) Ti-KA and (e) Pb-

CQDs-TiO, (ATi-KA (g)O-KA (h) C- KA (i) Pb-MA
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The BET (Brunner-Emmet-Teller) based on N, adsorption and desorption curves of the
photocatalysts shows that all the adsorption-desorption isotherms are typical type-IV due to
the little porous nature of the nanocomposites imparted by the presence of carbon. The
surface area of TiO, (P25) alone was recorded to be 55 m?/g which decreases after the
inclusion of CQDs (23.5 m?/g) due to the blockage of certain pore sites. The energy gap (Eg)
calculated for TiO, by the optical absorption spectroscopy was 3.15 eV which makes it active
in UV region only, the Ey got decreased to 2.8 and 3.0 eV for PCT and CQDs-TiO;
respectively due to the effective charge transfer between these separate interfaces, which

makes this composite active in the vast visible light spectrum.
7.3.3 X-Ray photoelectron spectroscopy (XPS) characteristics

As shown in Fig. 7.5(a, b) XPS analysis of CQDs before sensing of Pb ions depicted the
respective peaks of different spin states of C 1s and O 1s. The high-resolution C 1s spectra
have been deconvoluted into two peaks at 283.4 and 285.2 eV corresponding to (sp?) C-C and
C-O-C interaction. Similarly, the O1s spectrum is also fitted in two deconvoluted peaks with
binding energy values of 532.7 and 533.8 eV corresponding to C=0 and Ti-O-Ti bond
respectively. After the sensing of toxic metal ions (Pb) by CQDs and its impregnation of TiO;
support, a shift was observed in the binding energies of C 1s (285.2 to 284.5 eV) and O 1s
(532.7 to 528.8 and 530.2 to 533.8 eV respectively). This shifting of the peak was probably
due to the interaction of CQDs with Pb* and TiO, as electron pair of CQDs transfers to
vacant d-orbital of Pb which is in compliance with PL results. In Pb spectrum, the oxidation
state of Pb changes from +2 to +1 (PbO) due to interaction with CQDs at the binding energy
of 138.0 and 141.7 eV. In the case of Ti 2p, two binding energy values are recorded at 457.6
eV and 464.7 eV assigned to two typical states of Ti** (2ps; and 2py, respectively).

7.3.4 Photocatalytic activity

The photocatalytic activity of the photocatalyst was monitored by detoxifying the most
harmful industrial dyes like RBX, CRB, and CNB. Control experiments were performed
revealing that the above-mentioned dyes do not degrade in dark or by photolysis. Therefore
the collective effect of both light and photocatalyst were necessary for the photocatalytic

oxidative degradation of dyes.

100



@) | Cls (b)

C=0

Before reaction (532.7 ¢V)

—

CQDs

C-0-C
(285.2 eV)

1 c-C C-0-C/ C-OH
(283.4 eV) (533.8 ¢V)
I
“ by s
L, - X

.
" ?
284 286 288 290 292 294 526 2 530 532 534 X K 540
Binding Energy (¢V) Binding Energy (cV)

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

() ()
c-C

After reaction (283.4 eV)

—

Ph- CQDs -TiO,

Intensity (a.u.)

C-0-C
(284.5 eV)

Intensity (a.u.)

C-0-C/ C-OH

L e I B E—
280 282 284 286 288 290 292 526 528 530 532 534

Binding Energy (eV) Binding Energy (eV)

] Ti2p
Pb 4 ® Ti ™ 2py

(457.6 ¢V)

(e}
Pb 41,

(141.7 &V)

Pb 41,

Ti +4 2
(138.0 V) P32

(464.7 €V)

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

136 137 138 139 140 141 142 143 54 5 458 460 462 464 466 468
Binding Energy (eV) Binding Energy (eV)

Fig. 7.5: XPS survey for (a-b) C 1s and O 1s spectrum of pure CQDs, (c-f) C 1s, O 1s, Pb 4f
and Ti 2p of PCT (Pb-CQDs-TiOy).

The PCT composite prepared in the present work may combine the adsorptive capacity of
TiO,, light absorption of Pb-CQDs and the photocatalytic ability of the PCT composite to
degrade dye in aqueous solution. The degradation of dyes was monitored prior to the
decrease in the intensity of absorption peak corresponding to 550 nm in the UV-Vis spectra.
The photocatalytic activity of PCT was higher as compared to CQDs-TiO, and bare TiO;
which is due to the formation of high oxidative radicals. The % degradation efficiency of
RBX, CBX, and CRB dye was 100%, 99%, and 85% respectively by PCT. Moreover, the
catalyst was easily separated from the reaction mixture as there was no permanent adsorption
of reactants on the catalyst, so regeneration of catalyst was done after every reaction, with

centrifugation and further washing with ethanol. The complete mineralization of RBX dye
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into CO, was analyzed through GC-analysis as shown in Fig. 7.6. The photocatalyst PCT
evolve the highest amount of CO, compared to other photocatalysts at same reaction

condition.
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Fig. 7.6: CO;evolution for photocatalytic degradation of RBX dye with the different catalyst.

The higher photocatalytic activity of PCT over CQDs-TiO,, bare TiO,, and bare CQDs was
mainly due to two reasons one is the formation of high oxidative radicals and other is perfect
band alignment after the formation of the composite. Upon irradiation under visible light,
electron excitation takes place in CQDs from HOMO to LUMO which further gets
transferred to CB of TiO,. Upon doping with lead cations, the formation of acceptor level
above the HOMO of CQDs takes place which leads to a decrease in the band gap of the
composite. Due to the creation of the acceptor level in CQDs, the number of holes increases
which creates active sites for the formation of high oxidative radicals such as hydroxyl
radicals (OH'). For comparison and understanding the mechanism of photocatalytic activity,
the OH' radicals were detected on the surface of visible illuminated photocatalysts by PL
analysis using coumarin as reference molecule. The photocatalyst (PCT) shows maximum
emission intensity and also lower Ey (2.8eV) compare to other photocatalysts which are

clearly the reason for the highest increment in its photocatalytic activity.

