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ABSTRACT

In this work, the CuO nanoparticles were effectively synthesized by the conventional
hydrothermal method at different temperatures and by using different precursors. A strong
base was used for the precipitation of nanoparticles resulting in no templating agent being
needed for the process to occur. Three different samples were prepared using copper
chloride and copper nitrate as precursors at 150 °C and 180 °C. Different characterization
techniques were used to examine which sample 1s best suited for gas sensing applications.
Crystallography and morphological analysis suggested that sample prepared at 150 °C
using copper nitrate as precursor shows good sensitivity compared to other samples.
Further all other characterizations are performed for this sample. X-ray diffraction pattern
confirms nanoparticles have a crystallite size of 44 nm with a monoclinic phase of CuO.
Highly dense and uniformly distributed particles with lower particle size can be seen by
FESEM 1mages. Bond vibration frequencies were used to detect the presence of Cu-O
bond in the sample using FTIR spectroscopy. Compositional analysis was done with EDX
spectroscopy. The photoluminescence (PL) analysis was performed and a peak maximum
was observed at 417 nm might be due to the presence of defect states. Sensitivity analysis
of acetone depicts CuO has a low response and recovery time and 1s highly sensitive to
acetone gas. Thus, a low-cost and efficient volatile gas sensor with a sustainable approach

1S proposed.
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CHAPTER -1

INTRODUCTION

1.1. NANOTECHNOLOGY

Nanotechnology 1s a multidisciplinary field at the intersection of science, engineering,
and technology, focusing on manipulating substance in the nanoscale, usually found in
the 1-100 nm range. Materials have special qualities and behaviour at this small scale,
distinct from their bulk counterparts. The ability to understand, control, and exploit these
phenomena has given rise to groundbreaking applications across various fields such as
cancer therapy [1], wastewater treatment [2], medicine delivery [3], and solar energy
converters [4]. Because of the remarkable advancements in nanotechnology in recent
years, researchers have become more interested in finding dependable and effective ways
to produce nanomaterials between one and one hundred nanometres [5]. Nanomaterials
are of increasing interest due to their unique optoelectronic, physicochemical, and
magnetic capabilities when compared to their bulk form [6]. Carbon-based, metallic,
polymeric, semiconductor quantum dot, and magnetic nanoparticles are some of the main
types of nanostructures with biological relevance [7] For biological identification and
detection, quantum dots are useful due to their size-dependent fluorescence properties. It

has been possible to sort cells using magnetic nanoparticles [8].

Many scientific and industrial uses can be found for metal oxide nanoparticles, making
them a versatile material [9] A lot of material scientist are still facing issues of
synthesizing cost effective and high-quality nanoparticles with proper phase production,
chemical purity and a controlled agglomeration of particles [10]. Research on synthetic
technique and sensor device technology has shown a great deal of interest in
nanomaterials [11]. The remarkable size-dependent chemical and physical features of
nanostructured materials, along with their potential technological applications, have

received significant attention in the world of science for their research and development

112]

Recently, copper-based nanomaterials have drawn interest of researchers due to their

applicability 1n superconductors, optoelectronic devices, and catalysis [13]. An essential
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functional material 1s the nanostructured copper oxide (CuQO), the p type semiconductor.
[t 1s used in semiconductors, varistor (variable resistor), solar energy conversion,
magnetic storage equipment, detectors for gases, and electronics, and catalysis. It has a
direct energy band gap and special optical and magnetic characteristics [14]. For this
reason, 1t has been investigated together with other copper oxides, specifically regarding

its potential uses as a photothermally active and photoconductive substance [15].

1.2.LITERATURE REVIEW

1.2.1. SYNTHESIS METHODS OF NANOPARTICLES

A large-scale synthesis of different nanomaterials 1s accomplished by the application of
several physical and chemical techniques [16]. Chemical processes like chemical bath
deposition [17], microwave assisted | 18], hydrothermal [19], sol-gel [20], sonochemical
approach [21], electrochemical technique [22], and precipitation [23] and microwave
assisted synthesis [24] using harsh reducing agents, organic solvents, and toxic
compounds along with the production of harmful by-products [25] are the main
techniques through the chemical approach. High energy and time are required for physical
synthesis techniques such as vacuum vapor deposition [26], mechanical milling [27],
pulsed laser [28], gamma radiation [29], and plasma [30] Adopting a successful and
ecologically friendly strategy 1s required for synthesizing nanomaterials by taking into

account the limits of chemical and physical processes [31].

1.2.2. COPPER OXIDE (CuO)

Due to 1ts strong thermal and electrical conductivities, copper 1s a valuable material CuO
1s the formula for the 1norganic compound copper oxide (CuO). It 1s black solid powder
having two different forms CuO and Cu;0O. CuO 1s referred to as tenorite and
paramelaconite in the mineral world. It 1s an outcome of the mining of copper and the
starting point for numerous other goods and chemical compounds that contain copper. By
using pyrometallurgy to separate copper from ores, 1t 1s manufactured on a large scale.
The equivalent copper (II) salts are produced when copper (II) oxide dissolved in mineral

acids. A mild explosive, not an incendiary, 1s produced when cupric oxide 1s added to

2
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thermite instead of 1ron oxide [32]. An important class of semiconductors are the
transition metal oxides. Cu and its oxides are among the many semiconductors that have
gained a lot of interest in practical applications because of i1t’s optical, electrical
conducting, and catalytic properties [33]. The monoclinic crystal structure includes
copper (II) oxide. Each atom 1n the compound CuO has four nearest neighbours of the
same kind, with a narrow band gap, copper (II) oxide 1s a p-type semiconductor. Dry cell
batteries can be made from cupric oxide. It might also be utilized as the cathode in wet
cell batteries, where the anode would be lithium and the electrolyte would be a mixture

of dioxolane and lithium perchlorate [34]

