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Abstracts

Chapter-1

This comprehensive introduction provides a solid foundation for understanding the role of nitroge-
nous fertilizers, the challenges of nitrogen loss, and the potential of advanced nanocomposites in im-
proving nitrogen utilization in agriculture is systematically explained in this chapter. However, sig-
nificant nitrogen loss through volatilization, leaching, and emissions leads to environmental concerns
and reduced crop efficiency. The research gap emphasizes the need for advanced nanocomposites
like M-TiO2, reduced graphene oxide (RGO), and cyclodextrin (CD) to enhance nitrate production
and minimize nitrogen loss. The proposed approach suggests that combining these materials could
lead to more efficient photocatalytic oxidation of urea, improving nitrate conversion and reducing

nitrogen-related environmental issues.

Chapter-2

Nowadays, fertilizers are used to boost crop production. Nitrogenous fertilizers are assimilated as
nitrate. Unfortunately, 60-70% of nitrogen is lost due to different leaching processes. Photocatalytic
urea oxidation is now emerging as a new methodology. Nitrate conversion is favorable under alka-
line ph. However, it can subsequently cause deprotonation of ammonium ions to result ammonia
leaching. In this report, efficiencies of bare and RGO loaded TiO2 were examined. In the presence of
NaF, the nanocomposite possesses a 9.8(1) % nitrate yield, significantly greater than the other analo-
gous reactions. Such observation will be helpful in developing new methodologies to afford sustain-

able agriculture.

Chapter-3

Photocatalytic oxidation of urea is an essential area of study for converting urea to nitrate. As crops
absorb nitrogen in the form of NOs™ but due to incomplete oxidation, a substantial fraction of it es-
capes into the atmosphere as N». Hence, an effective photocatalyst is urgently needed to improve ni-
trate conversion. This study focuses on the influence of B-cyclodextrin and Ag deposition on TiO>
towards the photocatalytic oxidation of urea. f-cyclodextrin (15-25 wt.%) and Ag (1-3 wt.%) loaded

binary and ternary nanocomposites have been prepared using hydrothermal and photo deposition



methods, respectively. The binary and ternary hybrids were characterized using FESEM, EDX, HR-
TEM, XRD, XPS, DRS, PL, DLS, and FT-IR analysis. Photocatalytic urea degradation activity was
evaluated under solar irradiation. The B-CD2s/TiO-@AQ: ternary nanocomposites show 78% degra-
dation efficiency with 17.8% nitrate yield after 180 minutes reaction time which is the highest. This
observation can be ascribed to the higher affinity of f-CD towards N2 due to the hydrophobic effect
and the surface plasmon effect of Ag, which amplifies its visible light response. Such observations
will attract much interest from a large section of material and agricultural chemists to design new

catalysts for photochemical urea oxidation to afford sustainable agriculture.
Chapter-4

Urea oxidation is important to increase agricultural growth, which can meet the food requirements
across the world. It is pivotal for converting nitrogen to nitrate that is usable by crops, thus prevent-
ing nitrogen loss to the atmosphere. This study focuses on improving the photodegradation efficiency
of TiO2 by incorporating B-CD (beta-cyclodextrin), RGO (reduced graphene oxide), and Ag to en-
hance nitrate conversion. FT-IR, DRS, PL, EDX, XRD, XPS, HR-TEM DLS, and FESEM were
conducted to characterize these materials. Among all the catalysts, the quaternary composite, p- CD/
TiO2/Ag/IRGO, exhibited superior performance, achieving an 86.2% degradation efficiency with a
27.8% nitrate yield under sunlight irradiation within 150 minutes of reaction time. Several factors
contribute to the enhanced photoactivity of B-CD/TiO2/Ag/RGO, including the high surface area and
absorptive power of B-CD, the high electron mobility of RGO, and the LSPR effect of Ag, extending
the catalyst's response to visible light. An intriguing aspect of this study is the encapsulation of gase-
ous nitrogen into the hydrophobic interior cavity of B-CD, contributing to the enhancement of urea
oxidation. These findings can be very substantial for both agriculturists and chemists, providing val-
uable insights into designing novel photocatalysts for improved urea oxidation, thereby enhancing

agricultural,productivity.



CHAPTER-1

Introduction and literature review

Section-A

1.1 Introduction

1.1.1 The Importance of Nitrogenous Fertilizers in Sustainable Agriculture

In agriculture, fertilizers are essential for supplementing the natural nutrients found in
soil(1).Among these nutrients, nitrogen plays a vital role in processes like ammonification,
nitrification, denitrification, and mineralization(2). However, due to its tendency to escape N
from the soil through leaching, surface runoff, NoO emissions and volatilization in soil, wa-
ter, and air, an external supply of nitrogen is necessary for crop production(3). This practice
has been widely adopted globally through the use of nitrogenous fertilizers. A lack of suffi-
cient nitrogen available to plants can impede their growth and development(4). Common
types include ammonium bicarbonate (ABC), ammonium nitrate (AN), urea, anhydrous am-
monia (AA), and calcium-ammonium nitrate (CAN)(5). Urea, containing 46% nitrogen, is
the most popular fertilizer due to its granular form, ease of storage and application, cost-
effectiveness, and lower security risks compared to ammonium nitrate(6). These fertilizers
are indispensable for sustainable agriculture, as they replenish soil nutrients, replace nutrients

lost during harvest, and balance nutrients for improved product quality and higher yields(7).
1.1.2 Nitrogen Assimilation

Plants absorb nitrogen from the soil in the form of nitrate (NOs™) and ammonium (NH4"). So,

to absorb nitrogen from urea it must first be broken down(8).

NH, OH OH
/ urease H,O
Oo=C +HO O=C +NH; O=C +2NH,
NH, NH, OH
Urea Carbamic Acid Carbonic Acid

Scheme.1.1. Chemical pathway for the hydrolysis of urea to carbonic acid and NHs.
1



Urease is an enzyme that naturally occurs and catalyzes the hydrolysis of urea into unstable
carbamic acid (Scheme 1.1)(9). This carbamic acid rapidly decomposes without enzymatic
catalysis, resulting in the formation of ammonia and carbondioxide(10). Ammonia is likely
to escape into the atmosphere unless it reacts with water to form NH4*. The ammonia then
converts to ammonium and hydroxide ions, initiating a nitrification process where nitrite and
nitrate are produced (Scheme 1.2)(11). Ammonium ions are absorbed by plants through am-
monia transporters, while nitrate is taken up by several nitrate transporters using a proton
gradient for energy(12). Nitrogen is transported from the roots to the shoots via the xylem in
the forms of nitrate, dissolved ammonia, and amino acids(13).

Uraa

tertilizer NH, VOLATILISATION De nitrification
CO(NH,),

Nirification

Ammonium

Mono oxygenase
Ammonium f— :‘: Nitrite
(NH,) v (NO, )
Nitrosomonas

species

Nitrite
oxidoreductase

NitrobaActer species

NO, LEACHING

Scheme 1.2. Urea-based fertilizer transformation chain.

Urea fertilizer can lead to significant nitrogen losses (60-70%) through N> emissions, ammo-
nia volatilization, nitrate leaching, and nitrous oxide emissions(14). These losses hurt plant
growth and the environment, causing acidification and eutrophication. Additionally, high soil
pH (around 9.0) from hydroxide ions increases ammonia volatilization, reducing economic

efficiency and crop yields(15).

1.1.3 N-loss prevention methodologies

Improving Nitrogen Use Efficiency (NUE) is crucial for making agriculture more sustainable
by reducing pollution, lowering production costs, and increasing yields. Various conventional
methods have been employed to minimize the nitrogen loss and enhance nitrate



production(16).

Controlling Factors: -

Application method: - Fertilizer spread over the soil surface or introduced under the soil
reduces the N-loss(17).

Dose of fertilizer: - Optimum dose of N-fertilizer allows for an increase in yield and reduces
the N-loss.

Nature of soil: -In no-till field, postharvest residues remain at the soil surface which make
contact barrier between N-fertilizer and soil which reduces the N- loss(18).

Modification of fertilizers: -

Urease inhibitor: -These inhibitors slow down the formation of ammonia due to which most
of the ammonia undergo protonation, thus reduces the ammonia loss. e.g. NBPT (N-(n-Butyl)
thiophosphorictriamide)(19).

Nitrifying Inhibitors: -These inhibitors produce nitrate slowly which in turn reduces the
chances of denitrification. DCD (dicyandiamide)

Photo-catalytic oxidation: -

Photocatalytic oxidation of M-TiO2: Loading metals like Au, Ag, Cu, or Pt onto TiO:
enhances its photocatalytic oxidation of urea to nitrate. This process is simple, cost-effective,
and efficient due to improved photon absorption and electron transfer. The “limited light
response towards visible light” by the wide gap semiconductor nanoparticles can also be
improved by coupling with another semiconductor with narrow band gap(20-21).Modifying
TiO2 with reduced graphene oxide, adding metals, or using supramolecules like cyclodextrin
further boosts photocatalytic activity. Supramolecular structures, such as cyclodextrin, are
increasingly used to mimic natural processes and improve visible-light-driven

photocatalysis(22).

1.1.4 Selective oxidation of urea with different nanocomposites

To increase nitrate conversion and reduce 60-70% nitrogen losses from urea, various strate-
gies are employed, including adding urease inhibitors, using controlled-release fertilizers, ap-
plying photocatalysts, and incorporating nano fertilizers. These losses contribute to global

warming and eutrophication.

Siafu Ibahati Sempeho et al. developed a controlled-release fertilizer by intercalating urea
into kaolinite followed by gum Arabic encapsulation, significantly reducing its volatility and

improving utilization efficiency(23). Ruiling Wang et al. demonstrated that a graphene quan-

3



tum dot-modified g-CsN4 composite achieved a 90% total ammonia nitrogen (TAN) removal
rate under light, outperforming pure g-CsN4 by three times.(24) Soona Parl et al. found that
TiO2 in urine oxidizes urea more efficiently than in water due to enhanced hydroxyl radical
production, with surface platinization further improving this process.(25) Sachiko Haga et al.
reported that a zeolite-TiO, composite effectively oxidizes ammonia under UV light, yielding
high concentrations of NO2™ and NOs3.(26) Shiying et al. showcased the Cu/ZnO/rGO nano-
composite's ability to degrade ammonia in water under visible light, primarily producing ni-
trogen gas with minimal nitrate and nitrite formation.(27) Biaopeng Li et al. studied urea oxi-
dation using NiCo2S4 nanowires on a 3D carbon sponge, revealing enhanced charge transfer
and kinetics.(28) Vincenzo Vaiano et al. optimized urea degradation using visible light and
N-doped TiO, with LED dimming techniques, leading to improved ammonia and nitrate dis-
tribution.(29) Hsin-Hung et al. reported that titanate nanotubes, particularly in the rutile
phase, enhanced photocatalytic ammonia oxidation.(30)orst Kisch et al. explored nitrogen
fixation into ammonia and nitrate on Fe,Ti>O7 films, highlighting dual catalysis in the pres-
ence of ethanol or humic acid.(31) Finally, Maria Vittoria Dozzi et al. examined aqueous
ammonia abatement on Pt and Ru-modified TiO>, finding that deposition methods signifi-
cantly influence ammonia conversion and selectivity towards oxidized products like
nitrate.(32)

Section-B

1.2 Research Gaps

Literature shows various photocatalysts have been studied for urea/ammonia oxidation to ni-
trate, with factors like metal deposition, amount, pH affecting conversion and product
selectivity. As, 43% nitrate conversion has been achieved using Pt-deposited TiO2 under UV
light, but combining Pt (0.8 wt.%) with Ru NPs (0.1 wt.%) led to undesired N2 as a product.
Future research should focus on optimizing conditions to improve photocatalytic oxidation of

urea.

» The main issue is the frequent formation of N as a product, which reduces nitrate ef-
ficiency. To address this, we use M@TiO2 (M=Ag/Cu/Au), reduced graphene oxide (RGO),
and cyclodextrin (CD) where M@TiO2 enhances photocatalytic oxidation by extending

titania's response to the visible light region.

» RGO can enhance the surface area, improves photocatalytic oxidation, while CD can provide

4



catalytic and hydrophobic sites that can further boost photocatalytic oxidation. Additionally,
CD can encapsulate N2, leading to increased nitrate production and reduced nitrogen loss.

It would be valuable to investigate the comparative activity of bare TiO2, M-TiO., and M-
TiIO2@RGO and M-TiO2 @CD nanocomposites to improve nitrate efficiency.

No investigation has been reported on fabricating multi-component composite such as M-
TiO,@RGO, M-TiO,@CD for improving the photocatalytic activity of urea fertilizer under
visible light.

Few reports exist on M- TiO.@RGO and M- TiO.@CD nanocomposites for nitrate
production from urea oxidation under visible light, indicating a need for further exploration.
Anatase TiO: has a large bandgap (3.2 ¢V) and high electron-hole recombination, limiting its
photocatalytic efficiency under visible light. Introducing noble metals like Ag, Cu, and Au
can improve performance via the LSPR effect but may lead to nanoparticle aggregation and
undesired N> production during urea and ammonia photo-oxidation. Cyclodextrin (CD)
stabilizes metal nanoparticles, preventing aggregation and promoting nitrate formation, while
reduced graphene oxide (RGO) enhances electron transfer, improving photocatalytic

efficiency shown in scheme 1.3.

1: Glucose units
P L
| B>
<« Hydrophgbic
(( core

,‘/ \d %" Metal Anchoring
site

{;.

- =
exterior -
R
Cyclodextrin structure —

@ o ™o
Ho' PH -
Hydrophobic pocket
(N, binding site)

o, Oty %' 08,

"QH""*""OH‘. Catalytic site
O OH?
o He ®

Schemel.3. Proposed mechanism diagram illustrating the photocatalytic oxidation reaction
with the photocatalyst CD@M-TiO2 (M=Ag/Cu/Au) in the presence of visible light.

Efficient photocatalytic oxidation of urea requires high electron mobility, which can be
achieved by combining TiO2 with RGO. RGO provides high electron mobility, large surface
area, and good conductivity, which can enhance the urea adsorption. The TiO2/RGO
composite can improve the photocatalytic activity by enhancing electron-hole separation,
increasing active sites, and boosting light absorption for better overall performance.

The photocatalytic activity of TiO2/RGO nanocomposites can be enhanced by loading metals
5



like Ag, Cu, or Au onto their surface. These plasmonic metals induce Surface Plasmon Reso-
nance, increasing visible light absorption. When the metal's Fermi level is between the con-
duction and valence bands of TiO2, electrons migrate to the metal nanoparticles due to
Schottky barriers, facilitating electron capture by reactive species. This metal-loaded
TiO2/RGO composite is promising for applications such as photocatalytic urea oxidation.
Keeping in view, the following objectives are proposed in this report.

1.3 Objectives

The main purpose of this work is to prepare various photocatalysts/adsorbents for the effec-
tive photocatalytic selective oxidation of urea. The specific objectives are as follows: -

Preparation and characterization of different metal (Ag/Cu/Au) loaded TiO>
nanostructures.

Preparation and characterization of cyclodextrin and reduced graphene oxide modified metal-
TiO> hybrid structures.

To study the adsorption and photocatalytic oxidation of nitrogenous fertilizers by as prepared

nanocomposites.

Section-C
1.4 Methodology

The chemicals will be purchased commercially. The preparation of photocatalyst will be done
in the laboratory.

Chemicals and solvents: -Graphite powder (98% extra pure), Conc. H,SO4(98%).
KMnO4(99% extra pure), NaNOz; (99%), HCI (35.4%), H,0,(30%w/v extra pure), de-
ionized water, IPA solution, silver nitrate (99.9% purity), Titanium butoxide (>97% purity),
ethanol, cyclodextrin, ammonium chloride, distilled water.