102



The color of RBX dye fades away with time which may be ascribed due to the destruction of
the chromophore of the dye molecule. Based on GC-MS analysis one plausible pathway for

photodegradation of RBX is proposed as shown in Fig. 7.7.
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Fig. 7.7: Plausible mechanism for the photodegradation of RBX dye under visible light
irradiation.

The route suggests that RBX with m/z =615 breaks into the molecule with m/z = 340 because
of the low bond energy of -N-CH3 bond (78 kcal/mol). Further by the cleavage of N-C bond,
this route suggests the formation of intermediates with m/z = 260 and 81 and finally
decomposes to CO, and H,O. One molecule of RBX produces 19 molecules of CO, after
complete degradation of dye. Quantitatively 0.05 umol of RBX is supposed to produce 1.8
pmol of CO, by the composite. Thus, the present work presents the complete detoxification
of RBX (100%) by Pb-CQDs-TiO, under visible light irradiation.

7.3.5 Real sample analysis

The main motive of above study is the selective removal of both lead ions and dyes from
water. In consideration of above, real contaminated water samples were taken from different
localities points in Patiala, India. Before analysis, the collected water samples were filtered
through 0.22 pm membrane to remove suspended particles. Then the amount of Pb?* in the
collected water samples was analyzed by atomic absorption spectroscopy (AAS). The amount
of Pb®* in all the real samples was >0.070 uM (LOD for Pb®" in synthetic solution by CQDs)

so the samples were proceeded for sensing without spiking. The same sensing procedure was
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followed up for all the collected samples and immersed with TiO, to make PCT composites
by real samples. Finally, the PCT composites synthesized by real water samples were again

utilized for the photodegradation of RBX dye which shows good results (Table 1).

Again the real water samples were collected from paper and pulp industry Patiala, as this
sample would be expected to contain a large amount of organic pollutant especially dyes. The
sample was purified and spiked with the standard solution of dye (RBX, 100 mg/L) and
photodegradation was checked using PCT composite. The composite regardless showed
excellent efficiency (99%) for real water samples also. The brighter side of PCT composite is
that it is easily recycled with no marks remaining in the samples. However, the application of
Pb ions and degradation of dyes in wastewater samples has not been explored to this extent
by CQD:s till now.

Table 7.1: Determination of Pb ions in different waste water samples.

Samples Amount of Pb F/Fo of Pb-CQDs % Degradation of
determined by AAS RBX by PCT
(ppm)
Laboratory drain water 0.1 0.856 88%
(Thapar University area,
Patiala, India)
Local industrial drain 0.5 0.968 92%
water, Patiala
Local battery industrial 0.6 0.988 95%
drain water, Patiala
Standard solution 3.3 0.991 99%
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CHAPTER 8

Fluorescent Carbon Dots decorated MnO, Nanorods for Complete Photo

mineralization of Phenol
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Highlights

» Synthesis of MnO,@CQDs via novel in-situ approach by directly coating CQDs onto
Mn nanorods.

> The composite regardless shows excellent photocatalytic activity towards phenol
degradation.

» At optimum operational parameters, phenol degradation efficiency was found 90 %
with a rate constant of 0.029 min ™.

» The mechanism for higher activity of composite was detected by a scavenger and

cyclic voltammetry study.
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8.1 Introduction

The Environmental protection agency (EPA) identifies phenol as the most serious hazardous
organic waste [1-2]. Phenolic compounds are effluents excreted from various chemical
industries and this discharge without treatment leads to serious health risks to humans,
animals, and aquatic systems [3-4]. The international agencies have set the strict limit for the
discharge of phenol considering the sustainability and fragility of the environment. The
excess exposure of phenol to humans can cause irritation in the skin, eyes, and mucous
membranes. Many techniques have been developed for the phenol contaminated wastewater
treatment. During the last few decades advanced oxidation processes (AOPs) have been
identified as a feasible strategy to degrade a wide range of organic pollutants in aqueous
media [5-10]. Most of AOPs are based upon the generation of some oxidative free radical
species ('OH) to oxidize the pollutants effectively and rapidly [11-12].

Manganese dioxide (MnO,) is copious in soils and also exists in many forms such as Mn3O,,
Mn,O3, MnO,, and MnO [13]. Due to variation in the oxidation states, MnO, have
tremendous oxygen mobility in the oxide lattices and therefore induce better redox reactions.
There are several reports in the literature on the fabrication of MnO, with different shapes for
catalytic processes [14-16]. Zhang et al. [17] reported the synthesis of MnO, nanorods and
their use as catalysts in the oxidation of methylene blue dye. Dong et al. [18] evaluated the
catalytic properties of B-MnO;, nanowires for the degradation of phenol and revealed good
separability and remarkable catalysis for the degradation of phenol on MnO; nanowires. As a
sustainable material, MnO, represents a striking visible light photocatalyst because of its
suitable band gap (2.5 eV) for sunlight absorption. Though, MnO, possesses a quite low
electrical conductivity which results in difficult charge transfer process and hence decreases
the photocatalytic activity hopeful approach to increase the photocatalytic performance of
MnO, is to form surface junctions to promote charge separation. Carbon quantum dots
(CQDs) are the perfect sensitizers, predominantly composed of graphitic carbon (sp? carbon)
with a size below 10 nm [19]. The quantum effect provides CQDs the broad optical
adsorption which enables them to use as light absorbers and couple with other
semiconductors like MnO; [20]. Also, CQDs act as electron transporters to direct the flow of
photo generative carriers; hence combination is expected to deliver excellent photocatalytic
activity [21].
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Considering the above mention merits, here we report the synthesis of MnO,@CQDs via
novel in-situ approach by direct coating of CQDs on MnO; nanorods during the synthesis of
MnO,. The CQDs decorated MnO, composite regardless shows excellent photocatalytic
activity towards phenol degradation under visible light irradiation. Moreover, the
MnO,@CQDs composite exhibits better efficiency than solely CQDs and MnO; nanorods.
The present study delivers novel metal free composite for the removal of hazardous effluents

