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salts, chiefly Zine, Aluminiurm, Tin, and Iron chlorides, with quaternary ammonium salts. Although both salts have very high melting points, their decent blending provided the production of a lig
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LIST OF ABBREVIATIONS

DESs : Deep Eutectic Solvents

ILs : lonic liquids
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1. INTRODUCTION

1.1. GENERAL INTRODUCTION TO DEEP EUTECTIC SOLVENTS

In this investigation, researchers mostly concentrated on the development of ionic
liquids by blending metal salts, chiefly Zinc, Aluminium, Tin, and Iron chlorides, with
quaternary ammonium salts. Although both salts have very high melting points, their
decent blending provided the production of a liquid phase known as eutectic mixtures
are usually characterized by a large depression of freezing point, probably higher than
150°C. After the introduction of the interpretation of green chemistry at the beginning of
the 1990s, the inquiry for metal-free ionic liquids (ILs) has developed of spreading
significance . Since the prospective for new chemical technology was recognized two
decades ago, research into ionic liquids (ILs) has exploded. During the previous two
decennia, ionic liquids (ILs) have a noticeable effect, particularly in the fields of
catalysis, electrochemistry, material chemistry, and new for the pre-treatment of biomes
[2-4]

The ionic liquids (IL) play a noteworthy role recently in chemical applications
because of their recognized physicochemical properties such as low toxicity, indistinct
vapor pressure, high solubility, and their existence in the liquid state 571 over a wide range
of temperatures. Due to these reasons ionic liquids are commonly used as solvents in
chemical laboratories and for industrial processes such as CO capture 2% extraction [*]
and biomedical applications [ battery development 121 electrochemical applications [
and biocatalysts 151 organic synthesis [l material synthesis B7.In this chapter,
enormous works were carried to the improvement of lonic Liquids by adding an organic
cation (normally imidazolium-based cations) with a huge kind of anions, the most
frequent ones being Cl2, BF4, PFe. From that point in time, ionic liquids have developed

as innovative types of promising solvents. The chance to change chemically the cationic



moiety in a mixture with a large choice of anions offers researchers a wide range of ionic
liquids showing various physical properties such as melting point, solubility, viscosity,
density, conductivity, and refractivity. For example, Seddon and co-workers have
reported that 1018 different ionic liquids can be theoretically produced in 2009. Among
them, 250 ionic liquids were already commercialized 8. Due to their low vapour
pressure and high boiling point, they are eco-friendly and thus ionic liquids (ILs) were
accepted as green solvents.

Many reports mentioned the harmful toxicity and the poor biodegradability of
most ILs as reported by Romero et.al ™. ILs with very high purity is mandatory since
impurities even in little amounts change their physical properties. In addition, their
synthesis is fair to be eco-friendly since it generally requires many salts and solvents to
exchange the anions completely. Unfortunately, these drawbacks altogether with the high
price of common ILs, slow down their industrial materialization. Thus, new concepts are
now strongly desired to develop these systems in a more balanced way.

Qinghua Zhang et al. reported that to surmount the high price and toxicity of
ILs, an invention of solvent, named Deep Eutectic Solvents (DES) 2% have emerged
at the early stage of this century. Production of these DESs can be obtained by simple
mixing of two safe components (cheap, renewable, and biodegradable), which has the
capability of forming a eutectic mixture. One of the most common components used for
the formation of these DESs is choline chloride (ChCI). Choline chloride is a very cheap,
biodegradable, and non-toxic quaternary ammonium salt that can be either extracted from
biomass or readily synthesized from fossil reserves (million metric tons) through a very
high atom economy process. In combination with safe hydrogen bond donors such as
urea, renewable carboxylic acids (e.g., oxalic, citric, succinic,oraminoacids) or

renewable polyols (e.g., glycerol, carbohydrates), ChCl is capable of rapidly forming a



DES. Although most of DESs are made from ChCl as an ionic species, DESs cannot be
considered as ILs due to two reasons. Firstly, DESs are not fully composed of ionic
species and secondly, can also be obtained from non-ionic species.

When compared with the usual ionic liquids, deep eutectic solvents obtained
from ChCI draw together many advantages as listed below.

1. Less Expensive

2. High inertness with water (i.e., safe, and easy storage)

3. Easy to synthesize since DESs are obtained by simply mixing two
components, thus overcoming all problems of purification and waste disposal generally
encountered with ILs.

4. Most of them are biodegradable 2%, biocompatible 2 and non-toxic 231,
reinforcing the greenness of these media ! as reported by Y. Yu et al., K. D Weaver et
al., F. llegan, et al., D. Reinhardt.

Cooper et al. ?° first announced another sort of solvothermal combination in
which ILs were utilized as both the solvent and the structure-directing agent (SDA) in the
blend of zeolites. This approach has been named ionothermal synthesis and, since this
original work, has gotten perhaps the most broadly utilized synthetic strategies among the
zeolite area. Curiously, it was likewise reached out to the preparation of not just other open-
system structures metal-natural systems, covalent-natural structures or polymer-natural
systems among others—yet in addition periodic mesoporous silica and organosilica. While
perceiving the enormous concepts in this theme, the focal point of this audit won't be on
the utilization of ILs helped synthetic measures for the readiness of open-system structures,
on the grounds that there are now excellent reviews and books that cover most of the new

advances here [26],



Physico-chemical properties of DESs (density, viscosity, refractive index,
conductivity, surface tension, chemical inertness, etc.) are very close to those of common
ILs. For this reason, DESs derived from ChCl are named “biocompatible” or
“renewable” ionic liquids in a few studies. Due to their low environmental path and
attractive price, DESs have now become of rising interest both at intellectual and
manufacturing levels. The number of publications dedicated to the use of DESs is now
rapidly growing in the present literature and further indicating the magnetism of these
media.

1.2. DEEP EUTECTIC SOLVENTS-DEFINITION

A Deep Eutectic Solvent is commonly a combination of two or three cheap and
safe components which can blend with each other, through hydrogen bond interactions,
to form a eutectic mixture. The prepared DES is characterized by a melting point lower
than that of the individual component. Generally, DESs are characterized by a huge
depression of freezing point and are liquid at temperatures lower than 150°C. Most of
them are liquids between room temperature and 70°C. In most cases, mixing of a
quaternary ammonium salt with a metal salts or a hydrogen bond donor (HBD) that can
form a complex with the halide anion of the quaternary ammonium salts a DES is
obtained. Large, nonsymmetric ions with low lattice energy and thus low melting points
are found in DESs. A quaternary ammonium salt is normally complexed with a metal salt
or a hydrogen bond donor (HBD) to prepare DES.The decrease in the melting point of the
mixture compared to the melting points of the individual components is due to charge
delocalization caused by hydrogen bonding between, for example, a halide ion and the
hydrogen-donor moiety. Schemel summarizes the different quaternary ammonium salts

that are broadly used in combination with various HBDs in the formation of DESs.
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In 2007, Abbott and co-workers defined DESs using the general formula R1 R2 R3
Ra N* X Y271,

Typel: DES Y=MCly, M=Zn, Sn, Fe, Al, Ga,

Type2: DES Y=MClx. yH20, M=Cr, Co, Cu, Ni, Fe

Type3: DES Y= RZ with Z=-CONH, -COOH, -OH

The same group also defined a fourth type of DES which is composed of metal
chlorides (e.g., ZnClomixed with different HBDs such as urea, ethylene glycol,

acetamide or hexanediol (Type 4 DES).



Recently, deep eutectic solvents (DES) have emerged as the alternatives for ionic
liquids at room temperature. Deep eutectic solvents commonly indicate a mixture of a
halide salt and a hydrogen bond donor (HBD) to give a liquid below 100°C. The amazing
qualities such as acceptance to humidity, non-combustible due to irrelevant vapour
pressure, stability at high temperature, cheap, non-hazardous, reusable and recyclable 2!
natures of DES make them replace ionic liquids.

1.3. PHYSICOCHEMICAL PROPERTIES OF DEEP EUTECTIC SOLVENTS

DESs are chemically modified solvents since they can be planned by properly
combining various quaternary ammonium salts (e.g., ChCl) with different hydrogen bond
donors (HBD). Hence, task-specific DESs with different physicochemical properties such
as freezing point, viscosity, conductivity, and pH, among others, can be identified. Due
to their potential applications, many works have been committed to the physicochemical
characterization of DESs.

1.3.1 Freezing point (T¥)

We know DESs are formed by mixing two solids capable of generating a new
liquid phase by self-combination through hydrogen bonds. This new phase is generally
characterized by a lower freezing point than that of individual components. For example,
when ChCI and urea are mixed in a molar ratio of 1:2, the freezing point of the eutectic
mixture is 12°C, which is considerably lower than that of ChCl and urea (melting point of
ChCland urea are 302 and 133°C, respectively). The significant depression of the
freezing point shows from an interaction between the halide anion and the hydrogen
bond donor component, here urea. For all reported DESs, their freezing points are below
150°C. In general, DESs with a freezing point lower than 50°C are more attractive since

they can be used as economical and eco-friendly solvents in many fields.



1.3.2. Density

The density is one of the most vital physical properties of solvents. In general
densities of DESs are calculated by means of a specific gravity meter. Most of DESs
show higher densities than water. For instance, type IV ZnCl>-HBD eutectic mixtures
have densities higher than 1.3 g cm=. Among them, density of ZnCl.-urea (1:3.5) and
ZnCl,-acetamide (1:4) are different (1.63 and 1.36 g cm, respectively. This
significant difference in density might be attributed to a different molecular group or
packing of the DES. Note that densities of both DESs are higher than those of pure HBDs
(acetamide: 1.16 and urea: 1.32g cm™). This phenomenon may be explained by the hole
theory. Like imidazolium-based ILs, DESs are composed of holes or empty vacancies.
When ZnCl> was mixed with urea, for instance, the average hole radius was decreased,
resulting in a slight increase of the DES density as compared to that of urea 271,
1.3.3. Viscosity

Like most of the ILs, the viscosity of DESs is a significant topic that needs to be
concerned. Except for the ChCl-ethylene glycol (EG) eutectic mixture, most of the
DESs exhibit relatively high viscosities (>100cP) at room temperature. The high
viscosity of DESs is often accepted to the presence of an extensive hydrogen bond system
between each component, which results in lower mobility of free species within the
DES. The large ion size and very small void volume of most DESs but also other forces
such as electrostatic or Vander Waals interaction may contribute to the high viscosity of
DES.Owing to their potential applications as green media, the development of DESs
with low viscosities is highly enviable. In general, viscosities of eutectic mixtures are
mainly exaggerated by the chemical nature of the DES components (type of the
ammonium salts and HBDs, organic salt/HBD molar ratio, etc.), the temperature, and

the water content. As discussed above, the viscosity of DES is also dependent on the



free volume. Hence, the hole theory can also be used to design DESs with low viscosities.
For example, the use of small cations or fluorinated hydrogen-bond donors can lead to the
formation of DES with low viscosity 2%,
1.3.4. lonic conductivity

Due to their comparatively high viscosities, most of DESs show poor ionic
/conductivities (lower than 2 mS cm™ at room temperature). Conductivities of DESs
generally increase noticeably as the temperature increases due to a decrease in the DES
viscosity. Hence, the Arrhenius-like equation can also be used to calculate the
conductivity behaviour of DESs. Taking into explanation the changes of the organic
salt/HBD molar ratio greatly impact the viscosities of DES, this factor also radically
influences the conductivities of DESs %,
1.3.5 Acidity or Alkalinity

The Hammett function has been broadly used to calculate the acidity and basicity
of non-aqueous solvents by determining the ionization ratio of indicators in a system.
For a basic solution, the Hammett function shows the affinity of the solution to
attracting protons. When weak acids are selected as indicators, the Hammett function
His defined by the following equation.

H*=pK (HI) + log([1"]/ [H1])

Where pK (HI) is the thermodynamic ionization constant of the indicator in water,
[I] and [HI] represent the molar concentrations of anionic and neutral forms of the
indicator respectively. A medium with a largeH"valuehas strong basicity. Note that when
the system contains 1-3wt% of water, the Hvalues decreases somewhat due to partial

solvation of basic sites [,



1.4. DEEP EUTECTIC SOLVENTS (DES)

Deep eutectic solvents are eutectic mixtures of Lewis or Bronsted acids and bases
that can contain a wide range of anionic and cationic species 2. They are categorized as
ionic solvents with unique properties. The combination of two compounds forms a eutectic
with a melting point that is much lower than any of the individual components 21,

A 1:2 mole ratio of choline chloride and urea created one of the most important
deep eutectic phenomena ever observed. The resulting mixture has a melting point of 12
°C (much lower than choline chloride's melting point of 302 °C or urea's melting point of
133 °C), making it liquid at room temperature 34,

The first generation of eutectic solvents is composed of quaternary ammonium salts
coupled with hydrogen bond donors including amines and carboxylic acids [,
1.4.1 Types of Deep Eutectic Solvents:

Eutectic solvents are divided into four categories:

Types of DES Components
Type | Quaternary ammonium salt + metal chloride
Type 1l Quaternary ammonium salt + metal chloride hydrate
Type 111 Quaternary ammonium salt + hydrogen bond donor
Type IV Metal chloride hydrate + hydrogen bond donor

DES has a low density and can be liquid at a wide range of temperatures, up to -50
°C in some cases [l DESs are much less costly to manufacture and are often
biodegradable. As aresult, DES can be used as a solvent that is safe, efficient, simple, and
inexpensive 7. Deep eutectic solvent (DES) is a fluid made up of two inexpensive and

harmless components that can self-associate, usually by hydrogen bond interactions, to



form a eutectic mixture with a melting point lower than the melting point of each
component individually as reported by Zhang et al 2%,

For the first time, binary and ternary deep eutectic solvent (DES) mixtures based
on choline chloride, ethylene glycol, oxalic acid, urea, and fructose were used as a medium
for electro polymerized of poly(methylene blue) (PMB) on glassy carbon electrodes
(GCEs) and GCEs changed with multiwalled carbon nanotubes (MWCNTS) as reported by
Lucia Abad-Gil et all®8],

The use of DESs and NADESs in biofuel % 40421 and bio-oil extraction [ 441, as
reaction media or extractive factors (491, and as media to control intermolecular interactions
[461 a5 one of broad lists of applications 2047 48],

1.5 CHOLINE CHLORIDE - UREA BASED DEEP EUTECTIC SOLVENTS

A broad spectrum of amides had been combined with choline chloride (ChCI) to
produce DESs with a freezing point lower than 100°C. Among them, urea is capable of
forming a liquid DES with ChCI at room temperature, apparently due to their stronger
ability to form hydrogen bond interactions with ChCI. The freezing point (Ts) of this 1:2
molar ratio, ChCl-Urea was reported as 12 °C %1, A simple route for the shape-controlled
synthesis of gold NPs utilizing ChCl/urea DES which replaced traditional surfactants 5°,
and the synthesis of gold nanowire from direct reduction of HAuCl4 by NaBH 4 in DES 52
explicitly showed the advantages of eliminating surfactants or seeds for the preparation of
nonmaterial when DESs are used. In the latter synthesis, two different DESs, i.e.
ChCl/ethylene glycol (1: 2) or ChCl/urea (1: 2), were employed in the absence of a
surfactant. The formation of nanoparticles of various shapes and surfaces was controlled
by adjusting the water content of the DES !]. These DESs are treated as an effective
medium for the preparation of nanoparticles. DES is advantageous over ILs in the range of

recyclability, costs, biodegradability, and lower toxicity. Most DES is prepared from the

10


https://www.sciencedirect.com/science/article/pii/S1388248121000515#!

natural origin such as choline chloride - ethylene glycol, choline chloride - urea, choline
chloride - phenyl acetic acid, choline chloride — glycerol, etc.

Thao Dao Vu Phuong et al., (2021) 5% focused on the early stages of copper electro
deposition using a DES containing C s H 14 CINO and urea (DES). Parsa et al., (2020) 54
studied the nickel nanostructures with wrinkles that were electrodeposited from a DES
including C 5 H 14 CINO and urea. Verma et al., (2019) 5% discussed the solvation and
stability of the transitional metallic particles in several kinds of liquid ionic forms, as well
as their characterization methodologies and catalysis applications. Tome et.al (2018) [
reviewed current developments in novel nonmaterial, as well as the procedures that have
been created to use DES as a solvent. The definition, preparation, and special features of
DES are discussed first, followed by a more detailed discussion of their applicability in
polymer, metal deposition, and nonmaterial research and sensing techniques. The Ni-Co
alloy, that was created using the method, has high corrosion resistance. Li et al., (2021) 7]
demonstrated the deposition method in choline chloride-urea to produce nano nickel-cobalt
(Ni-Co) alloys with chosen orientation.

The Ni-Co alloy, which was created using the ChCI/U method, offers good
corrosion resistance. Palomar EZ et al., (2019) 8 used the transitional quantity of
potentiostat current to describe the electrical depositing of Fe NPs onto the HOPG electrode
surface from Fe (111) ions blended in the C s H 14 CINO-urea eutectic mixture. Delbecq et
al., (2019) B studied the formation of supramolecular gels by adding long-chain alkyl
amino amide to metal chloride solubilised in choline chloride — urea. Smaller noble metal
nanoparticles (Co NP or Au NP) could be generated by employing these gels as a template
without the addition of reducing agents. Ghenaatian et al., (2021) 8% investigated the noble
metallic nanoparticle interaction with choline chloride —urea by the theory of density

functional method. Kakaei et al., (2018) 11 focused on the synthesis of grapheme oxide
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and its reduced form through the electrochemical method with the use of graphite rod using
the supersaturated solution of choline chloride — urea and water.
1.6 CHOLINE CHLORIDE- ETHYLENE GLYCOL-BASED DES

In a single step, P-doped nickel superstructure sheets (NiPx) were electrodeposited
on Cu foil using a choline chloride—ethylene glycol-based deep eutectic solvent (DES).
Using a potentiostatic deposition technique, these films were found to be very active for
catalysing hydrogen evolution reaction (HER) in an alkaline environment. With an over
potential as low as 105mV and an output current density as high as 10mA cm2, the Ni/P
ratio of 1:0.056 sample exhibited excellent catalytic stability for at least 60 hours. The slope
of the Tafel was just 44.7 mV dec at the time. According to detailed experimental
investigations and theoretical analyses, the high-performance catalytic activity of NiPx
films is due to the enriched active sites and enhanced electronic conductivity induced by
P-doping. In DES, a new electrochemical potentiodynamic technique was established for
the manufacture of transition-metal-phosphide-based catalysts to increase HER catalysi (2.
Choline chloride and ethylene glycol can be combined to provide a novel deep eutectic
solvent electrolyte for supercapacitors. It has a considerable influence on viscosity,
electrical conductivity, and capacitance when the molar ratio of choline chloride and
ethylene glycol is high (40-115 °C). Viscosity reduces as a result of temperature rise, yet
electrical conductivity increases. Electrolyte with a molar ratio of 1:2, which has an
apparent specific capacitance of 362 F g1 at 115°C, but only 102 F g* at 40°C (with an
energy density of 14.13W/kgl). The electrolyte's apparent specific capacitance drops to
only 102 F g1 at 40°C (with an energy density of 14.13W/kg1). Adsorption energy of an
electrolyte with a molar ratio of 1:2 is found to be greater than that for an electrolyte with
a molar ratio of 1:2. A wide range of supercapacitors may be made using ethylene glycol

and choline chloride as deep eutectic solvents 1. As a result of the sol-gel synthesis, a
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silica decorated graphene (SDG) was synthesised and then dispersed in a deep eutectic
solvent (DES) system in order to simultaneously address the poor thermal conductivity,
stability, and temperature range restrictions. It is possible to sustain nanofluids for up to
one week without precipitation or aggregation because graphene has a thin silica coating
641, Cu and Ni were investigated using linear sweep voltammetry in the presence of 0.1 M
CuCl + ChCI-EG DES. Due to the fact that Cu has a larger oxidation potential than Ni, it
is possible to separate Cu and Ni via electrochemistry A rise in temperature aids in Ni
decontamination from Cu-Ni alloys. According to the current density and reaction
temperature, which vary from 2 to 10 milliamperes per square inch, electrorefining
efficiency and specific energy consumption are also assessed. At 10 mA/cm2 and 363 K, a
specific energy consumption of 281.492 kWehetl is possible °l. For the first time,
potentiodynamic and potentiostatic electrochemical methods were used to study the
kinetics and mechanism of electrochemical synthesis of palladium nanoparticles (PdNPs)
from a deep eutectic solvent, DES, produced by choline chloride and ethylene glycol at 298
K. A 3D nucleation process with diffusion-controlled growth was used to create the
cylinders. Those results were reported in Nano Letters, an international magazine of
nanotechnology [¢1. Choline chloride (ChCI) and ethylene glycol (EG) DES with nickel
sulphate as the main precursor of Ni?* are used to deposit Ni/TiO2-composite coatings.
Light green Ni (OH)2 crystalline solids and trimethylamine have both been found in the
coating's composition. As a result, Ni(OH)2 cannot develop in the acidic environment of
boric acid. Acidic environments such as those created by boric acid prevent solvent
degradation. Thus, the nickel ion reduction rate will increase. When water is added to DES,
the complex form of Ni2+ changes, and the average crystallite size of the coating decreases
as a result. It was found that the green preparation of composites may be achieved both

theoretically and experimentally.
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1.7 CHOLINE CHLORIDE — MALONIC ACID-BASED DES

A deep eutectic solvent (DES) made from choline chloride and malonic acid was
made quickly and cheaply. In a one-pot, the four-component reaction of amines, aldehydes,
1,3-dicarbonyl compounds, and nitromethane, was used as a dual catalyst and reaction
medium for the synthesis of functionalized pyrroles 671,

Some ChCI with Carboxylic-acid-based DESs has also been reported to undergo
chemical reactions such as esterification between DES components. As a result, it was
discovered that a number of DESs containing ChCI and carboxylic acids (lactic acid,
glutaric acid, glycolic acid, malic acid, malonic acid, oxalic acid, and levulinic acid)
undergo an esterification reaction between the hydroxyl group of choline chloride and the
carboxylic acid ¢,

The efficiency of two DESs - choline chloride-malonic acid of molar ratios 1:1 and
1:0.5 - in enhancing oil recovery was investigated for the first time by Iman Al-Wahaibi
et.al 5°1. Gunny et al investigated the use of the DES-cellulose mechanism to hydrolyze
lignocellulose from rice husk.The DES is comprised of choline chloride and a hydrogen-
bond donor molecule (glycerol, ethylene glycol, or malonic acid) /.

1.8. SIGNIFICANCE OF DEEP EUTECTIC SOLVENTS

Deep eutectic solvents (DESs) are a novel class of solvents that potentially
overcome the major problems of traditional ILs, such as high toxicity, non-
biodegradability, complex synthesis that necessitates purification, and expensive starting
material costs ", DESs are made by blending two safe components (cheap, renewable, and
biodegradable) into a eutectic mixture. Deep Eutectic Solvents (DESSs), also known in the
literature as Deep Eutectic lonic Liquids (DEILSs), Low Melting Mixtures (LMMs), Low
Transition Temperature Mixtures (LTTMSs), or Natural Deep Eutectic Solvents (NADES).

According to the literature, at least two components are required to synthesize the desired
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DES: | a hydrogen-bond donor (HBD), and ii) a hydrogen-bond acceptor (HBA) 2. The

hydrogen bond donor causes a weaker anion/cation coupling, allowing the DES to melt at

low temperatures.