1.4.1 Synthesis of Graphite Oxide (GO)

Graphite oxide was prepared using the Modified Hummers Method (Scheme 1.4). First, 2g of
graphite powder was dissolved in conc. H2SO4 with constant stirring in an ice bath. Gradual-
ly, 6g of KMnO4 and 1g of NaNOs was added, keeping the temperature below 20°C. The
mixture was then be stirred at 35°C in a water bath for 18 hours, turning brown and pasty.
After diluting with 240ml of distilled water below 50°C, 30% H:0. was added, turning the
mixture bright yellow. After 2 hours of stirring, the mixture was centrifuged, washed with
10% HCI, DI water, and ethanol, then dried under vacuum to obtain GO(31)(32).

6
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Scheme 1.4. Schematic representation for the synthesis of graphene oxide.

1.4.2 Synthesis of well-dispersed TiO2/RGO nanocomposite

GO particles was dispersed in distilled water and ethanol. A titanium butoxide solution (1:9
molar ratio with ethanol) was added to the GO suspension and stirred for 12 hours at room
temperature. The resulting solid was centrifuged, washed, and dried at 80°C for 3 hours, then

ground and calcinated at 500°C for 2 hours to produce TiO2/RGO nanocomposites(33).
1.4.3 Synthesis of TiO2/RGO@M (M=Ag/Cu/Au) nanostructures

TiO2/RGO@M (M=Ag/Cu/Au) was synthesized via the photo deposition method. For Ag
loading, 100mg of TiO2 was dissolved in 10ml of 50% aqueous IPA, then 934uL of 0.01M
Ag solution was added for 1wt% deposition. The solution was purged with argon for 15
minutes to remove oxygen, sealed, and irradiated under UV light for 60 minutes with stirring.
The mixture was centrifuged, washed with ethanol and DI water, and dried at 70°C for 2
hours to obtain 1 wt.% TiO2/RGO@Ag. The same process applies for Cu and Au photo dep-
osition(34).

1.4.4 Synthesis of RGO@M-TiO2 (M-Ag/Cu/Au) hybrid structure

RGO@M-TIiO; was synthesized by the self-assembly method (Scheme 1.5). Few amounts of
RGO and M-TiO2 powder was dispersed in DI water separately. Thereafter, the two col- loid
solutions were mixed and agitated under vigorous stirring for 24 hours for a complete self-
assembly reaction. The solid was centrifuged, washed, and dried at 60 <C for 12 hours. The
process for the synthesis of the RGO@M-TiO2 (M=Ag/Cu/Au) hybrid structure(35).

7
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Schemel.5. Schematic representation for the synthesis of RGO@M-TiO2 nanocomposite.

1.4.5. Synthesis of CD@M-TiO2 (M-Ag/Cu/Au) hybrid structure

CD@M-TiO. was synthesized by the self-assembly method. Few amounts of cyclodextrin
and M-TiO2 powder was dispersed in DI water separately. Thereafter, the two colloid solu-
tions were mixed and agitated under vigorous stirring for 24 hours for a complete 16 self-

assembly reaction. The solid was centrifuged, washed, and dried at 60<Cfor 12 hours.

The process for the synthesis of CD@M-TiO2 (M=Ag/Cu/Au) hybrid structure(36).
Section-D
1.5 Characterization techniques

The desired nanocomposites were synthesized through a variety of self-devised and modified
procedures, with experimental specifics outlined in the respective chapters. These newly cre-
ated nano catalysts were then subjected to a comprehensive suite of characterization tech-
niques to evaluate their optical, surface, and structural properties. Detailed descriptions of
these different techniques are discussed below.

1.5.1 UV-Vis spectroscopy

The absorption properties of as-prepared 5ml liquid sample of nano catalysts were analyzed
by UV-2450, Shimadzu within the wavelength range of 190-1100nm at a scanning speed of
200nm/min. The optical properties were measured using a diffuse reflectance
spectrophotometer (DRS, Avantes) in the region 400-900 nm, with BaSO4 bar as a reference
by applying Tauc plot equation.

1.5.2 Dynamic light scattering (DLS)

DLS analysis was carried out to determine the average hydrodynamic size of prepared
ternary/quaternary nanocomposites by dispersing 2 mg of the catalyst in 5 ml of deionized
water using Malvern, Zetasizer with an acquisition time of 10-300sec, using a scattering

angle of 173° and averaged over 3 to 10 runs to ensure accuracy.

1.5.3 Photoluminescence spectroscopy (PL)
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The PL emission spectrum was carried out by dispersing 2 mg of the catalyst in 5 ml of
deionized water on a PerkinElmer LS55 instrument at a scan speed of 50-200 nm/min to
study the emission property and charge carrier separation at an excitation wavelength of 390
nm.

1.5.4 Raman analysis

Raman spectra were performed for the photocatalysts using a Labram HR confocal Micro-
Ram spectrophotometer with an integration time of 10 sec per point at a step size of 0.5 cm™?
and averaged over 10 accumulations. The technique provided information about the structural
defects, molecular composition, structure, and interactions within the sample.

1.5.5 X-ray powder diffraction (XRD)

The crystal structure, phase analysis, and diffraction pattern of the prepared samples were
analyzed by X-ray powder diffraction using Smart Lab SE instrument equipped with HyPix-
400: next generation 2D HPAD detector with diffraction angle (26) ranging from 10°-80° a

scan rate of 5°/min.

1.5.6.X-ray photoelectron spectroscopy (XPS)

XPS analysis was conducted to study the oxidation state and chemical environment of the
prepared nanocomposites. The data was recorded using PHI 5000 Versa Probe 111 instrument
Al-Ka source (1486.6 ¢V).

1.5.7.Fourier transform infrared spectroscopy (FT-IR)

FT-IR spectra were recorded to explore the surface functional groups of prepared nano cata-
lysts. This characterization was performed using Thermo Scientific Nicolet iS10within the
frequency range of 400-4000cm™.

1.5.8Morphological analysis

Morphological studies of as -prepared samples were analyzed by Field Emission Scanning
Electron Microscope (FESEM) and High-Resolution Transmission electron microscopy
(HRTEM) using JEOL JSM-7600F operated at 30 kV and HRTEM-TALOS F200S G2 mod-
el operating at 200 kV voltage. EDS (Energy dispersive X-ray spectrometer) mapping was
used to determine the elemental composition attached to another scanning electron micro-
scope of the same model as mentioned above.

1.5.9 Total organic carbon and nitrate yield analysis

TOC (Total Organic Carbon) measurements were conducted with a Thermo Scientific HiPer
TOC-TN-CLD module to evaluate the demineralization efficiency of CTA, ATR, CTR, and
CTAR. The aliquots were mixed with H3sPO4 (5% w/v) and Na2S.0s (10% w/v). Then the



reaction mixture was heated in a glass vessel to oxidize all the organic carbons to CO2 which
was detected using a non-dispersive infrared (NDIR) detector. The nitrate yield was further
estimated using the ultraviolet spectrophotometer screening method (VARIAN-
UV0910M156) by measuring the absorbance at 220 nm.

Nitrate yield analysis
Reagents: Stock nitrate solution, intermediate nitrate solution, HCI(~1M), Reagent water.

Procedure: 1. Treatment of Sample: A 50 mL clear sample was treated by adding 1mL HCI

solution and mixed thoroughly.

2.Standards: NO3 calibration standards in the range of 0 to 7mg NOsz -N/L were prepared by
diluting the specified volumes of intermediate NOs solution to 50ml. Other standard
concentrations were also used. The NO3 -N standards were treated in the same manner as the

samples.

3.Spectrophotometric measurements: Absorbance or  transmittance  was
spectrophotometrically measured against reagent water set at zero absorbance or 100%
transmittance. A wavelength of 220nm was used to obtain the NOz-N reading, and a

wavelength of 275nm was used to determine any interference from dissolved organic matter.

Calculations: NOs™-N concentration was calculated from the following equation.

Where,C= concentration, A= Absorbance, I- Intercept of the regression line, and S=slope of

the regression line

1.6. Adsorption and photocatalytic activity

To examine the adsorption and photodegradation studies of the prepared samples
TiO2/RGO@M and Cyclodextrin and RGO modified M-TiO2 (Scheme 1.6)). Urea will be
used as a probe molecule. The photocatalytic reaction will be conducted at room temperature
in a test tube under a sunlight irradiation. For carrying out the degradation process required
amount of catalyst will be added to the test tube containing an aqueous solution of urea and
magnetically stirred in the dark for 30 minutes to achieve adsorption-desorption equilibrium
between urea and photocatalyst surface. After establishing the equilibrium, the solution will
be irradiated for the required period under the light sources. A particular amount of solution

will be taken at regular time intervals, centrifuge to remove the catalyst. After separation, the
10



absorbance spectra of urea formed was monitored.

C
lng= t

Where, C0O denotes the initial concentration of urea before irradiation at time ‘0’ and Ct is

the concentration of urea after light irradiation at time

Sunlight

nv

Aqueous solution of
urea

Photocatalyst <— @ @

Magnetic Bead

Scheme 1.6. Reaction setup for photocatalytic reaction.

1.7 Determination of urea
1.7.1. UV-Visible Spectroscopy:

Urea determination: -The determination of urea was carried out by using p-N, N
Dimethylaminobenzaldehyde (DMAB), method (37).

1.8 Kinetic studies

Different kinetic models like pseudo-first order and pseudo-second-order models was
analyzed to investigate urea's adsorption/photocatalysis process of different adsor-

bents/photocatalysts.

1. The Pseudo-first-order model is commonly used for initial rate and assumes that the rate of

adsorption is directly related to the number of adsorption sites that are occupied.

2. The Pseudo-second order kinetic model depicts that the rate of solute uptake is directly
proportional to the square of the difference of the concentration of the solute at a different
time interval from the equilibrium concentration of the adsorbent.

The importance of urea chosen for study

Urea (Carbamide), with the formula CO(NH:)., is a widely used fertilizer due to its high
nitrogen content (46%). It boosts crop production by providing essential nutrients.
However,60-70% of applied nitrogen can be lost to the atmosphere through ammonia

volatilization, nitrate leaching, and nitrous oxide emissions, negatively impacting plant
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growth and the environment. To address this, there is potential in developing TiO2/RGO@M
and M-TiO2 nanocomposites modified with CD and RGO to enhance efficiency and reduce
losses. The report proposes objectives to explore these innovations.
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CHAPTER-2

Enhanced photocatalytic urea oxidation under neutral medium

by reduced graphene oxide coated TiO2 nanoparticles

» Addition of NaF increases the interaction between RGO and urea via
multisite hydrogen bonding to improve the urea oxidation efficiency.

» It also enhance the nitrate yield due to lower ammonia leaching.

» Such observation is highly beneficial for sustainable agriculture.

| Degradation efficiency(%)
B Nitrate yield(%) A

RGOT25%

8(6)
//

Degradation efficiency(%)
(%)pIaik ajesIN

RM RM+0.1M NaOH RM+0.6mM NaF

Schematic outline

This study reveals the photocatalytic oxidation of urea using bare TiO2 and RGOT25% at dif-
ferent ambient conditions (RM), (RM+0.1M NaOH, pH~13), and (RM+0.6mM NaF) under
sunlight irradiation. The RGOT25% composite demonstrates superior activity over bare TiO>
due to a synergistic effect, enhanced interfacial surface area, and the high electron mobility of
RGO. This results in reduced recombination rates and increased charge transfer efficiency.
Additionally, NaF plays a dual role in boosting photocatalytic performance: it removes pro-
tons from the reaction medium without deprotonating ammonium ions, thereby minimizing
ammonia leaching, and it enhances the binding of urea to the photocatalyst through multisite

hydrogen bonding interactions.
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2.1 Introduction

In the last few decades, due to enormous growth in population besides the deprecia-
tion of accessibility of land for agriculture, the whole world is facing the risk of food short-
age. Consequently, crop production has to be increased manifold. Therefore, fertilizers have
been applied to agricultural fields to enhance the growth and yield of crops. Urea is one of the
most widely used nitrogenous fertilizers engaged in ammonification, nitrification, denitrifica-
tion, and mineralization process (1,2). Urea accommodates 46% of nitrogen content and sup-
plements essential nutriment to the plants, attributed to its effectiveness towards sustainable
agriculture (3-5). Result of the inefficacious availability and easy leaching of nitrogen from
the soil, the external supply of nitrogen is foremost essential to enhance crop yield, which has
been executed globally for a long back by augmenting nitrogenous fertilizers like CO(NH>)2,
NH4NOs3, anhydrous NHs, etc. (6,7) Generally, plants assimilate nitrogen through the soil in
the form of nitrate and ammonium ions. Therefore, to absorb nitrogen from the soil,
CO(NH2)2 must be hydrolyzed and the resultant NH3 needs to be protonated to afford NH4*
ions (equation 1). Subsequently, the ammonium ions undergo a nitrification process to yield
nitrate (equation 2). With the help of nitrate and ammonium transporters, these ions are taken

up by plants, and the transport is powered by a proton gradient.
CONH,), + H,0 +4H" = C0, + 2NH, (1)
NH,"+3H,0 =NO; + 10H + 8¢ )

A vital concern associated with it is that a significant fraction (60-70%) of urea gets

vanished into the atmosphere through nitrate leaching, ammonia volatilization, and N2O
emissions which deteriorate plant growth and the environment through subsurface water acid-
ification and global warming(8-10). Also, the nitrification process often produces nitrogen
gas (N2) as the major product due to incomplete oxidation, thus resulting in nitrogen leaching.
Urea-contaminated water adversely affects not only human beings but also birds, wildlife,
and livestock(11,12). Accordingly, it is essential to oxidize urea into beneficial and harmless
products like NOs", which is helpful in increasing overall crop production.

Several researchers attempted to oxidize urea in many different methodologies, such
as the electrochemical method(13,14), photocatalytic method(15,16), chemical method(17),
and biological method(18), to get beneficial products. However, in most cases, the principal
issue is the formation of N. (gaseous product) due to incomplete oxidation of ammonia,

which probably decreases the nitrate efficiency. As a result, more efficient oxidants are re-
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quired to ensure the complete oxidation of urea.

TiO2 has been regarded as one of the most widely used photocatalyst as it is non-
toxic, economical, eco-friendly, and chemically stable (19). Once TiO: is exposed to energy
equal to or greater than its band gap, it induces e’/h* pairs. These e” and h™ react with water
molecules to generate strong reactive oxygen species (ROS) (e.g., H202", hw*, OH", 02™)(20),
which causes urea oxidation. However, TiO> has several drawbacks owing to its wider
bandgap that limits its visible light absorption capacity and rapid e/h* pair recombination
rate, thereby reducing its photocatalytic activity (21-23). Moreover, photocatalytic oxidation
of urea generally requires the transfer of 8e” from NH3 to NOs, which enhances the probabil-
ity of a complete electron transfer process leading to the formation of several byproducts.

To avert these complications, reduced graphene oxide (RGO) coated TiO2 nanoparti-
cles have been prepared, and their photocatalytic activity towards urea oxidation was moni-
tored under different conditions. RGO has several excellent properties like a smaller band
gap that shifts the adsorption edge towards the visible region, a large surface area that can
increase the adsorption capacity, high electrical capacitance, and conductivity to afford max-
imum charge storage and transfer (24-25). Owing to such intriguing properties, RGO and
other graphitic carbon based nanocomposites are emerging as new generation photocata-
lysts([26-31). Urea molecules can interact with RGO-TiO2 nanocomposite effectively be-
cause RGO provides a large specific surface area which enhances the urea intake as well as
promotes multiple electron transfer process (32).