from wastewater.
8.2 Experimental

8.2.1 Chemicals and reagents

All the analytic grade chemicals were used as received, manganese (II) nitrate tetrahydrate
(MnNO3.H,0, 97.0% Sigma Aldrich), potassium permanganate (KMnO, 99%, Sigma
Aldrich), ascorbic acid (99 %, Loba Chemie Ltd). Kollicoat-IR (MW 45 000Da) was gifted
from BASF which was used as a stabilizing agent in the synthesis of CQDs. Deionized (DI)
water obtained from Millipore (Milli-Q), an ultrafiltration system with 35 mhos cm™
conductivity at 25°C.

8.2.2 Preparation of CQDs and MnO,@CQDs nanocomposite

Water-soluble CQDs were synthesized by adopting previously reported procedure from the
same authors [19]. Ascorbic acid and kollicoat (1:1, w/w %) were dissolved and put under
continuous stirring. After 30 minutes, the sample (10 mL) was transferred into glass reaction
vessel subjected to microwave heating at 130 °C for 30 minutes at 300 W power with
Multiwave-3000 microwave reaction systems (Anton Paar).

The MnO,@CQDs nanorods were synthesized by a single facile hydrothermal method. A 0.2
g of MnNO3.H,0, 0.5 g KMnO,4 and 0.5 mL CQDs were placed in distilled water at room
temperature to form a mixed solution. The solution was then transferred into a Teflon-lined
stainless steel autoclave, sealed and maintained at 140 °C for 12 h. After the completion of
the reaction, the resulting brownish-black solid product was filtered, washed with distilled
water to remove the ions remaining in the final products, and finally dried at 100 °C in air.

8.2.3 Characterization and photocatalytic activity

The X-ray diffraction of photocatalyst was studied on PANalytical Xpert Pro (Almelo,
Netherlands) with CuKo at 1.54 A° operating at 45 kV and the diffraction angle of 20-80°
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(5%min rise). High-resolution transmission electron microscopy (HRTEM) was carried out on
Technie G2 (FEI) S-Twin instrument operated at 200 kV transmissions. The optical
properties were studied by Analytic Jena, Specord 205 (Germany) UV-visible spectrometer.
X-ray photon spectroscopy (XPS) was recorded on commercial Omicron EA 125, source Al-
ka radiation at 1486.6 ¢V. Surface area and porosity were measured by BET, BEL mini-II,
Micro Trac Corp. Pvt. Ltd, Tokyo, Japan) supported by the N, adsorption-desorption method
at cryogenic temperature. The cyclic voltammetry (CV) characteristics were recorded on
KEITHLEY (4200-SCS) by ZYVEX S100 nanomanipulator.

The photocatalytic activity was carried out in glass pyrex tube (10 mL), containing the
reaction mixture of phenol (100ppm) and 5mg of photocatalyst under visible light (CFL60
W) setup with intermittent stirring. The kinetics and concentration change of phenol samples
were recorded after filtration with cellulose filter (0.22 pum) at diverse time intervals by UV-
Vis spectrophotometer. The quantification of CO, evolved during the reaction was done by
gas chromatography (GC, Nucon Ltd, India) with thermal conductivity detector (TCD) and
molecular sieve column (5X A, 1m). The temperature of the detector, injector, and oven was
set at room temperature and the injection was done manually by a gas-tight syringe
(Hamilton, 5 mL).

8.3 Results and discussion

8.3.1 Optical characteristics

The optical properties and photo stability of CQDs were already explained in our previous
study [19]. The UV-Visible diffuse reflectance spectrum of MnO,@CQDs nanocomposites
has an excitation edge at 540 nm as shown in Fig. 8.1(c) inset and the calculated band gap is
1.3 eV. The band gap energy (Eg) needed to initiate the photocatalytic process has been
calculated from Tauc plot.

8.3.2 Structural and morphological characteristics

The X-ray diffraction studies of the as-prepared photocatalyst displayed the presence of a-
MnO; nanorods covered with CQDs. The diffraction pattern of as-synthesized MnO, samples
exhibits smooth diffraction peaks for (110), (400), (211), (510), (411), (521), (002), (541)
planes which are characteristics of a-MnO; structure with lattice constants a = 9.6957 A and
¢ =2.7520 A (JCPDS 44-0141). The CQDs exhibits a characteristic peak at around 22° which
is attributed to (002) plane of carbon reflecting the formation of CQDs over MnO, nanorods.
Fig. 8.1(b) presents the BET (Brunner-Emmet-Teller) based N, adsorption and desorption
curve of the MnO,@CQDs nanocomposite, the adsorption-desorption isotherms are typical
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type IV Langmuir due to the mesoporous nature of the nanocomposite. The composite shows

the surface area of 95.3 m°g™ with a pore diameter of 39 nm (inset Fig. 1b).
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Fig. 8.1: (a) XRD pattern (b) BET analysis (inset BJH plot). (c) EDS spectra (inset DRS
spectra) for MnO,@CQDs.