1.9. COMPARISON OF IONIC LIQUIDS WITH DEEP EUTECTIC SOLVENTS
As compared to ionic liquids, Deep Eutectic Solvents has many advantages /2,

)] low cost,

i) chemical inertness with water,

iii) simple to create (because DESs are made by just mixing two components,

bypassing the purification and waste disposal issues that typical ILs have), and

iv) biodegradable, biocompatible, and non-toxic, strengthening the greenness of these

media.

lonic Liquids Deep Eutectic Solvents

Low melting point ionic compounds Low melting eutectic mixture of
compounds

Not always environmentally friendly,  Biodegradable and nontoxic starting

can be toxic materials

Solution conductivity-moderate to Highly conductive
high

Expensive: recycling is critical Cheaper than ILs

1.10. APPLICATIONS OF DEEP EUTECTIC SOLVENTS
Matthijs et al. investigated the environmental effects of DES in electroplating
applications based on choline chloride and ethylene glycol [”®l. Nanocellulose materials

have developed as a fascinating new class of nanomaterials. This is owing to its

15



environmental benefits, which include renewable resource production, biodegradability,
biocompatibility, and high potential availability reported by Angeles et alt™l,

Since DESs are less expensive than conventional ILs and are considerably easier to
create in large batches, DES-based procedures in the metal polishing and metal extraction
industries are being scaled up and commercialized "1, Metal processing research has been
classified into three broad categories: metal electrodeposition, metal electropolishing,
metal extraction, and metal oxide processing [,

In suitable DES systems, the replacement of ecologically harmful metal coatings,
the deposition of novel alloys and semiconductors, and new coating technologies for the
deposition of corrosion-resistant metals such as Ti, Al, and W 678 are all possible.

Zn, [19.80.81 gy Cy, 182,831 Nj 84 pAg, 1851 Cr, 881 A [87] Cp, B8] gre among the metal
reduction processes investigated in DESs and reported. Addition reactions, cyclization
reactions, replacement reactions, multicomponent reactions, condensation reactions,
oxidation reactions, and reducing reactions are among the organic reactions studied in DES
as reported by Peng Liu in a review 59,

When compared to a conventional solvent, a betaine-based DES with glycerol
(molar ratio 1:2) was shown to be the most effective for extracting phenolic chemicals
[ DES was used as a novel solvent and catalyst in a typical organic synthesis method,
mainly including halogenation reaction, Diels-Alder reaction, Knoevenagel reaction,
Henry reaction, Perkin reaction, Paal-Knorr reaction, Biginelli reaction P,

1.10.1. APPLICATIONS OF DEEP EUTECTIC SOLVENTS IN MNPs

Ali Abo- Hamed et al., reported that due to the unique qualities as novel green
solvents, effective dispersants, and large-scale media for chemical and electrochemical
production of sophisticated functional nanomaterials, deep eutectic solvents (DESs) have

recently piqued attention in a variety of sectors, including nanotechnology [°2.

16



DESs are used to synthesize and fabricate a variety of nanomaterials, including
zeolite analogues [°  carbon nanomaterials 3 %I micro-and nanostructured
semiconductors 571 and DNA nanostructures 8,

As a result of their excellent chemical and physical features, DESs have shown to
be adaptable media for nanoscale synthesis [°® 921, Despite the ubiquitous influence of
DESs, their involvement in the synthesis of noble metal nanoparticles, notably gold and
silver nanoparticles, has received less attention [0,

DES has been utilized as a reaction medium for nanomaterial production and
electrodeposition, as well as a nanoparticle dispersion medium. The most popular
nanomaterials include carbon, metal oxide, and gold nanoparticles, inorganic (bio)
nanomaterials, and metal (bio)organic framework materials as reported by Abo-Hamed 21,

Muzamil Khatri et.al.used an electrospinning process to construct Zein nanofibers
from DES and achieved extremely hydrophilic Zein nanofibers without any post-treatment.
Choline chloride (HBA) and Furfuryl alcohol (HBD) in a 1:2 ratio was utilized to make the
DES needed for electrospinning 104,

The use of DESs as a solvent for the shape-controlled production of metal
nanoparticles is an intriguing and growing application that could have a significant impact
on the science of electrocatalysts. Without the use of any surfactants or seeds, gold
nanoparticles were produced to generate Au-based catalysts using a DES as the solvent
[32102 DESs are a new type of reaction media for the synthesis of noble metal
nanomaterials that holds a lot of promise. They have a lot of advantages that have been
studied 1031,

Due to the advantages of their small particle size, large specific surface area,
reproducibility, environmentally friendly materials, and easy solid-liquid separation,

literature has recently confirmed that the combination of DESs and magnetic nanoparticles
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(MNPs), such as Fes0s-DES % and SiO,@Fes04-DES, has a broad application prospect
in the magnetic solid-phase extraction method %1,

lonic liquids (ILs) and Deep eutectic solvents (DESs) are being used in the
development of nano-sorbents such as nanoparticles, nanogels, and nanofluids as good
alternative solvents. In the extraction process, ILs and DESs are frequently utilised as
carriers/modifiers/dispersers of nano-sorbents to improve adsorption capacity and
selectivity (1061,

Different metallic nanoparticles have been used by Ingrid Hagarova et.al.,[**l to
separate and pre-concentrate organic and inorganic analytes in a variety of environmental,
biological, pharmacological, and dietary samples.Ilron oxide magnetic nanoparticles are
useful in a variety of fields, including chemistry, physics, and materials science %l.In
ChCI/EG or urea DES, Anicai et al. described the electrochemical synthesis of high-grade
TiO2nanopowders, a nanomaterial that is widely employed in industrial applications such
as solar cells, photocatalysis, chemical sensors, microelectronics, and electrochemistry (109,
For the manufacture of FesOs magnetic nanoparticles, a novel oxidative precipitation-
combined ionothermal approach is reported [°1. The nanoparticles created were stable and
had a higher catalytic efficiency for degrading organic contaminants in water treatment.

The presence of stable and uniform ZnO nanoparticles, with increased dispersion
stability and catalytic efficacy, was demonstrated using an ionothermal precipitation
technique in ChCI/EG M. Laser ablation targeting a silver metal blank immersed in the
DES produced silver nanoparticle colloidal suspensions in a ChCl/urea eutectic mixture.
The silver nanoparticles' luminous characteristics were found to be superior to those
obtained in aqueous solutions 121, Karimi et al. '3 examined the ternary role of DES as a

medium for the synthesis of monetite nanoparticles in ChCI-EG eutectic mixture.
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A.J. Expositoet.al.,['**lused a combination of ChCl and Urea as the reaction
medium, as well as the high heat and mass transfer rate given by microreactors, to
demonstrate for the first time fast continuous synthesis of Ceria nanoparticles under mild
temperatures.For the development of more effective nanoparticle-based catalysts, deep
eutectic solvents (DES) have been employed as sustainable medial**®.Bruna et al.
investigated how the deposition of DES onto TiO> surfaces modifies the catalytic activity
of TiOz in the photodecomposition of organic dyes.The DES consisting of choline chloride
(ChCI) and maleic acid is used to make Spinel ferrites, phase-pure nanoparticles MFe;O4
(M=Mg, Zn, Co, Ni) at temperatures significantly lower than the solid-phase reactions of
the metal oxides. As a result, the approach lowers the total amount of energy required to
make nanoparticles examined by Anika Soldner et.al (%61,

Surface modifications of graphene oxide (GO) nanosheets with different functional
groups have recently shown interest in using DESs [1*].  Mehrabi et.al. Predicted that
surfacefunctionalization of GO (and other carbon nanomaterials) using DESs based on
choline chloride and urea will allow resynthesized FesO4 nanoparticles to be conjugated
onto GO nanosheets at various GO:Fe3O;4 ratios.Cojocaru et.al. described the experiments
using a choline chloride — glycerol deep eutectic solvent with pulse reversed current to
synthesize silver nanoparticles (Ag NPs) at 25°C[*8l,

Jakubowska. et.al., extracted metal oxide NPs from plant material via NADES
[129] The root accumulated larger cerium(1V) oxide NPs, but the radish leaves accumulated
smaller ones. The titanium (V) oxide NPs were agglomerated and found in tiny amounts
in radish leaves, with most of them aggregating in the root.

1.11. METAL NANOPARTICLES
Metallic nanoparticles have stimulated the interest of scientists for over a century,

and they are now widely used in biological and engineering fields. Because of their
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enormous potential in nanotechnology, they have attracted a lot of attention. Even though
the phrase is new, it has become widely employed in the development of more efficient
technologies. Due to its applications in the fields of electronic storage systems [120]
biotechnology,™? magnetic separation and preconcentration of target analytes, targeted
drug delivery, 11221231 and vehicles for gene and drug delivery, nanotechnology has recently
been adopted by industrial sectors [120122-1241|n general, nanoparticles utilised in
biotechnology have particle sizes ranging from 10 to 500 nm, seldom reaching 700 nm.
1.11.1. Silver nanoparticles (Ag NPs)

Silver nanoparticles are ranging with the size of 1-100 nm. While many are
classified as "silver,"” due to the enormous ratio of surface to bulk silver atoms, some have
a high amount of silver oxide. There is now an endeavour to include silver nanoparticles
into a variety of medical products, such as bone cement, surgical instruments, surgical
masks, and so on. Furthermore, it has been demonstrated that ionic silver can be used to
cure wounds in the correct amounts. 125271 They are usually made by reducing a silver
salt in the presence of a colloidal stabiliser using a reducing agent like sodium borohydride.
To develop silver nanoparticles, newer revolutionary ways include the use of d-glucose as
reducing sugar and starch as a stabiliser, as well as ion implantation 281, Furno et al.
produced biomaterials by employing supercritical carbon dioxide to impregnate silicone
covered with silver oxide nanoparticles [*?°1. These new biomaterials were created with the
goal of reducing antimicrobial infection.

In general, three different approaches have been used to synthesize silver
nanoparticles, including physical, chemical, and biological processes [**l. Several efforts
have been made in the recent decade to develop green synthesis processes that prevent
hazardous consequences *3, The most common approach for developing Ag-NPs is

chemical reduction 1321331341 by using reducing agents like poly-ethylene glycol block
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copolymers, sodium citrate, Tollen’s reagent, Ascorbate, essential hydrogen, N,N-dimethyl
formamide (DMF), and sodium borohydride (NaBHs) 1341351%1  Silver nanoparticles
(AgNPs) offer a lot of potential applications as antimicrobial agents, biomedical device
coatings, drug delivery carriers, imaging probes, and diagnostic and optoelectronic
platforms (1371,

Chemical synthesis of nanoparticles has the advantages of ease of manufacture, low
cost, and high yield; nevertheless, chemical reducing agents are toxic to living organisms
[138] Abbasi et al. have published a full review of AgNPs synthesis methods, characteristics,
and bio-application 3. High electrical and thermal conductivity™, surface-enhanced
Raman scattering™*, catalytic activity 42, and non-linear optical properties 431 are just
a few of the physicochemical properties of AgNPs that have led to many of the innovative
products and related technologies 4. Even if well-established methodologies for the
manufacture of metallic nanoparticles exist, simple synthesis approaches with fast reaction
times and inexpensive costs must be investigated in order to create nanoparticles with
enhanced antibacterial activity [***. To optimise the synthesis of AgNPs derived using the
chemical reduction approach, a Face Centered Central Composite Design (FCCCD) was
used by Quiroz et.al [146],

1.11.2. Copper nanoparticles (Cu NPs)

In recent years, the usage of copper (Cu) and Cu-based nanoparticles, which are
based on abundant and inexpensive copper metal, has sparked a lot of attention, particularly
in the field of catalysis.Cu NPs are particularly appealing due to copper's abundant natural
resources and low cost, as well as the numerous practical and simple approaches to
synthesize Cu-based nanomaterials*4’).Cu-based nanocatalysts offer a wide range of
applications in  nanotechnology, including catalytic organic transformations,

electrocatalysis, and
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photocatalysis, due to their unique qualities and properties. Copper nanoparticles
have two functions: (i) they operate as an antibacterial agent, though not as well as other
metal nanoparticles, and (ii) they increase the porosity of the beads, making the scattered
AgNPs in the beads more accessible to bacteria®*€l.Cu nanoparticles are frequently coated
with a capping substance to prevent oxidation and control crystal formation by lowering
the surface energy of crystals [249].aser ablation, thermal degradation, chemical reduction,
and polyol synthesis are some of the currently developed nanoparticle synthesis methods.
Chemical reduction is commonly favoured among these procedures because it is simple,
cost-effective, and efficient, and it can provide better size and size dispersion control*5°],
The size management of Cu NPs, as well as the presence of a surface coating to prevent
oxidation, are essential to obtain Cu NPs with excellent antibacterial capabilities. For
industrial applications, a simple route producing oxide-free Cu NPs by thermal
disintegration of a copper precursor has recently been reported by Adner et.al 51,

On the other hand, the production of copper oxides at the nanoscale has a wide
range of applications %2, Transition metal oxides, particularly cupric oxide (CuO), have
unique catalytic and photocatalytic characteristics 1531.Cu-NPs synthesised in polymer
media have various advantages over conventional agents, including simplicity of
processing, solubility, low toxicity, and nanoparticle growth control 54,

1.11.3. Cadmium nanoparticles (Cd NPs)

Cadmium sulphide nanoparticles were chosen as a compound of interest Because
of its great stability, good physical, chemical, and structural qualities, and ease of synthesis
and handling.CdS nanoparticles are commonly utilised for cancer detection and
antibacterial treatment [*°5. Gas phase reaction (with H2S or sulphur vapour), solvothermal
technique, solution precipitation, microwave-assisted solution precipitation, and several

other ways are used to synthesize CdS nanoparticles!**8l.Cadmium sulphide (CdS) has
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captivated researchers' interest not only because of its excellent semiconductor optical and
electrical capabilities but also because of its wide spectrum absorption range 57-%81.CdS
has a bandgap of 2.4 eV and can absorb visible light when the semiconductor bandgap is
small (i.e 3.0 eV) 19, CdS nanoparticles have been employed in a variety of applications,
including photocatalytic hydrogen production, solar batteries, and redox process [16%-
1621 cdSwas chosen to generate NADH by transferring electrons to the coenzyme NAD+.
To speed up the biocatalytic reaction, an efficient coenzyme self-circulation reaction was
created by Chang et.al *63.he ability of microbes to manufacture green Cd-containing
nanocrystals has been attributed to their ability to oppose heavy metals via bio reduction
and precipitation of soluble metallic ions, resulting in insoluble nanometriccomplexes
[164] Because of their smaller size, excellent optical fluorescence property, and ease of
functionalization, the development of innovative cadmium-based quantum dots has
significant potential in the treatment and identification of cancer as well as targeted drug
delivery[*®®l.CdS is employed as a pigment in paints and engineered plastics because of its
good thermal consistency and dirt repelling capabilities [*661671 For jts photochemical and
catalytic characteristics CdS NPs can be utilised as an air-water cleaner as well as a source
of hydrogen [*%81, CdS nanoparticles can be employed for both visualisation and medication
distribution to soft tissues such as the retina and cornea [*6%17%, Durga et.al. Chose Annona
muricata leaf extract to produce cadmium sulphide nanoparticles and attempted green
synthesis, evaluation of structural and morphological properties, and analysis of microbial
activity 711,
1.11.4. Mercury Nanoparticles (HgNPs)

Mercury is the only metal elementin nature that exists as a liquid at room
temperature, posing a challenge for material scientists to investigate Hg nanoparticles 721,

Nanoparticles have features that differ from bulk materials, and they frequently lead to
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major technological applications 731771 For the synthesis of mercury metal nanoparticles,
Harika et.al., used liquid mercury as the starting material, eliminating the need of reducing
agents [*8lIn aqueous solutions, mercury sulphide (HgS) nanoparticles (NPs) were
generated by Kuno et.al., with water-soluble thiols as capping ligands 7°1.Mazrui et.al
studied the development and fate of -HgS(s)nano produced in combination with marine
dissolved organic matter collected from the North Atlantic Ocean, as well as low molecular
weight thiols 8%, Chemical deposition 1 solvothermal 82 microwave heating 18],
photochemical 4, wet chemical ['®° and electrochemical %1 are all well-established
processes for the synthesis of Hg nanoparticles. Because of its uses as acoustic optical
materials *¥71and infrared sensing [*%], HgS has gotten increased attention. By using pulsed
laser ablation on a pellet of mercuric sulphide (-HgS) stilled in distilled water,
J.Mohammed et.al, succeeded in a simple and straightforward technique for preparing the
meta-cinnabar phase of mercuric sulphide (-HgS)®%l. For the preparation of p -HgS
nanocrystals, Xin xu.et.al. employed a solvent-based method, followed by sonification and
nitrogen purging at room temperature [0,

1.11.5. Zirconium Nanoparticles (Zr NPs)

Datta et.al,.identified the role of reline, an eutectic mixture of choline chloride and
urea, one of the most popular DES, is elucidated during the synthesis of different families
such as gold (noble metal), vanadium pentoxide (transition metal oxide), ceria and zirconia
(ceramic oxides). The work focuses on gaining a holistic understanding on the interaction
of reline with different precursors. It is found that reline can act as an ‘all in one’ platform
such as template reagent, reducing agent, solvent platform and morphology directing agent
in the synthesis of nanomaterials. It is important to highlight that there is no addition of any
external additives in contrast to previously published work. It is demonstrated here that

reline can actively form gold nanoparticles by reducing a salt precursor and simultaneously
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stabilize the nuclei, delaying their growth, leading to highly monodispersed small gold
particles. In the case of metal oxides, the templating role of reline is elucidated to produce
different morphologies of vanadium pentoxide upon altering the water ratio in reline.
Reline has been also shown to direct the growth of 1D ceria-zirconia nanorods. The effect
of reline on the crystal phase of the zirconia nanomaterial is also investigated herein[°1..
1.11.6 Zinc Nanoparticles (ZnNPs)

Yao, H., et.al. To solve the problem of the low added value Zn-containing rotary
hearth furnace (RHF) dust, two deep eutectic solvents (DESs) were employed, such as
choline chloride-urea (ChCl-urea) and choline chloride-oxalic acid dihydrate (CC—OA)
solvent and Zn-containing RHF dust (water-washed) as the research target. Then, we
prepared ZnO nanoparticles using two DESs or their combination, namely, ChCl-urea
(Method A), CC—OA (Method B), first CC—OA and then ChCl-urea (Method B-A) and
first ChCl-urea and then CC-OA (Method A-B), respectively. The effects of these methods
on the properties of as-obtained precursors and ZnO nanoparticles were investigated in
detail. The results indicated that the precursor obtained by Method A was ZnsCO3 (OH)
6-H20, and those by Methods B, B-A, and A-B were all ZnC,04-2H,0. Moreover, the
decomposition steps of the last three methods were similar. The ZnO contents of 95.486%,
99.768%, 99.733%, and 99.76% were obtained by Methods A, B, B-A, and A-B,
respectively. Methods A, B, and B-A led to the formation of spherical and agglomerated
ZnO nanoparticles with normal size distributions, where Method B showed the best
distribution with an average diameter 25 nm. The ZnO nanoparticles obtained by the
Method A-B did not possess good properties 921,

1.11.7. Manganese Nanoparticles (Mn NPs)
Henam Sylvia Devi et,al. synthesied Mn2O3 particles of nano scale were fabricated

using deep eutectic solvent of choline chloride-ethylene glycol. Deep Eutectic Solvents
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(DES) is a new family of ionic fluids. Mn2O3s was fabricated by varying the amount of
water in DES. With variation in amount of water, size and shape of particles also varied.
Mn>O3 prepared in absence of water is of orthorhombic crystal system and those prepared
in presence of water are of tetrahedral crystal system. Photocatalytic property of these
MnOs particles was also demonstrated using safranin-O dyel'®®l. Rate constant calculated
by plotting log A vs Time follow: Ko.s mi water > Ko.0 mi water > K1 mi water.

1.11.8 Vanadium Nanoparticles (VNPS)

Sukanya Datta, et,al. show a facile surfactant-free synthetic platform for the synthesis of
nanostructured vanadium pentoxide (V20s) 1%, using reline as a green and eco-friendly
deep eutectic solvent. This new approach overcomes the dependence of the current
synthetic methods on shape directing agents such as surfactants with potential detrimental
effects on the final applications. Excellent morphological control is achieved by simply
varying the water ratio in the reaction leading to the selective formation of V.05 3D
microbeads, 2D nanosheets and 1D randomly arranged nanofleece. Using electrospray
ionization mass spectroscopy (ESI-MS), we demonstrate that alkyl amine based ionic
species are formed during the reline/water solvothermal treatment and that these play a key
role in the resulting material morphology with templating and exfoliating properties. This
work enables fundamental understanding of the activity-morphology relationship of
vanadium oxide materials in catalysis, sensing applications, energy conversion and energy
storage as we prove on the effect of surfactant-free V2Os structuring on battery performance
as cathode materials. Nanostructured V.Os cathodes showed a faster charge-discharge
response than the counterpart bulk-V>0Os electrode with V205 2D nanosheet presenting the

highest improvement of the rate performance in galvanostatic charge-discharge tests.
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1.11.9 Nickel Nanoparticles (Ni NPs)

Elsharkawya, S.,et.al. synthesied nanostructure Ni films were synthesized from two
distinct baths and were assessed as electrocatalysts for hydrogen evolution reaction (HER)
and oxygen evolution reaction (OER) in 1 M KOH. Herein, Ni was electrodeposited from
two separate solvents, the aqueous acetate buffer and ethaline solvent as a kind of deep
eutectic solvents (DESs) ) 1%l and both the deposited films were investigated as
electrocatalysts for HER and OER. The electrodeposition parameters such as pH and
deposition potential were studied. The electrodeposition process was performed using
chronoamperometry technique and Ni deposits were characterized by scanning electron
microscopy (SEM), transmission electron microscopy (TEM), energy-dispersive X-ray
spectroscopy (EDX), and X-ray diffraction (XRD). Fabricated Ni@PGE deposit from
ethaline only requires an overpotential of —154 mV and 350 mV to achieve a current
density of 10 mA cm™ for HER and OER, respectively. While, Ni@PGE from acetate
requires an overpotential of —164 mV and 400 mV to produce the current density of

10 mA c¢cm2 for HER and OER.
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1.12. REVIEW OF LITERATURE
1.12.1. Deep eutectic solvents —synthesis and characterization

lonic liquids (ILs) are green solvents that can be used in a variety of applications.
However, their production via chemical reactions with waste or by-products is
incompatible with the concept of green chemistry, and the purity issue and cost feasibility
restrict their use in several large-scale industrial applications. DES is produced, when
halide salts and hydrogen bond donors (such as alcohol or acid) combine, resulting in a
combination having a lower freezing/melting point than the individual components [9l, In
green chemistry and processing, DES is becoming increasingly essential [*7: 1%, Extensive
research is being carried out to investigate the properties of newly synthesized DES [1%°-
20 The traditional DES is a binary deep eutectic solvent made up of two single
components (DES). The addition of a third component to the ternary deep eutectic solvent
(DES) improved the designable property much more than the standard DES. DES has been
synthesized and used in a variety of applications so far [292204] DES were prepared by
mixing the two components at a molar ratio of 1:1. By heating the binary mixture to 80°C
with continuous stirring, clear liquids were obtained %l After cooling to room
temperature, the binary mixture remains at a liquid state 2% and the evaporating method
was employed in water as given by Dai et al. %71, Their cost of production is less and used
as safer solvents in several fields (2% It is possible to create endeavor DESs with various
physicochemical parameters, such as freezing point, viscosity, conductivity, and pH,
among others.
1.12.2. Copper nanoparticles

Metallic nanoparticles have a lot of potential because of their chemical, physical,
and catalytic capabilities [?°!. Copper nanoparticles are a type of colloidal transition metal

nanoparticle that receives a lot of interest since they are employed as an advanced material
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with electrical, optical, and thermal propertiest?!®. A chemical reduction is a popular
approach for making copper nanoparticles because it is low-cost, high-yielding, and
requires little equipment. It is simple, and the control of particle size and shape obtained
under-regulated parameters may be shown 23 The copper nanoparticles were made using
a wet chemical reduction method as reported by Jain et.al [?*2. Mustafa G, et al. reported
the synthesis of monoclinic CuO nanoparticles that were characterized by XRD
analysist?t3],