1.2.3. COPPER OXIDE NANOPARTICLES (CuO NPs)

Recent years have seen a significant increase in interest in nanocrystalline semi-conductor
particles due to their unique characteristics, which include a high surface-to-volume ratio
135]. Some of the distinctive characteristics of nanoparticles can be credited to their
enormous surface to volume ratio. An essential class of semiconductors are the oxides of
transition metals. Cu and its oxides are among the numerous semiconductors that have
governed a lot of interest in fundamental research as well as technical application due to
their catalytic, optical, and electrical conducting capabilities [36] Covalent
semiconductor copper (II) oxide has a comparatively small band gap. Strong electron
correlation 1n this narrow band semiconductor complicates CuO's optical characteristics
[37]. Copper oxide is (CuO) a semiconductor with a monoclinic structure [38]. CuO
crystal also possesses photoconductive and photocatalytic properties. CuO has several
uses because 1t 1s less expensive than silver, blends nicely with polymers, and has physical
and chemical properties that are generally stable. Given their ability to be manufactured
with very large surface areas and peculiar crystal morphologies, highly 1onic
nanoparticulate metal oxides, like CuO, are considered to have potential use as
antibacterial agents [39] Furthermore, in addition to their size, these nanoparticles
structure, shape, size distribution, and chemical and physical environments all these
parameters affect their catalytic activity. Controlling the size and size distribution 1s
therefore a crucial task. Generally, by altering the synthesis techniques, reaction
conditions, reducing agents, and stabilizers allows for precise control over shape, size,

and size distribution [40].
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1.2.4. APPLICATIONS OF COPPER OXIDE NANOPARTICLES

Copper and its oxides are among the numerous semiconductors that have attracted a lot
of interest 1n fundamental research as well as technical application due to their catalytic,

optical, and electrical conducting capabilities [41].

Alcohols are synthesized using copper monoxide as a catalyst. It has been observed that
exposing CuO to high-energy particle radiation causes a noticeable acceleration of
catalysed processes. Due to their effectiveness as nanofluids in heat transfer applications,
copper oxide nanoparticles are particularly interesting among the oxides of transition

metals. According to reports, adding 4% of CuO increases water's thermal conductivity

by 20% [42].

The strong electrical and thermal conductivities of copper make 1t a valuable material.
Promising materials for magnetic storage, gas sensors, catalysis, varistors,
semiconductors, and solar energy conversion include CuO, a p-type semiconductor with

narrow band gaps [43].

When organic pollutants are exposed to semiconductor photocatalysts, strong light
sources, and oxidising agents like oxygen or air, the pollutants are broken down by the
photocatalysts. Potential interactions with organic pollutants become possible as a result.
The absorption of photons with energy less than band gap energy frequently leads to heat
dissipation. When the photocatalyst i1s adequately lit, an electron forms in the conduction
band and a hole develops 1n valence band. Pollutants are directly oxidized by holes,

oxygen absorbed on photocatalyst 1s decreased by the electron in the conduction band

[44].

Humans efficiently metabolize copper, which 1s a trace metal that 1s necessary for the
healthy operation of numerous tissues, including the skin, heart, neurological system, and
immune system. Since copper (II) oxide has a nearly non-existent bioavailability, 1t

should be taken when there 1s a copper shortage, particularly when combined with zinc
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or molybdenum in a multivitamin. Copper 1s eliminated from the body by an excessive

intake of zinc or molybdenum.

Copper oxide 1s a harmless form of copper that 1s used in over-the-counter medications
and vitamin supplements. Since copper oxide has antibacterial and cosmetic qualities, 1t
1s also utilized in consumer goods like socks and pillowcases. Dermal sensitivity to
copper 1s thought to be incredibly unlikely. CuO 1s utilized as a gas sensing material to
identify poisonous, flammable, and polluting gases due to its inexpensive cost. Oxide
semiconductors' gas sensing capabilities are typically highly dependent on their surface
[45]. Consequently, raising the high specific surface area of CuO nanoparticles has been

the aim of this study.
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CHAPTER -2

NANOMATERIALS AND SYNTHESIS PROCESS

2.1 NANOMATERIALS

"Nanomaterials" are materials with a minimum of one nanoscale dimension (usually
between 1 and 100 nanometres) (length, width, or height). In comparison to their bulk
counterparts, materials frequently display distinctive and unexpected features at this
scale. Based on their composition, structure, and behaviour, nanomaterials can be divided

into a number of groups. Based on dimensionality nanomaterial can be classified as,

1. Nanoparticles: Particles that fall into the nanometre range are known as
nanoparticles. Materials include metals, metal oxides, and polymers that can be used
to create them. Drug delivery, imaging, and catalysis are just a few of the many uses
for nanoparticles.

2. Nanotubes: Having diameters in the nanoscale range, nanotubes are hollow tubes.
Known for their remarkable mechanical, thermal, and electrical qualities are carbon
nanotubes. Materials science, electronics, and even the medical domains find uses

for them.

3. Nanocomposites: The materials known as nanocomposites combine the qualities of
nanoparticles and nanofillers by incorporating them into a matrix material. The
improved mechanical, thermal, or electrical properties of nanocomposites make them
useful in the aerospace, automotive, and construction industries.

4 Nanowires: Having a diameter in the nanometer range, nanowires are incredibly tiny
wires. Semiconductors, solar cells, sensors, and transistors all employ nanowires
because of their special optical and electrical characteristics.

5. Nanorods: Nanorods are long, elongated objects with sizes that go into the nanoscale
range. They find application in the domains of electronic devices, optics, and

catalytic processes.

6. Quantum Dots: Man-made nanoscale crystals known as quantum dots (QDs) have

special optical and electrical characteristics. When exposed to UV light, they may

6
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transport electrons and release a variety of coloured lights. These synthetic
semiconductor nanoparticles offer a plethora of possible uses, such as solar cells,
composites, displays, illumination, fluorescent biological labelling, and medical
imaging.