The HRTEM and FESEM images are shown in Fig. 8.2 depicted the formation of MnO,
nanorods coated by CQDs. The MnO, nanorods are open-ended (Fig. 8.2(b, ¢)) with average
dimensions of 5 nm and 1 nm (L*B). The CQDs which are spherical in shape is seen to be
deposited on the surface of MnO, (Fig. 8.2(a)). The SAED pattern (Fig. 8.2(d)) is in
consonance with the XRD and TEM results showing the a-MnO; structure elongation along a
1D direction.

8.3.3 X-ray photon spectroscopy (XPS) characteristics

The surface composition and chemical state of photocatalysts were recorded by XPS and the
survey spectra are presented in Fig. 8.3(a). The survey spectrum shows the presence of
elements like Mn, O, and C. The peaks for a-MnO, corresponds to Mn 2ps;, and Mn 2py.,
spin states were observed at a binding energy of 642.2 and 653.7 eV respectively, which
clearly indicates the presence of tetravalent Mn*™* ions. The high-resolution C 1s peak is
deconvoluted into two signals, which includes the (sp?) C-C and C-O-C bond at 283.4 and
285 eV respectively. Likewise, the deconvoluted peaks of O 1s at 528.7 eV and 530.3 eV are
due to the linkage of Mn-O and Mn-OH respectively.
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Fig. 8.2: (a) FESEM (b, c) HRTEM (d) SAED pattern for MnO,@CQDs.
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8.4 Photocatalytic activity for the Phenol degradation
8.4.1 Kinetic study by MnO,@CQDs photocatalyst

The efficiency of the photocatalyst was tested using three experiments, first photolysis
(without catalyst) and secondly catalysis in dark was carried out. But no results for phenol
degradation were obtained signifying that the activity merely due to the photocatalytic
process. The photocatalytic phenol degradation was carried out under visible light at different
time intervals. The Kinetics of phenol degradation was examined using Langmuir-
Hinshelwood equation R = —dC/dt = kKC /1 +KC, where R is the rate of photocatalytic
degradation (mol I"* min™), C is the concentration of reactant (mol 1Y), t is the irradiation
time (min), k (min?) is rate constant, and K (I mg™) is Langmuir- Hinshelwood adsorption
coefficient. At very low concentration, KC<«1 and thus it can be neglected, the gained
simplified form of the above equation R = —dC/dt = kKC or (C/Cy) = e ' =¢ ©' where C, and
C are initial and final concentration and k is the apparent pseudo first-order rate constant
(min™%). The photocatalyst MnO,@CQDs shows 90% phenol degradation efficiency with a

rate constant of 0.029 min* as shown in Fig. 8.4(a).
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Fig. 8.4: (a) In(C/Co) for photocatalytic degradation of phenol (b) Rate of reaction versus
change in the concentration of phenol (c) change in the amount of catalyst (d) change in pH
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8.4.2 Optimization under different reaction conditions

Further investigation was conducted to understand the effect of reaction conditions on the
photodegradation of phenol. The absorbance spectra depict at varying phenol concentration.
The degradation rate constant for phenol also varies with the changing concentration as
shown in Fig. 8.4(b). At the concentration of 10 ppm, the maximum (90%) efficiency was
achieved in 50 min. Similarly, the effect of catalyst (MnO,@CQDs) dosage on phenol
photocatalytic degradation was also studied. It was seen that greater MnO,@CQDs loading in
solution would extensively increase the rate of reaction ((Fig. 8.4(c)), 20 mg MnO,@CQDs
/50 mL in phenol solution resulted in 90% degradation efficiency further increase in the
dosage of photocatalyst shows no increase in the degradation efficiency of phenol. Volatile
organic compounds at altered pH conditions display separate charges and physicochemical
behaviour [22]. The pH of water samples plays an important part in the photocatalytic
degradation process of organic contaminants. The effect of pH in the range from 1 to 7 on the
photocatalytic degradation was also investigated. The degradation rate was found to be higher
at pH=5 and remains constant at a basic range as shown in Fig. 8.4(d). In, acidic condition the
band gap decrease due to a strong interaction between acidic (H") with phenol and thus we
found a certain change in efficiency. But no such case happens in basic conditions.

The activity of the regenerated MnO,@CQDs catalyst was also studied by washing with
water, as shown in Fig. 8.5(b) the efficiency was almost similar for three cycles. In fourth and
fifth cycles the efficiency decreases up to 80% which is due to adsorption of intermediates on
the surface of the catalyst. The role of reactor surface area (illumination area) was also
studied under visible light using MnO,@CQDs as photocatalyst as shown in Fig. 8.5(c). It
was observed that the degradation efficiency increased twice by increasing the illumination
area (area of reactor occupied by reaction mixture and exposed to irradiation source) of the
reactor [23].

8.4.3 Photocatalytic mechanism for MnO,@CQDs as a photocatalyst

As shown in Fig. 8.5 (a) upon addition of different scavengers, it was found that the reaction
was inhibited to some extent by the addition of methanol and DMSO which are a hole (h*)
and electron (e) scavenging agents. The reaction was highly masked by IPA which is
hydroxyl radical (OH") scavenger, which means that these radicals generated from holes are

highly responsible for photodegradation of phenol.
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illumination area on % degradation of phenol (d) CV analysis of MnO,@CQDs.

In addition to the above analysis, the CV responses of MnO, and MnO,@CQDs composite
were also done to examine the charge generation of conducting materials. A rectangular type
CV with symmetry in cathodic and anodic directions indicates the ideal conducting materials.
It is seen clearly in Fig. 8.5(d) the composite shows a larger current which is responsible for
the larger photocatalytic behavior. Notably, the larger current behavior of the composite is
due to the introduction of CQDs onto MnO, nanorods. Because the current arises from the
transport of photogenerated electrons to the back contact and the simultaneous capture of
photogenerated holes by hole scavengers in the composites.