CuO nanoparticles can be manufactured in a variety of methods, and synthesis
parameters such as technique, solvents, surfactants, starting precursors, and temperature
are employed to regulate the form and size of desired nanoparticles, according to Suleiman
M, et al 24 Wongpisutpaisana N, et al. suggested that well-defined CuO nanoparticles are
generated by a sonochemical synthesis with ultrasound help, with a reaction duration of up
to 30 minutes and pyrolysis at 600-700 °C [*. CuO nanoparticles with a rectangular form
and a monoclinic structure were generated by an aqueous precipitation technigue,
according to Lange AS, et al 2161,

H. Zhu et al. suggested a wet chemical approach for the large-scale production of
stable CuO nanofluids *]. Mousa MK suggested a rapid, economical, and simple method
of precipitation with temperature control at 65, 75, and 85 ° C. The size of nanoparticles
reduces as the temperature increases 2181, The latest research reports on the new production
of Copper and Copper oxide nanoparticles utilizing the chemical reduction approach, as
well as their physicochemical characterization according to Karthik AD et.alf?*®],

Copper materials are synthesized first and then oxidized to copper oxide. UV-
visible spectroscopy, Fourier transform infrared spectroscopy (FTIR), X-ray diffraction
measurements (XRD), and scanning electron microscopy (SEM) were used to characterize

the nanoparticles, according to the researchers S. Srivastava and co-workers reported the
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chemical approach was used to synthesize cupric oxide (CuQ) nanoparticles, which
involved calcination at temperatures ranging from 300 to 400 ° C??%1 K. Phiwdanga et al.
CuO nanoparticles were produced using a precipitation approach with different precursors
such as copper nitrate (Cu (NO3)2) and copper chloride (CuCl.), and post-heating was used
to compare the as-synthesized and after-calcination of CuO nanoparticles???!l, Thermal
decomposition was used to generate spherical CuO nanoparticles with a mean diameter of
170 nm as reported by Darezereshki E, et al 222 This process does not necessitate the use
of organic solvents, costly raw materials, or sophisticated machinery. As a result, the given
process to produce CuO nanoparticles from dilute CuSOj solution is better than the other
methods. Cu nanoparticles (CuNPs) were made using a simple chemical reduction method
at ambient temperature, with sodium borohydride and polyvinylpyrrolidone, the Cu?* ions
were lowered and stabilized, respectively as reported by Aguilar et.al (23], Chatterjee et al.
proposed a straightforward approach for the manufacture of metallic copper nanoparticles
with a size of 50-60 nm utilizing Cucl, as a reducing agent and gelatin as a stabilizer [224],
Copper nanoparticles were made by reducing aqueous copper chloride solution with
NaBHs in non-ionic water-in-oil (w/o) microemulsions [?°. To generate copper
nanoparticles, chemical methods such as chemical reduction, photochemical,
electrochemical, and thermal decomposition are used, with the chemical reduction being
the most used method for the creation of stable, colloidal dispersions in organic
solvents!?%].Chemical reduction is the most practical way for fabricating nanoparticles out
of all the methods. The chemical reduction process yielded a high yield of metallic
nanoparticles. By manipulating the experimental conditions, this method is cost-effective,
simple, and speedier, and it may produce a superior size distribution of nanoparticles
[227] Copper nanoparticles were generated by chemically reducing copper sulfate with

sodium borohydride in water without the use of inert gas. During the synthesis process and
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during storage, ascorbic acid was used as a protective agent to prevent the nascent Cu
nanoparticles from oxidation. The use of polyethylene glycol served as a size controller as
well as a capping agent. Under inert argon-purged condition, copper nanoparticles were
successfully produced by borohydride reduction of copper nitrate salt in a water/CH3CN
mixed solvent. For the first time, Cu nanoparticles were generated in large-scale production
by injecting CH3CN into the water and preventing oxidation throughout the nanoparticle
preparation 2281,
1.12.3. Silver nanoparticles

Metal nanoparticles can be synthesized in a variety of ways, including physical and
chemical processes. Even though physical methods can make nanoparticles; the literature
is full of data on chemical approaches. The reduction of metal ions in solution is the most
common chemical technique (chemical reduction method) 2?1, The polyol technique 23
and the liquid-liquid method 23! are two chemical methods for the manufacture of silver
nanoparticles that have been developed in recent years. Chemical reduction, on the other
hand, is the most widely used method due to its simplicity. Examples of bottom-up methods
include metal reduction, electrochemical processes, and decomposition. Silver
nanoparticles are fascinating because of their unique features, which can be used in
antibacterial ~ applications, biosensor materials, composite fibres, cryogenic
superconducting materials, cosmetics, and electronic components. Silver NPs have been
synthesized and stabilized using a variety of physical and chemical processes [2%% 233,
Chemical reduction with organic and inorganic reducing chemicals is the most frequent
method for producing silver NPs. For the reduction of silver ions (Ag™) in aqueous or non-
aqueous solutions, several reducing agents such as sodium citrate, ascorbate, sodium
borohydride (NaBH4), elemental hydrogen, polyol process, Tollen’s reagent, N, N-

dimethylformamide (DMF), and poly (ethylene glycol)-block copolymers are utilized 234,
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In nanoparticle synthesis, it is necessary to observe nano silver content, size, shape,
surface charge, crystal structure, surface chemistry, and surface change. Ojha et al.
combined AgNOs and citrate in a solution and added NaOH to it. Then, while stirring, an
ice-cold NaBH, solution was added 1. T he aqueous solution containing AgNO3z was
made by Ajitha et al. with sodium citrate dihydrate as a stabilizer. Then, while vigorously
stirring, a solution of sodium borohydride (a reducing agent) was added into the above
solution all at once. The color of the solution was lightened 2%, Gebeyehu et al. used a
simple polyol technique to make silver nanowire. Polyvinylpyrrolidone was utilized as a
stabilizing and capping agent, along with sodium chloride and potassium bromide salts,
ethylene glycol as a solvent and reducing agent, and silver nitrate as a silver precursor 2371,
The reduction of silver nitrate with ethylene glycol in the presence of polyvinylpyrrolidone
resulted in cubic silver nanoparticles (PVP). Ethylene glycol with hydroxyl groups serves
as both a solvent and a reducing agent in the polyol process. The cubic form was developed
using polyvinylpyrrolidone as a capping agent 2382401 By adding a trace quantity of
sodium sulfide (Na2S) or sodium hydro sulfide (NaHS) to the traditional polyol synthesis,
Siekkien et al. achieved a quicker approach to produce cubic silver nanoparticles. For the
synthesis of NPs with various chemical compositions, sizes, and morphologies, as well as
regulated disparities, the reduction agent is critical 2411 Sun et al. investigated how reaction
circumstances, such as the ratio of PP to silver nitrate, reaction temperature, and seeding
conditions, may change the shape of silver nanostructures, ranging from nanoparticles to
nanorods to long nanowires. They discovered that silver nanowires with diameters ranging
from 30 to 40 nm and lengths up to 50 m could be synthesized on a huge scale 4?1, For the
manufacture of silver nanoprisms, Métraux and Mirkin used the chemical reduction
process. They used a reagent mixture of AQNOs/NaBH./ polyvinylpyrrolidone/trisodium

citrate/H202 in an aqueous solution to make silver nanoprisms at room temperature 241,
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Silver nanoparticles have attracted a lot of attention in recent years due to their good
conductivity, chemical stability, use as catalysts ?*l and applications in a variety of
industries (e.g., medical sciences to prevent the HIV virus, food industries as anti-bacterial
agents in food packaging [?*°!, anti-bacterial properties) [2*61 as well as their unique
electrical and optical properties 24" 2481, The antibacterial action of silver ions and silver
nanoparticles is related to morphological and structural changes in the bacterial cell,
according to research 2492501,

1.12.4. Cadmium nanoparticles:

Cadmium Sulfide Nanoparticles (CdS. NPs) confirmed the bulk-sized material's
distinct physical, chemical, and structural features. Cadmium Sulfide NPs are employed in
everyday life because of their distinctive melting point, crystal arrangement, band gap
energy, optoelectronic absorption spectra, high stability, availability, and ease of
manufacture and handling. The atomic distribution over the nanoparticle shell, in addition
to the surface/volume ratio, has a significant effect on semi conductivity 2541,

Due to advantages in several areas, CdS NPs have been industrially developed.
Chemical precipitation 2521, Chemical VVapour Deposition 3 laser ablation 54, physical
evaporation 251 template synthesis [°1 thermal evaporation >, hydrothermal synthesis
2581 pulsed laser deposition ?%°1 solvothermal 2% and biosynthesis using bacteria, fungi,
yeast, and plants 2621 and Electrodeposition 26?1 have all been used to create nano-forms of
CdS films or powder.

Chemical precipitation is commonly used since it requires ambient environmental
conditions, simple lab equipment, and consistent findings, as opposed to other procedures
that require extreme environmental conditions, sophisticated equipment, and are time-
consuming. Limiting the reaction area with capping agents such as EDTA, long-chain alkyl

xanthates, mercaptoacetic acid, phosphates, phosphine oxides, thioglycerol, thiols, and
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thiourea 2631 controls the stability and size of CASNPs. Chemical precipitation of cadmium
sulfide (CdS) nanoparticles was carried out using cadmium chloride (CdCly), sodium
sulfide (Na2S), and water as a solvent at temperatures ranging from 20 to 80 degrees Celsius
[264].

CdS NPs were formed by adding aqueous CdClz, KOH, NH4sNOs3, and CS(NH2)2
for 30 minutes at pH 10, temperature 80°C, and centrifugation at 6000 rpm for 1 hour 2],
Chemical precipitation of deionized aqueous CdCl» and thiourea solution with continuous
stirring at 100 °C for 15 hours yielded CdS NPs. As a capping agent, ammonia was used
by R.Gupta %, M. M. Kamble& co. developed Cadmium sulfide nanocrystals with
oleylamine as the solvent, surfactant, and capping ligand by using the Hot Injection Method
[267]
1.12.5. Mercury Nanoparticles

Mercury is one of the few metal elements that may exist as liquids in nature under
normal conditions, posing a challenge to material scientists to learn more about Hg
nanoparticles (NPs) 2681, Nanoparticles have properties that differ from bulk materials, and
they frequently lead to significant technological applications 2592731 Alireza et al. proposed
an innovative processing method for manufacturing HgO nanoparticles by solid-state
thermal decomposition of mercury (I1) acetate nanostructures generated by sublimation at
150 °C for 2 hours?”4. Using ultrasonication under ambient conditions, V. K. Harika et al.
proposed a simple synthetic technique for producing very stable crystalline mercury
nanoparticles supported on solid carbon sources such as reduced graphene oxide, graphene,
graphite oxide, graphite, and others 7. Avik. J. G generated oxidized mercury
nanoparticles using two methods i.e., vapor-phase condensation and aqueous nebulization
using three basic chemicals like mercury (I1) bromide, mercury (Il) chloride, and mercury

(11) oxide 2781, Synthesizing nano-sized p-HgS particles in a practical and simple manner
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remains a difficulty. A lot of established methods such as chemical deposition 2771,
photochemical 2781 wet chemical ?° and electrochemical 28! have been used for the
synthesis of Hg nanoparticles. At room temperature, nanocrystals are synthesized via
sonication and nitrogen purging by Xin Xiu et.al. Surfactants and stabilizing ligands were
not employed in the analyses of the NPs to avoid changing their chemical and toxicological
behavior 12811, For the first time, Mercury Cadmium Telluride (MCT) nanoparticles are
synthesized by R.R. Arnepelli using the Solvothermal technique. In the Teflon-Stainless-
Steel autoclave, Mercury, Cadmium, and Tellurium in compound/elemental form were
added to Ethylenediamine (solvent) together with a reducing agent (2821,
1.12.6. Zirconium Nanoparticles

Bumajdad, A., et.al. investigated, well-defined mesoporous zirconia nanoparticles
(ZrO2 NPs) 281 with cubic, tetragonal or monoclinic pure phase were synthesized via
thermal recovery (in air) from chitosan (CS)- or polyvinyl alcohol (PVA)-ZrOy hybrid
films, prepared using sol—gel processing. This facile preparative method was found to lead
to an almost quantitative recovery of the ZrOx content of the film in the form of ZrO, NPs.
Impacts of the thermal recovery temperature (450, 800 and 1100 °C) and polymer type
(natural bio-waste CS or synthetic PVA) used in fabricating the organic/inorganic hybrid
films on bulk and surface characteristics of the recovered NPs were probed by means of X-
ray diffractometry and photoelectron spectroscopy, FT-IR and Laser Raman spectroscopy,
transmission electron and atomic force microscopy, and N absorptiometry. Results
obtained showed that the method applied facilitates control over the size (6—30 nm) and
shape (from loose cubes to agglomerates) of the recovered NPs and, hence, the bulk
crystalline phase composition and the surface area (144—52 m?/g) and mesopore size (23—

10 nm) and volume (0.31-0.11 cm®/g) of the resulting zirconias.
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1.12.7. Vanadium Nanoparticles

Transition metal oxides have been a subject of research in recent years in view of
their fundamental and technological aspects. Among these, vanadium creates many
compounds with oxygen; these have different structural, optical and chemical properties.
Meaningful differences between the properties of different phases of vanadium oxides like
VO, VO, V203 and V-0s depend on their structure, which determines other properties
[2841 2851 Djfferent forms of vanadium oxides can be obtained by changing the deposition
process parameters, or by post-process treatment, e.g., additional annealing 26, From the
application point of view, the most interesting vanadium oxides are VO2and V20s.
Vanadium dioxide is a very good candidate for thermochromic coatings due to the change
of properties from semiconducting to semimetal at 68°C. Vanadium pentoxide (V20s) is a
thermodynamically stable form which exhibits electrochromic properties. V20s thin films
can also be used in optical filters, reflectance mirrors, smart windows and surfaces with
tunable emittance for temperature control of space vehicles 1, It can be received by
selecting deposition parameters or by the annealing of VO, above 350°C [?88]. In this article,
vanadium oxide nanoparticles are fabricated by using sol-gel method. Structural and
surface morphological properties have been studied.
1.12.8. Zinc Nanoparticles

Shelan M. Mustafa et.al. syntheised betaine and phenol with melting points

~300 °C and ~43 °C, respectively, combine with a molar ratio of 1:2 to form a liquid at
room temperature with a eutectic melting point of ~20 °C. ZnO nanoparticles?¥ (NPs)
were synthesized by using an eco-friendly and green synthesis method utilizing betaine-
based DES at low temperature ~80 °C for 2 h. X-ray diffraction analysis confirms the
highly crystalline and single-phase formation of ZnO NPs with hexagonal-Wurtzite phase

structure. The surface morphology of the ZnO NPs confirmed using scanning electron
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microscopic images revealing the mostly spherical in shape and some n-pointed stars and
transmission electron microscopy images confirms that NPs are sub-100 nm in range. Also,
energy dispersive X-ray results confirm the elemental composition of Zn K (~8.6 keV) and
O K (0.52 keV) to be ~88.5+1.7% and 11.5 + 1.3%, respectively. Fourier transform
infrared spectroscopy confirms the bands at 565 and 410 cm™ is assigned to asymmetric
stretching and bending vibrations of the Zn-O tetrahedron. Thermogravimetric analysis
verified the thermal stability with phase purity, resulting in the formation of the single-
phase crystalline ZnO NPs. UV-Vis absorption study confirms the bandgap of ~3.1 eV.
The high stability and dispersion of NPs in water confirms the interaction of DES
molecules on the surface of the NPs with water. ZnO NPs incorporated in PVA thin films
show strong UV-Vis absorption confirming use of these transparent thin films for UV-
shielding applications. As far as we know, this study is unique, green, eco-friendly and
cost-effective in that the authors were able to synthesize ZnO NPs from betaine-based DES.
1.12.9. Manganese Nanopatrticles

Karimi, M. Et.al.Mn304 nanoparticles have been synthesized using a facile and
sustainable method using ethaline (ethylene glycol—choline chloride) deep eutectic solvent
(DES). The as-synthesized nanoparticles have been characterized by X-ray diffraction
(XRD), field emission scanning electron microscopy (FESEM), transmission electron
microscopy (TEM), energy-dispersive X-ray spectroscopy (EDS), Fourier transform
infrared (FTIR) spectroscopy, UV/vis absorption spectroscopy, and vibrating sample
magnetometry (VSM). The XRD results point to crystallization of hausmannite MnzOsa in
tetragonal crystal structure with an average crystallite size of 18 nm. The microscopy-
elemental investigations suggest the synthesis of spherical nanoparticles with an average
particle size of 25 nm and high elemental purity. The obtained band gap of 3.4 eV for the

as—synthesized Mn3O4 nanoparticles indicates the semiconductor nature of nanoparticles.
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FTIR absorption bands further confirm the formation of pure MnzO4 nanoparticles. The
magnetic characterization of as-synthesized MnzOs nanoparticles clearly reveals their
paramagnetic behavior at room temperature. Based on our proposed mechanism the
ethaline plays a triple role (solvent, reactant, and template) during the synthesis thereby it
provides a green all-in-one system for synthesis, stabilization and better control over
growth of Mnz042°°! nanoparticles.
1.12.10. Nickel Nanoparticles

Jaji et.al. Over the last decade, nickel nanoparticles (Ni NPs) 2% have been
investigated for various potential applications due to their superior ferromagnetic
properties such as magneto-crystalline anisotropy, high coercive forces, and chemical
stability. Therefore, there has been a tremendous enhancement in the synthesis techniques,
proposed reaction mechanisms, and applications of Ni NPs. This paper presents a recent
overview of the synthesis, reaction mechanisms, and applications of Ni NPs. Ni NPs in the
size range of 1-100 nm are synthesized by various methods for research and commercial
applications. The synthesis techniques are classified into three main types, namely, top-
down, bottom-up, and hybrids of top-down and bottom-up protocols including
solvothermal, physical, and chemical approaches. The detailed reaction mechanisms in the
formation of Ni NPs, especially for biosynthesis techniques, are extensively described.
Trends in Ni NPs applications in fields such as biomedical, catalysis, supercapacitors, and
dye-sensitized solar cells are explored. The basic advantages and role of Ni NPs as a
catalyst for various reactions are illustrated here

A new type of base fluid known as Deep Eutectic Solvents (DESS) is proposed in
this work, which is generated by mixing solid substances that turn liquid under specified
conditions, offering another option to utilizing traditional organic solvents. At room

temperature, many of these combinations are liquids. Since their discovery, these deep
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eutectic solvents have been the subject of significant research. Because of sharing many
characteristics and properties with ionic liquids (e.g., similar conductivities, polarities,
viscosities, densities, surface tensions, refractive indexes, chemical inertness, etc.,) deep
eutectic solvents (DESs) are now commonly recognized as a new family of lonic liquids
(IL) substitutes. They are typically affordable due to the comparatively inexpensive
components and their straightforward synthesis, which produces little waste and requires
no additional purifying procedures. In addition, the components of DESs are frequently
biodegradable and non-toxic.

Herein research focused on the synthesis of DESs using, ChCL-UREA, ChCI-EG,
ChCL-MA followed by Preparation of Metal-based Nanoparticles using DESs and their
Characterization. The preparation of metal nanoparticles Cu, Hg, Mn, Zr, Ag, Zn, Cd, V
and Ni in the medium of ChCL-UREA, ChCI-EG, ChCL-MA DESs. Their characterization
studies such as UV-Visible, FTIR, XRD, SEM, and EDAX analysis were discussed. The

particle size of the nanoparticles formed was ascertained using histogram plots.
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1.13. AIM, SCOPE, AND OBJECTIVES OF THE PRESENT WORK

The aim of the present study is to develop an eco-friendly a better alternative
solvent. It should be cheap, harmless, bio-degradable and it should be highly stable even at
high temperatures. The work proposes a new form of base liquid known as Deep Eutectic
Solvents (DESs) as a viable replacement for conventional base fluid due to their unique
solvent properties. Using the newly developed DESs, metal nanoparticles are synthesized
and to study the antimicrobial activities.

The objectives of the present work are
» To use an efficient method to develop DESs
» To find the cost-effective, cheaper, and low-cost method.
» To synthesize less toxic, most usable MNPs.
» To find any one application of the synthesized MNPs.

The implication of this study was the preparation of newer ChCI-UREA, ChCI-EG,
ChCI-MA and physicochemical parameters such as viscosity, conductivity, pH, density
were measured for the prepared DES. To find out whether they depict the nature,
characteristics, and features of DES to substitute as the common solvents.

In this research work, we targeted the production of some metal nanoparticles using
ChCI-UREA, ChCI-EG, ChCI-MA deep eutectic solvents. The research utilizes three DESs
as greener media to produce various metal nanoparticles. The synthesized nanoparticles
such as Ag, Hg, Mn, Cu, Zr, Ni, Cd, Zn, V have been analysed using Scanning Electron
Microscopy (SEM), Ultraviolet Spectroscopy (UV), Fourier Transform Infrared
absorptions (FTIR), X-Ray Diffraction patterns (XRD), and Energy Dispersive X-ray
Analysis (EDAX) techniques.

Chapter 1 deals with the introduction about the deep eutectic solvents and their

applications, metal nanoparticles and their applications, also including literature review.
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Chapter 2 explains the materials and methodology used for the study.

Chapter 3 is Preparation of Metal-based Nanoparticles using Choline chloride — Urea DES
and their Characterization. This chapter explains the preparation of metal nanoparticles of
Cu, Hg, Mn, Zr, Ag, Zn, Cd, V and Ni in the medium of choline chloride — urea DES. Their
characterization studies such as UV-Visible, FTIR, XRD, SEM, and EDAX analysis were
discussed. The particle size of the nanoparticles formed was ascertained using histogram
plots.

Chapter 4 is Preparation of Metal-based Nanoparticles using Chcl-EG DES and their
Characterization. This chapter explains the preparation of metal nanoparticles of Cu, Hg,
Mn, Zr, Ag, Zn, Cd, V and Ni in the medium of choline chloride —ethylene glycol DES.
Their characterization studies such as UV-Visible, FTIR, XRD, SEM, and EDAX analysis
were discussed. The particle size of the nanoparticles formed was ascertained using
histogram plots.

Chapter 5 is Preparation of Metal-based Nanoparticles using Choline chloride — Malonic
Acid DES and their Characterization. This chapter explains the preparation of metal
nanoparticles of Cu, Hg, Mn, Zr, Ag, Zn, Cd, V and Ni in the medium of choline chloride
—malonic acid DES. Their characterization studies such as UV-Visible, FTIR, XRD, SEM,
and EDAX analysis were discussed. The particle size of the nanoparticles formed was
ascertained using histogram plots.

Chapter 6 is Summary and Conclusion. In this chapter, a précised summary of the research
work and necessary conclusions are given. A detailed comparison of the size of the metal-
based nanoparticles of Cu, Hg, Mn, Zr, Ag, Zn, Cd, V and Ni formed in the three DESs

were reported
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2. MATERIALS AND METHODS
2.1 Materials

The chemicals used for this investigation such as choline chloride, ethylene glycol,
Urea, Malonic acid, hydrazine hydrate, sodium hydroxide, methanol, copper nitrate
trihydrate, mercuric chloride, manganese chloride dihydrate, zirconium oxychloride, silver
nitrate, zinc acetate dihydrate, cadmium chloride, vanadium pentoxide and nickel nitrate
were purchased from Sigma—Aldrich, India and utilized as received. Barnstead nanopore
water (>17.8 M-cm) was used to prepare all stock solutions.