Oxidation of ammonium ion to nitrate (equation 2) involves the removal of protons.
As a result, urea oxidation becomes more favorable in an alkaline medium. Though under
strongly alkaline conditions (in the presence of NaOH) the ammonium ions can get deproto-
nated to form ammonia, enhancing the risk of ammonia leaching. Moreover, alkalinity re-
stricts crop growth by limiting the water supply to the roots(26). It also causes deficiencies of
other micronutrients like phosphorous, iron, zinc etc.(26). To overcome these problems, we
have also evaluated the photocatalytic urea oxidation efficiency under a near-neutral medium
(pH ~6.5-7) in the presence of NaF. Fluoride is a much weaker base than hydroxide, through
which it can remove the protons generated during the oxidation of ammonium ions but it will
not undergo any acid-base reaction with the ammonium ions directly. As a result, the chances
of ammonia leaching will be reduced. It can also enhance the interaction of urea with RGO

via hydrogen bonding interactions (Scheme 2.1) to boost the photocatalytic activity further.
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Scheme 2.1. Schematic representation of intermolecular hydrogen bonding between RGO,
urea, and NaF.

2.2. Experimental section

2.2.1. Chemicals and reagents

Titanium dioxide (P25-TiO2) was obtained from the Degussa Corporation in Germa-
ny. Graphite powder (98% extra pure), sodium nitrate (NaNOs, 99%), concentrated sulfuric
acid (H2SOs4, 98%), hydrochloric acid (HCI, 35.4%), potassium permanganate (KMnQOa, 99%
extra pure), Hydrogen peroxide (H202, 30%w/v extra pure), L-ascorbic acid (L-AA, 99.5%),
ammonia (lig.NHas, 28%) were purchased from LobaChemie Pvt. Ltd., India. Deionized (DlI)
water was prepared through (Milli-Q, Millipore) ultrafiltration system having a conductivity
of (35 mho cm™* at 25°C) which was used during all the experiments. Analytical-grade chemi-

cals were utilized without any additional purification.

2.2.2. Green synthesis of reduced graphene oxide (RGO)

0.24g GO and 100 DI water was sonicated for 30 minutes and marked as solution A.
29 L-AA was dissolved in 200 ml DI water and marked as solution B. Solution B was added
dropwise to the solution A with continuous stirring, and the pH (9-10) of the mixture was ad-
justed with 28% aq.NHs solution(34). The resulting mixture was heated at 95°C for 2 hours
(avoid boiling) to reduce GO. The black fluffy solid was obtained that was washed several
times with water and ethanol and then vacuum dried.

2.2.3. Synthesis of RGO-TiO:2 (25 wt.%) nanocomposite (Wet impregnation method)

An appropriate amount of RGO and TiO2 (25 wt.%) was dispersed separately in DI
water. The aqueous dispersion of TiO2 was added dropwise to the RGO suspension and ultra-
sonicated for another 1 hour (35) and then stirred for 24 hours. The solid was isolated by cen-
trifugation and dried at 60°C to obtain the grayish-colored powder abbreviated as RGOT25%.
2.2.4. Characterizations and photocatalytic study

XRD patterns were recorded using (Smart Lab SE) instrument equipped with HyPix-400:
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next-generation 2D HPAD detector with diffraction angle (20). PL emission spectrum was
recorded using PerkinElmer LS55. Dynamic light scattering DLS analysis was done by Mal-
vern, Zetasizer. The optical properties of the catalyst were analyzed using DRS. Avantes. FT-
IR spectra was measured using Thermo Scientific Nicolet iS1. The Raman spectra were con-
ducted using Labram HR confocal Micro-Raman spectrometer. The surface structural mor-
phology of the materials was analyzed using field emission scanning electron microscopy
(FESEM), EDS (SEM-EDS; JEOL JSM-7600F and high-resolution transmission electron.
XPS were conducted through PHI 5000 Versa Probe Il1. The nitrate analysis was done using
(APHA 5310D) and TOC was measured using a TOC analyzer (APHA-4500 NOz B). The
urea concentration in the solution was measured using a UV-Visible spectrophotometer
(SHIMADZU UV-2600) (Amax=420nm)

The photocatalytic activities of the bare TiO>, as well as the RGOT25% nanocompo-
site, were analyzed by monitoring urea degradation efficiencies under ambient conditions
(Reaction mixture or RM), alkaline conditions (RM+0.1M NaOH, pH~13), and in the pres-
ence of NaF (RM+0.6mM NaF). All the photocatalytic reactions were performed under sun-
light (in June 2021 at 10:00 am-4:00 pm when the intensity of sunlight was maximum) in dif-
ferent test tubes. In a typical photoreaction., 20mg of the catalyst was dispersed in aqueous
urea (10ml of 0.6mM) solution in a test tube. Before sunlight irradiation, each suspension
was stirred for 30 minutes under dark conditions to allow the adsorption-desorption equilibri-
um. Then, different test tubes containing the reaction mixture were irradiated with sunlight
exposure. After every 1-hour interval, sample aliquots (1 ml) were taken out, centrifuged and
the concentration of urea was measured upon the addition of DMAB (p-N, N-dimethylamino
benzaldehyde) at absorbance value Amax=420nm(36).

The percentage degradation (%D) was calculated by using this equation.
Co—C:
%D =—— x100
Co
Where Co denotes the initial urea concentration, and Ct is the urea concentration after light
irradiation at time t.
The rate of the photocatalytic reactions was fitted by using the pseudo-first-order kinetic

equation.

Co
2.303log— =kt
Ce

Where Co=Initial concentration, C; = concentration at a different time interval, k= rate con-

stant, t=time (min).
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Intensity (a.u)

This nitrate efficiency was measured by the spectroscopic method (APHA-4500 NO3'B). To-

tal organic carbon was determined using a TOC analyzer (APHA 5310 D) from which de-

mineralization efficiency(37) was calculated from TOC data by using the following equation:

TOC: — TOCy

Demineralisation ef ficiency = ————— x 100

2.3. Results and discussion

TOC;

X-Ray diffraction (XRD) measurements were carried out for the GO, RGO, bare TiO>, and
RGO25%, as seen in Fig. 2.1 (a-d). In Fig.2.1 (a), GO displayed a diffraction peak (001) at
20=11.1"and 42.2" indicates the introduction of functional groups (-COOH, OH, CHO) with-

in the carbon layers. After the GO reduction, the emergence of a broad characteristic diffrac-
tion peak (002) at 20=25.8" (ICDD card no.75-1621) in Fig.2.1 (b) designates that the L-AA

acts as an effective reducing agent for the reduction of GO (38).
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Fig 2.1: XRD patterns of (a) GO (b) RGO (c) RGOT25% nanocomposite, and (d) Bare TiO>

XRD patterns of TiO> and RGOT25% exhibited (Fig.2.1 (c-d)) several diffraction peaks at

20=25.2°, 37.8’, 48.2°, 53.8', 55.8’, 62.8,

68.8°, 70.3°, 75.1°, and 82.7° which denotes the

(101), (004), (200), (105), (211), (204), (115), (220), (215) and (301) crystallographic planes
of anatase phase P25-TiO> (ICDD card no.21-1272) respectively(39).
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In contrast, less intense peaks were detected on RGOT25% nanocomposite that de-
creases the e scattering of TiO2 when dispersed upon the RGO surface. The peak of RGO
was not observed in Fig.2.1 (c) due to its less crystalline nature and much lesser x-ray scatter-
ing coefficient compare to TiO2. One characteristic peak was also detected at 26=27.39° for
(110) planes in Fig.2.1 (c-d) confirming the formation of a rutile phase doped in the anatase
phase.

DRS spectra and band gap values of bare TiO> and RGOT25% nanocomposite was
shown in Fig.2.2 and Fig.2.3. Bare TiO2 and RGO showed an adsorption edge at a shorter
wavelength of 329nm and 273nm and a band gap value of (Eg=3.14eV) in the UV region. In
RGOT25%, the adsorption edge significantly shifted to a longer wavelength of 420 nm with a
band gap value of (Eg=2.04 eV) due to the suppression in the recombination rate of

photoexcited charge carriers. (40).
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Fig.2.2. DRS (Diffuse reflectance spectroscopy) spectra of (a)Bare TiO2 (b)RGOT25% nano-
composite and (¢) RGO.

In RGOT25%, a red shift was observed that participates in the intermolecular interac-
tions within TiO> and RGO that attributes to the formation of Ti-O—C bonds. The optical
band gap of the bare TiO> and RGOT25% nanocomposite was calculated from the UV-DRS
plot and Tauc’s plot by using the Kubelka-Munk equation.

ahv = A(hv — Eg)"
Eq= Band gap value of the sample, hv=energy of a photon, a=adsorption coefficient,
A=constant n=exponential coefficient (n=1/2). Optical band gaps were estimated by plotting

a graph between (ahv) * v/s hv.
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Fig.2.3. Tauc’s plot (band gap values) of (a) Bare TiO2 (b) RGOT25% nanocomposite.
Furthermore, photoluminescence (PL) spectra of bare TiO2and RGOT25% were used to ana-

lyze the rate of e/h* pair recombination. Both bare TiO, and RGOT25% exhibit only one
characteristic peak at 533 nm upon excitation with 390 nm radiation (Fig.2.4). The PL inten-
sity of RGOT25% nanocomposite was substantially lowered than that of bare TiO2, probably
owing to the rapid transfer of electrons from the conduction band of pristine TiO, (anatase) to
the valence band of RGO and the rutile phase of bare TiO». As a result of this migration, the e-

and h* in RGOT25%, the recombination rate was decreased.
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Fig. 2.4. PL spectra (a) Bare TiO2 (b) RGOT25% nanocomposite.

The DLS particle size analysis was performed for bare TiO2, RGO, and RGOT25% nano-
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composites by dispersing each 2 mg catalyst in 5ml water. It revealed that the hydrodynamic
size of bare TiO (Fig.2.5 (a)) was 129 nm. RGO (392 nm and 5556 nm) and RGOT25%
(171nm and 5549nm) in (Fig.2.5.(a,c)) showed two statistical modes(41). The hydrodynamic
size of RGO was greater than that of RGOT25%, probably due to the deposition of TiO> par-
ticles over the RGO surface that passivates the surface functional groups of RGO.
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Fig.2.5. Particle size distribution (DLS) of (a) RGO (b) Bare TiO2 and (c) RGOT25% nano-
composite.

Fourier transform infrared spectra (FT-IR) of graphene oxide (GO) (Fig.2.6 (a)) shows sever-
al characteristic peaks. The signal at 3443 cm is attributed to O—H stretching mode(42), the
absorption peak at 1631 cm™ belongs to C=C stretching mode[43]. While the peaks observed
at 1724 cm*, 1380 cm™ and 1073 cm corresponds to the C=0 [42], C-OH (42), and epoxy
C-O[44] stretching modes respectively. Whereas the peak at 577 cm™ corresponds to the
out-of-plane O-H bending mode(43). In the FTIR spectra of RGO (Fig. 2.6( b)), all these
signals correspond to all the oxygen-containing functional groups have either become much
less intense or almost disappeared, confirming the successful reduction of GO to RGO with
L-AA (42-44). (Fig2.6 (c)) exhibits a broad peak at 1000 cm™ ascribed to the Ti-O-Ti
stretching and bending vibrational modes. In RGOT25%, a band was observed at 427 cm™
which corresponds to a Ti-O-C bond and provides the evidence for the nanocomposite for-
mation (Fig2.6 (d)) (45).
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Fig.2.6. FT-IR spectra of (a)GO (b)RGO (c)Bare TiO2 (d)RGOT25% nanocomposite.

The Raman spectra of parent TiO are displayed in Fig. 2.7(c) where Egu), Big), A1g+B1g(),
and Eg2) peaks of P25-TiO, (anatase) were observed at 147, 404, 520 and 642 cm™, respec-
tively. The peak position of RGOT25% is somewhat shifted as compared to pristine TiO2,
confirming the nanocomposite formation. In Fig, 2.7(a), the other two peaks were also ob-
served at 1349 and 1595 cm™ owing to the D and G bands (46). Similarly, the two peaks lo-
cated at 1346 and 1584 cm™ were also observed in Fig. 2.7(b), resembling the D and G
bands. The D band is attributed to sp® C-atoms out plane vibrations causing the imperfec-
tions and asymmetry in the structure, and the G band is linked to the sp? C-atom associated
with the crystallization and the uniformity of the C-atom. The Ip/lg ratio of RGO was 0.96
increased to 1.18 for RGOT25% indicating the absence of any defects in RGOT25% nano-

composite.
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Fig.2.7. Raman spectra of (a) RGOT25% nanocomposite (b) RGO and (c) Bare TiOs-.
Fig 2.8(e) and (f) displays the SEM images of TiO2 and RGO where TiO2 shows spherical
25



and irregular surface morphology and RGO reveals a thin, wrinkled, and layered sheet like
morphology, characteristic of exfoliated graphene structures.Fig.2.8 (a-d) shows the SEM
images of RGOT25% nanocomposite revealed that TiOz particles are homogeneously spread
on the surface of RGO sheets. Fig.2.9 displays EDX pro- files and the table represents the
percentage of the elements in RGO and TiO2. This elemental mapping also confirms
deposition of TiO2 on the RGO surface. A signal of gold (Au) element was also observed due

to the gold coating of samples during SEM analysis.
;_)»

Fig. 2.8. Field electron Scanning electron microscopy (FE-SEM) images of (a-d)
RGOT25% nanocomposite at different scales, (e) Bare TiO, and ()RGO.

Fig. 2.9. Elemental dot mapping (a-c) and EDX analysis pattern and composition (d) of
RGOT25% nanocomposite.
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The HR-TEM images in Fig.2.10(a-d) displayed the surface morphology of
RGOT25% nanocomposite. Fig.2.10(a) shows the homogeneous distribution of TiO, nano-
particles over the surface of RGO in RGOT25% nanocomposite. Fig2.10(b) showed that the
TiO2 and RGO nanoparticles facets are firmly attached, which was favorable for charge trans-
fer and photocatalytic efficiency of the catalyst. Fig, 2.10(c) exhibited the crystal structure
with lattice spacings of 0.35nm, which was well matched with the crystalline (101) plane of
the anatase phase of TiO>. In Fig. 2.10(d), the SAED pattern showed that the RGOT25% was

crystalline due to the presence of the (101) plane for the anatase phase of TiOx.

Fig.2.10 (a-c) HRTEM images and (d)SAED pattern of RGOT25% nanocomposite.

To analyze the oxidation state, the composition of elements, and the chemical envi-
ronment in RGOT25%, XPS analysis was carried out. The XPS survey spectra (Fig.2.11(a))
confirms the presence of all the individual elements in the sample. In Cls spectra
(Fig2.11(b)), peaks were observed at different binding energies of 284.47ev and 285.5ev,
which signifies the C=C/C-C, C-O bonds (47). (Fig.2.11(c)) represents the Ols spectra
which exhibit two peaks at 531ev and 532.4ev corresponding to the Ti-O and C-O bond in
RGO composites. In (Fig.2.11(d) the spectra with two characteristic peaks at 459.67ev and
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465.53ev could be correlated with the Ti 2pz2 and Ti 2py2 peaks of P25-TiO.. Ti 2p level can
be deconvoluted to spin-orbit peaks (Ti 2ps2 and Ti 2p12), and that accounts for binding en-
ergies difference of 5.9ev confirming the existence of Ti(IV) as reported in the literature (46).
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Fig 2.11: X-Ray photoelectron spectroscopy (XPS) (a) Overall survey spectra (b) C1s (c)
Ols and (d) Ti2p spectra of RGOT25% nanocomposite.