In MnO,@CQDs composite MnO; acts as an electron acceptor and CQD acts as an electron
donor. The degradation mechanism of phenol is initiated by absorption of a photon that
equals/exceeds its band gap energy (1.3 eV) generating electron-hole (e'h+) pairs where
h*VB is strongly oxidizing and e CB is strongly reducing. The h* are highly activated as
observed by scavenger study, reacts with the adsorbed species such as phenol compounds,
water, hydroxide ion and oxygen [24-25]. At the external surface of the catalyst, the h™ & e’
participates in redox reactions with adsorbed species. Oxidation of H,O/OH™ by the h*
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generates the OH' which is an extremely powerful oxidant. The plausible degradation

reactions for a photocatalytic activity of MnO,@CQDs are expected below.

(MnO,@CQDs) + hv (visible lightyY——» ¢ + h™ (1)
h*tr + etr —— € + heat (2)

4h* + 2H,0 —— OH'" + 4H* (3)

h*+OH  —— OH' (4)

e +0;, —— 0, (5)

0,” +H —» 20H (6)

Phenol + OH" — CO; +H,0 (7)

Finally the OH" radical reacts with phenol (C¢HsOH) to produce carbon dioxide (CO;) and
water (H,O) as end products. The complete photo mineralized end products were also
detected by GC (CO,) analysis. The estimation of CO, after the photodegradation of phenol
by MnO,@CQDs (Fig. 8.7) shows that, with an increase in time, the amount of CO,
increases progressively. At the intermediate stage of the reaction, the sample contains
dechlorinated & low molecular weight organic compounds which are less harmful than parent
compound and finally all the intermediates were photo mineralized to CO, after 60 minutes.
The photocatalyst MnO,@CQDs evolve the highest amount of CO, compared to solely
MnO, and CQDs.
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Conclusion and Future Outlook

The core focus of this thesis is to bring some change in the photocatalytic process for
environmental applications. Here it has been demonstrated the synthesis of metal oxide
nanostructures (TiO,, SiO,, MnO,) and CQDs with different physical properties. It has been
enlightened that the photocatalytic efficiency of TiO; and SiO, can be improved by tuning its
band gap with the help of novel metals. These novel metals not only improved the lifetime of
the charge carriers but also greatly activated metal oxides in direct sunlight resulting in higher
photocatalytic efficiency. Moreover, we have explored the novel methodology kill “waste by
waste” for solving two environmental problems using the same catalyst. In this process, we
first detect heavy metal ions from water and then used the same solution for photocatalytic
degradation of dyes. At the end of work, we have fabricated a new photocatalyst, highlighting
spherical CQDs onto MnO, nanorods for photodegradation of phenol. Although the results
obtained were better but the enhancement is needed in terms of the following points as an

extension of this research work.

In present thesis work, we have explored the photocatalysis work more by elucidation the
physical characteristics of catalyst and not the electrochemical behavior. Though people are
now focusing on photoelectrocatalytic (PEC) degradation of organic pollutants with
simultaneous H, evolution which has attracted much attention, owing to the input of a small
external potential to help the electron transfer. In a PEC reactor, the electrons transfer along
the photoanode and reach the counter electrode (cathode) through an outer circuit. Building
on this understanding and the advantages of the synergistic effect between different materials
for fabrication of the photocatalyst/photoanode, their morphology may facilitate charge
separation and transfer, thereby leading to better photocatalytic-photoelectrochemical

performance.
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A novel “kill waste by waste” approach
was developed for detection of heavy
metals by carbon quantum dots.
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The exposure of even low amount of heavy metals and industrial dyes in wastewater leads to cardiovascular,
neurological and developmental disorders. Consequently, millions of inorganic and organic pollutants containing
toxic heavy metals have been accounted as water contaminants. In this report, a novel approach has been designed
based on the methodology to “kill waste by waste”. Firstly the toxic metals like lead (Pb) ions were detected using
fluorescence carbon quantum dots (CQDs) and after impregnation of TiO, into the same Pb-CQDs composite, it was
further used for photodegradation of harmful industrial dyes. The CQDs have been designed as a nanosensor for Pb
ion detection and its fluorescence is effectively quenched with good sensitivity (0.070 uM) and selectivity. This
Pb-CQDs solution was further immersed in TiO, by wet impregnation method to fabricate Pb-CQDs-TiO, (PCT)
nanocomposite with a change in the energy gap (3.2 to 2.8 eV) making the composite active in visible light
irradiation. The degradation efficiency achieved ~100% mark for RBX dye and 1.8 pmols of CO, evolution was
observed in 60 min. The plausible mechanism is proposed based on GCMS studies suggesting the formation of
intermediates like triazine and aryl sodium sulphonates before complete decomposing into CO, and water.
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1. Introduction

The toxic effluent in the form of heavy metals and harmful dyes are
two major concerns abating the quality of water. This is reasonably due
to ever-growing population, commercialization, ecological degradation
and harmful domestic/industrial discharge. Among diverse heavy metal


http://crossmark.crossref.org/dialog/?doi=10.1016/j.matdes.2018.06.015&domain=pdf
https://doi.org/10.1016/j.matdes.2018.06.015
soumen.basu@thapar.edu
Journal logo
https://doi.org/10.1016/j.matdes.2018.06.015
http://www.sciencedirect.com/science/journal/
www.elsevier.com/locate/matdes

M) Checs tor updates View Article Online

Environmental

Science
Water Research & Technology

Accepted Manuscript

This article can be cited before page numbers have been issued, to do this please use: A. Mehta, A.
Mishra and S. Basu, Environ. Sci.. Water Res. Technol., 2018, DOI: 10.1039/C8EW00235E.