Table: 2.1 Chemicals used for the investigation

S. No. Chemical Molecular Molecular
components formula weight (g/mol)

1. Choline chloride CsH14NO.CI 139.62

2. Urea CH4N,O 60.06

3. Ethylene glycol C2HsO2 62.07

4. Malonic acid C3H404 180.156

5. Manganese chloride Cl2HsMnO2 125.844

6. zirconium oxychloride ClaH20zr 180.14

7. zinc acetate dihydrate C4H1206Zn 221.5

8. vanadium pentoxide V205 181.88

9. nickel nitrate Ni (NOz3)2 182.703
10. Zinc chloride ZnCl; 136.286
11. Manganese chloride MnCl; 125.844

12. Copper (1 nitrate  Cu (NO3)2.3H20 241.60

trihydrate

73



S. No. Chemical Molecular Molecular

components formula weight (g/mol)

13. Hydrazine hydrate HsN20 50.061

14, Silver nitrate AgNO3 169.87

15. Sodium hydroxide NaOH 39.997

16. Cadmium chloride CdCl2.2H.0 147.01
dihydrate

17. Mercuric chloride HgCl» 271.52

18. Sodium borohydride NaBH4 37.84

19. Methanol CH3OH 32.04

2. 2 Experimental methods
2.2.1 General Preparation of Deep Eutectic Solvents (DES)

Three types of DESs were prepared from a 1:1 mole ratio of the two components is
given in table 2.2. The 1:1 mole ratio of respective substances for the preparation of these
nine DESs was decided using the plot of a freezing point versus the percent composition
of the above mixtures. The evaporating method was employed in water as reported by Dai
et al. 1. The 1:1 mole ratio of the components was taken, dissolved in double distilled
water and excess water was removed by heating until the weight of the components remains
constant. The mixtures were kept in a desiccator containing anhydrous CaClfor about two
weeks and as there was no turbidity appeared during this period. Then the DESs were
subjected for the measurement of physical properties such as density, pH, conductivity, and
viscosity. The H- bonded interactions between the components were characterized by

FTIR.
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Table: 2.2.2 Prepared DESs

S.No. Type of DES  Component-1 Component-2 Mole ratio
1. Type-Il1I Choline chloride Urea 1:1
2. Type-Il1I Choline chloride Ethylene glycol 1:1
3. Type-Il1I Choline chloride Malonic acid 1:1

2.2.3. General procedure for the synthesis of nanoparticles
Nanoparticles were synthesized by various methods, including physical method,

chemical reduction method, and biological method. We have followed the chemical
reduction method for the synthesis of nanoparticles using various reducing agents such as
hydrazine hydrate, sodium borohydride, yellow ammonium sulphide, and sodium
hydroxide was used as a stabilizing agent. Then the nanoparticles were washed with
deionized water followed by methanol.
2.2.4 Synthesis of CuNPs in ChClI-Urea/ ChCI-EG/ /Ch.CI-MA DES.

Copper nanoparticles were synthesized in the DES of ChCl-Urea /ChCI-EG/ /Ch.CI-
MA as follows 1. Nanoparticles were made by combining 10 ml of 0.01M copper nitrate
trihydrate [Cu(NOz3)2.3H20] with 15 ml of choline chloride — ethylene glycol DES in
beaker and magnetically stirring for 30 minutes at 1200 RPM with a magnetic stirrer.
During vigorous stirring, about 8-10 ml of 0.01 M hydrazine hydrate as a reducing agent
was added drop by drop, followed by 10 ml of 1 M sodium hydroxide as a stabilizing agent
was injected slowly into the mixture. The obtained copper oxide nanoparticles in the beaker
were centrifuged, rinsed several times with deionized water, then extracted using methanol,

and dried at air-oven.
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2.2.5 Synthesis of HgNPs in ChCI-Urea /ChCI-EG/ /Ch.CI-MA DES.

Nanoparticles of mercury were synthesized in the DES of ChCl-Urea /ChCI-EG/
/Ch.CI-MA as follows 21, Nanoparticles were made by combining 10 ml of 0.01M mercuric
chloride [HgCl2] with 15 ml of choline chloride — ethylene glycol DES in a beaker and
magnetically stirring for 30 minutes at 1200 RPM with a magnetic stirrer. During vigorous
stirring, about 8-10 ml of 0.01 M hydrazine hydrate as a reducing agent was added drop by
drop, followed by 10 ml of 1 M sodium hydroxide as a stabilizing agent was injected slowly
into the mixture. The obtained mercury oxide nanoparticles in the beaker were centrifuged,
rinsed several times with deionized water, then extracted using methanol, and dried at air-
oven.

2.2.6 Synthesis of MnNPs in ChCl-Urea/ ChCI-EG/ /Ch.CI-MA DES.

Nanoparticles of manganese were synthesized in the DES of ChCI-Urea/ ChCI-EG/
/Ch.CI-MA as follows [, Nanoparticles were made by combining 10 ml of 0.01M
manganese chloride dihydrate [HgCl..2H2O] with 15 ml of choline chloride — ethylene
glycol DES in a beaker and magnetically stirring for 30 minutes at 1200 RPM with a
magnetic stirrer. During vigorous stirring, about 8-10 ml of 0.01 M hydrazine hydrate as a
reducing agent was added drop by drop, followed by 10 ml of 1 M sodium hydroxide as a
stabilizing agent was injected slowly into the mixture. The obtained manganese oxide
nanoparticles in the beaker were centrifuged, rinsed several times with deionized water,
then extracted using methanol, and dried at air-oven.

2.2.7 Synthesis of ZrNPs in ChCI-Urea /ChCI-EG/ /Ch.CI-MA DES.

Zirconium nanoparticles were synthesized in the DES of ChCI-Urea/ ChCI-EG/
/Ch.CI-MA as follows 2. Nanoparticles were made by combining 10 ml of 0.01M
zirconium oxychloride [ZrOCIz] with 15 ml of choline chloride — ethylene glycol DES in

a beaker and magnetically stirring for 30 minutes at 1200 RPM with a magnetic stirrer.
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During vigorous stirring, about 8-10 ml of 0.01 M hydrazine hydrate as a reducing agent
was added drop by drop, followed by 10 ml of 1 M sodium hydroxide as a stabilizing agent
was injected slowly into the mixture. The obtained zirconium oxide nanoparticles in the
beaker were centrifuged, rinsed several times with deionized water, then extracted using
methanol, and dried at air-oven.

2.2.8 Synthesis of AgNPs in ChCl-Urea/ ChCI-EG/ /Ch.CI-MA DES.

Nanoparticles of silver were synthesized in the DES of ChCIl-Urea/ ChCI-EG/
/Ch.CI-MA as follows [?. Nanoparticles were made by combining 10 ml of 0.01M silver
nitrate [AgNOs] with 15 ml of choline chloride — ethylene glycol DES in a beaker and
magnetically stirring for 30 minutes at 1200 RPM with a magnetic stirrer. During vigorous
stirring, about 8-10 ml of 0.01 M hydrazine hydrate as a reducing agent was added drop by
drop, followed by 10 ml of 1 M sodium hydroxide as a stabilizing agent was injected slowly
into the mixture. The obtained silver oxide nanoparticles in the beaker were centrifuged,
rinsed several times with deionized water, then extracted using methanol, and dried at air-
oven.

2.2.9 Synthesis of ZnNPs in ChCl-Urea/ ChCI-EG/ /Ch.CI-MA DES.

Zinc nanoparticles were synthesized in the DES of ChCI-Urea/ ChCI-EG/ /Ch.CI-
MA as follows 1. Nanoparticles were made by combining 10 ml of 0.01M Zinc acetate
dihydrate [Zn (COOCH?3)2.2H.0] with 15 ml of choline chloride — ethylene glycol DES in
a beaker and magnetically stirring for 30 minutes at 1200 RPM with a magnetic stirrer.
During vigorous stirring, about 8-10 ml of 0.01 M hydrazine hydrate as a reducing agent
was added drop by drop, followed by 10 ml of 1 M sodium hydroxide as a stabilizing agent
was injected slowly into the mixture. The obtained zinc oxide nanoparticles in the beaker
were centrifuged, rinsed several times with deionized water, then extracted using methanol,

and dried at air-oven.
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2.2.10 Synthesis of CdNPs in ChCl-Urea/ ChCI-EG/ /Ch.CI-MA DES.

Cadmium nanoparticles were synthesized in the DES of ChCI-Urea/ ChCI-EG/
/Ch.CI-MA as follows 2. Nanoparticles were made by combining 10 ml of 0.01M
cadmium chloride [CdCI2] with 15 ml of choline chloride —ethylene glycol DES in a beaker
and magnetically stirring for 30 minutes at 1200 RPM with a magnetic stirrer. During
vigorous stirring, about 8-10 ml of 0.01 M hydrazine hydrate as a reducing agent was added
drop by drop, followed by 10 ml of 1 M sodium hydroxide as a stabilizing agent was
injected slowly into the mixture. The obtained cadmium oxide nanoparticles in the beaker
were centrifuged, rinsed several times with deionized water, then extracted using methanol,
and dried at air-oven.

2.2.11 Synthesis of VNPs in ChCl-Urea/ ChCI-EG/ /Ch.CI-MA DES.

The vanadium nanoparticles were synthesized in the DES of ChCI-Urea/ ChCI-EG/
/Ch.CI-MA as follows [, Nanoparticles were made by combining 10 ml of 0.01M
vanadium pentoxide [V20s] with 15 ml of choline chloride — ethylene glycol DES in a
beaker and magnetically stirring for 30 minutes at 1200 RPM with a magnetic stirrer.
During vigorous stirring, about 8-10 ml of 0.01 M hydrazine hydrate as a reducing agent
was added drop by drop, followed by 10 ml of 1 M sodium hydroxide as a stabilizing agent
was injected slowly into the mixture. The obtained vanadium oxide nanoparticles in the
beaker were centrifuged, rinsed several times with deionized water, then extracted using
methanol, and dried at air-oven.

2.2.12 Synthesis of NiNPs in ChCIl-Urea/ ChCI-EG/ /Ch.CI-MA DES.

Nickel nanoparticles were synthesized in the DES of ChCI-Urea/ ChCI-EG/ /Ch.ClI-
MA as follows 21, Nanoparticles were made by combining 10 ml of 0.01M nickel nitrate
[Ni (NOz3)2] with 15 ml of choline chloride — ethylene glycol DES in a beaker and

magnetically stirring for 30 minutes at 1200 RPM with a magnetic stirrer. During vigorous
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stirring, about 8-10 ml of 0.01 M hydrazine hydrate as a reducing agent was added drop by
drop, followed by 10 ml of 1 M sodium hydroxide as a stabilizing agent was injected slowly
into the mixture. The obtained nickel oxide nanoparticles in the beaker were centrifuged,
rinsed several times with deionized water, then extracted using methanol, and dried at air-
oven.
2.3 Fourier Transform Infrared spectroscopy

Fourier-transform infrared spectroscopy (FTIR) is a technique for obtaining
infrared frequencies of absorption or emission of solid, liquid, or gas. FTIR spectrum was
recorded using a ShimadzuFTIR-8900 spectrometer between 4000 and 400 cm .FTIR is a
very versatile tool for the functional group characterization of solvents and nanoparticles
B, FTIR spectrum consists of absorption peaks that correspond to the frequencies of
vibration between the bonds of atoms in the nanoparticles.
2.4 Ultraviolet-Visible spectroscopy

UV-Visible spectroscopy (UV-Vis) analyses the extinction (scatter + absorption)
of light passing through a substance. UV-Vis is a great tool for discovering, characterizing,
and investigating nanomaterials because nanoparticles have unique optical properties that
are sensitive to size, shape, concentration, aggregation state, and refractive index near the
nanoparticle surface. The preliminary investigation of nanoparticles was done by Perkin-
Elmer make Lambda 35 UV-Visible Spectrophotometer range from 190 nm to 1100nm.
2.5 Scanning Electron Microscopy

One of the most extensively used tools for the characterization of nanomaterials
and nanostructures is the scanning electron microscope (SEM). The signals generated by
electron-sample interactions disclose information about the surface morphology (texture)

of the sample, as well as its particle size 1. The morphology of nanoparticles was examined
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in their natural state under a range ofconditions including very high-water vapor pressure
up to 3000 Pa using Carel Zeiss made model EVO18Scanning Electron Microscope.
2.6 X-Ray Diffractometer
The analytical technique of X-ray diffraction (XRD) is based on the

diffraction of X-rays by matter, particularly crystalline materials. As a more ordered
material is studied, X-ray diffraction is elastic scattering (without loss of photon energy)
that results in increasing interference . The XRD pattern of nanoparticles was recorded
on PANalytical made model X’pert3 powder X-ray diffractometer.
2.7 Energy Dispersive X-ray Analysis

EDAX works on the principle of generating X-rays from a specimen using an
electron beam. The features and type of the elements contained in the sample are used to
generate the X-rays 61, The Energy Dispersive X-Ray Analysis of nanoparticles was
recorded on EDAX Inc., USA made TEAM EDS model. From this, the elemental
composition and the purity of the nanoparticles were known.
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3. CHOLINE CHLORIDE - UREA DES MEDIA ASSISTED
SYNTHESIS OF SOME METAL OXIDE NANOPARTICLES

3.1 Introduction

Metal-based nanoparticles have different budding applications in biological,
chemical, medical, and agricultural fields due to their interesting features. Metal
nanoparticles are either cleaner forms of metals such as Au, Ag, Cu, Fe, etc., or their
compounds such as sulfides, hydroxides, oxides, etc. lonic liquids are commonly involved
in the abstraction of nanoparticles but they are somewhat difficult due to their impoverished
bio-degradability, bio-compatibility, and sustainability. Therefore, as a substitute for ionic
liquids, Deep Eutectic Solvent (DES) is considered in the development of nanoparticles.

Nanoscience is learning that defines the particles of nanoscale having fewer than
100 nm, and examination of their varied physio-chemical characteristics and their
opportunity in several fields. A lot of improvements have been made in nano-based
technology due to the common properties such as the particle’s surface area, size, shape,
charge, and surface reactivity which are exclusive and better when related to the equivalent
bulk particles M. The metal-based NPs, apart from their common properties, their structural
and elemental compositions in nanoscales allow MNPs to be evolving contenders in
pharmaceutical, environmental, agricultural, and chemical industries.

Copper oxide nanoparticle is essential and reasonably inexpensive when compared
to precious metals such as Au and Ag 2. Manganese oxide nanoparticle has budding
applications in the medical field. Their application as MRI contrast agents in cancer
multimodal therapy and modeling is a significant one 1. Zirconium oxide nanoparticles
claimed applications in fuel cells (4],

A DES is typically self-possessed of two or three low-cost and harmless
components that are capable of linking via hydrogen bond relations to generate a eutectic
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mixture B, Regularly, DES can be signified by the common formula Cat* X zY where Cat*
is ammonium, phosphonium, or sulfonium cation, and X is a Lewis base, normally a halide
anion and Y is either a Lewis or Bronsted acid. Here z refers to the number of Y molecules
that interact with the anion X". In general, there are four types of DES and the choline
chloride — urea DES used in this investigation belongs to type 111 DES I,

Urea is proficient in forming a liquid DES with Ch.Cl at room temperature,
seemingly due to its sturdier nature to form hydrogen bond connections with Ch.CI. The
freezing point (Tr) of this 1:2 molar ratio DES of Ch.Cl-Urea was stated as 12 °C Fl. An
unpretentious road for the shape-controlled preparation of Au NPs involving Ch,Cl-urea
DES which replaced traditional surfactants ["). Further, the synthesis of Au nanowire from
straight away reduction of HAuUCIls by NaBH4 in DES [ obviously showed the rewards of
removing surfactants or seeds for the formation of nanomaterials when DESs are used. In
the latter synthesis, two different DESs, i.e. Ch-Cl - ethylene glycol (1:2-mole ratio) or
Ch.ClI - urea (1:2-mole ratio) was deployed in the absence of a surfactant. The development
of nanoparticles of several shapes and surfaces was controlled by adjusting the water
content of the DES [©1,

Thus, DESs are considered an effective solvent media for the synthesis of
nanoparticles. DES is beneficial over ILs in the range of recyclability, costs,
biodegradability, and lower toxicity. Most DES is prepared from the natural origin such as
are choline chloride - ethylene glycol, choline chloride - urea, choline chloride -
phenylacetic acid, choline chloride — glycerol, etc. Thao Dao Vu Phuong et al., (2021) ©!
focused on the early stages of copper electrodeposition using a DES containing CsH14CINO
and urea (DES). Parsa et al., (2020) 1% studied the nickel nanostructures with wrinkles
that were electrodeposited from a DES including CsH14CINO and urea. Verma et al.,

(2019) I discussed the solvation and stability of the transitional metallic particles in
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several kinds of liquid ionic forms, as well as their characterization methodologies and
catalysis applications. Tome et.al (2018) [ reviewed current developments in novel
nanomaterials, as well as the procedures that have been created to use DES as a solvent.
The definition, preparation, and special features of DES are discussed first, followed by a
more detailed discussion of their applicability in polymer, metal deposition, and
nanomaterial research and sensing techniques. The Ni-Co alloy, that was created using the
method, has high corrosion resistance. Li et al., (2021) 31 demonstrated the deposition
method in choline chloride-urea to produce nano nickel-cobalt (Ni-Co) alloys with chosen
orientation. The Ni-Co alloy, which was created using the ChCIl/U method, offers good
corrosion resistance.

Palomar EZ et al., (2019) [*4l used the transitional quantity of potentiostat current
to describe the electrical depositing of Fe NPs onto the HOPG electrode surface from
Fe(l11) ions blended in the CsH14CINO-urea eutectic mixture. Delbecq et al.,(2019) 19
studied the formation of supramolecular gels by adding long-chain alkyl aminoamide to
metal chloride solubilized in choline chloride — urea. Smaller noble metal nanoparticles
(Co NP or Au NP) could be generated by employing these gels as a template without the
addition of reducing agents. Ghenaatian et al., (2021) [l investigated the noble metallic
nanoparticle interaction with choline chloride —urea by the theory of density functional
method. Kakaei et al., (2018) ] focused on the synthesis of graphene oxide and its
reduced form through the electrochemical method with the use of graphite rod using the
supersaturated solution of choline chloride — urea and water.

This study involved an innovative Choline chloride — urea DES as a eco-friendly
solvent to prepare copper, mercury, manganese, zirconium, silver, zinc, cadmium,
vanadium and nickel oxide nanoparticles. The metal oxide nanoparticles prepared have

been examined using UV-Visible, FTIR Spectroscopy, X-Ray Diffraction (XRD),
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Scanning Electron Microscopy (SEM), Transmission Electron Microscopy (TEM), and
Energy Dispersive X-Ray Analysis (EDAX). The creation of these metal oxide
nanoparticles via Choline Chloride (CsH14CINO) — Urea DES can be considered as a
worthy route in chemical engineering.
3.2 Experimental

The chemicals used for this investigation such as choline chloride, urea, hydrazine
hydrate, sodium hydroxide, methanol, copper nitrate trihydrate, mercuric chloride,
manganese chloride dihydrate, zirconium oxychloride, silver nitrate, zinc acetate dihydrate,
cadmium chloride, vanadium pentoxide and nickel nitrate were purchased from Sigma—
Aldrich, India and utilized as received. Barnstead nanopore water (>17.8 M-cm) was used
to prepare all stock solutions.
3.2.1 Preparation of choline chloride — urea deep eutectic solvent

The choline chloride (Ch.Cl) and urea (U) received were recrystallized, filtered, and
vacuum dried before it was used. The 1:1 molar ratio of these two components were taken
and heated to 100 °C and agitated until a homogeneous, colourless liquid was produced
from the two components. A few hours’ worth of heating choline chloride and urea at
100°C yielded a clear homogenous liquid.
3.2.2 Synthesis of copper nanoparticles in choline chloride — urea deep eutectic solvent

Copper nanoparticles were synthesized in the DES of ChCI-U as follows [8],
Nanoparticles were made by combining 10 ml of 0.01M copper nitrate trihydrate
[Cu(NO3)2.3H20] with 15 ml of choline chloride — urea DES in a beaker and magnetically
stirring for 30 minutes at 1200 RPM with a magnetic stirrer. During vigorous stirring, about
8-10 ml of 0.01 M hydrazine hydrate as a reducing agent was added drop by drop, followed
by 10 ml of 1 M sodium hydroxide as a stabilizing agent was injected slowly into the

mixture. The obtained black colored copper oxide nanoparticles in the beaker were
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centrifuged, rinsed several times with deionized water, then extracted using methanol, and
dried at air-oven.
3.2.3 Synthesis of mercury nanoparticles in choline chloride — urea deep eutectic
solvent

Nanoparticles of mercury were synthesized in the DES of ChCI-U as follows 181,
Nanoparticles were made by combining 10 ml of 0.01M mercuric chloride [HgCl2] with
15 ml of choline chloride — urea DES in a beaker and magnetically stirring for 30 minutes
at 1200 RPM with a magnetic stirrer. During vigorous stirring, about 8-10 ml of 0.01 M
hydrazine hydrate as a reducing agent was added drop by drop, followed by 10 ml of 1 M
sodium hydroxide as a stabilizing agent was injected slowly into the mixture. The obtained
ash colored mercury oxide nanoparticles in the beaker were centrifuged, rinsed several
times with deionized water, then extracted using methanol, and dried at air-oven.
3.2.4 Synthesis of manganese nanoparticles in choline chloride — urea deep eutectic
solvent

Nanoparticles of manganese were synthesized in the DES of ChCI-U as follows €],
Nanoparticles were made by combining 10 ml of 0.01M manganese chloride dihydrate
[MnCl2.2H20] with 15 ml of choline chloride — urea DES in a beaker and magnetically
stirring for 30 minutes at 1200 RPM with a magnetic stirrer. During vigorous stirring, about
8-10 ml of 0.01 M hydrazine hydrate as a reducing agent was added drop by drop, followed
by 10 ml of 1 M sodium hydroxide as a stabilizing agent was injected slowly into the
mixture. The obtained brown colored manganese oxide nanoparticles in the beaker were
centrifuged, rinsed several times with deionized water, then extracted using methanol, and

dried at air-oven.
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3.2.5 Synthesis of zirconium nanoparticles in choline chloride — urea deep eutectic
solvent

Zirconium nanoparticles were synthesized in the DES of ChCI-U as follows [8],
Nanoparticles were made by combining 10 ml of 0.01M zirconium oxychloride [ZrOCI>]
with 15 ml of choline chloride — urea DES in a beaker and magnetically stirring for 30
minutes at 1200 RPM with a magnetic stirrer. During vigorous stirring, about 8-10 ml of
0.01 M hydrazine hydrate as a reducing agent was added drop by drop, followed by 10 ml
of 1 M sodium hydroxide as a stabilizing agent was injected slowly into the mixture. The
obtained white colored zirconium oxide nanoparticles in the beaker were centrifuged,
rinsed several times with deionized water, then extracted using methanol, and dried at air-
oven.
3.2.6 Synthesis of silver nanoparticles in choline chloride — urea deep eutectic solvent

Nanoparticles of silver were synthesized in the DES of ChCI-U as follows 121,
Nanoparticles were made by combining 10 ml of 0.01M silver nitrate [AgNO3] with 15 ml
of choline chloride — urea DES in a beaker and magnetically stirring for 30 minutes at 1200
RPM with a magnetic stirrer. During vigorous stirring, about 8-10 ml of 0.01 M hydrazine
hydrate as a reducing agent was added drop by drop, followed by 10 ml of 1 M sodium
hydroxide as a stabilizing agent was injected slowly into the mixture. The obtained black
colored silver oxide nanoparticles in the beaker were centrifuged, rinsed several times with
deionized water, then extracted using methanol, and dried at air-oven.
3.2.7 Synthesis of zinc nanoparticles in choline chloride — urea deep eutectic solvent

Zinc nanoparticles were synthesized in the DES of ChCI-U as follows [,
Nanoparticles were made by combining 10 ml of 0.01M Zinc acetate dihydrate
[Zn(COOCHs3)2.2H20] with 15 ml of choline chloride — urea DES in a beaker and

magnetically stirring for 30 minutes at 1200 RPM with a magnetic stirrer. During vigorous
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stirring, about 8-10 ml of 0.01 M hydrazine hydrate as a reducing agent was added drop by
drop, followed by 10 ml of 1 M sodium hydroxide as a stabilizing agent was injected slowly
into the mixture. The obtained dirty white colored zinc oxide nanoparticles in the beaker
were centrifuged, rinsed several times with deionized water, then extracted using methanol,
and dried at air-oven.
3.2.8 Synthesis of cadmium nanoparticles in choline chloride — urea deep eutectic
solvent