Graphene: Graphene 1s a carbon allotrope which consists of a single sheet of atoms
organised in a lattice with a hexagonal shape nanostructure. Because the graphite
allotrope of carbon contains a large number of double bonds, the term 1s formed from

the word "graphite" and the suffix —ene. It has applications in energy storage,

electronics, and materials research.

Nanomaterials has unique properties and a broad variety of applications that could

totally revolutionize several industries. While much research is being done to better

understand and mitigate these risks, concerns have been raised over potential impacts

on the environment and public health

2.2 SYNTHESIS APPROACH

Different strategies are used to synthesize nanomaterials, each with the aim of achieving

particular characteristics and uses. Common methods for synthesizing nanomaterials

include the following

Top-Down approach: By using this technique, the bulk 1s split up into smaller

pieces, which are then further broken up into nanomaterials.

Integrated circuit manufacturing serves as an illustration of this methodology.

Nanocrystalline structures are formed by the division of macrocrystalline structures.

Bottom-Up approach: Nanomaterials are created by assembling the tiniest units, or
atoms. It 1s employed in the construction of fundamental materials, such as the

assembly of atoms and molecules.

Sol-gel, hydrothermal, physical, and chemical vapor deposition are a few of the

techniques of Bottom-Up approach.
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2.2.1 SYNTHESIS METHODS FOR NANOMATERIAL SYNTHESIS

Nanoparticles can be created using different techniques, each having unique profits and
drawbacks. The size, shape, intended qualities of the nanoparticles, and the intended use
all influence the synthesis technique selection. The following are some typical methods

for creating nanoparticles:

1. Electrochemical Method: In order to produce nanoparticles, metal ions must be
reduced at the electrode surface during the electrochemical synthesis process. The
electrochemical production of silver nanoparticles 1s one instance of this.

2. Green Synthesis Method: Nanoparticles are synthesized from natural sources such
as plant extracts or microorganisms. For example, aloe vera plant extract can be
utilized to make silver nanoparticles.

3. Co-precipitation Method: consists of two or more ingredients that precipitate at the
same time to form nanoparticles. For example, iron oxide nanoparticles can be
produced by co-precipitating iron salts and a base.

4. Chemical Reduction Method: This process reduces metal 1ons using reducing agents
to create nanoparticles. As an illustration, gold nanoparticles can be created by

reducing gold chloride with a reducing agent like sodium borohydride.

J1

Sol-Gel Process: Using the Sol-Gel Process, a fluid 1s transformed into a gel that 1s
subsequently dried and burned to create nanoparticles. For example, the sol-gel
method 1s frequently used for producing silica nanoparticles.

6. Hydrothermal/Solvothermal Process: A  high-temperature, high-pressure
environment 1s used to create nanoparticles. Example: A hydrothermal approach can

be used to create metal oxide nanoparticles.

7. Microemulsion: Technique: When water, oil, and surfactant are combined,
nanoparticles are created. Example: A microemulsion technique can be used to create
copper nanoparticles.

8. Combustion Synthesis Method: The burning of precursor materials produces
nanoparticles. An example of this would be the synthesis of titanium dioxide

nanoparticles through burning
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10.

11.

12.

Template-Assisted Synthesis Method: This method makes use of a template to
produce nanoparticles, which are subsequently extracted from the template [48]
Example: the synthesis of mesoporous silica nanoparticles with the use of a template.
Photochemical Synthesis Technique: Photochemical reactions are used to produce
nanoparticles. Example: Photochemical techniques can be used to create cadmium
sulphide nanoparticles.

Mechanical Milling: Technique: Grinding large quantities of material by hand
produces nanoparticles. For example, different materials can be turned into
nanoparticles by using high-energy ball milling

Gas-Phase Synthesis: The process of gas-phase synthesis involves the formation of
nanoparticles, usually through the vaporization of a precursor material Example of

this 1s the production of gas phase nanoparticles using laser ablation.

C} Scanned with OKEN Scanner



CHAPTER -3

HYDROTHERMAL SYNTHESIS OF CuO NANOPARTICLES

3.1 HYDROTHERMAL METHOD

The hydrothermal technique uses water as a solvent in a closed system at a certain
temperature and pressure to complete the reaction, simulating the formation of crystals
during the mineralization process in sample [49] Properties of water such as vapour
pressure, density, viscosity, surface tension, and 1onic product will all alter significantly
in hydrothermal conditions [50] It is clearly capable of lowering system reaction
temperatures and producing highly crystalline products with small size distributions,
excellent purity, and little aggregation [51]. As the reaction is in the closed system it is
challenging to watch the material's growth process. The hydrothermal process also has a
number of drawbacks, such as expensive equipment requirements, a lengthy reaction

time, and significant energy consumption [52].

3.2 SYNTHESIS PROCESS

3.2.1 MATERIALS

Copper (II) nitrate trihydrate Cu(NO3)2.3H20, Copper chloride anhydrous (CuCl2) and
Urea were purchased from Sigma-Aldrich chemical company. The deionized water was
used for various solution preparation having resistivity of 18.2 MQ c¢m’!. Ethanol was

used for washing the precipitate.

3.2.2 SAMPLE PREPARATION

A novel approach used for creating CuO nanostructures involved different precursors and
different reaction temperature. Three different samples were prepared using two different
precursors and two different synthesis temperature. Sample 1 abbreviated as S1 1s

synthesised by combining (CuClz) with deionized water in a beaker to create a copper

10
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(0.2 M) solution, which was then agitated with a magnetic stirrer until the solution turned
light green. The solution above was combined with urea (0.2 M) while being continuously
stirred. It was then put into the oven at 150 °C for 12 h in an autoclave. After cooling at
room temperature, the resulting black precipitates was repeatedly cleaned with deionized
water and ethanol to get rid of contaminants like surfactants. The precipitate was further
dried for 6 h at 75 °C. Sample 2 abbreviated as S2 was synthesized keeping all the
conditions same and by just changing the precursor from copper chloride anhydrous
(CuCly) to copper nitrate trihydrate Cu(NO3)2.3H20. A 0.2 M solution of Cu(NOs3)2.3H20
was prepared and rest process i1s kept same. For synthesis of sample 3 which 1s
abbreviated as S3 was prepared by just increasing the reaction temperature of sample 2
from 150 °C to 180 °C. The three samples were compared and their properties were

studied.