2.4. Photocatalytic activity study

In this experiment, the photodegradation of urea under different reaction conditions (RM,
RM+0.1M NaOH, and RM+0.6mM NaF mixture) by TiO2 was carried out for 360 minutes
under sunlight irradiation. Fig.2.12(a) and 2.13 represent the gradual decrease in UV-Visible
absorption (Amax =420nm) values. Improved photocatalytic activity of bare TiO, was ob-
served in the presence of NaF (pH~6.5-7.6) as compared to urea in alkaline pH. The urea
photooxidation reactions (RM, RM+0.1M NaOH, and RM+0.6mM NaF mixture) obey pseu-
do-first-order kinetics (Fig.2.12(b). Fig.2.12(c-d) depicts that NaF addition increases the rate
constant (0.18x10 min) value and degradation (54.8%) efficiency of urea by TiO2 under

sunlight irradiation
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Fig 2.12: (a) Changes observed in absorbance vs time under solar light irradiation (b) pseudo-
first-order Kinetic fitting (c) Variation in photocatalytic urea oxidation efficiency (%) for bare
TiO2 photocatalyst and (d) changes in the pseudo-first-order rate constant (RM RM+0.1M
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Fig.2.13. (a-c) Comparative changes observed in UV-visible absorption spectra of urea deg-
radation with effect from bare TiO: in natural pH, basic pH, NaF (1:1).

Fig.2.14(a) and 2.15 also represent the absorption values of urea photodegradation
with RGOT25% nanocomposite in the presence of 0.1M NaOH (pH~13) and 0.6mM NaF
(pH~6.5-7.6). A maximum decrease in absorption value was observed in the case of NaF ad-
dition. Fig.2.14(b) represents the kinetics plot that follows the pseudo-first order Kinetic
law.Fig.2.14(c-d) shows the rate constant 1.54x102 min*! and degradation efficiency 66(1) %

in the presence of NaF, indicating the improved photocatalytic activity due to the presence of

NaF during urea oxidation.
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Fig 2.16. Comparison of degradation efficiencies for TiO. and for RGOT25% composite
under different reaction conditions (RM RM+0.1M NaOH, and RM+0.6mM NaF).
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The pH of the RM+0.6mM NaF reaction mixture remains nearly neutral (~6.5-7.6)
throughout the reaction. The superior photocatalytic activity of the RGOT25% composite
compared to bare TiO2 (Fig2.16) can be attributed to a synergistic effect, increased interfacial
surface area and the high electron mobility of RGO, which decreases the rate of recombina-
tion rate and thereby increases the charge transfer rate. NaF plays a dual role in enhancing
photocatalytic activity. It not only removes protons from the reaction medium without caus-
ing deprotonation of ammonium ions thereby suppressing the probability of ammonia leach-
ing. Moreover, it can also increase the binding of urea with the photocatalyst via multisite
hydrogen bonding interactions. (Scheme 2.1).

To confirm the complete degradation of urea, the demineralization efficiencies of
RGOT25% catalyst under different reaction conditions (RM, RM+0.1M NaOH, and
RM+0.6mM) have been monitored (Fig. 2.17, Table 1). In most cases, the demineralization
efficiency values are very close to the degradation efficiency. Such observation suggests the

complete degradation of urea.
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Fig 2.17: Variation in demineralization efficiency (%) for RGOT25% composite photocata-
lyst under different reaction conditions (RM RM+0.1M NaOH, and RM+0.6mM NaF).

Tablel. TOC values and demineralization efficiency of RGOT25% photocatalyst under
different reaction conditions (RM, RM+0.1M NaOH, and RM+0.6mM NaF).

Reaction Condition Degradation  efficiency | Demineralization efficiency
(%) (%)

RM 37.3(2) 29.0(8)

RM+0.1M NaOH 44.8(6) 43.4(9)

RM+0.6mM NaF 66(1) 62.7(5)
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Fig 2.18: Variation in nitrate yield (%) for RGOT25% composite photocatalyst under differ-
ent reaction conditions (RM RM+0.1M NaOH, and RM+0.6mM NaF).

To understand the extent of urea oxidation and nitrogen leaching, the nitrate yields
were determined under different reaction conditions (RM, RM+0.1M NaOH. and
RM+0.6mM NaF) in the presence of RGOT25% catalyst. After 6 hours of sunlight irradia-
tion, there was practically no nitrate formation in the case of the reaction mixture under am-
bient conditions (0.7(2) %). Interestingly, the nitrate yield was higher in the presence of NaF
(9.8(1) %) more than twice compared to the alkaline pH (4.5(1) %) (Fig2.18, Table 2). Such
observation confirms that due to the lesser basicity and hydrogen bonding ability of fluoride

ions, the extent of ammonia leaching is significantly reduced.
2.5. Effect of TiO:2 loading

In order to understand the effect of TiO, loading on the catalytic activity, TiO2 loading on
RGO were varied from 10 to 25%. It has been observed that the catalytic activity in the pre-
sence of NaF increases upon increasing the TiO loading (Fig. 2.19). Such observation can be

attributed to the enhancement in the number active sites due to an increase in TiO2 loading.
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Fig.2.19. Changes in urea degradation efficiency with TiO2 loading on RGO in presence of
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2.6. Mechanistic Detailed study

The proposed reaction mechanism (Scheme 2.2) involves the electronic transition
from the valence band of TiO> to its conduction band to afford e /h™ pair. The transfer of an
excited electron from the conduction band of TiO: to the RGO surface reduces the extent of
electron-hole pair recombination. The electrons and holes undergo redox reactions with the
water molecules and molecular oxygen, respectively, to generate hydroxyl radicals (+OH)
and superoxide anions (O2). These reactive oxygen species oxidize urea to cause urea

degradation (49).
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Scheme 2.2. Mechanistic approach for urea degradation by RGOT25% nanocomposite under
sunlight.
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To determine the roles of the different reactive species, several control experiments were
performed (Fig. 2.20). Addition of Na2EDTA (0.5 mg) and iso-propanol (0.5 ml) to the
reaction mixture reduces the urea degradation efficiency from 66% to 52.5% and 19.6% re-
spectively. They act as efficient hole scavengers and suppress the formation of hydroxyl radi-
cals resulting from the oxidation of water molecules by holes. Moreover, purging of Ar for 15
minutes decreases photocatalytic urea oxidation efficiency to 38.2%. This is because purging
of Argon results removal of oxygen from the reaction mixture, thereby reducing the probabil-
ity of superoxide radical formation. Such observation suggests that both hydroxide radicals
and superoxide anions are responsible for photocatalytic oxidation reactions.

Table 2. Nitrate yields in presence of RGOT25% photocatalyst under different reaction
conditions (RM, RM+0.1M NaOH, and RM+0.6mM NaF).

Catalyst Nitrate yield (%)
RGOT25% (RM) 0.7(2)
RGOT25% (RM+0.1M NaOH) 4.5(1)
RGOT25% (RM+0.6mM NaF) 9.8(1)

To, the best of our knowledge there is only one report quantifying the nitrate yield in the pho-
tocatalytic urea oxidation process[48]. Despite of quite similar degradation efficiency (%)
ration efficiency. maximum nitrate yield is reported to be around 0.37% (48) (Table 3) sug-
gesting quite high amount of nitrogen loss during the urea oxidation process. This confirms
our original assumption that the addition of NaF in the reaction mixture under neutral medi-
um can enhance the nitrate production efficiency by manifold

Table 3. Nitrate yields in presence of RGOT25% photocatalyst under different reaction
conditions (RM, RM+0.1M NaOH, and RM+0.6mM NaF).

Catalyst Degradation | Nitrate yield (%) Reference
Efficiency (%)
N-doped TiO2/polystyrene 70 0.37 (48)
RGOT25% (RM+0.6mM NaF) 66(1) 9.8(1) This Work
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CHAPTER-3

Influence of B-CD and Ag deposition over TiO; towards photo-

catalytic oxidation of urea under solar irradiation

» Impregnation of B-cyclodextrin in the TiO, surface lowers
nitrogen leaching.

» Deposition of Ag nanoparticles causes a reduction in
electron-hole pair recombination rate.

» Cumulative effect of these phenomena results in high urea
oxidation efficiency and nitrate yield.

» Such a strategy can be highly beneficial for sustainable

agriculture.
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Schematic outline

This study investigates the photocatalytic performance of binary and ternary nanocomposites
synthesized with varying weight percentages for urea oxidation under sunlight irradiation.
Among the tested composites, B-CD2s/TiO2@Ag: (CT3A1) exhibited the highest activity.
This enhanced performance is attributed to the synergistic effects of its key components: the
high catalytic activity and photostability of TiO», the efficient urea and nitrogen binding
properties of B-cyclodextrin, and the localized surface plasmon resonance (LSPR) properties
of Ag, which enhance charge transfer efficiency. These combined effects result in superior

photocatalytic degradation and an increased nitrate yield.
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3.1 Introduction

The traditional method of improving the soil's fertility with natural and chemical-
based fertilizers such as urea, calcium ammonium nitrate, anhydrous ammonia, etc., is bene-
ficial for escalating agricultural growth (1,2). Urea is an abundantly used fertilizer because it
IS inexpensive, has a 46% nitrogen content, is easily transported, and is the simplest assimi-
lated form of nitrogen directly involved in the mineralization process(3]). The plants assimi-
late NO3~ and NH.* ions instead of urea nitrogen directly. So, urea undergoes hydrolysis to
form NH3 and further protonation results in the formation of NH4" ions (4,5). During nitrifi-
cation, these NH4" ions undergo oxidation to form NOs™ ions and simultaneously release pro-
tons(6]). During NOs™~ assimilation, OH" ions liberate, neutralizing the excess protons re-
leased during nitrification and making the entire process viable[(7). However, the primary
issue related to it is that half of the urea supplied to the soil gets released into nature due to N>
emissions, NOs™ leaching, and NH3z loss brought up by temperature change, soil pH, and soil
management practices(8]). As a result, urea is often over-applied to enhance crop production.
The presence of unreacted drastically deteriorates soil and groundwater quality, causing vari-

ous environmental hazards[(9-12).

Moreover, this nitrogen loss directly or indirectly disturbs human life and the ecosys-
tem(13) It is necessary to enhance the production of NO3™ on urea oxidation, which is desira-
ble in agronomics(14). The existing methodologies involve the modification of fertilizers
with urease and nitrogenase inhibitors to control nitrogen loss(15,16). However, the high cost
and low stability of these inhibitors under ambient conditions limit their practical applica-
tions. As a result, photocatalysis is emerging as a new methodology to increase the NO3™ ef-
ficiency from urea oxidation(17). Photocatalytic urea oxidation involves hydrolysis of urea to
ammonium ion (equation 1) followed by oxidation of ammonium ion to afford nitrate (equa-
tion 2). The second step involves an 8-electron transfer process. Therefore, it is quite Kinet-
ically sluggish. Often, it affords the formation of molecular nitrogen (N2) as the major prod-
uct due to incomplete oxidation. The high stability and chemical inertness of N2 prevent the
subsequent oxidation to afford nitrate. Hence, the fabrication of an efficient photocatalyst
with a strong oxidizing ability, as well as having a substantial affinity towards N, is needed
to avoid its leaching and escalate the overall NOs™ efficiency. Such methodology is highly
desirable as it will enhance crop production and reduce the ecotoxic effect of unreacted urea.
CO(NHy); + Hy0 + 4H* — CO,+ 2NHy" - (1)

NH;* + 3H,0 - 8 — NO3 # 10H* «-oeeremmreemnacmnannneannns 2)



Among all the semiconductors, P25-TiO has distinctive properties like powerful oxi-
dizing ability (¢OH. O27), photostable in nature, cheap, structurally stable as well as, envi-
ronment-friendly(18). However, limited light response towards visible light due to a large
band gap (Eg~3.12 eV) and rapid recombination of the photogenerated e-/h+ hinder its appli-
cation towards urea oxidation(19,20). Therefore, fabricating efficient broad-spectrum sun-
light-active and highly adsorbent material is fundamental for enhancing its photoactivity.

Comprehensively, it is considered that the overall photocatalytic activity can further
be enriched by doping plasmonic metals like Ag, Au, Cu, etc., on the semiconductor-based
binary composites(21). Remarkably, these coinage metals persuade concurrent oscillations of
conduction electrons with a resonant frequency called the localized surface plasmon reso-
nance (LSPR) effect, which induces a noteworthy enhancement in the absorption of visible
light(22—-24). The LSPR transitions permit these nanoparticles to absorb the solar energy to
produce a strong electromagnetic field and high-energy electron hole-pairs, which can dis-
perse through the lattice vibrational modes of the nanoparticles to afford high lattice tempera-
ture(25-29). The electromagnetic field, hot charge carriers, and high temperature can enhance
the efficiency of the photocatalytic reactions quite significantly(30,31). Notably, Ag offers a
strong LSPR effect and high electric conductivity, so metallic silver has been identified as a

better plasmonic metal for designing this photocatalyst(32,33)

B-cyclodextrin (B-CD) is a novel supramolecular functional system designed by join-
ing seven glucose units (34). Embracing to its engrossing features and structure like innocu-
ous, hole scavenger, stabilizer, cyclic oligosaccharide, a hollow-truncated cone-like structure
having hydrophobic inner cavity can encapsulate the nonpolar guests, and hydrophilic outer
part accommodates —OH functional groups that can exhibit hydrogen bonding, used widely in
biological and photocatalytic applications. Due to its unique structure, B-CD incorporated
composite offers various interactions, and adsorbing sites and allows the composite to sup-
press the charge carrier recombination rate and extend its light absorbance(35-37). B-CD can
bind with urea via noncovalent interactions(38) as well as with molecular N2 quite efficiently
through the hydrophobic effect (39-41). Such a dual effect will result in stronger interaction

of the catalyst with the reactants as well as a reduction in nitrogen leaching that can lead to

higher nitrate yield. B-CD can act as a capping agent to stabilize metal NPs and prevent ag-

gregation on its surface.

To date, there are few reports demonstrating the photocatalytic oxidation of urea to

yield nitrate(42,43). Among these, the TiO2/RGO composite shows the highest nitrate yield
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of 9.8(1) % in the presence of NaF under neutral pH(42). Although, the addition of fluoride
can lead to the degradation of soil as well as groundwater pollution which is not desirable for
sustainable agriculture(44). As a result, it is essential to design an alternative photocatalyst
that can promote urea oxidation in the absence of any additive. To this regard, the binary and
ternary NCs with different mass ratios of -CD (15-25wt%) and metallic Ag(1-3wt%) were
fabricated by a hydrothermal and photo-deposition method, respectively. This ingenious ter-
nary nanocomposite with immense potential offers better charge separation, plenty of sur-
face-active sites, an enhancement of optical response towards the visible range, and integrat-
ed charge transfer between all the components for oxidation of urea to nitrate due to comple-
mentary physicochemical properties of each individual constituent (TiO2, Ag and B-CD). As
a result, the ternary composites, i.e.p-CD/TIO2@Ag, can be promising for various applica-
tions like photocatalytic oxidation of urea(17,42,43).