U O N This is an Accepted Manuscript, which has been through the
Environmental Royal Society of Chemistry peer review process and has been
i accepted for publication.

Accepted Manuscripts are published online shortly after
acceptance, before technical editing, formatting and proof reading.
Using this free service, authors can make their results available

to the community, in citable form, before we publish the edited
article. We will replace this Accepted Manuscript with the edited
and formatted Advance Article as soon as it is available.

You can find more information about Accepted Manuscripts in the
author guidelines.

Please note that technical editing may introduce minor changes
to the text and/or graphics, which may alter content. The journal's
standard Terms & Conditions and the ethical guidelines, outlined
in our author and reviewer resource centre, still apply. In no
event shall the Royal Society of Chemistry be held responsible

for any errors or omissions in this Accepted Manuscript or any
consequences arising from the use of any information it contains.

ROYAL SOCIETY
OF CHEMISTRY

ROYAL SOCIETY .
OF CHEMISTRY rsc.li/es-water


http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/
http://dx.doi.org/10.1039/c8ew00235e
https://pubs.rsc.org/en/journals/journal/EW
http://crossmark.crossref.org/dialog/?doi=10.1039/C8EW00235E&domain=pdf&date_stamp=2018-09-12

ROYAL SOCIETY

OF CHEMISTRY

NJC

PAPER

Enhanced photocatalytic water splitting by gold
carbon dot core shell nanocatalyst under
visible/sunlighty

’ '.) Check for updates ‘

Cite this: New J. Chem., 2017,
41, 4573

Akansha Mehta,? Pooja D., 2 ** Anupma Thakur® and Soumen Basu (2 *?

Hydrogen production from water using photocatalysts under sunlight still remains a huge challenge. The
search for a suitable photocatalyst combines an ability to dissociate water molecules with a band gap
that absorbs light in the visible range and also water stability. In this regard, our present study represents
a facile method for fabricating carbon quantum dots (CQDs) and Au@CQDs, which are useful for photo-
catalytic hydrogen generation from water. The optical properties revealed a band gap energy (eV) for
CQDs (2.78) and Au@CQDs (2.68); additionally, photoluminescence analysis of CQDs showed maximum
emission at 460 nm while also exhibiting a red shift when excited at longer wavelengths. Spherical
shaped CQDs, with an average size of 7 nm (d spacing of 0.22 nm), and core shell Au@CQDs, with a
shell thickness of 6 nm, were observed by HRTEM analysis. Comparatively, both CQDs (260 pmol) and
Au@CQDs (280 pmol) displayed a higher rate of hydrogen production under sunlight irradiation than
other carbon materials reported in earlier literature. In photoelectrochemical analysis, current densities
associated with Au@CQDs and CQDs photoelectrodes (PEs) were found to be 16 mA cm™2 and 6 mA cm™2,

Received 21st March 2017, respectively at a very low bias of 0.16 V. Moreover, frequency response analysis (FRA) associated with Randel’s

Accepted 2nd May 2017 equivalent circuit showed that polarization/charge transfer resistance for Au@CQDs was very low (2.74 Ohm)
over that of CQDs PEs (88.8 Ohm), which was 12.9 kOhm for bare TiO, PEs. All these observations indicate

that both CQDs and Au@CQDs are ample for preventing an electron—hole recombination processes, which
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1. Introduction

In view of growing energy demands, hydrogen fuel is being
considered as an ideal sustainable candidate owing to its zero
emission and higher chemical energy per mass (142 MJ kg™ )
characteristics. Its production from existing natural and renew-
able resources, such as water and biomass, further strengthens
its candidature. With introduction of the Honda Fujishima’s
effect, a significant amount of thrust has been made to develop
a cost-effective technique for hydrogen production such as
photo catalysis over conventional approaches. In this direction,
semiconductor materials, such as metal oxides and their
morphological modifications, have been intensely investigated
for effective photocatalytic water splitting."”* However, achieved
quantum yields are still low; therefore, several efforts in terms
of material and technique are being made to increase the same.
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ultimately leads to superior photocatalytic water splitting.

Of late, carbonaceous nanostructures such as carbon nanotubes,
graphene, graphene oxide, etc., have been extensively adopted
due to their environment compatibility, cost effectiveness, and
rich electron transport mechanism. Kang et al.> demonstrated
an amorphous carbon nitride photocatalyst with an impressively
extended visible-light-responsive range for photocatalytic
hydrogen generation. Likewise, Silva et al.* synthesized a carbon
nanotubes-TiO, catalyst for hydrogen production from methanol
and saccharides. Several other reports also advocate the effective
role of carbonaceous materials to enhance photocatalytic hydro-
gen production.”® In the recent past, carbon dots have been
successfully demonstrated for water splitting due to their visible
light adsorption, tunable excitation/emission characteristic, and
high photostability. Yu et al.” synthesized carbon nanocompo-
sites with TiO, for water-splitting under either UV or visible-light
illumination. The observed highest hydrogen production rate
was 9.1 umol h™" over neat TiO, photocatalyst. Xu et al®
developed amino conjugated carbon quantum dots to boost
photocatalytic hydrogen production up to 136.55 pmol for a
period of 5 hours. Despite several efforts made until now with
photocatalytic hydrogen production using carbon dots (CQDs),
the quantum yield is still very low under visible as well as
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The solid-phase MnO, nanoparticles fabricated by surfactant template method were exploited as the
photocatalyst for the effective one-step synthesis of amides. Cationic or anionic surfactants and their
combinations were used as porous templates to obtain the mesoporous MnO, nanoparticles with variable
pore volume (0.23-1.95 cm?3/g). The morphological and structural observation of the material confirms
the uniform facet structure (37.68 nm) of MnO, nanoparticles. The surface elemental state was confirmed
by XPS analysis confirming Mn 2ps; (642.5eV) and Mn2p,, (654.7 eV) spin states, that are common for
the tetravalent Mn ions. Presence of surfactant as stabilizer was also witnessed with a strong peak of C
15 (283-286eV). The textural parameters obtained from XRD and Raman analysis depicted the 3-phase
and rutile type framework of MnO,. The selective conversion of nitriles to amides was studied without
any acid by products under visible light irradiation in the basic/neutral medium. Amides were obtained
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from various substrates (nitriles) with excellent yields (70-90%).
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1. Introduction