Cadmium nanoparticles were synthesized in the DES of ChCI-U as follows [8],
Nanoparticles were made by combining 10 ml of 0.01M cadmium chloride [CdCI.] with
15 ml of choline chloride — urea DES in a beaker and magnetically stirring for 30 minutes
at 1200 RPM with a magnetic stirrer. During vigorous stirring, about 8-10 ml of 0.01 M
hydrazine hydrate as a reducing agent was added drop by drop, followed by 10 ml of 1 M
sodium hydroxide as a stabilizing agent was injected slowly into the mixture. The obtained
dark brown colored cadmium oxide nanoparticles in the beaker were centrifuged, rinsed
several times with deionized water, then extracted using methanol, and dried at air-oven.
3.2.9 Synthesis of vanadium nanoparticles in choline chloride — urea deep eutectic
solvent

The vanadium nanoparticles were synthesized in the DES of ChCI-U as follows 1281,
Nanoparticles were made by combining 10 ml of 0.01M vanadium pentoxide [V20s] with
15 ml of choline chloride — urea DES in a beaker and magnetically stirring for 30 minutes
at 1200 RPM with a magnetic stirrer. During vigorous stirring, about 8-10 ml of 0.01 M
hydrazine hydrate as a reducing agent was added drop by drop, followed by 10 ml of 1 M
sodium hydroxide as a stabilizing agent was injected slowly into the mixture. The obtained
blueish green colored vanadium oxide nanoparticles in the beaker were centrifuged, rinsed

several times with deionized water, then extracted using methanol, and dried at air-oven.
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3.2.10 Synthesis of nickel nanoparticles in choline chloride — urea deep eutectic solvent

Nickel nanoparticles were synthesized in the DES of ChCI-U as follows 8],
Nanoparticles were made by combining 10 ml of 0.01M nickel nitrate [Ni(NO3)2] with 15
ml of choline chloride — urea DES in a beaker and magnetically stirring for 30 minutes at
1200 RPM with a magnetic stirrer. During vigorous stirring, about 8-10 ml of 0.01 M
hydrazine hydrate as a reducing agent was added drop by drop, followed by 10 ml of 1 M
sodium hydroxide as a stabilizing agent was injected slowly into the mixture. The obtained
black colored nickel oxide nanoparticles in the beaker were centrifuged, rinsed several
times with deionized water, then extracted using methanol, and dried at air-oven.
3.3 Results and Discussions

The synthesized copper, mercury, manganese, zirconium, silver, zinc,

cadmium, vanadium and nickel nanoparticles in the deep eutectic solvent of choline
chloride — urea were characterized by the techniques such as UV-Visible spectroscopy,
Fourier transform infrared spectroscopy, Scanning electron microscopy, Transmission
Electron Microscopy (TEM), X-Ray diffraction and Energy dispersive X-ray analysis.
3.3.1 UV-Visible Spectra of Metal Nanoparticles Prepared Using Choline Chloride —
Urea Deep Eutectic Solvent

The UV-Visible spectra of copper, mercury, manganese, zirconium, silver, zinc,
cadmium, vanadium and nickel oxide nanoparticles obtained in their ethanolic solutions
between the wavelengths 200 and 800nm are placed in figures 3.1 to 3.9. The surface
plasmon absorption of metal nanoparticles are usually seen around 400 nm. Larger sizes
shift the band to longer wavelength and broaden the band to some extent and however, very
dumped plasmon and very broaden bands could be due to surface adsorptions % 20, The
bands due to either surface plasmon or surface adsorptions of these metal oxide

nanoparticles are given in table 3.1 below.
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Table 3.1: UV-Visible absorption bands of metal oxide nanoparticles obtained from

Ch.CI-U DES

S.No. Metal Oxide NPs Amax values (nm) Nature of bands
1 Copper 357.1 Surface Adsorptions
2 Mercury 361.65, 689.6 Surface Adsorptions
3 Manganese 293.35, 680.9 Surface Adsorptions
4 Zirconium 272.15, 345.45 Surface Plasmon
5 Silver 3423 Surface Plasmon
6 Zinc 272.1, 344.05, 432.8 Surface Plasmon
7 Cadmium 390.65 Surface Adsorptions
8 Vanadium 270.2 -
9 Nickel 270.45, 442.75 Surface Adsorptions

From the UV-Visible spectra of metal oxide nanoparticles displayed in figures 3.1
to 3.9, it was followed that the zirconium, silver and zinc showed surface plasmon
absorption bands at the specific wavelengths as given in table 3.1. The copper, mercury,
manganese, cadmium and nickel metal oxide nanoparticles obtained from the DES of
Ch.CI-U gave very broad and dumped absorption bands due to surface adsorptions while
the vanadium oxides are transparent above 300 nm. Copper, zirconium, silver, cadmium
and vanadium metal oxide nanoparticles prepared from the deep eutectic solvent of choline
chloride — urea is almost transparent in the visible region. Thus, these metal oxide
nanoparticles prepared from the deep eutectic solvent of choline chloride — urea are

expected to have no photocatalytic activity.
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3.3.2 FTIR Spectra of Metal Nanoparticles Prepared Using Choline Chloride — Urea
Deep Eutectic Solvent

The FTIR spectra obtained in the range of 400 to 4000 cm™ for copper, mercury,
manganese, zirconium, silver, zinc, cadmium, vanadium and nickel metal oxide
nanoparticles prepared from the deep eutectic solvent of choline chloride-urea are reported
in figures 3.10 to 3.18 of this section. The peaks of various metal oxide nanoparticles such
as copper, mercury, manganese, zirconium, silver, zinc, cadmium, vanadium and nickel
prepared from the DES of choline chloride — urea were presented in the following table
3.2.

The several peaks noticed in the range of 400 to 900 cm™ are correlated to respective
M — O vibrations of MO nanoparticles 2% 22, A few of the solvent molecules are capped
on the surface of MO nanoparticles. These are indicated by the peaks around 1040 and
1120 cm™ corresponding to the C — O stretching vibrations. The peak due to C — H bending
of alkane and CH. deformations of choline chloride is seen around 1470 cm™ and 1380 cm
Lin all these spectra. The peak was noticed around 1600 cm™ denoted O — H bending
vibrations of the choline chloride part of the deep eutectic solvent. The peaks observed
around 2850 cm™ and 2920 cm™ are due to C — O asymmetric stretching 2. Further, the
broad peaks seen around 3420 cm™ in all the spectra due to different vibrations modes of

water molecules adsorbed on the surface of metal oxide nanoparticles 211,
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Table 3.2: FTIR absorption peaks of metal oxide nanoparticles obtained from

Ch.CI-U DES
S.No. Metal IR Vibrations
Oxide
NPs M-O CO CH:defom CH OH (-0 CO OH
Vibrations Stretch (methylene)  bend  bend Stretch asym  stretch
(alkane) stretch
1 Cu 466,558, 1036, 1389 - 1611 - 2938 3406
614, 735 1112

2 Hg 477,641, 1063 1374 1420 - 1730 2946 3459
851

3 Mn 536,725, 1070 1376 1445 1583 1676 2915 3426
972

4 r 623,861 1038, 1388 - 1619 - 2930 3441

1106
5 Ag 663 1039 1391 - 1639 - 2866, 3455
2925

6 Zn 583,685, 1161 1363 1453 1589 - 2959 3416
856

7 Cd 514,618 1092 1350 1432 1602 - 2912 3452

8 Vv 466, 627 1054 1357 1428 1595 - 2933 3431

9 Ni 470,611, 1087 1284 1479 - 1672 2941 3426
951

From these FTIR spectra data summarized in table 3.2 it is followed that one of the
components of the DES used in the preparation of metal oxide nanoparticles, i.e. urea had
been capped on the surface of mercury, manganese and nickel oxide nanoparticles. This
fact is confirmed by the C= O stretching vibrations notice around 1700 cm™ in the

respective FTIR spectra.
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3.3.3 XRD Patterns of Metal Nanoparticles Prepared Using Choline Chloride — Urea
Deep Eutectic Solvent

The XRD patterns obtained for copper, mercury, manganese, zirconium, silver,
zinc, cadmium, vanadium and nickel metal oxide nanoparticles prepared from the deep
eutectic solvent of choline chloride-urea are reported and discussed as follows. The powder
x-ray diffraction patterns of copper oxide nanoparticles prepared from the deep eutectic
solvents, Ch.Cl — U are given in figure 3.19. The XRD patterns give information about the
grain size, structure, and phase cleanliness of the materials. In the case of CuO particles
obtained in Ch.Cl — U DES, the diffraction peaks seen at 26 values of 24.02°, 41.46° and
68.13° are indexed as (040), (420) and (300) respectively. The grain size of CuO
nanoparticles is determined by using the Debye—Scherer formula,

D =k AlIB cos@

where D denotes the grain size, K refers to a constant, A refers to the wavelength of
X-ray used, B denotes the fullwidth half-maximum of the diffraction peaks and 6 is the
angle of the diffraction Y. By using this formula, the average grain size of CuO
nanoparticles prepared from the DES of Ch.CI-U is found to be 45 nm.

All the diffraction points in the XRD can be assigned to the pure cubic lattice
structure of mercury oxide nanoparticles as given in figure 3.20. The peaks correspond to
(111), (200), (220), and (222) planes, which are in good pact with the JCPDS-pattern
available in the literature. The average crystal width of the HgO nano particles obtained in
the DES of Ch.CI-EG was found to be 25 nm using the Scherrer formula of the XRD
pattern. The crystalline behaviour of the prepared MnO nanoparticles was inspected by the
XRD analysis and given in the figure 3.21. The XRD patterns revealed the diffraction peaks
at 20 values for manganese oxide nanoparticles at 37.34, 55.21 and 66.37. These values are

in accordance with the crystal planes (101), (110) and (200). The mean particle size for
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MnO nanoparticles prepared from the DES of Ch.CI-U is found to be 50 nm using the
Scherrer formula.

The XRD pattern for zirconium oxide nanoparticle prepared using the solvent of
choline chloride — urea is provided at the figure 3.22. The diffraction peaks noticed in this
figure for ZrO nanoparticles are in agreement with the Joint Committee for Powder
Diffraction Studies (JCPDS) 2%l The average grain size of the ZrO nanoparticles with
respect to relative intensity peak at XRD pattern was found to be 20 nm when the Scherrer
formula is applied. The AgO nanoparticles obtained in the case of Ch.CI-EG DES reported
in figure 3.23 showed intense peaks at 260 values of 45.68, 64.49 and 77.46 which are
indexed corresponding to the planes of (110), (220) and (311) respectively. The structure
of silver oxide nanoparticles is crystalline in nature, and it is face centred cubic this case.
The average particle size of AgO NPs obtained in the case of Ch.CI-U DES is calculated
to be 130 nm by measuring the breadth of (111) Bragg’s reflection.

Figure 3.24 noticed the XRD data of zinc oxide nanoparticles obtained from the
DES of Ch.CI-U. The XRD plots of the nanoparticles showed peaks of pure hexagonal
structure of zinc oxide. Three reflection planes (100), (002) and (101) that have been seen
are similar to the detected reflections in bulk materials of zinc oxide . The diffraction
peaks obtained at 29.63°, 36.16°, 38.17°, 46.28°, 59.32°, 69.38 and 76.16° are intense and
sharp representing that the nano-crystalline zinc oxide nanoparticles had good crystallinity.
The highest intensity at figure 3.24 related to zinc oxide nanoparticles reflecting the nano-
range size around 75 nm by using Debye — Scherrer formula. The particle size determined
involving the comparative intensity peak (220) found at 260 value of 52.14° of CdO
nanoparticles as given in figure 3.25 has been observed as 100 nm. This is calculated using
the Scherrer formula from the figure 3.25 corresponding to the CdO nanoparticles obtained

from the DES of Ch.CI-U. The surge in sharpness of XRD peaks designates those particles
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are in crystalline kind. The (111), (200), (220), (311) and (222) reflections which
correspond to 42.13, 47.42, 50.32, 69.29 and 73.46 respectively, are obviously seen and
meticulously bout the reference designs of CdO (JCPDS) File No. 05-0640). The piercing
XRD peaks show that the particles were of polycrystalline assembly, further the
nanostructure raised with a random orientation 25 261,

The crystalline kind of DES media synthesized vanadium oxide nanoparticles was
depicted in figure 3.26. The characteristic key diffraction peaks noticed at 20 values of
14.18, 20.05, 22.3, 26.7, 30.21, 32.13, 34.23, 41.25, 42.6, 45.56, 48.4 and 52.23 that match
with the hkl planes of (200), (001), (101), (110), (310), (011), (310), (002), (102), (411),
(600) and (302) index planes were in decent arrangement with their standard JCPDS No.
41-1426 1, The size of vanadium oxide nanoparticles was found by using the Scherrer's
formula to be roughly 95 nm. The XRD pattern obtained for NiO nanoparticles in Ch.ClI-
U DES is shown in figure 3.27. Three peaks for NiO NPs at 26 values of 44.52°, 51.72°
and 76.32° corresponding to the (111), (200) and (222) lattice planes found established that
the ensuing particles have been pure Nickel oxide nanoparticles 281, The nanoparticles
width was projected by using the Scherrer's equation to be around 65 nm.

3.3.4 SEM Analysis of Metal Nanoparticles Prepared Using Choline Chloride — Urea
Deep Eutectic Solvent

The SEM images obtained for copper, mercury, manganese, zirconium, silver, zinc,
cadmium, vanadium and nickel metal oxide nanoparticles prepared from the deep eutectic
solvent of choline chloride-urea are reported and discussed herewith. To examine the
morphological structure and particle size of metal oxide nanoparticles such as Cu, Hg, Mn,
Zr, Ag, Zn, Cd, V and Ni, scanning electron microscopy was used 2% 301 The assembly,
geometry, and magnitude of the above metal oxide nanoparticles prepared using the DES

of Ch.CI-U were evaluated from the Scanning Electron Microscopy images which are
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displayed in figures 3.28 to 3.36. The mean particle dimensions of these metal oxide
nanoparticles were calculated from the histograms of the respective SEM images and they
are shown in figures 3.37 to 3.45. Further, the shapes and mean size of the prepared metal
oxide nanoparticles are given in table 3.3 below.

Table 3.3: SEM morphology and size of metal oxide nanoparticles obtained from

Ch.CI-U DES
S.No.  Metal Oxide NPs Morphology Size (nm)
1 Copper Polygonal Rods 44.22
2 Mercury Polymorphous Grains 23.51
3 Manganese Spongy Buds 49.46
4 Zirconium Spongy Like 19.16
5 Silver Aggregated Spheres 130
6 Zinc Spongy Rods 70
7 Cadmium Scales Like 101
8 Vanadium Spongy Scales 97
9 Nickel Accumulated Scales 62

3.3.5 TEM Analysis of Metal Nanoparticles Prepared Using Choline Chloride — Urea
Deep Eutectic Solvent

The transmission electron microscopy (TEM) dimensions were supported out at
100 nm scale on the nanomaterials prepared using Ch.Cl-Urea deep eutectic solvent and
the images are shown in figures 3.46 to 3.54. Cluster formation takes place as a result of
interactions among the nanoparticles formed. The size of individual particles can be
distinguished and their sizes and shapes resemble well with the SEM images. A few of the
particles noticed in figures 3.46 to 3.54 are different from each though some particles have

sizes and shape identical to those measured from the SEM images within 100 nm
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3.3.6 EDAX Analysis of Metal Nanoparticles Prepared Using Choline Chloride — Urea
Deep Eutectic Solvent

The elemental composition and the purity of the DES media via prepared metal
oxide nanoparticles are confirmed by Energy Dispersive X-ray Analysis. The elemental
cleanliness of these metal oxide NPs was evaluated from the EDAX spectra and the peak
values established the occurrence of target components in the synthesized NPs [31-34 351 The
EDAX spectra obtained for copper, mercury, manganese, zirconium, silver, zinc, cadmium,
vanadium and nickel metal oxide nanoparticles prepared from the deep eutectic solvent of
choline chloride-urea are reported in the figures 3.55 to 3.63. The elemental purity, weight
percentage, atom percentage of metals, oxygen and the trace of elements of solvent were
given in the tables as an insert of the respective EDAX spectra of metal oxide nanoparticles.
3.4. Conclusion

Nine types of metal oxide nanoparticles were synthesized successfully using
choline chloride — urea deep eutectic solvents. The copper, mercury, manganese,
zirconium, silver, zinc, cadmium, vanadium and nickel metal oxide nanoparticles prepared
were characterized by techniques such as UV spectroscopy, FTIR spectroscopy, X-Ray
diffraction, Scanning Electron Microscopy, Transmission Electron Microscopy and Energy
Dispersive X-ray Analysis. The nanoparticles were synthesized in a simple and convenient
manner. There was no surfactant and seed were utilized for the formation of nanoparticles.
The size of the particles formed was controlled by varying proportions of the water present

in the DESs.
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Figure 3.1: UV-Visible Spectrum of Copper Oxide Nanoparticle obtained in Ch. CI-U DES
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Figure 3.2: UV-Visible Spectrum of Mercury Oxide Nanoparticle obtained in Ch. CI-U DES
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Figure 3.5: UV-Visible Spectrum of Silver Oxide Nanoparticle obtained in Ch. CI-U DES
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Figure 3.6: UV-Visible Spectrum of Zinc Oxide Nanoparticle obtained in Ch. CI-U DES
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Figure 3.7: UV-Visible Spectrum of Cadmium Oxide Nanoparticle obtained in Ch. CI-U
DES
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Figure 3.8: UV-Visible Spectrum of Vanadium Oxide Nanoparticle obtained in Ch. CI-U
DES
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Figure 3.9: UV-Visible Spectrum of Nickel Oxide Nanoparticle obtained in Ch. CI-U DES
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Figure 3.10: FTIR Spectrum of Copper Oxide Nanoparticle obtained in Ch. CI-U DES
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Figure 3.11: FTIR Spectrum of Mercury Oxide Nanoparticle obtained in Ch. CI-U DES
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Figure 3.12: FTIR Spectrum of Manganese Oxide Nanoparticle obtained in Ch. CI-U DES
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Figure 3.13: FTIR Spectrum of Zirconium Oxide Nanoparticle obtained in Ch. CI-U DES
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Figure 3.14: FTIR Spectrum of Silver Oxide Nanoparticle obtained in Ch. CI-U DES
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Figure 3.15: FTIR Spectrum of Zinc Oxide Nanoparticle obtained in Ch. CI-U DES
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Figure 3.16: FTIR Spectrum of Cadmium Oxide Nanoparticle obtained in Ch. CI-U DES
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Figure 3.17: FTIR Spectrum of Vanadium Oxide Nanoparticle obtained in Ch. CI-U DES
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Figure 3.18: FTIR Spectrum of Nickel Oxide Nanoparticle obtained in Ch. CI-U DES
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Figure 3.19: XRD Pattern of Copper Oxide Nanoparticle obtained in Ch. CI-U DES
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Figure 3.20: XRD Pattern of Mercury Oxide Nanoparticle obtained in Ch. CI-U DES
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Figure 3.21: XRD Pattern of Manganese Oxide Nanoparticle obtained in Ch. CI-U DES
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Figure 3.22: XRD Pattern of Zirconium Oxide Nanoparticle obtained in Ch. CI-U DES
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Figure 3.23: XRD Pattern of Silver Oxide Nanoparticle obtained in Ch. CI-U DES
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Figure 3.24: XRD Pattern of Zinc Oxide Nanoparticle obtained in Ch. CI-U DES
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Figure 3.25: XRD Pattern of Cadmium Oxide Nanoparticle obtained in Ch. CI-U DES
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Figure 3.26: XRD Pattern of Vanadium Oxide Nanoparticle obtained in Ch. CI-U DES
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Figure 3.27: XRD Pattern of Nickel Oxide Nanoparticle obtained in Ch. CI-U DES
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Figure 3.28: SEM Image of Copper Oxide Nanoparticle obtained in Ch. CI-U DES
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Figure 3.29: SEM Image of Mercury Oxide Nanoparticle obtained in Ch. CI-U DES
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Figure 3.30: SEM Image of Manganese Oxide Nanoparticle obtained in Ch. CI-U DES
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Figure 3.31: SEM Image of Zirconium Oxide Nanoparticle obtained in Ch. CI-U DES
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Figure 3.32: SEM Image of Silver Oxide Nanoparticle obtained in Ch. CI-U DES
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Figure 3.33: SEM Image of Zinc Oxide Nanoparticle obtained in Ch. CI-U DES
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Figure 3.34: SEM Image of Cadmium Oxide Nanoparticle obtained in Ch. CI-U DES
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Figure 3.35: SEM Image of Vanadium Oxide Nanoparticle obtained in Ch. CI-U DES
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Figure 3.36: SEM Image of Nickel Oxide Nanoparticle obtained in Ch. CI-U DES
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Figure 3.37: SEM Histogram of Copper Oxide Nanoparticle obtained in Ch. CI-U DES
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Figure 3.38: SEM Histogram of Mercury Oxide Nanoparticle obtained in Ch. CI-U DES
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Figure 3.39: SEM Histogram of Manganese Oxide Nanoparticle obtained in Ch. CI-U DES
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Figure 3.40: SEM Histogram of Zirconium Oxide Nanoparticle obtained in Ch. CI-U DES
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Figure 3.41: SEM Histogram of Silver Oxide Nanoparticle obtained in Ch. CI-U DES
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Figure 3.42: SEM Histogram of Zinc Oxide Nanoparticle obtained in Ch. CI-U DES
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Figure 3.43: SEM Histogram of Cadmium Oxide Nanoparticle obtained in Ch. CI-U DES
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Figure 3.44: SEM Histogram of Vanadium Oxide Nanoparticle obtained in Ch. CI-U DES
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Figure 3.45: SEM Histogram of Nickel Oxide Nanoparticle obtained in Ch. CI-U DES

Figure 3.46: TEM Image of Copper Oxide Nanoparticle obtained in Ch. CI-U DES
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Figure 3.48: TEM Image of Manganese Oxide Nanoparticle obtained in Ch. CI-U DES
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Figure 3.49: TEM Image of Zirconium Oxide Nanoparticle obtained in Ch. CI-U DES

Figure 3.50: TEM Image of Silver Oxide Nanoparticle obtained in Ch. CI-U DES
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Figure 3.52: TEM Image of Cadmium Oxide Nanoparticle obtained in Ch. CI-U DES
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Figure 3.53: TEM Image of Vanadium Oxide Nanoparticle obtained in Ch. CI-U DES

Figure 3.54: TEM Image of Nickel Oxide Nanoparticle obtained in Ch. CI-U DES
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Figure 3.55: EDAX Spectrum of Copper Oxide Nanoparticle obtained in Ch. CI-U DES
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Figure 3.56: EDAX Spectrum of Mercury Oxide Nanoparticle obtained in Ch. CI-U DES
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Figure 3.57: EDAX Spectrum of Manganese Oxide Nanoparticle obtained in Ch. CI-U DES
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Figure 3.58: EDAX Spectrum of Zirconium Oxide Nanoparticle obtained in Ch. CI-U DES
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Figure 3.59: EDAX Spectrum of Silver Oxide Nanoparticle obtained in Ch. CI-U DES
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Figure 3.60: EDAX Spectrum of Zinc Oxide Nanoparticle obtained in Ch. CI-U DES

133




Full scale counts: 222

Base(465)

200

150+

100+

50

Cd
Element Weight %
Line
OK 34.45
CIK 24.72
c ClL
CdK 40.83
CdL
Total 100.00
Cl cd
Cd
| -d--l- — | | I A -I I
1 2 3 4 5 [i] 7 8 o 10

Figure 3.61: EDAX Spectrum of Cadmium Oxide Nanoparticle obtained in Ch. CI-U DES
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Figure 3.62: EDAX Spectrum of Vanadium Oxide Nanoparticle obtained in Ch. CI-U DES
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Figure 3.63: EDAX Spectrum of Nickel Oxide Nanoparticle obtained in Ch. CI-U DES
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4. SYNTHESIS OF SOME METAL NANOPARTICLES
USING THE EFFECTIVE MEDIA OF CHOLINE
CHLORIDE - ETHYLENE GLYCOL DEEP EUTECTIC
SOLVENT

4.1 Introduction

Nanoparticles are budding materials for have lots of biological as well as chemical
usefulness due to their interesting characteristics [* ~31. The ions with low lattice energy are
seen in deep eutectic solvents (DES). A quaternary ammonium salt is regularly complexed
with a metal salt or hydrogen bond donor (HBD) to produce these solvents &~ €l It was
found that the green preparation of nano-composites may be achieved both theoretically
and experimentally involving ionic liquids, [BF4] or [PFs] based liquids, and basic liquids
[ The results of electrochemically polishing Ti-based alloys were presented B and
electropolishing in a potentiostatic mode (E=3.0 V and E=4.0 V) at 25 °C took 3040
minutes. Flaws were eliminated during electropolishing with Ethaline, which resulted in a
surface smoothing and roughening impact on the surface. Relationships between surface
roughness coefficients and wettability variables have been developed and explored in the
course of electrochemically polishing a Ti-based alloy. Zirconium oxide nanoparticles
were made using sodium hydroxide, zirconium oxychloride, and banana peel extract [!.
Biosynthesised zirconium oxide nanoparticles show fungicidal efficacy against P.
Versicolor, a first in the field of fungicide research % groups were produced in green using
Enterobacter sp. strain RNT10. Zinc oxide doping altered the surface of manganese oxide
[111 XRD, EDS, and FTIR methods were used to assess the synthesized material. The
catalyst was shown to prevent a photocatalytic degradation of textile dye (MB) and Zn-
doped MnO was shown to be a better photocatalyst than MnO against the dye. In addition

to pH, hydroxyl-scavenger activity, reaction temperature and starting pigment
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concentration, photocatalysts were tested to determine if Methylene blue dye could be
degraded in an ecologically acceptable way using photocatalysts.