3.2.3 FILM DEPOSITION AND GAS SENSING MEASUREMENT

The doctor blade method was used to coat an alumina substrate with a thick layer of
synthesised CuO nanoparticles. A binder called polyethylene glycol (PEG 200) has been
utilised to coat the thick layer of generated nanoparticles on the substrate. The generated
binder and CuO nanoparticle paste are applied to an alumina substrate using a doctor
blade. After the coated film was sintered at 300 °C for an entire night, the applied silver
paste was dried for 12 hours at 70 °C. Silver electrodes are made to measure electrical
resistance. The film was then placed on top of an electric micro heater that was placed
inside the 0.5 L chamber. The diluted volatile organic compounds (VOCs) were added to
the bottom electric microheater at a concentration of 100 ppm using a micropipette. The
vaporised VOCs moved upward as a result, interacting with the sensor material. Voltage
is applied to the micro-heater to control the temperature of the sensor. Equation (1) was

used to estimate the probe's sensitivity.

Sensitivity (S) = - (1)

Where R 1s the mnitial resistance of CuO in presence of air before adsorption and Rg 1s

the resistance after the adsorption of gas vapours.

11
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3.2.4

Figure 3.1: Schematic representation of synthesis process of CuO nanoparticles.
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CHAPTER -4

RESULTS AND DISCUSSION

4.1 CRYSTALLOGRAPHY ANALYSIS

Figures 4.1, 4.2, and 4.3 shows the XRD patterns of samples S1, S2, and S3, respectively.
According to XRD examination, phase development of CuO nanoparticles was seen in
all three produced samples. CuO is seen in the monoclinic phase in S1 and S2, along with
some unreacted precursor impurities. XRD pattern analysis of sample S3 depicts the
synthesized sample is pure without any impurity. Visible diffraction peaks of CuO
indicate the monoclinic crystal structure of sample S3 from the standard JCPDS file No.:
00-045-0937, space group (S.G.): C2/c, S.G. No. 15. With B = 99 54° the unit cell
parameters a, b, and c¢ are seen as 0.458, 0.318, and 0.504 nm, respectively. Using Eq.

(2), the parameters a, b, and c are estimated.

+—+—== 2)

Here, h, k, and | are the miller indices and d is the interplanar spacing. Bragg's diffraction

law, can be used to determine the value of d as given in Eq. (3)

2dSin6 = ni (3)
The position of the most intense peak can be seen at 35.55°. Using the value of FWHM

(full width at halt maxima) and the Debye-Scherrer equation [53] given as Eq. (4) 1s

; — 094
o BcosB

(4)

here 6 = Bragg’s diffraction angle, L = x-ray wavelength, t = size of crystal, and f =

FWHM (in radians). The calculated average crystallite size for sample S3 1s 44 nm.

13
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Figure 4.1: XRD pattern of sample S1 along with JCPDS file.
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Figure 4.2: XRD pattern of sample S2 along with JCPDS file.
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CuO XRD
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Figure 4.3: XRD pattern of sample S3 along with JCPDS file.

4.2 MORPHOLOGICAL ANALYSIS

Fe-sem analysis is done to examine the synthesised sample's morphology. Figures 4.4,
4.5, and 4.6 shows the Fe-sem images of samples S1, S2, and S3, respectively. Fe-sem
images of particles at (a) low magnification and (b) high magnification are included in
every figure. Figure 4.4 displayed for sample S1 illustrates the aggregation of particles.
Particle formation is not uniform. Figure 4.5 illustrates the formation of particles with a
cuboidal shape for sample S2. The arrangement of these cuboidal-shaped particles
forms a ball like structure. Based on a high magnification picture, the average particle
size for sample S2 1s 135 nm. The Fe-sem pictures of S3, which demonstrate the creation
of a petal-like structure of particles, are displayed in figure 4.7. These petals are arranged
in a uniform pattern which forms a flower like pattern as an aggregate. The average

particles size calculated for the sample S3 from high magnification image 1s 180 nm.

15

(} Scanned with OKEN Scanner



200 nm

Figure 4.4: Fe-sem images of sample S1 synthesized using precursor Copper chloride

(a) 1 pm and (b) 200 nm.

200 nm

Figure 4.5: Fe-sem images of sample S2 synthesized using precursor Copper nitrate (a)

I um and (b) 200 nm.
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Figure 4.6: Fe-sem 1mages of sample S3 synthesized using precursor Copper nitrate (a)

2 um and (b) 200 nm.

4.3 EDX ANALYSIS

The elemental analysis of synthesized sample 1s done using (EDX) energy dispersive X-
ray spectroscopy. Figure 4.7, 4 8, and 4.9 shows the EDX spectrum of sample S1, S2, 83
respectively. As seen from the figure 4.7 sample | contains major amount of Cu and
oxygen. Table 4.1 shows the composition of all elements present in sample. According to
this table the sample contains 56.42 % of Cu and 26.68 % of O as weight percentage.
Weight percentage 0f 0.07 % of N and 1.05 % of Cl shows the presence of some unreacted
precursors. Cu and O are present in an atomic percent of 22.74 % and 42.74 %
respectively which suggest the formation of CuO. Cuand O are present 1n a stoichiometry

ratio of 1:1.8 which shows the presence of excess oxygen.
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Figure 4.7: EDX spectra of sample S1 synthesized using copper chloride as precursor.