3.2. Experimental section

3.2.1. Chemicals and reagents

Titanium dioxide nano powder (P25-TiO2; [70% anatase + 30% rutile form]; avg. particle
size 35nm) was supplied by Evonik, Degussa Corporation, Germany (photocatalyst). -
cyclodextrin (B-CD; 98.00%)) was purchased from GLR innovations. Silver nitrate (AgNQOsg;
> 99%) was procured from Sigma Aldrich. Isopropanol (IPA; CsHsO; 99.5%), ethanol
(C2Hs0H; 99.9%), and urea (CO(NH2)2, 99% extra pure) were procured from Loba Chemie
Pvt. Ltd., India. Deionized water (DI) was obtained from Organo Biotech Laboratories Pvt.
Ltd., which was employed during all the experimental studies. All the chemicals were of ana-
Iytical grade and used without any further purification

3.2.2. Preparation of B-CD/TiO2 binary composite

B-CD/TiO2 was synthesized using the hydrothermal method (Scheme 3.1). In a beak-
er, the solution was prepared by dissolving B-CD (0.25 g) and P25-TiO. (1 g) in a water-
ethanol (2:1 v/v) mixture and kept under an ultrasonication bath for an hour. This dispersion
was magnetically stirred for 4 hours, poured the solution to a Teflon-lined autoclave, and kept

in a muffle furnace at 160 °C for 14 hours. After the natural cooling process, the precipitates

were collected, centrifuged, washed, and dried at 50 °C for 6 hours to obtain a light brown
colored powder. The different wt.% B-CD (15, 20,25) loaded P25-TiO; are denoted as f-
CDus/TiO2 (CT1), B-CD2o/TiO2 (CT2) and, B-CD2s/TiO2 (CT3) respectively throughout this

manuscript.
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Scheme 3.1 Illustrative representation of the preparation of B-CD/TiO2, Ag/TiO2 (binary),
and B-CD/TiO2@Ag ternary nanocomposites.

3.2.3. Preparation of Ag/TiO2 nanocomposite

Ag-loaded TiO2 was synthesized by the photo-deposition method(45) (Scheme 3.1).
In a test tube, 100mg of P25-TiO. was taken along with 10 ml of 50% IPA and 934 ul of Ag
solution for 1wt% photo deposition. The as-prepared solution was purged with argon gas for
15-20 minutes and irradiated under a UV lamp (125 W Hg arc, 10.4 MW/cm?, 300-390 nm)
with constant stirring for 2 hours. The collected suspension was centrifuged, washed, and
dried at 55 °C to afford 1wt% Ag/TiO> denoted as TA1 throughout this manuscript.

3.2.4. Preparation of -CD2s/TiO2@Ag ternary nanocomposite

The hydrothermal treatment and photo deposition methods were used to fabricate f3-
CD2s/TiO,@Agternary nanocomposites (Scheme 3.1). The preparation of B-CD2s/TiO2 was
discussed above in section 3.2.2, and the loading of Ag over -CD.s/TiO2nanocomposite was
also done as Ag/TiO> (section 3.2.9). Different wt.% of Ag (1, 2, and 3) loaded B-CD2s/TiO>
NC will be abbreviated as B-CDas/TiO2@Ag:1 (CT3AL). B-CD2s/TiO2@Ag2 (CT3A2), B-
CD2s/TiO2@Ags (CT3A3) respectively.

3.2.5 Characterization and photocatalytic activity

The characterizations of as prepared photocatalysts by different techniques have already been

described on Chapter-1 and Chapter-2.
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Urea was chosen as a model molecule to examine the photocatalytic performance of the as-
prepared various binary and ternary nanocomposites. The photocatalytic degradation experi-
ments were conducted in separate test tubes carrying 10 mg of catalysts in 10 ml of (1.8 mM)
urea solution. These photocatalytic experiments were performed under solar light in Patiala,
India (1st-30" September, 2022; 11:00 am-3:00 pm) with average sun radiations of ~785
W/m? and ~35 °C temperature. Before the solar irradiations, prepared suspensions were
stirred for 30 minutes in the dark to maintain adsorption-desorption equilibrium. Thereafter,
the test tubes were irradiated with solar light for 180 minutes to conduct degradation studies.
Further, the concentration of urea was determined using a p-Dimethylaminobenzaldehyde
(DMAB) assay (46,47). The nitrate (NO3") yield was determined through the ultraviolet spec-
trophotometer screening method (VARIAN-UV0910M156).

3.3 Results and discussion

To monitor the optical properties, the diffuse reflectance spectra (DRS) were recorded
for the as-prepared B-CD loaded binary, Ag«/TiO> (TAl), and Ag-loaded ternary
nanocomposites (Fig. .3.1). The peaks observed at wavelength 329 nm were responsible for
the charge trans- fer process from VB of O%(2p) to the CB of Ti** (3d). Bare TiO2 shows an
absorption peak at 329 nm in the UV region with no visible light response (Fig. 3.1(a)).
Noteworthy, the loading of B-CD exhibits broadband at 400-500 nm usually ascribed to

ligand to metal charge transfer (LMCT) from B-CD to Ti'V (49,50])and shifts the absorption
spectra towards visible region (Fig.3.1(a)).
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Fig. 3.1. DRS spectra of (a) TiO2 and different wt.% (15, 20, 25) B-CD loaded TiO2: -
CD1s/TiO2 (CT1), B-CD20/TiO2 (CT2) and, B-CD2s/TiO2 (CT3) (b) Agy/TiO. (AT1) and
different wt.% (1, 2, 3) Ag loaded B-CD/TiO2 ternary nanocomposites: p-CD2s/TiO2@AQ1
(CT3A1). B-CDzs/TiO2@Ag2 (CT3A2), B-CD2s/TiO2@Ags (CT3A3).
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A new strong plasmonic band at 400-500 nm was observed in Ag loaded TiO> and
ternary NCs i.e., accredited to the clear red shift in the visible region deriving from the LSPR
effect of Ag nanoparticles and conceptually —OH groups of B-CD and TiO, form covalent
bond suppresses the charge carrier separation. It shifts the adsorption edge towards visible
light(51)(Fig. 1b). Further intensification of plasmonic bands was noticed as the Ag wt.%
increased from 1wt% to 3wt%. It concludes that plasmonic bands with higher intensities are
proportional to the extent of silver loading resulting in higher optical response.

The optical band gap values of the synthesized nanocomposites were calculated from the UV-
DRS plot by using the Tauc equation (equation 5):

ahv = A(hv — Eg)» (5)

Herein, a=adsorption coefficient, h=Planck's constant, v=frequency of the light, Eg=Band
gap value of the sample, n=exponential coefficient (n=2 (indirect band gap). The optical band
gaps were calculated by plotting a graph between Vohv v/s hv (Fig. 3.2)(52) The band gap
(Eg) of bare TiO,, CT1, CT2 and CT3 were found to be 3.31, 3.09, 3.07, and 3.05 eV re-
spectively (Fig. 3.2(a)). It is evident that the band gap values decrease from 3.31 to 3.05 eV
upon loading of B-CD onto the surface of TiO (Fig. 3.2(a)) but the differences in band gaps
of various B-CD loaded composites are not much significant. As a result, the extent of f-CD
loading was not increased further. The loading of the Ag leads to even further decrease in the

band gaps (Fig. 2(b)). Among all the materials the ternary composite CT3A1 possess the

lowest bang gap of 2.56 eV. Such observation confirms that the loading of Ag shifts the opti-

cal response towards the visible region.
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Fig. 3.2. Tauc plots (corresponding band gap values) of (a) TiO, and different wt.% (15, 20,
25) B-CD loaded TiO2: CT1, CT2 and, CT3 (b) AT1 and different wt.% (1, 2, 3) Ag loaded
B-CD/TiO2 ternary nanocomposites: CT3A1, CT3A2 and CT3A3.
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Photoluminescence (PL) studies of the prepared dispersion at 340nm excitation
wavelength were carried out to understand the effect of B-CD and Ag loading on the electron-
hole pair recombination process. PL spectra of binary and ternary NCs shown in (Fig. 3.3)
indicate the quenching of emission bands at 382, 433, and 536 nm. The quenching of
emission bands at- tributed to suppression in charge carrier recombination. The broad
emission bands could result from surface and intrinsic defects such as surface traps (hydroxyl
defects, oxygen vacancies) and surface states of B-CD and Ag(53). Such observation suggests
that the rate of electron-hole pair recombination decreases in the order of CT3>
CT2>CT1>Bare TiO in binary composites and CT3A1>CT3A2>CT3A3>TAl in ternary
composites. Higher quenching of PL peaks happens on loading of Ag signifies the depletion

in recombination rate and higher charge carrier separation.
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Fig.3.3. PL spectra of (a) TiO2 and different wt.% (15, 20, 25) B-CD loaded TiO2: B-
CD15/TiO2 (CT1), B-CD2o/TiO2 (CT2) and, B-CDa2s/TiO2 (CT3) (b) Agy/TiO2 (AT1) and dif-
ferent wt.% (1, 2, 3) Ag loaded B-CD/TiO: ternary nanocomposites: B-CDazs/TiO2@Ag:

(CT3AL), B-CDa2s/TiO2@Ag2 (CT3A2) and B-CD2s/TiO2@Ags (CT3A3).

In Fig. 3.4, X-Ray diffraction (XRD) patterns were recorded to study the crystal
planes of as-prepared NCs All the patterns exhibited several diffraction peaks of both the
phases of bare TiO> at 26=25.5, 37.8, 48.2, 53.9, 55.3, 68.8, 70.3, 75.2, and 82.9° can be in-
dexed as (101), (004), (200), (105), (211), (115), (220), (215), (301) lattice planes of anatase
phase(ICDD card-21-1272)(54) Whereas the other prominent peaks at 26=27.4, 36.3, and
62.9° can be attributed to the (110), (103), (204) lattice planes of rutile phase (ICDD card-21-
1276)[54]. The XRD pattern of the CT3 sample was similar to its bare analog (Fig. 3.4(b)).
Such observation is consistent with the fact that carbon and oxygen possess a smaller x-ray
scattering coefficient than Ti and Ag. Furthermore, the TA1 and the other three ternary plas-

monic NCs have identical diffraction patterns with three additional peaks at 20=38.1°, 44.2°,
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64° correspond to the (111), (200), (220) lattice planes with metallic Ag having face-centered
cubic symmetry(54,55). The loading of p-CD and metallic Ag does not cause any change in
the peak positions of the signals due to pristine TiO2 suggesting that there is no change in its

structure and crystallinity.
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Fig. 3.4. XRD diffractogram of (a) TiOz, (b) B-CD2s/TiO2 (CT3), (c) Agi/TiO2 (AT1)
and(d) different wt.% (1, 2, 3%) Ag loaded B-CD2s/TiO2 ternary nanocomposites:-
CD2s/TiO2@AQ1 (CT3AL). B-CD2s/TiO2@Ag2 (CT3A2), B-CD2s/TiO2@Ags (CT3A3).

FT-IR spectra of nanocomposites are shown in Fig. 3.5. All the samples exhibited
peaks at 3270-3381 cm ™! and 1644 cm™! due to —OH stretching and bending vibrations of C-
OH groups. Fig. 3.5(c) shows the spectra of only B-CD exhibiting O—H stretching (3279 cm’
1), C-H stretching (2922 cm-t), H-O—H bending (1632 cm™), C-H bending (1420 cm™), C-O,
C-C stretching (1014 cm™?) vibrations. The absorption signals of O—H stretching vibrations of
B-CD incorporated binary and ternary composites (3323 cm! and 3345 cm™') are shifted
towards higher energy as the binding of TiOz results enhances the structural rigidity of p-CD
thereby increasing the vibrational frequencies. The broad peak at 536 cm™' and 527 cm™' was
the absorption signal of TiO2 corresponding to the Ti~-O-Ti vibrations (56). The shifting of
this peak (Fig. 3.5) from 536 cm™! and 527 cm™! is probably due to the Ag loading. The
absorption signal centered at 1159.1 cm™! and 1031.4 cm™! ascribed to the O-C-O and C-O
stretching vibrations of B-CD, and the intensity of peaks gets more intense with the increasing
amount of B-CD loading as shown in (Fig. 3.5(a))(57) these B-CD peaks disappeared in

ternary composites (Fig. 3.5(b)), and a new absorption signal appeared at 1395 cm™' due to
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the oxidation of B-CD by TiO.. This absorption peak was related to the -CCH, — OCH, and —

COH groups, confirming the presence of B-CD in the ternary composites.
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Fig. 3.5. Fourier transform infrared spectra(a) TiOz, p-CD2s/TiO2 (CT3), Agi/TiO2 (AT1)
and different wt.% (1, 2, 3%) Ag loaded B-CD2s/TiO2 ternary nanocomposites (b) pB-
CDa2s/TiO2@AQ: (CT3AL). B-CD2s/TiO2@Ag2 (CT3A2), B-CD2s/TiO2@Ags (CT3A3) and

SEM images in Fig.3.6 (a,b) show agglomerated clustered spherical assembly(58),

and Fig.3.6(c/d) depict the Ag nanoparticles (black spots) that were uniformly attached to the

surface of TiO2.The formation of a white shell around the spherical structure could be due to
B-CD which is further confirmed by the HRTEM images.

Fig. 3.6. FESEM images (a-d) of B-CD2s/TiO2@Ag: (CT3A1) nanocomposite.
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Fig. 3.7. Elemental analysis (a-f) of different elements (C, O, Ti, Ag) shown in different color
distributions and EDX Spectra (g) of ternary NC B-CDa2s/TiO,@Ag:1 (CT3AL).

The elemental analysis in Fig. 3.7(a-f) and EDX spectra (Fig. 3.7(g)) depicts the presence of
C(red), O(green), Ti(yellow), and Ag(blue) elements, respectively. The EDX profiles in Fig.
3.7(a-f) support the presence and homogeneous distribution of C, O, Ti, and Ag in the nano-

composite

Fig. 3.8. HRTEM images (a-d), corresponding lattice fringes(e) and (f) SAED pattern for -
CD2s/TiO2@Ag: (CT3AL) ternary NC.
Fig. 3.8 presents HRTEM images to examine further the morphology and the
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synergistic interaction between B-CD, TiOz, and Ag in the ternary nanocomposite. Fig. 3.8(a,
b) re- veals the spherical, clustered, and agglomerated-like morphology where metallic Ag
NPs of size range 5-25 nm are firmly attached with the TiO> particles that appeared as black
spots that are consistent with the FESEM results. Fig. 3.8(c, d) indicates the core-shell type
struc- ture where the white shell around the TiO> particles depicts the B-CD, grey colored

particle designates the TiO», and the red-colored outlined black spot of metallic Ag NP(59).

B-CD is composed of a hydrophilic exterior with —OH groups which participate in co-
ordinate bond formation with the oxygen of TiO>, resulting in the monolayer formation of j3-
CD around TiO>. This effective integration of -CD, TiO>, and Ag provides multiple electron
transfer pathways. Furthermore, Fig. 3.8(e) shows the lattice fringes with two different sets.
The lattice fringes of TiO2 with a d value of 0.36 nm correspond to the (101) diffraction
plane, and the lattice fringes of metallic Ag with a d value of 0.23 nm belong to the (111)
crystal plane. The SAED pattern shown in Fig. 3.8(f) presents the bright spots and some dis-
tinct coordinated rings which were correlated to the metallic Ag (111), (200), and TiO2 (110),
(101) diffraction planes of B-CD/TiO.@Ag nanocomposite (60).

The hydrodynamic size of bare TiO,, TA1, CT3, and CT3AL1 NCs were determined through
a dynamic light scattering experiment. DLS was performed by dispersing 2mg of catalyst in 5
ml of DI water. In Fig. S3, the results revealed that the hydrodynamic size of bare TiO, was
170 nm which is further increased to 210, 393, and 908 nm for TAL, CT3, and CT3A1l hy-
brid composites, respectively. The increase in particle size on loading of B-CD and metallic

Ag ensures the successful preparation of binary and ternary NCs.