One of the most important industrial reactions in the organic
chemistry is amide bond formation as it constitutes important moi-
eties in many pharmaceutical and biologically active ingredients
[1]. Moreover, the flattering properties of amides like stability, con-
formational diversity and high polarity make it one of the most
reliable and accepted functional groups in every branch of organic
chemistry. Among all the methods reported for the fabrication of
amides, hydration of nitriles has become one of the most widely
used methods to obtain primary amides. But this is a challeng-
ing reaction as there is possibility of acid formation from amides.
The hydrolysis reaction is catalyzed in acidic and basic medium,
but many of the methods requires harsh conditions with poor
yields due to further conversion of amides to acids [2,3]. Improved
methods for the selective and controlled synthesis of amides using
catalysts under stable conditions are of great demand [4](a). In this
regard formation of amides by hydrolysis of nitriles using transi-
tion metal oxides nanomaterials as a photocatalyst is good choice
to obtain better yields. It is a principal objective of the present study
to provide a new method for converting nitriles to amides.
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Nanoporous transition metal oxides with controlled morphol-
ogy, porous structures, tunable nano pores and well ordered
mesostructures make them ideal photocatalysts in the field of
catalysis. During recent times, of all the transition metal oxides,
manganese dioxide (MnO;) nanostructures have received keen
attention due to its attractive physical and chemical properties
[4](b, c). The MnO, is non-stoichiometric compound and can exist
in different crystallographic forms. The crystallographic forms
are generally supposed to be responsible for their variable prop-
erties and the controlled synthesis of MnO, which make the
controlled design of a specific forma primary objective [5]. Pre-
viously, many processes have been developed for the synthesis of
MnO, nanoparticles with different shapes and morphology. Out of
all the processes MnO, nanostructures are commonly synthesized
using hydrothermal treatment [6,7], sol-gel process [8,9], refluxing
[10,11] and normal thermal approach [12] for enormous catalytic
application [13,14] because of their different morphology and vari-
able oxidation states. Several attempts have been made to further
improve the catalytic activity by using some facile techniques
[15,16] but enhancing surface area is an excellent way to improve
its catalytic properties. As a remedial surfactants based synthesis
are considered as best route to develop a mesoporous structure.
They have the exceptional property to self-organize in the solution,
which may modify the interfacial properties and increase the com-
patibility among the particles. Materials prepared without using
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Abstract

Nowadays, carbon quantum dots (CQDs) with size less than 10 nm have emerged as one of the most exciting areas of chemical
research in the class of inorganic nanomaterials. This article presents interesting characteristics of CQDs and their fluorescence
turn-on/turn-off quenching for the detection of 6-Thioguanine (6-TG). The CQDs were fabricated by a simple one-step micro-
wave technique and used for the simultaneous reduction of Au>* to form Au’-CQD core—shell (Au@CQD) nanocomposites. The
CQDs formed were spherical in shape having an average size of ~7 nm confirmed by high-resolution transmission electron
microscopy (HRTEM) and DLS study. The interaction of CQDs with Au leads to its fluorescence turn-off up to 96% analyzed by
UV-visible, fluorescence spectroscopy, and fluorescence lifetime measurements. The turn-on fluorescence of CQDs has been
witnessed by the formation of complex with 6-TG [Au-(6-TG),]*” in the presence of thiols. Meanwhile, linear relationship
between turn-on fluorescence against the concentration of 6-TG is obtained in the range of 0-100 uM with the correlation
coefficient of 0.9944 and limit of detection for 6-TG has been found to be 0.01 uM. The Au@CQDs could also act as biosensor

for the detection of various amino acids, enzymes, and pentids drug.

Keywords Carbon quantum dots - Fluorescence quenching - 6-Thioguanine - Turn-on/turn-off detection

Introduction

Noble metal (Au, Ag, etc.)-based plasmonic nanoparticles
(NPs) have gained incredible significance as colorimetric sen-
sors due to their distinctive and excellent characteristics like
distance dependent optical properties and high extinction co-
efficients in visible region [ 1-10]. These metal NPs are known
as excellent fluorescence quenchers and their quenching effect
has been thoroughly explored on various fluorophores. In ad-
dition, these NPs have a huge number of applications in the
field of sensing and nano-medicine [11-15]. Fluorescence
quenching by the metal NPs is generally a type of energy
transfer method taking place among the fluorophores and
NPs. The composite formation of these metallic NPs with
other active materials has been reported to be efficient in
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several advanced sensing and biomedical applications. But
the composite formation with the quantum dot is least studied
and composite materials of such scale can be effective because
of alteration in optoelectronic properties.