Table 4.1: Composition table showing atomic and weight percentage of elements in

sample S1.
Cu 56.42 22.74
O 26.68 4272
N 0.07 0.13
Cl 1.05 0.76

As seen from the figure 4 8 sample 2 also contains major amount of Cu and oxygen. Table
4.2 shows the composition of all elements present in sample. According to this table the
sample contains 79.67 % of Cu and 12.50 % of O as weight percentage. Weight
percentage of 0.17 % of N shows the presence of some unreacted precursors. Cu and O

are present in an atomic percent of 46.70 % and 29.11 % respectively which suggest the
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formation of CuO. Cu and O are present in a stoichiometry ratio of 1.6:1 which shows the

presence of some extra copper because of unreacted copper nitrate.

Intensity (arb. unit)

Energy (keV)

Figure 4.8: EDX spectra of sample S2 synthesized using copper nitrate as precursor.

Table 4.2: Composition table showing atomic and weight percentage of elements in

sample S2.
Cu 79.67 46.70
O 12.50 29.11
N 0.17 0.44
Cl 0.00 0.00

As seen from the figure 4 9 sample 3 contains only of Cu and oxygen. Table 4 3 shows
the composition of Cu and O present in sample. According to this table the sample

contains 82 % of Cu and 18 % of O as weight percentage. Cu and O are present in an
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atomic percent of 53.4 % and 46.6 % respectively which suggest the formation of CuO.

Cu and O are present 1n a stoichiometry ratio of 1.1:1 which suggest the formation of pure

CuO.

Intensity (arb. unit)

0 1 4 5 6
Energy (keV)

Figure 4.9: EDX spectra of sample S3 synthesized using copper nitrate as precursor

Table 4.3: Composition table showing atomic and weight percentage of elements in

sample S3.
Cu 82 534
O 18 46.6
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4.4 FTIR ANALYSIS

To 1dentify the various functional groups, present in the sample, an effective method for
examining the molecular interactions and bonding characteristics of nanoscale materials
is the FTIR technique. By monitoring the spectrum fingerprints obtained from the FTIR
analysis, we can gather significant information on the functional groups present on the
surface of the CuO NPs, clarifying their stabilization mechanism and structural stability.
The 1dentification of organic compounds, surfactants, or biomolecules that have been
engaged in the synthesis process 1s made possible by FTIR analysis, which contributes to
our understanding of the hydrothermal synthesis route. Functional groups involved in the
synthesis of CuO NPs are studied using FTIR analysis of copper oxide nanoparticles
obtained from the sample S2. The most likely functional group included in the sample
can be 1dentified using FT-IR analysis. Figure 4. 10 displays the CuO nanoparticle’s FT-
IR spectrum.

[n CuO nanoparticle’s FT-IR spectrum analysis using Cu(NO3)2.3H20 as a precursor the
Cu-O stretching vibrations of CuO nanoparticles can be seen from peaks at 746, 570 and
520 cm™ along different faces of monoclinic structure . The band maxima at 3398 cm’

and 3310 cm' are indicative of adsorbed water molecules and are OH stretching vibration

and HOH bending modes [54.55] respectively. The transmittance band at 1042, 846 and
815 cm™ are connected with Cu-(OH) and C-O stretching vibrations of alcohol, and

phenolic-based compounds are denoted by peaks at 1491 and 1376 cm™! [56].
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Figure 4.10: FTIR spectrum of Sample S2 synthesized using copper nitrate as

Precursor.

4.5 UV-VISIBLE ANALYSIS

Spectroscopy study of sample S2 1s done using UV-vis spectroscopy. The observed
absorbance plot for the given sample 1s shown in figure 4. 11. Acc. To the given data CuO
nanoparticle’s wide absorption band located about 292 nm. CuO nanoparticles with good
transmittance were produced at a high temperature. Figure 4.12 shows CuO
nanoparticle's indirect bandgap that 1s 3.4 eV which 1s consistent with values that have
been previously published. Using the Tauc relation [57], one may ascertain the optical

transition involved in the as-synthesized nanoparticles based on the dependency of @ on

hv.

ahv = f(hv — Eg)" (5)
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Where n 1s a number, which 1s taken to be 0.5, 2 for direct and indirect transitions,
respectively and f 1s constant.

[t was discovered that the estimated bandgap for the particular temperature was found to
be 3.4 eV. It was found that CuO nanoparticles synthesized at 150 °C had a bandgap
energy that was similar to light energy in IR spectrum and could absorb more photons
than copper oxide nanoparticles synthesized at other temperatures [58] Therefore, 1t was
assumed that CuO nanoparticles synthesized at 150 °C temperature would be a good fit

for optoelectronics applications.

b
h

[}
=

Absorbance (a.u.)
=

10

300 400 500 600 700
Wavelength (nm)

Figure 4.11: Absorption spectra of CuO synthesized at 150 °C using copper nitrate as
precursor 1.e. sample S2.
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Figure 4.12: Tauc’s plot for indirect bandgap of synthesized CuO nanoparticles sample
S2.

4.6 PHOTOLUMINESCENCE ANALYSIS

The photoluminescence (PL) analysis 1s performed for the sample S2. The
photoluminescence (PL) spectrum of synthesised CuO nanoparticles with an excitation
wavelength of 320 nm is shown in figure 4.12. At 417 nm, a unique PL band is found.
The wide PL may be associated with defects and vacancies generated by non-
stoichiometric CuO. The oxide material's emission wavelength 1s assumed to be
significantly influenced by the particles' size, shape, and excitation wavelength [59]. The
near band edge emission or exciton emissions can be seen at 417 nm 1n the Pl spectrum

[60,61]. The presence of Cu vacancies in CuO causes non-stoichiometry [62].
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Figure 4.13: Emission spectra of CuO nanoparticles synthesized using copper nitrate as
precursor at 150 °C.
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CHAPTER -5