- -m- - Bare TiO,
210nm —a— Ag,/TiO,
t 392nm —%* -« CD,g/TiO,

4 —@— CD,/TiO,@Ag,

Intensity(a.u.)

ke

500 1000 1500 2000 2500
Hydrodynamic size(nm)

Fig. 3.9. Average hydrodynamic particles size of Bare TiO2, Ag1/TiO2, B-CD2s/TiO-, and -
CDzs/TiOz@Agl.
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XPS analysis was performed to determine the elemental nature and oxidation state of CT3A1
ternary NC as shown in Fig.3.10. The overall survey spectrum (Fig. 3.10(a)) verifies the
presence of C, O, Ti, and Ag elements as found in EDX elemental mapping (Fig. 3.7). Fig.
3.10(b) shows the C1s spectrum having three peaks at 284.7, 286.0, and 288.6 eV that are
assigned to the binding energy (BE) of C—C, C-O, and C=0 bonds, respectively (61). In the
O 1s spectra (Fig. 3.10(c)) BE of 529.8 and 532.1 eV corresponds to the Ti-O and C-O
bonds. The high-resolution spectrum of Ti2p (Fig. 3.10(d)) fitted in two peaks at 458.6 and
464.3 eV matching with the Ti 2ps2 and Ti 2p12 with a BE difference of 5.7 eV evidencing
the presence of Ti'V valence state(62). Fig. 3.10(e) shows the Ag 3d spectrum resolved in two
peaks of Ag 3ds;2 and Ag 3dscentered at 367.9 and 373.9 eV, respectively, with a BE differ-
ence of 6.0 eV confirming the presence of metallic Ag in CD2s/TiO2@Ag: ternary NC(63)
along with two satellite peaks at 368.5 and 375.2 eV/(64).
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Fig. 3.10. XPS spectra of B-CD2s/TiO.@Ag: (CT3A1) ternary NC:(a) overall survey; (b)Cls;
(c)O1s; (d)Ti2p; (e)Ag 3d.
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3.4 Photocatalytic oxidation of urea

The photocatalytic activities of all the binary and ternary nanocomposites were evalu-
ated for urea oxidation (Figs. 3.11, 3.12 and 3.13). Figs. 3.11(a) and 3.12 show the adsorp-
tion rate for various composites after 180 minutes under dark. The CT3 composite (14.3%)
shows higher adsorption of urea than bare TiO, and other composites. It has been observed
that there are less significant changes in the urea concentration under dark (Fig. 3.11(a)). Af-
ter attaining equilibrium, the catalyst’s photoactivity was assessed for 180 minutes under so-
lar irradiation (Figs. 3.11(b) and 3.13). It is apparent that the peak intensity of urea
(Amax=420 nm) declines with during photodegradation. Upon increasing the CD loading the
photocatalytic activity gradually increases due to enhanced urea binding and lower nitrogen
leaching. On modification with different wt.% of B-CD decreases its band gap and enriches
its photoactivity in the following order CT3 (62.8(2) %) > CT2 (51(1) %) > CT1 (39.6(3) %)
shown in (Fig. 3.11(c)).
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Fig. 3.11. Variation of UV-visible spectra in the presence of (a) TiOz, (b) B-CDis/TiO:
(CT1)(c) B-CD2o/TiO2 (CT2), and (d) B-CDa2s/TiO2 (CT3) under dark.

Furthermore, a pseudo-first-order kinetic equation (equation 6) was fitted to deter-
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mine the rate constants of the urea oxidation process.

Co
n—=kt—————————-— (6)

Ce

Where Co=Initial concentration of urea solution before sunlight exposure, C:= con- centration of

urea solution at a different time (t) after sunlight exposure, k=pseudo first order rate constant(min

1, t=time for the experiment (min).

Every photocatalytic oxidation reaction follows a pseudo-first-order kinetic model.
The CT3 composite exhibits the highest rate constant of 0.0054 min~! (Fig.3.11(d)) among

all photocatalysts. Such observation suggests that the loading of B-CD enhances the binding

of urea with the photocatalyst through non-covalent interactions [38,65] It also reduces the

extent of nitrogen leaching through the supramolecular encapsulation phenomenon[40,41].
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Fig 3.12: (a) Adsorption(dark) curves, (b) comparative absorption change in UV-VIS spectra
w.r.t time, (c) Histogram of their photodegradation efficiencies, and (d) the corresponding
reaction Kinetics of degradation of urea under 180 minutes sunlight irradiation using TiO. and
B-CD (15, 20, 25) loaded TiO2 binary NCs: B-CD1s/TiO2 (CT1), B-CD20/TiO2 (CT2), and B-

CD2s/TiO2 (CT3).
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Fig. 3.14. (a) Adsorption(dark) curves, 9b) comparative absorption change in UV-VIS
spectra w.r.t time, (c) Histogram of their photodegradation efficiencies, and (d) the
corresponding reaction Kkinetics of degradation of urea under 180 minutes sunlight
irradiation using Ag1/TiO2 (TALl) and Ag (1, 2, 3) loaded B-CD/TiO. ternary NCs:
B-CD2s/TiO2@AQ1 (CT3A1L), B-CD2s/TiO2@Ag2 (CT3A2), B-CD2s/TiO.@AQgs (CT3A3).
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To investigate the effect of Ag loading on photooxidation efficiency, different amounts of Ag
(1-3%) were loaded over CT3 and their catalytic efficiencies were monitored (Figs. 3.14,
3.15 and 3.16). Among all the heterostructures CT3A1 shows maximum photocatalytic effi-
ciency of 78(1) % (Fig. 3.14(c)). Such observation suggests that upon loading of Ag, the pho-
tooxidation efficiency initially improves due to the enhancement of absorption of visible light
resulting from the localized surface plasmon resonance (LSPR) effect and decrease of elec-
tron-hole pair recombination rate but upon further loading of Ag suppresses the catalytic effi-

ciency due to agglomeration of Ag particles

All the photodegradation reactions follow the pseudo-first-order kinetics model (Fig.
3.14(d)). CT3A1 exhibits the highest rate constant of 0.081 min™® shown in Fig. 3.14(d).
Such findings indicate that the synergism between TiO2, Ag, B-CD, increases the number of
available active sites as well light absorption capacity to enhance the photooxidation of urea.

1.0 1.0

—— Initial — Initial
(a) ——1 hour (b) ~—1 hour
0.8 420 nm ——2hour 0.8 420 nm ——2hour
———3 hour ~——3 hour
8 0.6 0.6
c c
] ©
2 2
- ™
0 0.4- o 04
] @
2 2
< <
0.2 0.2 |
|
0-0 T T T T T o.o T T T T T
400 420 440 460 480 500 400 420 440 460 480 500
Wavelength (nm) Wavelength (nm)
1.0 1.0
— Initial — Initial
(c) ——1 hour (d) ——1 hour
0.8 420 nm —— 2 hour 0.8 420 nm ——2 hour
! ~—— 3 hour —— 3 hour
(] ] 0.6
:
£ =
§ § 0.4
< <
0.2
0-0 T T T T T 0.0 T v T T T
400 420 440 460 480 500 400 420 440 460 480 500
Wavelength (nm) Wavelength (nm)

Fig.3.15: Variation of UV-visible spectra in the presence of (a) Agd/TiO2 (TAL), (b) B-
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CD2s/TiO2@Ags(CT3A3) under solar light irradiation.

3.5. Demineralization efficiency and nitrate yields
3.5.1. Demineralization efficiency

TOC measurements were carried out to examine the actual demineralization of urea through
photooxidation (Fig. 3.17(a)). It has been observed that amongst all the composites CT3A1
possesses the highest demineralization efficiency (equation 2). Remarkably, the deminerali-
zation efficiency values were quite close to the photodegradation efficiencies in the presence

of CT3AL hybrid photocatalyst, suggesting complete urea degradation.
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AQ:/TiO2 (TA1), B-CDas/TiO2 (CT3), and B-CD2s/TiO.@Ag: (CT3A1) nanocomposites.
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3.5.2. Nitrate yield (%0)

To ascertain, the quantity of urea oxidation as well as the nitrogen leaching, the nitrate
(NO3z") yields in the presence of different photocatalysts were determined (Fig. 3.17(b)). Af-
ter 3 hours of sunlight irradiation, the bare TiO> showed negligible nitrate yield. Upon load-
ing of Ag and B-CD, the nitrate yield values increase to 6.8(4) % and 10.9(2) %, respectively.
Remarkably, among all the photocatalysts the ternary hybrid CT3A1 shows the highest NO3~
yield of 17.8(3) %. Such observation suggests the cumulative effect of Ag and f-CD loading
enhanced absorbance in the visible region, a decrease in electron-hole pair recombination

rate, and a lowering in nitrogen loss.

To the best of our knowledge, the B-CD2s/TiO2@Ag:1 (CT3AL) ternary hybrid is hav-
ing highest urea degradation efficiency and nitrate yield compared to earlier reports(42,43).

Table 1: Comparison of photocatalytic urea degradation efficiency and nitrate yield by B-

CDas/TiO.@AGQ: ternary nanocomposites with reported literature

Photocatalyst Degradation Nitrate References
Efficiency (%) Yield (%)

N-doped TiO2/polystyrene 70 0.37 (43)

RGO/TIO; 66(1) 9.8(1) (42)

B-CD2s/TiO.@Ag: (CT3AL) 78(1) 17.8(3) This work

3.6. Mechanistic Details

The proposed mechanism includes the formation of electron(e™) -hole(h®) pair via adsorption
of light by the photocatalyst (Scheme 3.2) (34,37,42,66). Then the transfer of high-energy
electrons occurs from the TiO2 conduction band to Ag nanoparticle to suppress the electron-
hole pair recombination. The holes oxidize the water molecules to form hydroxide ions
whereas the electrons reduce molecular oxygen (O2) to superoxide ions (O2"). The hydroxyl

radicals and superoxide ions then cause oxidation of urea.

The Ag deposition over TiOz plays several important roles. Firstly, it will increase the
photoexcited charge separation efficiency by preventing the recombination of electron-hole
pairs(24,54). Secondly, it will reduce the overall band gap of the photocatalyst to enhance

light absorption in the visible region due to surface plasmon resonance activity. Through
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LSPR process, it can also produce hot photoexcited charge carriers which can finally afford
formation of high energy reactive oxygen species (hydroxyl radicals and superoxide anions)
as well as generation of high lattice temperature(25,30,31,55). Due to such properties Ag na-
noparticles loading results significant improvement in the photocatalytic activity of Ag-TiO>
derived composite.
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Scheme3.2: Proposed mechanism for the oxidation of urea to nitrate by B-CD2s/TiO2@Ag:1
(CT3A1) composite

The urea molecules undergo binding with the hydroxyl groups of B-CD via noncova-
lent interactions(38,65) followed by its oxidation to yield molecular nitrogen (N2). Later, N2
undergoes binding with the hydrophobic part of B-CD [40,41]to reduce the nitrogen leaching.
Thereafter, the B-CD bound N2 gets oxidized further to form nitrate.

This CT3A1 nanocomposite possesses several important physicochemical properties
such as the high catalytic activity and photostability of TiO, efficient urea and nitrogen bind-
ing properties of B-cyclodextrin and localized surface plasmon resonance (LSPR) properties,
and high charge transfer efficiency of Ag. Such cumulative effect results in high photocata-

Iytic degradation efficiency and nitrate yield.
To investigate the roles of various reactive species, a series of control experiments
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were carried out in Fig. 3.18. Upon addition of isopropanol (IPA) and Na2EDTA to the reac-
tion mixture, the photocatalytic degradation efficiency reduces from 78% to 66.3% and

21.5%, respectively. The Na,EDTA acts as a hole scavenger to inhibit the formatioOn of hy-
droxyl radicals resulting from oxidation of water by the holes, whereas addition of IPA will
result decrease in hydroxyl radical concentration due to its hydroxyl radical scavenging prop-
erties. Moreover, upon purging of argon for 15 minutes resulted in a decrease in urea oxida-
tion efficiency to 37.6%. Such observation can be attributed to the removal of oxygen from
the reaction mixture thereby preventing the formation of superoxide anions. Such observa-
tions suggest that both the superoxide anions and hydroxyl radicals act as the reactive species

in the photocatalytic reactions.
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Fig 3.18. The effect of scavengers on the degradation of urea with B-CD2s/TiO2@Ag:1
(CT3A1) nanocomposite.

3.7. Recyclability and stability studies

The reusability and stability studies are essential to explore its future applications. To evalu-
ate the recyclability of CT3A1 catalyst, the sequential reusable experiments were conducted
for four cycles under sunlight with similar reaction conditions (Fig. 3.19(a)). It was observed
that the degradation efficiency of the CT3A1 NC dropped only by 12% till the fourth cycle in
comparison with 1st cycle, suggesting that CT3AL is a highly recyclable catalyst.
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Fig. 3.19. (a)Recyclability studies of B-CD2s/TiO2@Ag: (CT3A1) NC for the urea degrada-
tion under sunlight for 4 sequential cycles, (b) XRD pattern (c) and (d) FESEM images
showing the stability of B-CD2s/TiO.@Ag1 (CT3Al) NC before and after the urea
degradation.

To investigate the stability of the photocatalyst further, the XRD patterns and FESEM
images of CT3AL catalyst were recorded before and after the photocatalytic reaction (Fig.
3.19(c-d)). Importantly, there is no significant difference in the XRD patterns suggesting
there is no substantial change in structure as well as crystallinity before and after photocata-
Iytic reactions (Fig. 3.19(b)). Also, the FESEM images (Fig. 3.19(c-d)) also remains practi-
cally identical, thereby precluding any change in the surface morphology of the photocatalyst
during the photodegradation reactions. Such observations confirm the high stability and recy-
clability of CT3A1 photocatalysts.
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CHAPTER-4
B-CD and RGO loaded Ag-TiO2 composites for enhanced photo-

catalytic oxidation of urea under sunlight

HYDROPHOBIC

[ Degradation efficiency(%) | B
| B Nitrate yield(%)) 86.2 s .

75.8(2)

70.5(2)

(%)pI21A ajeyN

OXIDATION OF
N; TO NITRATE

y

OXIDATION &

.
9, BINDING OF X, ) /
o _ONa) My ploi
). i

o L

CTA ATR CTR

Schematic outline

The study investigates the photocatalytic efficiency of CTA, ATR, CTR, and CTAR nano-
composites in urea oxidation under sunlight. Among them, CTAR exhibited the highest per-
formance, showing superior adsorption and photodegradation capabilities due to the com-
bined effects of Ag, RGO, and $-CD. The CTAR composite achieved the highest urea oxida-
tion efficiency (86.2%) and nitrate yield (27.8%), with a rate constant of 0.017 min™!, indicat-
ing effective photocatalytic activity. Scavenger experiments identified hydroxide radicals
(*OH) and superoxide radicals (O27) as crucial for the oxidation process. The mechanism in-
volves the transfer of photoexcited electrons from TiO, to Ag and RGO, enhancing charge
separation and active species formation. CTAR demonstrated excellent reusability with only
a 9% efficiency drop after four cycles and maintained structural stability as confirmed by

XRD analysis.
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4.1 Introduction

With the projected increase in the global population, there's a growing reliance on fertilizers
to meet the escalating demand for crops. (1) Nitrogen-rich fertilizers are fundamental for
promoting crop growth., remains a cornerstone of agricultural practices. (2) Being an easily
assimilable form of nitrogen, Urea is an extensively used fertilizer that accommodates 46% N
content engaged in the mineralization process.(3) Plants primarily uptake nitrogen as nitrate
(NO3-) and ammonium (NH4") ions. Urea, to become assimilable, undergoes hydrolysis and
subsequently forms NH4* ions through protonation and a further nitrification process begin
where nitrite and nitrate form (4). Plants absorb these ions through specialized transporters
that use proton gradients for transportation(5,6). However, urea exhibits significant losses
upon contact with soil compared to other fertilizers, leads to ammonia volatilization, denitri-
fication, runoff, leaching, and other pathways, resulting in the accumulation of reactive nitro-
gen (organic nitrogen and inorganic nitrogen compounds excluding N2). (7,8) This unintended
ammonia emission diminishes crop yields due to nitrogen loss and posing long-term negative
health hazards, environmental consequences as agriculture expands. (9,10)Consequently, the
oxidation of urea into beneficial products like NOs and N, are0 imperative for sustainable
agriculture. (11) Hence, there's an urgent need to develop efficient photocatalysts with robust

oxidizing capabilities to enhance overall NO3 efficiency.