The green synthesis of nanoparticles involving DESs is a continuously eco-friendly
and attractive route. The present investigation in this chapter focuses on the synthesis of
copper, mercury, manganese, zirconium, silver, zinc, cadmium, vanadium and nickel
nanoparticles in their oxide forms, utilizing the Choline Chloride - Ethylene Glycol DES
as the solvent in presence of a reducing agent, hydrazine hydrate. The UV-Visible spectra,
Fourier Transformation Infra-Red (FTIR) spectra, X-Ray diffraction (XRD), Scanning
Electron Microscopy (SEM), and Energy Dispersive X-Ray (EDAX) analysis were carried
out on these metal nanoparticles. The average sizes of these metal nanoparticles were found
to be 50 to 200nm. Hence the synthesis of metal nanoparticles using Ch. Cl — EG can be
considered as a substitute greener route in the chemical synthesis of metal nanoparticles.
4.2 Experimental

The chemicals used for this investigation such as choline chloride, ethylene glycol,
hydrazine hydrate, sodium hydroxide, methanol, copper nitrate trihydrate, mercuric
chloride, manganese chloride dihydrate, zirconium oxychloride, silver nitrate, zinc acetate
dihydrate, cadmium chloride, vanadium pentoxide and nickel nitrate were purchased from
Sigma-Aldrich, India and utilized as received. Barnstead nanopore water (>17.8 M-cm)
was used to prepare all stock solutions.

4.2.1 Preparation of choline chloride — ethylene glycol deep eutectic solvent

The choline chloride (Ch.Cl) received was recrystallized, filtered, and vacuum
dried before it was used. The original version of ethylene glycol (EG) was used. The 1:1
molar ratio of these two components were taken and heated to 100 °C and agitated until a

homogeneous, colourless liquid was produced from the two components. An hour's worth

138



of heating choline chloride and ethylene glycol at 100°C yielded a clear homogenous
liquid.
4.2.2 Synthesis of copper nanoparticles in choline chloride — ethylene glycol deep
eutectic solvent

Copper nanoparticles were synthesized in the DES of ChCI-EG as follows [*2],
Nanoparticles were made by combining 10 ml of 0.01M copper nitrate trihydrate
[Cu(NO3)2.3H20] with 15 ml of choline chloride — ethylene glycol DES in a beaker and
magnetically stirring for 30 minutes at 1200 RPM with a magnetic stirrer. During vigorous
stirring, about 8-10 ml of 0.01 M hydrazine hydrate as a reducing agent was added drop by
drop, followed by 10 ml of 1 M sodium hydroxide as a stabilizing agent was injected slowly
into the mixture. The obtained copper oxide nanoparticles in the beaker were centrifuged,
rinsed several times with deionized water, then extracted using methanol, and dried at air-
oven.
4.2.3 Synthesis of mercury nanoparticles in choline chloride — ethylene glycol deep
eutectic solvent

Nanoparticles of mercury were synthesized in the DES of ChCI-EG as follows 12,
Nanoparticles were made by combining 10 ml of 0.01M mercuric chloride [HgCl2] with
15 ml of choline chloride — ethylene glycol DES in a beaker and magnetically stirring for
30 minutes at 1200 RPM with a magnetic stirrer. During vigorous stirring, about 8-10 ml
of 0.01 M hydrazine hydrate as a reducing agent was added drop by drop, followed by 10
ml of 1 M sodium hydroxide as a stabilizing agent was injected slowly into the mixture.
The obtained mercury oxide nanoparticles in the beaker were centrifuged, rinsed several

times with deionized water, then extracted using methanol, and dried at air-oven.
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4.2.4 Synthesis of manganese nanoparticles in choline chloride — ethylene glycol deep
eutectic solvent

Nanoparticles of manganese were synthesized in the DES of ChCI-EG as follows
[2] Nanoparticles were made by combining 10 ml of 0.01M manganese chloride dihydrate
[MnCl2.2H20] with 15 ml of choline chloride — ethylene glycol DES in a beaker and
magnetically stirring for 30 minutes at 1200 RPM with a magnetic stirrer. During vigorous
stirring, about 8-10 ml of 0.01 M hydrazine hydrate as a reducing agent was added drop by
drop, followed by 10 ml of 1 M sodium hydroxide as a stabilizing agent was injected slowly
into the mixture. The obtained manganese oxide nanoparticles in the beaker were
centrifuged, rinsed several times with deionized water, then extracted using methanol, and
dried at air-oven.
4.2.5 Synthesis of zirconium nanoparticles in choline chloride — ethylene glycol deep
eutectic solvent

Zirconium nanoparticles were synthesized in the DES of ChCI-EG as follows 21,
Nanoparticles were made by combining 10 ml of 0.01M zirconium oxychloride [ZrOCI;]
with 15 ml of choline chloride — ethylene glycol DES in a beaker and magnetically stirring
for 30 minutes at 1200 RPM with a magnetic stirrer. During vigorous stirring, about 8-10
ml of 0.01 M hydrazine hydrate as a reducing agent was added drop by drop, followed by
10 ml of 1 M sodium hydroxide as a stabilizing agent was injected slowly into the mixture.
The obtained zirconium oxide nanoparticles in the beaker were centrifuged, rinsed several
times with deionized water, then extracted using methanol, and dried at air-oven.
4.2.6 Synthesis of silver nanoparticles in choline chloride — ethylene glycol deep
eutectic solvent

Nanoparticles of silver were synthesized in the DES of ChCI-EG as follows 21,

Nanoparticles were made by combining 10 ml of 0.01M silver nitrate [AgNOz] with 15 ml

140



of choline chloride — ethylene glycol DES in a beaker and magnetically stirring for 30
minutes at 1200 RPM with a magnetic stirrer. During vigorous stirring, about 8-10 ml of
0.01 M hydrazine hydrate as a reducing agent was added drop by drop, followed by 10 ml
of 1 M sodium hydroxide as a stabilizing agent was injected slowly into the mixture. The
obtained silver oxide nanoparticles in the beaker were centrifuged, rinsed several times
with deionized water, then extracted using methanol, and dried at air-oven.
4.2.7 Synthesis of zinc nanoparticles in choline chloride — ethylene glycol deep eutectic
solvent

Zinc nanoparticles were synthesized in the DES of ChCI-EG as follows 7,
Nanoparticles were made by combining 10 ml of 0.01M Zinc acetate dihydrate
[Zn(COOCHs3)2.2H20] with 15 ml of choline chloride — ethylene glycol DES in a beaker
and magnetically stirring for 30 minutes at 1200 RPM with a magnetic stirrer. During
vigorous stirring, about 8-10 ml of 0.01 M hydrazine hydrate as a reducing agent was added
drop by drop, followed by 10 ml of 1 M sodium hydroxide as a stabilizing agent was
injected slowly into the mixture. The obtained zinc oxide nanoparticles in the beaker were
centrifuged, rinsed several times with deionized water, then extracted using methanol, and
dried at air-oven.
4.2.8 Synthesis of cadmium nanoparticles in choline chloride — ethylene glycol deep
eutectic solvent

Cadmium nanoparticles were synthesized in the DES of ChCI-EG as follows 12,
Nanoparticles were made by combining 10 ml of 0.01M cadmium chloride [CdCI;] with
15 ml of choline chloride — ethylene glycol DES in a beaker and magnetically stirring for
30 minutes at 1200 RPM with a magnetic stirrer. During vigorous stirring, about 8-10 ml
of 0.01 M hydrazine hydrate as a reducing agent was added drop by drop, followed by 10

ml of 1 M sodium hydroxide as a stabilizing agent was injected slowly into the mixture.
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The obtained cadmium oxide nanoparticles in the beaker were centrifuged, rinsed several
times with deionized water, then extracted using methanol, and dried at air-oven.
4.2.9 Synthesis of vanadium nanoparticles in choline chloride — ethylene glycol deep
eutectic solvent

The vanadium nanoparticles were synthesized in the DES of ChCI-EG as follows
[2 Nanoparticles were made by combining 10 ml of 0.01M vanadium pentoxide [V20s]
with 15 ml of choline chloride — ethylene glycol DES in a beaker and magnetically stirring
for 30 minutes at 1200 RPM with a magnetic stirrer. During vigorous stirring, about 8-10
ml of 0.01 M hydrazine hydrate as a reducing agent was added drop by drop, followed by
10 ml of 1 M sodium hydroxide as a stabilizing agent was injected slowly into the mixture.
The obtained vanadium oxide nanoparticles in the beaker were centrifuged, rinsed several
times with deionized water, then extracted using methanol, and dried at air-oven.
4.2.10 Synthesis of nickel nanoparticles in choline chloride — ethylene glycol deep
eutectic solvent

Nickel nanoparticles were synthesized in the DES of ChCI-EG as follows 12,
Nanoparticles were made by combining 10 ml of 0.01M nickel nitrate [Ni(NO3)2] with 15
ml of choline chloride — ethylene glycol DES in a beaker and magnetically stirring for 30
minutes at 1200 RPM with a magnetic stirrer. During vigorous stirring, about 8-10 ml of
0.01 M hydrazine hydrate as a reducing agent was added drop by drop, followed by 10 ml
of 1 M sodium hydroxide as a stabilizing agent was injected slowly into the mixture. The
obtained nickel oxide nanoparticles in the beaker were centrifuged, rinsed several times
with deionized water, then extracted using methanol, and dried at air-oven.
4.3 Results and Discussions

The synthesized copper, mercury, manganese, zirconium, silver, zinc, cadmium,

vanadium and nickel nanoparticles in the deep eutectic solvent of choline chloride —
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ethylene glycol were characterized by the techniques such as UV-Visible spectroscopy,
Fourier transform infrared spectroscopy, Scanning electron microscopy, X-Ray diffraction
and Energy dispersive X-ray analysis.
4.3.1 UV-Visible Spectra of Metal Nanoparticles Prepared Using Choline Chloride —
Ethylene Glycol Deep Eutectic Solvent

The UV-Visible spectra of copper, mercury, manganese, zirconium, silver, zinc,
cadmium, vanadium and nickel oxide nanoparticles obtained in their ethanolic solutions
between the wavelengths 200 and 800nm are placed in figures 4.1 to 4.9. The surface
plasmon absorption of metal nanoparticles are usually seen around 400 nm. Larger sizes
shift the band to longer wavelength and broaden the band to some extent and however, very
dumped plasmon and very broaden bands could be due to surface adsorptions [ 4. The
bands due to either surface plasmon or surface adsorptions of these metal oxide
nanoparticles are given in table 4.1 below.

Table 4.1: UV-Visible absorption bands of metal oxide nanoparticles

S.No.  Metal Oxide NPs Amax Values (nm) Nature of bands
1 Copper 412.4 Surface Plasmon
2 Mercury 350.85 Surface Plasmon
3 Manganese 385.24 Surface Adsorptions
4 Zirconium 352.70 Surface Adsorptions
5 Silver 326.9 Surface Plasmon
6 Zinc 343.95 Surface Plasmon
7 Cadmium 388.6 Surface Plasmon
8 Vanadium 270.05 -
9 Nickel 275.25 -
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From the UV-Visible spectra of metal oxide nanoparticles displayed in figures 4.1
to 4.9, it was followed that the copper, mercury, silver, zinc and cadmium showed surface
plasmon absorption bands at the specific wavelengths as given in table 4.1. The manganese
and zirconium metal oxide nanoparticles gave very broad and dumped absorption bands
due to surface adsorptions while the vanadium and nickel-metal oxides are transparent
above 300 nm. Except copper all other metal oxide nanoparticles prepared from the deep
eutectic solvent of choline chloride — ethylene glycol is almost transparent in the visible
region. Thus, the copper oxide nanoparticles prepared from the deep eutectic solvent of
choline chloride — ethylene glycol are expected to have photocatalytic activity.

4.3.2 FTIR Spectra of Metal Nanoparticles Prepared Using Choline Chloride —
Ethylene Glycol Deep Eutectic Solvent

The FTIR spectra obtained in the range of 400 to 4000 cm™ for copper, mercury,
manganese, zirconium, silver, zinc, cadmium, vanadium and nickel metal oxide
nanoparticles prepared from the deep eutectic solvent of choline chloride-ethylene glycol
are reported in figures 4.10 to 4.18 of this section. The peaks of various metal oxide
nanoparticles such as copper, mercury, manganese, zirconium, silver, zinc, cadmium,
vanadium and nickel prepared from the DES of choline chloride — ethylene glycol were
presented in the following table 4.2.

The several peaks noticed in the range of 400 to 900 cm™ are correlated to respective
M — O vibrations of MO nanoparticles > 161, A few of the solvent molecules are capped
on the surface of MO nanoparticles. These are indicated by the peaks around 1040 and
1120 cm™* corresponding to the C — O stretching vibrations. The peak due to C — H bending
of alkane and CH: deformations of choline chloride and ethylene glycol is seen around
1470 cm™ and 1380 cm respectively in all these spectra. The peak was noticed around

1600 cm™ denoted O — H bending vibrations of both the components of the deep eutectic
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solvent. The peaks observed around 2850 cm™ and 2920 cm™ are due to C — O asymmetric
stretching [*¢1. Further, the broad peaks seen around 3420 cm™ in all the spectra due to
different vibrations modes of water molecules adsorbed on the surface of metal oxide
nanoparticles [*°1,

Table 4.2: FTIR absorption peaks of metal oxide nanoparticles

S.No. Metal IR Vibrations
Oxide
NPs M-O C-O0 CH: C-H O-H C-O O0-H
Vibrations Stretch deform bend bend asym  stretch
(methylene) (alkane) stretch

1 Cu 421, 620 1023, 1384 - 1630 2851, 3436

1113 2924
2 Hg 586, 875 1125 1385 1474 1626 2928 3425
3 Mn 515, 627 1084 1385 1474 1621 - 3384
4 Zr 618, 687 1085 1384 - 1631 2931 3404
5 Ag 620 1027 1384 - 1638 2850, 3434

2925
6 Zn 466, 636 1020 1399 - 1594 2925 3404
7 Cd 522,590, 1086 - 1445 1617 2958 3435

858

8 \'% 526, 599 1038 1385 1471 1634 2921 3420
9 Ni 451,617 1018 1384 1478 1630 2923 3421

4.3.3 XRD Patterns of Metal Nanoparticles Prepared Using Choline Chloride —
Ethylene Glycol Deep Eutectic Solvent

The XRD patterns obtained for copper, mercury, manganese, zirconium, silver,
zinc, cadmium, vanadium and nickel metal oxide nanoparticles prepared from the deep

eutectic solvent of choline chloride-ethylene glycol are reported and discussed as follows.
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The powder x-ray diffraction patterns of copper oxide nanoparticles prepared from the deep
eutectic solvents, Ch.Cl — EG are given in figure 4.19. The XRD patterns give information
about the grain size, structure, and phase cleanliness of the materials. In the case of CuO
particles obtained in Ch.Cl — EG DES, the diffraction peaks seen at 26 values of 23.45°,
27.85°,41.35° and 66.24° are indexed as (040), (021), (420), (300) respectively. The grain
size of CuO nanoparticles is determined by using the Debye—Scherer formula,

D =k AlIf cos@

where D denotes the grain size, K refers to a constant, A refers to the wavelength of
X-ray used, B denotes the fullwidth half-maximum of the diffraction peaks and 6 is the
angle of the diffraction ™. By using this formula, the average grain size of CuO
nanoparticles prepared from the DES of Ch.CI-EG is found to be 80 nm.

All the diffraction points in the XRD can be assigned to the pure cubic lattice
structure of mercury oxide nanoparticles as given in figure 4.20. The peaks correspond to
(111), (200), (220), and (222) planes, which are in good pact with the JCPDS-pattern
available in the literature. The average crystal width of the HgO nano particles obtained in
the DES of Ch.CI-EG was found to be 45 nm using the Scherrer formula of the XRD
pattern. The crystalline behaviour of the prepared MnO nanoparticles was inspected by the
XRD analysis and given in the figure 4.21. The XRD patterns revealed the diffraction peaks
at 20 values for manganese oxide nanoparticles at 37.82, 55.19 and 66.26. These values are
in accordance with the crystal planes (101), (110) and (200). The mean particle size for
MnO nanoparticles prepared from the DES of Ch.CI-EG is found to be 60 nm using the
Scherrer formula.

The XRD pattern for zirconium oxide nanoparticle prepared using the solvent of
choline chloride — ethylene glycol is provided at the figure 4.22. The diffraction peaks

noticed in this figure for ZrO nanoparticles are in agreement with the Joint Committee for

146



Powder Diffraction Studies (JCPDS) ). The average grain size of the ZrO nanoparticles
with respect to relative intensity peak at XRD pattern was found to be 70 nm when the
Scherrer formula is applied. The AgO nanoparticles obtained in the case of Ch.CI-EG DES
reported in figure 4.23 showed intense peaks at 26 values of 45.34, 64.37 and 77.23 which
are indexed corresponding to the planes of (110), (220) and (311) respectively. The
structure of silver oxide nanoparticles is crystalline in nature, and it is face centred cubic
this case. The average particle size of AgO NPs obtained in the case of Ch.CI-EG DES is
calculated to be 170 nm by measuring the breadth of (111) Bragg’s reflection.

Figure 4.24 noticed the XRD data of zinc oxide nanoparticles obtained from the
DES of Ch.CI-EG. The XRD plots of the nanoparticles showed peaks of pure hexagonal
structure of zinc oxide. Three reflection planes (100), (002) and (101) that have been seen
are similar to the detected reflections in bulk materials of zinc oxide ™81, The diffraction
peaks obtained at 31.63°, 34.16°, 36.17°, 47.30°, 56.43°, 62.66°, 67.80°, and 69.27° are
intense and sharp representing that the nano-crystalline zinc oxide nanoparticles had good
crystallinity. The highest intensity at figure 4.24 related to zinc oxide nanoparticles
reflecting the nano-range size around 100 nm by using Debye — Scherrer formula. The
particle size determined involving the comparative intensity peak (220) found at 26 value
of 52.23° of CdO nanoparticles as given in figure 4.25 has been observed as 48 nm. This
is calculated using the Scherrer formula from the figure 4.25 corresponding to the CdO
nanoparticles obtained from the DES of Ch.CI-EG. The surge in sharpness of XRD peaks
designates those particles are in crystalline kind. The (111), (200), (220), (311) and (222)
reflections which correspond to 42.31, 47.14, 52.23, 70.92 and 73.64 respectively, are
obviously seen and meticulously bout the reference designs of CdO (JCPDS) File No. 05-
0640). The piercing XRD peaks show that the particles were of polycrystalline assembly,

further the nanostructure raised with a random orientation % 201,
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The crystalline kind of DES media synthesized vanadium oxide nanoparticles was
depicted in figure 4.26. The characteristic key diffraction peaks noticed at 20 values of
1491, 20.1, 21.4, 25.9, 31.1, 32.3, 33.6, 34.4, 41.2, 41.3, 45.9, 47.6 and 48.4 that match
with the hkl planes of (200), (001), (101), (110), (310), (011), (111), (310), (002), (102),
(411), (600) and (302) index planes were in decent arrangement with their standard JCPDS
No. 41-1426 21, The XRD pattern obtained for NiO nanoparticles in Ch.CI-EG DES is
shown in figure 4.27. Three peaks for NiO NPs at 26 values of 44.25°, 51.38° and 76.14°
corresponding to the (111), (200) and (222) lattice planes found established that the ensuing
particles have been pure Nickel oxide nanoparticles 2. The nanoparticles width was
projected by using the Scherrer's equation to be around 50 nm.