APPLICATIONS AS ACETONE GAS SENSOR

Acetone 1s a colourless liquid with a melting point of 94 °C, boiling temperature of 56.5
°C, density of 0.788 g/cm® and a distinct smell [63]. It is frequently used in labs and
industries to dissolve plastic, purify paraffin, and dehydrate tissues. Inhaling acetone can
cause 1irritation to the nose, throat, and eyes, which is harmful to one's health. It can also
cause headache, nausea, dizziness, and sleepiness at high doses [63]. Thus, it is necessary
to keep an eye on the acetone concentration. Acetone concentration measurement is aided
by CuO nanoparticles. CuO particles have a high surface-to-volume ratio that makes it
possible for gas molecules to adsorb on their surface, changing the electrical properties
of the particles in remarkable ways. The CuO particle sensing mechanism originates from
the interaction between the pre-adsorbed oxygen on CuO and the acetone gas. O” may be
produced by pre-adsorbed oxygen interacting with CuO by charge exchange. A reaction
happens between CuO and pre-adsorbed oxygen when 1t 1s subjected to acetone, which
has a reductive tendency. The reactions between the pre-adsorbed O and the acetone
molecules neutralise the majority carrier in p-type CuO and liberate free electrons. This
alteration results in fewer holes in CuO, which increases sensor resistance. The quantity
of oxygen adsorbed on the CuO surface rises as the acetone concentration falls. As a
result, the sensor resistance decreases and approaches the initial stable condition of CuO.
Acetone concentration changed from 100 ppm to 50 ppm. The temperature used for the
gas sensing experiment was 300 °C. Figure 7 displays the generated resistance vs time
graph. The graph displays the acetone responses for six distinct acetone sensing cycles.
The drop in acetone concentration is the cause of the peak maxima's declination. It 1s
evident from the graph that the sample has a very low reaction and recovery time. Based
on a concentration of 100 ppm, the sensor displays a reaction time of around 10 seconds
and a recovery time of roughly 30 seconds. It is evident from the sensitivity formula c
that the sample exhibits good sensitivity. As it can be seen from the plot, the resistance
increases from 15K Ohmic resistance to about SOOK Ohmic resistance on exposure to

acetone. The value of sensitivity now can be calculated from Equations 1 as
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500K — 33 33
15K

Sensitivity (S) =

(6)

Thus, a sensitivity of 33.33 1s observed which shows that CuO 1s a good volatile gas

sensor for gases like acetone.
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Figure 5.1: Variation of resistance (Ohm) with time for different cycles. Response

recovery plot of CuO as acetone gas sensor at 300 °C.
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CHAPTER -6

CONCLUSION

In the present work, three different samples of CuO nanoparticles have been successfully
synthesized using different precursors and different reaction temperatures without using
any surfactant via a cost-effective hydrothermal method. Various characterizations are
performed to validate the successtul synthesis of CuO nanoparticles which shows that the
sample synthesized at 180 °C using copper nitrate trihydrate as precursors are formed
without any mmpurity. The formation of cuboidal and petal shaped nanoparticles is
confirmed by FESEM analysis. Phase and lattice parameters analysis 1s also done using
the XRD method. Crystallite size 1s calculated for the most intense peak, which 1s found
to be 44 nm for S2. EDX analysis 1s used to check the composition of Cu and O and FTIR
1s performed to detect the presence of functional groups in synthesized sample. EDX
confirmed formation of CuO nanoparticles in stoichiometry with some impurities of
copper nitrate in S2. FTIR confirmed the presence of Cu-O bonds in the sample.
Photoluminescence analysis 1s also performed which 1s used to confirm the presence of
defects in the sample. Further, gas sensing properties of CuO nanoparticles were studied
for S2, sample showed a sensitivity of 33.33 for acetone gas which depicts CuO as a low

cost and highly efficient sensor for sensing volatile gases like acetone.
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Abstract.

In this work, the CuO nanoparticles were effectively synthesized by the conventional
hydrothermal method. A strong base was used for the precipitation of nanoparticles
resulting 1n no templating agent being needed for the process to occur. X-ray diffraction
pattern confirms nanoparticles have a crystallite size of 44 nm with a monoclinic phase
of CuO. Highly dense and uniformly distributed particles can be seen by FESEM images.
Bond vibration frequencies were used to detect the presence of Cu-O bond in the sample
using FTIR spectroscopy. Compositional analysis was done with EDX spectroscopy. The
photoluminescence (PL) analysis was performed and a peak maximum was observed at

417 nm might be due to the presence of defect states. Sensitivity analysis of acetone
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depicts CuO has a low response and recovery time and is highly sensitive to acetone gas.

Thus, a low-cost and efficient volatile gas sensor with a sustainable approach 1s proposed.

Keywords: CuO, Nanostructures, Hydrothermal Synthesis.

1 Introduction

The creation of one-dimensional (1D) nanostructured materials, such as nanorods [1],
nanoribbons [2], nanowires [3], and nanotubes [4] 1s interesting because of their special
chemical, electrical, and mechanical qualities as well as their prospective uses. These
properties of inorganic materials excited researchers for the production of materials with
particular shape, size, and crystallinity during the past few decades. A significant amount
of research has been done to synthesize various nanomaterials, such as semiconductors
and metals. Electrical, optical and chemical characteristics depend mainly on
nanomaterial's sizes, shapes, crystal structure, and surface morphology [5]. Copper oxide
1s a metal oxide which 1s present in two phases. In cupric oxide (CuQO) vacancies of copper
can be detected using deep level transient spectroscopy (DLTS) [6], which tells that it 1s
a p-type semiconductor and has a bandgap ranging from 1.2 eV to 1.8 eV. Copper oxide
(CuO) has been acknowledged as an industrially significant material for a wide range of
useful applications, including gas sensing [7], solar energy conversion [8], batteries [2],
catalysis [3], magnetic storage [3], and field emission [9]. Hence, the synthesis and
analysis of CuO nanostructures should be crucial from both a fundamental and practical
viewpoint. Over the past two decades, a number of methods, including the hydrothermal
technique [10], solid-state reaction process [11], sol-gel method [12], and chemical
vapour deposition [13], etc. have been employed to synthesize CuO nanostructures. The
hydrothermal process 1s one of the suggested procedures that may be thought to be the

most promising because of its low temperatures and high-pressure conditions. Here, we
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describe the hydrothermal synthesis of CuO nanoparticles in the presence of urea using a
simple efficient and surfactant-free technique The success of the production of CuO

nanoparticles 1s then confirmed using various characterization techniques.