Photocatalysis in the presence of semiconductors is emerging as safe, affordable, and effec-
tive method to enhance crop yield. (12) Titanium dioxide (TiO2) is widely recognized as the
most promising semiconductor due to its high photochemical stability, potent oxidizing capa-
bility, environmental friendliness, and cost-effectiveness. (13) However, its photocatalytic
performance is constrained by limited light responsiveness, limited electrical conductivity,
and fast recombination of photogenerated electron-hole pairs. (14) Thus, bare TiO, restricts

the urea oxidation. (15)

The loading of carbon materials like RGO over TiO> could potentially solve these prob-
lems.(16) Oxidation of urea to nitrate involves an 8-electron transfer process. RGO is recog-
nized for its exceptional properties, including a high surface-to-volume ratio, chemical stabil-
ity, surface flexibility, low production cost, and high electron mobility, facilitating efficient
electron transfer.(17) However, its effectiveness is hindered by agglomeration and restacking
due to n-x stacking and van der Waals forces, that reduces its surface area. (18,19) limiting its

practical application.
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B-cyclodextrin (B-CD), a well-known supramolecule, is a cyclic oligosaccharide composed of
seven glucose units. It is highly adsorbent, non-toxic, and acts as a capping agent to stabilize
metal. Urea oxidation frequently results in the formation of Nz as a primary product due to
incomplete oxidation. To further improve the efficiency of photocatalysts, it is necessary to
design a hybrid system with a strong affinity for N2 and significant oxidizing power, which
helps to prevent leaching and improves nitrate efficiency (20’ B-CD has a toroidal shape with
a hydrophilic exterior, exposing —OH groups for hydrogen bonding, and a hydrophobic inte-
rior that can encapsulate non-polar guests (21,22). This distinctive structure of 3-CD provides
numerous adsorption sites and synergistic interactions, extending its absorption spectrum to-
wards the visible region and reducing the recombination rate. (23). This f-CD binds with
urea through covalent forces and the hydrophobic interior encapsulates the molecular nitro-
gen very effectively(24). This mechanistic approach offers stronger interactions, less leach-
ing, and high nitrate yield.

For better charge separation, a photocatalyst should strongly absorb visible light. Adding
plasmonic metals such as Ag, Au, or Cu can enhance this ability through localized surface
plasmonic resonance (LSPR), which broadens the absorption into the visible spectrum.
(25)These transitions enable nanoparticles to absorb sunlight, generating strong electric fields
and photogenerated e /h™ pairs. These pairs can disseminate through the phonos, causing a
rise in lattice temperatures.(26). High energy charge carriers, electric fields, and elevated
temperatures can significantly boost photoactivity (27). Consequently, the deposition of coin-

age metals is an effective way to elevate the potential of the prepared material.

As far as we know, the literature on photocatalytic oxidation of urea is quite limited. Among
the reported studies, B-CD/TiO2@Ag NC achieves the highest nitrate yield at 17.8(3) %,
while TiO2/RGO vyields 9.8(1) % with a NaF additive under neutral pH, which can disrupt
ecosystems (28,20). This reaction necessitates high electron mobility to maximize the transfer
of electrons for producing nitrate as the main product. Therefore, it is essential to develop a
new photocatalyst with high capacitance to facilitate urea oxidation. Inspired by those obser-
vations, a highly proficient ternary (B-CD/Ag-TiO2, Ag-TiO.@RGO, B-CD/TiO2/RGO) and
quaternary (B-CD/Ag-TiO2/RGO) heterojunction systems were constructed by photo deposi-
tion and hydrothermal method respectively. These innovative nanocomposites, with their
promising attributes, offer high electron mobility, increased surface area, enhanced optical

response, and improved charge separation, providing a multielectron transfer pathway among

all components for urea oxidation. Consequently, the design of the quaternary composite, -
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CD/Ag-TiO2/RGO can be a better approach for the photocatalytic oxidation of urea.
4.2. Experimental section

4.2.1. Chemical reagents

Graphite powder (98% extra pure); conc. Sulfuric acid (H2SO4, 98%); potassium permanga-
nate (KMnOas, 99% extra pure); sodium nitrate (NaNOs ,99%); hydrochloride acid (HCI,
35.4%); L-ascorbic acid (L-AA, 99.5%); hydrogen peroxide (H.02/30% wi/v extra pure);
ammonia (NHz ,28%); ethanol (C:HsOH, 99.9%); isopropanol (CoHsO, 99.5%); urea
(CO(NH2)2, 99% extra pure) were received from Loba Chemie Pvt. Ltd., India. TiO> was
supplied from Degussa Corporation, Germany. Silver(I) nitrate (AgNO3. > 99%) was pro-
cured from Sigma-Aldrich. B-cyclodextrin (B-CD; 98.00%)) was obtained from GLR innova-
tions. Deionized water (DI) was received from Organo Biotech Laboratories Pvt. Ltd. and

utilized during all the experimental studies.
4.2.2. Synthesis

Reduced Graphene oxide (RGO) was prepared using a reported procedure (20), while Ag-
TiO2 was prepared using a photo deposition method. (29,30)

4.2.3. Synthesis of Ag/TiO2@RGO nanostructures

The synthesis of Ag-TiO.@RGO NC was done hydrothermally. About 200 mg of GO pow-
der was dispersed in a small amount of DI water, and then 1 g of Ag/TiO2 was added to it
(Scheme 4.1). After stirring the mixture for 1 hour, the uniform suspension was transferred to
an autoclave for hydrothermal treatment at 180°C for 6 hours. The resulting solid was sepa-
rated by centrifugation and dried at room temperature to obtain the Ag/ TiO.@RGO nano-

composite, which will be abbreviated as ATR.
4.2.4. Synthesis of B-CD/TiO2/RGO nanostructures

An analogous method was applied for synthesizing B-CD/TiO2/RGO NC as described in Sec-
tion 4.2.3 (Scheme 4.1). 120 mg of the B-CD/ TiO2 composite was added to a 500 mg RGO
dispersion under ultrasonication. After stirring the mixture continuously for 1 hour, the ho-
mogeneous dispersion was treated hydrothermally at 180°C for 6 hours (29). The final prod-

uct was then dried overnight at 30°C, and this nanocomposite will be referred to as CTR

4.2.5. Synthesis of B-CD/TiO2/Ag/RGO quaternary nanohybrid
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The B-CD/Ag-TiO2/RGO quaternary NC was produced using a hydrothermal method. Initial-
ly, 1000 mg of B-CD/Ag-TiO. was dispersed in a minimal amount of water (Scheme 4.1).
Then, 250 mg of GO was added to the prepared uniform dispersion under ultrasonication. Af-
ter 1 hour of constant stirring, the solution was transferred to an autoclave for further hydro-
thermal treatment at 180°C for 6 hours(29). The resultant product was dried overnight at

room temperature. This prepared quaternary nanocomposite will be referred to as CTAR.
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Scheme 4.1 A diagram depicting the fabrication of B-CD/TiO2@Ag, Ag/TiO2@RGO, B-
CDITiO2/RGO, and B-CD/TiO2/Ag/RGO nanocomposites.

4.2.6 Photodegradation analysis

. The photocatalytic performance of ternary and quaternary nanocomposites (NCs) was inves-
tigated using urea as the model molecule at an initial concentration of 1.8 mM. Each test was

conducted in separate test tubes, holding 10 mg of catalyst suspended in 10 mL of urea solu-
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tion. To attain adsorption-desorption equilibrium, the suspensions were stirred vigorously in

the dark for 30 minutes. For urea degradation, the test tubes containing catalysts were kept
under sunlight for 150 minutes in Patiala, India (1st-30th May 2023; 12:00 pm - 2:30 pm),
with average solar radiation of approximately 785 W/m? and temperatures around 35°C. After
30 minutes of fixed interval, 2 mL of supernatant was collected, and the catalyst was re-
moved by centrifugation at 8000 rpm from the degraded solution. Additionally, urea concen-
tration was estimated using the p-dimethylamino benzaldehyde (DMAB) method (31).

4.3. Results and discussion

UV-DRS spectra shown in Figure 4.1(a) illustrate the optical characteristics of the prepared
catalysts. For CTA, a red shift in the visible range (400-500 nm) is observed, accredited to
the LSPR effect of Ag nanoparticles (33,34). The inclusion of RGO in ATR NC not only in-
duces a bathochromic shift but also improves light absorption in the visible range. (35). Addi-
tionally, a strong and broad band is observed in CTR and CTAR NC due to RGO. In the qua-
ternary composite, the plasmonic band of Ag nanoparticles merges with RGO, owing to the
extensive absorption range of RGO. This expanded absorption throughout the visible spec-
trum increases photon availability, generating a higher number of charge carriers and can

thereby enhance photocatalytic performance(36).

The band gap energy of the synthesized ternary and quaternary nanocomposites (NC) was

determined using Tauc’s plot and the Kubelka-Munk equation.
ahv = A(hv — Eg)" 3)

where, a =absorption coefficient, hv = energy of the photon, Eq = Band gap, A=constant,
n=exponential coefficient (n=1/2 (indirect band gap). The E4 values of CTA, ATR, CTR, and
CTAR nanocomposites were found to be 2.57, 2.38, 2.15, and 1.85 eV, respectively, as
shown in fig4.1(b). (37) Quaternary NC shows a significantly reduced band gap of 1.85 eV.
The reduction in Eg is apparent with the concurrent addition of RGO, Ag and B-CD to the
TiO> surface, causing a shift in the optical response towards the visible spectrum. Conse-
quently, this enhancement could improve the photocatalytic performance of the fabricated

quaternary NC.
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Fig. 4.1. (a)DRS spectra and (b) Tauc’s plots CTA, ATR, CTR, CTAR nanocomposites.

To determine the impact of Ag, RGO, and B-CD on charge carrier separation, the PL analysis
was carried out using an excitation wavelength of 340 nm. The spectra for the CTA, ATR,
CTR, and CTAR nanocomposites exhibited emission bands at 380 nm and 538 nm. The PL
results suggest that the lifespan of photoinduced charge carriers in the photocatalysts follows
the decreasing order: CTAR > CTR > ATR > CTA. Among all the samples shown in Fig 4.2,
CTA displayed the highest emission intensity, which suggests a greater rate of recombination
and less effective photoinduced charge separation. In contrast, the emission intensity signifi-
cantly decreases with the addition of Ag, RGO, and B-CD in the nanocomposite. The quench-
ing of PL signals is attributed to the electron transfer from TiO; to the surfaces of metallic Ag
and RGO. Moreover, RGO’s high electrical conductivity facilitates the transfer of electrons,
leading to a lower recombination rate (38,39). Furthermore, f-CD provides a favorable envi-
ronment for prolonging the lifetime of photogene rated charge carriers. (40) The maximum
quenching occurred in the quaternary composite, indicating that the synergistic interaction
between Ag, RGO, and B-CD creates multiple electron transfer pathways, thus enhances
charge carrier separation and reduces PL peak intensity.

e <

—+—CTR
~»—CTAR

Excitation wavelength
=340nm

PL intensity

400 450 500 550
Wavelength(nm)
Fig 4.2, Photoluminescence spectra of CTA, ATR, CTR, CTAR nanocomposite
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Fig.4.3 illustrates the Raman spectra for CTA, ATR, CTR, and CTAR nanocomposites. The
spectra reveal distinct Raman bands for anatase TiO2 at 145, 390, 518, and 640 cm™, which
are assigned to the Eg(1), B1g(1), Alg + B1g(2), and Eg(2) optical Raman modes, respec-
tively. In CTA nanocomposite, B-CD and Ag exhibited no additional active bands. In con-
trast, the CTR, ATR, and CTAR nanocomposites containing RGO, exhibit D and G bands
centered at 1348 and 1598 cm™!. The D band, associated with sp3-C atom vibrations, indicates
defects and asymmetry, while the G band, linked to sp?-C atom vibrations, signifies crystalli-
zation and uniformity. (41). The CTAR nanocomposite shows similar Raman bands corre-
sponding to anatase TiO2 and the G and D bands associated with RGO, confirming the suc-
cessful formation of CTAR NC. The peak intensities in ATR, CTR, and CTAR are noticeably
decreased due to the surface coverage by p-CD and RGO.
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Fig4.3. Raman spectra of CTA, ATR, CTR, CTAR nanocomposites

3.1.4. X-Ray diffraction analysis

XRD diffraction (Fig. 4.4) peaks of TiO2, common across all samples, are located at 26 =
25.4, 37.7, 48, 53.8, 55, 68.7, 70.2, 75.2, and 82.9°, corresponding to the (101), (004), (200),
(105), (211), (115), (220), (215), and (301) lattice planes of the anatase phase (ICDD card-
21-1272). The characteristic peaks observed at 20 = 27.4, 35.8, and 62.8° are assigned to the
(110), (103), and (204) planes of the rutile phase. (42). The CTR sample exhibited similar
diffraction peaks to bare TiO2. Notably, the XRD patterns did not show peaks for 3-CD and
RGO, likely because C and O have lower X-ray scattering coefficients as compared to silver
and titanium. The CTA, ATR, and CTAR nanocomposites displayed the signals at 26 = 38.2,
44.3, and 64.1° correlated to the (111), (200), and (220) lattice planes of Ag with face-
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centered cubic symmetry (43). The deposition of metallic Ag and B-CD in NCs does not alter
any diffraction pattern, proposing the purity and crystallinity of the prepared hybrid photo-

catalysts.
S ¢Anatase ¥ & metallic Ag
o
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&
‘»
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Fig4.4. XRD diffractogram of CTA, ATR, CTR, CTAR nanocomposites.

The structural and morphological characteristics of CTA, ATR, CTR, and CTAR NCs were
analysed using the FESEM technique. In Fig. 4.5(a-b), CTA shows a clustered, agglomerated,
and spherical structure with Ag nanoparticles embedded on the TiO> surface. The presence of

a white shell could be attributed to -CD. The ATR images display a ruffled and crumpled

layered structure. Fig. 4.5 (c-d) suggest that TiO, particles are evenly distributed across the
RGO sheets, with spherical Ag nanoparticles (appearing as bright spots) uniformly embedded
on the entire RGO surface (44). In figure 4.5(e-f), CTR is seen to have a sheet-like, RGO-
based sandwiched structure with TiO> particles evenly attached to the RGO layers, and the
white lining around the sheet edges may be due to B-CD loading. The FESEM images in Fig.
4.5(g-h) showed an aggregated, interconnected structure with TiO; particles clearly affixed to
the RGO surface, and a white lining around the sheets, likely due to B-CD. The Ag nanoparti-
cles are not distinctly visible, which is further corroborated by HRTEM images. The ele-
mental analysis and EDX spectra (Fig 4.6) depict the presence of C(red), O(green),
Ti(yellow), and Ag(purple) elements, respectively. The EDX profiles in Fig. S1(a-f) support

the presence and homogeneous distribution of C, O, Ti, and Ag in the nanocomposite.
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Fig.4.6 Elemental analysis (a-f) shows the color-coded distribution of C, O, Ti, and Ag, and
EDX analysis (g) details the composition of the quaternary nanocomposite.