4.3.4 SEM Analysis of Metal Nanoparticles Prepared Using Choline Chloride —
Ethylene Glycol Deep Eutectic Solvent

The SEM images obtained for copper, mercury, manganese, zirconium, silver, zinc,
cadmium, vanadium and nickel metal oxide nanoparticles prepared from the deep eutectic
solvent of choline chloride-ethylene glycol are reported and discussed herewith. To
examine the morphological structure and particle size of metal oxide nanoparticles such as
Cu, Hg, Mn, Zr, Ag, Zn, Cd, V and Ni, scanning electron microscopy was used 224, The
assembly, geometry, and magnitude of the above metal oxide nanoparticles prepared using
the DES of Ch.CI-EG were evaluated from the Scanning Electron Microscopy images
which are displayed in figures 4.28 to 4.36. The mean particle dimensions of these metal
oxide nanoparticles were calculated from the histograms of the respective SEM images and
they are shown in figures 4.37 to 4.45. Further, the shapes and mean size of the prepared

metal oxide nanoparticles are given in table 4.3 below.
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Table 4.3: SEM morphology and size of metal oxide nanoparticles

S.No.  Metal Oxide NPs Morphology Size (nm)
1 Copper Spongy like 77
2 Mercury Irregular beads 43
3 Manganese Irregular Scales 55
4 Zirconium Spongy like 66
5 Silver Spongy spheres 168
6 Zinc Broken rods 92
7 Cadmium Buds like 45
8 Vanadium Scales like 65
9 Nickel Scales like 50

4.3.5 EDAX Analysis of Metal Nanoparticles Prepared Using Choline Chloride —
Ethylene Glycol Deep Eutectic Solvent

The elemental composition and the purity of the DES media via prepared metal
oxide nanoparticles are confirmed by Energy Dispersive X-ray Analysis. The elemental
cleanliness of these metal oxide NPs was evaluated from the EDAX spectra and the peak
values established the occurrence of target components in the synthesized NPs [2528.2°] The
EDAX spectra obtained for copper, mercury, manganese, zirconium, silver, zinc, cadmium,
vanadium and nickel metal oxide nanoparticles prepared from the deep eutectic solvent of
choline chloride-ethylene glycol are reported in the figures 4.46 to 4.54. The elemental
purity, weight percentage, atom percentage of metals, oxygen and the trace of elements of
solvent were given in the tables as an insert of the respective EDAX spectra of metal oxide

nanoparticles.
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4.4. Conclusion

Nine types of metal oxide nanoparticles were synthesized successfully using
choline chloride — ethylene glycol deep eutectic solvents. The copper, mercury, manganese,
zirconium, silver, zinc, cadmium, vanadium and nickel metal oxide nanoparticles prepared
were characterized by techniques such as UV spectroscopy, FTIR spectroscopy, X-Ray
diffraction, Scanning Electron Microscopy, and Energy Dispersive X-ray Analysis. The
nanoparticles were synthesised in a simple and convenient manner. There was no surfactant
and seed were utilized for the formation of nanoparticles. The size of the particles formed

was controlled by varying proportions of the water present in the DESs.
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Figure 4.1: UV-Visible Spectrum of Copper Oxide Nanoparticle obtained in Ch. CI-EG DES
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Figure 4.2: UV-Visible Spectrum of Mercury Oxide Nanoparticle obtained in Ch. CI-EG
DES
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Figure 4.3: UV-Visible Spectrum of Manganese Oxide Nanoparticle obtained in Ch. CI-EG
DES
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Figure 4.4: UV-Visible Spectrum of Zirconium Oxide Nanoparticle obtained in Ch. CI-EG
DES
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Figure 4.5: UV-Visible Spectrum of Silver Oxide Nanoparticle obtained in Ch. CI-EG DES
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Figure 4.6: UV-Visible Spectrum of Zinc Oxide Nanoparticle obtained in Ch. CI-EG DES
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Figure 4.7: UV-Visible Spectrum of Cadmium Oxide Nanoparticle obtained in Ch. CI-EG
DES
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Figure 4.8: UV-Visible Spectrum of Vanadium Oxide Nanoparticle obtained in Ch. CI-EG
DES

158



LBUS UV-Visible Spectrum of NiO NPs
0.8 -
Q
e
S 0.6-
-
(o]
2 04 -
2 0.
0.2 -
0.0 T Y T ¥ T Y T ¥ T ¥ 1
300 400 500 600 700 800
Wavelength (nm)

Figure 4.9: UV-Visible Spectrum of Nickel Oxide Nanoparticle obtained in Ch. CI-EG DES
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Figure 4.10: FTIR Spectrum of Copper Oxide Nanoparticle obtained in Ch. CI-EG DES
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Figure 4.11: FTIR Spectrum of Mercury Oxide Nanoparticle obtained in Ch. CI-EG DES
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Figure 4.12: FTIR Spectrum of Manganese Oxide Nanoparticle obtained in Ch. CI-EG DES
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Figure 4.13: FTIR Spectrum of Zirconium Oxide Nanoparticle obtained in Ch. CI-EG DES
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Figure 4.14: FTIR Spectrum of Silver Oxide Nanoparticle obtained in Ch. CI-EG DES
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Figure 4.15: FTIR Spectrum of Zinc Oxide Nanoparticle obtained in Ch. CI-EG DES
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Figure 4.16: FTIR Spectrum of Cadmium Oxide Nanoparticle obtained in Ch. CI-EG DES
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Figure 4.17: FTIR Spectrum of Vanadium Oxide Nanoparticle obtained in Ch. CI-EG DES
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Figure 4.18: FTIR Spectrum of Nickel Oxide Nanoparticle obtained in Ch. CI-EG DES
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Figure 4.19: XRD Pattern of Copper Oxide Nanoparticle obtained in Ch. CI-EG DES
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Figure 4.20: XRD Pattern of Mercury Oxide Nanoparticle obtained in Ch. CI-EG DES

164



XRD Pattern of MnO NPs
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Figure 4.21: XRD Pattern of Manganese Oxide Nanoparticle obtained in Ch. CI-EG DES
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Figure 4.22: XRD Pattern of Zirconium Oxide Nanoparticle obtained in Ch. CI-EG DES
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Figure 4.23: XRD Pattern of Silver Oxide Nanoparticle obtained in Ch. CI-EG DES
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Figure 4.24: XRD Pattern of Zinc Oxide Nanoparticle obtained in Ch. CI-EG DES
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Figure 4.25: XRD Pattern of Cadmium Oxide Nanoparticle obtained in Ch. CI-EG DES
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Figure 4.26: XRD Pattern of Vanadium Oxide Nanoparticle obtained in Ch. CI-EG DES
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Figure 4.27: XRD Pattern of Nickel Oxide Nanoparticle obtained in Ch. CI-EG DES
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Figure 4.28: SEM Image of Copper Oxide Nanoparticle obtained in Ch. CI-EG DES
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Figure 4.29: SEM Image of Mercury Oxide Nanoparticle obtained in Ch. CI-EG DES
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Figure 4.30: SEM Image of Manganese Oxide Nanoparticle obtained in Ch. CI-EG DES
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Figure 4.31: SEM Image of Zirconium Oxide Nanoparticle obtained in Ch. CI-EG DES
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Figure 4.32: SEM Image of Silver Oxide Nanoparticle obtained in Ch. CI-EG DES
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Figure 4.33: SEM Image of Zinc Oxide Nanoparticle obtained in Ch. CI-EG DES
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Figure 4.34: SEM Image of Cadmium Oxide Nanoparticle obtained in Ch. CI-EG DES

171



|_| WD = 10.0 mm Mag = 35.00 KX Time :11:20:19

200 nm EHT = 15.00 kV Signal A= SE1 Date :25 Feb 2020 W

Figure 4.35: SEM Image of Vanadium Oxide Nanoparticle obtained in Ch. CI-EG DES
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Figure 4.36: SEM Image of Nickel Oxide Nanoparticle obtained in Ch. CI-EG DES
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Figure 4.37: SEM Histogram of Copper Oxide Nanoparticle obtained in Ch. CI-EG DES
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Figure 4.38: SEM Histogram of Mercury Oxide Nanoparticle obtained in Ch. CI-EG DES
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Figure 4.39: SEM Histogram of Manganese Oxide Nanoparticle obtained in Ch. CI-EG DES
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Figure 4.40: SEM Histogram of Zirconium Oxide Nanoparticle obtained in Ch. CI-EG DES
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Figure 4.41: SEM Histogram of Silver Oxide Nanoparticle obtained in Ch. CI-EG DES
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Figure 4.42: SEM Histogram of Zinc Oxide Nanoparticle obtained in Ch. CI-EG DES
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Figure 4.43: SEM Histogram of Cadmium Oxide Nanoparticle obtained in Ch. CI-EG DES
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Figure 4.44: SEM Histogram of Vanadium Oxide Nanoparticle obtained in Ch. CI-EG DES
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Figure 4.45: SEM Histogram of Nickel Oxide Nanoparticle obtained in Ch. CI-EG DES
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Figure 4.46: EDAX Spectrum of Copper Oxide Nanoparticle obtained in Ch. CI-EG DES
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Figure 4.47: EDAX Spectrum of Mercury Oxide Nanoparticle obtained in Ch. CI-EG DES
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Figure 4.48: EDAX Spectrum of Manganese Oxide Nanoparticle obtained in Ch. CI-EG
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Figure 4.49: EDAX Spectrum of Zirconium Oxide Nanoparticle obtained in Ch. CI-EG DES
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Figure 4.50: EDAX Spectrum of Silver Oxide Nanoparticle obtained in Ch. CI-EG DES
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Figure 4.51: EDAX Spectrum of Zinc Oxide Nanoparticle obtained in Ch. CI-EG DES
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Figure 4.52: EDAX Spectrum of Cadmium Oxide Nanoparticle obtained in Ch. CI-EG DES
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Figure 4.53: EDAX Spectrum of Vanadium Oxide Nanoparticle obtained in Ch. CI-EG DES
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Figure 4.54: EDAX Spectrum of Nickel Oxide Nanoparticle obtained in Ch. CI-EG DES
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5. CHOLINE CHLORIDE - MALONIC ACID DEEP
EUTECTIC SOLVENT AIDED SYNTHESIS OF SOME
METAL OXIDE NANOPARTICLES

5.1 Introduction

Metal-based nanoparticles have different budding applications in biological,
chemical, medical, and agricultural fields due to their interesting features. Metal
nanoparticles are either cleaner forms of metals such as Au, Ag, Cu, Fe, etc., or their
compounds such as sulfides, hydroxides, oxides, etc. lonic liquids are commonly involved
in the abstraction of nanoparticles but they are somewhat difficult due to their impoverished
bio-degradability, bio-compatibility, and sustainability. Therefore, as a substitute for ionic
liquids, Deep Eutectic Solvent (DES) is considered in the development of nanoparticles.

Nanoscience is learning that defines the particles of nanoscale having fewer than
100 nm, and examination of their varied physio-chemical characteristics and their
opportunity in several fields. A lot of improvements have been made in nano-based
technology due to the common properties such as the particle’s surface area, size, shape,
charge, and surface reactivity which are exclusive and better when related to the equivalent
bulk particles M. The metal-based NPs, apart from their common properties, their structural
and elemental compositions in nanoscales allow MNPs to be evolving contenders in
pharmaceutical, environmental, agricultural, and chemical industries.

Copper oxide nanoparticle is essential and reasonably inexpensive when compared
to precious metals such as Au and Ag 2. Manganese oxide nanoparticle has budding
applications in the medical field. Their application as MRI contrast agents in cancer
multimodal therapy and modelling is a significant one El. Zirconium oxide nanoparticles

claimed applications in fuel cells (],
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A DES is typically self-possessed of two or three low-cost and harmless
components that are capable of linking via hydrogen bond relations to generate a eutectic
mixture B, Regularly, DES can be signified by the common formula Cat* X zY where Cat*
is ammonium, phosphonium, or sulfonium cation, and X is a Lewis base, normally a halide
anion and Y is either a Lewis or Bronsted acid. Here z refers to the number of Y molecules
that interact with the anion X". In general, there are four types of DES and the choline
chloride — urea DES used in this investigation belongs to type 111 DES I,

Urea is proficient in forming a liquid DES with Ch.Cl at room temperature,
seemingly due to its sturdier nature to form hydrogen bond connections with Ch.CI. The
freezing point (Tr) of this 1:2 molar ratio DES of Ch.Cl-Urea was stated as 12 °C Fl. An
unpretentious road for the shape-controlled preparation of Au NPs involving Ch,Cl-urea
DES which replaced traditional surfactants ["). Further, the synthesis of Au nanowire from
straight away reduction of HAuUCIls by NaBHa in DES [ obviously showed the rewards of
removing surfactants or seeds for the formation of nanomaterials when DESs are used. In
the latter synthesis, two different DESs, i.e. Ch-Cl - ethylene glycol (1:2-mole ratio) or
Ch.ClI - urea (1:2-mole ratio) was deployed in the absence of a surfactant. The development
of nanoparticles of several shapes and surfaces was controlled by adjusting the water
content of the DES [©1,

A deep eutectic solvent (DES) of choline chloride and malonic acid was formed
rapidly and inexpensively. In a one-pot four-component reaction of amines, aldehydes, 1,3-
dicarbonyl compounds, and nitromethane this DES was deployed not only as a catalyst but
also a medium for the formation of functionalized pyrroles ['1,

Choline chloride with some carboxylic acid-based DESs has also been described to
undergo chemical reactions such as esterification. As a result, it was discovered that a

number of DESs containing Ch. Cl and carboxylic acids such as lactic acid, glutaric acid,
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glycolic acid, malic acid, malonic acid, oxalic acid, and levulinic acid undergo an
esterification reaction between the hydroxyl group of choline chloride and the carboxylic
acid 181,

The efficiency of two DESs obtained from choline chloride-malonic acid of molar
ratios 1:1 and 1:0.5 - in enhancing oil recovery was investigated for the first time by Iman
Al-Wahaibi et.al P!, Gunny et al investigated the use of the DES-cellulose mechanism to
hydrolyze lignocellulose from rice husk. The DES is comprised of choline chloride and a
hydrogen-bond donor molecule (glycerol, ethylene glycol, or malonic acid) 121,

The present investigation described in this chapter involved an advanced Choline
chloride — malonic acid DES as an eco-friendly solvent to prepare copper, mercury,
manganese, zirconium, silver, zinc, cadmium, vanadium and nickel oxide nanoparticles.
The metal oxide nanoparticles prepared have been examined using UV-Visible, FTIR
Spectroscopy, X-Ray Diffraction (XRD), Scanning Electron Microscopy (SEM), and
Energy Dispersive X-Ray Analysis (EDAX). The creation of these metal oxide
nanoparticles via Choline Chloride (CsH14CINO) — Malonic acid DES can be considered a
well-intentioned way in chemical engineering.

5.2 Experimental

The chemicals used for this investigation such as choline chloride, malonic acid,
hydrazine hydrate, sodium hydroxide, methanol, copper nitrate trihydrate, mercuric
chloride, manganese chloride dihydrate, zirconium oxychloride, silver nitrate, zinc acetate
dihydrate, cadmium chloride, vanadium pentoxide and nickel nitrate were purchased from
Sigma—Aldrich, India and utilized as received. Barnstead nanopore water (>17.8 M-cm)

was used to prepare all stock solutions.
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5.2.1 Preparation of choline chloride — malonic acid deep eutectic solvent

The choline chloride (Ch.Cl) and malonic acid (MA) received were recrystallized,
filtered, and vacuum dried before it was used. The 1:1 molar ratio of these two components
were taken and heated to 100 °C and agitated until a homogeneous, colourless liquid was
produced from the two components. A couple of hours’ heating of choline chloride and
malonic acid at 100°C yielded a clear homogenous liquid.
5.2.2 Synthesis of copper nanoparticles in choline chloride — malonic acid deep
eutectic solvent

Copper nanoparticles were synthesized in the DES of Ch.CI-MA as follows 4,
Nanoparticles were made by combining 10 ml of 0.01M copper nitrate trihydrate
[Cu(NOs3)2.3H20] with 15 ml of choline chloride — malonic acid DES in a beaker and
magnetically stirring for 30 minutes at 1200 RPM with a magnetic stirrer. During vigorous
stirring, about 8-10 ml of 0.01 M hydrazine hydrate as a reducing agent was added drop by
drop, followed by 10 ml of 1 M sodium hydroxide as a stabilizing agent was injected slowly
into the mixture. The copper oxide nanoparticles formed in the beaker were centrifuged,
rinsed several times with deionized water, then extracted using methanol, and dried in an
air oven.
5.2.3 Synthesis of mercury nanoparticles in choline chloride — malonic acid deep
eutectic solvent

Nanoparticles of mercury were synthesized in the DES of Ch.CI-MA as follows 1,
Nanoparticles were made by combining 10 ml of 0.01M mercuric chloride [HgCl.] with
15 ml of choline chloride — malonic acid DES in a beaker and magnetically stirring for 30
minutes at 1200 RPM with a magnetic stirrer. During vigorous stirring, about 8-10 ml of
0.01 M hydrazine hydrate as a reducing agent was added drop by drop, followed by 10 ml

of 1 M sodium hydroxide as a stabilizing agent was injected slowly into the mixture. The

186



mercury oxide nanoparticles produced in the beaker were centrifuged, rinsed several times
with deionized water, then extracted using methanol, and dried in an air oven.
5.2.4 Synthesis of manganese nanoparticles in choline chloride — malonic acid deep
eutectic solvent

Nanoparticles of manganese were synthesized in the DES of Ch.CI-MA as follows
[11] Nanoparticles were made by combining 10 ml of 0.01M manganese chloride dihydrate
[MnCl2.2H20] with 15 ml of choline chloride — malonic acid DES in a beaker and
magnetically stirring for 30 minutes at 1200 RPM with a magnetic stirrer. During vigorous
stirring, about 8-10 ml of 0.01 M hydrazine hydrate as a reducing agent was added drop by
drop, followed by 10 ml of 1 M sodium hydroxide as a stabilizing agent was injected slowly
into the mixture. The manganese oxide nanoparticles formed in the beaker were
centrifuged, rinsed several times with deionized water, then extracted using methanol, and
dried in an air oven.
5.2.5 Synthesis of zirconium nanoparticles in choline chloride — malonic acid deep
eutectic solvent

Zirconium nanoparticles were synthesized in the DES of Ch.CI-MA as follows 14,
Nanoparticles were made by combining 10 ml of 0.01M zirconium oxychloride [ZrOCI;]
with 15 ml of choline chloride — malonic acid DES in a beaker and magnetically stirring
for 30 minutes at 1200 RPM with a magnetic stirrer. During vigorous stirring, about 8-10
ml of 0.01 M hydrazine hydrate as a reducing agent was added drop by drop, followed by
10 ml of 1 M sodium hydroxide as a stabilizing agent was injected slowly into the mixture.
The zirconium oxide nanoparticles produced in the beaker were centrifuged, rinsed several

times with deionized water, then extracted using methanol, and dried in an air-oven.
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5.2.6 Synthesis of silver nanoparticles in choline chloride — malonic acid deep eutectic
solvent

Nanoparticles of silver were synthesized in the DES of Ch.CI-MA as follows 1,
Nanoparticles were made by combining 10 ml of 0.01M silver nitrate [AgNO3] with 15 ml
of choline chloride — malonic acid DES in a beaker and magnetically stirring for 30 minutes
at 1200 RPM with a magnetic stirrer. During vigorous stirring, about 8-10 ml of 0.01 M
hydrazine hydrate as a reducing agent was added drop by drop, followed by 10 ml of 1 M
sodium hydroxide as a stabilizing agent was injected slowly into the mixture. The silver
oxide nanoparticles attained in the beaker were centrifuged, rinsed several times with
deionized water, then extracted using methanol, and dried in an air oven.
5.2.7 Synthesis of zinc nanoparticles in choline chloride — malonic acid deep eutectic
solvent

Zinc nanoparticles were synthesized in the DES of Ch.CI-MA as follows 3,
Nanoparticles were made by combining 10 ml of 0.01M Zinc acetate dihydrate
[Zn(COOCHs3)2.2H20] with 15 ml of choline chloride — malonic acid DES in a beaker and
magnetically stirring for 30 minutes at 1200 RPM with a magnetic stirrer. During vigorous
stirring, about 8-10 ml of 0.01 M hydrazine hydrate as a reducing agent was added drop by
drop, followed by 10 ml of 1 M sodium hydroxide as a stabilizing agent was injected slowly
into the mixture. The zinc oxide nanoparticles gained in the beaker were centrifuged, rinsed
several times with deionized water, then extracted using methanol, and dried in an air oven.
5.2.8 Synthesis of cadmium nanoparticles in choline chloride — malonic acid deep
eutectic solvent

Cadmium nanoparticles were synthesized in the DES of Ch.CI-MA as follows 2%,
Nanoparticles were made by combining 10 ml of 0.01M cadmium chloride [CdCI;] with

15 ml of choline chloride — malonic acid DES in a beaker and magnetically stirring for 30
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minutes at 1200 RPM with a magnetic stirrer. During vigorous stirring, about 8-10 ml of
0.01 M hydrazine hydrate as a reducing agent was added drop by drop, followed by 10 ml
of 1 M sodium hydroxide as a stabilizing agent was injected slowly into the mixture. The
cadmium oxide nanoparticles yielded in the beaker were centrifuged, rinsed several times
with deionized water, then extracted using methanol, and dried in an air oven.
5.2.9 Synthesis of vanadium nanoparticles in choline chloride — malonic acid deep
eutectic solvent

The vanadium nanoparticles were synthesized in the DES of Ch.CI-MA as follows
[11]. Nanoparticles were made by combining 10 ml of 0.01M vanadium pentoxide [V20s]
with 15 ml of choline chloride — malonic acid DES in a beaker and magnetically stirring
for 30 minutes at 1200 RPM with a magnetic stirrer. During vigorous stirring, about 8-10
ml of 0.01 M hydrazine hydrate as a reducing agent was added drop by drop, followed by
10 ml of 1 M sodium hydroxide as a stabilizing agent was injected slowly into the mixture.
The vanadium oxide nanoparticles formed in the beaker were centrifuged, rinsed several
times with deionized water, then extracted using methanol, and dried in an air oven.
5.2.10 Synthesis of nickel nanoparticles in choline chloride — malonic acid deep
eutectic solvent

Nickel nanoparticles were synthesized in the DES of Ch.CI-MA as follows [,
Nanoparticles were made by combining 10 ml of 0.01M nickel nitrate [Ni(NO3)2] with 15
ml of choline chloride — malonic acid DES in a beaker and magnetically stirring for 30
minutes at 1200 RPM with a magnetic stirrer. During vigorous stirring, about 8-10 ml of
0.01 M hydrazine hydrate as a reducing agent was added drop by drop, followed by 10 ml
of 1 M sodium hydroxide as a stabilizing agent was injected slowly into the mixture. The
nickel oxide nanoparticles formed in the beaker were centrifuged, rinsed several times with

deionized water, then extracted using methanol, and dried in an air oven.
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5.3 Results and Discussions

The synthesized copper, mercury, manganese, zirconium, silver, zinc, cadmium,
vanadium and nickel nanoparticles in the deep eutectic solvent of choline chloride —
malonic acid were characterized by the techniques such as UV-Visible spectroscopy,
Fourier transform infrared spectroscopy, Scanning electron microscopy, X-Ray diffraction
and Energy dispersive X-ray analysis.

5.3.1 UV-Visible Spectra of Metal Nanoparticles Prepared Using Choline Chloride —
Malonic Acid Deep Eutectic Solvent

The UV-Visible spectra of copper, mercury, manganese, zirconium, silver, zinc,
cadmium, vanadium and nickel oxide nanoparticles obtained in their ethanolic solutions
between the wavelengths 200 and 800nm are placed in figures 5.1 to 5.9. The surface
plasmon absorption of metal nanoparticles are usually seen around 400 nm. Larger sizes
shift the band to a longer wavelength and broaden the band to some extent and however,
very dumped plasmon and very broad bands could be due to surface adsorptions 2131, The
bands due to either surface plasmon or surface adsorptions of these metal oxide
nanoparticles are given in table 5.1 below.

From the UV-Visible spectra of metal oxide nanoparticles displayed in figures 5.1
to 5.9, it was followed that the copper, manganese and zirconium showed surface plasmon
absorption bands at the specific wavelengths as given in table 5.1. The mercury, silver,
zinc, cadmium, vanadium and nickel oxide nanoparticles obtained from the DES of Ch.Cl
—MA gave very broad and dumped absorption bands due to surface adsorptions. All metal-
oxide nanoparticles except mercury which were prepared from the deep eutectic solvent of
choline chloride — malonic acid are showing the absorptions in the visible region.

Therefore, these metal oxide nanoparticles prepared from the deep eutectic solvent of
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choline chloride — malonic acid except mercury are anticipated to have photocatalytic
activity.