2 Experimental

2.1 Materials used

Cu(NO3)2.3H20 (copper (II) nitrate trihydrate), and strong base urea are purchased from
Sigma-Aldrich chemical company are used, polyethylene glycol (PEG200), alumina
substrate, silver paste for making electrodes are used in film production. The deionized
water 1s used for various solution preparations having a resistivity of 18.2 MQ) cm.

Ethanol 1s used for washing the precipitate.

2.2 Sample preparation and characterization

A novel approach used for the synthesis of CuO nanostructures involved mixing
Cu(NO3)2.3H20 1n delonized water to get a copper (0.2 M) solution, which was then
agitated with a magnetic stirrer until the solution turned light blue. The solution above 1s
then intermixed with urea (0.2 M) while being continuously stirred. A temperature of 160
°C 1s given to the sample for 10 h to complete the reaction process in an autoclave, and
the sample 1s collected after cooling. The resulting black precipitate 1s washed 3 to 4
times. The precipitate 1s then dried at 75 °C for 6 h. Figure 1 shows the stepwise
representation of CuO nanoparticle synthesis. The prepared sample 1s then characterized
using various techniques such as XRD, FESEM, FTIR, EDX and photoluminescence
spectroscopy to analyze its crystallographic, morphological, elemental and optical

properties.
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Figure 1. Stepwise representation of CuO nanoparticles synthesis.

2.3 Film deposition and gas sensing measurement

Using the doctor blade technique, a thick layer of synthesized CuO nanoparticles was
created on an alumina substrate. To coat the thick layer of produced nanoparticles on the
substrate, polyethylene glycol (PEG 200) has been used as a binder Alumina substrate is
coated with the produced binder and CuO nanoparticle paste using a doctor blade. In order
to eliminate the binder and achieve good adhesion of nanoparticles with the substrate, the
coated film was sintered at 300 °C overnight and then dried the applied silver paste for
12 hours at 70 °C. Now electrical resistance 1s measured from electrodes made of silver
The film was then set up on an electric micro heater that was positioned within the
chamber of volume 0.5 L. A micropipette was used to introduce the diluted volatile
organic compounds (VOCs) at a concentration of 100 ppm on the bottom electric
microheater. This caused the vaporized VOCs to migrate upward and interact with the
sensor material. The voltage delivered to the micro-heater was used to regulate the

sensor's temperature.
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The sensitivity of the probe was estimated with the following Eq. (1)

e R
Sensitivity (S) = R—g (1)
a

Where R 1s the resistance after the adsorption of gas vapours and R is the initial

resistance of CuO 1n presence of air before adsorption.

3 Results and Discussion

3.1 Crystallography Analysis

The XRD pattern of the synthesized sample 1s represented in Figure 2. The monoclinic
crystal structure from the standard JCPDS file No.: 00-045-0937, space group (S.G.):
C2/c, S.G. No.: 15 [14] 1s confirmed from visible diffraction peaks of CuO. The
synthesized sample contains CuO with some minor impurities of unreacted copper nitrate
that can be seen from JCPDS file no. 01-074-2372. The unit cell parameters a, b and ¢
can be seen as 0.458, 0.318 and 0.504 nm, respectively and f = 99 54°. The parameters

a, b and c are estimated using Eq. (2).

— = (2)
here h, k, I are the miller indices of the planes from which X-ray 1s getting diffracted and
d 1s the interplanar spacing. The value of d can be calculated using Bragg’s diffraction
law, Eq. (3)

2dSinf = nA (3)
The position of the most intense peak can be seen at 35.55° Using the value of FWHM

(full wadth at half maxima) and the Debye-Scherrer equation [15] given as Eq. (4) 1s

;= 0.91
o fcosB

(4)
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here A = wavelength of the x-ray used, 6 = Bragg’s diffraction angle, t = size of the crystal,
and f = FWHM (in radians). The calculated average crystallite size with the most intense

peak 1s 44 nm.

< CuO NPs XRD

5 * Cu(NO3),
5
L
£
o
S

= | l JCPDS: 00-045-0937

a1t

35 40 45 50 55 60 65 70

Angle (20)
Figure 2. X-ray diffraction pattern with corresponding JCPDS file of the

synthesized CuO nanoparticles.

3.2 Morphological Analysis

The structural analysis of synthesized CuO nanoparticles 1s done using FESEM. Figure 3
(a, b) shows the FESEM 1mages of CuO nanoparticles acquired at 1 pm and 200 nm
magnifications. Figure 3(a) clearly shows the formation of distinct particles with
uniformity over the complete surface, while Figure 3(b) shows the formation of cuboidal-
shaped nanoparticles. As seen from the high magnification image it i1s concluded that all
the cuboidal shaped nanoparticles are arranged to form ball-like structures. The average
particle size of synthesized particles calculated from a high magnification image 1s 135

nim.
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Figure 3. FESEM images of synthesized CuO nanoparticles at 1 pm (a) and 200 nm

(b).