Recently, composites with photoluminescent nanomaterials
had gained interest due to their applicability in various fields,
ranging from biomedical to optoelectronics fields [16, 17].
One new category of luminescent nanomaterials is carbon
quantum dots (CQDs). CQDs are a rising category of carbon
nanomaterial due to their impressive fluorescence property,
good biocompatibility, photo stability, energy conversion ca-
pability, and water solubility. The great interest towards this
small water soluble type of carbon could be credited to its
character as eco-friendly and non-toxic nature, as an alternative
to semiconductor quantum dots in diverse applications like
electronics, drug delivery, and catalysis [18, 19]. The existence
of carboxylic moiety onto the surface of CQDs has ability to
function as both a reducing and stabilizing agent in the fabri-
cation of metallic NPs, similar with other carboxyl-enriched
ligands like citrates and ascorbates [20, 21]. If CQDs are able
to create a shell surrounding the metal NPs, it may function like
a self-assembled monolayer of stabilizing agent [22]. In the
existence of these metal NPs, the fluorescence emission of
these CQDs can be notably quenched as a result of energy
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Abstract Detoxification of harmful dyes through noncon-
ventional catalytic processes is getting thrust in light of
environmental remediation. Current work reveals synthe-
sis of gold—titania (Au/TiO,) mesoporous nanostructure
and its enhanced photocatalytic performance for degrada-
tion of alizarin dye. Optically, Au/TiO, shows a charac-
teristic surface plasmonic absorption band at 520 nm,
whereas X-ray diffraction (XRD) pattern reveals the ana-
tase phase of TiO, with fcc unit cell structure and tetrag-
onal geometry. X-ray photon spectroscopy depicts (Au
4f5,, at 84.0 and Au 4fs, at 87.7 eV) the elemental state
of gold (Au®). Specific surface area was witnessed to de-
crease with increase of Au content (169, 141, 130, and
119 mz/g for 1, 2, 3, and 4 wt%, respectively). The meso-
porous Au/TiO, nanocomposite showed higher catalytic
performance in comparison to commercial nano-TiO,
(P25), which is credited to better charge delocalization
at metal semiconductor interface. The reusability studies
of the photocatalyst exhibited more than 98% degradation
of the dye even after 10 consecutive cycles.
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Introduction

Dye pollutants are among the prime sources of water contam-
ination from textile and printing industries. The treatment of
these dye effluents is highly desired for the preservation of
clean air, soil, and water. There is an immediate need to take
some necessary steps to develop efficient photocatalyst to de-
grade these toxic pollutants.

Anatase phase of TiO, is one of the best photocatalyst
for pollutant dye degradation. Selectively, TiO, is impor-
tant due to their very low cost, excellent chemical and
mechanical stability, catalytic activity, availability, and
nontoxicity [1-3]. The only limitation for TiO, as a
photocatalyst is that its band gap (3.2 eV for anatase)
disables it to be active in visible light region of the solar
spectrum. But, the presence of rutile phase shifts its ab-
sorption maximum towards visible light. Doping with
metal or nonmetallic elements [4, 5] or by deposition of
noble metal nanoparticles (NPs) on TiO, surface is also an
effective way to improve the photocatalytic activity of the
catalyst [6—8]. Previously, it has been reported that when
TiO, is doped with noble metals, its photocatalytic activ-
ity is enhanced under UV and visible light irradiation. The
improved UV light photocatalytic activity is recognized
due to effective charge separation of the electron when
they are transferred from conduction band (CB) of TiO,
to metal NPs [9, 10]. On the other hand, the surface plas-
mon resonance effect of some metals like Au and Ag also
helps TiO, to sensitize in visible light [11-13]. In ad-
vanced photocatalytic system, sunlight active metals have
been given a major thrust and Au is favored due to rich
photochemistry both in homogenous and heterogeneous
systems. In homogenous systems, the dimeric complexes
of Au have been reported as efficient materials for radical
reaction under sunlight. Revol et al. reported radical
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Gold Nanoparticles Grafted Mesoporous Silica:
A Highly Efficient and Recyclable Heterogeneous
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Synthesis of gold nanoparticles dispersed uniformly on mesoporous silica (mAu/SiO5) by homo-
geneous deposition—precipitation (HDP) method is used as an effective catalyst for reduction of 4-
nitrophenol to 4-aminophenol. Silica provides support and surface area to increase the catalytic
activity of gold. X-ray photon spectroscopy revealed binding energy of Au4f;, (~84.0eV) and Au
4f5/5 (~87.7eV) which support the formation of Au’ on SiO, surface. Au/SiO, showed Langmuir
type-1V isotherms which are the characteristic features of mesoporous materials furthermore, pore
size decreases with incorporation of Au NP’s on SiO, surface. The enhancement is due to the strong
interaction of Au’ with silica support. The catalytic conversion was studied by UV-Visible spec-
troscopy and high performance liquid chromatography (HPLC) quantification method, which
shows conversion of nitro group into amino group. In addition, the catalyst was easily separated
and reused. The reusability of the catalyst exhibited better reduction of the 4-nitrophenol to 4-
aminophenol even after 10 consecutive cycles. In comparison to trisodium citrate capped pure gold
nanoparticles mAu/SiO, catalysts showed very good catalytic activity toward nitrophenol re-
duction. Here we conclude that embedment of metal catalysts like Au into high surface area
support like silica is a positive step toward development of novel heterogeneous catalysts.

Keywords: Gold nanoparticles; silica; homogeneous deposition—precipitation method; catalytic
reduction; 4-nitrophenol.

1. Introduction substantially extends the range of their several
A new class of materials, based on nanoparticles applications, particularly in heterogeneous cataly-
(NPs) in the composition of semiconductors (TiOs, sis, in the creation of electronic devices, chemical

ZnO, etc.) and dielectrics (SiOy, Al,Os, etc.)  sensors, protecting coatings, bactericidal materials,
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