Table 5.1: UV-Visible absorption bands of metal oxide nanoparticles obtained from

Ch.CI-MA DES
S.No.  Metal Oxide NPs Amax values (nm) Nature of bands
1 Copper 340.65, 406.75 Surface Plasmon
2 Mercury 380 Surface Adsorption
3 Manganese 340.45, 427.10 Surface Plasmon
4 Zirconium 352.42, 548.65, 679.35 Surface Plasmon
5 Silver 253.9, 305.9, 434.85 Surface Adsorption
226.9, 278.55, 372.65,
6 Zinc Surface Adsorption
947.15
7 Cadmium 378.85, 756.85 Surface Adsorption
8 Vanadium 389.15, 568.45 Surface Adsorption
224.25, 286.55, 372.1,
9 Nickel Surface Adsorption
692.95

5.3.2 FTIR Spectra of Metal Nanoparticles Prepared Using Choline Chloride —
Malonic acid Deep Eutectic Solvent

The FTIR spectra obtained in the range of 400 to 4000 cm™ for copper, mercury,
manganese, zirconium, silver, zinc, cadmium, vanadium and nickel metal oxide
nanoparticles prepared from the deep eutectic solvent of choline chloride-malonic acid are
reported in figures 5.10 to 5.18 of this section. The infra-red peaks of various metal oxide
nanoparticles such as copper, mercury, manganese, zirconium, silver, zinc, cadmium,
vanadium and nickel prepared from the DES of choline chloride — urea were presented in

the following table 5.2.
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Table 5.2: FTIR absorption peaks of metal oxide nanoparticles obtained from

Ch.CI-MA DES
S.No. Metal IR Vibrations
Oxide
NPs M-O C-O0 CH: C-H O-H C-O O-H
Vibrations Stretch deform bend bend asym stretch
(methylene) (alkane) stretch
1 Cu 437,514, 1026 1383 - 1623 2921 3431
601, 846

2 Hg 580, 716, 1066 1360 1440 1619 2940 3462
829

3 Mn 537,720, 1082 1377 1467 1675 2916 3411
814

4 Zr 626, 854 1109, 1382 - 1621 2929 3466

1036

5 Ag 430. 637 - - 1401 1617 2914 3421

6 Zn 466, 725 1086 1399 1481 1624 2955 3441

7 Cd 513,614 1087 1357 1436 1609 2921 3448

8 A% 465, 632, 1068 1369 1430 1601 2928 3429
839

9 Ni 456, 681 1102 1368 1437 1611 2919 3421

The several peaks noticed in the range of 400 to 900 cm™ are correlated to respective
M — O vibrations of MO nanoparticles * 151, A few of the solvent molecules are capped
on the surface of MO nanoparticles. These are indicated by the peaks around 1040 and
1120 cm™ corresponding to the C — O stretching vibrations. The peak due to C — H bending
of alkane and CH> deformations of both the components of the DES choline chloride and

malonic acid is seen around 1470 cm™ and 1380 cm™ in all these spectra. The peak was
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noticed around 1600 cm™ denoted O — H bending vibrations of the choline chloride part of
the deep eutectic solvent. The peaks observed around 2850 cm™ and 2920 cm™ are due to
C — O asymmetric stretching 3. Further, the broad peaks seen around 3420 cm™ in all the
spectra due to different vibrations modes of water molecules adsorbed on the surface of
metal oxide nanoparticles [*4],

From these FTIR spectra data summarized in table 5.2, it is followed that either of
the component’s choline chloride or malonic acid, or both of the DES used in the
preparation of metal oxide nanoparticles had been capped on the surface of these metal
oxide nanoparticles.

5.3.3 XRD Patterns of Metal Nanoparticles Prepared Using Choline Chloride —
Malonic Acid Deep Eutectic Solvent

The XRD patterns obtained for copper, mercury, manganese, zirconium, silver,
zinc, cadmium, vanadium and nickel oxide nanoparticles prepared from the deep eutectic
solvent of choline chloride-malonic acid are reported and discussed as follows. The powder
x-ray diffraction patterns of copper oxide nanoparticles prepared from the deep eutectic
solvents, Ch.Cl — MA are given in figure 5.19. The XRD patterns give information about
the grain size, structure, and phase cleanliness of the materials. In the case of CuO particles
obtained in Ch.Cl — MA DES, the diffraction peaks seen at 26 values of 24.56°, 41.89°
and 68.73° are indexed as (040), (420) and (300) respectively. The grain size of CuO
nanoparticles is determined by using the Debye—Scherer formula,

D =k AIB cos@

where D denotes the grain size, K refers to a constant, A refers to the wavelength of
X-ray used, B denotes the fullwidth half-maximum of the diffraction peaks and 6 is the
angle of the diffraction 4. By using this formula, the average grain size of CuO

nanoparticles prepared from the DES of Ch. CI-MA is found to be 75 nm.
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All the diffraction points in the XRD can be assigned to the pure cubic lattice
structure of mercury oxide nanoparticles as given in figure 5.20. The peaks correspond to
(111), (200), (220), and (222) planes, which are in good pact with the JCPDS pattern
available in the literature. The average crystal width of the HgO nanoparticles obtained in
the DES of Ch.CI-MA was found to be 55 nm using the Scherrer formula of the XRD
pattern. The crystalline behaviour of the prepared MnO nanoparticles was inspected by the
XRD analysis and given in figure 5.21. The XRD patterns revealed the diffraction peaks at
260 values for manganese oxide nanoparticles at 37.23, 55.10 and 66.26. These values are
in accordance with the crystal planes (101), (110) and (200). The mean particle size for
MnO nanoparticles prepared from the DES of Ch. CI-MA is found to be 79 nm using the
Scherrer formula.

The XRD pattern for zirconium oxide nanoparticles prepared using the solvent of
choline chloride — malonic acid is provided at figure 5.22. The diffraction peaks noticed in
this figure for ZrO nanoparticles are in agreement with the Joint Committee for Powder
Diffraction Studies (JCPDS) 281, The average grain size of the ZrO nanoparticles with
respect to relative intensity peak at XRD pattern was found to be 102 nm when the Scherrer
formula is applied. The AgO nanoparticles obtained in the case of Ch. CI-MA DES reported
in figure 5.23 showed intense peaks at 20 values of 45.57, 63.28 and 77.35 which are
indexed corresponding to the planes of (110), (220) and (311) respectively. The structure
of silver oxide nanoparticles is crystalline in nature, and it is face-centered cubic in this
case. The average particle size of AgO NPs obtained in the case of Ch. CI-MA DES is
calculated to be 59 nm by measuring the breadth of (111) Bragg’s reflection.

Figure 5.24 noticed the XRD data of zinc oxide nanoparticles obtained from the
DES of Ch. CI-MA. The XRD plots of the nanoparticles showed peaks of pure hexagonal

structure of zinc oxide. Three reflection planes (100), (002) and (101) that have been seen
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are similar to the detected reflections in bulk materials of zinc oxide 171, The diffraction
peaks obtained at 29.36°, 36.61°, 38.62°, 46.71°, 59.14°, 69.72 and 76.52° are intense and
sharp representing that the nano-crystalline zinc oxide nanoparticles had good crystallinity.
The highest intensity at figure 5.24 related to zinc oxide nanoparticles reflecting the nano-
range size around 131 nm by using Debye — Scherrer formula. The particle size determined
involving the comparative intensity peak (220) found at 26 value of 52.32° of CdO
nanoparticles as given in figure 5.25 has been observed as 60 nm. This is calculated using
the Scherrer formula from figure 5.25 corresponding to the CdO nanoparticles obtained
from the DES of Ch. CI-MA. The surge in sharpness of XRD peaks designates those
particles are in crystalline kind. The (111), (200), (220), (311) and (222) reflections which
correspond to 42.22, 47.32, 50.12, 69.81 and 73.53 respectively, are obviously seen and
meticulously bout the reference designs of CdO (JCPDS) File No. 05-0640). The piercing
XRD peaks show that the particles were of polycrystalline assembly, further the
nanostructure was raised with a random orientation 8 11,

The crystalline kind of DES media synthesized vanadium oxide nanoparticles was
depicted in figure 5.26. The characteristic key diffraction peaks noticed at 20 values of
14.70, 20.41, 22.20, 26.61, 30.09, 32.20, 34.21, 41.41, 42.50, 45.54, 48.31 and 52.21 that
match with the hkl planes of (200), (001), (101), (110), (310), (011), (310), (002), (102),
(411), (600) and (302) index planes were in decent arrangement with their standard JCPDS
No. 41-1426 291, The size of vanadium oxide nanoparticles was found by using Scherrer's
formula to be roughly 57 nm. The XRD pattern obtained for NiO nanoparticles in Ch. CI-
MA DES is shown in figure 5.27. Three peaks for NiO NPs at 20 values of 43.06°, 51.23°
and 74.92° corresponding to the (111), (200) and (222) lattice planes found established that
the ensuing particles have been pure Nickel oxide nanoparticles 211, The nanoparticle width

was projected by using Scherrer's equation to be around 82 nm.
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5.3.4 SEM Analysis of Metal Nanoparticles Prepared Using Choline Chloride —
Malonic Acid Deep Eutectic Solvent

The SEM images were obtained for copper, mercury, manganese, zirconium, silver,
zinc, cadmium, vanadium and nickel oxide nanoparticles prepared from the deep eutectic
solvent of choline chloride-malonic acid are reported and discussed herewith. To examine
the morphological structure and particle size of metal oxide nanoparticles such as Cu, Hg,
Mn, Zr, Ag, Zn, Cd, V and Ni, scanning electron microscopy was used 22 23], The assembly,
geometry, and magnitude of the above metal oxide nanoparticles prepared from the DES
of Ch. CI-MA were evaluated from the Scanning Electron Microscopy images which are
displayed in figures 5.28 to 5.36. The mean particle dimensions of these metal oxide
nanoparticles were calculated from the histograms of the respective SEM images and they
are shown in figures 5.37 to 5.45. Further, the shapes and mean size of the prepared metal
oxide nanoparticles are given in table 5.3 below.

Table 5.3: SEM morphology and size of metal oxide nanoparticles obtained from

Ch. CI-MA DES
S.No.  Metal Oxide NPs Morphology Size (nm)
1 Copper Irregular Tiles 75
2 Mercury Spongy Beads 55
3 Manganese Polygonal Scales 79
4 Zirconium Scales Like 102
5 Silver Irregular Spheres 59
6 Zinc Flower Like 131
7 Cadmium Broken Tiles 60
8 Vanadium Clogged Buds 57
9 Nickel Spongy Scales 82
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5.3.5 EDAX Analysis of Metal Nanoparticles Prepared Using Choline Chloride —
Malonic Acid Deep Eutectic Solvent

The elemental composition and the purity of the DES media via prepared metal
oxide nanoparticles are confirmed by Energy Dispersive X-ray Analysis. The elemental
cleanliness of these metal oxide NPs was evaluated from the EDAX spectra and the peak
values established the occurrence of target components in the synthesized NPs [24-281, The
EDAX spectra obtained for copper, mercury, manganese, zirconium, silver, zinc, cadmium,
vanadium and nickel oxide nanoparticles prepared from the deep eutectic solvent of choline
chloride-malonic acid are reported in the figures 5.46 to 5.54. The elemental purity, weight
percentage, atom percentage of metals, oxygen and the trace of elements of solvent were
given in the tables as an insert of the respective EDAX spectra of metal oxide nanoparticles.
5.4. Conclusion

Nine types of metal oxide nanoparticles were synthesized successfully using
choline chloride — malonic acid deep eutectic solvents. The copper, mercury, manganese,
zirconium, silver, zinc, cadmium, vanadium and nickel oxide nanoparticles prepared were
characterized by techniques such as UV spectroscopy, FTIR spectroscopy, X-Ray
diffraction, Scanning Electron Microscopy and Energy Dispersive X-ray Analysis. The
nanoparticles were synthesized in a simple and convenient manner. There was no surfactant
and seeds were utilized for the formation of nanoparticles. The size of the particles formed

was controlled by varying proportions of the water present in the DESs.
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Figure 5.1: UV-Visible Spectrum of Copper Oxide Nanoparticle obtained in Ch. CI-MA
DES
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Figure 5.2: UV-Visible Spectrum of Mercury Oxide Nanoparticle obtained in Ch. CI-MA
DES
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Figure 5.3: UV-Visible Spectrum of Manganese Oxide Nanoparticle obtained in Ch. CI-MA
DES
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Figure 5.4: UV-Visible Spectrum of Zirconium Oxide Nanoparticle obtained in Ch. CI-MA
DES
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Figure 5.5: UV-Visible Spectrum of Silver Oxide Nanoparticle obtained in Ch. CI-MA DES
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Figure 5.6: UV-Visible Spectrum of Zinc Oxide Nanoparticle obtained in Ch. CI-MA DES
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Figure 5.7: UV-Visible Spectrum of Cadmium Oxide Nanoparticle obtained in Ch. CI-MA
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Figure 5.8: UV-Visible Spectrum of Vanadium Oxide Nanoparticle obtained in Ch. CI-MA
DES
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Figure 5.9: UV-Visible Spectrum of Nickel Oxide Nanoparticle obtained in Ch. CI-MA DES
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Figure 5.10: FTIR Spectrum of Copper Oxide Nanoparticle obtained in Ch. CI-MA DES
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Figure 5.11: FTIR Spectrum of Mercury Oxide Nanoparticle obtained in Ch. CI-MA DES
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Figure 5.12: FTIR Spectrum of Manganese Oxide Nanoparticle obtained in Ch. CI-MA DES
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Figure 5.13: FTIR Spectrum of Zirconium Oxide Nanoparticle obtained in Ch. CI-MA DES
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Figure 5.14: FTIR Spectrum of Silver Oxide Nanoparticle obtained in Ch. CI-MA DES
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Figure 5.15: FTIR Spectrum of Zinc Oxide Nanoparticle obtained in Ch. CI-MA DES
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Figure 5.16: FTIR Spectrum of Cadmium Oxide Nanoparticle obtained in Ch. CI-MA DES
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Figure 5.17: FTIR Spectrum of Vanadium Oxide Nanoparticle obtained in Ch. CI-MA DES
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Figure 5.18: FTIR Spectrum of Nickel Oxide Nanoparticle obtained in Ch. CI-MA DES
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Figure 5.19: XRD Pattern of Copper Oxide Nanoparticle obtained in Ch. CI-MA DES
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Figure 5.20: XRD Pattern of Mercury Oxide Nanoparticle obtained in Ch. CI-MA DES
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Figure 5.21: XRD Pattern of Manganese Oxide Nanoparticle obtained in Ch. CI-MA DES
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Figure 5.22: XRD Pattern of Zirconium Oxide Nanoparticle obtained in Ch. CI-MA DES
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Figure 5.23: XRD Pattern of Silver Oxide Nanoparticle obtained in Ch. CI-MA DES
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Figure 5.24: XRD Pattern of Zinc Oxide Nanoparticle obtained in Ch. CI-MA DES
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Figure 5.25: XRD Pattern of Cadmium Oxide Nanoparticle obtained in Ch. CI-MA DES
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Figure 5.26: XRD Pattern of Vanadium Oxide Nanoparticle obtained in Ch. CI-MA DES
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Figure 5.27: XRD Pattern of Nickel Oxide Nanoparticle obtained in Ch. CI-MA DES
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Figure 5.28: SEM Image of Copper Oxide Nanoparticle obtained in Ch. CI-MA DES
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200 nm EHT = 15.00 kV Signal A= SE1 Date :22 Feb 2020
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Figure 5.29: SEM Image of Mercury Oxide Nanoparticle obtained in Ch. CI-MA DES
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Figure 5.30: SEM Image of Manganese Oxide Nanoparticle obtained in Ch. CI-MA DES
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Figure 5.31: SEM Image of Zirconium Oxide Nanoparticle obtained in Ch. CI-MA DES
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Figure 5.32: SEM Image of Silver Oxide Nanoparticle obtained in Ch. CI-MA DES
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200 nm EHT = 10.00 kV Signal A= SE1 Date :20 Apr 2022
H WD = 9.5mm Mag= 35.00 K X Time :12:12:46

Figure 5.33: SEM Image of Zinc Oxide Nanoparticle obtained in Ch. CI-MA DES
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Figure 5.34: SEM Image of Cadmium Oxide Nanoparticle obtained in Ch. CI-MA DES
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200 nm EHT = 15.00 kV Signal A= SE1 Date :25 Mar 2021
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Figure 5.35: SEM Image of Vanadium Oxide Nanoparticle obtained in Ch. CI-MA DES
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Figure 5.36: SEM Image of Nickel Oxide Nanoparticle obtained in Ch. CI-MA DES
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Figure 5.37: SEM Histogram of Copper Oxide Nanoparticle obtained in Ch. CI-MA DES

AVERAGE PARTICLE SIZE (55 nm) |

COUNT

NN r S— . N . N I -
20 40 60 80 100 120 140
PARTICLE SIZE

Figure 5.38: SEM Histogram of Mercury Oxide Nanoparticle obtained in Ch. CI-MA DES
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Figure 5.39: SEM Histogram of Manganese Oxide Nanoparticle obtained in Ch. CI-MA
DES
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Figure 5.40: SEM Histogram of Zirconium Oxide Nanoparticle obtained in Ch. CI-MA DES
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Figure 5.41: SEM Histogram of Silver Oxide Nanoparticle obtained in Ch. CI-MA DES
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Figure 5.42: SEM Histogram of Zinc Oxide Nanoparticle obtained in Ch. CI-MA DES
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Figure 5.43: SEM Histogram of Cadmium Oxide Nanoparticle obtained in Ch. CI-MA DES
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Figure 5.44: SEM Histogram of Vanadium Oxide Nanoparticle obtained in Ch. CI-MA DES
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Figure 5.45: SEM Histogram of Nickel Oxide Nanoparticle obtained in Ch. CI-MA DES
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Figure 5.46: EDAX Spectrum of Copper Oxide Nanoparticle obtained in Ch. CI-MA DES
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Figure 5.47: EDAX Spectrum of Mercury Oxide Nanoparticle obtained in Ch. CI-MA DES
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Figure 5.48: EDAX Spectrum of Manganese Oxide Nanoparticle obtained in Ch. CI-MA

DES
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Figure 5.49: EDAX Spectrum of Zirconium Oxide Nanoparticle obtained in Ch. CI-MA

DES
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Figure 5.50: EDAX Spectrum of Silver Oxide Nanoparticle obtained in Ch. CI-MA DES

226



Full scale counts: 598

Base(1025)

600 -

500

400

300

200

100

Cl

Si

C1

Element Weight %
Line
CK 19.69
OK 38.98
SiK 0.92
SiL
CIK 10.96
ClL
Zn K 29.46
ZnL

Total 100.00

Figure 5.51: EDAX Spectrum of Zinc Oxide Nanoparticle obtained in Ch. CI-MA DES
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Figure 5.52: EDAX Spectrum of Cadmium Oxide Nanoparticle obtained in Ch. CI-MA DES
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Figure 5.53: EDAX Spectrum of Vanadium Oxide Nanoparticle obtained in Ch. CI-MA

DES
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Figure 5.54: EDAX Spectrum of Nickel Oxide Nanoparticle obtained in Ch. CI-MA DES
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6. SUMMARY AND CONCLUSIONS

In this investigation, we prepared about nine metal oxide nanoparticles utilizing
three different choline chloride-based deep eutectic solvents by the chemical reduction
method. The DESs used for the synthesis of metal oxide nanoparticles are

1. Choline Chloride — Urea

2. Choline Chloride — Ethylene Glycol

3. Choline Chloride — Malonic Acid.

The metal oxide nanoparticles prepared in this study are copper, mercury,
manganese, zirconium, silver, zinc, cadmium, vanadium and nickel. The reducing agent
used for the preparation of these metal oxide nanoparticles is hydrazine hydrate. These
methods are simple and very convenient as no surfactant or seeds are needed for the
formation of nanoparticles.

The size of the nanoparticles formed in these DES depends upon the amount of
water content present in it. Viscosity is an important property to be used as solvents. The
liquids with a moderate viscosity are well suitable for the synthesis of nanoparticles due to
the availability of fewer voids. If the solvents are too viscous, it is difficult to dissolve the
materials in them and there is less possibility for the formation of nanoparticles.

Nanoparticles are emerging technological materials due to their smaller size in the
nano range, novel physical and chemical properties. Their nano size is the base of their
novel and peculiar characters like particle size distribution and optoelectronic properties.
They are of great interest in diverse fields such as clinical pharmacy, agriculture,
environmental, chemical, waste treatment, and electronic industries. Several methods such
as hydrothermal synthesis, sputtering, sol-gel technique, laser ablation, biological and
chemical synthesis are in existence for the synthesis of NPs. lonic liquids are a newer class

of compounds that are used as a solubilizing medium for the synthesis of NPs. But they
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have some drawbacks in the view of degradability and toxicity. So eco-friendly synthesis

of nanoparticles using DES which is an eco-friendly efficient technique is an emerging

technology in the field of nanotechnology.

Table 6.1: Size and morphology of the metal oxide nanoparticles prepared from the

deep eutectic solvents

SNo MO Ch.CI-UDES Ch. CI-EG DES Ch. CI-MA DES
NPs
Morphology Size Morphology Size Morphology Size
(nm) (nm) (nm)
1 Cu Polygonal Rods 44.22  Spongy like 77 Irregular Tiles 75
2 Hg Polymorphous Iiregular
2351 43 Spongy Beads 55
Grains beads
3 Mn Iiregular Polygonal
Spongy Buds 49.46 55 79
Scales Scales
4 Zr Spongy Like 19.16  Spongy like 66 Scales Like 102
5 Ag Aggregated Spongy Irregular
130 168 59
Spheres spheres Spheres
6 Zn Spongy Rods 70 Brokenrods 92 Flower Like 131
7 Cd Scales Like 101 Buds like 45 Broken Tiles 60
8 v Spongy Scales 97 Scales like 65 Clogged Buds 57
9 Ni Accumulated Spongy
62 Scales like 50 82
Scales Scales

The formation of nanoparticles was confirmed by UV, FTIR, XRD, SEM, and

EDAX techniques. The method used for the synthesis of nanoparticles is a very simple and

eco-friendly one. All these metals mentioned above yielded their nanoparticles in all three

deep eutectic solvents with varying sizes and morphology.
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The size and morphology of these metal oxide nanoparticles prepared from these
deep eutectic solvents are summarized in table 6.1 given above. From this table, it was
observed that the choline chloride — urea DES is efficient in producing comparatively
smaller nanoparticles in the case of Cu, Hg, Mn, Zr and Zn metal oxides with respect to the
other two DESs. The choline chloride — ethylene glycol is more efficient in producing Cd
and Ni oxide nanoparticles while the choline chloride — malonic acid is efficient in
producing Ag and V oxide nanoparticles.

The elemental composition and the purity of the DES media via prepared metal
oxide nanoparticles are confirmed by Energy Dispersive X-ray Analysis. The elemental
cleanliness of metals in these metal oxide NPs was evaluated from the EDAX spectra and
the values are reported in Table 6.2.

Table 6.2: The weight and atom % of metals present in the metal oxide
nanoparticles obtained in the DES media

SNo MO NPs Ch. CI-U DES Ch. CI-EG DES Ch. CI-MA DES
Weight % Atom % Weight % Atom % Weight % Atom %
1 Cu 48.1 26.45 40.83 184 2524 7.86
2 Hg 96.49 80.12 72.61 17.46 8544 23.58
3 Mn 12.74 3.89 12.86 3.84 12.86 3.84
4 Zr 55 2471 40.93 10.84 493 10.84
5 Ag 29.23 11.2 95.98 77.98 53.89 20.3
6 Zn 44 41 21.14 21.5 6.47 29.46 9.26
7 Cd 40.83 18.4 89.99 69.37 4427 9.62
8 Vv 95.98 77.98 43.95 19.76 43.95 19.76
9 Ni 295 10.04 44.74 30.66 1.86 0.48

From table 6.2, it is noticed that the DES, Ch. CI-U had produced Cu, Hg, Zr, Zn

and V oxide nanoparticles in purer form when compared to the other two DES. The DES,
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Ch. CI-EG had formed Ag, Cd and Ni oxide nanoparticles in purer form when compared
to the other DES. But the Mn oxide nanoparticles obtained in all the three DES is
comparatively less pure which is due to the varying oxidation states of Manganese.

Thus, the choline chloride-based DES is gaining importance nowadays in NPs
formation as there is no need for the use of any surfactants or seeds during the formation
of nanoparticles when DESs is used as a solvent. Hence choline chloride — urea/ethylene
glycol/malonic acid, DES-based synthesis approach could be a promising technique in the
synthesis of nanoparticles.

Future perceptive of the work
% Investigation of some other deep eutectic solvents for the formation of metallic
nanoparticles
 For synthesizing different metal-based nanoparticles using varying types of DES
% To check the different applications of metal nanoparticles.
%+ To check the reusability and recyclability of deep eutectic solvents during the

synthesis of metal nanoparticles.
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