3.3 FT-IR analysis

The most likely functional group included in the sample can be identified using FT-IR
analysis [16]. Figure 4 displays the CuO nanoparticle’s FT-IR spectrum. The Cu-O
stretching vibrations of CuO nanoparticles can be seen from peaks at 746, 570 and 520
cm™ along different faces of monoclinic structure. The band maxima at 3398 ¢cm™ and
3310 cm™! are indicative of adsorbed water molecules and are OH stretching vibration and
HOH bending modes [16,17], respectively. The transmittance band at 1042, 846 and 815
cm! can be connected to Cu-(OH), and C-O stretching vibrations of alcohol and

phenolic-based compounds are denoted by peaks at 1491 and 1376 cm™ [18].
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Figure 4. FTIR spectrum of CuO nanoparticles produced at 160°C.

3.4 EDX analysis

EDX 1s performed for the synthesized sample. The sample has an atomic weight
percentage of 79.67 % of Cu and 12.50 % of O which can be seen from the EDX spectrum
as shown in Figure 5. This shows that the synthesized sample contains Cu and oxygen in
a ratio of 1.6:1 which confirms the formation of CuO nanoparticles. The extra peaks in

EDX spectrum are inconsistence of the observed extra peaks in the XRD pattern of the

sample.

Gement et Mamic
Cu

79.67 46.70
O 12.50 29.11

0.17 0.44
Cl 0.00 0.00

Counts

Cu

‘ Cu

0 1 2 3 4 5 6 7 8 9
Energy (eV)
Figure 5. EDX spectrum of synthesized CuO nanoparticles and composition table
(1nset).
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3.5 Photoluminescence analysis

Figure 6 displays the photoluminescence (PL) spectrum of CuO synthesized nanoparticles
with an excitation of 320 nm at room temperature. A distinct PL band 1s detected at 417
nm. The broad PL can be related to vacancies and defects created by non-stoichiometric
CuO. The shape, size, and excitation wavelength of the particles are thought to have a
significant influence on the oxide material's emission wavelength [19] . The PL peak at
417 nm 1s commonly known as the near band edge emission or exciton emissions [20.21].

The presence of Cu vacancies in CuO causes non-stoichiometry [22].

2500 .
—— PL CuO excited
by 320 nm
2000 -
3
E
1500 -
.E
g
L
1000 -
500 -
] T T T T ]
350 400 450 500 550 600
Wavelength (nm)
Figure 6. Photoluminescence spectrum of CuO nanoparticles.

4. Application as Acetone gas sensor

Acetone 1s a colourless liquid having a boiling point of 56.5 °C, melting point of 94 °C,
density of 0.788 gram/cm’ and a pungent characteristic smell [23]. It is commonly used
in laboratories and industries to dehydrate tissues, purify paraffin and dissolve plastic.
Acetone inhalation 1s harmful to health as it can lead to irritation in nose, throat and eyes

as well. In high concentrations, 1t can lead to nausea, dizziness, drowsiness and headache

S
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also [23]. So, the concentration of acetone needs to be monitored. CuO nanoparticles play
an important role in acetone concentration detection. CuO particles high surface-to-
volume ratio allows gas molecules to adsorb on their surface, which leads to extraordinary
changes in the electrical characteristics of nanoparticles. The interaction between the pre-
adsorbed oxygen on CuO and acetone gas 1s source of the CuO particle sensing
mechanism. Pre-adsorbed oxygen may interact with CuO through charge exchange to
create O". When CuO 1s exposed to acetone which 1s reductive in nature and pre-adsorbed
oxygen there occurs a reaction between them. The majority carrier in p-type CuO 1s
neutralised and free electrons are released via the reactions between the pre-adsorbed O
and the acetone molecules. As a result of this change, there are less holes in CuO, which
raises sensor resistance. As the acetone concentration 1s lowered, the amount of oxygen
adsorbed on the CuO surface increases. This leads to lowering the sensor resistance
towards the original stable state of CuO. For this, the concentration of acetone 1s taken as
100 ppm to 50 ppm. The gas sensing experiment was done at a temperature of 300 °C.
The obtained resistance versus time graph i1s shown in Figure 7. The plot shows the
responses of acetone for 6 different cycles of acetone sensing. The decrease in the peak
maxima 1s due to the decrease in the concentration of acetone. According to the graph it
can be clearly seen that the sample has a very low response and recovery time. The sensor
shows a response time of approximately 10 sec and a recovery time of about 30 sec as
calculated for 100 ppm concentration. Using the sensitivity formula calculation, it can be
seen that the sample shows good sensitivity. As it can be seen from the plot, the resistance
increases from 15K Ohmic resistance to about SO0K Ohmic resistance on exposure to

acetone. The value of sensitivity now can be calculated from Equations 1 as

500K
15K

Sensitivity (S) = = 33.33 (5)
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Thus, a sensitivity of 33.33 1s observed which shows that CuO 1s a good volatile gas

sensor for gases like acetone.

Resistance

=
W

=
N

Resistance(M(2)

&
—

=
—

0 120 240 360 480 600 720
Time (sec)

Figure 7 Variation of resistance (Ohm) with time for different cycles. Response

recovery plot of CuO as acetone gas sensor at 300 °C.

5. Conclusions

In the present work, the successful synthesis of CuO nanoparticles 1s done without using
any surfactant via a cost-effective hydrothermal method. Various characterizations are
performed to validate the successful synthesis of CuO nanoparticles. The formation of
cuboidal-shaped nanoparticles 1s confirmed by FESEM analysis. Phase and lattice
parameters analysis 1s also done using the XRD method. Crystallite size 1s calculated for
the most intense peak, which 1s found to be 44 nm. EDX analysis 1s used to check the
composition of Cu and O and FTIR 1s performed to detect the presence of functional
groups in synthesized sample. EDX confirmed formation of CuO nanoparticles in

stoichiometry with some impurities of copper nitrate. FTIR confirmed the presence of
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Cu-0O bonds 1n the sample. Photoluminescence analysis 1s also performed which 1s used
to confirm the presence of defects in the sample. Further, gas sensing properties of CuO
nanoparticles were studied, sample showed a sensitivity of 33.33 for acetone gas which
depicts CuO as a low cost and highly efficient sensor for sensing volatile gases like

acetone.
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