HRTEM analysis was conducted to investigate the shape, size, and interactions between the
components of quaternary NCs. Fig. 4.7(a) provides evidence of the layered morphology of
RGO sheets. Fig. 4.7(b) shows the accumulation of clustered, spherical, and agglomerated
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metallic Ag deposited on TiO2 over the RGO layers. The dark spots of metallic Ag, which
appear black, range in size from 7 to 21 nm. Fig. 4.7(c-d) clearly depicts the white lining of
B-CD around the TiO> particles and the black spots of metallic Ag firmly attached to the TiO>
surface (34). The RGO sheets serve as a substrate for the integrated photo-deposited Ag on
the TiO2 nanoparticles(45). Fig. 4.7(e) shows two sets of lattice fringes: one at 0.36 nm for
the (101) plane of TiO2 and another at 0.23 nm for the (111) plane of Ag (0). Fig. 4.7(f) pre-
sents the SAED pattern, displaying concurrent rings with bright spots analogous with the
TiO2 (110), (101), and metallic Ag (111), (200) diffraction planes of the CTAR nanocompo-

sites.

; TiO, (110). —\
0.23nm N S
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Fig.4.7. HRTEM images (a-f), lattice fringes (e), and SAED pattern (f) of the CTAR nano-
composite.

XPS analysis (Fig. 4.8) confirms the presence of C, O, Ti, and Ag in the CTAR hybrid com-
posite. The Cls spectrum (Fig. 4.8)) contains the characteristic peaks at 284.7, 286.0, and
288.6 eV for the C-C, C-0O, and C=0, respectively. The Ol1s spectrum (Fig. 4.8(c)) shows
peaks at 529.8 and 532.1 eV, corresponding to Ti—O and C-O linkages. The Ti2p spectrum
(Fig. 4.8(d)) displays peaks at 458.6 eV and 464.3 eV, indicating Ti (IV) with a difference in
binding energy of 5.7 eV. The Ag 3d spectrum shows peaks at 367.9 eV and 373.9 eV, with a
splitting of 6.0 eV, confirming the presence of zerovalent Ag in CTAR nanocomposite.
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Photooxidation of urea

The efficiencies of CTA, ATR, CTR, and CTAR NCs were assessed in photocatalytic urea
oxidation. Fig. 4.9 shows the adsorption and photodegradation curves with the various nano-
composites after 150 minutes of reaction time. The adsorption capacity of the catalysts
showed a progressive increase in the following sequence: CTA < ATR < CTR < CTAR. This
improvement is likely due to the incorporation of new guest binding sites arising from the
deposition of B-CD, RGO, and Ag nanoparticles (Figs. 4.10 and 4.9a). Once equilibrium was
achieved, the catalytic activity was examined under sunlight. (Figs. 4.11 and 4.9b). Sunlight
exposure enhanced the photoactivity of all the catalysts where the quaternary composite

(CTAR) exhibiting the highest adsorption after 150 minutes of sunlight exposure.

The oxidation of urea involves the transfer of 8 electrons to form nitrate (20). The composite
incorporates RGO, which has high electron mobility, facilitating electron transfer and en-

hancing photoinduced charge separation. -CD provides a large number of sites for urea
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binding, which helps to reduce nitrogen leaching. Moreover, the deposition of Ag nanoparti-
cles enhances light absorption due to the LSPR effect (46 ,28).

The modification with different components in all the catalysts altered the oxidation trend, as
shown in Fig. 8c, following the order: CTAR (86.2%) > CTR (75.8%) > ATR (70.5%) >
CTA (55.7%). The experimental data were fitted to a first-order kinetic equation to investi-
gate the kinetics of urea oxidation with the prepared samples (47).

In® = kt(4)

Ct

Where Co = the initial concentration of urea, C; = is the concentration at time t, k= is the

pseudo-first-order rate constant (min), and t is the time.

The rate constant for the urea oxidation followed the order: CTA (0.0069 min?) <ATR
(0.0092 min?) < CTR (0.0133 min?) < CTAR (0.017 min™). Among all nanocomposites,
CTAR possesses the higher rate of photocatalytic reaction. The combined components in the

CTAR nanocomposite contributed to the improved photocatalytic activity (Fig 4.9d).
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Fig 4.9.(a) Adsorption curves (dark), (b) UV-VIS absorption changes over time, (c) Photo-
degradation efficiency histogram and (d) Reaction kinetics for urea degradation using CTA,
ATR, CTR, and CTAR nanocomposites.
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4.5. Demineralization efficiency and nitrate yields

4.5.1. Demineralization efficiency (Total Organic Carbon)

It is clear that the oxidation of urea does not necessarily lead to complete mineralization into
CO2 and H20. Therefore, it is crucial to assess the demineralization efficiency(48,49) (equa-
tion 2). Fig. 4.12a presents the results of urea oxidation using bare CTA (54%), ATR
(69.7%), CTR (75%), and CTAR (85%) over 150 minutes under sunlight irradiation. The
CTAR nanocomposite demonstrates the highest demineralization efficiency (85%) of urea

which aligns closely with its complete photodegradation.
4.5.2. Nitrate yield (%)

The objective of this study is to enhance the overall yield of NO3™ using potential photocata-
lysts. The oxidation of urea was conducted using CTA, ATR, CTR, and CTAR under 150
min sunlight to determine the NO3z~ yield. The results depicted in Fig. 4.12b illustrates the
NOs" yield achieved by these photocatalysts. Remarkably, the CTAR nanocomposite exhibits
the highest NO3z™ yield at 27.8%. This synergistic effect of Ag, RGO and B-CD loading
demonstrates the enhanced visible light absorption, reduces electron-hole pair recombination,
and minimizes nitrogen loss. (50)
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Fig4.12. (a)Trends of demineralization efficiency (%) and (b) nitrate yield (%) for the CTAR

nanocomposite, highlighting the TOC and nitrate formation.

It found that the CTAR quaternary hybrid possesses the highest urea oxidation and nitrate

yield (%) compared to previous reports(Table 1) .
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Table 1: Comparison of urea degradation and nitrate yield for CTAR quaternary

nanocomposites with reported literature values.

Photocatalyst Degradation Nitrate Yield (%) References
Efficiency (%)

N-doped 70 0.37 (51)

TiO2/polystyrene

RGOI/TIO: 66(1) 9.8(1) (20)

B-CD2s/TiO2@AQg: 78(1) 17.8(3) (28)

CTAR 85(1) 27.8(2) This work

Various scavengers such as EDTA, IPA, and argon gas were selected to discern the roles of
photogenerated holes (h*), hydroxide radicals (*OH), and superoxide radicals (O2") in the
photocatalytic oxidation of urea, respectively(52). Scavenging experiments were performed
during the urea oxidation over the CTAR photocatalyst under similar conditions (Fig. 4.13).
As depicted in Figure 10, the degradation rate significantly decreased in the presence of IPA
and argon gas, indicating that *OH and O, act as the essential active species in the oxidation
of urea. Conversely, the rate of degradation also decreased with the EDTA scavenger, alt-
hough the reduction was comparable to the control experiment (no scavenger), suggesting

that the holes (h*) have minor participation in the oxidation process.
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Fig4.13. The influence of scavengers on urea degradation with the CTAR nanocomposite.
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4.6. Mechanistic details
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Scheme4.2 Detailed mechanism for the urea oxidation by -CD/TiO2/Ag/RGO (CTAR) qua-
ternary composite.

The mechanism involves the synergistic interaction between Ag, Ti, and RGO as shown in
(Scheme 4.2). Photoexcited electrons from the TiO2 conduction band swiftly migrated to Ag
nanoparticles and the RGO sheet, preventing photoelectron pair recombination and increasing
charge carriers to form active species (02", *OH), thus boosting photocatalytic performance.
The two-dimensional RGO structure provides excellent conductivity, facilitating rapid charge
transport and separation. Ag nanoparticles generate high-energy electrons LSPR effect, which
are quickly transferred to the RGO surface. These electrons react with surface-absorbed oxy-
gen to form superoxide ions (O2"), while excited holes interact with H.O and hydroxyl (‘OH)
on TiO., producing hydroxyl radicals (*OH). Both species are important for urea degrada-
tion(44),(53).Urea molecules first interact noncovalently with the hydroxyl groups of f-CD
and are oxidized to produce molecular nitrogen (N2). This nitrogen binds to the hydrophobic
region of B-CD, which helps minimize nitrogen leaching. Following this, the nitrogen bound

to B-CD undergoes further oxidation, resulting in the formation of nitrate.
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4.7. Reusability and stability studies

The practical applicability of a catalyst is often assessed based on its reusability and stability.
In this study, the recyclability of the CTAR catalyst was evaluated over 4 cycles under sun-
light. As shown in Fig. 4.14a, the CTAR NC’s degradation efficiency dropped by only 9%
after four cycles, highlighting its potential as a reusable catalyst. The slight decline in photo-

catalytic performance could be attributed to the loss of catalyst mass during continuous ex-

periments (54).
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Fig. 4.14(a) Recyclability of the CTAR NC for urea degradation under sunlight over four
consecutive cycles. (b) XRD pattern showing the stability of CTAR NC before and after deg-

radation.

Furthermore, the structural stability of the catalyst was also evaluated to support this asser-
tion. Figure 4.14(b) displays the XRD patterns of CTAR nanocomposite before and after deg-
radation. No shifts in peak positions or changes in peak intensities indicative of crystalline

nature were observed. Therefore, CTAR NC is considered an excellent material for the pho-

tocatalytic oxidation of urea.
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Conclusions and Future Aspects
R P

Chapter-1 This chapter summarizes the brief introduction about the essential role of ni-

trogenous fertilizers, particularly urea, in modern agriculture, while addressing the environ-
mental and efficiency challenges posed by nitrogen loss. The study highlighted the urgent
need to enhance nitrogen use efficiency (NUE) to mitigate these negative impacts. By inves-
tigating advanced solutions such as urease and nitrification inhibitors, photocatalytic oxida-
tion, and nanocomposites, we identified promising strategies to reduce nitrogen losses and
improve urea application. Notably, the development of innovative photocatalysts like M-TiO:
combined with reduced graphene oxide (RGO) and cyclodextrin (CD) was emphasized for
their potential to enhance urea conversion to nitrate while minimizing harmful emissions.
This research underscores the importance of adopting advanced technologies to achieve sus-
tainable agricultural practices, ensuring high productivity while protecting environmental in-
tegrity.

This chapter outlines key research gaps and details the standard procedures for synthesizing
binary, ternary, and quaternary nanostructures. It also summarizes various characterization
techniques, including UV-Visible spectroscopy, dynamic light scattering, X-ray diffraction,
morphological analysis, Fourier transform infrared spectroscopy, Raman spectroscopy, total
organic carbon analysis, and nitrate yield analysis, used to evaluate the optical and structural

properties of these nanostructures.
Chapte I-2 In conclusion, the photocatalytic urea oxidation activities of bare TiO and the

RGOT25% composites were scrutinized under solar radiation. It has been observed that the
RGOT25% composites possess superior photocatalytic activity as compared to their bare ana-
log, as it has higher absorbance in the visible region, lower electron-hole pair recombination
rate, and facile charge transport properties. Notably, in the presence of NaF, the photocatalyst
shows the highest urea oxidation efficiency and nitrate yield under a nearly neutral medium
owing to a smaller extent of NH3 leaching and stronger interaction of urea with the photo-
catalyst surface. Such observation can have a great impact in designing milder reaction condi-
tions to suppress nitrogen loss and maximize nitrate production from urea to afford sustaina-

ble agriculture. Such an outcome will attract the attention of a significant portion of the
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chemical and agricultural scientific community as well as agricultural industries to discover

new and affordable technologies for sustainable agriculture.

Chapter-3 This present report involves the preparation and study of photocatalytic urea
oxidation activities of bare TiO> as well as different Ag and $-CD loaded binary and ternary
nanocomposites. Loading of Ag nanoparticles enhances the visible light sensitivity and low-
ers the electron-hole pair recombination rate, whereas the B-CD binds with nitrogen due to
the hydrophobic effect to lower the nitrogen leaching. As a result, the B-CD2s/TIO2@AQ: ter-
nary composite shows the highest urea degradation efficiency and nitrate yield. Furthermore,
the active species detection experiment suggests that hydroxyl radicals and superoxide ions
are responsible for the oxidation of urea. It is interesting to note that all the urea oxidation
reactions are performed under ambient conditions in water. The catalyst shows excellent sta-
bility and recyclability. Such observation will allure the attraction from a large number of
chemists as well as agricultural scientists to design economic and emerging methodologies

for sustainable agricultural development

Chapter-4 In summary, novel ternary and quaternary nanocomposites incorporating Ag,
RGO, and B-CD were synthesized for the first time and extensively studied to enhance the
photocatalytic oxidation of urea. Among these, the CTAR quaternary nanocomposite demon-
strated exceptional photocatalytic efficiency, achieving 86.2% degradation within 150
minutes under solar light, surpassing other ternary nanocomposites. The incorporation of Ag
extended the visible light sensitivity of TiO2, -CD facilitated nitrogen binding through hy-
drophobic interactions to minimize nitrogen leaching, and RGO provided high capacitance
and electron mobility while preventing rapid recombination of photogenerated charge carri-
ers. The synergistic interactions among TiO2, Ag, B-CD, and RGO contributed to the superior
photocatalytic performance of the quaternary nanocomposite. Furthermore, the catalyst ex-
hibited remarkable stability and recyclability. This study underscores the potential of the
CTAR composite as a green, solar light-activated catalyst for enhancing the photocatalytic

oxidation of urea.
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Future Aspects
|

The present study has demonstrated significant advancements in enhancing the photocatalytic
efficiency of TiO, for urea oxidation by combining it with noble metals, reduced graphene
oxide (RGO), and cyclodextrins. However, there remain several areas for further exploration
to optimize these systems for practical applications A key area for future exploration is mate-
rial optimization. The current composites (RGO-TiO2, B-CD2xs/TiO2@Ag, P-
CD/TiO2/Ag/RGO) have shown improved efficiency, but further enhancement could be
achieved by incorporating other materials, such as different 2D materials, a, y cyclodextrins,
different metals or novel dopants. These modifications could tune the bandgap, improve
charge carrier separation, or enhance light absorption properties. Understanding how these
materials perform under extended photocatalytic cycles and in real-world environments will
be critical for practical applications. Preventing issues such as nanoparticle aggregation or
material degradation through protective coatings or stabilizers could lead to more robust and

reliable systems.

Another area worth investigating is mechanistic understanding of the photocatalytic processes
involved. Advanced characterization tools, such as in-situ spectroscopic techniques, like LC-
MS, EPR and HPLC could offer deeper insights into the electron transfer mechanisms and
intermediate reaction species. This would enable precise control over the material properties
and photocatalytic processes, improving their efficiency for specific reactions like urea oxida-
tion. Finally, conducting a thorough environmental and economic assessment will be neces-
sary to evaluate the feasibility of these photocatalysts in industrial applications. Factors such
as material recyclability, toxicity, and overall lifecycle impact need to be considered. Cost-
effective synthesis methods and sustainable material choices will be key to making these sys-

tems commercially viable.

These future directions could help further unlock the potential of TiO.-based photocatalysts,

offering sustainable solutions for environmental and industrial challenges.
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